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1 | INTRODUCTION

Abstract

1. The use of quantitative broadband echosounders for biological studies and sur-
veys can offer considerable advantages over narrowband echosounders. These
include improved spectral-based target identification and significantly increased
ability to resolve individual targets. An understanding of current processing steps
is required to fully utilise and further develop broadband acoustic methods in
marine ecology.

2. We describe the steps involved in processing broadband acoustic data from raw
data to frequency dependent target strength (TS(f)) and volume backscattering
strength (S,(f)) using data from the EK80 broadband scientific echosounder as
examples. Although the overall processing steps are described and build on es-
tablished methods from the literature, multiple choices need to be made during
implementation.

3. To highlight and discuss some of these choices and facilitate a common under-
standing within the community, we have also developed a Python code which will
be made publicly available and open source. The code follows the steps using raw
data from two single pings, showing the step-by-step processing from raw data to
TS(f) and S, (f).

4. This code can serve as a reference for developing custom code or implementation
in existing processing pipelines, as an educational tool and as a starting point for

further development of broadband acoustic methods in fisheries acoustics.

KEYWORDS

broadband acoustic backscattering, community ecology, conservation, habitats, matched-
filter signal processing, monitoring (community ecology), monitoring (population ecology),
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was further developed to map the abundance of fish, driven by the
need for fisheries management (Simmonds & MacLennan, 2005).

Echosounders are used for remote sensing marine ecosystems. As More recently, fisheries acoustics sensors have been deployed on
early as 1935, Sund (1935) observed the distribution of spawning cod a wide range of platforms including observatories, autonomous
in the Lofoten area using a single beam echosounder. The method underwater vehicles (Fernandes et al., 2003), uncrewed surface
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vehicles (De Robertis et al., 2021) and vessels of opportunity, ob-
serving a wide range of ecosystem processes across different spatial
and temporal scales (Godg et al., 2014).

Today, echosounders can produce pulses with a wide and contin-
uous frequency range (broadband pulses), compared to the conven-
tional narrowband systems. This provides in most cases significantly
better along-beam (range) resolution, a higher signal-to-noise
ratio than narrowband pulses (Chu & Stanton, 1998; Ehrenberg &
Torkelson, 2000), and improved frequency resolution for backscat-
ter categorisation (Korneliussen et al., 2018). Lavery et al. (2010)
used broadband signals to reduce ambiguities in the interpretation
of acoustic scattering from zooplankton and oceanic microstructure.
Stanton et al. (2012) used low frequency broadband pulses (1-6 kHz)
that included the resonance frequency of swimbladdered fish to
classify size classes. Blanluet et al. (2019) used broadband acoustics,
with ground truthing (nets and video), to characterise the compo-
sition of two sound scattering layers. Bassett et al. (2018) showed
that broadband signals may be helpful in characterising smaller
fishes with swimbladders and euphausiids (15-150kHz). Benoit-
Bird and Waluk (2020) were able to effectively discriminate three
monospecific aggregations of species (hake, anchovy and krill) using
broadband signals (45-170kHz). Lavery et al. (2017) explored differ-
ent broadband pulse shapes to increase the ability to resolve adja-
cent single targets as well as near boundaries in tank experiments
(15-400kHz). By applying high-frequency broadband pulses to
fish-like artificial targets, Kubilius et al. (2020, 2023) demonstrated
the potential for acoustic sizing of individually resolved fishes in a
controlled ex situ environment (45-90 and 160-260kHz). Using the
increased range resolution, Hasegawa et al. (2021) were able to iso-
late single fishes and discriminate successfully between average fre-
qguency responses of walleye pollock and pointhead flounder in situ
(45-260kHz). Using narrow (18-38kHz) and broadband acoustic
data (70-280kHz) with a mixed species scattering model, Loranger
et al. (2022) demonstrated estimation of mean length and total bio-
mass of longfin squid and mackerel.

