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Sammendrag (norsk):

Akustiske metoder for mengdemaling av fisk representerer et ngkkelelement innen den teknologiske basis for
moderne fiskeriforskning og internagonal regulering av marine ressurser. Akustiske metoder er basert pa bruk
av effektbudgjett-ligninger og kalibrerte ekkolodd-system. Ulike instrument-spesifikke formuleringer av
effektbudsjett-ligninger og kalibreringsfaktorer benyttes i moderne vitenskapelige ekkolodd og sonarsystemer,
sa som Simrad EK500 og de nyere Simrad EK60, ES60, ME70, og MS70 - systemene. Dette er instrumenter
som over de senere tidr i utstrakt grad er benyttet internasionalt for slike anvendelser. Mangel pa tilstrekkelig
dokumentagjon i tidligere litteratur, vedrarende de aktuelle effektbudsjett-ligningene og kalibreringsfaktorene
som benyttes i disse instrumentene, og deres sammenheng med den tradisjonelle teorien for mengdemaling av
fisk, har forérsaket noe usikkerhet og forvirring blant brukere av slike systemer. Kontroll med systematiske feil
og drift i dlike instrumenter, forutsetter at mest mulig fullstendige matematiske funksjonsuttrykk for
bestandsestimering er kjent, i form av de elektriske og akustiske parametre som benyttes i aktuelle systemer.
Rapporten presenterer en enhetlig teori som ser ut til & kunne forklare de ulike (instrument-spesifikke)
effektbudsjett-ligningene og kalibreringsfaktorene som benyttes i ekkolodd- og sonarsystemer. Dette
inkluderer hvordan funksjonsuttrykkene som er brukt i disse instrumentene er relatert, samt deres sammenheng
med den tradisonelle og generiske (instrument-uavhengige) teorien for bestandsestimering av fisk.
Inkonsistens i tidligere litteratur er forklart og korrigert. Tradisjonell teori for mengemaling av fisk er
videreutviklet og generalisert til & dekke mer fullstendige effektbudsjett-likninger for bestandsestimering og
artsgienkjennelse, ved & ivareta elektrisk terminering, representasion av ekko-integrason, og de aktuelle
elektriske og akustiske ekkolodd-parametre. Slik videreutvikling innbefatter b&de de instrument-spesifikke og
de instrument-uavhengige (generiske) formuleringene. De funksjonsuttrykk som blir utledet her, utgjer en
konsistent og relativt komplett teoretisk basis for forbedret forstaelse og kontroll, i bruk av de konvensjonelle
metoder og instrumenter for mengdemaling og artsgjenkjennelse av fisk som benyttesi dag.
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Summary (English):

Acoustic methods used in fish abundance estimation constitute a key part of the analytic assessment that makes
the basis for fisheries research and international regulations of marine resources. The methods rely on power
budget equations and calibrated systems. Different instrument specific formulations of power budget equations
and calibration factors are used in modern scientific echosounder and sonar systems, such as the Simrad
EK500 and the more recent Simrad EK60, ES60, ME70 and M S70 systems. These are instruments extensively
used internationally for such applications, over the last decade or more. However, the lack of sufficient
documentation in prior literature, on the actual power budget equations and calibration factors employed in
these instruments, and their relationships to the traditional theory of fish abundance measurement, has caused
some uncertainty and confusion among users. Control with systematic errors and drift demands the functional
relationship of the abundance measurement to be fully known in terms of the electrical and acoustical
parameters of the system used. The paper presents a unifying theory which seems to explain the different
(instrument specific) power budget equation formulations and calibration factors employed in the mentioned
echosounder and sonar systems, how they are related, and their relationship to the traditional and generic
(instrument independent) theory of fish abundance measurement. Inconsistencies in prior literature are
explained and corrected. Prior literature on the traditional theory is extended to provide more complete power
budget equations for fish abundance estimation and species identification, by accounting for electrical
termination, representation of echo integration, and the full range of electrical and acoustical echosounder
parameters. These extensions apply both to the instrument specific and the generic instrument independent
formulations. The expressions derived here provide a consistent and relatively complete theoretical basis for
improved understanding and control in use of conventional methods and instruments for fish abundance
measurement and species identification employed today.

Emneord (norsk): Subject heading (English):
* Tilbakespredning » Backscattering
 VVolumspredning  VVolume scattering
* Ekkolodd * Echosounder
« Effektbudsjett » Power budget equation
 Ekkointegrasjon « Echo integrator equation
« Kalibrering « Calibration
» Akustisk deteksjon av marint liv » Acoustical detection of marinelife
» Bestandsestimering av fisk « Fish abundance estimation
Per Lunde Rolf J. Korneliussen
Project leader (UiB) Research group leader (IMR)
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Abstract

Acoustic methods used in fish abundance estimation constitute a key part of the analytic assessment
that makes the basis for fisheries research and international regulations of marine resources. The
methods rely on power budget equations and calibrated systems. Different instrument specific
formulations of power budget equations and calibration factors are used in modern scientific
echosounder and sonar systems, such as the Simrad EK500 and the more recent Simrad EK 60, ES6G0,
ME70 and MS70 systems. These are instruments extensively used internationally for such
applications, over the last decade or more. However, the lack of sufficient documentation in prior
literature, on the actual power budget equations and calibration factors employed in these
instruments, and their relationships to the traditional theory of fish abundance measurement, has
caused some uncertainty and confusion among users. Control with systematic errors and drift
demands the functional relationship of the abundance measurement to be fully known in terms of the
electrical and acoustical parameters of the system used. The paper presents a unifying theory which
seems to explain the different (instrument specific) power budget equation formulations and
calibration factors employed in the mentioned echosounder and sonar systems, how they are related,
and their relationship to the traditional and generic (instrument independent) theory of fish
abundance measurement. Inconsistencies in prior literature are explained and corrected. Prior
literature on the traditional theory is extended to provide more complete power budget equations for
fish abundance estimation and species identification, by accounting for electrica termination,
representation of echo integration, and the full range of electrical and acoustical echosounder
parameters. These extensions apply both to the instrument specific and the generic instrument
independent formulations. The expressions derived here provide a consistent and relatively complete
theoretical basis for improved understanding and control in use of conventional methods and
instruments for fish abundance measurement and species identification employed today.

Keywords. Echosounder, sonar, abundance estimation, fisheries acoustics, single-target
backscattering, volume backscattering, power budget equation, echo integration
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ABSTRACT

Acoustic methods used in fish abundance estimation constitute a key part of the analytic assessment that makes the basis for fisher-
ies research and international regulations of marine resources. The methods rely on power budget equations and calibrated sys-
tems. Different instrument specific formulations of power budget equations and calibration factors are used in modern scientific
echosounder and sonar systems, such as the Simrad EK500 and the more recent Simrad EK60, ES60, ME70 and MS70 systems.
These are instruments extensively used internationally for such applications, over the last decade or more. However, the lack of
sufficient documentation in prior literature, on the actual power budget equations and calibration factors employed in these instru-
ments, and their relationships to the traditional theory of fish abundance measurement, has caused some uncertainty and confusion
among users. Control with systematic errors and drift demands the functional relationship of the abundance measurement to be
fully known in terms of the electrical and acoustical parameters of the system used. The paper presents a unifying theory which
seems to explain the different (instrument specific) power budget equation formulations and calibration factors employed in the
mentioned echosounder and sonar systems, how they are related, and their relationship to the traditional and generic (instrument
independent) theory of fish abundance measurement. Inconsistencies in prior literature are explained and corrected. Prior literature
on the traditional theory is extended to provide more complete power budget equations for fish abundance estimation and species
identification, by accounting for electrical termination, representation of echo integration, and the full range of electrical and
acoustical echosounder parameters. These extensions apply both to the instrument specific and the generic instrument independent
formulations. The expressions derived here provide a consistent and relatively complete theoretical basis for improved understand-
ing and control in use of conventional methods and instruments for fish abundance measurement and species identification em-
ployed today.
Keywords:  Echosounder, sonar, abundance estimation, fisheries acoustics, single-target backscattering, volume backscattering,
power budget equation, echo integration

1. INTRODUCTION measure volume backscattering from schools of fish, zooplank-

ton, krill, etc. In terms of this equation, the volume backscatter-

1.1 Acoustic fish abundance estimation

Acoustic methods are widely used for estimating fish abun-
dance [1-5], and constitute a key part of the analytic assessment
that makes the basis for international regulations of marine re-
sources. For fish aggregated in schools or layers, echo integra-
tion [6,7] supported by biological sampling, is the most com-
mon method used in oceanic surveys [3]. The acoustic methods
rely on calibrated systems [8,9] and power budget equations.
Fish abundance is measured using frequencies typically in the
18-100 kHz range, whereas zooplankton measurement also
employs frequencies above 100 kHz. For species identification,
echosounder frequencies in the range 18 to 400 kHz or higher,
are often used.

In oceanic surveys, a power budget equation for multi-
target (volume) backscattering [10-14,5] is typically used to

1 Corresponding author. Electronic mail: per.lunde@ft.uib.no

ing coefficient s, is measured for a sequence of thin spherical
shell “ping volumes',V, a increasing range. The sequence of
S, measurements is integrated over the range of an observation
volume V, _ [10,5,14], to give the target (e.g., fish) density in
V..., p. [15], in terms of an echo-integrator eguation
[7,9,3,5,14].

Prior to survey operation, arelated power budget equation
for single-target backscattering [10-14,5] is used for in-sea cal-

ibration of the echosounder using a metal calibration sphere
[8,9,3,5], in terms of the backscattering cross section, o, of

bs?
the sphere. The same power budget equation for single-target
backscattering is used to measure the target strength, TS, of
individual fish.

2 Also with Christian Michelsen Research AS, P.O.Box 6031, Postterminalen, N-5892 Bergen, Norway.
3 Also with the Michelsen Centre for Industrial Measurement Science and Technology, Norway.



1.2 Power budget equations and calibration factors used
in some commonly employed echosounder systems

Different formulations of power budget equations and calibra-
tion factors are used in modern echosounder and sonar systems,
such as the Simrad EK500 [10] and the more recent Simrad
EK60, ES60, ME70 and MS70 [13,16-19] systems. These are
instruments extensively used internationally for such applica-
tions, over the last decade or more. The expressions actually
employed for abundance estimation and species identification
in these instruments, are thus of importance.

It appears that the documentation in available literature,
on the power budget equations and calibration factors used in
these instruments, may be somewhat sparse, and in some cases
insufficient. That concerns the expressions actually employed,
how these are mutualy related, their relationship to the tradi-
tiona theory of fish abundance measurement [10], and some
inconsistencies that have been revealed. These issues are out-
lined briefly in the following (and treated more detailed in Sec-
tions 2-9).

The traditional formulation of the power budget equations
for o, and s, was given in the Simrad EK500 manual [10]

(with more detailed and general derivations given in [11,14]).
This formulation constitutes a basis for today’s methods in fish
abundance measurement.

In implementation of these equations in the EK500 echo-
sounder software, two calibration factors were used, to be de-
termined by echosounder calibration. The constants are denoted
“TS transducer gain” and “ S, transducer gain” [10]. Expres-
sions are given for these calibration factors [10], for usein cal-
ibration, but no definition appears to have been given in litera-
ture.

The mathematical relationship between the two EK500
calibration factors given in [10], and the traditional power
budget equations for o, and s, described in [10], does not

seem to be available from prior literature. No power bugdet
equations for o, and s,, expressed in terms of the two EK500

calibration factors, appear to have been given. It can be shown
(cf. Sections 4 and 9.3) that the expressions for the two EK500
calibration factors given in [10], cannot be readily derived from
the traditional “average power” formulation of the power budg-
et equations given in [10]. A formal representation of echo in-
tegration [14] is a prerequisite to derive the calibration factor
expressions given in [10].

The EK500 manual states that “the TS-measurement is
based on the peak value of the echo samples in the sphere
echo, whereas the s, -measurement is based on integration
(averaging) of the echo samples’. This difference between o,
and s, measurements is not reflected in the power budget
equations given in [10].

This situation strongly indicates that the power budget
equations for o,, and s, which are actually used in EK500,
and which are presumed to be expressed in terms of the two

EK500 calibration factors, may not be exactly those given in
the EK500 manual [10].

For the more recent generation of Simrad scientific and
fisheries echosounder and sonar systems, such as EK60, ES6E0,
ME70 and MS70, an apparently different set of power budget
eguationsisused [13].

Ona et al. [13] gave equations for o, and s, on loga-
rithmic form. When these are converted to “normal” (linear)
form, the equation for o,_ isidentical to the one given in [10].

The expression for s, , however, differs from the equation giv-
en in[10]. In [13], a parameter S,_ was used in the logarith-

a,corr

mic expression for s, . In the corresponding linear expression
for s, , this parameter S is represented in terms of a factor

which is here denoted sZ_ , defined by S, =10log(s, ) -
the expressions for s, given in

a,corr

Apart from this factor s?

[13] and [10] are identical. The expression for s, given in [13]
is thus not consistent with [10]. In the fisheries research com-
munity, questions have been raised with respect to the parame-
ter S in relation to what it represents, why it is introduced,

and the relationship between the two different expressions for
S, givenin[13] and [10].

The underlying theory for this alternative set of power
budget equations [13] - including the S, . parameter - does not

appear to have been documented in prior literature. As indicat-
ed above, it can be shown (cf. Sections 5 and 9.4) that the pow-
er budget equations given in [13] cannot be derived from the
traditional power budget equations given in [10].

The set of power budget equations given in [13] involves
two calibration factors, “Gain” and “S, correction” [16-19]3, to
be determined by echosounder calibration. In the literature
available for these instruments [13,16-19], these calibration
factors are not defined, nor given by any expressions.

From the above, it is very likely that the power budget
equations actually used in EK60 and related instruments [16-
19], may be different from those givenin [13].

The unclear situation discussed above — connected to the
power budget equations and the calibration factors actually
used in EK500, EK60, etc., in relation to the documentation
given in available literature on these instruments — has caused
some uncertainty and confusion among users of these common-
ly employed echosounder and sonar systems.

