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EN IEC 60565-1:2020 (E)

European foreword

The text of document 87/708/CDV, future edition 1 of IEC 60565-1, prepared by IEC/TC 87
"Ultrasonics" was submitted to the IEC-CENELEC parallel vote and approved by CENELEC as
EN IEC 60565-1:2020.

The following dates are fixed:

+ latest date by which the document has to be implemented at national (dop) 2021-03-01
level by publication of an identical national standard or by endorsement

+ latest date by which the national standards conflicting with the (dow) 2023-05-29
document have to be withdrawn

This document supersedes (partially) EN 60565:2007 and all of its amendments and corrigenda (if
any).

Attention is drawn to the possibility that some of the elements of this document may be the subject of
patent rights. CENELEC shall not be held responsible for identifying any or all such patent rights.

Endorsement notice

The text of the International Standard IEC 60565-1:2020 was approved by CENELEC as a European
Standard without any modification.

In the official version, for Bibliography, the following notes have to be added for the standards
indicated:

IEC 60565-2 NOTE Harmonized as EN |IEC 60565-2

EC 62127-2 NOTE Harmonized as EN 62127-2
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Annex ZA
(normative)

Normative references to international publications
with their corresponding European publications

The following documents are referred to in the text in such a way that some or all of their content
constitutes requirements of this document. For dated references, only the edition cited applies. For
undated references, the latest edition of the referenced document (including any amendments)
applies.

NOTE 1 Where an International Publication has been modified by common modifications, indicated by (mod), the relevant
EN/HD applies.

NOTE 2 Up-to-date information on the latest versions of the European Standards listed in this annex is available here:
www.cenelec.eu.

Publication Year Title EN/HD Year

IEC 60050-801 - International Electrotechnical Vocabulary - - -
Chapter 801: Acoustics and electroacoustics

EC 60500 2017 Underwater acoustics - Hydrophones - EN 60500 2017

Properties of hydrophones in the frequency
range 1 Hz to 500 kHz

3
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INTERNATIONAL ELECTROTECHNICAL COMMISSION

UNDERWATER ACOUSTICS — HYDROPHONES -
CALIBRATION OF HYDROPHONES -

Part 1: Procedures for free-field calibration of hydrophones

FOREWORD

1) The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprising
all national electrotechnical committees (IEC National Committees). The object of IEC is to promote international
co-operation on all questions concerning standardization in the electrical and electronic fields. To this end and
in addition to other activities, IEC publishes International Standards, Technical Specifications, Technical Reports,
Publicly Available Specifications (PAS) and Guides (hereafter referred to as “IEC Publication(s)”). Their
preparation is entrusted to technical committees; any IEC National Committee interested in the subject dealt with
may participate in this preparatory work. International, governmental and non-governmental organizations liaising
with the IEC also participate in this preparation. IEC collaborates closely with the International Organization for
Standardization (ISO) in accordance with conditions determined by agreement between the two organizations.

2) The formal decisions or agreements of IEC on technical matters express, as nearly as possible, an international
consensus of opinion on the relevant subjects since each technical committee has representation from all
interested IEC National Committees.

3) IEC Publications have the form of recommendations for international use and are accepted by IEC National
Committees in that sense. While all reasonable efforts are made to ensure that the technical content of IEC
Publications is accurate, IEC cannot be held responsible for the way in which they are used or for any
misinterpretation by any end user.

4) In order to promote international uniformity, IEC National Committees undertake to apply IEC Publications
transparently to the maximum extent possible in their national and regional publications. Any divergence between
any IEC Publication and the corresponding national or regional publication shall be clearly indicated in the latter.

5) IEC itself does not provide any attestation of conformity. Independent certification bodies provide conformity
assessment services and, in some areas, access to IEC marks of conformity. IEC is not responsible for any
services carried out by independent certification bodies.

6) All users should ensure that they have the latest edition of this publication.

7) No liability shall attach to IEC or its directors, employees, servants or agents including individual experts and
members of its technical committees and IEC National Committees for any personal injury, property damage or
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees) and
expenses arising out of the publication, use of, or reliance upon, this IEC Publication or any other IEC Publications.

8) Attention is drawn to the Normative references cited in this publication. Use of the referenced publications is
indispensable for the correct application of this publication.

9) Attention is drawn to the possibility that some of the elements of this IEC Publication may be the subject of patent
rights. IEC shall not be held responsible for identifying any or all such patent rights.

International Standard IEC 60565-1 has been prepared by IEC technical committee 87:
Ultrasonics.

This first edition of IEC 60565-1, together with IEC 60565-2, cancels and replaces the second
edition of IEC 60565 published in 2006. This edition constitutes a technical revision.

This edition includes the following significant technical changes with respect to the previous
edition:

1) removal of all descriptions of methods for pressure calibrations of hydrophones — these are
now included in Part 2;

2) removal of the derivations of formulae for free-field reciprocity calibration (both amplitude
sensitivity and phase sensitivity) and placement of these into an informative annex;

3) inclusion within the scope of the calibration of the transmitting response of individual source
transducers and hydrophones (but not sonar arrays);

4) re-ordering of the sections within the document such that the more general procedures for
calibration such as guidance on obtaining conditions of acoustic free-field, faﬁaelmqents
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steady-state, appear before the descriptions of procedures for absolute or relative
calibrations;

5) revision of informative Annex A to include guidance on measurement of directional response
of a hydrophone or projector;

6) addition of a new informative Annex B on measurement of electrical impedance of
hydrophones and projectors;

7) revision of the previous informative annex on electrical loading corrections to include
corrections to account for electrical loading by added cables (now Annex C);

8) addition of a new informative Annex D on acoustic far-field criteria in underwater acoustic
calibration;

9) revision of the previous informative annex on pulsed techniques in free-field calibrations
(now Annex E);

10) revision of the previous informative annex on assessment of uncertainty in the calibration
of hydrophones (now Annex F);

11) deletion of the previous informative annex on equivalent circuit of the excitation system for
calibration with a vibrating column;

12) addition of a new informative Annex G on derivation of the formulae for three-transducer
spherical-wave reciprocity calibration;

13) addition of a new informative Annex H on calibration using travelling-wave tubes;

14) addition of a new informative Annex | on calibration of hydrophones using optical
interferometry.

15) addition of a new informative Annex J on calibration in reverberant water tanks using
continuous signals.

