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Summary

The two main contributions of this thesis are the Internet of Fish (IoF) concept
and a novel fish swimming speed measurement principle. The IoF concept is a
reliable communication protocol which could relay acoustic telemetry data over
long distances at very low power consumption in real-time. The speed computa-
tion algorithm provides a novel and robust approach for measuring instantaneous
swimming speed of individual fish by using Doppler analysis. The methods de-
veloped in this study were tested in commercial scale marine farms for Atlantic
salmon (Salmo salar L.) production, however they could also be applied for other
species farmed in marine environment and even in scientific studies of wild fish.

Norway is the world’s largest producer of farmed Atlantic salmon and a global
leader in marine farming. An important goal for the Norwegian farming industry
is to have sustained growth with an improved fish welfare and environmental foot-
print. This could be achieved via novel technological solutions such as the Pre-
cision Fish Farming (PFF) concept. Whereas technology is innovating different
aspects of farm management operations, monitoring fish underwater poses unique
challenges due to lack of direct observations. This is further exacerbated by the
recently growing number of more exposed farming sites.

Acoustic biotelemetry has been reliably used for individual fish monitoring in the
underwater environment. Basic building blocks of an acoustic telemetry system
are a transmitter tag and one or more matched receivers for receiving and decoding
telemetry data sent by the tag. Commercially available telemetry receivers are
normally logging receivers and provide no real-time support to the telemetry data.
Cabled and existing wireless or cellular protocols are often used to address the
problem of real-time support. However, such solutions suffer from the issues of
limited coverage area and offer poor energy efficiency, respectively. This was
addressed by establishing the IoF concept in this study. The IoF provides long
range, low power real-time support to the telemetry receivers. The IoF concept
was realised by developing a dedicated surface communication module and was

i



Summary

also extended for real-time fish positioning. A Quality of Service (QoS) of more
than 90% proved the IoF concept as a reliable communication protocol.

Fish swimming is an important indicator of fish behaviour, growth and energy ex-
penditure. It becomes more relevant for assessing fish welfare at exposed farming
sites where fish might face strong currents. Currently, there exists no solution for
quantifying swimming speed of individual free-ranging fish. A novel method for
measuring free-ranging individual fish swimming speed using Doppler analysis
was developed and demonstrated in a commercial scale fish farm. The method is
elegant in the sense that the speed measurement can be piggybacked onto the exist-
ing Pulse Position Modulation (PPM) signal sent by a tag. In essence, this means
that the new speed measurement data value could be extracted from the existing
acoustic carrier wave without significantly modifying the telemetry system. Al-
though requiring significant signal processing capacity in the acoustic receiver, it
remains much easier to expand a receiver with additional resources with respect to
computational capacity and energy. The proposed speed measurement algorithm
was tested via a series of experiments ranging from emulated motions in a lab to a
marine farm with fish tagged with acoustic transmitter inside a fully stocked com-
mercial sea cage. A relative rms error of less than 10% of the overall speed range
was achieved in all the experimental stages, affirming that the proposed method
is promising and could be used for in-situ swimming speed measurement of an
individual free-ranging fish.
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Chapter 1

Introduction

1.1 Background
Human population is growing at an unprecedented rate and is expected to reach 9
billion by the mid-21st century. To achieve zero hunger by 2030, the UN 2030 Sus-
tainable Growth Agenda prioritises sustainable use of the ocean resources (FAO,
2020). Whereas the global capture fisheries production has levelled out at approx-
imately 90 million tonnes per year around 1990, the global aquaculture production
is increasing and is expected to grow further in the future (Fig. 1.1).

Aquaculture is defined as the controlled cultivation of living aquatic organisms.
This covers both plants and animals, in fresh, brackish and marine water. Maricul-
ture is a type of aquaculture in which organisms are cultivated in marine environ-
ment or seawater. While mariculture production only represents a small part of the
overall global aquaculture production volume, its share in terms of value is larger
(FAO, 2020; Asche and Bjørndal, 2011).

Salmon farming is an important high-valued segment in mariculture. With a pro-
duction share of 77.9%, Atlantic salmon (Salmo salar L.) is the most dominant
salmon species farmed at commercial level (Asche et al., 2013). Atlantic salmon
constituted 4% of the global mariculture production (by volume) in 2016 (FAO,
2020). Atlantic salmon farming in Norway started in the 1960s and ever since then
the industry has seen a very strong growth, making Norway the largest producer of
Atlantic salmon, accounting for more than 50% of the total global salmon produc-
tion (Fig. 1.2). Being a high-end food item and with a relatively small share in the
overall global seafood production, Atlantic salmon farming cannot help directly in
achieving the UN’s zero hunger goal, nevertheless the technological solutions de-
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Figure 1.1: Global fisheries production from wild catch and aquaculture for all species
excluding crocodiles, alligators and aquatic mammals. Data from FAOSTAT (2018).

veloped for the salmon farming industry could also be used for other aquaculture
species. In addition, the industry provides a large number of jobs by employing
directly and indirectly the Norwegian workforce.

1.1.1 Atlantic salmon farming

Salmon aquaculture is a form of intensive production that requires a considerable
husbandry effort in terms of active control and involvement of the farmers in daily
operations. For example, feeding 200,000 animals in a single sea-cage is an im-
mense task which becomes more challenging when feed losses must also be min-
imised. In addition, challenges like diseases and parasites are countered through
targeted vaccination programs and other measures such as lice skirts and delousing
procedures. Historically, wild stocks were used for obtaining egg/fry but with the
improvements and advances in hatchery technology, broodstock salmon are today
raised for egg/fry production (Asche, 2008).

Atlantic salmon is an anadromous species, meaning that it migrates from seawater
to freshwater for spawning. The life cycle of a wild salmon starts with eggs being
laid in rivers (freshwater), which after a period develop into larvae or so-called sac
fry. When the yolk sac of a fry is depleted, the fry develops into parr, a stage where
they start feeding actively. Later, the parr develops into smolts after undergoing a
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Figure 1.2: Global Atlantic salmon production. Norway is the largest producer of Atlantic
salmon, producing more than 50% of the total global production. Data from FAOSTAT
(2018).

process called smoltification where they adapt to seawater. After smoltification the
fish migrate to sea, concluding the freshwater phase (typically 1-5 years). The fish
then spend 1-3 years in seawater, before returning to their native rivers as adults for
spawning (Liu et al., 2011). One of the success factors in Atlantic salmon farming
has been the ability to replicate this life cycle also for farmed fish by dividing the
production cycle into the following five steps (Asche and Bjørndal, 2011):

1. Collection of eggs and fertilisation

2. Development of sac fry from eggs

3. Development of sac fry into parr

4. Smoltification process

5. Grow-out phase

The first four phases of the cycle usually take place on land in freshwater inside
hatcheries. Eggs are obtained from domesticated broodstock female fish and are
fertilised by milt from males. Farmed salmon smoltify at a younger age than
the wild fish, and the mean duration of the land-based phase is around 1 year.
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Furthermore, individual farmed smolt weigh 70 g-140 g (around double that of a
wild smolt). The final grow-out phase takes place in marine fish farms and lasts
between 12 and 18 months. At the end of the production cycle, an adult salmon
typically reaches a weight of 4 kg-6 kg before being harvested for slaughtering.
The intensive farming practice thus results in that the life cycle of farmed salmon
is highly optimised and much shorter than that of the wild salmon, yielding in-
creased productivity and large-scale production of fish protein at lower production
costs. However, to achieve sustained growth and optimisation, the industry highly
depends on technological innovation (Asche et al., 2013).

In the beginning era of commercial salmon farming in Norway, i.e. 1960-1980,
various cage structures were used for the grow-out phase. The early salmon farm-
ing started with small single cage-based farms, where the cage was attached to
shore (Jensen et al., 2009). The Grøntvedt cage (Fig. 1.3a), originally octagonal in
shape and made up of wood, was developed in 1970 (Tilseth et al., 1991). It was
a successful cage structure, which was later refined into the circular polyethylene
plastic cages prevalent in the industry today. A modern salmon farm (Fig. 1.3b)
constitutes of 8-16 (each with diameter up to 50 m, 50 m deep) floating plastic cir-
cular cages where each cage can contain up to 200,000 individuals (Bjelland et al.,
2015).

Most modern marine farms are placed away from the shore to keep feeding and
other essential infrastructure on land. There farms are largely floating structures,
where sea-cages and a feeding barge are held in place by a common mooring sys-
tem and are more mobile i.e. biomass is moved to new sites after one or two
growth cycles (Asche and Bjørndal, 2011). Although farms are still placed relat-
ively close to and at locations sheltered from ocean waves and the most adverse
weather conditions, the recent industrial growth and competing claims from other
industries and recreational activities for coastal zone area have stimulated the mar-
ine fish farming industry to start moving sites further offshore. More exposed
sites may offer some advantages compared to the sheltered sites such as improved
water quality, less impact on local environment and a lower parasite and disease
pressure, but the harsher conditions and remoteness to shore render management
and operation of the exposed farms significantly more challenging (Bjelland et al.,
2015).

The Norwegian salmon farming industry initially had a “small family owned busi-
ness” model that has now evolved into a considerable industrial sector that con-
stitutes an important part of the Norwegian economy, and that creates much val-
ued job opportunities and livelihoods in rural communities. The industry is today
world leading in marine aquaculture production and the related technology and
equipment supply chains, and employs either directly or indirectly a notable por-
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Fig. a

Fig. b

Figure 1.3: The Grøntvedt cage (Fig. a. Source: Public domain, National Library of
Norway) compared with sea-cages in a modern salmon farm (ACE, Korsneset) (Fig. b.
Source: Sintef Ocean AS)
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tion of the Norwegian workforce. Salmon farming in Norway is regulated by the
Ministry of Fisheries, which issues licenses and regulates the industry through a
strict licensing scheme in accordance with the objectives set by the Norwegian
government (Liu et al., 2011). Improved environmental footprint and sustainable
growth are two important strategic goals set by the government for the salmon
farming industry. These two goals are difficult to achieve as larger, more intens-
ive production farms will tend towards bigger environmental footprint in terms of
interaction between farms and local marine ecosystems. Other important indus-
trial challenges include escape of the farmed salmon and its crossbreeding with
the wild salmon population (Jensen et al., 2009), diseases and ectoparasites such
as sea-lice. Although moving to more exposed may contribute to countering some
challenges, this may further exacerbates the challenges faced by the farmers such
as Health Safety and Environment (HSE) issues, farm management and opera-
tional expenses. These challenges could be addressed through innovation and new
technological solutions, as suggested by Føre et al. (2018) through the Precision
Fish Farming (PFF) concept.

Although several technological solutions are already used by the aquaculture in-
dustry, Føre et al. (2018) highlight the importance of accelerating the adoption of
new solutions for monitoring, controlling and documenting biological processes in
marine farms. The authors point out that most of the operations in today’s marine
farms, both in terms of monitoring and controlling, are manually executed by the
farmers. However, if a feedback control system oriented approach could be de-
veloped and applied to the marine aquaculture management operations, it could be
possible to move from the existing experienced-based manual control to a know-
ledge centred and fully autonomous control system. The PFF concept proposes a
cyclic representation of the required operations for improved farm management,
where all the operations can be broken down into different phases. The fish are
first observed (phase 1), their states then interpreted from the observations (phase
2) before a decision is made (phase 3) on whether or not some sort of action should
be done (phase 4). Since the outcomes of the observation phase is an important
foundation for the rest of the cycle, introduction of the technology to this phase
is a crucial element, especially considering that observing fish underwater is more
difficult than observing animals on land, where farmers have a more ‘direct’ con-
tact and possibility to observe animals in the land-based farming. The underwater
environment poses unique challenges for the farmers in the sense that they lack a
possibility to directly monitor and observe animal behaviour which is essential for
farm management (Føre et al., 2018).

6



1.1. Background

1.1.2 Fish monitoring and its application in aquaculture

Knowledge of fish behaviour under production is important to understand feeding
habits, growth rate, interaction with environment, welfare, health and survival of
the fish, and studies have shown that such responses depend upon species being
farmed, environment and location of sea-cage (Baras and Lagardère, 1995). Thus,
knowledge of the spatial and temporal distribution, movement and speed of fish
inside a sea-cage, behaviour parameters (e.g. swimming depth, activity, energet-
ics, daily rhythms), environmental factors (e.g. light, temperature, water quality,
oxygen level) and how the fish interact with the environment could help in taking
timely (from a fish’s point of view) corrective actions (Baras and Lagardère, 1995).

Fish may behave differently in a fully stocked sea-cage compared to a laboratory
environment. Whereas laboratory observations are performed in a very controlled
setting, often studying a single behaviour parameter, it is not possible to reproduce
all the processes occurring naturally in the sea-cage inside a laboratory. There-
fore, laboratory observations may deviate from the fish behaviour observed inside
a full-scale production facility (Cooke et al., 2012; Baras and Lagardère, 1995).
Hence, it is desirable to observe free-swimming cultured fish in their true envir-
onment. Various technological solutions exist to monitor fish behaviour in marine
fish farms. Examples of such solutions are machine vision inspired fish behaviour
monitoring systems (Pinkiewicz et al., 2011), and acoustic instruments such as
echo sounders, sonars and split-beam sonars (Klebert et al., 2015; Soliveres et al.,
2017; Arrhenius et al., 2000; Rundtop and Frank, 2016). Video techniques are
non-destructive, low-cost solution that are easy to implement and provide direct
observations of a group of fish. Recordings could be analysed manually or via an
automated machine vision system (Williams et al., 2006). However, factors such as
water turbidity, camera movements and recording under low light levels e.g. during
night condition could degrade the video quality. In addition, the large absorption
coefficient of light underwater limits the camera’s practical range. Acoustic instru-
ments are also inherently non-invasive solutions. However, unlike camera based
solutions, they do not suffer from the issues of limited range and work well under
turbid water conditions. Such instruments have been successfully used for monit-
oring e.g. fish speed (Arrhenius et al., 2000), body length and weight (Soliveres
et al., 2017).

Although both the aforementioned solutions provide aggregated behaviour for a
group of animals, they cannot provide individual histories. Such individual fo-
cused data series could give a more detailed insight about the fish behaviour (Ma-
caulay et al., 2021). Specifically, there exists no available solution for measuring
the swimming speed of an individual free-ranging fish living under farm conditions
(Cooke et al., 2004), which is an important behavioural trait that could give insight
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in to fish energetics, interaction with environment and response to external factors
(Hvas et al., 2017; Hvas and Oppedal, 2017; Jónsdóttir et al., 2019). Telemetry
represents a technology that could be used as a basis for tools for obtaining indi-
vidual data histories from free swimming fish. Versatile monitoring setups could
be accomplished by combining group-wise datasets acquired from the acoustic
and video instruments with the individual fish observations obtained from tele-
metry. Telemetry solutions were focus of this study and are discussed in the next
section. By using advanced signal processing techniques both in time and fre-
quency domains e.g. Doppler shift in a signal, telemetry could also be extended
for measurement of individual free-ranging fish swimming speeds.

1.1.3 Telemetry and biologging

Telemetry is derived from tele meaning remote and metron meaning measure. In a
typical telemetry system, a relevant parameter is sensed and measured, then trans-
mitted (e.g. via radio or acoustic waves) and finally picked up by a remote receiv-
ing part of the system for processing (Read, 2009). Although not strictly adhering
to the above definition, devices that store data in internal mediums for later re-
trieval (often labelled loggers) are also sometimes included in the term telemetry.
When applied to living things these technologies are often termed as biologging
or biotelemetry (Rutz and Hays, 2009; Thorstad et al., 2013). Hussey et al. (2015)
provides a review on different types of biologging systems commonly used to ob-
serve aquatic animals, whereas Fig. 1.4 shows various commercially available
biologging systems (Read, 2009; Cooke et al., 2012). The basic building block of
a biologging system is an electronic device, usually referred to as a tag. A tag is
an encapsulated battery operated electrical circuit which is either implanted into
or attached externally to the animal (Fig. 1.5a).

The earliest example of aquatic applications of biologging was in the 1950s for
migration studies of wild salmon (Trefethen, 1956). The initial implementations
of tags were extremely simple and they usually had an analogue oscillator and
amplifier circuit without any on-board memory or processor. In principle, tags
were non-coded continuous "pinging" devices that were primarily used for tracking
the tagged animals using directional receivers. In addition to the animal tracking,
triangulation by using multiple receivers dispersed in space was used for animal
positioning. These tags enabled identifying and tracking wild animals in their
natural habitat, giving the researchers an edge in terms of studying wild animals
while moving freely and without re-catching them. The continuous operation of
the tags made them power hungry and thus energy inefficient, resulting in that the
early tags were operating for a period of few hours to a couple of days from the
time of their attachment to an animal.
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Biologging

Data storage 
tags (DST)

Transmitting
tags

Radio Acoustic

ActiveActive
Passive integrated 
transponders (PIT)

Pop-up satellite
archival tags (PSAT)

Archival tags

Figure 1.4: Various types of commercially available biologging systems.

With the development of Integrated Circuits (ICs), miniaturisation of the electronic
circuitry and possibility of having processing power inside a small electronic chip
in form of a microcontroller, the electronic tags were also improved. Miniatur-
ised electronic components lead to smaller tags down to a few millimetres in size.
Smaller size means smaller space for batteries, and to improve tag energy effi-
ciency, pulse-based transmission schemes were introduced instead of the continu-
ous transmissions used previously, leading to longer operational life (i.e. in the
range of months and years). The inclusion of on-board microcontroller ICs en-
hanced the tags’ data storage and processing capabilities, enabling them to process
and encode data from additional on-board sensors, and transmission of these with
a unique ID. Commonly used sensors include temperature (Koeck et al., 2014),
depth (by measuring pressure (Skilbrei et al., 2009), accelerometer (Føre et al.,
2011), ambient light (Cooke et al., 2012), tilt (activity) (Føre et al., 2011), oxygen
(Cooke et al., 2012) and electromyography (EMG) (Cooke et al., 2004).

Data storage tags

Technological advancements also led to the development of small yet high capa-
city memory chips, providing a new dimension to the field of biologging with the
development of data storage tags (DSTs) or dataloggers (Rutz and Hays, 2009).
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DSTs were unique in the way that the tags only stored data inside an on-board
memory and thus did not require circuitry for wireless transmission of data, saving
space and energy (Thorstad et al., 2013). Once an animal is tagged with such a
device, a DST measures and stores time-series of the behavioural, physiological
or environmental parameters using on-board sensors and memory. To access the
data, the animal or the detached tag needs to be recaptured, which is the major
disadvantage of this concept, both practically and because it renders real-time data
access and monitoring impossible. As DSTs do not transmit data remotely, they
don’t need an antenna and hence are energy efficient and could potentially be used
to acquire animal data for a relatively longer duration (Read, 2009). DSTs have
the advantage of very fine data collection, which essentially means that they could
be used for logging large number of data samples for a given time period by oper-
ating at a very high sampling rate. However, there is a trade-off between the higher
sampling rate and tag’s operational life.

Traditional DSTs are also called archival tags, whereas a more recent alternat-
ive form of DSTs are the pop-up satellite archival tag (PSAT). Such tags detach
from the tagged animal after a pre-programmed period and floats to the surface
for transmission of the stored data via a dedicated satellite (Hoolihan et al., 2011).
PSATs are usually used for longer time spans (i.e. in the range of one to sev-
eral years), over large geographical areas and for very large animals (for example
whales) swimming close to the water surface, providing information about spawn-
ing, migration, predator and other long-term behaviour data, rendering them dif-
ferent from traditional DSTs (Cooke et al., 2012). Since DSTs cannot provide
real-time access, their potential use in realisation of the PFF concept and fully
automated mariculture farming is limited.