1.3 Documentation of power budget equations and
calibration factorsused in different equipment

It is emphasized that, from the available literature, and practical
use in fish abundance estimation [20], one has not seen any
reason to question the expressions actually implemented and
used by the manufacturer in the mentioned instruments [10,16-
19]. The issue raised here, is related to the documentation of
these expressions in available literature. As the expressions
implemented have not been available for the present work, they
may quite possibly be consistent with the findings and results
described here.

3n [13], these are referred to as “axia transducer gain”, denoted G, , and
“integration correction”, denoted S, _,,, . Cf. also Section 9.4.
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This is not the issue, - the motivation for the work is en-
tirely principal:

e The equations used for international regulations of marine
resources, including their theoretical basis, should preferably
be known and documented in available literature.

Different formulations of the power budget equations and
calibration factors used, in different equipment, should pref-
erably be mutually consistent, and consistent with the tradi-
tional theory of abundance estimation [10].

An improved documentation with respect to the expressions
and calibration factors actually employed in different equip-
ment, the relationship between these, and their relationships
to the traditional theory of fish abundance estimation, may
contribute to reduce uncertainty and confusion among users,
and further improve confidence in such equipment.

The power budget equations forming the basis for abundance
measurement, should be sufficiently complete to enable accu-
rate and reliable analyses of error and system drift. The ex-
pressions given in [10] and elsewhere [12,13,5] do not ac-
count for electrical termination and formal representation of
echo integration.

Such aspects may be particularly important these days, as new
multi-frequency echosounders, sonars and broadband meas-
urement methods are developed and introduced in the market
[21]. Measurement and calibration methods using these new
broadband instruments should preferably be based on a precise,
consistent and documented theory.

1.4 Completeness of conventional power budget equations

One might argue that since scientific echosounders used for
fisheries abundance estimation and species identification are
being calibrated, a full functional relationship — giving the ex-
pressions actually used for the abundance measurement — is not
needed. Use of different instrument specific power budget for-
mulations, combined with unspecified calibration factors which
are solely determined empirically in echosounder calibration,
such as “TS transducer gain” and “ S, transducer gain” for

EK500, and “Gain” and “S; correction” for EK60, etc., may
indeed be sufficient for many applications.

However, there are situations where documentation of a
consistent and more complete functional relationship for the
abundance measurement is required. This is the case e.g. for
investigation of, and possible correction for, measurement er-
rors due to system drift, caused by environmental changes from
echosounder calibration to oceanic surveying, or other effects.

For example, effects of sea water temperature may influ-
ence on the echosounder system performance, and compensa-
tion for system drift caused by the temperature dependencies of
the system, may possibly be needed. A shift in the echosounder
system gain may result from shifts in the transducer’s transmit
and receive frequency responses, its input electrical impedance,
and its beam pattern, due to changes in sea temperature. Since
it is standard practice to calibrate echosounder systems for fish-
ery surveys in one environment (typically a sheltered area), and
apply the resulting gains to interpret data collected over the

range of sea temperatures encountered during a survey, the re-
sulting fish abundance estimates may be biased [12].

For reliable analysis of such situations, for a given echo-
sounder, the equations actually used for the abundance meas-
urement in that echosounder, need to be fully known, and ex-
pressed in terms of the calibration factors involved. Also, the
calibration factors themselves need to be fully known in terms
of the range of echosounder system parameters. That is, the
properties of the transducer, electronics, sea water, electrical
signal, echo integration method, acoustic sound field, etc.

1.5 Objectivesand outline

A primary objective of the present work is to derive a unifying

theory which — on basis of the traditional and generic (instru-

ment independent) theory of fish abundance measurement, and
use of asingle and consistent terminology — may be able to

(@ explain the different power budget equation formulations
and calibration factors employed in the Simrad EK500,
EK 60, ES60, ME70 and MS70 systems,

(b) explain how these different instrument dependent formu-
lations are mutually related,

(c) explain how they are related to the traditional and generic
(instrument independent) theory of fish abundance meas-
urement, such as given in the EK500 manual [10],

(d) resolve possible inconsistenciesin prior literature on these
instruments,

(e) provide definitions of, relationships between, and expla-
nation for use of, the various calibration factors “TStrans-
ducer gain” and “S, transducer gain” (for EK500),

“Gain” and “ S, correction” (for EK60, etc.), and
(f) explain how these are mathematically related to the power
budget equations of the respective instruments.

A second objective is to generalize the traditional and ge-
neric power budget equations for o, and s, , that are used in

conventiona fish abundance measurement and species identifi-
cation [10], to account for arbitrary electrical termination, rep-
resentation of echo integration, and the full range of electrical
and acoustical echosounder parameters. The purpose is to pro-
vide a basis for improved analysis of measurement errors and
system drift, for the instrument specific as well as the generic
(instrument independent) formulations.

The paper is organized as follows. Generic power budget
equations for o,, and s,, formulated on average power and

echo-integration forms [14], are summarized in Sections 2 and
3, and denoted “formulation A” and “B”, respectively. These
instrument independent equations serve as a basis for the sub-
sequent analysis. In Section 4 and 5, two aternative and in-
strument specific formulations of the power budget equations
are derived, denoted “formulation C” and “D”, where these are
shown to correspond to, and generalize, the power budget equa-
tions and calibration factors implemented in the Simrad EK500,
and the Simrad EK60 and related echosounder/sonar systems,
respectively. In Section 6, an alternative “formulation E” of the
power budget equations is derived, to explore the consequences
of an interpretation indicated in ref. [13]. A generic formulation
of the power budget equations covering al echo integration

11



formulations B-E is presented in Section 7, particularly suitable
for analysis of error and system drift. Based on formulations A-
E, an echo integrator equation for fish density and biomass es-
timation is derived in Section 8. The various formulations A-E
are discussed in more detail in Section 9, and related to the
power budget equations and calibration factors used conven-
tionally [10,13,16-19]. Conclusions are given in Section 10.
For convenience, Appendix A gives an overview of the equa-
tions involved in formulations A-E. An interpretation of the
power budget equations in terms of power flow is given in Ap-
pendix B.

For completeness, the power budget equations for o, and

s, , and the calibration factors involved in the various formula-

tions A-E described in Sections 2-6, are given both on “nor-
mal” (linear) and logarithmic (dB) forms, since both forms are
commonly used in the literature of acoustic fishery research
(either the former or the latter, usually). There may aso be a
need to correct some equations on logarithmic (dB) form which
are ill-expressed in this literature (involving dimensional argu-
ments of the log function). For convenience, power budget
equations and calibration factors belonging to the main results
of the work, are framed.

In the work presented here, the theory is treated on arela-
tive generic level, in relation to signal processing implementa-
tion. Different solutions may be chosen, e.g. with respect to
methods for calculation of echo integrals. Such aspect are not
addressed here.

The unifying theory developed and presented here, ap-
pears to be able to explain and resolve the questions and unre-
solved issues that are addressed in Sections 1.2-1.4.

2. GENERIC POWER BUDGET EQUATIONS,
- FORMULATION A

21

The analysis is based on the following assumptions for the
echosounder and its environment (cf. [14] and references there-
in):

(@ The monostatically operated transducer is passive and
reciprocal;

(b) the transmit voltage amplitude is sufficiently small to
avoid nonlinear effects in the electroacoustic transducer
and electronics (i.e., the transducer and electronics are
operated in their linear ranges);

(c) the electrical impedances of the transducer and receiving
electronics are approximately constant in the narrow fre-
guency band of a sonar ping;

(d) the fluid medium (seawater) is homogeneous, with con-
stant density and sound velocity;

(e) the amplitudes of the transmitted sound pressure signals
are sufficiently small so that finite-amplitude sound prop-
agation effects in seawater can be neglected;

(f) targetsareinthefar field of the transducer;

(g) possible nonlinear effects in the scattering process at the
target itself (involving e.g. fish with gas-filled swim-

Assumptions

bladder), can be neglected, so that linear backscattering
theory applies,

(h) the volume backscattering coefficient can be calculated as
a sum of backscattering cross sections (i.e., intensities)
per unit volume;

(i) the scattering objects are uniformly distributed in the ob-
servation volume, with

(j) random phases of the scattered echoes (i.e., random spac-
ing of scattering objects, and movement of objects from
one transmission to the next);

(k) possible multiple-scattering effects and interaction be-
tween objects are neglected;

(I) excess attenuation from power extinction caused by vol-
ume scattering is neglected; and

(m) the same transmit electrical power I1, is used for o,  and

S, measurements, i.e., in calibration and surveying.

These are all common assumptions underlying the traditional
theory of fish abundance measurement [1-14]. The discussion
of their validity is an extensive and complex subject, beyond
the scope of the present work, and discussed elsewhere. As-
sumptions (a)-(c) relate to the transducer and electric compo-
nents of the echosounder system, and are normally fulfilled by
driving the piezoelectric transducer using low electrical power.
In relation to (d): in abundance estimation, the sound velocity is
typically taken to be the average value of the sound velocity
profile, over the depth range in question [21]. Assumption (e) is
addressed by refs. [11,21,22,23], and maximum electrical
transmit powers have been suggested [21]. Assumption (g) is
discussed e.g. in ref. [24]. The assumptions (h)-(l) are included
in the set of assumptions used by Clay and Medwin [1,4] to
derive the analogous “in-water” expressions for s, , accounting

for acoustic pressures in the sea only. Relatively extensive dis-
cussions on the validity of (h)-(I) are given by refs. [1,4,5,28],
also summarizing other literature addressing these issues.

A time harmonic factor €“is assumed and suppressed,

where i =v-1, w=24 isthe angular frequency of the har-

monic wave, f is the frequency, and t is the time. Bold-face let-
ters are used to indicate complex-valued quantities.

A spherical coordinate system is used, with coordinates
(r,0,9), origin at the centre of the transducer front, and with

the z axis (i.e. #=¢@=0) chosen normal to the transducer's

front surface, and assumed coincident with the transducer’'s
acoustical beam axis [14]. r is the radia distance, denoted
range, 6 isthe polar angle (rel. to the z axis), and ¢ isthe azi-
muthal angle (rel. to the x axis).

In fisheries acoustics, another coordinate system is often
used, (r,a,f3), where r is the range as above, and « and S

are orthogonal “aongship” and “athwartship” angles in the x-z
and y-z planes, respectively, both referred to the z axis. The x
and y axes correspond to the “alongship” and “athwartship”
directions, respectively. The transformations between the two
coordinate systems are tana =tanfcose, tan S =tanfsing;
-1/2

and tan@=(tan® a+tan® B)°, singo=(1+(ta1a/ta1ﬂ)z) ,
respectively.
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2.2 Average power formulation

Under the above assumptions, it can be shown from basic
acoustic principles that the backscattering cross section of a
single scattering target located at position (r,t9, (0) in the trans-

ducer's far field, o,, (m?), and the volume backscattering coef-

ficient for a thin spherical shell “ping volume” V_ in the far
field, s, (m?), are given as[11,14]
1672 -r*-e* 113
= , 1
O G2(0,¢))ﬂz . Fn 'HT ( )
327712 11!
Gy Fer F M| @
o . l// . 0 . Tp . o . T

respectively. Here, 7 is the duration (s) of the transmitted
voltage signal (denoted “ping duration”). In Eq. (1), r is the
distance to the single target (m). In Eqg. (2),
r=r,=(r,+r,)/2 isthe mid-range of the “ping volume’ V,
(m?), that is contained within ranges r,, and r_,, with thickness
dro=r,-r,
absorption coefficient of seawater (expressed in Np/m).

=c,/ f isthe acoustic wavelength (m), where c, isthe small-

signal sound velocity in seawater (m/s).
G(@,@) and G, (both non-dimensional) are the transduc-

er gain and the axia transducer gain, defined* as[25, 10,11,14]

=3GC,r, [14]. « is the sound pressure acoustic

G(6.9)=7-D(6,0)
_4x|B(0.0)

I|B o) do

G,=G(00)=7 4

G, Blog) @

respectively, where 7 is the transducer’s electroacoustic con-

version efficiency (the non-dimensional ratio of radiated acous-
tic to transmitted electrical power), and

M ’ (5a)
J|Bi 0.0 d2
4r - |B 0401 o'|Bi(6,§0]2, (5b)

)|dQ

IIB

and B (0,¢), are the axial directivity factor [26], the directivity
factor [25], and the beam pattern (the angular distribution of

4 In acoustics, “transducer gain” corresponds to “antenna gain” used in elec-
tromagnetic communication and radar theory, cf. e.g. [25].

the sound pressure, normalized to the axial sound pressure)
[26], respectively, for the transmitted sound pressure field.

D, =D(0,0) and D(,¢) represent the (non-dimensional)
ratios of the transducer’s axial intensity, respectively the inten-
sity in agiven direction (6, ¢), to the intensity of an omnidirec-
tiona (point) source generating the same acoustic power [26].
G(6,¢) describes how much acoustic power is radiated in the
(6,) direction, under conditions of small-amplitude and loss-
less sound propagation, relative to that of an omnidirectional
(point) source, which is radiating (acoustically) the amount of
electrical power supplied to the transducer, [25,14].

v (in steradians, sr) is the equivalent two-way beam solid
angle of the transducer, defined by [1,9,10,4,25,14]

’ 1.,
v= j B0 da= j G*(0,p)d2 ©)

as the solid angle through which all the acoustic power would
flow if the two-way radiation intensity was constant (and equal
to the maximum value of that intensity) for all angles within y

[25]. w thus represents an effective beam width of the trans-

ducer’s intensity field, expressed in terms of this solid angle,
accounting for the combined effect of transmission and recep-
tion.

