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Abstract—A novel Doppler based speed measurement tech-
nique for free-ranging acoustically tagged fish was developed and
validated through a field experiment in a marine aquaculture
farm. For emulated swimming speeds in the range 25 cm s−1-
60 cm s−1, an rms error of 5 cm s−1 with a standard deviation
of 4.7 cm s−1 was achieved, and with a relative error typically
less than 10% of measured speed. The technique is designed
to integrate easily with existing acoustic fish telemetry systems
and requires only three hydrophones to determine swimming
speeds. Measurement of fish swimming speed has a wide range of
applications within fisheries sciences and may become a valuable
tool for assessing fish behavior and performance in marine farms.
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I. INTRODUCTION

Fish swimming arises from coordinated motion of various
body systems and is a key parameter in understanding fish
behavior, and more intrinsic properties such as energy ex-
penditure, stress and hunger levels. Knowing the swimming
speed of the fish can therefore be essential for improving
farm management operations and animal welfare conditions
in the marine aquaculture industry [2, 6, 12]. Fish swimming
performance is possible to assess accurately in controlled
laboratory trials [16], but such data may not reflect the true
swimming speeds seen in free-ranging fish [13]. Achieving
adequate speed measurements on fish in large marine fish
farms is also considerably more challenging than in a confined
laboratory setup.

Underwater speeds are often measured using acoustic instru-
ments such as Acoustic Doppler Current Profilers (ADCPs)
[10] and Acoustic Doppler Velocimeters (ADVs) [18], but
these methods are unsuitable for measuring individual fish
speeds. Other technologies such as split beam sonars [13] and
camera solutions coupled with machine vision techniques [15]
can estimate individual swimming speeds, but only for the
group of fish that are within their field of view at any given
time. None of these solutions are therefore able to track the
speeds of specific individuals over time, which is essential
to obtain individual data histories. Such data would facilitate
more precise evaluations of e.g. the ultimate welfare impacts
of being exposed to strong and sustained currents [8], as these
are important to consider on the individual level [9]. This

highlights the need for new technological tools to objectively
assess individual swimming speeds in fish farms.

Acoustic telemetry is a monitoring method where indi-
vidual animals are equipped with miniature electronic tags
that contain an acoustic transmitter for wireless underwater
data transmission and sensor circuitry for sensing relevant
parameters in or near the fish [4, 17]. A typical acoustic
telemetry system consists of acoustic transmitter tags and
one or more matching acoustic receivers (i.e. specialized
hydrophone devices that receive and decode acoustic signals
emitted by the tags). Although this method has been used to
measure behavior in aquaculture settings (e.g. depth [5], ac-
tivity [2, 11]), no existing systems measure instantaneous fish
swimming speed. Many acoustic telemetry systems employ
modulation schemes where information is encoded in the time
domain as the time interval between uniform acoustic pulses of
fixed frequency and duration [14]. Transmitter movement will
inevitably cause Doppler shifts in the carrier frequency of these
pulses, potentially representing a novel approach to acquiring
the swimming speeds of individual fish through frequency
analysis of the received signals.

In this study, we propose a system for measuring individual
fish speed using the Doppler shift in the carrier wave of
acoustic transmitter tags. By using the already existing carrier
wave, the method does not add complexity on the transmitter
side or consume extra acoustic bandwidth. This keeps the
most resource constrained end of the system (i.e. the tag)
intact, while all signal processing to obtain the Doppler Shifted
Frequency (DSF) is conducted by the less resource constrained
acoustic receivers. A field experiment to validate the speed
measurement principle was executed in a marine fish farm
stocked with Atlantic salmon at commercial density.

II. MATERIALS AND METHODS

A. Theory and Speed Computation Algorithm

Relative motion between an acoustic source and a receiver
will shift the acoustic frequency of the received signal through
what is known as the Doppler effect. This effect is widely
employed to calculate the speed and position of a moving
source based on the DSF received by a stationary receiver.
The method can be used as a reliable speed measurement tool
if the position of the acoustic transmitter and the transmitted
signal frequency are known since a closed form solution for



speed based on DSF is then possible [1]. A DSF (fd) relates to
the transmitted source frequency (fs) and the frequency (fr)
received at a receiver by:

fd = fs − fr (1)