The text of this standard is based on the following documents:

CDV Report on voting
87/708/CDV 87/736/RVC

Full information on the voting for the approval of this International Standard can be found in the
report on voting indicated in the above table.

This document has been drafted in accordance with the ISO/IEC Directives, Part 2.

NOTE Words that appear in bold in the text are terms explicitly defined in Clause 3.

A list of all parts in the |IEC 60565 series, published under the general title Underwater
acoustics — Hydrophones — Calibration of hydrophones, can be found on the IEC website.

The committee has decided that the contents of this document will remain unchanged until the
stability date indicated on the IEC website under "http://webstore.iec.ch” in the data related to
the specific document. At this date, the document will be

e reconfirmed,

e withdrawn,

e replaced by a revised edition, or

e amended.

IMPORTANT - The 'colour inside' logo on the cover page of this publication indicates
that it contains colours which are considered to be useful for the correct understanding
of its contents. Users should therefore print this document using a colour printer.
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INTRODUCTION

Underwater acoustic measurements are made to provide validation and qualification in a wide
range of ocean applications, including oceanography, defence, fisheries, geophysics and in
developments in the off-shore energy industries. In addition, the increasing concern about the
effect of anthropogenic sound on the marine environment has led to regulation which requires
absolute acoustic measurement of the sound radiated by specific sources, and of the ambient
sound field.

To be meaningful, it is important that measurements be performed in a technically sound
manner, be related to common standards of measurement, and be made using calibrated
sensors. Hydrophones are the most commonly-used sensor to measure sound in the ocean. It
is important that the hydrophones used to measure sound pressure are calibrated using agreed
standard methodologies, with valid uncertainties.

The purpose of this document is to establish procedures for calibration under free-field
conditions of hydrophones used in underwater acoustics for ocean applications. Also covered
are calibration procedures for individual underwater electroacoustic transducers which can
be used as a hydrophone and/or source transducer. Principles, procedures, and sources of
uncertainty are also provided in this document. The calibration methods described include
absolute methods which do not require an acoustic reference transducer, and relative methods
which make use of a calibrated acoustic reference hydrophone or projector. The methods
described cover the frequency range from 200 Hz to 1 MHz.
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UNDERWATER ACOUSTICS — HYDROPHONES -
CALIBRATION OF HYDROPHONES -

Part 1: Procedures for free-field calibration of hydrophones

1 Scope

This part of IEC 60565 specifies methods and procedures for free-field calibration of
hydrophones, as well as individual electroacoustic transducers that can be used as
hydrophones (receivers) and/or projectors (source transducers). Two general types of
calibration are covered within this document: absolute calibration using the method of three-
transducer spherical-wave reciprocity, and relative calibration by comparison with a reference
device which has already been the subject of an absolute calibration.

The maximum frequency range of the methods specified in this document is from 200 Hz to
1 MHz. The lowest acoustic frequency of application will depend on a number of factors, and
will typically be in the range 200 Hz to 5 kHz depending mainly on the dimensions of the chosen
test facility, The highest frequency of application for the methods described here is 1 MHz.

Procedures for pressure hydrophone calibration at low frequencies can be found in
IEC 60565-2 [1]1. Procedures for hydrophone calibration at acoustic frequencies greater than
1 MHz are covered by |[EC 62127-3 [2].

Excluded from the scope of this document are low-frequency pressure calibrations of
hydrophones, which are described in IEC 60565-2 [1]. Also excluded are calibrations of digital
hydrophones and systems, calibration of marine autonomous acoustic recorders, calibration
of acoustic vector sensors such as particle velocity sensors and pressure gradient
hydrophones, calibration of passive sonar arrays consisting of multiple hydrophones, and
calibration of active sonar arrays consisting of projectors and hydrophones.

This document presents a description of the requirements for free-field calibration in terms of
test facility, equipment and instrumentation, signal processing, and frequency limitations. A
description of achievable uncertainty and rules for the presentation of the calibration data are
provided. Also included are informative annexes that provide additional guidance on

e measurement of directional response of a hydrophone or projector,

e measurement of electrical impedance of hydrophones and projectors,

e electrical loading corrections,

e acoustic far-field criteria in underwater acoustic calibration,

e pulsed techniques in free-field calibrations,

e assessment of uncertainty in the free-field calibration of hydrophones and projectors,

o derivation of the formulae for three-transducer spherical-wave reciprocity calibrations,

e calibration using travelling-wave tubes,

e calibration of hydrophones using optical interferometry, and

e calibrations in reverberant water tanks using continuous signals.

1 Numbers in square brackets refer to the Bibliography. Documents
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2 Normative references

The following documents are referred to in the text in such a way that some or all of their content
constitutes requirements of this document. For dated references, only the edition cited applies.
For undated references, the latest edition of the referenced document (including any
amendments) applies.

IEC 60050-801, International Electrotechnical Vocabulary — Chapter 801: Acoustics and
electroacoustics (available at http://www.electropedia.org/)

IEC 60500:2017, Underwater acoustics — Hydrophones — Properties of the hydrophone in the
frequency range 1 Hz to 500 kHz

3 Terms and definitions

For the purposes of this document, the terms and definitions given in IEC 60050-801,
IEC 60500:2017 and the following apply.

ISO and IEC maintain terminological databases for use in standardization at the following
addresses:

e |EC Electropedia: available at http://www.electropedia.org/

e |SO Online browsing platform: available at http://www.iso.org/obp

3.1

acoustic far-field

sound field at a sufficient distance from a sound source in a uniform medium where the sound
pressure and sound particle velocity are substantially in phase and the direct-path sound
pressure amplitude, compensated for absorption loss, varies inversely with distance

Note 1 to entry: The range (distance from the source) is taken along a direct path between the source and the
receiver.

Note 2 to entry: The inverse dependence on range does not imply that the source radiates equally in all directions.

[SOURCE: JEC 60050-801:1994], 801-23-30, modified — In the definition, "and the direct-path
sound pressure amplitude, compensated for absorption loss, varies inversely with distance" has
been added, sourced from ISO 18405:2017, 3.3.1.1.]