The average transmitted and received electrical powers at
the transducer terminals (W) are given as [26,14]

I\/ | Rr rmsy 2
T 2' T ) ' (7&)
3z,[ |z
. MR R
Iz = 7 = 2’ Rmms)z ) (7b)
22.[ |z
H\é — |\/Rv RZE — RE vrms)z (7C)
gz |z

respectively, where “average’ refers to averaging over one cy-
cle of the harmonic signal waveform, at the frequency f. V.,
Vs and V. arethe amplitudes of the voltage signals (V) across

the transducer’s electrical terminals during transmission and
reception, i.e., for the transmitted signal and the single-target

and volume backscattered echoes, respectively. V™ =V, |/+/2,,
VRSers — NR VF;/rrns — NR
amplitudes of the transmitted and received voltage waveforms,
Vo (1), V() and V(1) .

Finally,

IRR.

Tz zf ®)

is a (non-dimensional) electrical termination factor for the
power budget equations formulated in terms of average power
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[11,14]. F, accounts for arbitrary electrical termination at sig-
nal reception. Here, Z. =R +iX, is the transducer’s input
electrical impedance (ohm) at transmission, when radiating into
the fluid, with resistance and reactance R, and X, , respective-
ly. Z,=R,+iX, isthe output (internal) electrical impedance
of the receiving transducer, and Z_=R_+iX_. is the input
electrical impedance of the receiving electric network (“electri-
cal termination impedance”), involving resistances and reac-
tances R, and X, ,and R. and X_, respectively.

Egs. (1)-(2) are equa to the expressions given in the
EK500 manual [10], except for the factor F, which was ne-
glected there, implicitly implying F, =1 [11,14]. F, =1 cor-
responds to the particular case of conjugate matched electrical
termination, Z_=2Z,_ (where “*” denotes complex conjuga-
tion); or Z_=Z, and X, =0 (whichisvalid in a frequency
band close to the series resonance frequency of the transducer
vibration mode used) [14].

Dividing o, by the areference area r* (chosen equal to
1 m?), multiplying s, by areference length r, (chosen equal to
1 m), and applying 10log on both sides of Egs. (1) and (2),
leads to the logarithmic (dB) versions of Egs. (1)-(2),

st 2 4
TS=10log & | 4 4010 © |+ 26r +1010g 27+
I, r3 A

. (9)
—20l0g(G,) — 40l0g B, (9, ) — 10l0g(F,,)
S, =10Io{rIv ]+20Iog{ ]+2ar +10I0§{M]
I, r, Act, ] (10)
-~ 20l0g(G, )- 10logly)- 10log(F, )

where [15] TS=10log(c,./r?) (dB re. r?) is the target
strength of a single scattering target; S, =10log(s,r,) (dB re.
r,*) is the volume backscattering strength for the “ping vol-
ume' V, ; a=a-20loge~8.686« is the sound pressure ab-
sorption coefficient of seawater expressed in dB/m; r, is aref-

erence length for r (chosen equal to 1 m); and Eq. (3) has been
used.

Egs. (1)-(2), or dternatively Egs. (9)-(10), congtitute
formulation A of the power budget equations for o, and s, ,
on “normal” and logarithmic (dB) forms, respectively.

Physical interpretations of Egs. (1)-(2) in terms of power
flow are given in Appendix B.

3. GENERIC ECHO INTEGRATION POWER BUDGET
EQUATIONS, - FORMULATION B

Calculation of the electrical powers I1,, IT; and IT}, involved
in the average power formulation of the power budget equa-

tions, Egs. (1)-(2), is normally made using time integration of
voltage signals, denoted echo integration [3,5,6,7]. An echo
integration formulation of the power budget equations for o,
and s, (denoted “formulation B") is given in the following,
derived from Egs. (1)-(2).

3.1 Generic echo integration formulation

In formulation B, o,. and s, are equivaently to Egs. (1)-(2)
given as[14]

1677 rt e rtivs] "
7" G 0,9) # 7, FL o), | D

Rt ftivsf)
S”_(35.W-/12c0-rg~|=fv-[tivs]T ’ (12

where

[tivs], = j[vT [t , (13)
[tivs] = J' V[t (14a)
[tivs]" = I VARLIECS (14b)
[tivs]? = I Vo[ de, (140)

tg1
are defined as the “echo integral” (in unit of V2s=W-ohm:-s) —
or “time-integral-voltage-squared” [tivs] — values of the trans-
mitted voltage pulse (the “ping”), V. (t), and three different
received voltage waveforms, V3 (t), V"(t) and V(1) for a
single target echo (e.g., individual fish), a calibration sphere
echo, and the echo received from a “gated volume” in oceanic
surveying, respectively [14]. From Egs. (7) and (13)-(14), these
are related to the average transmitted and received electrical
powers by [14]

|| ftivs]:, (15)
STNmmt —ftivsF:. (16)

% ~ f V() dt = tlvs] (17)
e ~ mgv fivsfy, (18)

T tg1 Ty

where 1%, TT¥" and 1% are the received electrical powers -
averaged over one cycle of the harmonic waveform - of a sin-
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gle-target echo, a calibration sphere echo, and for volume scat-
tering from the gated volume, respectively.

7, =t , —t,, isthe time duration (s) of the voltage echo
V2 (t), received from a single scattering target, where t,, and
t,, arethearrival times of the start and end of V3 (t) .

Similarly, 7, =t, -t

st2

. IS the time duration of the voltage

echo V."(t) , received from the calibration sphere, where t_
and t, arethe arrival times of the start and end of V*'(t) . 7,
is always longer than z_, due to “ringing” (transient decay)
caused by limited transducer bandwidth, the finite dimensions
of the sphere, possible “ringing” due to elastic sphere vibration
modes and circumferential waves at the sphere surface, etc., in
the sphere echo.

r,=t,—t, isthe “gate opening time" (s) used for the

gl
voltage waveform V.*(t) , received from the “ping volume” V_,
where t, and t, are the times of gate opening and closure
[14]. In general, 7, may be smaller, equa to, or larger than 7,
depending on the echo integration solutions implemented in the
echosounder system [1,4,14]. A choice 7, =7, may often be
relevant in practice, such as to avoid counting fish twice in the
calculation of p,, cf. Egs. (76) and (78). This appears to have
been used e.g. for the expressions given in [13].

For completeness, to avoid mixing the concepts of “gate
opening time” and “ping duration” (cf. e.g. Section 9.5), the
following description covers the more general situations where
r, can be chosen independently of 7 (including z,=7).
That is, if the “gate opening time” equals the “ping duration”,
so that 7, =7, one may in the present work replace z, by 7,
inall expressionsinvolving 7, .

Finaly,

2R|Z]
=—T =l (19
Y ze+ 22

is the (non-dimensional) electrical termination factor for the
power budget equations formulation in terms of echo integra-
tion. K, accounts for arbitrary electrical termination at signal

reception [14].

Note that if F, isneglected in Egs. (11)-(12), that corre-
spondsto setting F,, =1. F,, =1 corresponds to the particular
case of conjugate matched electrical termination, Z_ =Z,,
when X, =0; or Z_=Z_, when X,=0. The condition
X; =0 applies to a frequency band close to the series reso-

nance frequency of the transducer vibration mode used [14].

The logarithmic versions of Egs. (11)-(12), giving the tar-
get strength of asingle target, TS, and the volume backscatter-
ing strength, S, , are given as

. st 2 4
TS= 10I0{ [“VS]R J+ 40Iog[LJ +2ar +10Iog[16/;z—2r3J
r, T

[tivs}, s

~20l0g(G,) - 40l0g B, (6,¢) +10|og(iJ ~20log(F,, )
T

st

H gV 2 . . 2
s, ~10loq LS| 2010g |+ 26r + 10109 322K
[tivs]; r, e, r, ) (21)

~ 20l0g(G, ) - 10log(y) - 20log(F,, )

., (20)

where Eq. (3) is used.

Egs. (11)-(12), or dternatively Egs. (20)-(21), constitute
formulation B of the power budget equations for o, and s, ,
on “normal” and logarithmic (dB) forms, respectively.

Since o,, and s, are both given interms of G, [cf. Eq.
(3)], formulation B involves use of a single calibration fac-
tor, G, . In the following, expressions are derived for this cali-

bration factors. Two approaches are used. The first approach
(denoted “method 1) gives the formulation B calibration fac-

tors G, in terms of the echosounder parameters that are meas-

ured at calibration. The second approach (denoted “method
2") is used to (&) establish alternative relationships for use in

calibration, and (b) express G,on a form that is similar to

forms used in the EK500 manual [10] for the two calibration
factors of the EK500 system, cf. Egs. (38) and (45).

3.2 Formulation B calibration factor G,
321 Method 1

Consider a calibration situation, with the centre of the calibra-
tion sphere located at position (r,,6,,¢,)°. From Egs. (11) and
(3), G, can be determined from calibration measurement data
as

1672 1t -e*= .7 - [tivs]?"

2 S

— p
’ j’z'va/,s'Ts'o-tt:mory'|Bi(9 ,@514[“\/3]7 ,

s

(22)

where o7, is a theoretically known (calculated) value for

the backscattering cross section of the sphere, at the frequency
in question. F, A.=c,./f and c, arethe electrical termi-

W,s?
nation factor, the acoustic wavelength, and the sound velocity,
in seawater at calibration conditions. The logarithmic version
of Eq. (22) is

5 Parameters which are measured or assumed known at calibration usi ng the
metal calibration sphere, are given a subscript “s”.
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20l0g(G,) = 10I0({ [“"S]sphJ 4 40Iog{ J 1 23r.,
[tivs], r,

2 4
+10Iog[1i72r FIBJ_T " —40l0gB (0,0,

s 1

(23)

+10l og[ij —20log(F,, .)
TS

where TS =10log(cy..,,/17) isatheoretically known (cal-

culated) value for TS of the calibration sphere.
Quantities to be measured in echosounder calibration for
determination of the calibration factor G, ae

r,0,.0..7,.7,.[tivf", [tivs] B (0, ¢,) andc,, . F,.
are typically assumed to be known. In practice, calibra-

and

Gbsthaary

tion measurement of G, (or alternative calibration factors, cf.

Sections 4-6) may be done for several sphere positions
(r.,0.,9.) closeto the acoustical axis, with subsequent averag-

ing, for statistical improvement of the resulting calibration
measurements.

3.22 Method 2

An aternative and equivalent method to determine G, by

echosounder calibration using the metal sphere, may be de-
rived as follows. From Egs. (11) and (3) one has

167° -1 7 -[tivs]"
AFW B (0..¢.) [tivs)

where C, isaconstant and known (measured) value for a giv-

G?-o™ =

0 bs

=C, (24)

en calibration measurement. Therefore, by knowing o'

bstheory ’

the relevant calibration value G, isgiven by G? C/ab

stheory *

Consider a situation where an old (or an arbitrary and er-
roneous) calibration value is used initialy in the calibration
measurement, denoted G The corresponding measured

0,0ld *

value for the backscattering coefficient of the calibration

sphere is then o2, =C/Gl,,. It follows that
Cl = G[? : th};eory c;zold O-bqs).:Id 1 gIVI ng
o
G Ggold ! % l (25)
bstheory
corresponding to
1
1010g(G,) =10109(G,.) + 5 [T -TSL, )l (29)

where TSY!
for TS of the calibration sphere when using G, . Eq. (26) is

=10log(o, /1) is the value measured initially

on aform that is similar to the equation given in [10] for the
EK 500 calibration factor “TStransducer gain”, cf. Eq. (38).

The cdibration value G, may thus be calculated from
the old calibration (or arbitrary and erroneous initial) value,
G, » Using Egs. (24)-(26) and the measured calibration data
determining C, .

From these equations it follows that Eq. (25) is equiva
lent to Eq. (22). It thus follows that methods 1 and 2 for de-
termination of G, under formulation B, are both generally
valid approaches, that lead to the same calibration value for
G

o -

4. “EK500TYPE” OF POWER BUDGET EQUATIONS,
- FORMULATION C

An aternative echo integration formulation of the power budg-
et equations for o, and s, is derived in the following, and
denoted “formulation C”. Formulation C appears to correspond
to, and generalize, the equations used in the Simrad EK500
echsounder [10] (cf. Section 9.3), and is thus for convenience
referred to as an “EK500 type” of power budget equations.

4.1 Echointegration formulation C

The basis for the derivation is the echo integration formulation
given by Egs. (11)-(12) (formulation B). The EK500 manual
[10] states that “the TS-measurement is based on the peak
value of the echo samples in the sphere echo, whereas the sa-
measurement is based on integration (averaging) of the echo
samples’.

First, consider a single scattering target with centre at
position (r,0,¢). Let V| denote the maximum (“peak
voltage”) value of the magnitude of the single target echo,
Ve (1), within the time window [t,,,t,,]. A slight rearrange-

(11), by

S!l’tSZ

ment of Eq.

|[v; iwa( 'TPJ' [

of integrating a single target echo indicated above [10], yields

introducing ~ [tivsf; -z, =

st 2 .
% .. to account for the particular way

o _d6ztrte Jtivs] o
* GZ(0,0) 2 -F2-[tivs],

TS= 10|o{ [t'[\:sv]g]ra* J 4OIog( j+ 26r

2 4
+10|o{1i’f. r} J-zomg(ew )y

1

(27)

and

(28)

—40logB, (0,¢) - 20l0g(F,, )

where the definitions
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[tIVS]R max = |VRS‘|;x Tps (299)

G2 (0,0)=G*(0,0)- (29b)

[tlvs]
=G, (0,0), have been used. [tivs[,..

estimate of the single target echo integral [tivs]%, obtained by
using the “ping duration”, 7, and the constant voltage value,

st
NR max
where a correction factor has been included to compensate for

the use of [tivs[;,. inplaceof [tivs:,in o,.. Let A® denote

the reciprocal of this (non-dimensional) correction factor, so
that from Eq. (29),

and G, is an erroneous

. G2 (8,p) represents an “effective valug” of G*(6,¢),

G'(0,90)=G; (6.9)- A (30a)
poo Ik 7, [ovf (300)
Ty RS( e Ty [tIVS]R.max
From Egs. (30) and (3)-(4) it follows that
G: (0.0)=G(0.9)-A* =G} B, (0.0) - A*? -
= Goz.dr '|Bi (9,(p14 ,
where
GZ, =G2(00)=G?-A”. (32)
Next, consider volume backscattering from V . The ex-

pressions for s, and S, used in survey operation are then
given by Egs. (12) and (21), respectively (i.e., the same ex-
pressions as for formulation B).