Transmitting tags

Whereas archival tags store data locally, transmitting tags relay their data over a
radio or an acoustic link employing the principles of modulation of acoustic or
electromagnetic waves (Trefethen, 1956). Contrary to the DSTs, this approach in-
volves at minimum a pair of devices i.e. a transmitting tag and a matched receiver.
A tag attached to an animal processes the sensor data (if any) internally and trans-
mits it, along with a unique ID, to a remote receiver that decodes the data. Instead
of containing a large on-board memory like DSTs, transmitting systems require
on-board antennae (radio) or acoustic transducers. Transmission of signals in a
medium is energy consuming meaning that the transmitter tags usually consume
more power compared to the DSTs. The receiver units are relatively flexible in
terms of adding more features, power and processing capabilities compared to the
tags.
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Transmitting systems are more attractive for aquaculture operations than the DSTs
as they enable real-time monitoring and do not require recapturing the tagged fish
to obtain the data. However, the communication channel could become a bottle-
neck in a transmitting system. Issues such as noise, turbulence or presence of
ships and other objects, fading, attenuation and absorption of energy in channel
directly affect the communication range. Another important channel related issue
is channel congestion in i.e. finite bandwidth of the medium when a large number
of transmitters are operating simultaneously (Pincock and Johnston, 2012).

Transmitting tags could be further divided into two sub-groups based on the type
of communication link used for transmission. Radio or electromagnetic waves ori-
ented systems can be further sub-divided into passive and active tags. The most
common passive tags are the Passive Integrated Transponders (PIT) which do not
contain an on-board battery. PIT typically use frequencies in the Low Frequency
(LF) range i.e. 125 kHz to 400 kHz. The coil antenna of a PIT acts as an energy
harvester and powers up the tag circuitry when energised by a proximal magnetic
field. Although this gives PIT tags virtually unlimited life, most implementations
of the PIT tags are simple, and they can only be used for very short ranges, maybe
up to <2 m but often less. Active radio tags contain a battery and are less con-
strained than the PIT tags in terms of range (tens of kilometres (Read, 2009)).
Unlike PIT tags, such tags may have additional on-board sensors for monitoring
behaviour or other parameters. They operate in the Very High Frequency (VHF)
band, i.e. 30 MHz to 225 MHz (Thorstad et al., 2013).

Although, radio waves and radar are widely applied in terrestrial and to some ex-
tent freshwater communication, they are less suitable for use in seawater due to its
high conductivity and attenuation of radio signals at practical frequencies. Acous-
tic telemetry is therefore preferred when working in the marine environment as
acoustic waves tend to travel more efficiently and farther underwater than in air
(Hockersmith and Beeman, 2012; Hussey et al., 2015; Hovem, 2007). This tech-
nology will be further discussed in the next section.

1.1.4 Acoustic fish telemetry

Until 1971, acoustic telemetry systems were predominately developed by indi-
vidual research institutes at universities. The first commercial acoustic telemetry
system was developed by Sonotronics in 1971. Today, acoustic telemetry has be-
come established as a reliable research tool for researchers. Various commercial
suppliers are making telemetry systems, using state of the art electronics which
includes smart digital receivers and miniature transmitter tags having a single or
a combination of on-board sensors (Hockersmith and Beeman, 2012; Pincock and
Johnston, 2012). A typical acoustic telemetry setup is shown in Fig 1.5, whereas
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Figure 1.5: Different parts of a typical acoustic telemetry system. A tag is surgically
implanted into a fish (Fig. a), which then sends acoustic data to a remote receiver. The
receiver (Fig. b) stores and processes further the received data. Additionally, a surface
module could provide extended functionalities to the receivers.

Fig. 1.6 shows various types of acoustic tags used in telemetry studies.

An ideal acoustic tag should be physically small such that it can be implanted
inside or attached externally to a fish without affecting the fish significantly (Thor-
stad et al., 2013; Wright et al., 2018; Macaulay et al., 2021). Practically, tags
measuring down to 5−7 mm in length are available and are used for small fish,
whereas tags with a length of 1 cm and more are used for relatively larger fish.
Also, tags which are implanted inside a fish are usually smaller in size than the
tags that are targeted for external attachment. Similarly, the weight of a tag is an
important parameter and there is a general rule of thumb that a tag should weigh
(in air) less than 2-3% of the total weight of the target fish is followed, though this
may vary with species, fish state and situation (Macaulay et al., 2021).

Underwater acoustic communication range is defined by the signal strength of the
tag, geometric spreading loss, noise level, detection threshold and frequency de-
pendent acoustic absorption in the medium (Hovem, 2007; Stephen Riter, 1970).
The acoustic signal frequency is also a design parameter which defines physical
dimensions and maximum communication range of a tag. Transducer size (dia-
meter) is inversely related to the used frequency, meaning that higher frequency
transducers are smaller in size. The underwater absorption coefficient is related
to the square of the frequency, meaning that higher frequencies will be absorbed
more and will have shorter range (Pincock and Johnston, 2012). Although frequen-
cies used in underwater acoustic telemetry range from 24 kHz to above 400 kHz,
69 kHz has become a kind of de-facto standard due to the low absorption coef-
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Fig. a Fig. b

Figure 1.6: Fig. a: Various types of commercially available acoustic tags. Fig. b: Tags
also have external probes requiring precise placement for measurement of parameters such
as heart rate or muscle activity. (Courtesy of Thelma Biotel AS)

ficient and near absence of noise generated by the other sources in the marine
environment around this frequency (Pincock and Johnston, 2012). Commercial
acoustic telemetry systems have typical ranges in order of 100 s of meters, large
enough to cover a single sea-cage from end-to-end.

A transmission from an acoustic tag typically encodes the tag ID and sensor data
using modulation schemes such as Pulse Position Modulation (PPM) (Niezgoda
et al., 2002), Frequency Modulation (FM), Frequency Shift Key (FSK) (Stephen
Riter, 1970), Code Division Multiple Access (CDMA) (Niezgoda et al., 2002;
Cooke et al., 2005) or Binary Phase Shift Keying (BPSK) (Weiland et al., 2011).
The CDMA and BPSK modulations offer higher tag densities i.e. number of res-
ident tags in a single study, while the FM and FSK schemes provide higher data
rates. Although the PPM scheme has a limited bandwidth, it is attractive due to
the fact that is robust against noise and also the simplest of all in terms of physical
implementation in a tag. In a PPM scheme, information is encoded in the elapsed
time between two consecutive pulses (Fig. 1.7). A pulse at start of a burst is used
for synchronisation. Typical duration of a single pulse in such a PPM scheme var-
ies from 1 ms to 10 ms, with the latter being more common (Pincock and Johnston,
2012). A single burst consists of a series of pulses (usually 7-8) and last up to a
few seconds, whereas time between two consecutive bursts varies and is in order
of few seconds to a few minutes.
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Figure 1.7: Two back-to-back messages using a PPM modulation. Information is encoded
by changing inter-pulse time within a single burst of N (eight in this case) pulses.

The receiver units in acoustic telemetry systems are specialised hydrophones de-
signed for receiving and processing information sent by the matched telemetry
tags. Traditionally, acoustic receivers were used for tracking fish and thus were of-
ten cabled powered mobile devices (Pincock and Johnston, 2012; Grothues, 2009).
Battery operated standalone receivers storing received telemetry data internally are
also available commercially. The message reception rate at a receiver depends
upon channel noise (acoustic, mechanical and electrical), tag density in an experi-
ment, transmitted signal strength and acoustic collision at the receiver. The length
of a single burst and intra-burst time along with tag density define the acoustic col-
lision rate, which directly affects the effective message detection rate at an acoustic
receiver (Pincock and Johnston, 2012). The underwater communication channel
is dynamic and also affects the communication and message reception rate at the
receivers via physical wave phenomena such as reverberation and refraction (Pin-
cock and Johnston, 2012; Hovem, 2007; Stephen Riter, 1970; Føre et al., 2017).

While most historical telemetry experiments have not relied on having real-time
access to the data, the desire to use telemetry as an operational tool has spawned an
interest in real-time access to the data. This is today possible either through cabled
(e.g. HTI and Lotek Wireless, Inc. MAP systems (Deng et al., 2011; Grothues,
2009) or wireless (e.g. Lotek Wireless, Inc. WHS and Vemco VRAP, Sonotronics
CUB-1 systems (Grothues, 2009) solutions. The cabled solution is a straightfor-
ward real-time access approach, however, it is not a practical solution at a marine
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fish farm as the cables are awkward to handle and may be a serious safety haz-
ard for carrying out farm management operations. They are also limited in terms
of effective coverage i.e. maximum number of receivers served and could easily
become a bottleneck in a telemetry study (Grothues, 2009; Pincock and Johnston,
2012). The ideal receiver for real-time tracking of fish should be power efficient
and at the same time support wireless connectivity providing real-time access to
the telemetry data. It should ensure that the true advantage of the transmitting tele-
metry systems is not lost from the receiver to user end i.e. immediate update of the
tag data as it arrives on a receiver for processing by a user.

1.2 Objectives and contributions of the thesis
The two major objectives of this study were:

1.2.1 Objective 1: Provide a practical real-time support to the existing acous-
tic telemetry systems.

Traditional telemetry systems use acoustic receivers as data loggers and users typ-
ically access and analyse the data retrospectively once the experiment has ended.
Although, some existing solutions are using cabled, cellular or proprietary radio
protocols to provide real-time access for the telemetry data (Grothues, 2009; Pin-
cock and Johnston, 2012), such approaches often suffer from the issues of scaling,
coverage area and power efficiency. A concept providing real-time support for the
telemetry systems that does not suffer from the problems mentioned above would
therefore be a significant innovation on the path to enabling telemetry-based mon-
itoring in commercial sea-cages. The proposed solution should operate as a reli-
able communication protocol, be standalone and provide persistent access to the
telemetry data.

Contributions

This objective was met by developing and successfully demonstrating a concept
coined the Internet of Fish (IoF). IoF is an Internet of Things (IoT) inspired solu-
tion in terms low-power battery operated nodes, distributed over a large geograph-
ical area. As a first step, the IoF system was developed and evaluated at commer-
cial fish farms for real-time access to the telemetry data (i.e. a real-time monitoring
application). The IoF system was then extended with real-time 3D fish position-
ing, and an experiment to document its performance was conducted at a marine
fish farm on a new type of semi-closed steel-cage named Aquatraz.
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1.2.2 Objective 2: Develop a sensing principle for measurement of instant-
aneous fish swimming speed.

Based on its prospects for assessing the state and behaviour of fish in sea-cages, a
solution enabling measurement of individual speeds of free-swimming fish could
prove useful for both science and industry. However, no practical solution for
measurement of instantaneous swimming speed of individual fish under farm con-
ditions existed (Cooke et al., 2004). The second major objective for this study was
to propose, develop and illustrate a practical method for measuring instantaneous
swimming speed of a free-ranging fish using the principles of acoustic telemetry.

Contributions

This objective was met by developing an algorithm for instantaneous speed meas-
urement using the Doppler effect. The proposed solution exploits the carrier signal
used in an existing telemetry system and employs Doppler signal processing at the
receiver end to extract speed information. The Doppler-based fish speed algorithm
was developed and tested in multiple steps, first as simple 1D speed measurements
in a laboratory tank, then in the sea close to shore as 2D speed measurements,
and subsequently as 2D speed measurements in a fully stocked commercial sea-
cage using an acoustic tag mounted on a catamaran emulating fish movements.
The principle was finally verified through a field experiment in a full-scale salmon
farm with live tagged fish.

1.3 Thesis outline
Chapter 1 gives the background information about marine fish farming and acous-
tic telemetry systems. It also points out the objectives for this study and con-
tributions made by the thesis. Chapter 2 considers real-time monitoring of fish
in marine aquaculture and presents the IoF concept, how IoF provides real-time
monitoring capability to an existing telemetry system, IoF’s integration with the
existing telemetry system, its layered architecture, and finally experiments con-
ducted to demonstrate and verify the performance of the IoF concept. Chapter 3
describes a Doppler swimming speed measurement method for free-ranging fish in
detail and presents the results from the various experimental stages used to verify
it, and concludes with the observations and experiences gathered from the live fish
swimming speed experiment. Chapter 4 covers briefly the possibility of combin-
ing the IoF with the Doppler speed measurement principle to develop a real-time
fish position and speed measurement telemetry system in terms of a new receiver.
This chapter also concludes the thesis and presents the possible future work and
objectives for further studies.
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Chapter 2

Real-time fish monitoring in
marine aquaculture

2.1 Introduction
This chapter outlines the contributions towards solving Objective 1 i.e to provide
real-time support to the existing acoustic telemetry systems. Real-time systems
react to events within a predefined timing deadline and are characterised by low
(i.e. in sub-second range) latency and bounded jitter values. This work has focused
on soft real-time systems which are often used in monitoring applications where
missing a deadline or a delayed update is acceptable and are the main focus of this
chapter (Buttazzo et al., 2005). The chapter starts with brief motivation for the
need of a real-time acoustic telemetry monitoring system in marine aquaculture
and provides a brief survey of the currently existing solutions. Afterwards, the
concept developed in this study, i.e. Internet of Fish (IoF) is explained.

2.2 Papers’ introduction
Two articles J1 and C1 were published based on the work presented in this chapter.
Article J1 presents the detailed implementation of the IoF concept and focuses
on the communication quality (QoS) aspect of the IoF, whereas article C1 deals
with real-time fish positioning aspect of the IoF and presents the results from the
positioning experiment.

2.3 Motivation
Fish behaviour monitoring studies using acoustic telemetry systems are executed
in two stages. The first stage consists of fish tagging and equipment deployment.
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Randomly selected fish are then tagged, while the telemetry receivers and neces-
sary support equipment (e.g. power source, buoy) are deployed in the experimental
area. The duration of such studies ranges from few days, weeks up to several
months or even a year (Cooke et al., 2012; Thorstad et al., 2013). During the
experimental period, acoustic data is continuously sent by the tagged fish and is
received, processed and finally stored locally in the receivers. Since the receivers
are standalone devices, the data is often only retrieved by the user at the end of
or at a few fixed intervals during the experimental period (Brownscombe et al.,
2019). From a research point of view, online support might not be an important
requirement of a study and post-processing of the data and analyses at the end of
the study is a common practice, however for an aquaculture monitoring system,
the real-time access to the telemetry data is an essential requirement. There is
a need for a solution which offers real-time access to the telemetry data, while
simultaneously addressing the unique requirements of the telemetry systems in
terms of low power consumption, wide coverage area and scalability. Whereas
modern marine farms have power supply available on the cages, battery powered
standalone acoustic receivers are preferred in acoustic studies due to issues such
as prevalent power outages on cages, electrical noise etc.. Long running cables
are cumbersome to maintain and they limit the maximum number of receivers that
could be used on a single cage. In addition, the cables in and around a sea-cage are
often seen as a safety hazard for performing farm management operations. While
most of the commercially available acoustic receivers do not offer real-time ac-
cess as part of the solution, some commercial systems do offer real-time access
for example by using cabled RS-485, Very High Frequency (VHF) and Global
System for Mobile communication (GSM) receivers. However, such solutions are
not designed for acoustic telemetry applications and hence suffer from the issues
of energy efficiency, scaling, and physical limitations for cables (Hassan et al.,
2019b).

2.4 LPWAN-based real-time monitoring telemetry system
Realising a system that fulfils the requirements of the IoF concept entails first de-
ciding upon a suitable communication protocol, and then developing a dedicated
surface communication module that facilitates communication via the chosen pro-
tocol. This section outlines this process by first addressing the choice of commu-
nication protocol, arriving at Low Power Wide Area Networks (LPWANs). LP-
WANs represents a novel communication paradigm which is designed for inter-
communication of devices or sensing nodes distributed over a large geographical
area (Raza et al., 2017; Adelantado et al., 2017). Different potential physical lay-
ers for implementation of a LPWAN are then surveyed, and the final choice for
this study (LoRa) is outlined in more detail.
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2.4.1 Communication protocol

Deciding upon the underlying communication protocol for a real-time telemetry
system is a design choice influenced by the properties and requirements of the
acoustic receivers. The acoustic receivers are low power battery-operated devices
which are typically placed a few hundred meters away from the shore or feed-
barge installations. In addition, the acoustic telemetry systems (PPM modulation
scheme) are inherently low data bandwidth systems, typically generating 100 to
250 bytes per minute (a message rate of 15-20 messages per minute, where a single
message requires ten to twelve bytes of storage inside a receiver), and hence re-
quire low data rates (in order of a few hundred bytes per second) for transmission
of such data from the receiver to the user end (Hassan et al., 2019b; Pincock and
Johnston, 2012). Thus, the requirements for a solution providing real-time access
to telemetry data are:

• Low power consumption

• Low data rates

• Large coverage area

• Scalability in terms of adding new receivers.

Although traditional radio protocols such as cellular (Long Term Evolution (LTE),
GSM), WiFi and VHF radio might cover some of the individual requirements, none
of them meet all the system requirements. LPWAN is a much better fit as this is
a protocol designed for small battery operated sensor nodes, distributed over large
areas and perform very simple sporadic operations such as sensor value update
every hour or once per day. The sensor nodes in LPWAN networks are in sleep
mode for most of their operational life, but are required to operate for months
or years on a single battery. LPWANs thus guarantee low power consumption
at the cost of low data rates. The cell architecture of LPWANs is similar to GSM
where geographically distributed mobile devices are communicating with a central
node (called base station or gateway) in a star-of-star topology (Raza et al., 2017).
Although both cellular networks and LPWANs offer similar coverage area, which
is in order of 10 km, LPWANs differ from the GSM in terms of data rates end
nodes are using to communicate with the gateway and power consumption of the
end nodes (Adelantado et al., 2017; Augustin et al., 2016).

The conformity in requirements of acoustic telemetry systems and the attributes
of LPWANs suggests that the LPWANs could be ideal candidates in providing
real-time support to the existing telemetry systems. Whereas the term LPWAN
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covers wireless communication protocols offering low power, low data rates, wide
coverage area for battery operated devices (Augustin et al., 2016), the physical im-
plementation (PHY) of LPWANs could be realised using various competing mod-
ulation schemes such as NB-IoT (Narrow Band-IoT), LTE-M, SigFox, Weightless,
Ingenu, LoRa (Long Range) (Hassan et al., 2019b). All these modulation schemes
offer large coverage area and low power consumption, however they differ in terms
of packet size and data rates. Since acoustic telemetry system using PPM modu-
lation only require a packet size of 120-150 bytes, LoRa was found to be the most
suitable protocol as it has sufficient packet size (up to 250 bytes) and other prop-
erties deemed beneficial, including flexibility of establishing network, Spreading
Factor (SF) design parameter and relatively better power efficiency comparable
to the other modulation schemes with similar packet size specifications (Hassan
et al., 2019b). The SF design parameter is particularly useful in providing flexibil-
ity in terms of trade-off between the packet size and coverage area for an individual
node. LoRa operates in a star-of-star network topology and nodes could be added
or removed from the network dynamically (Raza et al., 2017).