Several scientific broadband echosounder systems have been
developed for laboratory use (Chu et al., 1992; Conti & Demer, 2003;
Forland et al., 2014), some prototype or custom-made systems (Barr
et al., 2002; Brisefio-Avena et al., 2015; Foote et al., 2005; Imaizumi
et al., 2009; Simmonds et al., 1996; Zakharia et al., 1989, 1996) and
some commercially available systems (Denny & Simpson, 1998;
Ehrenberg & Torkelson, 2000; Gordon & Zedel, 1998; Stanton
et al., 2010; Zedel et al., 2003). More widespread use of broadband
acoustics in fisheries and ecosystem research has followed from
the upgrade of widely used narrowband systems to gain broadband
capabilities.

Signal processing methods for broadband echosounders
(Stanton & Chu, 2008) are based on radar signal processing the-
ory, with further adaptation to echosounders (Bassett et al., 2018;
Lavery et al., 2017). When implementing the equations to computer
processing code, some choices are well founded in the signal pro-
cessing literature, whereas others are of a more practical and ad-
hoc nature. The latter is typically missing in the literature, making it

difficult to benchmark new methods and to test the implementation
in new echosounders and post-processing software.

The objective of this paper and the associated code is to provide
a benchmark for developing and implementing signal processing al-
gorithms for broadband echosounders. We present the design goals,
implementation details and recommended procedures and process-
ing required to obtain quantitative broadband data. The steps in-
clude pulse compression, target strength as a function of frequency
(TS(f),dBre 1 m?) and volume backscattering strength as a function
of frequency (S,(f), dB re 1m™). The intention is that the code will be
used as a starting point for implementations in various relevant data
processing software, for further developing active acoustic broad-

band signal processing, and to serve as a learning resource.

2 | SIGNAL FLOW AND INITIAL
PROCESSING

2.1 | Accompanying code

The code accompanying this paper is written in the Python pro-
gramming language (v3.10) and is available through GitHub (see
‘Data Availability Statement’) together with the data used in the
examples. All single-ping processing steps with respective figures
in the paper can be reproduced by running the main script, main.
py. Reproduction of Figure 5a and Figure 8a requires downloading
the original echosounder raw data separately and using the scripts
(TSfEchogram.py and SvfEchogram.py).

Without loss of generality, we use the Simrad EK80 echosounder
as an example, since it is currently the most commonly used broad-
band system in the marine ecosystem acoustics field. The test data
sets accompanying the code are representative of the data con-
tained in Simrad EK80 raw files. In order to make the code echo-
sounder independent, simple json strings are used as input. Detailed
information on the settings used during data collection is available in
the code and data files on GitHub.

Our presentation uses nomenclature and approaches that are
commonly used for narrowband echosounder systems, which were
derived from radar processing (Cook & Bernfield, 1967). In particu-
lar, the expressions for target strength (TS, dB re 1m?) and volume
backscattering strength (S,, dB re 1m™) (MacLennan et al., 2002) are
presented in a similar manner for broadband signals as for narrow-

band signals.

2.2 | System overview

A basic quantitative echosounder system consists of a transducer,
a transceiver, and a computer program that controls the operation
of the transceiver and records the received signals. During trans-
mission, the program defines the signals that are created as electric
signals in the transceiver, converted to acoustic signals by the trans-
ducer and transmitted into the water. The acoustic signals propagate
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through the water, are reflected or scattered by objects in the water,
and propagate back to the transducer. During reception, the trans-
ducer converts the received acoustic signals to electric signals,
which are received, preamplified, filtered, digitised, processed in the
transceiver, and then transferred to the controlling program for fur-
ther data processing and storage (Figure 1). Many types of transmit
signals are feasible—this paper considers only upsweep linear fre-

quency modulated signals (also known as linear chirps).

2.3 | Signal generation

The controlling computer program generates a short-duration digi-
tal transmit signal (a ping), vy, (n), where n is the sample index in the
discrete time domain. The nominal pulse duration, z, is defined as
the duration of the digital transmit signal y;,(n). Typical broadband
pulses are linear upsweep pulses windowed by an envelope func-
tion. The generated signal is converted to an analogue electric signal
Yixe(t) and amplified by the transceiver to obtain the analogue signal
Yixe(t), where t is the time for the signal. The analogue and amplified
signals are passed on to the transducer to generate the transmitted
acoustic signal y, ,(t) in the water. For a split-beam echosounder sys-
tem, there are typically three or four channels to allow estimation of
the angle of arriving echoes, and the signal is typically transmitted
with equal power across the channels.