Egs. (27) and (12), or dternatively Egs. (28) and (21),
thus constitute formulation C of the power budget equations
for o,. and s,, on “normal” and logarithmic (dB) forms, re-
spectively.

From these equations, formulation C is seen to involve
two calibration factors, G, and G,. The EK500 manual [10]
refers to two calibration measurements, “TS calibration” and
“s, cdlibration”, involving the two calibration factors “TS

transducer gain” (related to o,.) and “ S, transducer gain”
(related to s, ), respectively.

In the following, expressions are derived for the calibra-
tion factors involved in formulation C. Two approaches are
used. The first approach (denoted “method 1”) gives the two

formulation C calibration factors G, and G, interms of the
echosounder parameters that are measured at calibration. The

second approach (denoted “method 2") is used to (a) establish
aternative relationships for use in calibration, and (b) estab-

lish the relationships between G, and G, , and the two cali-

bration factors used in the EK500 manual [10], “TS transducer
gain” and “S, transducer gain”.

4.2 Formulation C calibration factor G 4
(“TStransducer gain”)

421 Method 1

Consider a calibration situation, with the centre of the calibra-
tion sphere located at position (r,,6,,¢,). From Egs. (27) and

(31), G,, can be determined from calibration measurement
data as

167r2
/12 bstheory |B( ] .

‘e tivsfy
[ R, max i (33)

WS'[tIVS]T

The corresponding logarithmic expression becomes

20109(G, , ) = 10|og([“"sﬂJ + 40| og[Ej
[tivs], r,

2
GO,éf =

+ 261, +1OIog[ i” j TS | (34)
s 1
—40logB,(6,,9, ) — 20l0g(F,, .)
Here, the following relationships have been used,
[tIVS]R max = IVRS)hrma( Tp o
. sph .
. [tlvsRZ _ 7, [tivsf ’ (35)
(2 I\/Rsph|ma< 75 [tl VS]R max
where [tivs]™", is an erroneous estimate of the echo integral

for the calibration sphere, [tivs]", and V| _denotes the

maximum (“peak voltage”) value of the magnitude of the cali-
bration sphere echo, V.™'(t)) .

4.2.2 Method 2

An dternative and equivalent method for determining G, in

echosounder calibration using the metal sphere, is derived in
the following. It is likely that a related method may have been
used to obtain the result postulated for the “TS transducer
gain” inthe EK500 manual [10], cf. Eqg. (38).

From Egs. (27) and (31) one has

1672 -r*- g -[tivs[r.,
A’EFV%/S i( s’(ﬂsj [tIVS]T

G2 . $h

bs

G, (36)
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where C, isaconstant and known (measured) value for agiv-
en calibration measurement. Therefore, by knowing ab

s!hemy 1
the calibration value G, , isgivenfrom G;, =C,/o:7,,, -
Consider a situation where an old (or an arbitrary and er-
roneous) calibration value is used initially in the calibration
measurement, denoted G The corresponding measured

0,¢f ,old *

value for the backscattering coefficient of the calibration

sphere is o7, =C,/Gl, ... It follows that
C GZ ' bsmeory = Gozar old © EZZM ) gIVing
o
Goz, = Gozef old * gzsuld ) (37)
bs,theory
corresponding to
1
10|Og(Go,ar ) = 1O|Og(G0,aT ,old) + E [-I—S:l}jold _T$£ry] y (38)

where TSP, =10log(or,, /17) is the value measured initial-
ly for TS of the calibration sphere by using G, ,,, - By defin-
ing TS transducer gain =10log(G,, ). Eq. (38) becomes

identical to the expression postulated for the EK500 calibra-
tion factor “ TStransducer gain” in the EK500 manual [10].

In this “method 2", the calibration value G, is thus de-
termined from the old calibration (or arbitrary and erroneous
initial) value, G, ., using Egs. (36)-(37) and the measured
calibration data determining C, .

Using these equations, it follows that Egs. (37)-(38) are
equivalent to Egs. (33)-(34). Consequently, methods 1 and 2
for determination of G, under formulation C, are both valid

approaches, that lead to the same calibration value for G, .

4.3 Formulation C calibration factor G,
(“Svtransducer gain”)

431 Method 1

From Egs. (33), (32) and (30), it follows that G, , and its cor-
responding logarithmic quantity 10log(G,) , are given by the
same expressions as for formulation B, Egs. (22) and (23),
respectively. Measurement quantities involved to determine
the calibration factors G, and G, in echosounder calibra-

tion are the same as for formulation B, in addition to V™|

4.3.2 Method 2

An aternative and equivalent approach for determining G, in

echosounder calibration using the calibration sphere, is derived
in the following. This method is analogous to the approach
used in Section 3.2.2 for formulation B, leading to Egs. (24)-

(25). It is likely that a related method may have been used to
obtain the result postulated in the EK500 manual [10] for the
calibration factor “S, transducer gain”, cf. Eq. (45).

Let s™ denote the volume backscattering coefficient of
the calibration sphere with centre at position (r,,6.,¢,). From
Egs. (27) and (12) (formulation C), by forming the ratio
s*" /o2, and using Egs. (31), (32) and (35), one finds that

=2 BO.e] (05'(6514 o

CocT wer;

0s” p

(39)

The corresponding area backscattering coefficient [15] of the
calibration sphere is from Eq. (39) given as

fs2

s = [ =50, )

- , (40)

4

7, |B(6..9.)

_ sph i s S sph
S 3 COSTS =— 2 : O-bs

5, v

where r, =1ct, and r, =1c;t_, arethe ranges corresponding
to the arrival times t, and t,, of the start and end of the sphere
echo, V"(t) , respectively. It follows from Eq. (40) that

g®h —5.

a,theory 2
T, YN

B(O.o.) .

bstheory

(41)

is a known value of the area backscattering coefficient of the
sphere, given from calibration measurements and the known

(calculated) value o;F 6 Now, from Eq. (12) one also has

Slhsnry

fs2

s = [s7dr = (1, -r,)

fs1 , (42)
1672 -r2-e*" -[tivs]?"

Goz"//'/ﬁ' Ws'[tIVS]T

_Ssph 1C T =

0s“s

where [tivs])’ and the gate opening time z, in Eq. (12) have

been set to [tivs]?" and z_, respectively, since at calibration the

time integration is performed over the sphere echo. From Eq.
(42) it follows that

1672 -
v

r2-es - [tivs]”

F2 . -[tivs)

G5 = =C,, (43)

® A similar expression as Eq. (41) is given by [10], but without |B,(6,,¢, )

and the factor 7, /7, . That expression thus relates to calibration sphere

located on the acoustic axis, 6, =¢,=0,and 7, =7, .
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where C, isaconstant and known (measured) value for agiven

h
Opopery » @Nd thus

the calibration value G, isgivenby G; =C,/s7,

atheory *

calibration measurement. Thus, by knowing

sph
Sa,!heory 1

Consider a situation where an old (or an arbitrary and er-
roneous) calibration value is used initialy in the calibration

measurement, denoted G, ,. The corresponding measured
value for the area backscattering coefficient of the sphere is

then s™y =C,/Gl. - It follows that
C3 = GD2 : S:ﬂ:a)ry = GOZ.old : S:)(:d 1 gIVI ng
2 2 S:?c:d
G, =G - e ) (44)
atheory
corresponding to
1 St
1010g(G,) =1010g(G,, ) + 5 -10log 5 || (45)
a,theory

By definingS, transducer gain =10log(G,), Eq. (45) be-
comes identical to the expression postulated for the EK500
calibration factor “S, transducer gain” in the EK500 manual
[20].

In this approach, G, is determined from the old calibra-
tion (or arbitrary and erroneous initia) value, G,,,, using
Egs. (41), (43)-(44), and the measured calibration data deter-
mining C, .

From these equations it is readily shown that Egs. (44)-
(45) are equivaent to Egs. (22)-(23). It thus turns out that
methods 1 and 2 for determination of G, under formulation
C, are both valid approaches, and lead to the same calibration
valuefor G, .

5. “"EKG60TYPE” OF POWER BUDGET EQUATIONS,
- FORMULATION D

A second alternative echo integration formulation of the power
budget equations for o, and s, is derived in the following,
and denoted “formulation D”. Formulation D appears to corre-
spond to and generalize the equations used for the Simrad
EK60, ES60, ME70 and M S70 echosounder and sonar systems,
given by Onacet al. [13] (cf. Section 9.4). For convenience, this
formulation is thus referred to as an “EK60 type” of power
budget equations.

The literature on the mentioned echosounders [16-19] re-
fers to calibration measurements involving two calibration fac-
tors, denoted “Gain” and “ S, correction”. It is stated [17] that

the “ S, correction value represents the correction required to
the S, constant to harmonizethe TSand s, measurements’.

5.1 Echointegration formulation D

The basis for the derivation is the echo integration formulation
given by Egs. (11)-(12) (formulation B). First, consider a sin-
gle scattering target with centre at position (r,6,¢). As for
EK500, it is assumed that the statement [10] “the TS
measurement is based on the peak value of the echo samples
in the sphere echo, is valid also for the more recent genera-
tion of Simrad echosounder and sonar systems, EK60, etc.
[16-19].

For the single target, the analysis is then identical to the
one leading to Egs. (27)-(32). It follows that in formulation D,
o,. and the corresponding TS are given by the same expres-
sionsasin formulation C, Egs. (27) and (28), respectively.

Next, consider volume backscattering from V_, given by

Egs. (11) and (32). In formulation D, the parameter “A”, de-
fined by Egs. (30) and (35), is given a key role, replacing G,
as a calibration factor. Thus, to harmonize terminology with
[13,16-19], define

s _=A,

a,corr

(46)

so that, from Egs. (30), (35), (16), and (17), it follows that

:,wrr = [tl VS]zZ = i : [tlvz]: = I;Iz , (47)
Ts‘ : |\/Ra|ma< Tsl [tIVS]R‘max HR.max
: ivsf" 7, [iwf" _ 03 , 48)

2 To: soph sph
h
T 'I\/:) | s [tIVS]R,max HR,ma
max

for a single target (e.g. individua fish) and the calibration
sphere, respectively. Here, the relations

Mo = R/[2 )V, and T =(R/ZD) M,
have been used, which follow from Egs. (16)-(17). s, thus

represents the (non-dimensional) ratio of the actual electrical
power in the single-target (or calibration sphere) echo, to the
“maximum electrical power” of that echo (i.e., the power ob-

tained by using z, and the constant voltage V| (or

l\/Rs'°“|max) in echo integration, instead of 7, (or 7_) and the
voltage signal V3 (t) (or VF"'(t)). From Egs. (31)-(32) it fol-
lows that

G; (0.9)=G(0,0)-52,, =G;B(0.0) s,

a,oorr

, (49)
= Gtiev -‘B‘ (9'4014

G, =G-s?2, . (50)

a,cort

In formulation D, thus, the calibration factor G, isreplaced by
G,y and s

a,corr !

s0 that in this formulation, the two calibration

factorsare G, and s Egs. (11) and (50) lead to

a,corr *
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5= 3277 -r% - -[tivs]Y (51)
GOZ,e‘f ' l// .ﬂ’zco ! Tg ' Ss,corr : FV%/ ! [tIVS]T ,
corresponding to
v
S, =10l livsk" ), oo1og |+ 24
[tivs], r,
2 2
+10l og[%} ~ 20l09(G, ., )| 52)
¢, 7, '
-10logy - 2S, . — 20log(F,,)
where S, =10log(s,,,,) isthe® S, correction” [16-19].

Egs. (27) and (51), or aternatively, Egs. (28) and (52),
constitute formulation D of the power budget equations for
o,. and s,, on “normal” and logarithmic (dB) forms, respec-
tively.

From these equations, formulation D is seen to involve
two calibration factors, G, , ands, ., .In the following, expres-

sions are derived for these. Two approaches are used. The first
approach (denoted “method 1”) gives the two formulation D

calibration factors G, and s, interms of the echosounder

parameters that are measured at calibration. The second ap-
proach (denoted “method 2") is used to (a) establish alterna
tive relationships for use in calibration, and (b) establish rela-
tionships between the two formulation D calibration factors,
G, ad s and the two calibration factors used for the

a,corr 7

EK60 etc- systems, “Gain” and “S; correction” [13,16-19].

5.2 Formulation D calibration factor G, 4 (“Gain”)

Consider a calibration situation, with the centre of the calibra-
tion sphere located at position (r,,6,,¢,). Since the “effective”

axial transducer gain G, is used as a calibration factor in
both of formulations C and D, it follows that for formulation D,
G,, and 10log(G,, ) are given by the same expressions as

for formulation C, Egs. (33) and (34), respectively (“method
1), or equivaently, Egs. (37) and (38), respectively (“method
2”).

By defining Gain =10log,,(G, ). Eq. (38) thus appear

to represent a similar expression for EK60 and related echo-
sounder/sonar systems [16-19], as TS transducer gain

=10log(G, , ) does for EK500 [10].

5.3 Formulation D calibration factor S, .,
(“Sacorrection™)
5.3.1 Method 1

From Egs. (22) and (50) it follows that s,
from calibration measurement data as

can be determined

Lcorr

~ 167% 11 e 7 [tivsf"
Glf,a‘r ' ﬂé : z-s : Ul?;:uaory : | Bi (05’¢s)4 : I:Vf/s : [tIVS]T

2
a,oorr

. (53)

giving

. sph
2S,,,, =10log [t'."s = |+ 40log = | + 2ar,
' [tIVS]T r3
7, 1672 -1} oh
+10log = +10|Og /12.r2 _Tawsory

TS S 1

. (54)

~20l0g(G, , ) - 40log B (4,.¢, | - 20l0g(F,,)

Measurement quantities involved to determine the calibration
factors G,, and s, in echosounder calibration are the
same as for formulation C.

5.3.2 Method 2

An alternative and equivalent method for determination of
S in echosounder calibration using the metal calibration

sphere, is derived in the following. This method is analogous
to the approach described in Section 4.3.2 for formulation C,
leading to Egs. (44)-(45).