A DSF can have both positive and negative values, with
positive values meaning that the transmitter is moving towards
the receiver while a negative DSF implies movement away
from a receiver. Since a DSF is proportional to the velocity
component parallel to the direct line between receiver and
transmitter, the angle between the velocity vector and this
line (θs) needs to be considered. The relationship between
transmitter speed relative to a stationary receiver (vs) and the
resulting DSF (fd) is given by:

vs =
fdc

fscosθs
(2)

Where c is speed of acoustic signal inside propagation medium
and fs is the source frequency. Equation 2 can thus be used
to calculate vs for a moving source if θs and fd are known.
To illustrate how this method works, a case of 2D (xy−plane)
speed extraction is shown in Fig. 1. An acoustic transmitter tag
at position O is moving with velocity vs at an angle θs with
respect to the local x−axis.The first step in calculating vs is
to find the angles θA and θB between the velocity vector and
the lines between the receivers at positions A and B and the
tag. Based on the known positions O, A and B it is possible
to find the angle 6 AOB, which relates to θA and θB as:

6 AOB = θB − θA (3)

Once 6 AOB is known, θA and θB can be obtained by
applying (2) and the measured DSFs fdA and fdB to each
of the acoustic receivers separately along with (3). θA is then
found as:

θA = atan(
cos(6 AOB)− fdB

fdA

sin(6 AOB)
) (4)

, while θB is found by inserting (4) into (3). Assuming that
the acoustic telemetry systems use a fixed known transmission
frequency (fs), vs can be calculated from (2), by inserting θA
and fdA or θB and fdB to obtain the components along lines
AO and BO, respectively. The angle θs can then be found as:

θs = 360° − θB − 6 BOX (5)

In the case shown in Fig. 1, the velocity vector is in the
2nd quadrant, however 6 AOB can be found using the same
angle difference equation (3) in the other three quadrants as
long as angles are similarly defined in a counter-clockwise
manner. The position of the acoustic tag must be known for
this method to work, which may pose a challenge when the tag
is carried by a fish. However, if a third receiver, as indicated by
C in Fig. 1, is used, a hyperbolic Time Difference of Arrival
(TDoA) approach can be used to obtain tag position if all
three receivers have known positions A, B and C and are
time synchronized [7, 14].
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Fig. 1. A transmitter tag located at O moving with a velocity ~vs in the
horizontal plane. The Doppler shift measured at receiver locations A and B
will be proportional to the components of the transmitter speed vs along the
lines AO and BO, respectively, defined by the angles θA and θB . A third
receiver at location C enables TDoA-based transmitter localization.

B. Experimental Setup

A field experiment was conducted inside a large-scale fish
cage containing Atlantic salmon to validate the proposed
speed measurement technique in a relevant environment. A
custom-made acoustic tag generating an acoustic burst signal
at 68.968 kHz, representative of frequencies typically em-
ployed in acoustic fish telemetry systems, was used in the
experiment. The tag was mounted to a rod attached to a
small remotely controlled catamaran, placing it at a constant
depth of 1m. The catamaran was moved with speeds in the
range of 25 cm s−1-60 cm s−1, which is similar to sustained
swimming speeds commonly observed in Atlantic salmon [8],
thus emulating fish movement. Movement trajectories were
kept circular to generate a data-set where the tag position
varied sufficiently to cover a wide range of geometries, and
where the velocity vector covered all possible directions
relative to the hydrophones. A Real Time Kinematics (RTK)
GPS with position accuracy of < ±5cm was employed to
determine the exact position and speed of the tag and was
used as ground truth for the Doppler speed calculations. In
this case, the GPS position was also used as a substitute of
TDoA based localization of the tag to calculate 6 AOB, θA
and θB . An embedded computer installed in the catamaran
synchronized the transmission of the acoustic pulses with the
RTK GPS positions and stored continuous records of reference
data. Three icListen HF recording hydrophones (Ocean Sonics
Ltd., Nova Scotia, Canada) were placed at 1m depth in a
configuration similar to that of A, B and C in Fig. 1, and
were set to record the acoustic signal at a sampling rate of
256 kS s−1. The data from the hydrophones were processed in
Matlab (The MathWorks, Inc., Natick, Massachusetts, USA)
using Fast Fourier Transform (FFT), and the average value of
DSF peaks for each pulse in a single burst was applied in the
speed calculations.

III. RESULTS

A mean error of −1.9 cm s−1 with a standard deviation of
4.7 cm s−1 and an rms error of 5 cm s−1 was achieved for
all data-sets (190 samples), giving a relative error of 10% or



less in the speed measurements. Fig. 2a shows normalized
histograms of all true and measured speeds together with
their respective probability distribution functions fitted to the
normal distribution. The corresponding error distribution is
shown in Fig. 2b.
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Fig. 2. (a) Speed distributions and histograms (b) error in measured and
reference speed histogram.