3.2

electrical transfer impedance

Zpy

<of a transducer pair> quotient of the Fourier transform of the hydrophone open-circuit output
voltage F(Uy(t)) to the Fourier transform of the electrical drive current through the projector

F(Ip(t)), for a transducer pair at a specified separation distance with one used as a
hydrophone and one as a projector

F(Un(1))

ZPH:m (1)

Note 1 to entry: The electrical transfer impedance is a complex-valued parameter. The modulus of the electrical
transfer impedance is expressed in units of ohm, Q. The phase angle of the electrical transfer impedance is the
argument of the electrical transfer impedance and represents the phase difference between the hydrophone
voltage and the projector current [IEC 60050-351:2013, 351-45-45]. The unit of phase angle is the radian.

Note 2 to entry: Because the electrical transfer impedance depends on the field conditions, the hydrostatic
pressure, water temperature and the length of the cable attached to the transducer, these Daramet@@@\uments
the frequency are specified.
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Note 3 to entry: In a spherically-spreading sound field, the electrical transfer impedance of the transducer pair
depends on the distance between the source and the receiver, with the modulus varying inversely with separation
distance d and phase angle varying as exp(jkd) where j is the square root of -1 and k is the wavenumber (see 3.14).

3.3

underwater electroacoustic transducer

electroacoustic transducer

underwater transducer

transducer

device which transforms electrical signals into acoustic signals in water, or vice versa

Note 1 to entry: An electroacoustic transducer which is used as an acoustic receiver in water is called a
hydrophone.

Note 2 to entry: An electroacoustic transducer which is used as an acoustic transmitter in water is called a
projector.

3.4

free-field receive sensitivity

Mg

<of a hydrophone> quotient of the Fourier transform of the hydrophone open-circuit voltage
signal F(Uy(#)) to the Fourier transform of the acoustic pressure signal F(p(¢)), for specified

frequency and specified direction of plane wave sound incident on the position of the reference
centre of the hydrophone in the undisturbed free-field if the hydrophone was removed

f
M=

F(r(1) )

Note 1 to entry: The hydrophone free-field receive sensitivity is a complex-valued parameter. The modulus of
the free-field receive sensitivity of a hydrophone is expressed in units of volt per pascal, V-Pa™'. The phase angle
is the argument of the sensitivity, and represents the phase difference between the hydrophone electrical voltage
and the sound pressure. The unit of phase angle is the radian.

Note 2 to entry: The term "response" is sometimes used instead of "sensitivity".

[SOURCE: IEC 60500:2017, 3.15, modified — In the definition, "the root-mean-square" has been
deleted, and "Fourier transform of the" has been added before "open-circuit output voltage" and
"sound pressure".]

3.5

free-field receive sensitivity level

Ly

twenty times the logarithm to the base 10 of the ratio of the modulus of the free-field sensitivity
M; to a reference value of sensitivity, M4, in decibels

_ 2010y 1211
Iy =20logyo - dB (3)

ref

Note 1 to entry: The unit of free-field receive sensitivity level is the decibel, dB. The reference value of sensitivity,

M g i 1V-Pa! or any valid S| multiple or submuiltiple thereof. The most common reference value used for

underwater acoustics is 1 V-pPa™.

[SOURCE: IEC 60500:2017, 3.16, modified — In the definition, "modulus of the" has been added
before "free-field sensitivity".]

3.6

omnidirectionality

feature of a transducer response such that it is invariant to direction to within a specified
tolerance ﬁé’cuments
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Note 1 to entry: The tolerance is specified.

Note 2 to entry: Omnidirectionality can be specified in a two-dimensional space in one plane only, while in three
dimensions a transducer can be omnidirectional in all planes through the reference centre.

Note 3 to entry: As arule, a transducer directional response approaches omnidirectionality when the transducer
dimensions are much smaller than the acoustic wavelength.

3.7

reciprocal transducer

linear, passive, and reversible electroacoustic transducer such that the coupling coefficients
are equal for transduction regardless of whether transduction is electrical to mechanical or vice
versa

[SOURCE: |[EC 60050-801:1994, 801-25-08, modified — In the definition, "in either direction"
has been replaced by "regardless ... vice versa".]

3.8
reversible transducer
transducer capable of acting as a projector as well as a hydrophone

3.9

projector

underwater sound projector

electro-acoustic transducer that converts electrical signals into sound that propagates in water

[SOURCE: |[EC 60565:2008, 3.37, modified — The term "underwater sound projector" has been
added.]

3.10

transmitting response to current

S|

quotient of the product of the Fourier transform of the sound pressure F(p(z)) at a position in

the acoustic far-field of a projector (compensated for absorption loss) and the distance, d,
from the reference centre of the projector, to the Fourier transform of the electrical current

through the projector F(I(¢)), at a specific frequency and in a specified direction, under acoustic
free-field conditions in a uniform medium

Sy =——~exp| jk(d-dp)] (4)

where d; is the reference distance, chosen to be equal to 1 m

Note 1 to entry: The transmitting response to current of a projector is a complex-valued parameter. The modulus
of the transmitting response to current is expressed in units of pascal metre per ampere, Pa-m-A"". The phase
angle is the argument of the transmitting response and represents the phase difference between the sound pressure
at a distance d from the projector and the electric current. The unit of phase angle is the radian.

Note 2 to entry: The term "sensitivity" is sometimes used instead of "response".

3.11

transmitting current response level

Ls,

twenty times the logarithm to the base 10 of the ratio of the modulus of the transmitting
response to current, S, to a reference value of the transmitting response, S, (o, in decibels
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i
LS,l = 20'0910 S dB (5)

I,ref

Note 1 to entry: The unit of transmitting current response level is the decibel, dB. The reference value of the
transmitting response, S| rep is 1 pPa-m-A"1.

Note 2 to entry: The transmitting response to current of a projector is sometimes shortened to "transmitting
current response” or "TCR".

[SOURCE: |EC 60565:2006, 3.27, modified — In the definition, "modulus of the" has been added
before "transmitting response to current”, and "in decibels" has been added to the end. The
formula has been added. Notes to entry have been combined.]

3.12

transmitting response to voltage

Sy

quotient of the product of the Fourier transform of the sound pressure F(p(z)) at a position in
the acoustic far-field of a projector (compensated for absorption loss) and the distance d from
the reference centre of the projector to the Fourier transform of the electrical voltage across
the terminals of the projector F(V(f)), at a specific frequency and in a specified direction, under
acoustic free-field conditions in a uniform medium

Sy = Z(I’T(zt;)dexpﬂk(d—do )] (6)

where d; is the reference distance chosen to be equal to 1 m

Note 1 to entry: The transmitting response to voltage of a projector is a complex-valued parameter. The modulus
of the transmitting response to voltage is expressed in units of pascal metre per volt, Pa-m-V-'. The phase angle
is the argument of the transmitting response and represents the phase difference between the sound pressure at a
distance d from the projector and the electrical current. The unit of phase angle is the radian.