2.4.2 Surface communication module

To enable interfacing of the acoustic telemetry receivers (TBR-700-RT) with a
LoRa LPWAN, a dedicated embedded surface communication module was de-
veloped. This module communicates with the submerged receiver in real-time
through a cabled interface and relays the received telemetry data wirelessly using
the LoRa communication protocol (Fig. 2.4). The module was specifically de-
signed for interfacing with a Thelma Biotel TBR-700-RT acoustic receiver. Two
versions of the surface communication module were developed for testing and
evaluation of the proposed real-time telemetry monitoring system (Fig. 2.1).

The first version, dubbed the LoRa Add-on Module (LAM), featured a LoRa radio
interface chip (PHY), an RS-485 interface for the acoustic receiver (TBR-700-
RT) and a Global Navigation Satellite System (GNSS) receiver for positioning and
time synchronisation. An improved version in terms of better form factor, with an
additional on-board display and a Universal Serial Bus (USB) interface, dubbed
the Synchronisation and LoRa Interface Module (SLIM) was also developed. The
LAM and SLIM modules had same basic functionality, i.e. LoRa support and RS-
485 interface to the acoustic receiver. A block diagram of the SLIM/LAM surface
communication module is shown in Fig. 2.2.

Both LAM and SLIM were built using a 32-bit EFM32GG842 ARM Cortex M3
microcontroller (Silicon Labs) as its core processing and control component. A
Thelma Biotel TBR-700-RT acoustic receiver, forwarding all acoustic receptions
on a standard RS-485 serial interface, provided telemetry data to the surface com-

22



2.4. LPWAN-based real-time monitoring telemetry system

Fig. a Fig. b

Figure 2.1: Physical implementations of the LAM (Fig. a) and SLIM (Fig. b) modules.
Both modules had same basic functionalities, however SLIM had improved PCB form
factor and extra debugging features.
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Figure 2.2: Block diagram of the LAM/SLIM module showing its various hardware peri-
pherals.

munication module as the acoustic messages arrived. Radio communication was
realised through a Serial Peripheral Interface (SPI) LoRa module (RFM95W, Hop-
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eRF), that operates at 868 MHz and was set up to transmit radio packages contain-
ing the telemetry data to a gateway, which is a receiving end of the IoF concept.
The surface communication module also included a Global Positioning System
(GPS) receiver (u-blox, NEO-7/8P) for distributed time synchronisation of the
acoustic receivers, which is important to ensure good data quality and is necessary
in fish localisation and tracking (Pincock and Johnston, 2012). Current consump-
tion of the surface communication module was around 20 mA during its normal
operation and 50 mA during radio transmit mode (which is only active for very
short duration). The module was designed for a 3.6 V, 35 A h Lithium primary
cell giving an operational life for approximately two months.

The firmware was developed in the C programming language using Silicon Lab’s
Simplicity Studio Integrated Development Environment (IDE) and was based on
IBM’s LMiC library (IBM, 2018) which implements the LPWAN stack. The lib-
rary is modular and can be ported and modified as per requirements of an applica-
tion, and it also provides a timer-based scheduler. The device drivers for the GPS,
the TBR-700-RT acoustic receiver and other peripherals were implemented in the
Hardware Abstraction Layer (HAL) of the library. Firmware operation was inter-
rupt driven, governed by the 1 Pulse Per Second (1PPS) signal of the GPS chip.
An Interrupt Service Routine (ISR) counted instances of the PPS interrupts and
executed a software task called the ‘application job’ on every 10th second. The
10 s period was chosen to minimise the internal clock drift of the TBR-700-RT
receivers. On each iteration of this job, a time synchronisation message was sent
to the TBR-700-RT receiver, updating the TBR’s internal clock to match the 1PPS.
The application job also checked for any newly arrived telemetry messages in the
last 10 s and added them to a buffer for further processing. Every 60 s the ISR
set a flag triggering the application job send a data packet containing any buffered
telemetry messages during the last minute over the radio link. A period of 60 s
was selected since it is an acceptable update rate for a soft real-time monitoring
system. Using a shorter period would have caused sending too many unnecessary
radio packets effecting energy efficiency of the system, whereas a longer period
would have lead to a sluggish system response for the end-user. The data was sim-
ultaneously stored locally on the SD card in the surface communication module as
a backup if the radio link should be down for some reason. The operation of the
firmware is explained in the flow diagram shown in Fig. 2.3.

2.4.3 Internet of Fish (IoF)

The IoF concept defines a network of IoF nodes consisting of a TBR-700-RT
acoustic telemetry receiver communicating with a surface communication module
(Fig. 2.4), providing real-time Internet access to the telemetry data via the LoRa
LPWAN. Fig. 2.5 shows the layered architecture of the IoF concept and different
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Figure 2.3: Flow diagram explaining operation of the LAM/SLIM firmware.

modules used in realisation of the concept. The first is the perception layer, which
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consists of a submerged tag (or a tagged fish), a submerged acoustic receiver and
a surface module (LAM/SLIM). The IoF concept includes the existing acoustic
link, and hence the overall acoustic telemetry system. Devices in the perception
layer are typically dispersed over a relatively large geographical area, e.g. multiple
sea-cages in a fish farm. The nodes in the perception layer communicate via the
LAM/SLIM modules with the centralised gateway representing the network layer.
The gateway has Internet access and acts as a packet forwarder in that it receives
the telemetry data over the LoRa radio link from the end nodes and forwards it
to the third layer of the IoF. This layer is called the application layer and usu-
ally consists of a server, which has access to the Internet, and performs the tasks
of receiving data from the network layer, storing the data on a reliable database
and presenting the data to the end users. Communication between the gateway
and server is controlled by the Message Queuing Telemetry Transport (MQTT)
protocol (Light, 2017). MQTT is a subscribe/publish communication protocol,
implemented in a broker/client topology. Information exchange is topic centred,
instead of message contents or device IDs, making MQTT a versatile and portable
protocol. In the IoF concept, the gateway runs a publishing client meaning that it
produces data for the broker. The application server runs the MQTT broker which
is responsible for maintaining connection between various clients and reliability
of the communication. In addition, the server also runs a subscriber client which
receives the data from the broker and stores it on a local database. The subscriber
client is a portable application and is not limited to the server. The application
could be executed on a mobile device or on any personal computer for presenta-
tion of the data.

2.4.4 Real-time fish positioning

The LAM/SLIM and hence the IoF concept was designed with a possible future
extension for a real-time Time Difference of Arrival (TDoA) algorithm based fish
positioning (Pincock and Johnston, 2012; Fang, 1990). In a TDoA algorithm, the
arrival of the acoustic signal is timestamped by all acoustic receivers used in an
experiment. Since the exact time when the tag transmits an acoustic message is
unknown, arrival time cannot be directly used for position calculations. However,
the difference in arrival time across receiver pairs could be used to find the relative
difference in distance from the tag to the receivers. The position of a tag is then
calculated using the known positions of the three receivers (Fang, 1990).

A fundamental requirement for such a positioning system is thus the use of mul-
tiple receivers in different positions. The TDoA algorithm needs three receivers in
the xy-plane for 2D and four (three in xy-plane and one in yz-plane i.e. deeper
than the other three receivers) for 3D positioning, respectively (Fang, 1990; Pin-
cock and Johnston, 2012). To minimise the errors in the measured position, the
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Figure 2.4: An IoF node consists of a LAM/SLIM module, communicating with a TBR-
700-RT acoustic receiver via a cabled RS-485 protocol.

receivers must be dispersed in space, ideally placed in an equilateral triangle con-
figuration . The TDoA algorithm establishes a new coordinate system with respect
to the three acoustic receivers used for the position estimation (Fang, 1990). The
timing accuracy of the receivers’ clock signal defines the position resolution yiel-
ded by the TDoA algorithm. Although the ISR ensures that the TBRs are syn-
chronised by the nano-level-precision 1PPS signal of the GPS chips every 10 s, the
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Figure 2.5: Layered view of the IoF concept. Different types of communication protocols
used by the IoF are highlighted.

maximum timing resolution of the TBRs at 1 ms limited the maximum position
resolution to 1.5 m.

2.5 Field experiments
The IoF concept was explored and demonstrated by conducting two field experi-
ments in commercial marine fish farms.

2.5.1 Real-time monitoring experiment

The first experiment was conducted at Kråkholmen locality of Bjørøya Fiskeopp-
drett AS, and was designed to evaluate the real-time monitoring aspect of the IoF
concept and to gauge the communication quality (QoS) provided by the LoRa LP-
WAN. Three nodes were mounted on to the perimeter of the cage structure in the
farm (one cage with two units, and one cage with one unit), whereas the fourth
node was fixed on a remote buoy (Fig. 2.6) placed outside the marine farm at
a distance of 2.5 km. All nodes communicated with a common gateway placed
inside the feeding barge of the fish farm. The three nodes within the farm thus
enabled testing the system performance across a range of distances considered as
representative of large-scale salmon farms, while the buoy mounted node enabled
testing at longer ranges more common to exposed farming sites and for wild fish
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monitoring applications. Acoustic test tags were placed close to the receivers to
generate acoustic messages for transmission through the IoF and real-time update
at the server. Three different types of test tags, with update rates varying from six
to ten acoustic messages per minute were used. All nodes were programmed to
send one radio message per minute. The Quality of Service (QoS), defined as ratio
of the number of packets successfully received at the server to the total number of
packets sent by an IoF node, was evaluated as the figure of merit in the experiment.
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Figure 2.6: Geographical (map on left) deployment of IoF nodes at fish farm (Fig. a) and
remote note (Fig. b).

2.5.2 Real-time fish positioning experiment

A second experiment was designed to evaluate the feasibility and positioning ac-
curacy of the real-time underwater positioning support provided by combining the
the IoF concept with the TDoA algorithm. The experiment was conducted in two
fully stocked sea-cages (Eiterfjorden locality of Midt-Norsk Havbruk AS). The
TDoA algorithm needs at least three IoF nodes and hence a message triplet for
calculating a tag’s position. To improve the chances of getting triplets through
redundancy, the IoF nodes were installed in pairs (Fig. 2.7). This meant that a
total of 12 IoF nodes, six on each cage were used in the experiment. A gateway
was placed inside the feed barge of the farm and was located less than 400 m from
the nodes. At the start of the experiment, a benchmark dataset for estimation of
position error bounds (Circular Error Probability - CEP) was collected over a 12 h
period using three stationary tags placed at 1 m, 2 m and 3 m depth at the centre
of one cage. The system was then used to monitor real-time position of 30 tagged
salmon. The experiment lasted for three months.
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Figure 2.7: Geographical deployment of nodes and redundant installation of LAM/SLIM
onto the cage structure.

2.6 Results and discussion

2.6.1 QoS

For both field experiments, a QoS of at least 90% was achieved for all nodes (Table
2.1). The QoS degraded slightly with increase in a node’s distance from the gate-
way, but the QoS was still more than 90%, and some of the nodes placed at lesser
than 400 m from the gateway had a QoS of around 99% for the real-time monitor-
ing experiment. The QoS values degraded slightly for the fish positioning exper-
iment as compared to the monitoring experiment. This could be attributed to the
fact that the gateway antenna was placed inside the feed barge in the fish position-
ing experiment, whereas it was mounted on the roof outside the feed barge in the
monitoring experiment. The monitoring experiment nodes had a clear line of sight
with the gateway antenna. Nevertheless, the QoS values from the fish positioning
experiment were still more than 90% for all nodes. Thus, it was concluded that the
IoF could be used as a reliable real-time monitoring system in marine aquaculture
farms.

2.6.2 Positioning accuracy

For the real-time fish positioning experiment feasibility of real time positioning,
accuracy of the positioning algorithm and message triplet rate (i.e. messages us-
able by the positioning algorithm) were evaluated. It was possible for a user to
select a tag ID and track the fish position in real-time (Fig. 2.8), thus proving the
feasibility of real-time fish positioning using the IoF concept.

For the benchmark dataset, the message triplet rate (for the LoRa-link) was more

30



2.6. Results and discussion

Table 2.1: Table comparing nodes’ link length, number of transmitted (Tx) and received
(Rx) packets and QoS for both the experiments. For the RT fish positioning experiment,
data from the three nodes used in the benchmark dataset is presented.

Experiment Node ID Link
length

(m)

Packets
Tx

Packets
Rx

QoS

RT
monitoring

1 444.5 10124 10021 0.989
2 143.9 39414 38786 0.984
3 423.2 20660 20600 0.997
4 2470 74380 69073 0.928

RT fish
positioning

1 200 1446 1381 0.955
2 200 1386 1276 0.92
3 200 1381 1368 0.99
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Figure 2.8: 3D position of a tagged fish tracked in real-time. Update rate of the position
samples is 3 min (23 samples, ca. 1.5 h). Receivers A, B and C are located along the
perimeter of the cage at a depth of 3 m.

than 90% for all the SLIM/LAM nodes, implying that most of the received acoustic
messages were successfully transmitted and used for the position calculations. The
CEP value reflects error in the calculated position compared to the actual known
position of the test tags in the benchmark datasets. Fig. 2.9 shows the error his-
togram (error in x- and y-coordinate of the tags’ estimated position) for the tags
used in the benchmark dataset. The CEP value for the benchmark dataset was
1.37 m, 1.49 m and 1.22 m for tags at 3 m, 2 m and 1 m depth, respectively. These
values are within the maximum obtainable resolution for time resolutions of 1 ms
at 1.5 m. The CEP value could, in theory, be improved by using a receiver with a
higher timestamp resolution.

An important limitation of the IoF concept is that it is a soft real-time system for
monitoring applications without strict bounds on jitter or network delays and that
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Figure 2.9: Histogram showing error in calculated position for the real-time fish pos-
itioning experiment. The dataset includes 1222 samples for the three tags used in the
benchmark dataset.

it has a maximum delay of data reaching the user of 60 s. Whereas hard real-time
systems should guarantee low latency and bounded jitter values, the LoRa spe-
cification neither meet nor specify such criteria (Adelantado et al., 2017). This
implies that LPWANs could be used in real-time monitoring applications such as
agricultural applications, but they are not suitable candidates for real-time indus-
trial control systems (Adelantado et al., 2017). Considering that the IoF concept
was designed for monitoring applications in aquaculture farms, and not as a com-
ponent in a system for controlling an industrial process, a worst case delay of 60 s
seems acceptable. A shorter period would have caused sending too many unne-
cessary radio packets effecting energy efficiency of the system, whereas a longer
period would have lead to a sluggish system response for the end-user.

Acoustic telemetry systems may use acoustic tags operating at multiple frequen-
cies and varying update rates. This could lead to a relatively high acoustic de-
tection load and channel congestion, which could result in a situation where IoF
is unable to transmit some of the acoustic messages. This problem was indeed
observed in the real-time fish positioning experiment. The IoF concept was de-
signed to accept a maximum of 11 acoustic messages per 1 min, however at times,
the number of acoustic detections received during the experiment exceeded this
limit, resulting in that some acoustic messages were not transmitted. In response
to the congestion problem, the SLIM/LAM firmware was updated with a compres-
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sion scheme where the 32-bit timestamp was sent only once at the start of a radio
packet for all acoustic detections containded in the radio packet. The compression
scheme saved three bytes for each acoustic detection by not repeatedly sending the
full timestamp. This increased the message handling capacity of the IoF concept
from 11 to 20 messages per minute.

One of the main goals of the PFF concept is to make operations at farms more
autonomous in future (Føre et al., 2018). The IoF could contribute to this by
representing a foundation for future system for online tracking and positioning
of individual fish. This would provide data that could be useful inputs to future
autonomous operations at marine fish farms.
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Chapter 3

Doppler-based fish swimming
speed measurement

3.1 Introduction
This chapter presents the contribution toward achieving Objective 2, which is a
novel Doppler-based principle for measurement of swimming speed of individual
free-ranging fish developed and verified in this thesis. First, some motivation be-
hind development of a method for in-situ swimming speed measurement is briefly
discussed as well as its applications in marine aquaculture. The basics of the phys-
ical Doppler effect and the proposed speed measurement principle are then presen-
ted. The speed estimation algorithm was developed from the ground up in this
study and was validated through a series of experiments. The experiments ranged
from very simple static speed measurements in a lab tank to speed measurements
of a controlled platform with predefined motion trajectories deployed in a fully
stocked sea-cage. As a final step, the measurement principle was demonstrated in
an operational fish farm with tagged salmon. The various experimental stages and
their results are presented at the end of the chapter.

3.2 Papers’ introduction
The initial results from the sea-cage experiment were published in a conference
article C2 and were also presented in a poster. This article proposes the idea of
Doppler-based fish speed measurement and only discusses 2D speed computations
for slow speed datasets (<50 cm s−1). A more detailed implementation of the speed
computation algorithm both in 3D and 2D and results from all the experimental
stages are presented in article J2. J2 also shows the derivation steps for eqs. 3.18
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and 3.22 in four quadrants of the coordinate system. The final manuscript M1
presents results from the live tagged fish experiment and is in preparation.

3.3 Motivation
The energy budget of a fish can be expressed by a very simple mass-balance and
energy conservation equation (Cooke et al., 2016):

Energy consumed = Metabolism+Growth+Waste (3.1)

Assuming a constant growth factor and waste, the consumed energy is directly
proportional to the metabolic activity in the fish. Although there exist models
to estimate the overall metabolism and growth energy consumption directly, such
models are not suitable for in-situ measurement for free-ranging fish (Cooke et al.,
2016). To understand the metabolism and growth in sea-cages, we therefore need
tools to assess the various components in the fish’ energy budget. Since loco-
motory activity is one of the most important components in the overall metabolic
energy consumption (Cooke et al., 2004), monitoring of swimming speed would be
highly relevant for energy expenditure of a fish. The fish’s motion and swimming
speed are also linked to its welfare in terms of stress and fatigue (Hvas and Op-
pedal, 2017; Johansson et al., 2014). Observing fish welfare becomes increasingly
relevant in the current trend with fish farms being placed at relatively more ex-
posed locations (Bjelland et al., 2015), where fish would potentially face stronger
currents (Johansson et al., 2014).

Fish swimming is a complex process that involves a coordinated motion of various
body parts. A straightforward approach for measuring fish swimming capacity is
use of a swimming tunnel (Remen et al., 2016; Hvas and Oppedal, 2017). In this
method, fish are forced to swim against a water current with known speed, mean-
ing that if the fish is stationary within the tunnel, it maintains a swimming speed
equal to the current induced in the tunnel. A different approach for quantifying
fish swimming speed is in-situ measurement inside a sea-cage, which while being
less accurate than lab trials, may provide data that is more relevant for a culture
setting. Popular method to achieve this is the use of camera (Pinkiewicz et al.,
2011), where a group of fish is recorded and machine vision algorithms are ap-
plied for estimation of swimming speed. Similar observations can also be made
using acoustic instruments such as echosounders and split-beam sonars could also
be used for fish speed measurement (Pedersen, 2001). However, both video based
and acoustic instruments are limited by the field of view. Video cameras are also
limited by turbidity and the propagation characteristics of light in water (Pincock
and Johnston, 2012; Williams et al., 2006). In addition, such instruments cannot
track individual fish swimming speed over time (Macaulay et al., 2021), as this
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may allow for more accurate assessments of fish states also on an individual level.