The most commonly used transmit signals (e.g. in Simrad EK80)
are linear frequency modulated signals with an applied Tukey win-
dow function (see e.g. Lavery et al., 2017 for a more in-depth treat-
ment of this subject).

2.4 | Signal reception

The returning acoustic signal, y,, ,(t), is received by each transducer
sector, u, and converted to an analogue electric signal, y,,o(t,u), in
the transducer and received by the corresponding receiver channels,
u, in the transceiver. The received electric signal, y,, . (t, u), from each

channel, u, is pre-amplified, filtered by an analogue anti-aliasing filter,

Define transmit
signal

I
e T
FIGURE 1 Signal and data flow in the T [
Simrad EK80 system. An echosounder i
ping starts with the definition of a : 4
transmit signal (upper left) and ends with i
file storage and display and analysis after E‘hbp(l' Nv)lD(N,,)

matched filtering. S LTI
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and digitised in the transceiver at a frequency of f,, creating the digi-
tal signal, ¥y org (N, U).

To remove noise and reduce the amount of data, the sampled sig-
nal from each channel is filtered and decimated in multiple stages, v,
using complex bandpass filters, hy,,(i, v), and decimation factors, D(v).
This processing step is approximately equivalent to a traditional de-
modulation process. See tab. 1.2 in the work of Demer et al. (2017),
for examples of values. The individual filter coefficients for each fil-
ter and decimation stage are indexed by i. The output signal from
each channel, u, from each filter and decimation stage, v, is then
given by:

Yo (0, U, V) = (Yex(, U, v = 1) s hy (i, V))w(v)' v=1 ..,N, (1)
where y,,(n,u,0) is set to y,, o,(n,u), being the signal before decima-
tion, » indicates convolution, | indicates decimation by the factor D(v),
and N, is the total number of filter stages. The output signal from the
final filter and decimation stage, y,, (n, u, N, ), is shortened to y,, (n, u) for
convenience. For the output signal, y,,(n,u), the decimated sampling

rate, f 4ec is given by:

N,
7 1
fs, ec — fs Y (2)
=t 115w,

The characteristics of the bandpass filter and decimation factors are
chosen with regard to the desired operating bandwidth, noise sup-
pression levels, impulse response duration and other common filter
characteristics, with the aim of maintaining sufficient information in
the data (Crochiere & Rabiner, 1983; Proakis & Manolakis, 2007). The
frequency responses of the filters are shown in Figure 2 and the corre-
sponding filter coefficients and decimation factors are given in the test
data set, where N, = 2.

The original sample data y,, ,rg(n, u) are not available in the EK80
data files. Instead, the filtered and decimated complex samples from
each transducer channel y,, (n,u) are stored in the data files. Data are
recorded in computer data files for display and analysis by processing
software. Additional information, such as from position and motion

sensors and system configuration data, is also included in the files.

Digital to analog
and
amplification

Vex,e(t)

Transducer

Vtx,a ®); Yrx,a (tw
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-~

Analog to digital
at f

File storage J

Ype (1, 1)

Matched filter

Display and
analysis
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Matched filtering (pulse compression)

2.5 |

To increase signal-to-noise ratio and resolution along the acous-
tic beam, a matched filter may be applied to the raw data samples
(Turin, 1960). This technique is also known as pulse compression
(Klauder et al., 1960), which achieves the average transmitted power
of a relatively long pulse while obtaining the range resolution of a
shorter pulse. One approach for a matched filter is to use a normalised
version of the ideal transmit signal as the replicate signal, filtered and
decimated using the same filters and decimation factors as applied in
Equation (1). The normalised ideal transmit signal, ¥,,(n), is given by

Yix (M)

Poul) = —2——,
‘ max (Ve (1))

(3)
where max is the maximum value of y,,(n). The filtered and decimated
output signal, ¥, (n, v), of each filter stage, v, using the ideal normalised
transmit signal, ¥,(n), as the input signal, is given by

Vtx(n‘ V) = [Vtx(nv V- 1) * hbp(iv V)] 1D(v)’ V= 1! cer va (4)

where ¥,,(n,0) is set to ¥,(n). The output signal from the final filter
and decimation stage, ¥,,(n,N, ), is used as the matched filter and is
indicated as y¢(n) (Figure 3a).