From Egs. (27) and (51) (formulation D), by forming the
ratio s*"/o®", and using Egs. (48)-(49), one obtains Egs.

(39)-(40). As for formulation C, s*'

a,theory

is then known and
given by Eq. (41). Now, from Eq. (51) one has, using the same
approach with respect to [tivs)' and 7, asfor Eq. (42),

s2

s = I s¥dr =~ s™(r, -r,)

= , (59)

ey - 1672 -r2 e -[tivs]"
G, S w2 R[]

a,oorr

= Smh

\

From Eq. (55) it follows that

4, H sph
¢ e 1672 12 -e* -tivs]"

i _ 56
a,corr - “a ngr Y- /Ii . va/s . [tIVS]T ( )

C,,

where C, isaconstant and known (measured) value for a giv-
en calibration measurement. Consequently, by knowing
o>, and thus s¥'  from Eq. (41), the relevant calibra-

bstheory ? a,theory
— sph
- C4/Sa.lha)ry .

tionvalue S, .,

Similar to the approach used in Section 4.3.2, consider a
situation where an old (or an arbitrary and erroneous) calibra-
tion value is used initialy in the calibration measurement, de-
noted s The corresponding measured value for the area

a,corr,old *
backscattering the sphere is

isgiven from s

a,oorr

coefficient  of then
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P =C,/ S oo - It follows that
CA = Sj,oorr, : S:)ﬁ:‘eory = Sj,oorr,old ' Saq,)ohld ? gIVI ng
s
S:,oorr = Sj,mrr,old ,;vad (57)
a,theory
By defining S, . =10109(S, o, .4) » the corresponding loga-

rithmic expression becomes

1 s™,
Sa,corr = Sa,(x)rr,old + E 1OI ;"10 "
Sa‘lheory

is determined from the old calibration (or
arbitrary and erroneous initial) value, s, . ., using Egs. (41),
(56)-(57), and the measured calibration data determining C, .
From these equations it is readily shown that Egs. (57)-
(58) are equivalent to Egs. (53)-(54). Consequently, it is shown
that methods 1 and 2 for determination of s . under formula

a,corr

tion D, are generaly valid approaches, that lead to the same
calibration result for s

a,corr *

(58)

In this method, s

a,oorr

5.3.3 Method 3

Another alternative and equivalent method for determination of
s, . incalibration using the metal calibration sphere, may aso

a,corr

be of interest. From Eq. (50) one has

G
Sa corr — ’ (59a)
Y GO,HT
o that
Sa,oorr = 1OI Og(GO) - lo' og(GO,dr ) . (59b)

To determine s, . using Egs. (59), the EK6G0 type of echo-

sounder may be operated more as an EKS500, where
G, =G, 4 'S, IS treated as one single parameter, and deter-
mined in echosounder calibration [ s, measurement, using Eq.
(45)], together with G, [TS measurement, using Eq. (38)].

It does not appear as any such expressions as Egs. (38),
(58) and (59b) (nor equivalent expressions) have been given in
the available literature on the EK60 and related systems [13,16-

19]. The author has however been informed [20] that Egs. (38)
and (59b) are implemented and used in the EK60 system.”

,oorr

“In use of Eg. (59b), the following notation is employed [20]:
G, =10l0g(G,) and G, =10l0g(G,,), so that Eg. (59b) becomes

Sicor = Gy =Grs

6. ALTERNATIVE POWER BUDGET EQUATIONS,
- FORMULATION E

A third alternative echo integration formulation of the power
budget equations for o, and s, (denoted “formulation E”) is
derived in the following, in terms of two calibration factors,
G,y and 7 .

The background for addressing this formulation is the fol-
lowing. Ona et al. [13] stated - in terms of the terminology used
here, and slightly incorrectly, since they combined logarithmic
and linear quantities in the same equation, cf. Egs. (60)-(61)
below - that “thesumof 7 and S, ., equals the effective pulse

duration”®®, Although A=s,_ . appears to originate from, and

compensate for, a specific signal processing solution used in
EK500 [10] and EK60 [13,16], with respect to echo integration
of single target echoes, as explained in Sections 4.1 and 5.1,

S, o May aternatively (in analogy with ref. [13]) be interpret-
ed as a correction factor to the integration time for the gated
volume, 7, as shown below.

As such aformulation has been discussed for possible use
in future echosounders and sonars [20], the set of equations and
calibration factors for such a formulation is derived in the fol-
lowing. The validity of interpreting 7, as an “effective pulse

duration” [13] is also explored.

,oorr

6.1 Echointegration formulation E
The basis for the derivation is the echo integration formulation
given by Egs. (27) and (51) (Formulation D). From Eqg. (51),
define

T, =7, (60)

eff g a,corr !

which on logarithmic form becomes similar to an expression
used by [13] (in their expression for S, ),

10' Og(z-df /Tre‘ ) = 10|Og(Tg /Tre‘ ) + 2Sa,oorr " (61)

7,. i1shereareferencetimeinterval for r,, (chosen equal to 1
s). It follows from Egs. (60) and (50) that

GZ
Ty =7, ~ﬁ , (62)
and, from Eqgs. (60) and (47)-(48), that
Hs Hs)h
T :Tg'l—[stR :Tg'l—lspi (63)

R,max R,max

8 Note that in [13], it islikely that 7, =7, has been used, cf. the discussion
in Section 3.1.
9 An alternative statement may be proposed: “the product of 7, and s

equals the effective echo integration time”, cf. Eq. (60) and Section 9.5.
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Consequently, 7, (S) is the gate opening time (as used for

volume backscattering in oceanic surveying), scaled by the
ratio of the actual electrical power to the “maximum electrical
power” of a single target echo (e.g. a fish, or a calibration
sphere). 7, may thus be interpreted as an “effective echo

integration time”. The interpretation of 7z, as an “effective
pulse duration”, as used by [13], may be misleading, cf. Sec-
tion 9.5.

In formulation E, s

a,corr

in the expression for s, , so that the two calibra-

tion factors of this formulation are G, and z,, . Egs. (50),
(60), and (62) give the relationships between the various cali-
bration factors used in formulations B-E.

Since G, isusedin all of formulations C-E, the single-

target backscattering coefficient o, and the corresponding

target strength TS, are in formulation E given by the same ex-
pressions as in formulations C and D, Egs. (27) and (28), re-
spectively.

(used in formulation D), is re-
placed by 7,

For the volume backscattering coefficient s,, Egs. (51)
and (60) lead to
3277 r2. e [tivs]?
TG,y R : (64)
2 WG, T, R -[tivs]

The corresponding logarithmic expression, giving the volume
backscattering strength, is

—
S, =10l0g tvs] +20log - +2ar+10|ogM
[ ]T ﬂ’COITdI

~20l0g(G, , )—10Iogy/—20Iog(FW)

. (65

Egs. (27) and (64), or dternatively, Egs. (28) and (65),
thus congtitute formulation E of the power budget equations
for o,. and s,, on “normal” and logarithmic (dB) forms, re-
spectively.

In the following, expressions are derived for the calibra-
tion factors involved in formulation E. Two approaches are
used. The first approach (denoted “method 1”) gives the two

formulation E calibration factors G, and z,, intermsof the

echosounder parameters that are measured at calibration. The
second approach (denoted “method 2”) is used to (a) establish
alternative relationships for use in calibration, and (b) express
G, and 7, onformssimilar to those used for the formula-

tion C and D cdlibration factorsin Sections 4 and 5.
6.2 Formulation E calibration factor Gy « (“Gain”)

Consider a calibration situation, with the centre of the calibra-
tion sphere located at position (r,,6.,¢,). Since the “effective”

axial transducer gain G, is used as a calibration factor in all

three formulations C, D and E, it follows that in formulation E,
G, and 10log(G,, ) are given by the same expressions as

for formulations C and D, i.e., Egs. (33) and (34), respectively
(“method 1"), or equivaently, Egs. (37) and (38), respectively
(“method 2").

Similar to in Section 5.2, one has Gain=10log(G,, ) .

6.3 Formulation E calibration factor 74
(“ Effective echo integration time”)
6.3.1 Method 1

It follows from Egs. (53) and (60) that
from calibration measurement data as

can be determined

16721t e*. [tivs o
Goz.éf /12 : F2 [tIVS]T Gbs‘heary |B| (05’

(66)

Tg =

(0514 )

where 7, =7, has been used since the time integration is per-

formed over the sphere echo. The corresponding logarithmic
expression is

10Iog[;:J lolog([EIV\Z]]T ]+40Iog[:—j+2&rs

+10I0{ j 1OI0{167Z ] 20Iog( )
Tré /”’s.rl

—~2010g(G, , )-40l0gB, (6,0, ) - TS?"

eory

(67)

Quantities to be measured in echosounder calibration for de-
termination of G, and 7, arethe same as for formulations C

and D.

6.3.2 Method 2
An alternative and equivalent method for determination of 7,
in echosounder calibration using the metal sphere, is derived
in the following.

From Eq. (60) one has 7, =7, &

a,oorr

for the calibration
situation, where 7, =7, has been used since the time integra-

tion is performed over the sphere echo. Insertion in Eq. (56)
leads to

Te ~S:Dh=C5 ) (68)

where C,=C, -7, is a constant and known (measured) value
for a given calibration measurement. Consequently, by know-
ing o and thus s*'_ from Eq. (41), the relevant cali-

Slhenry 4 atheory

bration value z, isknown and given from 7, =C, / s™

atheory *
Similar to the approaches used in Sections 4.3.2 and
5.3.2, consider a situation where an old (or an arbitrary and
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erroneous) calibration value is used initially in the calibration
measurement, denoted 7, From Eq. (68) the correspond-

ef ,old *

ing measured value for the area backscattering coefficient of

the sphere is ST, =C/7,,. It follows that
CS = T Ssp!:a)ry Tdf Lold ' a,old 1 gIVIng
St
Tat = Tet o Sszho . (69)
a,theory
The corresponding logarithmic expression becomes
s
10lo ~10log £ |+ 10log —2o || (70)
Tre‘ Trd Sa stheory

In this approach, z, isthus determined from an old calibration

(or an arbitrary and erroneous initial) value, 7 ,,, using Egs.
(41), (68)-(69), and the measured calibration data determining
C

-

From these equations it is readily shown that Egs. (69)-
(70) are equivalent to Egs. (66)-(67). It follows that method 1
and 2 for determination of 7, under formulation E, are both

generally valid approaches, that lead to the same calibration
result for 7,

6.3.3 Method 3

Another aternative and equivalent method for determination of
7, in calibration using the metal calibration sphere, may also

be of interest. From Eqg. (62) one has

101 OQ[EJ ~10l o{f—g] +2[1010g(G,)-1010g(G, , )]|
Ty T g

To determine 7, using Eq. (71), the EK60 type of echosound-

e may be opeated more as an EK500, where
=G, ~(r(gf /rg) is treated as one single parameter and de-

(71)

termined in echosounder calibration [ s, measurement, using
Eq. (45)], together with G, , [TS meas., using Eq. (38)].

7. A GENERIC AND UNIFYING ECHO INTEGRATION

FUNCTIONAL RELATIONSHIP

Egs. (11)-(12), together with Eq. (22) for the calibration factor
G, , constitute formulation B of the functional relationship for
fish abundance estimation. Similarly, Egs. (27) and (12), to-
gether with Egs. (33) and (22) for the calibration factors G,

and G, , constitute formulation C. Thirdly, Egs. (27) and (51),
together with Egs. (33) and (53) for the calibration factors

G, and s, , condtitute formulation D of the functional rela-

tlonshlp for fish abundance estimation. Fourthly, Egs. (27) and
(64), together with Egs. (33) and (66) for the calibration factors
G, and 7, , constitute formulation E.

Now, for formulation B, insertion of Eq. (22) into Egs.
(12)-(12), yields

o = eAa(rfrs) . L ' (é}z . FW'S 2 i
: A N AR (72)
ivsl: [B.(0.0.) o |
Ttivs" | B/(0.0) | e
s =g ' (éjz . Fuvs 2 L
v I': A Fw COTg 7, (73)
[tiVS],iv BI (95 ! (psr sph ’
[“VS SRph l// . O'bsmecry

respectively, where [tivs]. has been assumed invariant from
calibration to oceanic survey operation (i.e., the same transmit
pulse V; (t) and integration time 7, are used). The equivalent
logarithmic expressions are

TS=40l O{L] +2a(r —r,)+ 20l og(%]
rs

[tivs]}
20l 101 101
raotf S 2 oo 1

+40|o% B(0.0.) TS,

B.(0,0)
S = 20log(

J+2a(r 1)+ 20Io{£j
I 2
F
+20Io{ﬂJ+lolog 2% |, 1010 ==
Fu CoT , ). (75

+10|og([[ttl'\‘,’s‘°‘]] j+ 4010gB,(0,.,0,)

~10log(y )+ TS™

eory

] , (74)

For formulation C, insertion of Eq. (33) for G, into Eq.
(27) for o,., use of the parameter A from Egs. (30) and (35),
and assuming [tivs]; to be constant from calibration to survey
operation, leads to Eq. (72). Similarly, insertion of Eq. (22) for
G, into Eqg. (12) for s, , leadsto Eq. (73).

For formulation D, since G, , is used as calibration factor

in both of formulations C and D, the analysis given above in
connection with formulation C for o, applies aso to formula-
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tion D, leading to Eq. (72). In asimilar analysis for s, , inser-
tion of Eqg. (53) for s, into Eq. (51) for s, , leadsto Eq. (73).

a,corr

For formulation E, the same argumentation with respect to
G, asfor formulation D, leads to Eq. (72). Similarly, inser-
tion of Eq. (66) for 7, into Eq. (64) for s, , leadsto Eq. (73).

It follows that the functional relationships for formula-
tions B-E, when the respective calibration factors are inserted
in the expressions for o, and s,, are al identical, and given

by Egs. (72)-(73). These equations may thus be referred to as a
generic (formulation and instrument independent) echo integra-
tion functional relationship for fish abundance estimation, giv-
en in terms of the basic quantities being measured in calibration
and oceanic surveying.