Acoustic telemetry offers a possibility to remedy this situation in being an inher-
ently individual centred approach that is less sensitive to the position of the fish
in the cage than visual or acoustic methods. The method has been used to meas-
ure average speed of individual free-ranging fish by using the TDoA positioning
algorithms and tags sending messages at a relatively high transmission rate, how-
ever, such systems are vulnerable to positioning inaccuracies (Rillahan et al., 2009;
Biesinger et al., 2013; Espinoza et al., 2011). Individual fish swimming speed has
also been measured using speed turbines attached externally to a fish (Gabaldon
et al., 2019).Another similar external attachment technique is based on differen-
tial pressure sensor (Webber et al., 2001). However skin abrasion and minimum
size of animals that could be fitted with the turbine or pressure speed sensor make
this solution unfeasible for farmed salmon. It is hence desirable to develop a new
acoustic telemetry solution which could provide swimming speed measurements
of individual free-ranging fish without these limitations.

3.4 Proposed solution - the Doppler effect

3.4.1 Doppler effect basics

Since acoustic telemetry transmits data using acoustic signals, the Doppler shift
in the carrier wave caused by the relative motion between the transmitter and re-
ceiver could, in theory, be exploited as a means to measure individual swimming
speed. The Doppler effect is the change in observed frequency (from a receiver’s
point of view) in a signal due to relative motion between the signal’s source and
receiver. This is a well-established physical phenomenon first presented by Aus-
trian physicist Christian Doppler in 1842 and later verified experimentally by the
Dutch meteorologist Buys Ballot in 1845 (Halliday et al., 2013). The effect is ob-
served both in mechanical (e.g. acoustic) and electromagnetic (e.g. visible light)
waves and has wide range of applications in astronomy, radar systems, satellite
communication, robotics, medicine and underwater sensors. Fig. 3.1 conceptually
illustrates the Doppler effect for acoustic waves in a medium. A source S is mov-
ing along the x-axis. An observer (receiver) located on the same axis will observe
that the wavelength of the transmitted signal is stretched or compressed, resulting
in a decrease or increase in the observed frequency respectively, depending on the
source’s direction of motion.

An interesting application of the Doppler effect in nature is precise echolocation by
certain species of bats (Schoeppler et al., 2018). Bats use acoustic waves and echo-
location for localisation, navigation, and orientation in space and for searching for
prey. A bat emits tonal acoustic signals in in the form of pulses and analyses the
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S
x-axis

Figure 3.1: A source S moving with velocity vs along the x-aixs. From an observer’s
perspective, the wavelength is compressed in the direction of the motion whereas it is
stretched in the opposite direction.

returning echoes from surroundings and prey for hunting. The internal hearing sys-
tem of bats is highly specialised and fine-tuned for specific acoustic frequencies.
The Doppler effect states that a relative movement between a moving prey (target)
and a flying bat (source) will cause a shift in frequency of the returned echo. This
shifted frequency might fall outside the frequency range of a bat’s internal hearing
system. To ensure that the returning echoes lie within the frequencies of the hear-
ing system, bats use a Doppler shift compensation technique, where they adjust the
signal frequency by emitting a frequency chirp signal while chasing a prey such
that the Doppler shifted frequency of the received echoes can be detected by the
hearing system. In this way, bats use the Doppler principle for localisation and
speed estimation of the prey (Schoeppler et al., 2018).

Another application of the principle is a Doppler radar which has several applica-
tions including military, civil aviation and traffic police. As an example, a traffic
police radar, also known as a radar gun, transmits a pulse of electromagnetic waves
with a known centre frequency. The radar gun is targeted at a vehicle of interest
and the transmitted electromagnetic waves are then reflected from the vehicle and
received back at the radar gun. The radar gun uses Doppler shift equations with
additional signal processing techniques to calculate speed of the moving vehicle
(Halliday et al., 2013).

Similarly, the Doppler effect is also exploited by acoustic devices ranging from
medical ultrasonic equipment to sonars used for seabed mapping, ship speed meas-
urement and ocean current profiling (Hovem, 2007). An acoustic instrument of
particular interest in this situation are Acoustic Doppler Current Profilers (ADCPs)
which are specialised multi-sonar instruments used for profiling ocean currents.
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3.4.2 Proposed solution

The first step in designing a system for monitoring fish swimming speed using the
Doppler effect and acoustic telemetry is to derive the equations that establish the
relationship between fish movement and frequency shifts.

Fundamental equations

The relationship between the observed frequency, the source frequency and speed
of the source and receiver moving in a straight line relative to each other is given
by (Hovem, 2007):

fd =
∆v

c
fs (3.2)

fd = fr − fs (3.3)

∆v = vs − vr (3.4)

Where fs is the signal’s frequency at the source, fr is the signal’s frequency at
the receiver, fd is Doppler shifted frequency (DSF), ∆v is difference in speed of
the source (vs) and receiver (vr) and c is speed of the signal carrier wave in the
medium.

Eq. 3.2 can be simplified for the case of a static receiver (i.e. vr = 0) as:

fd =
vs
c
fs (3.5)

The DSF (fd) thus depends on the component of the source velocity along the line
spanned between the source and receiver. For the cases when the source movement
is not directly towards or away from the receiver, a more generalised form of eq.
3.5 can be written as:

fd =
vscosθs

c
fs (3.6)

Where θs is angle between the movement vector and the straight line connecting
the source and receiver. If the source’s movement is directly towards or away from
the receiver, i.e. θs = 0, eq. 3.6 reduces to eq. 3.5.

Rearranging eq. 3.6 with respect to the source speed as the target variable yields:

vs =
fdc

fscosθs
(3.7)

In most physical systems, fs is usually a known design parameter, while fd can
be estimated at the receiver by using standard frequency analysis methods such as
the Fast Fourier Transform (FFT). If θs is known, a moving sources’ speed (vs)
can then be determined by using eq. 3.7. It is possible to estimate θs by using
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an array of receivers of known geometry and applying eq. 3.7 simultaneously for
all receivers. An exact solution might not be achieved in such a scenario, since
the procedure involves solving non-linear equations (Chan and Towers, 1992).
Another possibility is to find θs through a geometric analysis given the source
and receiver positions. This approach assumes that the source position is already
known. It is then possible to get an exact solution using eq. 3.7. This approach was
demonstrated by Ferguson (1993), where an array of static hydrophones (acoustic
receivers) placed in water and a microphone placed on ground were employed to
measure an aeroplane’s speed from the Doppler shift in the acoustic tone signal
generated by propeller of the plane.

Speed computation algorithm in a 2D plane

The speed computation algorithm used in the proposed method employs eq. 3.7
to measure free-ranging swimming speed of a tagged fish. In addition, it uses a
geometric approach to estimate θs. Fig. 3.2 shows application of the algorithm in
2D (x, y) setup using two acoustic receivers A and B. A fish at positionO(xO, yO)
is swimming with a velocity vs. The velocity vector vs makes an angle θs with the
x-axis. The cosine components of vs observed at the receivers A and B are vscosα
and vscosβ respectively, where α is angle between the line OA and vs and β is
angle between the line OB and vs. Instead of estimating the angles θs, α or β,
the algorithm relates the difference of angles α and β to the 6 AOB of the triangle
4AOB as:

6 AOB = β − α (3.8)

6 AOB can be calculated as long as the position of the tag O(xO, yO) is known.
Once 6 AOB is known, application of trigonometric identities and simplification
lead to an expression for α.

The DSFs observed at receivers A (fdA) and B (fdB) are given by:

fdA =
vscosα

c
fs (3.9)

fdB =
vscosβ

c
fs (3.10)

Dividing (3.9) by (3.10) yields:

cosα

cosβ
=
fdA
fdB

(3.11)

Deriving β from (3.8) and inserting it into (3.11) then yields:

cosα

cos(6 AOB + α)
=
fdA
fdB

(3.12)
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Inverting and solving (3.12) for α yields:

cos(6 AOB + α)

cosα
=
fdB
fdA

(3.13)

cos(6 AOB)cosα− sin(6 AOB)sinα

cosα
=
fdB
fdA

(3.14)

cos(6 AOB)− sin(6 AOB)sinα

cosα
=
fdB
fdA

(3.15)

cos( 6 AOB)− sin(6 AOB)tanα =
fdB
fdA

(3.16)

tanα =
cos(6 AOB)− fdB

fdA

sin( 6 AOB)
(3.17)

α = atan(
cos(6 AOB)− fdB

fdA

sin(6 AOB)
) (3.18)

Angle β can be found using eq. 3.8 and α. Finally, vs can be calculated using:

vs =
fdAc

fscosα
(3.19)

, or in terms of β as:

vs =
fdBc

fscosβ
(3.20)

, and θs can be calculated using:

θs = 360◦ − β − 6 BOX (3.21)

Where 6 BOX is the angle calculated from the position of the tagO(xO, yO) along
the x-axis(Fig. 3.2)

Extension to 3D space

Since fish also move vertically, motion along the z-axis (depth) is also important.
Speed measurement in 3D requires three acoustic receivers. Receivers A and B
are then placed in the xy-plane, whereas receiver D is placed at deeper position to
span a 3D space (Fig. 3.3). The above set of equations are applied twice, first for
the xy-plane (A and B) and afterwards for the yz- or xz-planes formed by the third
receiver (D). As a final step, equations from both the planes are combined to meas-
ure true fish speed. The fourth receiver C is present to enable TDoA localisation
of the tag’s position O (refer to Fig. 3.3).
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Figure 3.2: A tag located at O moving with a velocity vs in the horizontal plane. The
Doppler shift measured at receiver A and B will be proportional to the components of the
transmitter speed vs along the linesAO andBO, respectively, defined by the angles α and
β. A third receiver at location C enables TDoA localisation of the tag at position O.

In case of 3D speed, eq. 3.19 is modified and vs is given by:

vs =
fdAc

fscosαsinξscosγ
(3.22)

Where γ is the angle between the receivers’ plane (A, B and C) and the line BO
and ξs is the angle between vs and z-axis (Fig. 3.3). The angle γ is measured using
the 3D position of the tagged fish i.e. O(xO, yO, zO) and the receivers reference
positions, whereas the angle ξs is calculated using the DSF at the receivers B and
D and eq. 3.8 and 3.18. Adding a third receiver (D) thus enables the calculation of
the angle ξs and hence the true 3D speed vs.

3.5 Experimental verification
The proposed method was verified and validated using an incremental approach
and was tested in two phases. In the first phase, the method was verified through
three different experimental setups without using live fish. The first step of these
was a lab experiment to evaluate the feasibility of pulse frequency extraction for
a static tag and simple 1D motions, while the second experiment was conducted
using a tag mounted on a catamaran moving in more complex 2D patterns in a close
to shore fjord environment. In the third and final experiment, the same catamaran
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D

Figure 3.3: Algorithm for 3D fish velocities using three acoustic receivers. Receivers A
and B are used to derive the direction of vs in the plane spanned between them and O(θs),
while receivers B and D are used to derive the angle in the plane BDO(ξs). The fourth
receiver C is present to enable TDoA localisation of the tag’s positionO. Angle γ accounts
for scaling of the velocity vector vs with the tag’s depth variation.

was placed in a fully stocked commercial marine farm to evaluate the performance
in a relevant environment. While the basic properties of the method was verified in
the experiments in phase 1, phase 2 included an experiment using live fish carrying
acoustic tags in a commercial sea-cage, with the intention of verifying the use of
the method in a real farming situation.

Phase 1

The first task in phase 1 was to acquire the means to transmit a well-defined and
stable centre frequency. A custom-made acoustic tag transmitting at a centre fre-
quency of 68.968 kHz was therefore developed. An eight-pulse burst signal similar
to the PPM, but with longer pulse duration (128 ms), was used as a target signal
(Fig. 3.7). An embedded system that simultaneously generated the acoustic signal
and logged the position and true speed of the tag was then developed. True speed
and position were obtained using a rotary encoder in the lab experiment and a
Real Time Kinematic (RTK) GPS in the field trials, and were used as ground truth
for calculating error in the Doppler speed measurement, and input for the speed
computation algorithm respectively.

For all phase 1 experiments, up to three broad spectrum digital hydrophones (Ocean
Sonics Ltd., Nova Scotia, Canada) were employed as receivers. The hydrophones
were set to collect and store the data in .wav file format. The duration of a single
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dataset was set to 10 min, whereas the sampling frequency was set to 256 kS s−1.
The datasets were analysed via a signal processing script developed in Matlab
(MathWorks, Inc., Natick, Massachusetts, USA) (Fig. 3.4). The FFT analysis
was performed on a single pulse basis and pulses across three hydrophones were
synchronised using the start time of a pulse detected via an amplitude threshold
detector. The script was programmed to calculate tag speed using average (arith-
metic mean) and modal values of the eight DSF peaks in a single burst, resulting
in two different statistical methods for Doppler speed estimation. To explore the
sensitivity of the method to imprecise position inputs, Matlab simulations where
tag positions were varied with a known error were used. Typical Circular Error
Probability (CEP) values for a TDoA fish positioning algorithm i.e. up to 1.5 m
were used in the simulations.

Bandpass 
filter

FFT
Group 8 
pulses

Average of
8 DSF peaks

Mode of  8 
DSF peaks

Calculate 
speed

Calculate 
speed

Calculate 
error

Logged ref. 
speed

Calculate 
error

Speed and 
error plots

Amplitude 
threshold & 
cross corr. 

Acoustic signal

Figure 3.4: Matlab script and signal processing block diagram. After filtering the acoustic
signal via a band-pass filter, amplitude threshold detection and cross-correlation operations
were performed to detect the start time of a pulse. The pulse start time was then used for
identifying the same pulse across all the three hydrophones and for the TDoA algorithm.
For phase 1 experiments, Doppler speed was calculated using both average and modal
DSF values of eight pulses in a single burst. True speed from the embedded systems’ log
file was used as a ground truth for error calculations and for speed time series comparison.

In all three 1 experiments in phase 1, the tag was moved along a predetermined
trajectory while the embedded system simultaneously transmitted acoustic signal
and logged the tag’s position and speed. Afterwards, the signal received at the
hydrophones was processed using the signal processing chain shown in Fig. 3.4.
The target speed and trajectories varied between the three experiments. Speeds
from 5 cm s−1 to 20 cm s−1 were used in the lab experiment, whereas speeds from
25 cm s−1 to 110 cm s−1 (typical swimming speed of Atlantic salmon) were used
in the fjord and sea-cage trials.
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Experimental setup

For the lab experiment, a DC motor cart-rail setup was developed for moving the
tag (Fig. 3.5a). The tag was mounted on a rod protruding about 1 m into the water
in a tank (dimensions 4.3 m x 1.3 m x 2 m). A single hydrophone placed in a
fixed position at approximately 1 m depth was used as receiver. The embedded
control system was programmed to move the cart and tag along a straight line,
either directly towards or away from the hydrophone, i.e. the angle between tag
and hydrophone was always 0◦. Since this resulted in 1D motion, the tag’s true
speed could be measured with an encoder mounted onto the motor shaft.

The fjord experiment was conducted closed to shore in an unrestricted sea envir-
onment, using a remote-controlled catamaran (Fig. 3.5b) to carry the embedded
computer and the rod that placed the tag at 1 m depth. For position and reference
speed measurements, an onboard RTK GPS was used. The embedded system was
logging start time of the acoustic pulse-bursts, as well as the position and speed
of the catamaran. The experiment was designed as an extension to the lab experi-
ment and the proposed algorithm was evaluated for 2D trajectories. Although the
catamaran (and hence the acoustic tag) had a linear trajectory in the fjord experi-
ment, the 2D motion effect was achieved by using two hydrophones. One of the
hydrophones was placed inline with the motion of the tag, whereas the second hy-
drophone was placed at 90◦(Fig 3.6a). Due to the geometrical placement of the
hydrophones, the angle between the tag trajectory and the line between the tag and
the first hydrophone was constant, i.e. 0◦, whereas it was changing from -45◦to
60◦at the second hydrophone.

The final experiment in concluding phase 1 was conducted inside an industry-scale
fully stocked sea-cage (about 200,000 fish). Three hydrophones were arranged in a
semi-circle configuration on the perimeter of the sea-cage as shown in Fig. 3.6b).
The catamaran was moved in a circular trajectory inside the sea-cage, resulting
in a scenario where the cosine angles between the tag and the three hydrophones
were changing all the time (Fig. 3.6b). The experiment was designed to gauge
the effect of acoustic reflections (from sea surface, biomass in the sea-cage and
nearby objects) on the error bounds, to verify the speed computation algorithm by
varying the cosine angles α and β (Fig. 3.2) and most importantly to demonstrate
and assess the proposed method in the targeted environment.

Phase 2

Phase 2 was designed to test the feasibility of the proposed method with live tagged
fish, and hence included development of a custom-made depth sensing acoustic
tag that was possible to implant into live fish. The custom tag used the same
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Carriageway

Acoustic  tag

Embedded system

Hydrophone

Fig. a

Fig. b

Figure 3.5: Fig. a: Mechanical setup for the lab experiment. Fig. b: Catamaran used in
the sea trials.

hardware as an existing commercial off the shelf (COTS) tag (Thelma Biotel AS,
Trondheim, Norway), but using a modified firmware enabling the tag to transmit
both the conventional 10 ms PPM signals and a burst of eight 200 ms pulses for the
Doppler computation (Fig. 3.7). The Doppler speed precision is directly related
to the used pulse width and improves with longer pulses (Lhermitte and Serafin,
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Fig. a: Fjord-based experiment Fig. b: Sea-cage experiment
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Figure 3.6: Illustration of the phase 1 fjord and sea-cage experimental setups. In the fjord
experiment, (Fig. a) the catamaran and tag were moved in a straight-line trajectory and
two hydrophones were placed at a distance (baseline) to capture the cosine component of
the speed at one of the hydrophones. In the sea-cage experiment (Fig. b), the catamaran
and tag were moved in a circular trajectory, with constantly changing cosine angles at all
three hydrophones.

1984). Therefore, a relatively longer pulse widths was used, which also makes
pulses robust against noise. The Doppler pulses had a fixed spacing of 300 ms.
Subsequently, after a guard time of 2.5 s, the tag was programmed to transmit
the conventional 10 ms PPM encoded signal containing the tag ID and the depth
sensor value. The message update rate of the tag was set to 15 s, meaning that
speed and depth measurement pairs were provided at this rate. Six acoustic tags
were produced, each operating at unique centre frequency, ranging from 67 kHz
to 72 kHz with a spacing of 1 kHz. The centre frequency and its variation due to
temperature change from 6 °C to 15 °C was evaluated for all the tags prior to the
experiment.
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Figure 3.7: A single transmission from the custom-made Doppler acoustic tag consisted
of a burst of eight pulses of extended duration (200 ms green pulses), which were used
for Doppler speed calculations. In addition, the tag also transmitted the conventional PPM
encoded signal (10 ms red pulses), providing tag ID and depth.

The experiment was conducted in a fully stocked sea-cage (about 200,000 fish) at
the Eldviktaren farm site of the Bjørøya Fiskeoppdrett AS for a duration of eight
days. Five fish (ID 110 body length 70 cm, ID 120 body length 62 cm, ID 130
body length 65 cm, ID 140 body length 64 cm and ID 150 body length 72 cm)
were tagged surgically using the procedure described in Urke et al. (2013). The
tagging was approved by the Norwegian Animal Research Authority (NARA, ID
23265). The sixth tag was deployed at a fixed position and depth (3.4 m) at the
edge of the cage throughout the experiment. This static tag was used as a refer-
ence for calculating the minimum expected error in the measured speed for the
tags implanted inside fish. In addition, the reference tag’s measured speed was
also used for comparison with the results from the experiments of phase 1. Four
hydrophones (Ocean Sonics Ltd., Nova Scotia, Canada) were used to record data
in the experiment. Three hydrophones A, B and C were placed in a circular con-
figuration in the horizontal xy-plane along the perimeter of the sea-cage at a depth
of 2 m. The fourth hydrophone (D) was placed at a depth of 18.5 m, directly be-
low hydrophone C, making an yz-plane for 3D speed measurement. In addition,
three TBR-700-RT (Thelma Biotel AS, Trondheim, Norway) acoustic receivers
were co-located with the hydrophones A, B and C (Fig. 3.8) to log the fish swim-
ming depths transmitted by the tags. Hydrophones A, B and C were used to derive
the xy position of the fish using the TDoA algorithm, while the swimming depths
from the TBR-700-RT receivers were used to resolve the depth. The TBR-700-RT
receivers also acted as a secondary fish positioning system and logged the water
temperature during the experiment every 10 min). A benchmarking dataset of ap-
proximately 20 h duration was initially collected in which all six tags were kept
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stationary at known positions, before they then were surgically implanted into the
fish.