The autocorrelation function of the matched filter signal
(Yimf.auto(M) and the effective pulse duration (z.¢) will be used in later
processing steps.

Ymf.auto() is defined as

Yme() 5y (= 1)

Ymfauto(N) =
Yonel15

(5)

where ' denotes convolution, * complex conjugate, and ||y,¢||, the
I>-norm of y,;, also known as the Euclidean norm. See for example
Padgett and Anderson (2022) and Ghatak (2017) for background on

I2-norm.
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i : : FIGURE 2 Example of frequency
1 1 response (filter gain) of the filters in our S,
—125 4 : : test dataset. The blue and orange curves
1 1 represent the filter responses of the first
—150 4 : : and second filter. Note that the blue line is
1 1 above 0dB; this is caused by the transition
T T T T T T from complex to real values. The vertical
0 50 100 150 200 250 300 dashed green lines indicate the frequency
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FIGURE 3 Anexample from our TS test dataset where the decimated sampling rate (f; 4., Equation 2) is 125kHz, the nominal pulse
duration (z) is 2ms, and the effective pulse duration (z. Equation 6) is 0.01ms. (a) The absolute value of the filtered and decimated output
signal, y¢(n), from the final filter and decimation stage, which is used for the pulse compression. (b) The autocorrelation function py, 5o (n).
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T 1S defined as

Z ptx,auto (n)

Teff = ——— .
max (ptx,auto(n))fs,dec

where
2
ptx,auto(n) = |ymf,auto(n)|

is the square of the absolute value of the matched filter autocorrelation
function, and the summation is calculated over the duration of the au-
tocorrelation function (Figure 3b).

To perform pulse compression, the received signal, y, (n,u), is
convolved with a complex conjugated and time-reversed version of
the matched filter signal, and here also normalised with the >-norm
of the matched filter to maintain received signal power. The pulse

compressed signal, y,.(n, u), then becomes

Yex(D W) sy 5 (= 1)

Voc(n,U) = !
[IYenell2

7)

The received power samples are then used to estimate target strength
and volume backscattering strength. For estimating received power
samples, the average signal, y,.(n), over all transducer sectors, N, is
used:

Ny
oc®) = 1 3 yoel,0). ®)
U u=1

Compensation of echo strength for position in the acoustic beam
requires an estimate of the echo arrival angle. This is obtained using
the split-beam method (Burdic, 1991), which for broadband pules can
be implemented with the angle values contained in the complex-val-
ued y,.(n) data, in combination with knowledge of transducer sector
geometry. The principle is demonstrated with a transducer divided
into four quadrants (Figure 4a). In this example, the summed signals
from four halves (1+2,2+3, 3+4, 4+ 1) are calculated as:

Methods in Ecology and Evolution Egg.'gll'gﬁ.m

Vocport(M) = 3 (1, 2) + Yoe(n, 3). (12)

where fore, aft, star(board) and port indicate the relevant transducer
halves. In scientific echoshounder data, fore-aft angles are often la-
belled alongship angles and port-starboard angles athwartship angles.

2.6 | Power and angle samples

The transceiver measures voltage over a load, z,, ., connected in se-

rx.e’
ries with the transducer impedance, zy4.. When calculating various
acoustic properties, a system gain parameter will be used that as-
sumes a matched receiver load. The total received power, p,,(n),
from all transducer sectors for a matched receiver load (Figure 4b)

is given by:

2 2
n ZetZ
prx,e(n) = Nu |ypc( )l ( | e td,el > L . (13)
2\/5 Zrxe | Zige |

Forward/aft and port/starboard phase angles of target echoes

are estimated by combining the transducer half signals thus:

Yo () = Yocore (MY e ot (N (14)

Y¢(n) = ch,star(n)YSc'port ), (15)

where y,(n) is the electrical angle along the minor axis of the trans-
ducer (positive in the forward direction when ship-mounted) and Yp(N)
the electrical angle along the major axis of the transducer (positive to
starboard when ship-mounted). The physical echo arrival angles (9 and
¢) are then given by:

2(S ,
o(n) = arcsin(arCtan (5ro(m). Rlys(m) ) (16)
Yo
tan2(3 R
qb(n):arcsin(arc an (J(yj(n)) (y¢(n))>’ (17)
¢

of the transducer/transceiver with the

1
ypc,fore(n) = E (yPc(n: 3) + yDc(nv 4))| 9)
where y, and y, are constants that convert from phase angles to
physical echo arrival angles (Figure 5b) and are derived from the ge-
Yocart (M) = %(ypc(n, 1)+ Ype(n, 2)), (10) ometry of the transducer (Urick, 1983) and f, the centre frequency
of the chirp pulse (Ehrenberg, 1979). The inverse sine is indicated
1 by arcsin, the four quadrant inverse tangent which returns values
Ypestar (M) = 2 (Vpc( 1) + ype(n, 4)), (11) in the interval [ — z, 7] inclusive is indicated by arctan2, the real part
(a) forward (b) Transducer Transceiver
3 4 : l_|: O : : o
FIGURE 4 (a) Transducer divided into i Ztde | ! !
four quadrants. The labels are directions port starboard i(’“) | E Zrxe i Vrxe(t, )
often used when a transducer is mounted 2 1 ! ' ! H
on a ship. (b) Equivalent circuit diagram ' ' i i
I —0— ] o)

impedances of the system. aft
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FIGURE 5 (a) S, as a function of the number of pings and range. A calibration sphere (WC35) is located at approximately 5.8 m range. The
red vertical line indicates the ping that is used to illustrate TS(f) processing. (b) The physical angles 8 and ¢ for the target strength example
data (read vertical line in a). The single target can be seen around the range 5.8 m where the angles are less variable.

of a complex number by R and the imaginary part by 3. As a mne-
monic, the horizontal line in the symbol used for the forward/aft
direction, 6, represents the pivot axis for the alongship angles and
the near-vertical line in the ¢ symbol indicates the pivot axis for the
port/starboard angles.

3 | TARGET STRENGTH

To illustrate the calculation of target strength (TS, dB re 1m? as a
function of frequency, T5(f), we use data collected on a 35mm di-
ameter tungsten carbide calibration sphere (WC35) suspended ap-
proximately 5.8 m below a 120kHz transducer (Figure 5a).

Echoes from single targets are often characterised by their TS,
which is related to the differential backscattering cross section, oy,

via

TS = 10|og10<"—;5>, (18)
r

0

wherelog is the logarithm with base 10 and ryis 1m.

Generalising the power-budget equation (i.e. sonar equation) for
broadband signals (Lunde & Korneliussen, 2016) yields, in logarith-
mic form, TS at frequency f:

Ts(f) = 1O|0g10 (Prx,e,t(f)) +40|0g10(r)

2(F)g2(0;, b
+2a(f)r— 10logy, ( W) (19)

where P, . +(f) is the Fourier transform of the received electric power
in a matched load for a signal from a single target at frequency f, r,
is the range of the target, a(f) the acoustic absorption coefficient,
Pty the transmitted electric power, 4 the acoustic wavelength, and
g(0, ¢, f) the transducer gain that incorporates both the on-axis gain

9o(f) = g(0,0,f) and the beam pattern based on the estimated target
bearing (8;, ¢;)-

The point scattering strength (TS prior to target detection
and beam pattern compensation), S,(n), is estimated by applying
Equation (19) to the received digitised power samples using the on-
axis gain value and f set to the centre frequency of the broadband
pulse, f.

Sp()=10l0g1 (Pry,e () +40l0go(r(n)

Pxe?” (fe)85 (fe 20
+2a(fc)r(n)—1OIoglo<%>’ (20)

noting that S,(n) represents an average over the entire frequency band
for all echoes received at sample n.

Based on the point scattering strength samples and the phase
angle samples, single targets can be detected, and range and bear-
ing to the single targets can be estimated. This is typically achieved
through a single echo detection (SED) algorithm (see e.g. Ona, 1999).
Here we will assume that the samples from the pulse compressed
data y,(n) originating from single target already have been identi-
fied, noting that the number of samples after the detected target
may be higher than those before the peak to include scattering pro-
cesses that occur in actual targets (as opposed to ideal point targets).
The alongship angle 6(n), athwartship angle ¢(n) and sample number
n at the peak power p,, .(n) within the detected target are used as
estimates for 0,, ¢, and r, respectively (Figure 5b). A simple pseudo
SED algorithm, simply using a threshold, is implemented in the code
forillustrative purposes.