Note 2 to entry: The term "sensitivity" is sometimes used instead of "response".

Note 3 to entry: The transmitting response to voltage of a projector is sometimes shortened to "transmitting
voltage response"” or "TVR".

3.13

transmitting voltage response level

Lgyv

twenty times the logarithm to the base 10 of the ratio of the modulus of the transmitting
response to voltage, S\, to a reference value of the transmitting response, S,4s, in decibels

S
Lgy =20 Iog10|§—v| dB (7)

ref

Note 1 to entry: The unit of transmitting voltage response level is the decibel, dB. The reference value of the

transmitting response, S, , is 1 pPa-m-Vv-1.

[SOURCE: |[EC 60565:20086, 3.30, modified — In the definition, "modulus of the" has been added
before "transmitting response to voltage", and "in decibels" has been added to the end. The
formula has been added. Notes to entry have been combined.]

3.14

wavenumber

k

reciprocal of the acoustic wavelength, multiplied by 2x Documents
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k= 2nli (8)

Note 1 to entry: Wavenumber is expressed in units of per m, m".

Note 2 to entry: In different branches of physics, the term wavenumber can be considered equal to either 2n/. or
1/1, but in the technical field of acoustics, 2n/1 is preferred. This term is named as "angular wavenumber" in
IEC 60050-103:2009, 103-10-12.

[SOURCE: |JEC 60050-726:1982, 726-05-02, modified — In the definition, "of the waveguide
wavelength or the reciprocal of the wavelength for a plane wave" has been replaced by "acoustic
wavelength" and "multiplied by 2" has been added. Notes to entry have been added.]

3.15

hydrophone

electroacoustic transducer that produces electrical voltages in response to water borne
pressure signals

Note 1 to entry: A hydrophone is designed to respond principally to underwater sound pressure.

Note 2 to entry: In general, a hydrophone may also produce a signal in response to non-acoustic pressure
fluctuations (for example, those existing in a turbulent boundary layer during conditions of high water flow).

Note 3 to entry: Hydrophone types include reference hydrophones and measuring hydrophones. Measuring
hydrophones are used in general measurements of sound fields, and reference hydrophones are principally used
for calibration purposes (for example in comparison calibrations with measuring hydrophones).

Note 4 to entry: Hydrophones are principally used as listening devices, but in reciprocity calibration, a hydrophone
is used as reciprocal transducer, not only acting as a hydrophone, but also as a projector (sound source).

Note 5 to entry: A hydrophone which is integrated with a digital acquisition system is sometimes termed a "digital
hydrophone", but the combination is best considered as a measuring system, not a hydrophone alone.

Note 6 to entry: If a hydrophone is connected to a charge amplifier, the sensitivity of the hydrophone is sometimes
described in terms of charge sensitivity, which is related to the voltage sensitivity of the hydrophone by its electrical
capacitance.

[SOURCE: IEC 60500:2017, 3.17, modified — In the definition, "signals" has been replaced by
"voltages".]

3.16

signal

specified time-varying field quantity of interest, such as electric current, voltage, sound pressure,
sound particle velocity, or other quantity

[SOURCE: ISO 18405:2017, 3.1.5.8]

3.17

directional response

directivity

directivity pattern

normalized variation in transducer sensitivity with angle, applying to both receive and transmit
sensitivity of an electroacoustic transducer

Note 1 to entry: The sensitivity value used for normalization is the sensitivity in a specified reference direction,
most commonly the sensitivity in the direction of the principal axis of the transducer (as defined in IEC 60500:2017).

Note 2 to entry: If the transducer is reciprocal, the normalized directional response is the same in both transmit
and receive modes.

Note 3 to entry: The response is sometimes expressed as normalized directional response level in decibels.
Note 4 to entry: Directional response can be specified in a two-dimensional space in one plane only.

Conventionally, the two-dimensional directional response is specified in the three planes defined for the transducer
coordinate system defined in IEC 60500:2017 (XY, XZ, YZ). In three dimensions, a transducer directional response

can be specified in all planes through the reference centre.
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3.18

angular deviation loss

sensitivity level of the transducer on the principal axis minus the sensitivity level of the
transducer in a specified direction

Note 1 to entry: The loss is expressed as a (relative) level in decibels.

Note 2 to entry: The angular deviation loss is the same as the level of the normalized directional response.

[SOURCE: |EC 60050-801:1994, 801-25-69]

3.19

quality factor

Q-factor

0

measure of sharpness of resonance of a transducer, equal to 2n times the ratio of the maximum
stored energy to the energy dissipated during one cycle

Note 1 to entry: The quality factor is typically measured as the reciprocal of fractional bandwidth at resonance
(see Annex B).

[SOURCE: JEC 60050-801:1994, 801-24-12, modified — In the definition, "system" has been
replaced by "transducer". Note 1 to entry has been added.]

Symbols and abbreviated terms

4
D largest linear dimension of transducer
C electrical capacitance

(9}

speed of sound in water

D, directivity index

d distance between projector and hydrophone

ds differential area on a sphere

f acoustic frequency

R resonance frequency (of a transducer)

1 electrical current

Ip electrical current through projector

It electrical current through transducer

j square root of minus one

K¢ far-field correction factor

/ width of tank

Ly free-field receive sensitivity level

Lg transmitting current response level

Lsy transmitting voltage response level

M; free-field receive sensitivity

My free-field receive sensitivity of hydrophone

My free-field receive sensitivity of transducer

Mp free-field receive sensitivity of projector (when used as a hydrophone)

Mg free-field receive sensitivity of reference hydrophone

p sound pressure

D, sound pressure in the reference direction for R, during directional response
measurements Documents
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P projector

(0] quality factor of transducer (or measuring system)

r range from source (distance from source to point in acoustic field)

R resistance

Ry directivity factor

S transmitting response to current

S| H transmitting response to current of a hydrophone (when used as a projector)
Sip transmitting response to current of a projector

ST transmitting response to current of a transducer

Sy transmitting response to voltage of a projector

U electrical voltage

Uy open circuit voltage at hydrophone

Ur open circuit voltage at a calibrated reference hydrophone

Upy open circuit voltage at hydrophone, from a projector as sound source
Upy open circuit voltage at hydrophone, from a transducer as sound source
Upt open circuit voltage at transducer, from a projector as sound source
Vp transmitting electrical drive voltage at projector