D

Figure 3.8: Phase 2 experimental setup. Hydrophones A, B and C were placed at same
depth in the xy-plane whereas hydrophone D was placed at a depth of 18.5 m right below
hydrophone C, making a yz-plane for speed measurement in 3D.

3.6 Results and discussion

3.6.1 Results

Phase 1

The phase 1 experiments confirmed that the deviation between the Doppler-based
speed measurements and the true speed were relatively small. Moreover, the arith-
metic mean was generally more accurate for Doppler speed calculation than the
modal value in both lab and fjord trials (Hassan et al., 2019a), as shown in the time
series of Fig. 3.9. Since the rms error was slightly higher using the modal value,
the arithmetic mean was chosen as the measure of central tendency in the further
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analysis of the datasets from the sea-cage experiment.

Fig. 3.9 shows how variation in the angle θ leads to differences in the measured
speed obtained at the two hydrophones in the fjord experiment. The magnitude of
the measured speed is constant for the inline hydrophone whereas only direction
to and fro (a positive value means towards and a negative values means away) is
changing, giving a rectangular waveform (Fig. 3.9a). For the receiver placed at an
angle (Fig. 3.9b), not only direction but also the magnitude of the measured speed
is changing due to change in the observed angle, rendering a cosine waveform.
This result was corroborated by the ground truth speed obtained from the RTK
GPS.
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Figure 3.9: Doppler speed measurement for a hydrophone placed inline (Fig. a) and at an
angle (Fig. b) with respect to a transmitting tag (see Fig. 3.6a). The rectangular-shaped
waveform in Fig. a was obtained when the hydrophone was placed inline with the tag
motion and relates with the straight line motion as observed by this hydrophone. The
observed angle and magnitude of the measured speed were changing at the hydrophone
placed at an angle with respect to the transmitter, rendering the cosine waveform in Fig. b.
Both the time series represent a single 10 min dataset.

50



3.6. Results and discussion

Fig. 3.10 shows the same effects of variation in angle in the sea-cage experiment.
Here, the angle and hence the Doppler speed appears as a sinusoidal function at
both the hydrophones, which is expected and verified by the circular motion of the
catamaran.
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Figure 3.10: Doppler speed measurement at hydrophones A and B during the sea-cage
experiment. The catamaran had a circular trajectory (see Fig. 3.6b), leading to a sinusoidal
shaped speed measurement at the hydrophones. The measured speed (and hence the two
sinusoids) at hydrophone A and B were at a constant offset corresponding to the distance
between the hydrophones. The plot is for a single dataset of 10 min duration.

The cross-correlation coefficient between the measured and true speed was 0.9286
(N=357) for the entire speed range (i.e. 20 cm s−1 to 110 cm s−1). Fig. 3.11 shows
a scatter plot and the cross-correlation for all datasets obtained from the sea-cage
experiment.

Datasets from the sea-cage experiment were sub-divided into groups of low- and
high-speed for further statistical analysis and to assess the error bounds more
closely in relation with the sustained (belonging to low-speed group) and critical
(belonging to high-speed group) swimming speed of Atlantic salmon. Histograms
and normal distribution functions for measured and true speed and rms error (true-
measured speed) were fitted to the data. The low-speed dataset had an rms error
of 5.0 cm s−1 (mean −1.9 cm s−1, std. dev. 4.7 cm s−1), whereas the high-speed
dataset had an rms error of 10.2 cm s−1 (mean−2.9 cm s−1, std. dev. 9.8 cm s−1).
The relative error to speed ratio was constant at approximately 10% for both the
speed groups. Fig. 3.12 and Fig. 3.13 shows speed and error histograms for the
low- and high-speed datasets for the sea-cage experiment.
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Figure 3.11: Scatter plot and reference line (1:1) for the sea-cage experiment dataset
(N=357).
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Figure 3.12: Speed and error histograms for measured and true speed. The rms error
was calculated as square root of mean square values of the speed difference (measured and
true). Both histograms represent the low-speed case of phase 1 of the sea-cage experiment.
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Figure 3.13: Speed and error histograms for the measured and true speed. The histograms
represent the high-speed case of phase 1 of the sea-cage experiment.

The simulations showed that the cosine error in 6 AOB due to a tag’s position
comes to its maximum when a tag lies close to one of the hydrophones. Fig. 3.14
shows variation of the error in cosine computations due to an imprecise tag position
(CEP = 1.5 m).
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Figure 3.14: Relation between the tag’s position and error in cosine of 6 AOB. Error was
indirectly related with the tag’s distance from the hydrophones, and was at minimum when
located in the middle between the hydrophones, and at maximum when located close to
either of the hydrophones.
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Phase 2

The centre frequencies of all the tags were found during the initial benchmarking
phase where the tags were held stationary in a fixed location (Table 3.1). Although
the tags were found to have some temperature dependent variation in their centre
frequencies (12 Hz, from 6 °C to 15 °C), temperature was almost constant through-
out the water column during the field experiment (14 °C, std. dev. <0.25 °C). The
centre frequencies found from this benchmarking dataset were considered constant
in all further computations.

Table 3.1: Tag IDs and their calculated centre frequencies (fs) during the benchmarking
dataset.

Tag ID Centre frequency fs (Hz)
100 66940
110 67989
120 68970
130 69977
140 70982
150 72033

The static tag was measured to have an average speed of 10.6 cm s−1 (N=1080
samples), whereas tag ID 120 and 140 had an average speed of 88.1 cm s−1 (N=689
samples) and 108.4 cm s−1 (N=699 samples), respectively. Fig. 3.15 shows a his-
togram comparing measured Doppler speed for the three tags.

In addition to the instantaneous speed, variation in the angle (i.e. cosθs) for the
three tag IDs was also analysed (Fig. 3.16). The static tag had the majority of the
cosθs samples close to 0◦and within the first three bins (0 and ±0.1), whereas the
other two tags (implanted in fish) had relatively more dispersed cosθs values, im-
plying that the velocity angle was changing from 0◦to 360◦due to fish’ swimming
behaviour.

Average swimming speed for the individual datasets (10 min averages, N=38) over
time was also calculated. The average speed was varying for the tags (IDs 120 and
140) carried by fish, whereas it was constant for the static tag (ID 100) (Fig. 3.17).

3.6.2 Discussion

Phase 1

The results from the tests in phase 1 suggest that the proposed Doppler speed
computation algorithm could be used for instantaneous individual fish swimming
speed measurements. The rms error was less than 10% in measured speed for all
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Figure 3.15: Histogram showing variation in the measured Doppler speed for the tag IDs
100, 120 and 140. More than 85% of the total speed samples are within the first speed bin
(0 cm s−1 to 20 cm s−1) for the static tag (ID 100), whereas for the tags implanted in fish
(ID 120 and 140), speed samples are relatively dispersed over the entire speed range.

the experimental stages. The proposed method is elegant in the sense that the speed
measurement can be piggybacked onto existing telemetry systems. In essence, this
means that the new speed measurement data value could be extracted from the ex-
isting acoustic carrier wave without significantly modifying the telemetry systems.
Realising the method would thus not require any added complexity on the tag side
of the telemetry system, but would rather place the Doppler signal processing re-
quirement at the receiver end. The receiver is much less resource constrained in
terms of space and power consumption and could be extended relatively easy with
the required hardware and signal processing capacity.
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Figure 3.16: Histogram showing variation in cosθs for the three tag IDs. θs is distributed
from 0◦to 360◦(±1) for the implanted tag IDs 120 and 140, meaning that the fish were
changing their velocity angle frequently, whereas the static tag (ID 100) has more than
2/3rd of the total samples inside the first three histogram bins (0 and ±0.1). Histogram bin
size is 0.1.

Most commercially available telemetry systems do not exploit the Doppler signal
processing techniques and hence cannot perform the speed measurement. Moreover,
the method requires a longer pulse duration than what is commonly used in com-
mercially available tags (10 ms). This was observed in the initial lab trials using a
ordinary acoustic tag, where it was found that with a 10 ms pulse length, the centre
frequency could not be reliably estimated, leading to errors too large with respect
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Figure 3.17: Variation in the average speed for each tag over time for day 1 and 2. The
static tag (ID 100) does not show a significant variation in the average speed over time.
Whereas for the tag carried by fish (ID 120 and 140), the average speed is changing. Each
data point represents samples collected in one hour and includes three 10 min datasets
with number of samples 15 < N < 82.

to measuring the sustained swimming speed of Atlantic salmon with acceptable
accuracy (Hvas and Oppedal, 2017). This can be explained by the speed resol-
ution relation for Doppler-based instruments, which is governed by the available
pulse duration (Lhermitte and Serafin, 1984). Hovem (2007) provides an equation
for estimating Doppler speed resolution for a given pulse time. For a pulse dur-
ation of 10 ms, a speed resolution of 100 cm s−1 is achieved, which corroborates
the findings of the early lab trials. A minimum pulse time of 100 ms or more is
required for a reasonable speed resolution for fish speed measurement using the
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proposed algorithm. The custom-made acoustic tag was therefore programmed for
a pulse duration of 200 ms, yielding a speed resolution of 5.3 cm s−1.

The simulation results implied that when using the TDoA algorithm and a typical
CEP value of 1.5 m, the error in a tag’s position and hence in cosine angle and
tag’s speed could be significant when a tag is located close to one of the hydro-
phones. However, the error decreases with increase in the tag’s distance from the
hydrophones used for speed computation (Fig. 3.14). Since the TDoA algorithm
requires three hydrophones whereas the speed computation algorithm needs only
two hydrophones (for 2D), the error due to a tag’s position could be easily ad-
dressed by using that pair of hydrophones having the greatest distance from a tag
for speed computation.

Phase 2

This was the first study where the feasibility of the Doppler speed approach was
tested using live tagged fish in a realistic experimental setting, and the results gave
several indications that the method is both practicable and sufficiently accurate to
provide swimming speed measurements of free-ranging fish in various applica-
tions. First, the fact that the measurements of the stationary tag (ID 100) indeed
showed a very low speed, and also had a limited error of 10.6 cm s−1, gives credib-
ility regarding measurement in the low speed ranges. This fits with the results from
phase 1 of the study where an error of less than 10% of the total speed range was
observed. Furthermore, the tag was assumed stationary but it was held in place
using a rope and sinker. Since this means that tag motion would be affected by
water movements inside the cage, it is possible that the rms error of 10.6 cm s−1 is
basically a product of current and wave induced movements inside the cage. This
observation agrees well with the current measurements performed at other marine
sea-cage locations (Jónsdóttir et al., 2021). Secondly, the average speed of the
tagged fish when including all speed samples was approximately 1.4 and 1.6 body
lengths per second (BLs−1) for ID 120 and 140, respectively, which corresponds
well with the sustained swimming speeds reported for Atlantic Salmon in a farm
environment (Hvas and Oppedal, 2017). Finally, the swimming trajectories of the
tagged fish were circular, as indicated by the measured variation in angle of the
speed velocity vector, which was expected and in line with observations made in
in previous studies of fish behaviour in sea cages (Oppedal et al., 2011).

However, the Doppler speed datasets proved to have some outliers with speed val-
ues of more than 200 cm s−1. This could be attributed to the fact that the tags used
were standard acoustic tags with only firmware changes to generate the extended
time pulses for the Doppler speed measurements. The hardware of the tags was not
changed despite the fact that the accuracy of the method relies on the tag’s ability
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to maintain a very stable signal frequency. Inherent drift in the centre frequency
was compensated by the firmware through re-calibration of the tag’s internal clock
against a local crystal oscillator with a calibration interval of 500 s. Using the re-
calibration procedure, the static tags showed a deviation of 5-7 Hz in their centre
frequency. This was regarded as sufficient for the purpose of this study, but the
error in measured speed could be further reduced by custom designing the hard-
ware of the acoustic tags with an oscillator of higher precision and tight tolerance
discrete components.

Although six tags were used in the experiment, data from only three of these (ID
100, 120 and 140) were used in the analysis. This experiment was designed as a
proof-of-concept study for this technology, and not as a biological experiment to
interpret swimming speed patterns in salmon. The reasoning behind using several
tags was motivated by redundancy to counter the effect of a tag running out of
power or malfunctioning rather than to extend the analysis for statistical interpret-
ation. Since, all six tags were operational at the beginning of the experiment, it was
planned that data from all of them would be used in the analyses. However, a mal-
function in the cable connecting the hydrophone D to the surface synchronisation
module led to that the 1PPS signal was unavailable for the hydrophone, effectually
rendering it not synchronised and unable to compute TDoA. Since this meant that
TDoA using all four hydrophones was not possible, finding the 3D-positions of
the fish, which is necessary to use the Doppler algorithm, depended on obtaining
the depth values decoded by the TBR-700-RT receivers. However, the TBRs could
only monitor three frequencies simultaneously, meaning that the depth measure-
ments from only three tags (two fish and the static tag) were available, and hence
that the other three tags were not used in further analyses. Moreover, even though
the experiment lasted eight days, only data from day 1 and day 2 was used in the
present analyses. This was because hydrophone A experienced a hardware mal-
functioned on day 3 of the experiment and did not collect acoustic data afterwards,
effectually inhibiting any further Doppler assessments beyond this point in time.
However, the data collected during the two days was sufficient to make our main
conclusions regarding the viability of the method. The eight day period for the ex-
periment was planned as the best case scenario for collecting maximum possible
acoustic detections. In total, the experiment resulted in two 2.5 days of data that
was suitable for analyses, since the number of samples (N≈700 for ID 120 and
140 and N≈1100 for ID 100) during this period are sufficient for concluding the
feasibility of the method.

In summary, the phase 1 experiments confirmed that the Doppler approach as a
feasible method for speed measurement of acoustic tags and its potential for in-
stantaneous swimming speed measurement of fish in a large-scale sea-cage. The
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rms error in the measured speed (10% of the overall speed range) in phase 1 tri-
als was considered to be within acceptable error bounds for measuring Atlantic
salmon swimming speed. The phase 2 experiment proved the feasibility of the
method when applied to live fish using a commercial acoustic telemetry system.
The rms error in the measured speed for the static tag matched with the rms error
achieved in the phase 1 trials, and the overall swimming speed measurements of the
tagged fish showed reasonable values. The method could be improved to achieve
higher accuracy in the speed measurements by tailoring the acoustic tag with pre-
cise, tight tolerance discrete hardware components that ensure a more stable carrier
frequency.
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Chapter 4

Conclusion and Future work

4.1 Contributions and applications in marine aquaculture
The two main contributions of this thesis are the Internet of Fish (IoF) concept
and a novel fish swimming speed measurement algorithm. The IoF concept is a
reliable communication protocol which could relay acoustic telemetry data over
long distances at very low power consumption in real-time. The speed computa-
tion algorithm provides a novel and robust approach for measuring instantaneous
swimming speed for individual fish by using Doppler analysis. The IoF was tested
and proven as a reliable and power efficient communication protocol through the
two experiments described in chapter two of this study i.e. the real-time monit-
oring and real-time fish positioning experiments. LPWAN and IoT principles do
not suffer form the same challenges related to scalability, coverage area, power
consumption, and mismatch in data rates as the existing dedicated radio, cellular
and cabled based solutions. The good match in the strengths of LPWANs with the
requirements of a real-time acoustic telemetry system and the feasibility of the IoF
concept were demonstrated in this study. The IoF could also play a role in enabling
the observation phase defined in the PFF concept (Føre et al., 2018) by giving real-
time access to fish behaviour data. Moreover, for remote and exposed farming
sites (Bjelland et al., 2015), the IoF could become a key solution for monitoring
fish, especially with respect to the longer distances (i.e. in range of kilometres)
from shore-based infrastructure and the more extreme weather conditions making
physical access to a farm site unfeasible.

Today, acoustic telemetry is a monitoring tool used only in research and conser-
vation. This is mainly because a permit is required for surgically tagging fish,
rendering routine tagging of farmed fish more difficult. Additionally, this could be
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attributed partly to the presentation and accessibility of the acoustic data, which
is targeted for scientific studies. During farm operations, fish farmers have many
time critical tasks, and the relatively complicated and cumbersome procedures of
retrieving data from a receivers may thus alone result in that such systems are dis-
carded as operational tools. In addition, interpreting the data is a difficult process
requiring specialised skills. The remote access to the acoustic data in real-time via
a personal computer or a mobile phone with a user-friendly interface could poten-
tially facilitate the acoustic telemetry to become a fish monitoring tool which is
also utilised by marine farmers. The reliable communication provided by the the
IoF under harsh weather conditions and over long ranges makes it a good solu-
tion that in combining with exist monitoring methods based on e.g. cameras can
improve our ability to observe fish during production.

The Doppler speed computation algorithm provides a novel and robust approach
for measuring instantaneous swimming speed for individual fish. Unlike most ex-
isting methods for swimming speed measurement, the Doppler principle could be
applied to individual free-ranging fish in commercial marine farms. This could
enable researchers and biologists to observe and understand the swimming beha-
viour of farmed fish in their typical habitat and relate their activity more precisely
to their energy budget. In the longer run, this knowledge could be used to optimise
farm management operations and fish welfare (Føre et al., 2018). The possib-
ility of making in-cage speed measurements also gives a distinctive opportunity
to document and study how fish behave in extreme currents and sea conditions,
which becomes increasingly more relevant in the context of exposed farming sites
(Bjelland et al., 2015). The approach is elegant in a sense that it does not re-
quire significant alterations of the existing acoustic telemetry solutions to work
and can thus be applied to the already tested and validated systems used in marine
farming settings. The catamaran experiments validated the method by showing
that the principle works in full scale sea-cages. Finally, the experiment with live
tagged fish in a fully stocked cage demonstrated that the proposed method worked
as expected, yielding similar accuracy in the measurements as found in the initial
validation experiments even when the acoustic tags were carried by live fish.

4.2 Future work

4.2.1 Back-end development and defining latency bounds for the IoF concept

A possible future work for the IoF concept is further development of the applic-
ation layer and the back-end of the IoF to make it more user-friendly and easily
accessible. A personal computer was assigned as a role of the server in this study,
however the IoF back-end could be executed on any general purpose computing
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device running an MQTT client. In addition, the data presentation could also be
achieved via a web browser without an MQTT client. This requires developing a
web server graphical interface, an MQTT broker for handling multiple incoming
connections simultaneously and use of a persistent database such as a relational
database management system. Another possible future improvement of the IoF
concept is to define a timing deadline for a message reception at the server. The
IoF concept presented in this study was designed as a soft real-time system with
a worst-case delay (update rate) of 1 min. The current LoRa standard does not
provide detailed timing specifications in terms of the deadlines for signal reception
(Raza et al., 2017). Thus, a possible future work could be to improve the current
version of the IoF concept by measuring and specifying the worst-case delay for a
message update at the server.