From the autocorrelation function of the matched filter signal,
Ymf.auto(N): the equivalent number of samples around the peak (to that
used for the target signal) are extracted to create the reduced auto-
correlation signal of the matched filter signal, ¥t autorea(n) (Figure 6).
Depending on the scattering characteristics of the target and the
distance to any adjacent single targets, the number of samples
around the peak echo level in y,(n) that contain the majority of the
echo energy can be more or less than the total number of samples
around the peak of y¢..1o(n). If the number of samples around the
target is greater than the total number of samples around the peak
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FIGURE 6 y,.(n)(upper figure) and 0.010 A
Ymf,auto,red () (lower figure). Ymf,auto,red (m
is the auto-correlation function of the R
transmit signal reduced to the length of § 0.005
the target signal and aligned with the peak g ]
power of the target. The corresponding >
split beam angles (9, and ¢,) for the single
target are shown in (Figure 5b). 0.000
1.0 A
=
=
g
g 0.5
&
E
BN
0.0 A

of Vi auto() all samples around the peak of y,¢ .1, (n) are used. If the
number of samples around the target is less than the total number
of samples around the peak of y, .., (n), this lower number is used
to create Yt autored (N

The discrete Fourier transforms of the target signal, Y, (m), and
the reduced auto-correlation signal, Y ¢ autored (M), are given by:

Yoee(m) = DFTy__ (Ve (M), (21)

me,auto,red (m=D FTNDFT (ymf,auto,red (m ) ’ (22)

where DFT indicates the Fourier transform of length Nper and m
the sample index in the frequency domain. The normalised discrete
Fourier transform of the target signal, Vpcyt(m), (Figure 7) is then cal-

culated by

chyt(m)

Y, (m=—"r" |
pet me,auto,red (m)

Assuming, as a first approximation, that the impedances of the
transceiver and transducer are independent of frequency, the re-

ceived power into a matched load, P, . ;(m), is then estimated by:

S 2
Y (M ZotZ, 2

Preeatm = Ny 2 (' t“‘“) L
2\/5 [Zexel | Zege |

noting that potential significant variation of impedance with frequency

will be accounted for in the g, obtained from the calibration process.
The target strength can then be estimated using Equation (19):

TS(f)=10l0g¢ (Pyye (M) +40l0g4 (r¢)

P A2(F)G2 (04, dr
+2a(f)rt—10Iog10<t'Tﬂ(2tt)>y (25)

where the sample index m corresponding to frequency f can be esti-
mated using

5.6 5.8 6.0 6.2

Range (m)
m= [ a NDFTJ, (26)
s,dec

where | | represents the modulus. A frequency-modulated pulse scat-
tered by a metallic sphere will exhibit frequencies at which very lit-
tle energy is returned due to destructive interference (Stanton &
Chu, 2008). This is visible in the estimated TS (Figure 7) and agrees
well with theoretical estimates of the backscatter from spheres
(MacLennan, 1981).

4 | VOLUME BACKSCATTERING
STRENGTH

To illustrate calculation of volume backscattering strength as
a function of frequency, S,(f) (dB re 1m™), we use data collected
on a school of fish lacking swimbladder (Figure 8) collected with a
120kHz centre frequency transducer.

Echoes from multiple scatterers can be quantified using volume
backscattering strength, S,, being the density of backscattering

cross sections, and is given by:

s, = 10log,, Zv"bS, (27)

where V is the ensonified volume occupied by the scattering targets.