Vt transmitting electrical voltage at transducer

w bandwidth

Z electrical impedance

Zpy electrical transfer impedance of projector and hydrophone

ZTH electrical transfer impedance of transducer and hydrophone

ZpT electrical transfer impedance of transducer and projector

0 vertical angle (elevation angle)

A wavelength of sound in water

p density of water

T pulse duration

® azimuth angle (horizontal plane)

) angular frequency

5 General procedures for calibration

5.1 General calibration requirements
5.1.1 Types of calibration
Two general types of calibration are covered within the scope of this document:

e Absolute calibration without the need for an acoustic reference transducer

In this case, the calibration is typically based upon the principle of acoustic reciprocity, with
the method requiring three electroacoustic transducers, at least one of which is required
to be a reciprocal transducer. This is a primary calibration method, mainly traceable to
primary electrical standards, and is capable of achieving high accuracy.

e Relative calibration using a calibrated acoustic reference transducer

Here, the calibration is performed by comparison to another acoustic transducer which has

already been calibrated. The reference transducer may be either a calibrated hydrophone

or a calibrated projector. The accuracy is typically degraded compared to amigments

calibration, mainly due to the added uncertainty contributed by the acoustiz referehc .
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5.1.2 Acoustic field requirements
For the calibrations to be valid, the following general requirements shall be satisfied [3] [4] [5]:

e acoustic free-field conditions, requiring minimal influence from acoustic reflections from
medium boundaries (see 5.2);

e acoustic far-field conditions, requiring a sufficient separation distance between source and
receiver (see 5.3);

e acoustic steady-state conditions, requiring any transient behaviour displayed by resonant
transducers to have died down (see 5.4).

5.2 Acoustic free-field requirements
5.2.1 Continuous signals

With continuous signals, to limit the fluctuations in signal amplitude due to interference from
boundary reflections, the minimum distance from the transducers to nearest medium boundary
shall be such that the amplitude of the reflected signals is no more than 3 % of the amplitude
of the direct signal.

NOTE 1 For a given measurement configuration, the minimum distance to the boundaries to satisfy the above
requirement depends on the directivity of the transducers, the reflection coefficient of the boundary surfaces and
on the signal frequency (at high acoustic frequencies, absorption in the water will increase the propagation loss, and
reduce the minimum distance needed). An individual assessment of these factors can be undertaken before deciding
on the minimum distance to the boundaries to meet the requirement for continuous signals. Often the water surface
is the nearest boundary. As an example, for two omnidirectional transducers positioned at 5 m separation, for the
amplitude of reflections to be within the above requirement, the transducers are positioned at a depth of
approximately 16 m (assuming total sound reflection occurs at the water surface, and that the acoustic frequency is
sufficiently low that absorption is not significant) [4] [5].

NOTE 2 An alternative means of achieving acoustic free-field conditions for continuous signals is by use of an
anechoic acoustic lining deployed on the inner surface of a test tank. In this case, the performance of the anechoic
material (in terms of reflection loss as a function of angle) needs to be sufficient to achieve the above requirement
for reflected signal amplitude at the hydrophone over the frequency range of interest. Note that the water surface
is a strong reflector of sound, and a fully anechoic test tank will require the anechoic material to be suspended just
below the water surface, in addition to lining the walls and floor of the tank [4].

NOTE 3 Some calibration methods using reverberant water tanks make use of continuous signals (or at least
signals that are significantly longer than the echo-free time of the tank). In such methods, pseudo-free-field
conditions can be achieved by use of signal processing techniques which compensate for the effect of reflections
from the tank boundaries. See Annex J for examples of such methods.

5.2.2 Time-limited signals

When time-limited signals are employed, such as pulses or bursts of single frequency (tone-
burst signals), reflections shall be eliminated by choosing the minimum distance from the
transducers to each boundary surface (water surface, tank bottom and side walls) such that
the time delay of the reflected signals with respect to the direct signal is greater than the
duration of the direct signal.

NOTE Burst or pulsed signals can be used in finite-sized test tanks to eliminate reflections by use of signals of
finite time duration and suitable time-windowing. In this way, the reflected signals arrive sufficiently later than the
direct signals that there is sufficient echo-free signal to undertake the required analysis. In such cases, there is a
lower limiting frequency below which it is not possible to make measurements of the steady-state signal by
conventional means. See Annex E for a detailed description of the use of pulsed and burst signals in calibration

[4] [5] [6].
5.3 Acoustic far-field requirements

The distance d between the projector and the hydrophone shall be sufficiently large that the
acoustic far-field conditions are met and errors due to the finite size of the transducers are
minimized. To this end, the projector-hydrophone separation shall be larger than the size of
the largest transducer, and the hydrophone shall be positioned in the acoustic far-field of
the source.
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For the two transducers with maximum dimensions of the sensitive areas of Dy and D,
respectively, the minimum separation distance, d, shall be chosen according to the relations:

2 2
d> K D—1+ D2 (9)
A y)
and simultaneously:
d >5D1 and d >5D2 (10)

where K is the far-field correction factor chosen to ensure that the acoustic field approximates
to spherical spreading to within a specified tolerance.

To obtain a separation that reduces the error due to lack of spherical divergence to less than
0,2 dB, the value of K; in Formula (9) shall be chosen to be greater than 1,3.

See Annex D for more details on the above criteria.

NOTE When measuring the directional response of a transducer, the distance between the projector and the
hydrophone is chosen to be larger than that given by Formulae (9) and (10). The distance is less than twice that
given by Formula (9) or Formula (10), whichever is larger. See Annex D and references [3] to [9].

5.4 Requirements for steady-state conditions

When tone-burst signals are used in calibration, the time-window employed to select the signal
for analysis shall be positioned such that the start of the window is at a time delay which is at
least O cycles of the projector resonance frequency after the arrival of the direct signal, where
Q represents the quality factor (Q-factor) of the projector’'s main resonance.

The requirement of 5.4 applies only for time-limited signals. When continuous signals are used,
the transducers are regarded as having reached steady-state conditions.