4.2.2 Design of a Doppler tag

The experiment involving live tagged fish proved the feasibility of fish speed meas-
urement using the proposed Doppler principle. However, the results could further
be improved by fine tuning the custom-made acoustic tag with specially selec-
ted hardware components achieving a very sharp centre frequency. The precision
and tolerances of the different components used in the tag such as the internal os-
cillator, capacitors, inductors and resistors affect the stability of the tag’s centre
frequency. Therefore, hardware improvements in the custom-made acoustic tag
developed in this study should be regarded as the next logical step beyond this
study.

Another possible development direction could be to enhance the energy efficiency
of the proposed Doppler tag. The duration of a single pulse in an acoustic burst
transmitted by a tag has direct impact upon the tag’s battery life. Whereas fish
speed is a desired measurement, a tag’s usable life is also an important design
parameter. Typical usable life of acoustic tags is in range of few months to years.
In this study, the focus has been on development of the Doppler speed principle
and its verification under marine farm conditions. The enhancements in terms of
energy efficiency were not considered and an additional sequence of relatively long
(>100 ms) pulses to allow speed measurement was used in the custom-made tag.
A potential future method could be a modulation scheme merging the currently
used PPM signal modulation with the longer pulses required for the Doppler speed
measurement. For example two or three pulses out of the total eight pulses in a
PPM burst could be used for speed measurement (>100 ms pulse length), whereas
the remaining pulses in the PPM signal have normal duration and are used for
encoding information, thus saving the tag’s battery life. A new modified PPM
modulation scheme would have implications for the receivers as they would then
be required to process the new modulation scheme.
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4.2.3 Receiver merging the IoF and Doppler speed measurement concept

The merger of the Doppler speed measurement approach and the IoF concept to
provide real-time fish speed and position measurements is the main outcome of
this thesis. A long run goal could be design of a real-time acoustic receiver which
provides signals’ arrival time for the TDoA positioning algorithm, DSF for the
speed computation algorithm and support for real-time communication with the
surface communication module. This will then give a possibility for simultaneous
fish positioning and speed measurement in real-time. Although no currently avail-
able receivers are able to do this, a future receiver could be designed based on the
block diagram shown in Fig. 4.1. The proposed acoustic receiver is centred around
the Matlab signal processing chain presented in chapter 3 (Fig. 3.4) and performs
the required Doppler signal processing steps. It includes the possibility of directly
receiving an external GPS 1PPS signal for the distributed synchronisation of mul-
tiple receivers and also calculates the signal’s arrival time using cross-correlation
which is required for fish positioning using the TDoA algorithm. Finally, it com-
municates with a SLIM/LAM hardware module by using a standard serial com-
munication protocol (RS-485).
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amplification & 

A/D conversion

Band-pass filter
Arrival time 
cross corr. &
amplt. threshold

FFT, 
single pulse

Group N pulses
DSF peak,
avg. of N pulses

Receiver
 PZT
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osciallator

External 1PPS signal

Arrival time
of first pulse

Interpulse time
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Decode tag type,
ID and data 

Add local
timestamp

Pack DSF, tag ID,
data & arrival time
in a string

To SLIM/
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Figure 4.1: A block diagram of the proposed acoustic receiver that implements FFT at
pulse level to calculate DSF peaks for swimming speed calculations. At the same time,
the receiver measures pulse arrival time for fish positioning based on the TDoA algorithm.
A 1PPS signal from an external source such as a GPS provides the receiver with a timing
reference for accurate timestamping of received signals. The receiver then forwards the
acoustic data to a SLIM/LAM module in real-time via a serial RS-485 link.
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A B S T R A C T

The aim of this study was to develop and test the feasibility of a concept called Internet of Fish (IoF). State-of-the-
art acoustic telemetry systems could enable farmers to acquire behavioural data of fish in fish farms, however,
the existing systems provide limited real-time access to the telemetry data. Low Power Wide Area Networks
(LPWANs) are instrumental in the proliferation of the Internet of Things and enables spatially dispersed devices
to communicate over long distances for months using dedicated modulations schemes. The IoF concept exploits
the harmony in the performance characteristics of acoustic fish telemetry and LoRa (Long Range wireless data
protocol with low power modulation) based LPWAN to provide real-time access to the telemetry data. This was
achieved by developing a device designated as the LoRa Add-on Module (LAM), which provides LoRa radio
support to underwater acoustic receivers. In this study, feasibility of the IoF concept was tested by conducting an
experiment in a commercial marine fish farm in Norway. Four LAM and acoustic receiver pairs with a link-length
to a centralized gateway of 150m to 2.5 km were used in the field experiment. The Quality of Service (QoS) of
the proposed LoRa LPWAN was determined to evaluate the effect of link-length. The QoS of more than 90% was
achieved for all nodes, affirming the feasibility of real-time monitoring in marine fish farms and exposed
aquaculture sites based on the IoF concept.

1. Introduction

Aquaculture is one of the fastest growing food producing industries
and is believed to be instrumental in filling the future global supply-
demand gap in aquatic food. Increasing demands for fish protein have
stimulated expansion of both land-based and sea-based finfish aqua-
culture (FAO, 2016). Although the generally harsh marine environment
poses substantial technological and operational challenges to sea-based
fish farming, raising fish in large floating net-based sea-cages has
proven as a competitive option due to its flexibility, robustness and cost
effectiveness (Iversen et al., 2013). For instance, around two million
tons of Atlantic salmon harvested in 2014 were produced using this
farming concept (Liu et al., 2016). This production form is based on
each cage containing up to 200,000 individual fish (Bjelland et al.,
2015; Føre et al., 2018a), and a typical farm consisting of 8–16 cages.
Such fish farms have traditionally been located in relatively protected
coastal and inshore areas where they are sheltered from the harshest
weather conditions and most severe sea states, and have easy access to
onshore infrastructure.

However, the recent growth in the aquaculture industry has in-
creased the demand for new fish farming sites, and simultaneously
competing claims to sheltered coastal areas made by other stakeholders
have reduced the access to such areas for fish farming (Bjelland et al.,
2015). This has stimulated the marine fish farming industry to start
moving sites further offshore where space limitations and conflicts are
less pronounced. Although exposed sites may offer some appealing
advantages compared to more sheltered sites such as better water
quality, less impact on local environment and a lower parasite/disease
pressure, the harsher conditions and remoteness to shore render man-
agement and operation of exposed fish farms significantly more chal-
lenging (Bjelland et al., 2015).

One of the obvious challenges of remoteness and more severe
weather conditions relates to the limitations they inflict on the farmer’s
ability to get on-site and inspect the state of the fish. Observing fish
behaviour is vital for farmers as the behaviour and movements of fish
are inherently linked with how they perceive and interact with the cage
environment. Moreover, behavioural responses may provide valuable
insight into aspects of the welfare condition and performance of the
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fish, such as feeding habits and responses towards potential adverse
environmental factors (Føre et al., 2011). In addition, the sheer scale of
contemporary commercial fish farms in terms of both volume and
biomass combined with the obscurity of the underwater environment,
make adequate monitoring of fish a challenge in itself (Føre et al.,
2018a). Collectively, these aspects imply a need for technological so-
lutions and tools that enable farmers to observe and monitor the be-
haviour of fish consistently and in real-time even in situations when
physical presence on-site is not feasible.

A number of technological solutions have been proposed for mon-
itoring the behaviour of fish (Føre et al., 2018a). Bio-telemetry is one
such technique that enables monitoring of individuals and groups of
fish, and that has been used to monitor wild (Davidsen et al., 2009;
Hussey et al., 2015) and farmed (Føre et al., 2011, 2017) fish both in
sea and fresh waters. Marine applications of fish telemetry are normally
based on acoustic signals due to their good propagation characteristics
in salt water compared to radio signals (Pincock and Johnston, 2012;
Hussey et al., 2015). A typical acoustic telemetry system consists of
acoustic transmitter tags and one or more matching acoustic receivers,
and recent studies have demonstrated that such systems can be used to
obtain full coverage of the volume in fully stocked commercial sea-
cages (Føre et al., 2017), even during extreme operations such as
crowding (Føre et al., 2018b). An acoustic transmitter tag is a miniature
electronic device that maybe attached to a free-ranging fish, either by
external attachment or surgical implantation. Basic ID acoustic tags
only transmit a simple acoustic code that can be used for identifying
and locating the fish. Advanced acoustic tags also have on-board sen-
sors for collecting additional information related to the fish and its
environment. These tags can transmit unique ID codes and additional
digital data collected by on-board sensors, allowing wireless in-situ
underwater monitoring of individual fish. Sensors previously used in
acoustic telemetry transmitters include pressure (depth measurements
e.g. Skilbrei et al., 2009; Føre et al., 2011), accelerometer (e.g. Føre
et al., 2011; Kolarevic et al., 2016), electromyography (EMG) (e.g.
Cooke et al., 2004) and temperature (e.g. Koeck et al., 2014). An
acoustic telemetry receiver is a specialized hydrophone device which
receives and decodes the acoustic signals emitted by acoustic tags
(Pincock and Johnston, 2012). Acoustic receivers typically store tele-
metry data internally and need to be accessed manually for data re-
trieval, post-processing and analyses. This operation thus requires
manpower and on-site presence of personnel (Grothues, 2009), which
can be both impractical and expensive, and may be difficult to plan and
execute due to unpredictable weather conditions, especially at exposed
locations (Bjelland et al., 2015).

Although conventional acoustic receivers are normally not designed
for real-time operation, real-time access to telemetry data is a desired
feature that is required for specific applications such as fish tracking
and real-time fish positioning algorithms (Grothues, 2009; Pincock and
Johnston, 2012). Currently, real-time data access to acoustic receivers
is offered by several providers of such equipment, where the most
straight-forward solution is to provide cabled access to the receiver
units via a standard serial communication interface (Grothues, 2009;
Deng et al., 2011; Pincock and Johnston, 2012). However, cabled
connection to individual acoustic receivers can only be provided close
to shore or fixed sea installations and cable length will be a bottleneck
because it will limit the maximum distance from the receivers to local
infrastructure, thereby limiting the maximum acoustic coverage prac-
tically possible to achieve. Moreover, the presence of cables in and
around the sea cages is often seen as a nuisance and liability issue by
the fish farmers during farm operations. These limitations of cabled
systems would be even more pronounced and inhibiting at exposed
locations due to the long distance to shore-based infrastructure
(Grothues, 2009).

Internet of Things (IoT) refers to a network paradigm where phy-
sical devices are integrated with embedded computers and connected to
the internet, making them easier for humans and other devices to access

and exchange data with. Such devices are typically powered by bat-
teries, and most often communicate using wireless protocols. Present
applications of IoT include standalone sensing nodes for home auto-
mation, automobiles, trains, and industrial and agricultural sensors and
actuators (Raza et al., 2017). In addition to being small and battery
powered, IoT devices are often distributed over large geographical
areas, subjected to very strict energy budget requirements, and com-
municate at relatively low data rates. These characteristics suggest that
it is not optimal to connect IoT devices to the Internet using standard
non-cellular short range wireless technologies or traditional cellular
networks, but rather employ low power radio protocols. LPWAN re-
presents an emerging communication technology that complements
existing standard wireless computer networks by directly addressing
the unique requirements of IoT devices, and that relies on an archi-
tecture similar to the Global System for Mobile communications (GSM)
cellular networks (Raza et al., 2017). LPWANs exploit the sub-gigahertz
unlicensed Industrial, Scientific and Medical (ISM) bands, and provide
large coverage areas and low power consumption at the end devices by
utilizing efficient modulation schemes and intermittent transmit/re-
ceive cycles, with typical receiver sensitivity as low as −130 dBm to
−150 dBm. The low power consumption and wide coverage areas of
LPWANs are achieved at a cost of very low data rates, which are typi-
cally in the order of a few kilobytes per seconds (kbps). However, ty-
pical IoT devices, and hence end devices of LPWANs, only need to ex-
change small amounts of data at sporadic time intervals, usually
upstream to a central IoT server through gateway nodes in a star to-
pology, rendering high data rate less important (Raza et al., 2017).

Since acoustic fish telemetry systems share many of the properties
related to battery operation, spatial distribution, low-power require-
ments and low data rates mentioned above, LPWANs can be regarded a
highly relevant candidate for extending acoustic telemetry systems with
features that enable real-time user access to telemetry data. This study
was therefore focused on developing and testing a wireless and power-
efficient real-time fish monitoring solution for marine aquaculture ap-
plications by integrating an acoustic fish telemetry system with LPWAN
technology. The proposed solution combined a state-of-the-art sub-
merged acoustic receiver with a surface communication module
(hereafter referred to as the LoRa Add-on Module or LAM) that pro-
vided a power-efficient long range wireless communication interface
for the incoming fish telemetry data. Multiple LAMs were connected in
a star topology to form an LPWAN of acoustic receivers, establishing a
concept called the “Internet of Fish” (IoF). The proposed system was
tested in a large-scale commercial fish farm using three LAMs, each
connected to an acoustic receiver and placed inside sea-cages at varying
distances from a centralized gateway. A fourth LAM and acoustic re-
ceiver pair was deployed on a buoy moored at open sea at a longer
distance (2.5 km) from the gateway. The aim of the experiment was to
evaluate the feasibility of using LPWAN for aquaculture applications in
a marine environment by considering the Quality of Service (QoS)
obtained by the LPWAN in providing real-time access to acoustic tele-
metry data from individual fish in fish farms to users on land.

2. Materials and methods

2.1. System requirements

LPWAN link-length, bandwidth and battery operated end devices
are three important dimensioning requirements for the IoF concept. The
end-to-end extent of a typical fish farm for Atlantic salmon production
may exceed 1 km, indicating the link-length that the LPWAN must offer.
The overall acoustic message rate and the size of a single acoustic
message received by the LAM from the acoustic receiver provide an-
other important dimensioning parameter, in specifying the minimum
required data transmission capacity/bandwidth of the LPWAN system.
Overall acoustic message rate in a telemetry setup depends on several
factors including tag density, the time interval between consecutive
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messages sent by the tags, the time required to transmit one acoustic
message, and messages lost due to interference from noise and message
collisions at the acoustic receiver (Pincock and Johnston, 2012; Føre
et al., 2017). Pincock and Johnston (2012) provides a method for es-
timating the average time between two consecutive acoustic messages
successfully received by the receiver from a tag given different tag
densities. For a tag density of 10 tags with each tag having an acoustic
message update rate of 1 message per minute, this method estimates the
average time between two successful detections from a tag at 2.4 min,
which in average gives an overall acoustic message rate of approxi-
mately 5 messages per minute successfully detected by the receiver. In
this study, acoustic test tags (Thelma Biotel AS, Trondheim, Norway)
with a relatively high update rate of 1 message every 6 s were used,
which corresponds to an overall acoustic update rate of roughly 10
acoustic messages per minute. A single telemetry message received
from the acoustic receivers used in this study (TBR-700-RT, Thelma
Biotel AS, Trondheim, Norway) consists of 11 bytes of information.
Since the LPWAN system was set up to transmit one radio packet per
minute, and up to 10 telemetry messages can be expected per minute,
this means that a packet size of at least 110 bytes is necessary for each
LPWAN message to include all telemetry messages received since last
transmission. The third important system requirement is related to the
energy efficiency of the end devices. End devices should be battery
operated with the assumption that a power source will not be easily
available at the cages and that cables should be avoided, which is
especially relevant with respect to farming at exposed aquaculture sites
that generally are more remote from available power sources. This re-
quirement of battery operated end devices suggests that devices should
be designed according to ultra-low power design techniques.

Most modern fish farms also have a feed barge for storage and
distribution of feed, which is usually placed centrally at the site and
relatively close to the sea-cages (Fig. 7a). Since the barge often has
power and Internet installed, it is an ideal location to deploy the
gateway of the LPWAN system.

2.2. Available physical layers for LPWAN

Various wireless technologies such as SigFox, Weightless, LoRa and
Ingenu are competing as a potential physical (PHY) layer for LPWANs
(Raza et al., 2017). With coverage of more than twice the length of a
typical salmon farm (Table 1), all these LPWAN technologies can serve
the first of the system requirements for IoF concept. However, the dif-
ferent technologies use different modulation schemes at the physical
layer and thus differ in terms of payload size, data rates and licensing
cost. SigFox and Weightless-N uses Ultra Narrowband (UNB) and Nar-
rowband (NB) modulation schemes respectively (Raza et al., 2017), and
have hard restrictions on maximum payload size, with the SigFox
payload being limited to 12 bytes and the Weightless-N maximum
payload size being 20 bytes (Raza et al., 2017). These restrictions make
both SigFox and Weightless-N unsuitable for the present application
since they cannot fulfil the minimum payload size requirement of 110
bytes. Ingenu uses Random Phase Multiple Access Modulation (RPMA),
operates at the 2.4 GHz ISM band, and offers payloads of up to 10
kilobytes and data rates up to 78 kbps (Raza et al., 2017). Although
Ingenu thus satisfies the packet size requirement, it has a higher power

consumption compared to the other technologies due to high usage of
spectrum band (Adelantado et al., 2017). The fourth LPWAN tech-
nology considered in this study is LoRa. LoRa uses Chirp Spread Spec-
trum (CSS) modulation, offers a payload up to 250 bytes, has data rates
up to 37.5 kpbs and very low power consumption (Raza et al., 2017),
thus fulfilling all three requirements for the application. A unique
feature of LoRa is the Spreading Factor (SF) parameter which is closely
related with the bandwidth and provides an additional degree of
freedom in node/end device design. The SF can be chosen as a trade-off
between coverage area, data rates and radio packet size (Augustin et al.,
2016; Adelantado et al., 2017; Raza et al., 2017). This added flexibility,
together with its fulfillment of all three system requirements, makes
LoRa an ideal candidate as a wireless communication interface for
acoustic fish telemetry. LoRa has also been identified as the best can-
didate for similar applications in agriculture (Adelantado et al., 2017;
Talavera et al., 2017).

2.3. System description

Three layers may be identified in a typical LPWAN based mon-
itoring system, the first layer being the perception layer which consists
of sensor nodes or end devices (Talavera et al., 2017). Devices in this
layer are typically distributed geographically/spatially. The second
layer is the network layer and consists of a centralized device denoted
as the gateway. All end devices in the perception layer communicate
with this gateway in a star topology. The third layer in this re-
presentation is the application layer, which typically features a server
and a database that functions as a system back-end and front-end for
presentation of data to the user. The LPWAN system developed in the
present study tightly conforms to this architecture and includes the
same three layers, as can be seen in Fig. 1. In addition, the perception
layer is split into two sub-layers distinguishing between the system
components that are underwater (i.e. the acoustic telemetry system)
and those at the surface (i.e. the radio communication system). The IoF
concept employs an existing acoustic telemetry system (Thelma Biotel
AS, Trondheim, Norway) and does not require any changes in the
acoustic link (underwater part of the perception layer in Fig. 1), clearly
isolating the LPWAN applications from the acoustic link. This makes the
proposed LPWAN system largely independent of the acoustic telemetry
system type, making it easier to adapt to different telemetry systems.