Egs. (72)-(73) clearly show which parameters that influ-
ence on the oceanic survey measurements, and how an uncer-
tainty or a possible error in one or severa of these parameters,
influences on the measurement accuracy, - for each of the quan-
tities being measured or assumed known in calibration and oce-
anic survey operation. Egs. (72)-(73) are particularly useful for
uncertainty or sensitivity studies, such as with respect to effects
of sea temperature, or other possible errors or drift in the pa-
rameters involved in abundance measurement and species iden-
tification.

8. FISH DENSITYAND BIOMASSESTIMATION

s, and S,, as given, respectively, by Egs. (12) and (21) (for-
mulations B and C), Egs. (51) and (52) (formulation D), and
Egs. (64) and (65) (formulation E), or equivalently, Egs. (73)
and (75), represent volume backscattering from the thin spheri-
cal shell sub-volume V, of thickness dr, =3¢z, in the obser-
vation volume V,, . The volume backscattering from V,,_, be-
tween ranges r and r__ , is obtained by measuring s, for a
continuous sequence of “ping volumes’, V,, and integrating
s, over the range of these volumes, giving the area backscatter-

ing coefficient of V,_[10,15,14],

ol

max

S, = Isv(r)dr ,

min

(76)

representing the backscattering cross section per unit area,
within V, . In echosounder output, s, (non-dimensional) is

obs*

frequently given in terms of the nautical area scattering coeffi-
cient (NASC) [10,15,5] (m?),

s, =47-1852°s,, (77)
where s, has been multiplied by the surface area of a sphere

with radius one nautical mile. The density of targets (fish), ex-
pressed as the (non-dimensional) number of specimensin V.

obs
per square nautical mile, isthen given as[15]

S, _1852°:s
47r<0b$> <0'b5> ’

where (o,,) () is the expected value of the backscattering
cross section (representing the expected TS) of individua tar-
gets (fish) [7,9,3,5]. Insertion of Eqg. (12) in Egs. (76)-(78)
yields [14]

(78)

Pa=

pa=—7=<E, (79)
l//<6bs>
where
E= J.rze“‘”r [tivs]e'dr, (80)
2 2
c = 32771852 81)

= G2, T, R -ftive]

By knowing the expected mass of individual targets, (m) (kg),
the total biomassin V, _ per square nautical mile (kg), may be
calculated as

m=p,-(m). (82)

Eq. (79) is on the form of the traditional echo-integrator
equation [7,9,3,5,14], where C_ represents the calibration
factor used in that equation. E is the “range integrated echo
integral” for the observation volume V,, _, obtained by integrat-

obs?
ing the sequence of echo integrals [tivs]?’, each associated with
a“ping volume” V,. For each V, a ranger in V,,, the term

bt
r’e* in E is the usual “20log(r) +2ar " TVG (time-varied
gain) factor for volume backscattering from V [3]. Similarly,
for each V,, [tivs]}y’ is the echo integral [3] for the “gated vol-
ume” V,_, taken over the time interval 7, and typicaly aver-
aged over many transmissions [3], cf. Section 3.1. Since
[tivs]}'is calculated for each V., it depends on range, r.

Egs. (79)-(81) give the connection between the theory
presented here (formulations A-E), and the traditional echo-
integrator equation used e.g. by [7,9,3,5]. In that literature, C_,

was used solely as an unspecified calibration factor. Here, the
functional relationship for C_, is derived, and fully given for

small-amplitude conditions in terms of the echosounder system
parameters.

9. DISCUSSION

In Sections 2-6, five different but equivalent formulations A-E
of the power budget equations and calibration factors for o,

and s, , all applicable to fish abundance measurement and spe-
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cies identification, have been derived and described. These
have been used with the purpose to explain the expressions of,
and establish the relationships between, the power budget equa-
tions and calibration factors used in some commonly employed
scientific and fisheries echosounders and sonar systems.

Appendix A gives an overview of the power budget equa-
tions and calibration factors of the five formulations A-E. As
discussed in the following, formulation C and D appear to cor-
respond to the expressions used in the EK500 echosounder
system; and the EK60, ES60, ME70 and MS70 echosounder
and sonar systems, respectively.

9.1 Formulation A (average power, generic)

Formulation A, given by Egs. (1)-(2) in terms of average €lec-
trical power, extends the traditional power budget equations
[10] by accounting for arbitrary electrical termination [11,14],
represented by an electrical termination factor, F,, .

The expressions given in [10] correspond to setting
F, =1 in formulation A, which is valid for electrica termina-
tion conditions for which Z_ = Z , (conjugate matched electri-
cal termination), or for Z_=Z_, when X, =0 (i.e, in afre-
quency band close to the series resonance frequency of the
transducer vibration mode used) [14]. Otherwise, formulation
A isidentical to the expressions given for o, and s, in[10].

As formulation A is not directly suited for signal pro-

cessing implementation, it serves here as the important funda-
ment for deriving the other four formulations, B-E.

9.2 Formulation B (echo integration, generic)

Formulation B, given in terms of echo integration by Egs. (11)-
(12), together with Eq. (22) for the involved calibration factor

G, (or equivaently, Eq. (25)), is derived from formulation A

to provide expressions better suited for practical signal pro-
cessing implementation in echosounders [14]. This formulation
in terms of echo integrals, for calculation of the electrical pow-
ersinvolved, leads to an aternative electrical termination factor
in the power budget equations, F, . It also involves severa

integration time intervals, 7,7

74,7, and 7, to differentiate
between integration of the transmitted voltage signal (“ping”);
and integration of the single-target (fish), calibration sphere,
and volume backscattering voltage echoes, respectively.
Formulation B involves only a single calibration factor,
G, , which in general may appear advantageous. However, be-

ing based on full echo integration both for single target (TS
and volume backscattering measurements, use of this formula-
tion B could possibly be chalenging in TS measurement of
individual fish at large ranges, in case of poor signal-to-noise
ratio. Under such conditions, formulations C-E may be more
robust [20], being based on “peak voltage detection” [10] in-
stead of full echo integration, for the TS measurements.

9.3 Formulation C (echo integration, “EK500 type”)

Formulation C, given by Egs. (27) and (12), together with Egs.
(33) and (22) for the two calibration factors G, andG, in-

volved [or equivalently, Egs. (37) and (44)], appears to corre-
spond to, and generalize, the expressions employed in the Sim-
rad EK500 echosounder [10]. This may be seen as follows.

Firstly, the present theory (cf. Section 4) reveals that the
expressions for o, and s, that are actually used in EK500,
cannot be exactly those given in its manual [10]. The latter ex-
pressions correspond to the average power formulation A (with
F,=1), whereas the EK500 implementation [10] involves
echo integration, “peak voltage detection” for TS measure-
ments, and two calibration factors factors “TS transducer gain”
and “ S, transducer gain”, which neither appear in, nor can be
obtained directly from, formulation A.

Secondly, by accounting for echo integration and “peak
voltage detection” for TS measurements in formulation C, ex-
pressions are here obtained which involve the calibration fac-
tors G,, and G, , given on logarithmic form by Egs. (38) and
(45), respectively. By defining TS transducer gain
=10log,(G,,) and S, transducer gain=10log,(G,), and
using Eq. (41), these two equations become identical to the
corresponding expressions postulated in the EK500 manual
[10]. Formulation C is a prerequisite to obtain these expres-
sions. Hence, formulation C appears to correspond to the equa-
tions used in EK500, and the calibration factors “ TS transducer
gain” and “ S, transducer gain” used for EK500, appear to cor-
respondto G,, and G, , respectively.

The parameter G,,, has been introduced here to (a) ac-
count for “peak voltage detection” in single-target measure-
ment; (b) provide a unifying theory that covers the different
formulations A-E of the equations, using a single and consistent
terminology; and (c) explain the relationship between the
EK500 and EK 60 etc. power budget formulations. Note that no
such parameter as G, , isusedinrefs. [10,13,16-19].

9.4 Formulation D (echo integration, “EK60 type”)

Formulation D, given by Egs. (27) and (51), together with Egs.
(33) and (53) for the two calibration factors G,,, and s

involved [or equivaently, Egs. (37) and (57) or (59a)], appears
to correspond to, and generalize, the expressions used for the
Simrad EK60, ES60, ME70 and MS70 systems [13,16-19].
This may be seen as follows.

Firstly, as explained in Section 1.2, the power budget
equations given in [10] and [13] are not consistent. This indi-
cates that the expressions for o, and s, which are actually

used in EK60 and related instruments, may be different from
those given in [13].

Secondly - by accounting for echo integration and “peak
voltage detection” for TS measurements as in formulation C —
and in addition replacing G, with G, -s, . [cf. Eq. (50)] in

a,corr

S, , expressions are obtained that involve the calibration factors
G,q and s, . These calibration factors are given on loga-
rithmic form by Egs. (38), (58), and (59b). By defining Gain
=10log,(G,,) and S, correction =S, =10log,(s,.);

25



Egs. (38) and (59b) become identical to expressions used in
EK60 [20]. Moreover, the expressions derived here appear to
be consistent with the available information given on the
“Gain” and “ S, correction” calibration factors in the manuals
of EK60, etc. [16-19]. Hence, formulation D appears to corre-
spond to the expressions used in the EK60, ES60, ME70 and
MS70 systems. The calibration factors “Gain” and “ S, correc-
tion” used for these instruments [16-19], appear to correspond
to G,, and s, , respectively.

The expressions postulated by Ona et al. [13] for these in-
struments, correspond to Formulation D. There are however
some deviations. Firstly (in terms of the terminology used
here), in [13], electrical powers I1, and IT, (in units of W)
were used instead of echo integrals,[tivs], [tivs]), and
[tivs]2'... (in units of V2s=WQs). Echo integration was thus
not taken into account. Secondly, the same I1, was used for

o, and s, , which does not appear to be consistent with use of
“peak voltage detection” and full echo integration, respectively,
for TSand s, (and thuss, ) measurements. Thirdly, G(6,¢) and

G, were used instead of G, (0,9¢) and G, in the expres-
sons for o,, and s, , respectively, which does not seem to be
consistent, as long as “peak voltage detection” is used for o,

bs?

and s

was not accounted for, implicitly implying F, =1 [11,14], cf.
Section 9.1.

In other words, for power budget equations expressed in
terms of echo integrals, and for which “peak voltage detection”
isused in TS measurements instead of full echo integration, the
parameters G(0,9) and G, , referred to in [13] as “transducer
gain” and “on-axis transducer gain”, respectively, are not equal
to the transducer gain and axial transducer gain, G(6,¢) and

isused in s,. Finally, in [13], electrical termination

G, , that are involved in the traditional power budget equation
given in [10] [and in Egs. (1)-(2) and (11)-(12)], as implicitly
stated in [13]. Instead, they represent “effective” transducer and
axial transducer gains, respectively, G, (6,9) and G, , with

a correction factor s, .. involved, to compensate for the use of

“peak voltage detection” in TS measurements instead of full
echo integration, cf. Egs. (27) and (49)-(51).

Through the derivation of formulation D, expressions
have been obtained which (a) seem to explain and resolve the
deviation between the power budget equations given in [13]

and [10], (b) explain the introduction and use of the S, . pa

rameter, and (c) “harmonize the TSand s, measurements’ [17]
by employing the same calibration factor G, in o,, and s, .

The power budget expressions that are consistent with [10], and
which may replace those given in [13], appear to be Egs. (27)
and (51) [or equivaently, Egs. (28) and (52)]. This includes
calibration factors G,,, and s given by Egs. (33)-(34) [or

equivalently Egs. (37)-(38)], and Egs. (53)-(54) [or equivalent-
ly Egs. (57)-(58), or Egs. (59)], respectively.

Through the present analysis, the relationship between the
formulation D calibration factors G,,, and s and the for-

a,corr !

mulation C calibration factors, G, and G, , is established, cf.

Eq. (50). Thisincludes their relationships to the generic formu-
lation A and B types of description. It follows that the relation-
ships between the EK500 calibration factors “TS transducer
gain” and “S, transducer gain”, and the EK60 etc. calibration
factors “Gain” and “S. correction”, also appear to have been
explained and established.

9.5 Formulation E (echo integration)

Formulation E, given by Egs. (27) and (63), together with Egs.
(33) and (66) for the two calibration factors G,,, and 7, in-

volved [or equivalently, Egs. (37) and (69) or (62)], represents
an dternative and valid formulation for abundance measure-
ment [13].

The interpretation of z, as an “effective pulse duration”,

as indicated by ref. [13], may however be discussed. In Sec-
tions 4.1 and 5.1, s used to define 7, in Eq. (60), is

shown to be essentially a correction factor to compensate for
incorrect echo-integration of the received voltage signal in sin-
gle-target measurements (e.g., calibration), caused by the use of

[tivs]™", instead of [tivs]?", for single targets (“peak voltage

R,max

detection”). Hence, from Eq. (63) it appearsthat 7, represents

a scaled gate opening time, to compensate for erroneous echo
integration at signal reception, e.g. in the calibration situation.
A more correct interpretation of z, might thus be “effective

echo integration time”.

Without an explanation of these mechanisms, there is the
possibility that the use of an interpretation and terminology
where 7, is (erroneously) associated with an effective dura-

tion of the transmitted pulse, instead of an effective echo inte-
gration time at signal reception, may contribute to confusion
among users. To prevent uncertainty on this point, the apparent
reason for the introduction and use of s as reveaed by the

a,corr !

present analysis, is discussed in the following.

9.6 Onthe S

a,corr

parameter

From the analysis, the reason for using two calibration factors
in the EK500 echosounder [10], two different calibration fac-
tors in EK60 and related systems [13,16-19], and to introduce

S in the expression for s, of the latter instruments [13],

appears to have been the following.

If the generic formulation B of the power budget equa-
tions was used, only a single calibration factor G, would be
necessary (cf. Section 9.2).