NOTE 1 In the conventional arrangement for tone-burst signals used for calibrations in test tanks, measurements
are made on the steady-state portion of the received signal, with time-gating techniques used to isolate the direct-
path signal from reflections from the tank boundaries and the water surface. In such measurements, the steady-
state signal available for analysis is limited in time both by the arrival of boundary reflections, and by start-up
transients caused by the resonant behaviour of the transducers under test. For a simple measuring hydrophone,
the Q-factor is typically of the order of only 3 or 4 with a relatively high resonance frequency, leading to short start-
up transients which place little restriction on the signal duration available for measurement. However, transducers
used as projectors can possess a higher Q-factor, which reduces the available signal (particularly if the resonance
frequency is low) [4] [5] [6] [10].

NOTE 2 If the voltage signal generated by the hydrophone does not reach steady-state conditions during the
available echo-free time, it is not possible to observe the steady-state directly. This means that for a given tank size
and transducer Q-factor, there will be a lower limiting frequency below which it is not possible to perform calibrations
by using tone-burst signals by conventional means. See Annex E for more guidance on ensuring steady-state
conditions.

NOTE 3 If narrow-band filtering is applied to the signals (perhaps to increase the signal-to-noise ratio in the
presence of broadband noise), this will modify the transient build-up at the start of the tone-burst. Although such
filtering can eliminate the transients due to higher frequency transducer resonances, it can also delay the onset of
steady-state and reduce the signal duration available for analysis. For this reason, filter bandwidths narrower than
one-octave are rarely used in calibration with tone-burst signals.

NOTE 4 The required signal parameters can also be determined using more advanced signal processing
techniques. These make it possible to estimate the amplitude and phase of the steady-state signal without the need
to observe a full steady-state period. These include the use of advanced signal-modelling and signal prediction
methods which utilise the transient part of the signal to predict the steady-state amplitude and phase, and also the
use of quadrature-supplemented tone bursts (see Annex E and Annex J for more details).
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5.5 Equipment requirements
5.5.1 Calibration facility

The calibration facility used shall be capable of realizing the acoustic requirements described
in 5.2, 5.3 and 5.4 over the desired range of acoustic frequencies and for the hydrophone and
transducer types under test.

The calibration facility shall enable a minimum of at least two transducers at a time to be
positioned reproducibly at a known separation distance and aligned for calibration in
conformance with the requirements of 5.6.

NOTE 1 The most common type of calibration facility is based around a water-filled test tank constructed from
concrete, steel or wood (leading to the tank being reverberant due to the reflective boundaries). Time-limited signals
(such as tone-bursts) are used with time-gating to eliminate the reflections. Such a facility allows for convenient
access, precise positioning of devices (by use of a rigid support framework or positioning system), and control over
the environmental conditions. However, the finite size places limitations on the frequency range and type of
transducer to be calibrated. Testing of a large aperture projector at high frequencies (a ‘high ka value’ transducer)
can be difficult in a small test tank because it is not always possible to achieve acoustic far-field conditions (see
5.3). A small test tank will also limit the echo-free time such that it is not always possible to observe the steady-state
signal for high Q-factor transducers (see 5.4). See Annex E for more guidance and references [3] to [6], [10].

NOTE 2 If the test tank is lined with an anechoic material, it is possible to achieve free-field conditions required
by 5.2 in a smaller test tank, depending on the validated performance of the anechoic material (see 5.2.1).
However, deploying the transducers into the tank can present more practical difficulty if the water surface is covered
with the anechoic material [4].

NOTE 3 For open-water facilities, the deployment of the transducers is typically achieved from the surface using
a floating structure such as a raft or pontoon. The transducers are typically deployed at greater depth than for tanks,
but the precision of the positioning and alignment can be degraded compared to test tanks. The lack of control over
the environmental conditions can present additional problems from: (i) variations in water temperature (both diurnal
and seasonal) causing changes in transducer performance and introducing thermoclines; (ii) weather (wind and
wave action) causing relative motion of the transducers; and (iii) acoustic noise from natural sources and other
human activities in the vicinity [4].

5.5.2 Instrumentation
5.5.2.1 General

The following measuring instrumentation is required in order to perform a calibration of an
underwater electroacoustic transducer. All are required to have a performance that covers
the desired acoustic frequency range for calibrations (this is a maximum of 200 Hz to 1 MHz,
but can be a narrower range depending on the application) [4], [6], [10].

5.5.2.2 Signal source

This shall be used to provide the electrical signal to drive projectors. It can also be used to
provide the trigger used for synchronizing the signal acquisition by the digitizer.

NOTE Typically, the signal source will provide a maximum output of only a few volts, but will provide a range of
signal types, including gated-bursts of single frequency.

5.5.2.3 Power amplifier

This is required to drive the transducer used as a projector with sufficient electrical power to
generate sound pressures at the hydrophone which are at least 6 dB higher than the ambient
noise in the facility.

NOTE 1 Typically, a power amplifier capable of 100 W output power is sufficient for most hydrophone and
transducer calibration purposes, but higher power performance can sometimes be required for specialized
applications.

NOTE 2 Typically, the power amplifier will have a low electrical output impedance (but alternatively can have the
output electrical impedance matched to the transducer for maximum power delivery).

Documents

Document Sharing Hub

Full document details: BS EN IEC 60565-1:2020


https://doi.org/10.3403/BSENIEC60565?&urlappend=%26utm_campaign=pdfdoi%26utm_source=pdfdoi%26utm_medium=pdf
http://www.avadocuments.com/doc/bs-en-iec-60565-1-2020
http://www.avadocuments.com/doc/bs-en-iec-60565-1-2020

IEC 60565-1:2020 © |IEC 2020 -21-

5.5.2.4 Hydrophone preamplifier

This shall be required to amplify the electrical voltage developed by the hydrophone, and shall
ideally have electrical input impedance greater than the hydrophone by at least a factor of 100
(since the electrical impedance of a piezoelectric hydrophone is mostly capacitive, the input
capacitance of the preamplifier shall have a sufficiently low value).

NOTE 1 Typically, the preamplifier will have selectable voltage gain and has selectable electronic filtering
(alternatively, filtering can be accomplished by use of a separate dedicated unit, or can be achieved digitally in post-
processing).

NOTE 2 A separate hydrophone preamplifier is not needed when using a hydrophone with a built-in integral
preamplifier.

5.5.2.5 Current measuring instrument

This is required if the electrical drive current through the projector is measured (for example,
during a free-field reciprocity calibration). Preferably, this should consist of a calibrated current
transformer which provides an output voltage proportional to electrical current (with the voltage
then measured by the digitizer along with the hydrophone voltage).