2.3.1. Perception layer: LAM
Hardware. The LoRa Add-on Module (LAM) is a microcontroller

based battery operated standalone module designed in this study to act
as the end device of the LoRa LPWAN and provide radio interface to the
acoustic receiver. Each LAM has a unique ID and is a basic transmission
device (end device) in the LPWAN system, also known as a node in the
LPWAN terminology. A block diagram of the LAM is shown in Fig. 2.
The LAM was designed using a 32-bit EFM32GG842 ARM Cortex M3
microcontroller (Silicon Labs) as its core processing and control com-
ponent. In this study, the LAM was designed to interface with a Thelma
Biotel TBR-700-RT acoustic receiver that was set up to forward all re-
ceived acoustic messages on a standard RS-485 serial interface, pro-
viding telemetry data to the LAM as acoustic messages arrive. Radio
communication was realized through a Serial Peripheral Interface (SPI)
based LoRa module (RFM95W, HopeRF), that operates at 868MHz and
transmits the radio packages containing the telemetry data to a
gateway. The LAM also includes a Global Positioning System (GPS)
receiver (u-blox, NEO-7P) that allows for distributed time synchroni-
zation of the attached acoustic receivers, which is important to ensure
good data quality and is necessary in fish localization and tracking
(Grothues, 2009; Pincock and Johnston, 2012). Fig. 3 shows the Printed
Circuit Board (PCB) and physical realization of the LAM.

Power consumption. To fulfil the requirement of battery operated end
devices, the LAM was designed using ultra-low power design techni-
ques, which implies careful design choices with respect to selection of

Table 1
Comparison of various competing technologies for LPWANs.

Parameter Ingenu SigFox Weightless-N LoRa

Modulation RPMA UNB NB CSS
Payload size 10 K bytes 12 bytes 20 bytes 250 bytes
Data rate 78 kbps 100–600 bps 30–100 kbps 37.5 kbps
Encryption 256b AES Not supported 128b AES 128b AES

Packet limitation n/a 16 per day n/a n/a
Coverage 5–6 km 10 km and 50 km 3 km 5–15 km
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microcontroller and peripheral circuits. The EFM32GG microcontroller
supports a range of low energy modes for battery powered applications
and includes peripherals such as timers, real-time clocks and commu-
nication interfaces that operate in low energy modes. At the circuit
level, hardware modules were power gated by transistor switches to
optimize power consumption. Current consumption of the LAM is
20mA during its normal operation and 50mA during radio transmit
mode (which is only active for very short duration). The LAM is de-
signed for a 3.6 V, 35 A h Lithium primary cell and will operate for
approximately 2months.

LoRa Spreading Factor (SF). Effective communication range, max-
imum payload size and time-on-air are determined in LoRa by the
parameters spreading factor (SF), bandwidth and transmit power
(Augustin et al., 2016). For a fixed bandwidth and transmit power, SF
thus defines the maximum size of a radio message in bytes, time-on-air
(data rate) and receiver sensitivity. Typical values of SF vary from SF7
to SF12. Messages sent with a SF7 spend least time-on-air, require
sensitive receivers and can have a payload size of up to 250 bytes,
whereas messages sent with SF12 spend most time-on-air, require less
sensitive receivers and have a maximum payload size of up to 60 bytes

(Augustin et al., 2016; Adelantado et al., 2017; Raza et al., 2017).
Duty cycle and time-on-air. For LPWAN modulations operating in the

free sub-gigahertz ISM band, time-on-air and frequency sub-bands are
regulated in different regions of the world by the responsible tele-
communication regulatory bodies (Adelantado et al., 2017; Raza et al.,
2017). In the European region (EU), LPWAN/LoRa modulation uses the
868MHz ISM band with an allowed duty cycle of 1%, which gives a
maximum time-on-air of 36 s per hour (Adelantado et al., 2017). The
time-on-air for each transmission in LoRa modulation depends on the
payload size, bandwidth, header size and SF (Augustin et al., 2016), and
can be calculated by using software tools supplied by the LoRa mod-
ulation chip manufacturer. The LAM was programmed to use SF7,
coding rate of 4/5, with a bandwidth of 125 kHz and a transmit power
of 14 dBm. For a payload of 111 bytes, time-on-air for a single radio
packet transmitted by the LAM using SF7, is 187.65ms, or 11.259 s for

Fig. 1. Overview of different modules in three layers of the IoF concept and their inter-communication.

Fig. 2. LAM block diagram highlighting different modules and their interfaces
with EFM32GG842.

Fig. 3. PCB of the LAM showing different modules.

W. Hassan, et al. Computers and Electronics in Agriculture 163 (2019) 104850

4



60 transmissions over a period of one hour. The time-on-air increases
with higher SF values, for example time-on-air for a single radio packet
transmitted with SF9 and a payload size of 111 bytes is 586.75ms or
35.205 s for 60 transmissions per hour. The LAM complies with the
duty cycle regulations of the EU region for both SF7 and SF9 config-
urations.

Firmware. The firmware of the LAM was developed in the C pro-
gramming language using Silicon Lab’s Simplicity Studio Integrated
Development Environment (IDE), and was based on IBM’s LMiC library
which implements the LPWAN stack. The library is modular and can be
ported and modified based on the requirements of the application, and
it also provides a timer-based scheduler. The device drivers for GPS, the
TBR-700-RT acoustic receiver and other peripherals were implemented
in the Hardware Abstraction Layer (HAL) of the library. Firmware op-
eration is based on timer interrupts with an Interrupt Service Routine
(ISR) being executed every 10 s, executing a job called ‘application job’.
On each iteration of this job, a time synchronization message is sent to
the TBR-700-RT receiver, updating the TBR’s internal clock to match
the GPS clock of the LAM. This mechanism allows accurate distributed
time synchronization of multiple TBRs and is instrumental for the lo-
calization of acoustic tags. The application job also checks for any
newly arrived telemetry messages in the last 10 s and adds them to a
buffer for further processing. A flag is set by the timer ISR every 60 s,
and is used by the application job to trigger sending a data packet
containing buffered telemetry messages over the radio link. The flag is
also used to store the data locally on the SD card in the LAM as a
backup. Operation of the firmware is explained in the flow diagram
shown in Fig. 4.

2.3.2. Network layer: gateway
The gateway in the IoF concept works as a centralized node for all

end devices (LAMs) and is responsible for forwarding all incoming

messages from nodes with authorized IDs to a server. A MultiConnect
Conduit (MTCDT-H5-210L, Multi-Tech Systems, Inc.) was used as the
gateway in this study which is a Commercially Off The Shelf (COTS)
module. The gateway was equipped with a suitable RF antenna to re-
ceive data from nodes via the LoRa radio link and an Ethernet con-
nection for transmitting received data to the server.

Message Queuing Telemetry Transport (MQTT). The gateway supports
the Eclipse Mosquitto MQTT protocol (Light, 2017) for sending data
over the Internet. The MQTT is a subscribe/publish-based protocol used
in Machine to Machine (M2M) and IoT applications that works on top of
the TCP/IP protocol and has two elements: a client and a broker
(Hunkeler et al., 2008). Any device supporting a MQTT protocol is a
MQTT client, and a client can either be a subscriber (that is receiving
data) or a publisher (that is producing data) of data. A client connects
with a MQTT broker, which is the central application in the protocol.
The broker is responsible for connecting and maintaining connections
with all clients, and for receiving data from the clients. Messages ex-
changed in MQTT are provided with an additional field denoted as the
topic. This field makes MQTT scalable and more versatile by allowing
the broker to do message filtering and forwarding based on this value.
This is possible because MQTT subscribers subscribe to a topic instead of
data from a specific publisher, meaning that the broker is responsible
for ensuring that data tagged with a specific topic is forwarded to all
subscribers of that topic (Hunkeler et al., 2008). A JavaScript MQTT-
publisher application (packet forwarder) that effectively forwards all
received data from the LAMs to the server over the Internet, was de-
veloped and implemented on the Linux-based gateway.

2.3.3. Application layer: server
A personal computer with Internet access was assigned the role as

the server in the application layer. The server was responsible for re-
ceiving and storing data locally on its hard drive, and presenting tele-
metry data to end users. For this, three applications were developed: an
MQTT broker, an MQTT subscriber client and a MATLAB Graphical
User Interface (GUI). The open source HBMQTT was used to implement
the MQTT broker and client applications on the server, where the
broker was set up to accept connections and receive data from all
publishing clients including the publisher client running on the
gateway, while the subscriber client was set up to subscribe to and store
all received messages in text files on the local hard drive. In this case,
the text files functioned as a database with a unique file containing the
data received from each LAM. Fig. 5 shows how the MQTT protocol was
used in the overall LPWAN system, whereas Fig. 6 shows a flow dia-
gram explaining the operation of the subscriber client application. The
third application running on the server was a Graphical User Interface
(GUI) developed using the MATLAB GUIDE environment (The Math-
Works, Inc., USA). The GUI is the presentation layer application visible
to users, and enables a user to select a specific LAM based on its ID and
plot and inspect the telemetry data recorded by the associated acoustic
receiver in real-time.

Fig. 4. Flowchart explaining operation of the LAM firmware. Fig. 5. Overview of the server applications and MQTT based communication.
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2.4. Field experiment and validation

The IoF concept functionality was first dry-tested and verified in a
series of laboratory experiments. Subsequently, an extensive field test
was conducted at a commercial marine fish farm in Norway, with the
goal of studying the feasibility of using LoRa-based LPWAN for real-
time fish monitoring in marine aquaculture sites. Four LAMs and a
gateway were used during the field test, where each node consisted of a
surface LAM connected to a submerged TBR-700-RT acoustic receiver.
Three of the nodes were installed in two fish cages, each having dif-
ferent distances from the gateway (Fig. 7a) and with the antennas 0.8m
above sea level. In order to increase the span of transmission ranges
tested, the fourth node was deployed on a remote buoy located con-
siderably farther away from the gateway than the other nodes (Fig. 7b).
In this case the antenna was raised to 2m above sea level, to reduce the
chance that wave induced buoy movement could prevent line of sight
between the LAM and the gateway. All nodes were set to transmit one
radio message over the LPWAN every minute where the size of the radio
messages varied depending on the number of acoustic messages re-
ceived since last transmission. Acoustic transmitter test tags were de-
ployed in the water at fixed locations in the vicinity of the nodes to
emulate tagged fish and generate test messages that could be picked up
by the acoustic receivers and subsequently relayed through the LPWAN.
Three different types of test tags that were programmed to transmit on
average 6 to 10 acoustic messages per minute, were used in the ex-
periment. The gateway was placed inside the feed barge with an RF
antenna mounted on the roof of the barge at a height of approximately

10m above sea level to ensure line of sight communication with the
nodes. The gateway was connected to the Internet via an Ethernet port
on a standard network router that was installed on the barge. The re-
lative locations of the nodes and the gateway are shown in the map
given in Fig. 7. The server was placed in an office environment ap-
proximately 150 km away from the test site.

Following deployment of the nodes and initialization of the net-
work, the experiment ran for fourteen days without any intervention.
During the course of the experiment, it was possible for an operator to
select a desired LAM ID and display real-time and recorded telemetry
data through the GUI running on the server.

An important aspect of the experiment was to evaluate the Quality
of Service (QoS) of the proposed LPWAN implementation. The

Fig. 6. Flowchart of the MQTT-subscriber client application (server).

Fig. 7. Geographical nodes placement.
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International Telecommunication Union - Telecommunication
Standardization Sector (ITU-T) defines QoS as a satisfaction indicator
perceived or experienced by a user of a service (ITU-T, 2008), and also
proposes end-to-end QoS and layer-based QoS of a communication
system. According to Raza et al. (2017), existing LPWAN technologies
provide no or limited QoS. Duan et al. (2011) also points out the lack of
a generic definition of QoS in IoT and LPWANs, and proposes layer-
based QoS for each layer of the three layers in LPWAN based systems.
Parameters that may be used to evaluate the network QoS of an LPWAN
include packet loss, delay and bandwidth (Duan et al., 2011). Petrić
et al. (2016) also proposes packet loss or Packet Error Rate (PER) as one
of the target parameters to evaluate QoS in LoRa based LPWAN. End-to-
end PER is therefore used in this study to define the systematic QoS, and
is computed based on the equations:= − ×PER QoS(1 ) 100E E2 (1)

=QoS number of uncorrupted messages received at server
total number of messages transmitted by a LAM nodeE E2

(2)

The number of packets transmitted by a node and the corresponding
total number of uncorrupted packets received at the server are hence
the only parameters required in order to evaluate the QoSE2E of a node.
QoSE2E of all LAMs were calculated based on the log files acquired
during the experiment to evaluate the general performance of the
LPWAN/IoF concept in the marine fish farming environment, and
subsequently compared to assess the effect of distance/link-length be-
tween the nodes and the gateway.

3. Results

The overall performance of the nodes during the experiment sa-
tisfied the system requirements defined for the IoF concept. The first
system requirement (i.e. a minimum link-length of 1 km) was fulfilled
by that most acoustic data received at node 4 (2.5 km from the
gateway) got successfully transmitted over the LPWAN and updated
onto the server during the experiment. Further, the nodes that were
equipped with acoustic test tags and had an overall reception rate of 10
acoustic messages per minute (node 2 and 4) were transmitting all re-
ceived telemetry messages over the radio link, fulfilling the system
requirement related to data rate. The last system requirement con-
cerning energy efficiency of the LAM was also satisfied, in that all LAMs
operated throughout the 14 day experiment without battery replace-
ment. In addition, the average current consumption of the LAM was
measured to around 20mA, which indicates a theoretical life ex-
pectancy of more than two months when running on the 35 A h Lithium
primary cell. In terms of reliability, operation of the LAMs proved to be
stable throughout the experiment in open sea and none of the modules
had to be restarted or otherwise serviced during the experiment.

Table 2 shows the total number of messages transmitted (Packets
Tx) and uncorrupted messages received at the server (Packets Rx), PER
values and QoSE2E throughout the 14 days experiment for each of the
nodes. The difference in the number of transmitted messages for the
different nodes is due to that different types of acoustic tags were used
for different nodes, with some tag types transmitting acoustic messages
at a higher rate than other tag types. As can be seen from Table 2, all
nodes achieved a QoSE2E of more than 90%. The remote node (node 4)

had the lowest QoSE2E of 92.8%, while the other three nodes lying less
than 500m from the gateway had in average QoSE2E of 99%. The
QoSE2E of the LPWAN was more than 90% (Table 2) for all nodes during
the 14 day trial period, and observed PER values were close to 1% for
all nodes closer than 500m to the gateway (node 1, 2 and 3; Fig. 7a).
Table 3 shows the total number of packets transmitted by the nodes and
number of packets lost from the network to the application layer along
with the QoSN2A (QoS from the network to the application layer) for the
entire experimental period, including when power loss and hacking
affected the system. The QoSN2A was lower than the previously calcu-
lated QoSE2E which is to be expected since QoSN2A also accounts for
non-LPWAN-related packet loss, but despite this, QoSN2A was still
higher than 81.5% for the closest nodes and 78.8% for the most remote
node.

4. Discussion

4.1. QoS and system performance

The QoSE2E for nodes 1, 2 and 3 (Table 2) implies that almost all
messages arrived successfully and uncorrupted at their destination,
meaning that the total QoS of the system can be rated as good. Previous
studies have found similar results for LoRa-based LPWANs when pla-
cing nodes within a distance of 420m from the gateway (Petäjäjärvi
et al., 2016; Raza et al., 2017). Petäjäjärvi et al. (2016) found a PER of
5.3% when testing in an urban environment. This is slightly higher than
the PER found in the present study, probably because the urban setup
did not achieve line of sight communication due to features in the en-
vironment such as buildings and other obstacles. Due to the lack of such
obstacles in the marine environment, line of sight communication is
highly feasible in marine applications, exemplified by the lower PER
achieved in this study compared with earlier terrestrial studies. The
node furthest away from the gateway (2.5 km) had a QoSE2E of more
than 92%. This is in accordance with the maximum operational dis-
tance of up to 15 km for line of sight communication claimed by the
LoRa specification (Raza et al., 2017). Jovalekic et al. (2018) achieved a
communication link-length of more than 22 km in a sea based en-
vironment using LoRa.

During the experiment there was a power outage on the feed barge
and the Internet connection with the gateway was lost for 6 h. Similarly,
the MQTT broker was hacked and stopped multiple times during the
experiment, although password authorization was used at the broker.
These issues caused loss of the data transmission from the network to
the application layer. Since data loss due to such issues is not being
directly related with the LPWAN performance, the periods where these
problems occurred were omitted from the QoSE2E analyses. However,
such effects do affect the overall system performance, and should
therefore be considered. Using the notion of layered QoS, this packet
loss is reflected in QoSN2A. It was not possible to segregate the QoSN2A
from the QoSP2N (QoS from the perception to the network layer) in the
current version of the LPWAN system since the number of successfully
received packets was not stored at the gateway. The QoS values due to
such issues (Table 3) are still regarded as acceptable considering that
the system was based on a prototype installation. These outcomes also
imply that the QoS of the system could be significantly improved by
relatively simple measures such as using uninterruptible power supply

Table 2
QoSE2E and PER values for individual nodes, with actual number of packets
transmitted and received.

LAM node ID Link-length (m) Packets Tx Packets Rx PER QoSE2E

1 444.5 10124 10021 1.01% 0.989
2 143.9 39414 38786 1.59% 0.984
3 423.3 20660 20600 0.29% 0.997
4 2470 74380 69073 7.13% 0.928

Table 3
Packet lost from the network layer to the application layer and QoSN2A.

LAM node ID Packets Tx Packets lost QoSN2A

1 12294 2170 0.815
2 45282 5868 0.856
3 22879 2219 0.900
4 87683 13303 0.787
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for the gateway, and enforcing strong password control and join request
control for the MQTT broker.

4.2. Comparison with existing real time telemetry systems

To further evaluate the utility of the IoF concept, it is useful to
compare its properties with those of alternative solutions for real-time
access to acoustic telemetry data (Table 4). Although different acoustic
telemetry vendors (e.g. Thelma Biotel AS, HTI Sonar Inc., Lotek Wire-
less Inc.) offer commercial cabled solutions, cabling to individual
acoustic receivers will mostly be limited to nearshore applications.
Together with the increased challenges related to cage management
when introducing more cables to sea-cages, this renders the cabled
solution unsuitable for industrial application. However, there exist
commercially available alternatives to cabled solutions, such as the
Vemco VRAP system, the Lotek Wireless MAP600, and HTI Model 290/
291 (Grothues et al., 2005; Grothues, 2009). These systems typically
utilize Very High Frequency (VHF) or Ultra High Frequency (UHF)
bands for radio communication. A drawback of using these frequency
bands without LoRa or similar long range based modulation schemes is
that the communication suffers from scaling issues (meaning that the
number of receivers/nodes served by such a system will be limited),
short range, vulnerability to narrowband noise and relatively higher
power consumption (Grothues et al., 2005). Other alternatives using
cellular or GSM communication (e.g. Sonotronics, Lotek Wireless Inc
MAP) are also commercially available (Grothues, 2009). However,
these systems require a Subscribers Identity Module (SIM) to transmit
telemetry data in form of text messages, and thus suffer from licensing
costs in addition to challenges with respect to energy consumption
(Grothues, 2009).

The IoF concept based on LPWANs and IoT principles presented in
this study does not suffer from the same challenges as the cabled and
existing wireless alternatives. Moreover, the LAM units were designed
to be energy efficient which is an important requirement in this parti-
cular use-case. Finally, since data rates generated by a typical acoustic
fish telemetry solution are low (Pincock and Johnston, 2012), the
generally lower data rates obtained with LPWANs than when using
solutions based on VHF/UHF or GSM will not impair the system’s
ability to relay the data stream to the user. Based on these observations,
the IoF concept proposed in this study emerges as a highly relevant
candidate for realizing real-time monitoring of acoustic telemetry data
in sea-cages.