IV. DISCUSSION

The speed measured using the proposed Doppler based
technique matched closely with the reference speed measure-
ments from the RTK GPS. This study has therefore validated
the feasibility of the proposed Doppler based technique as
a method for measuring the horizontal swimming speed of
acoustically tagged fish, either free-ranging or within the
confines of a fish farm. Although the method needs an accurate
characterization of the carrier frequency and its variability
due to e.g. temperature fluctuations and drift, it requires no
major modifications to the transmitter tags commonly used
in commercial telemetry systems [5, 17]. This implies that
the technique can extend the capabilities of existing solutions
solely by adding the required signal processing capacity at
the receiver end, either embedded as part of the real-time
receiver function or as a post processing feature. The speed
range selected for the experiment was motivated by wanting to
cover swimming speeds typically observed in farmed Atlantic
salmon during production, as this represents a prospective
application area for the method [6, 8]. A relative measure-
ment error of less than 10% throughout this range suggests
that the technique may be applied reliably to characterize
individual swimming speeds in salmon farms. The frequency
resolution of the FFT analyses was set to 1Hz, yielding a
speed resolution of 2.17 cm s−1. An rms error of 5 cm s−1

thus indicates that speed was measured with an accuracy
close to the resolution of the system. To benefit from future
improvements in accuracy, a higher resolution FFT would
be required. However, increasing measurement accuracy in
this way would represent a trade-off against availability of
computing resources and energy efficiency on the receiver

side. TDoA positioning systems will typically be necessary to
obtain the position of a tag when it is carried by a fish. Such
systems have a resolution/Circular Error Probability (CEP) in
range of a few meters down to 1m [7, 14]. Since 6 AOB
is estimated by using arc tangent of the ratio of distances
OA and OB, this resolution may also impact the accuracy
of the Doppler method. Errors in 6 AOB due to imprecise
position will be highest when the distances OA and OB (Fig.
1) are short, as even small errors (1m or less) then will
strongly affect the angle estimate. However, assuming that
the resolution/CEP value is kept constant, increasing distances
OA and OB will gradually reduce the impact of this effect
on the estimated 6 AOB, as the ratio between OA and OB
and the potential error would then decrease. Since the Doppler
based speed measurement principle requires only two acoustic
receivers for speed measurement, whereas TDoA employs
three or four receivers, the error due to variation in tag’s
position can be avoided in speed measurement by selecting
the receivers having longest OA and OB distances. Moreover,
although the proposed speed measurement technique has been
outlined and demonstrated for the horizontal case, it could
readily be extended to accommodate 3D speeds by including
a third hydrophone. This could be done without requiring
any principal changes to the derivation of the algorithm in
itself, underlining the suitability of combining this method
with TDoA. An underlying assumption for the measurement
technique presented here is that the acoustic wave travels
in a direct path between transmitter and receiver. However,
in a real-world applications, acoustic waves are subject to
multipath propagation and various fading effects that may arise
at the receiver end [3]. Doppler spread caused by strong and
moving reflectors could potentially have detrimental effects
on the accuracy of the speed measurements. Although some
such effects can be avoided, reflections from the sea surface
will often occur in acoustic telemetry applications since the
fish often reside near the surface. Surface reflections did
not appear to contribute significantly to the measurement
error in the present study, however error contribution due to
reflections may be more substantial during rough or less calm
sea conditions that what was the case during the experiment.

V. CONCLUSION AND FUTURE WORK

This study demonstrates the feasibility of using Doppler
shift measurements on acoustic tag signals to determine the
movement speeds of individual fish. An rms error of 5 cm s−1

with a relative error of less than 10% was achieved for a
speed range relevant for farmed Atlantic salmon. This suggests
that the technique can be used to study individual swimming
behavior of fish in large-scale fish farms, observations that
otherwise would be hard to obtain. Finally, the proposed
method requires minimal modifications of existing tag designs
as the speed measurements are extracted solely based on the
acoustic carrier wave, allowing easy integration with existing
telemetry systems. Future work will include testing of the
system close to Atlantic salmon critical swimming speeds
[8] and a test involving live fish in a large-scale fish farm



to investigate the properties and long-term robustness of the
method as scientific tool for studying swimming behaviour in
fish.
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