NOTE As an alternative, a calibrated resistor and voltmeter can be used.
5.5.2.6 Drive voltage measurement instrument

This is required if the electrical drive voltage to the projector is measured, for example, when
determining the transmitting response to voltage (TVR).

NOTE This typically will consist of a high impedance voltage probe, or a calibrated attenuator to reduce the drive
voltage down by up to 40 dB so that it can be measured by the digitizer.

5.5.2.7 Digitizer

The digitizer used shall be an analogue-to-digital converter (ADC) or digitizing oscilloscope,
which captures a digital waveform as a record of the electrical signals during calibration
(hydrophone voltage, voltage from the current transformer, etc.).

The sampling rate of the digitizer shall be at least two and a half times the maximum frequency
of interest, and the resolution shall be sufficient for accurate recording of the signal without
quantization errors, with a recommended minimum resolution of 8 bit. It is recommended that
the digitizer be capable of being externally triggered (typically by the signal source or computer).
When making absolute electrical measurements, the digitizer shall be calibrated over the range
of operation.

The requirement for unambiguous representation of the signals within the desired frequency
range requires the sampling rate of the ADC to be greater than the Nyquist rate of the signal
which is input to the ADC.

NOTE 1 Digitizers and digitizing oscilloscopes of the required sampling rates are readily available with resolutions
of between 8 bit and 16 bit. The higher the resolution, the better for measurement of the signals, with less likelihood
of errors due to quantization noise.

NOTE 2 To provide an anti-aliasing function, a low pass filter can be used which is designed to restrict the frequency
content of the signal before digitization to below the Nyquist frequency of the acquisition system.

5.5.2.8 Computer controller

It is recommended that the calibration be controlled by a computer running appropriate
acquisition software which controls the digitizer and signal acquisition (and can also provide
the trigger for the signal source).

NOTE 1 The software will typically be used to undertake the required signal analysis, including the time-windowing
and calculation of the amplitude of the recorded signals. However, some of these functions can be undgrtaken usin
the on-board processing features available on a digitizing oscilloscope. Ocurﬁents
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NOTE 2 Although some of the above measurement tasks are capable of being performed manually (for example
using an analogue oscilloscope), this practice is now discouraged.

5.5.2.9 Electroacoustic transducers

A number of transducers is required for use as projectors and hydrophones during
calibrations. For example, calibration by three-transducer free-field reciprocity requires at least
two transducers in addition to the device under test (see Clause 8), and relative calibration by
use of a calibrated hydrophone or projector requires calibrated reference transducers and
potentially auxiliary projectors for use in generating a suitable acoustic field (see Clause 9).

NOTE It is possible that a number of different transducers will be required to cover a wide frequency range (this
is especially true for projectors which can have a limited frequency range due to their inherently resonant behaviour).

5.6 Positioning and alignment
5.6.1 Coordinate system

The angular coordinate system chosen shall be that specified by IEC 60500:2017.

5.6.2 Reference direction

Before calibration, a reference direction shall be defined for each hydrophone and projector.
Unless there is good reason, the reference direction shall be chosen to be coincident with the
principal axis of the hydrophone or projector [as defined in IEC 60500:2017].

For omnidirectional hydrophones with a symmetric construction, the reference direction shall
be in a plane orthogonal to the axis of the hydrophone body and shall be indicated by a mark
on the body of the hydrophone [10].

NOTE 1 The reference direction is the direction for which the free-field calibration will be valid. For directional
transducers, the reference direction will in general be chosen to coincide with the principal axis of the transducer.

NOTE 2 The direction can also be chosen by determining the angle of maximum response of the transducer at a
stated frequency by undertaking a directional response measurement (see Annex A for a description).

5.6.3 Transducer mounting and support

Each projector and hydrophone shall be firmly attached to a mount and support which enables
the devices to be positioned accurately and reproducibly at fixed points in the water.

The supporting mount for a hydrophone shall be chosen to cause minimal influence on the
measured sensitivity, as far as is commensurate with the above requirement for precise
positioning of the transducers.

If a rotational stage is incorporated into the support framework or positioning system, the mount
shall enable a transducer to be positioned with its reference centre located along the axis of
rotation.

If the mount is considered to influence the measured sensitivity, the transducer shall be
calibrated in the same mount that will be used when the device is deployed for measurements
made in the field. Where the device is thought to be sensitive to the type of support or mount,
a description of the mounting arrangement shall be stated with the results.

Some transducers are more susceptible than others to the influence of the method of mounting.
To avoid the influence from the mount, it is recommended to avoid air-filled supports or poles.
Where possible, it is recommended to use free-flooding supports such as hollow poles,
constructed from carbon-fibre or plastic. However, note that a certain degree of rigidity is
required of any mount for precise positioning and alignment [10].

For some directional transducers, a right-angled bracket is required to position the ,?,Qi&dments
at the correct orientation in the water to align the principal axis with that of ths othar t .
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If the transducer is heavy, a counterweight is required to prevent the support tilting and causing
the principal axis to deviate from the desired horizontal orientation. Note that if such a right-
angled bracket is used, the transducer reference centre shall still be located along the axis of
rotation of any rotational stage incorporated into the support framework or positioning system
[4], [10].

Take care to minimize the amount of structure borne noise which can be picked up by the mount
and supporting framework and communicated to the transducers.

5.6.4 Alignment

Before each acoustic measurement during the calibration, the relevant transducer pair (for
example, a projector and hydrophone) shall be positioned at the same water depth and
oriented such that the reference directions of the transducers are aligned. [4], [10]

NOTE 1 This alignment can be performed either mechanically using special mounting poles or rigging, or by use of
an automated positioning system (for example, consisting of stepper motors and controllers). When the transducers
are both small omnidirectional hydrophones which show little change in sensitivity with angle, mechanical alignment
is more commonly used than acoustic alignment. Note that the lengths of the mounting poles to the hydrophone
active elements are carefully measured so that they can be immersed precisely to the same depth.

NOTE 2 For transducers that show appreciable directivity about their principal axis, the transducers can be
aligned acoustically by looking for the maximum received signal at a specific frequency. Sometimes the reference
direction is chosen at an angle of the directional response pattern where the response does not change significantly
with the directional angle, for a specific frequency. Note that if a reference direction is chosen this way, the same
direction is then chosen for all frequencies.