However, due to the use of “peak voltage detection” in-
stead of full echo integration in TS measurements (i.e., use of
[tivs]™" . instead of [tivs]™" for single targets), an error is in-

.., which is here compensated for by introducing

troduced in o,
G, instead of G, in o,_, cf. Eq. (27). By still using G, inthe

0,ef
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expression for s, , cf. Eq. (12), two calibration factors G, and

G, thus become involved in the EK500 implementation, re-

ferred to as “ TS transducer gain” and “S, transducer gain”, re-
spectively [10].

In the more recent generation of Simrad echsounder and
sonar systems, EK60, ES60, ME70 and ME70 [13,16-19], the
calibration factor G, used for EK500 (in the s, expression),

appears to have been replaced by G, , to “harmonize” the o,
and s, measurements [17]. An error is then introduced in s, ,
which is compensated for by using s

the “S, correction”, cf. Egs. (51)-(52).

Unfortunately, these aspects do not appar to have been
explained or communicated in available literature, including
[10,13,16-19]. In ref. [13], G(€,9) and G, are incorrectly
used instead of G, (0,¢)and G

0,eff 7
and s, (cf. Section 9.4).

in s,, referred to as

in the expressions for o,

9.7 Commentsin relation to conventional operation

It is emphasized that the derivation and presentation of formu-
lations B-E by no means indicates that any new method for
abundance estimation is proposed, as an aternative to the con-
ventional method used today. The situation is quite the oppo-
site: As explained in Section 1 and above, the expressions pre-
sented here are intended to provide a consistent and unifying
theory for improved understanding and control in use of the
conventional method, employing these commonly employed
echosounder and sonar systems.

In addition, the more general and complete expressions
derived here, congtitute an improved basis for evaluation and, if
necessary, correction of errors in abundance estimation and
species determination, such as due to possible drift due to e.g.
changing environment or echosounder parameters, from cali-
bration to oceanic surveying. Such possibilities are limited as
long as the full functional relationship for the abundance meas-
urement, in terms of echosounder and environmental parame-
ters, is not known for the echosounder system in question.

10. CONCLUSIONS

Acoustic methods for fish abundance estimation and species
identification rely on power budget equations and calibrated
echosounder and sonar systems. Different instrument specific
formulations of power budget equations and calibration factors
are used in some commonly employed instruments, such as the
Simrad EK500, EK60, ES60, ME70 and MS70 systems
[10,13,16-19].

It appears that the documentation in prior literature on the
actual equations and calibration factors employed in these in-
struments, may be somewhat insufficient. Some of the expres-
sions specified [10,13] are not readily derivable from the litera-
ture in this field [1,3-5,9-13]. Moreover, the power budget
equations given for the Simrad EK60, ES60, ME70 and MS70
systems [13] do not appear to be consistent with the literature
on the Simrad EK500 system [10]. The latter represents an im-

portant fundament for today’s methods in fish abundance
measurement.

This situation - together with inconsistencies in prior liter-
ature on these instruments - has caused some uncertainty and
confusion among users. For improved control and understand-
ing in use of these systems, a documentation of the expressions
employed, and their relationship to the traditional theory of
fishery acoustics [10], is addressed. In particular for analysis of
- and possible correction for - measurement errors due to sys-
tem drift from calibration to oceanic surveying, such control is
essential.

The paper presents a unifying theory which seems to ex-
plain the different power budget eguation formulations and
calibration factors employed in the mentioned echosounder and
sonar systems. This includes how they are mutualy related, as
well as their relationship to the traditional and generic (instru-
ment independent) theory of fish abundance measurement. In-
consistenciesin prior literature on these systems appear to have
been explained and corrected.

In addition, for improved control with systematic errors
and system drift, earlier literature on the underlying theory in
this field [1,3-5,9-13] is extended to provide more complete
power budget equations for fish abundance estimation and spe-
cies identification. This includes arbitrary electrical termina-
tion, representation of echo integration, and the full range of
echosounder parameters involved in calibration and oceanic
surveying. These extensions apply to the instrument specific as
well as instrument independent formulations of these equations.

For these purposes, five different but equivalent formula-
tions of the power budget equations for o, and s,, and the

associated calibration factors, are presented. Generic power
budget equations expressed in terms of average electrical pow-
er (denoted formulation A), are used as a fundament for deriv-
ing (1) corresponding generic power budget equations ex-
pressed in terms of full echo integration (denoted formulation
B), and (2) three aternative sets of equivaent, but more in-
strument specific, power budget equations (denoted formula-
tionsC, D and E).

It is shown that the echo integration formulations C and D
derived here, are closely related to the expressions and calibra-
tion factors used in the Simrad EK500 echosounder [10], and
the more recent generation of Simrad echosounders and sonar
systems, EK60, ES60, ME70 and MS70 [13,16-19], respective-
ly. Formulations C and D also extend the power budget equa-
tions corresponding to these echosounders, to provide more
complete expressions, as described above.

The analysis shows that establishment of the generic for-
mulation B, expressed in terms of echo integration [14], is the
key to derive formulations C-E, and thus to explain the formu-
lations corresponding to EK500 and EK60 etc. Formal repre-
sentation of echo integration, as derived in [14], is essentia to
derive and understand these equations.

Formulations C-E are shown to originate from the use of
“peak voltage detection” in single-target (TS) measurements
[10] instead of full echo integration. A parameter G, isintro-

duced here to account for such “peak voltage detection”; to
avoid inconsistencies in terminology (cf. Section 9.4); to clarify
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the relationships between the various formulations A-E; and to
provide full consistency with the terminology of the traditional
power budget equations given in [10]. In particular, it is shown
that for EK500 [10] and for EK60 and related systems [13,16-
19], the “TS transducer gain” and “Gain” calibration factors,

respectively, are not related to the axial transducer gain, G, (as
it may appear from[10,13,17]), but to the parameter G, , .

Relationships between the equivalent formulations A-E
are derived, and between the different calibration factors in-

volved, G, (formulation B), G,, and G, (formulation C),

G,, and s, (formulation D); and G,,, and 7, (formula-

tion E), cf. Egs. (50), (60), and (62). As aresult, the mathemat-
ical relationships appear to have been established between the
power budget equations and calibration factors employed in
EK500 [10], and the more recent generation of echosounder
and sonar systems, EK60, ES60, ME70 and MS70 [13,16-19].
This includes establishment of their relationship to the generic
formulations A and B [14], and thus to the traditional (but less
general) power budget equations given in the EK500 manual
[10].

The lack of literature documentation of the power budget
equations and calibration factors actually used in the EK500,
EK60, ES60, ME70 and MS70 systems, unfortunately prevents
a complete comparison of the expressions derived here for for-
mulations C and D, with those used in these echosounders. The
expressions given in available literature for EK500 [10] are
however in agreement with the theory presented here (cf. Sec-
tion 9). The consistency obtained with respect to the calibration
factors “TS transducer gain” and “S, transducer gain”, cf. Egs.
(38) and (45), strongly indicates correspondence between the
implementation used in EK500, and formulation C. For the
EK60 and related systems, less theory and equations are avail-
able. However, the consistency obtained in relation to the pow-
er budget equations given in [13] (after correction of those ex-
pressions, cf. Sections 5 and 9.4, and Appendix A.4), and the
information given on calibration factors in relevant manuals
and correspondence [16-20], strongly indicates correspondence
between the implementation used in EK60 etc., and formulation
D.

The functional relationships A-E, including their respec-
tive calibration factors, are here fully given in terms of the
echosounder parameters being measured or assumed known in
calibration and oceanic surveying. This includes generic in-
strument independent formulations, as well as more instrument
specific formulations, applicable to the Simrad EK500, EK60,
ES60, ME70 and M S70 echosounder and sonar systems.

Under assumption of small-amplitude (linear) sound
propagation, the expressions derived are expected to represent
a consistent and relatively complete theoretical basis for im-
proved understanding and control, in use of conventional meth-
ods and instruments for fish abundance measurement and spe-
cies identification. In addition to establishing a unified theory
for use of different equipment in such applications, the results
are expected to constitute an improved theoretical fundament
for measurement, error evaluation, possible error compensa
tion, and uncertainty evaluation, of fish abundance methods and
equipment in use today.
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APPENDIX A.  SUMMARY OF POWER BUDGET

EQUATION FORMULATIONS

For convenience, an overview of the power budget eguations
and calibration factors that are involved in formulations A-E, is
given in the following. All formulations A-E are equivalent
(and also equivalent to the generic formulation given in Section
7, which is not shown here). For each formulation A-E, two or
three equivalent and alternative calculation methods for the
calibration factors are included (denoted methods 1, 2 and 3).

“Method 1" gives the calibration factors directly in terms
of the basic echosounder parameters that are measured at cali-
bration.

“Method 2" gives the calibration factors on forms that
are similar to the forms used in the EK500 manual [10], for
the two calibration factors of the EK500 system, cf. Egs. (38)
and (45).

“Method 3" (used for formulations D and E) gives one of
the calibration factors on an aternative form which may be of
interest if an EK60 type echosounder (or similar) is operated
more as an EK500 type echosounder.

Methods 2 and 3 are given on norma and logarithmic
forms (since logarithmic expressions are used in [10]). Equa-
tion numbers from the main text are used. All involved param-
eters are defined and given in the main text.

A.1 Formulation A (average power, generic)
Power budget equations:

1677 -r*-e* .12
Gbs: 2 2 - (1)
G(0,9)- 2 -F, 11,

327%-r2- e T}
S

= 2
' Goz~l//~ﬂ,2C0~Tp~F”~HT ()

A.2 Formulation B (echo integration, generic)

Power budget equations:

167° 1€ -z -[tivs];
= 11
Toe G*(0,p)- 2 -1 -F2 -[tivs]; (1)

327 rte sy

- 12
S G-y Ac, 7, F} -[tivs], (12)
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Calibration factor G, (equivalent expressions):

Method 1:
167° -1t - -z -[tivs?"
TR T[%. (22
/Is : FW,s “bs bs‘heory |B ( SX : [tIVS]T
Method 2:
sph
Gl =G, el (25)
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A.3 Formulation C (echointegration, “ EK500 type”)

Power budget equations:

1672 -r*-e* -[tivs]
"G Ow) £ v n
_ 37trte sy
Gy - Ac, 7, R -[tivs],

(12)

Calibration factor G, , “TStransducer gain” (equivalent ex-

pressions):
Method 1:
167° -1l - e -tivsf
Gy == [tivef @)
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Method 2:
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Cdlibration factor G, “S, transducer gain” (equivalent expres-

sions):
Method 1:
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A.4 Formulation D (echointegration, “ EK60 type”)

Power budget equations:

1672 -r*- & -[tivs].
A v @0

3277 r2.g [tivs]gv
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Cdlibration factor G, , “Gain” (equivalent expressions):

Method 1:
1672 1’ “"S-[tlvs
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Method 2:
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Cdlibration factor s,
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“S, correction” (equivalent expres-

sions):
Method 1:
167° -1/ -e*s . tivss"h
e = z ry-ltvsf (53)
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Sa,oorr = 1O|Og(GO) _1O|Og(GOQT ) . (59b)
A.5 Formulation E (echo integration)
Power budget equations:
167° 1" VS e
Gbs = 2 2 [2 ]R (27)
Gdf (91§D)'ﬂ* 'Fvv [tIVS]T
327°-r?-e" - tivs]
5= tivsf (64)

G, -y 2’c, -1y -F2-[tivs],
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Cdlibration factor G, , “Gain” (equivalent expressions):

Method 1:
16 2, 4 4m5 t
G(‘iéf = - T [IVS]Rma( (33)
ﬂ’s bs!heory |B (/731 tIVS]T
Method 2:
sph
Gl = Gl g~ 37

bs,theory

1010g(G,, ) ~10100(G, s )+ [TS7% - TS, ] (39

Calibration factor 7. , “Effective echo integration time”
(equivalent expressions):

Method 1:
1677 -} ez - [tivs[y"
g =T L) S
Go,dr ! ﬂ‘s ! F [tIVS]T bs,!heory |B ( ]
Method 2:
_ S:]Ohld 69
Tdf _Td‘f old Sgph ( )
a,theory
s
10l ~10log 2424 | 110l0g —=o (70)
Trd Tre‘ Sa,\heary
B(0,.0.)
with 7 —£~'(S—(/ZS]~G§;®W (41)
T, VN
Method 3:
G
Ty =T, ——, (62)
TG

10|og{TJ 10Iog[TYdJ+2[lOIOQ( ,)-10l0g(G, , )| (72)

APPENDIX B. INTERPRETATION IN TERMS OF

POWER FLOW

B.1 Single-target backscattering

For physical interpretation of the various terms in the power
budget equation describing single-target backscattering, EQ.
(1), the following re-arrangement serves convenient,

—2af 2o 2
€ . € .G(g,(p) A

=11, -G0.0) -0y

F.. (B.1)

Here, o, =4ra,, isthe spherical scattering cross-section [1]
for the equivalent omnidirectional scatterer of the single tar-
get. T1, isthe average transmitted electrical power, averaged
over one cycle of the harmonic wave, at the frequency f in
question. Multiplying with G(6,¢) gives the acoustic power
produced by a point source radiating an (omnidirectional) in-
tensity that is equal to the transducer’'s radiated intensity in

(6,9) direction at range r, under lossless and small-amplitude
sound propagation conditions in the fluid. Multiplying with
e’ /4xr® yields the transducer’s radiated intensity at the tar-
get position, (r,d,¢), at small-amplitude conditions, and ab-
sorption accounted for. Multiplication with o gives the

acoustic power scattered by the target, here represented by the
target’s equivalent omnidirectional scatterer. Multiplying with
e’ [4ar® yields the free-field acoustic power density of the
scattered field at the centre of the transducer front, with ab-
sorption accounted for. Multiplication with the “effective ar-
ea’ (or “effective aperture”) [10,25,27] of the receiving trans-
ducer, G(0,p)-(X*/4r) , yields the received electrical power
at the transducer’s electrical terminals, for the particular elec-
trical termination case F, =1 [i.e, either for Z_=Z (con-
jugate matched electrical termination, to maximise the power
transfer to the receiving electronic circuit); or Z, =Z, when
X; =0 (to minimize signal reflections from the electrical
load, in the frequency band of the transducer’'s series reso-
nance)] [14]. Finally, multiplying with
F,=4RR./|Z,+Z.[" yields the average received electrical
power IT; at the transducer’s electrical terminals, for arbitrary
electrical termination load [27].