The power-budget equation for multiple targets is then:

sv(f) = 1O|Og10 (Prx,e,v(f)) + 20|0g10 (rc)
A2(f)ct 2
+2a(f)r, - 10log, < Puue 7Dty (D50 ) (28)

3272

where P, ., (f) is the electric power received in a matched load for
the signal from a volume at frequency f, c the sound speed, r. is
the range to the centre of the range volume covered by t,, and
w(f) is the two-way equivalent beam angle. t,, is the duration of
the time window, excluding the zero-padded portion if applied,
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FIGURE 8 lllustration of the volume backscattering strength as a function of frequency, S, (f). The fish school is seen as a registration

between 15 and 35m range, and the sea floor is seen at approximately 50m. (a) Pulse compressed S, as a function of ping number and range
for the raw data file used in the S, (f) example. The red vertical line indicates the ping that is used to illustrate the S, (f) processing. (b) S, as a
function of frequency and range for the single ping indicated in (a) with a vertical red line. In this example, the decimated sampling rate (f; g,
Equation 2) is 93.75kHz, the nominal pulse duration (z) is 2ms, and the effective pulse duration (r, Equation 6) is 0.02ms.
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used to evaluate the frequency spectrum. Note that for the single
frequency, narrowband, case the pulse duration is used, for the
broadband case t, is used. The two-way equivalent beam angle is
a function of frequency that is derived from an empirical estimate
of y at the nominal frequency, f;:

f 2
w(f) :W(fn)<Fn> . (29)

Volume backscattering samples compressed over the opera-
tional frequency band are estimated by applying Equation (28) to the
received digitised power samples using the on-axis gain value with f

set to the centre frequency of the broadband pulse, f.:

Sy(M)= 101081 (Ppe (M) + 201081 (re(n)) +2a(f. ) r.(n)
/12 2
_10|Og10<ptx,e (fc)CTeﬁW(fc)go (fc) > (30)

3272

Compensation of spherical spreading loss requires compensa-
tion of received power by a factor of rf, and hence compensation of

amplitude by a factor of r.:
Yoe,s(M = Ypc (Mre(n). (31)

Here y,,(n) is the pulse compressed signal compensated for spher-
ical spreading. A discrete Fourier transform is performed on the
range-compensated pulse-compressed sample data using a normalised
sliding Hann window, w(i). The duration, t,, of the sliding window is
chosen as a compromise between along-beam range resolution and
frequency resolution. We suggest that it be at least twice the pulse
duration and for computational efficiency reasons should result in a
number of samples, N,,, which is a power of 2.

The normalised Hann window, W, is given by:

N W(’) s _Nw &
Wiy = (nwnz)' R R (32)
Ny

and the discrete Fourier transform of the windowed data, Yoy (M), is

(15 )

(33)

then obtained from:

Yoy (m) =DFTy_ <W(i)<ypc’5(i +n)

where u(i) is the step function and n is the sample data index for the
centre of the sliding window. The discrete Fourier transform of the
auto-correlation function of the matched filter signal, Y u10(m), also

needs to be evaluated at the same frequencies:

me,auto (m) = DI:TND;T (ymf,auto(n))‘ (34)

The normalised discrete Fourier transform of the windowed

data, Y., (m), is then given by:

chyv(m)

Vo my=
pC’V( me,auto (m)

Methods in Ecology and Evolution Egg.'gll'gﬁ.m

and received power into a matched load, P, ., (M), is estimated from:

S 2
Yoeu M1 [ |Zge +2iael \
Prxvevv(m) _ Nu pc,v < rx,e td,e ) 1 . (36)
22 |Zexel [ Zige |

Finally, the discretised estimate of S, (f), S, (m), is given by the following:

S, (F)=10logyq (Pry e (M) + 2a(F)r,
A2(f)ct 2
_ 10l0gyg ( Pred” (F)ct, w (g5 (F) > (37)

3272

The sample index m corresponding to the frequency f can be estimated
using Equation 26.

By selecting a set of centre samples t, S, values can be presented
as a function of range (n) and frequency (f) for each ping. The range
for the centre samples n could be chosen as half the window length
or any other grid that the user prefers the data presented to be in.
This can be useful when combining the S, (f) across a range of trans-
ducers. In our example, we have simply chosen the set of centre
samples as the original range samples (Figure 8).

For acoustic abundance estimation and classification purposes,
it is common to integrate S, over a range (15-34m in the example,
covering a school of non-swimbladdered fish, Figure 8). It is normal
to average S, over several pings to obtain an unbiased estimate, but
here only one ping is used for illustrative purposes (Figure 9). Even
though this is for a single ping it is still possible to observe a positive
slope of the frequency response that is indicative of non-swimblad-
dered fish.