NOTE 3 For acoustic alignment between two transducers (by searching for the maximum received signal at a
specific frequency), a minimum of two degrees of freedom are required for each transducer mount: vertical
displacement in the water to enable the transducer depths to be modified; and rotation about a vertical axis which
goes through the transducer reference centre by use of a rotational stage incorporated into the support framework
or positioning system.

5.6.5 Separation distance

The mounting and support framework shall enable the projector and hydrophone to be
deployed in the water at a known separation distance, with uncertainty of better than 2 %.

When a hydrophone has a body which is large compared to the active element, it is
recommended that the hydrophone be calibrated at the largest separation feasible in the
facility (so that the incident field provides as close an approximation to a plane-wave as
possible). In addition, it is recommended that the separation be reported with the calibration
results.

NOTE 1 The separation distance can be measured mechanically in a number of ways. A rigid support framework
can be calibrated such that the transducer mounting poles are suspended from fixed positions on the framework
above the tank, with known separations between the pre-set positions (assuming that the transducers hang
vertically). If an automated positioning system is employed which has been calibrated, the transducer separation
can be taken from the displays of the controllers. Note that adjustments sometimes need to be made to account for
any slight off-sets introduced when mounting the transducers.

NOTE 2 The separation distance can be calculated from the acoustic propagation delay between the signal trigger
and the direct signal arrival at the hydrophone. This assumes a knowledge of the speed of sound which can be
calculated using formulae from the scientific literature and knowledge of the water temperature, depth and salinity
[11] to [14]. Note that a transducer begins to respond to the sound wave as soon as it impinges on the active element,
and so for a large spherical or cylindrical device, a small correction sometimes has to be made to the acoustically
derived separation distance to obtain the separation of the transducer reference centres (for example, to account
for the radius of each device).

NOTE 3 When a hydrophone has a body which is large compared to the active element, the scattered sound
incident on the body can interfere with the sound wave arriving directly at the element and cause small fluctuations
in the frequency response. For modest separation distances, these fluctuations can vary with projector-hydrophone
separation due to small changes to the acoustic path differences as the separation distance is varied [15], [16].

5.7 Representation of the frequency response

A sufficient number of acoustic frequencies shall be chosen for calibration to ens
transducer performance is well characterized over the desired frequency rance. lﬁd@ﬂments
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For hydrophones, over the low-frequency range where the sensitivity is relatively invariant with
frequency, the minimum recommended resolution for the acoustic frequencies is one-third
octave spacing.

For projectors, and for hydrophones close to the resonance frequency, the sensitivity varies
more dramatically with frequency and the minimum recommended resolution for the acoustic
frequencies is one-twelfth octave spacing.

5.8 Frequency limitations
5.8.1 High-frequency limit

The calibration methods described herein can be used for frequencies up to 1 MHz, but the
uncertainties can be greater at frequencies of hundreds of kilohertz. Due consideration shall be
given to the limitations of the method at high frequencies, and the influence of any limitations
shall be reflected in the evaluation of overall uncertainty (see Annex E).

NOTE 1 The minimum separation distance required to allow suitable acoustic far-field conditions to exist for a
specific transducer pair increases with frequency (see 5.3). At sufficiently high frequencies, the distance required
to achieve acoustic far-field conditions can exceed the tank dimensions. Also, when using tone-burst signals,
increasing the transducer separation distance will tend to reduce the echo-free time available because the
transducers are closer to the tank boundaries, making measurements more difficult.

NOTE 2 The attenuation of sound due to absorption in the water increases rapidly with frequency, reaching
approximately 0,25 dB/m at 1 MHz for fresh water (at 16 °C) and approximately 0,4 dB/m for sea water (at 8 °C, 5 m
depth, pH of 8 and salinity of 35 parts per thousand). This will increase the propagation loss at very high frequencies
causing the signal-to-noise ratio available for large separation distances to become poor. If very high acoustic
frequencies are used in calibration, corrections will need to be made for propagation loss due to sound absorption
by water. The attenuation of sound due to absorption in the water over the separation distances typically used in
calibration is relatively small. The correction is less than 0,05 dB and can be neglected for separation distances of
the order of a few metres and acoustic frequencies less than 500 kHz in fresh water, and for frequencies less than
300 kHz in sea water. Information on the absorption of sound in water, and its dependence on temperature, depth,
pH and salinity, is available in the scientific literature (see Annex E and references [17] to [22]).

NOTE 3 The high-frequency limit is governed by a number of factors. These are described in detail in Annex E.

NOTE 4 At frequencies greater than 0,5 MHz, the alternative primary calibration methods described in
IEC 62127-2 [2] and in Annex | can be used.

5.8.2 Low-frequency limit

Due consideration shall be given to the limitations of the calibration method at low frequencies,
and the influence of any limitations shall be reflected in the evaluation of overall uncertainty.

NOTE 1 One of the main limitations when using tone-burst signals in finite-sized test tanks is that the small number
of cycles of steady-state signal available for measurement depends on the quality factor of the transducers and the
echo-free time of the test tank (which in turn depends upon tank size and transducer separation). As the frequency
is lowered, the number of cycles in the available time-window is reduced until eventually the steady-state signal
amplitude can no longer be determined by conventional means. This provides a lower limiting frequency on
measurements made using tone-burst signals. For most large test tank facilities of minimum dimension 5 m or greater,
the practical low-frequency limit for calibration of hydrophones will be of the order of 1 kHz depending on the
Q-factor of the source transducer which governs the slope and sharpness of resonance of the transmitting response.
The factors governing the lowest frequency for calibrations are described in detail in Annex E.

NOTE 2 In addition, the sound pressure level produced by the projector will be reduced as the frequency is lowered,
eventually falling to where it is less than 6 dB above the ambient noise level, thereby limiting the minimum frequency
for calibrations.

NOTE 3 For continuous signals in anechoic tanks, the performance of the anechoic lining can degrade at low
frequencies, limiting the ability to achieve free-field conditions.

NOTE 4 The lower frequency limit for free-field calibration in reverberant tanks can be extended by use of more

sophisticated signal-processing techniques. With some of these techniques, it is not necessary to have a complete
signal period for amplitude and phase estimation. See Annex E and Annex J for more details.

5.9 Checks for acoustic interference

With tone-burst signals, a tone-burst repetition rate shall be chosen that is low enﬁgh for all
reverberation in the tank to die away before transmission of the next pulse ocuments
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