B.2 Volume backscattering

Similarly, physical interpretation of the various terms in the
power budget equation describing volume backscattering from
V,, Eq. (2), is conveniently made using the re-arrangement

H;:HT~GD~%- ;-%-GO~£-FH, (B.2)
where V. ~d4mr?(r,—r,) =4 dr, =4m?-icr,, and the
definition

oL=5,'V, v, (B.3)
has been used.

First, an interpretation of the quantity o, serves to be
useful. The equivalent two-way beam solid angle, v , repre-
sents the transducer’ s effective beam width (in terms of a solid
angle) for transmission and reception combined. From the
definition of a solid angle, the portion of the surface area of a
sphere with radius at r  that is effectively insonified by the
equivalent two-way beam solid angle, equals A = rp2
is here denoted the “sampled aread’. Consequently,
V,-w~d4n?-dr -y=4r-V,, where V,=dr, - A is denoted
the “sampled volume” portion of the spherical shell volume,
V,, that is contained within the range interval [ r ] and the
solid angle y . Hence, V, represents that portion of the as-
sumed homogeneous distribution of omnidirectional scattering

-y, and

p1? p2
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targets contained in V,, that is effectively insonified by the

acoustic beam, upon radiation and reception combined. It fol-
lows that V, =V, -y /47 . Now, for volume backscattering,
one has, for the assumptions stated in Section 2.1,
do, =s,-dV, where do, represents the backscattering
cross section of a multitude of objects (targets) in a unit vol-
umedVin V_, including objects of different types, and objects
of the same type with different sizes [14]. From Eq. (B.3) it
follows that o, = (do, /dV)-V,, where do,, =47-do,, rep-
resents the spherical scattering cross section of the scatterers

indV. Consequently, o, represents the equivalent spherical

scattering cross section of the sampled volume, V,. The cor-
responding equivalent backscattering cross section of V_ is
givenas oy, =0, [4r =5,V -y/4x .

In Eq. (B2), thus, by following the reasoning used for in-
terpretation of Eq. (B1), 1, -G,-(e*“/4ar*) gives the trans-
ducer’s radiated intensity in axial direction, at the V, range,
r=r,, with absorption accounted for. Multiplication with the

equivalent spherical scattering cross section of the sampled
volume, o_, gives the acoustic power scattered from V , here

represented by the sampled volume’s omnidirectional scatter-
er. Multiplying with e**/4xr? yields the free-field acoustic

power density of the scattered field at the center of the trans-
ducer front. Multiplication with the “effective area” [25,27] of
the receiving transducer, for normally incident sound to the

transducer (8 =¢ =0), G,-(1*/4r), yields the received elec-
trical power at the transducer’s electrical terminals, for the
special case of F,=1 [i.e, either for Z_=Z, (conjugate
matched electrical termination, to maximise the power transfer
to the receiving electronic circuit); or Z_ =Z_, when X, =0
(to minimize signa reflections from the electrical load, in the
frequency band of the transducer’s series resonance)] [14].

Finally, multiplying with F, =4RRE/|ZR+ZE|2 yields the
average received electrical power IT;, at the transducer’s elec-
trical terminals, for arbitrary electrical termination load [27].

REFERENCES

[1] Clay CS and Medwin H (1977) Acoustical oceanography: Principles
and applications. New York: J. Wiley & Sons. pp. 180-182, 205, 220,
225-235, and 395-404.

[2] Nakken O and Ulltang @ (1983) A comparison of the reliability of
acoustic estimates for fish stock abundance and estimates obtained by
other assessment methods in Northeast Atlantic. FAO Fish. Rep. 300:
249-260.

[3] MacLennan DN (1990) Acoustical measurements of fish abundance. J.
Acoust. Soc. Am. 87(1): 1-15.

[4] Medwin H and Clay CS (1998) Fundamentals of acoustical oceanogra-
phy. Boston: Academic Press. pp. 153-158, 350-361.

[5] Simmonds J and MacLennan DN (2005) Fisheries acoustics. Theory
and practice, 2nd ed. Oxford, UK: Blackwell Science Ltd. pp. 32, 47,
35-36, 59-60, 110, 119-121, 187-191, 197, Chapter 6.

(11]

(12

[13]

[14]

[15]

[16]

[17]

(18]

[19]

Dragesund O, Olsen S (1965) On the possibility of estimating year-class
strength by measuring echo-abundance of O-group fish. Fiskeridi-
rektoratets Skrifter, Serie Havundersgkelser, 13(8): 48-75.

Dalen J, Nakken O (1983) On the application of the echo integration
method. ICES CM Document 1983/B:19. 30 p.

Foote KG (1982) Optimizing copper spheres for precision calibration of
hydro acoustic equipment. J. Acoust. Soc. Am. 71: 742—747.

Foote KG, Knudsen HP, Vestnes G, MacLennan DN, Simmonds EJ
(1987) Calibration of acoustic instruments for fish density estimation: A
practical guide. ICES Cooperative Research Report No. 144. 81 p.
Simrad (1997) Operator manua: SIMRAD EK500 Fishery research
echo sunder. Scientific echo sounder: Base version. Doc. no. P2170 /
Rev. G, Simrad AS (now Kongsberg Maritime AS), Horten, Norway.
pp. 165-169, 204, 211-212, 216-217, 223. Available:
http://www.simrad.com/www/01/nokbg0397.nsf/AllWeb/93FDCCAD1
CC54473C12573F50076A3C470penDocument.  Accessed 15 July
2014.

Pedersen A (2006) Effects of nonlinear sound propagation in fisheries
research. Ph.D. Thesis, University of Bergen, Dept. of Physics and
Technology, Bergen, Norway. 307 p. Available:
https.//bora.uib.no/handle/1956/2158?mode=ful & submit_simple=Show
+full+item+record. Accessed 15 July 2014.

Demer DA, Renfree JS (2008) Variations in echosounder - transducer
performance with water temperature. ICES Journa of Marine Science
65: 1021-1035.

Ona E, Mazauric V, Andersen LN (2009) Calibration methods for two
scientific multibeam systems. ICES Journal of Marine Science 66:
1326-1334.

Lunde P, Pedersen AO, Korneliussen RJ, Tichy FE, Nes H (2013) Pow-
er-budget and echo-integrator eguations for fish abundance estimation.
Fisken og Havet no. 10/2013, Institute of Marine Research, Bergen,
Norway. 39 p. Available:
http://www.imr.no/publikasjoner/andre_publikasjoner/fisken_og_havet/
nb-no. Accessed 15 July 2014.

MacLennan DN, Fernandes PG, Dalen J (2002) A consistent approach
to definitions and symbols in fisheries acoustics. ICES Journal of Ma-
rine Science 59: 365-369.

Simrad EK60. Scientific echo sounder. Reference Manual. Release
2.4.X. Doc. no. 164692 / Rev. D, Kongsberg Maritime AS, Horten,
Norway (2012). pp. 16, 48-49, 191, 199, 221 (in electronic document).
Available:

http://www.google.no/url ?sa=t& rct=j& q=& esrc=s& frm=1& source=web
& cd=4& ved=0CEUQF AD& url=http%3A%2F%2Fntui0.0c.ntu.edu.tw
%2Focean2012%2Fwp-

con-

tent%2Fupl 0ads¥62F2013%2F06%2F164692ad_ek60_reference manua
|_english_lores.pdf&ei=16siU9XTKc6HYAPmM2Y DgCwé& usg=AFQ|CN
FZnzKfT-uB_8 3P0S5095Fzr5vnA Accessed 15 July 2014.

Simrad ES60. Fish finding echo sounder. Reference Manual. Doc. no.
857-160970 / Rev.H, Kongsberg Maritime AS, Horten, Norway (2006).
p. 80 (in electronic document). Available:

http://www.google.no/url 2sa=t& rct=j& q=& esrc=s& frm=1& source=web
& cd=1& ved=0CCwQF AA& url=http%3A%2F%2Fwww.simrad.com%
2FPwww%2F01%2FNOK BG0397.nsf%2FAIWeb%2F476DD263FD01
A618C12570D100630F2B%2F%024file%62F160970ah_es60_reference
manual_english.pdf%3FOpenElement& el =\W4-
EU9M1D4SB4gSn8IHoAWE usg=AFQjCNH8Y xK7LuY NCspKNZ5g9
bSlu8PgJA& sig2=V 4kxvIh0jDwWMNNDKxQ7pGQ& bvm=bv.67720277
d.bGE Accessed 15 July 2014.

Simrad ME70. Scientific multibeam echo sounder. Reference Manual.
Release 1.2.5. Doc. no. 328588 / Rev. B, Kongsberg Maritime AS, Hor-
ten, Norway (2012). pp. 140, 143, 152, 154, 158, 210, 246, 448 (in
electronic document). Available:
http://www.simrad.com/www/01/nokbg0397.nsf/AllWeb/DCB276EAQQ
D5BD46C125719A003AAD45?0penDocument  Accessed 15 July
2014.

Simrad MS70. Scientific multibeam sonar. Operator Manual. Doc. no.
301088 / Rev. C, Kongsberg Maritime AS, Horten, Norway (2007). pp.
164, 171, 179. Available:

http://www.google.no/url 2sa=t& rct=j & q=& esrc=s& frm=1& source=web
& cd=1& ved=0CC8QFjAA& url=http%3A%2F%2Fwww.imr.no%2Ffila
rkiv9%2F2006%2F08%2F301088ac_ms70_operator_manual_english.pd

31



[20]

[21]

[22]

(23]

[24]
[29]
[26]

[27]

(28]

f%2Fnn-

no& ei=650EU_0Oel oPm4QTBIIHY BQ& usg=AFQ]CNEMV_2RNtM
RZSgEX-

uo1QAUZKj3h5A & sig2=WRfF6vayljM|Yk7yUVthkA& bvm=bv.67720
277,d.bGE Accessed 15 July 2014.

Personal communication, Egil Ona, Institute of Marine Research, Ber-
gen, Norway (2014).

Korneliussen RJ, Diner N, Ona E, Berger L, Fernandes PG (2008) Pro-
posals for the collection of multifrequency acoustic data. ICES Journal
of Marine Science 65: 982—994. Earlier published as: Korneliussen RJ,
Diner N, Ona E, Berger L, and Fernandes PG (2004) Recommendations
for the collection of multi-frequency acoustic data. ICES CM Docu-
ments 2004/R:36.

Tichy FE, Solli H, Klaveness H (2003) Nonlinear effects in a 200-kHz
sound beam and consequences for target strength measurement. ICES
Journal of Marine Science 60: 571-574.

Lunde P, Pedersen AO (2012) Sonar and power budget equations for
backscattering of finite amplitude sound waves, with implications in
fishery acoustics for abundance estimation of marine resources. Proc.
35t Scandinavian Symposium on Physical Acoustics, Geilo, Norway,
Jan. 29 - Feb. 1, 2012. 11 p. Available:
http://www.ntnu.edu/sspal/program Accessed 15 July 2014.

Foote KG (1985) Rather-high-frequency sound scattering by swimblad-
dered fish. J. Acoust. Soc. Am. 78: 688-700.

Balanis CA (2005) Antenna theory: Analysis and design, 3" ed. Hobo-
ken, New Jersey: J. Wiley & Sons. pp. 50, 66, 89-95.

Kinger LE, Frey AR, Coppens AB, Sanders JV (2000) Fundamentals of
acoustics, 4™ ed. New York: J. Wiley & Sons. pp. 15, 181-184,189.

In electromagnetics literature, a receiving antenna's “effective ared’,
given as G, - (4’ /4r) , is defined as the ratio of the electrical power de-

livered by the antenna to the electrical termination circuit, to the free-
field power density of the incident electromagnetic wave, at the center
of the antenna’s front face [25] In acoustics, using an equivalent defini-
tion for acoustic waves, and accounting for electrical termination load,
it can be shown that the quantity G, -(4°/4r)-F, represents a“gener-
alized effective area’ (or, more precisely, an “effective electroacoustic
receiving aperture”) (m?) of the receiving acoustic transducer.

Foote KG (1983) Linearity of fisheries acoustics, with addition theo-
rems. J. Acoust. Soc. Am. 73(6): 1932-1940.

32






HAVFORSKNINGSINSTITUTTET
Institute of Marine Research

Nordnesgaten 50 - Postboks 1870 Nordnes
NO-5817 Bergen

TIf.: +47 55 23 85 00 - Faks: +47 55 23 85 31
E-post: post@imr.no

HAVFORSKNINGSINSTITUTTET
AVDELING TROMS@

Sykehusveien 23, Postboks 6404

NO-9294 Tromsga

TIf.: +47 77 60 97 00 — Faks: +47 77 60 97 01

HAVFORSKNINGSINSTITUTTET
FORSKNINGSSTASJONEN FL@DEVIGEN
Nye Flgdevigveien 20

NO-4817 His

TIf.: +47 37 05 90 00 - Faks: +47 37 05 90 01

HAVFORSKNINGSINSTITUTTET
FORSKNINGSSTASJONEN AUSTEVOLL

NO-5392 Storebo
TIf.: +47 55 23 85 00 — Faks: +47 56 18 22 22

HAVFORSKNINGSINSTITUTTET
FORSKNINGSSTASJONEN MATRE
NO-5984 Matredal

TIf.: +47 55 23 85 00 - Faks: +47 56 36 75 85

AVDELING FOR SAMFUNNSKONTAKT
OG KOMMUNIKASJON

Public Relations and Communication

TIf.: +47 55 23 85 00 - Faks: +47 55 23 85 55
E-post: informasjonen@imr.no

WWW.imr.no

HAVFORSKNINGSINSTITUTTET

INSTITUTE OF MARINE RESEARCH