The trend for increasing S, with frequency is well-known for fish
without swimbladder (Korneliussen, 2010) and is consistent with
the trend observed in this example. In contrast to data from isolated
scatterers, such as metallic spheres, the benefit of pulse compres-
sion on the backscatter from an object that generates many overlap-

ping echoes is not immediately obvious (Figure 9).

5 | DISCUSSION

The use of broadband signals in fisheries acoustics is a developing
field, and our contribution represents a comprehensive description
of the data processing steps. The contribution includes all steps
well-founded in the literature as well as any practical and more ad-
hoc choices. Choices include handling gaps in the calibration data,
the choice of transmit pulse including tapering, calculation of ef-
ficient pulse duration, and decimation factors and filtering. When
convolving the received signal with the transmit pulse, there are
various approaches to handle edge cases (e.g. distorted output at
the beginning and end of the section of filtered data) and in our
implementation we chose to exclude these. We also assumed a
four-sector transducer, and the code must be adapted to other
beam configurations if other configurations are needed. When es-
timating TS(f) and S, (f) the resolution and accuracy will depend on
the length, Npgr, of the Fourier transform, and the actual choice
will be a compromise between accuracy and computational speed.
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FIGURE 9 S, of the single ping marked
in Figure 8a as a function of frequency
averaged over a depth interval covering

a fish school. A weak positive slope is
observed in the frequency response.
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Our objective is not to provide an evaluation of all these choices,
but to document the baseline for the processing that can be used
for benchmarking purposes.

TS(f) is a common metric for studying single targets, used to
extract features from single individuals. Features include size,
target classification, and behaviour through tracking. In our im-
plementation, the calculation of TS(f) assumes that a single target
has been successfully identified. This requires a robust single-tar-
get detector. There are several SED algorithms, and different
algorithms may be required depending on the situation. Typical
SED algorithms are based on traditional single frequency pulses
and by utilising the additional information in broadband echoes
improved SEDs may be envisioned, but this is outside the scope
of this paper.

S,(f) is a key parameter for echo integration. To estimate S,(f) a
Fourier transform is used, applied repeatedly via a sliding window in
range. The chosen size of the window is twice the pulse length and is
a compromise between spatial and frequency resolution. Since the
duration of the sliding window can cause the spreading loss com-
pensation to differ between the beginning and end of the window,
the compensation for spreading loss is performed on the pulse com-
pressed time domain data before the transform. Absorption loss
compensation is also range dependent (and frequency dependent)
but is insignificant for the operating frequencies for typical ma-
rine ecosystem echosounder for short range windows. Therefore,
the compensation for absorption loss is performed after applying
the discrete Fourier transform. The choice of window also allows
the data to be split onto a predefined range-frequency grid, which
can then be used to fit data across transducers to an n-dimensional
tensor typically employed by deep learning methods (e.g. Brautaset
et al., 2020).

The formulation presented in this paper requires several fre-
quency-dependent parameters, such as transducer gain, two-way
equivalent beam angle, and the water absorption coefficient, to
quantitatively estimate TS(f) and S, (f). Methods for estimating these

are not within the scope of this paper, but common practice is to
use the conventional sphere backscatter calibration methodology
(Demer et al., 2015) slightly enhanced for broadband (Hobaek &
Forland, 2013; Lavery et al., 2017). We note that these methods do
not provide an operational method to estimate 7.4 or w(f), especially
for ship-mounted transducers, and that empirical measurements of
these parameters are necessary to fully calibrate both narrowband
and broadband echosounders.

A set of equations and associated computer code for calculating
calibrated, frequency-dependent, target strength and volume back-
scatter from broadband echosounder signals have been presented
along with example code, providing a resource for those interested
inlearning and further developing broadband processing techniques.
The processing equations and methodology presented in this paper
are similar to those implemented in version 1.12.4 and earlier of the
Simrad EK80 software.

6 | CONCLUSION

A set of equations for calculating calibrated, frequency-dependent,
target strength, and volume backscatter from broadband echo-
sounder signals have been presented along with example code, with
reference to the Simrad EK80 echosounder.
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