4.3. Limitations

An important limitation of the LoRa based LPWAN system is that it
is a real-time system for monitoring applications without strict bounds
on jitter or network delays. Adelantado et al. (2017) points out that
whereas real-time systems should guarantee low latency and bounded
jitter values, the LoRa specifications does not specify or meet such
criteria. This implies that LPWANs can be used in real-time monitoring
applications such as agricultural IoT systems, but are not suitable as
wireless communication networks in real-time industrial control sys-
tems (Adelantado et al., 2017). In this study, the server got updates
from the nodes every 60 s and a telemetry message will therefore face a
worst case delay of 60 s. Considering that the system was designed for

monitoring applications in aquaculture farms and remote buoys, and
not as a component in a system for controlling an industrial process, a
worst case delay of one minute seems acceptable. The requirement of a
minimum payload size of 110 bytes restricts the LAM to use spreading
factors values up to SF9, which allows a maximum payload size of 135
bytes. For the LPWAN system in the experiment, all LAMs were pro-
grammed to SF7 except the remote node which was programmed to use
SF9 due to the long distance from the gateway. The inability to use SF
values higher than SF9 may mean that the effective spatial coverage
provided by the LAMs may be lower than specified in the LoRa speci-
fications (15 km).

5. Conclusion

The results of the experiment affirm the feasibility of the proposed
IoF-concept and its potential use in marine aquaculture monitoring
applications. Specifically, a PER of less than 2% was achieved for all
nodes placed inside fish cages in the marine farm, proving that LoRa
based LPWAN is a promising candidate for real-time monitoring of fish
in marine aquaculture applications. The PER of node 4 (placed 2.5 km
away from the gateway) was also less than 8%, also suggesting that
LoRa-based LPWAN is a suitable candidate for situations where real-
time long range wireless access to an acoustic telemetry system is re-
quired (for example in wild fish monitoring and exposed aquaculture
applications where nodes will often be placed further from a gateway
than in conventional fish farms). The system based on LPWANs and IoT
principles presented in this study does not suffer from the challenges
faced by existing real-time telemetry systems based on cabled receivers
or communication through UHF/VHF or GSM. Moreover, requirements
related to coverage area and data rate of the acoustic telemetry system
closely match with those provided by LoRa based LPWANs. This har-
mony in performance characteristics represents a good foundation for
integrating LPWANs with acoustic telemetry and realizing the IoF
concept. In conclusion, this makes the IoF concept a reasonable choice
as a radio technology for real-time fish telemetry applications in being
both energy efficient and scalable.

As an extension to the study, a real-time fish positioning system
based on LPWAN is planned. The position of a fish will then be calcu-
lated based on the reception timestamps of a single acoustic message on
three separate acoustic receivers using Time Difference of Arrival lo-
calization (TDoA). TDoA positioning requires that the clocks of the
three acoustic receivers are synchronized (Grothues, 2009; Pincock and
Johnston, 2012). Fish positioning seems a natural extension of the
LPWAN system as the LAM already provides synchronization of the
clocks of all receivers connected with LAMs using the Pulse Per Second
(PPS) signal of the included GPS receivers.
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ABSTRACT

In this study the performance of the Internet of Fish (IoF) concept, a
real-time acoustic positioning and fish monitoring system, was assessed
in a commercial marine fish farm in Norway. Central to the IoF concept
is the Synchronisation and LoRa Interface Module (SLIM), which is a
battery operated surface unit that provides distributed time synchronisa-
tion and LPWAN support to a submerged digital acoustic receiver. Six
SLIM/acoustic receiver pairs were placed inside a fish cage with acous-
tically tagged fish at a link-length of 200 m from a centralised gateway.
All nodes achieved a Packet Error Rate of less than 8% and a position
accuracy of 1.5 m.

KEY WORDS: Internet of Fish; LPWAN; acoustic telemetry; TDoA
algorithm; marine aquaculture.

INTRODUCTION

Aquaculture is one of the fastest growing food producing industries in
the world and is believed to be instrumental in filling the future global
supply-demand gap in aquatic food (FAO., 2016). Raising fish in large
floating net-based sea-cages have proven as a competitive option due to
its flexibility, robustness and cost effectiveness (Føre et al., 2017), de-
spite the generally harsh marine environment and technological and op-
erational challenges it poses to the aquaculture industry. For instance,
more than two million tons of Atlantic salmon are produced annually
using this farming concept (Liu et al., 2016). The ability to monitor
fish behaviour is important, as it is a key element in determining the

stress and welfare conditions experienced by the fish in a farm situa-
tion (Oppedal, Dempster, and Stien, 2011). In addition, quantifying the
movement patterns of fish is critical to understand feeding behaviours,
resource utilisation and animal-environment interactions in cages (Es-
pinoza et al., 2011; Biesinger et al., 2013). Acoustic telemetry is fish
monitoring concept where individual animals are equipped with minia-
ture electronic devices called transmitter tags that contain sensors and
an acoustic modem for wireless underwater data transmission (see Føre,
Alfredsen, and Gronningsater (2011) for a more thorough description of
the contents of acoustic transmitter tags). This method has been used
to observe detailed movement patterns of individual fish by employing
source localisation algorithms (Pincock and Johnston, 2012). Previous
applications of this approach include tracking of both wild (Espinoza et
al., 2011; Biesinger et al., 2013) and farmed fish (Rillahan et al., 2009).
Since farmed fish are generally restricted by the confines of the cages,
their movement patterns are restricted to be within a much smaller vol-
ume than free swimming wild fish. This suggests that it is possible to
realise automated positioning systems for aquaculture applications that
are more precise than those developed for wild fish monitoring. Consid-
ering the large biomass, cage volumes and expected future growth trends
in the marine finfish aquaculture industry, a remote monitoring system
that can provide input to the day-to-day farm decisions is an essential
requirement for realising the benefits and advances of the Precision Fish
Farming (PFF) concept (Føre et al., 2017).

In this study, we developed and tested a real-time acoustic positioning
and monitoring system for individual fish based on the Internet of Fish
(IoF) concept. IoF is a concept similar to the Internet of Things (IoT) that
provides real-time access to fish telemetry data by integrating a LoRa
based Low Power Wide Area Network (LPWAN) with acoustic teleme-
try. The proposed solution combines a state-of-the-art submerged acous-



tic receiver with a surface communication module, hereafter referred to
as the Synchronisation and LoRa Interface Module (SLIM), that provides
a power-efficient long range wireless radio communication interface for
relaying the fish telemetry data collected by the acoustic receiver. Mul-
tiple SLIMs were connected in a star topology to form an LPWAN of
acoustic receivers, establishing the IoF concept. While the concept in it-
self provides access to telemetry data in real-time, IoF was extended with
a Time Difference of Arrival (TDoA) algorithm to enable localisation in
3D. The system was tested in a commercial fish farm using six SLIM-
acoustic receiver pairs placed inside a commercial-scale cage with fish
carrying acoustic transmitter tags. The gateway, placed 200 m from the
cage, was forwarding the received data to the user via the Internet. Com-
munication quality provided by the IoF concept and position accuracy of
the TDoA algorithm were analysed to evaluate the feasibility of an IoF
based real-time fish positioning system.

MATERIALS AND METHODS

System Requirements

Link-length, bandwidth and battery operated end devices are three di-
mensioning requirements of the IoF concept. The end-to-end extent of a
typical Atlantic salmon marine farm may be larger than 1 km, indicating
that the minimum link-length supported by the IoF concept should ex-
ceed this distance. The minimum data transmission capacity/bandwidth
is another important dimensioning parameter for the IoF concept, and is
determined by the overall acoustic message rate and the size of a sin-
gle acoustic message received by the SLIM from the acoustic receiver.
In this study, 33 acoustic tags (Thelma Biotel AS, Trondheim, Norway)
with a time interval between consecutive transmissions varying from 30 s
to 90 s were used, roughly corresponding to an overall acoustic update
rate of 10 acoustic messages per minute for the system as whole. After
being interpreted by the acoustic receivers used in this study (TBR-700-
RT, Thelma Biotel AS, Trondheim, Norway), a single telemetry message
consisted of 11 bytes of information. The SLIMs were set up to trans-
mit one radio packet per minute meaning that a packet size of at least
110 bytes was required to be able to include all telemetry messages re-
ceived since last transmission. A final requirement for the IoF concept is
that the end devices should be battery operated as electrical power may
not be easily available and because cables are preferably avoided out of
safety and practical reasons in floating sea-cages.

The aim to determine the fish position using a TDoA algorithm intro-
duces additional system requirements due to the fact that acoustic mes-
sages from a single tag then need to be received by three or four acoustic
receivers to achieve positioning in 2D or 3D, respectively. The TDoA
algorithm also requires that the internal clocks of all acoustic receivers
are synchronised (Juell and Westerberg, 1993; Grothues, 2009; Pincock
and Johnston, 2012).

Internet of Fish (IoF) and LPWAN

The IoF concept (Hassan et al., n.d.) is based on LPWAN which is
an emerging communication technology that addresses the unique re-
quirements of IoT devices and that exploits the sub-gigahertz unlicensed
Industrial, Scientific and Medical (ISM) radio bands. LPWAN pro-
vides large area coverage combined with low power consumption at
the end-devices by utilising efficient modulation and duty-cycled trans-
mission/reception schemes (Raza, Kulkarni, and Sooriyabandara, 2017).

However this comes at a cost of very low data rates, which are in or-
der of a few kilobytes per second (kbps) for a typical LPWAN (Cente-
naro et al., 2016; Raza, Kulkarni, and Sooriyabandara, 2017). Low data
rates combined with duty-cycled operation yields low data throughput
(in order of few bytes per second). Acoustic fish telemetry systems share
many of these properties as end devices tend to rely on battery operation
and have low power requirements and intrinsically low data throughput.
This makes the combination of LPWANs and acoustic telemetry systems
a reasonable approach for providing real-time user access to telemetry
data. This is realised in the SLIM by providing LoRa based LPWAN
support to extend an acoustic receiver with a radio interface for real-time
access to the data.

The IoF concept used in the present study (Fig. 1) is made up of three
layers and conforms to the architecture presented in Talavera et al., 2017.
The first layer is the perception layer that contains end-devices that are
typically distributed geographically/spatially. The second layer is the
network layer and consists of a centralised network gateway which com-
municates with all end-devices in the perception layer. The third layer
in this representation is the application layer which features a server and
a database that together function as a system back-end and front-end for
presentation of data to the user. The TDoA algorithm in the current study
is implemented in the application layer and executes on the server.

Acoustic tag

Hydrophone_1

SLIM_3

SLIM_2

SLIM_1

Gateway Server

Two way communication
One way communication

Acoustic link

RS-485 link

LPWAN radio link

Internet

Underwater

Perception layer Network layer Presentation layer

Surface

Hydrophone_2

Hydrophone_3

Fig. 1 Layered view of the IoF concept and modules used in dif-
ferent layers

Perception Layer: Synchronisation and LoRa Interface Module (SLIM)

The SLIM is a microcontroller (SiLabs EFM32GG842 32-bit ARM Cor-
tex M3) based battery operated standalone module designed to provide
LoRa radio interface to an acoustic receiver. In the LPWAN system,
each SLIM has a unique ID and is a basic transmission device. A block
diagram of the physical components in the SLIM is shown in Fig. 2.
The SLIM was designed to interface with a Thelma Biotel TBR-700-RT
acoustic receiver that was set up to forward all acoustic data received
onto an RS-485 link, sending the decoded acoustic telemetry messages
to the SLIM continually as they arrive. Radio communication was re-
alised through a Serial Peripheral Interface (SPI) based LoRa module
(RFM95W, HopeRF), and a Global Positioning System (GPS) module
(u-blox, NEO-7P) was included to provide the receivers connected to
the SLIM units with a system for distributed time synchronisation. The
SLIM was designed using low power design techniques, and had a cur-
rent consumption of 20 mA during normal operation (i.e. registering and
storing messages received from the acoustic receiver), and 50 mA dur-



ing radio transmit mode (lasting for very short duration). Power was
provided through a 3.6 V, 35 A h Lithium primary cell which allows the
SLIM to operate for approximately 2 months.

RS-485

SPI bus

SWD
RS-232

UART

Serial debug
interface

ARM programming 
interface

  Hydrophone
(TBR-700-RT)

         GPS
(u-blox NEO-7P)

SD card storage
             LoRa
(HopeRF RFM95W )

         Micrcontroller
(SiLabs EFM32GG842)

Digital signals

Power bus

Buck-boost converter
        (TPS63000)

Fig. 2 Block diagram of the SLIM showing its peripherals

LoRa has previously been identified as the best candidate for IoT ap-
plications in agriculture (Adelantado et al., 2017; Talavera et al., 2017),
and was used here as a physical (PHY) layer to realise the LPWAN in
the IoF concept due to its relatively large coverage area and energy effi-
ciency features. LoRa offers a coverage area of 5-15 km, thus satisfying
the link-length requirement of the IoF concept. It also offers a payload
up to 250 bytes, data rates up to 37.5 kpbs and a very low power con-
sumption at the end-devices, thereby satisfying the system requirements
associated with bandwidth and battery operated end devices (Goursaud
and Gorce, 2015; Augustin et al., 2016; Adelantado et al., 2017; Raza,
Kulkarni, and Sooriyabandara, 2017). The internal clocks of the acoustic
receivers were synchronised using the Pulse Per Second (PPS) signal of
the GPS chip of the SLIM, satisfying the TDoA-specific requirement of
synchronisation of the acoustic receivers. In the European region (EU),
LPWAN/LoRa modulation uses the 868 MHz ISM band with a maxi-
mum allowed duty cycle of 1%, which gives each end device a maxi-
mum time-on-air of 36 s per hour (Adelantado et al., 2017). The SLIM
were programmed to comply with these duty cycle regulations, and use
a spreading factor SF7, a coding rate of 4/5, a bandwidth of 125 kHz
and a transmit power of 14 dBm. For a payload of 111 bytes, time-on-
air for a single radio packet transmitted by the SLIM was 187.65 ms, or
11.259 s for 60 transmissions over a period of one hour. The firmware of
the SLIM was developed in the C programming language using Silicon
Lab's Simplicity Studio Integrated Development Environment (IDE), and
was based on IBM's LMiC library which implements the LPWAN stack.
Firmware operation was based on timer and PPS signal interrupts with
an Interrupt Service Routine (ISR) being executed every 10 s, performing
synchronisation and other radio transmission related tasks. Operation of
the firmware is explained in the flow diagram shown in Fig. 3.

Network and application layers

The network layer includes the gateway, which works as a centralised
node for all end devices (SLIMs) and is responsible for forwarding all
incoming messages from nodes with authorised IDs to a server. A Mul-
tiConnect Conduit (MTCDT-H5-210L, Multi-Tech Systems, Inc.) which
is a Commercially Off The Shelf (COTS) module, was used as the gate-
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Fig. 3 Flowchart explaining firmware operation of the SLIM

way in this study. The gateway was equipped with a Radio Frequency
(RF) antenna to receive data from nodes via the LoRa radio link, and
an Ethernet connection for transmitting all received data to the server.
The gateway was communicating with the application layer using the
Message Queuing Telemetry Transport (MQTT) protocol. MQTT is a
subscribe/publish-based protocol often used in IoT applications, and that
follows software client/broker architecture (Light, 2017).

A computer with Internet access was assigned the role as the server in the
application layer. The server was responsible for receiving data from the
gateway, storing the data locally on its hard drive, executing the TDoA
algorithm for tag positioning and presenting the resulting data to end
users. HBMQTT, which is an open source implementation of the MQTT
protocol was used to implement the broker and client applications on the
server, with the broker being set up to accept connections and receive
data from the publisher-client running on the gateway, while the client
was set up to subscribe to and store all received messages on the local
hard drive in text files, acting as a database. A MATLAB script was
continually executed on the server to run the TDoA algorithm to derive
positioning data. This application enabled the user to select an array of
SLIM nodes based on their IDs and plot associated fish position data in
real-time.



Positioning Algorithm

The TDoA positioning method provided by Fang (1990) was used in this
study. 2D position i.e. in the xy-plane, was achieved by using three
acoustic receivers. Combined with the depth information provided by
the on-board pressure sensor in the acoustic tags (Skilbrei et al., 2009;
Føre, Alfredsen, and Gronningsater, 2011) the fishes’ position in 3D
could be determined. This method establishes an xyz-coordinate system
(Euclidean space) which is defined with respect to the known 3D place-
ment of the acoustic receivers. In this coordinate system, the position of
the first acoustic receiver (A) was used as the origin (0, 0, 0), the second
receiver (B) was placed along the x-axis (b, 0, 0), while the third receiver
(C) was placed inside the xy-plane (cx, cy, 0) having non-zero x- and y-
coordinates. The placement of receivers and their coordinates are shown
in Fig. 6. While Fang (1990) provided detailed equations for source lo-
calisation based on TDoA algorithm, equations are reproduced here for
the purpose of clarity.

If the arrival times of an acoustic signal transmitted from a position
(x, y, z) at acoustic receivers A, B and C are denoted by Ta, Tb and Tc

respectively, Tab denotes difference of arrival time between receivers A
and B and Tac denotes difference of arrival time between receivers A and
C, giving the equations:

Tab = Ta − Tb

Tac = Ta − Tc (1)

If the sound speed in water is denoted as c, and the distance of the acous-
tic tag from acoustic receivers A, B and C are denoted by Ra, Rb and Rc

respectively, the difference of time equations can be written in terms of
range difference equations using the distances between receivers A and
B (Rab) and receivers A and C (Rac):

Rab = Tab ∗ c

Rac = Tac ∗ c (2)

Using the geometry of the acoustic receiver setup, the distance of a tag
placed at coordinates (x, y, z) from the three acoustic receivers is given
by:

Ra =
√

x2 + y2 + z2

Rb =
√

(x − b)2 + y2 + z2

Rc =

√
(x − cx)2 + (y − cy)2 + z2 (3)

These distances can be written in terms of difference of range with re-
spect to acoustic receiver A using:

Rab =
√

x2 + y2 + z2 −
√

(x − b)2 + y2 + z2

Rac =
√

x2 + y2 + z2 −
√

(x − cx)2 + (y − cy)2 + z2 (4)

Squaring and simplifying Eq. (4) yields:

R2
ab − b2 + 2 ∗ b ∗ x = 2 ∗ Rab ∗

√
x2 + y2 + z2

R2
ac − (c2

x + c2
y) + 2 ∗ cx ∗ x + 2 ∗ cy ∗ y = 2 ∗ Rac ∗

√
x2 + y2 + z2 (5)

When Rab and Rac are non-zero, Eq. (5) can be written in parametric form
in terms of x- and z-coordinates by eliminating y as:

z2 = d ∗ x2 + e ∗ x + f (6)

where parameters are d, e, f , g and h are given by:

d = −1 ∗
{
1 − (b/Rab)2 + g2

}

e = b ∗
{
1 − (b/Rab)2 − 2 ∗ g ∗ h

}

f = (R2
ab/4) ∗

{
1 − (b/Rab)2 − h2

}

g = {Rac ∗ (b/Rab) − cx} /cy

h =
{
c2

x + c2
y − R2

ac + Rab ∗ Rac ∗ (1 − (b/Rab)2)
}
/2 ∗ cy

Similarly, tag’s y-coordinates can be written in terms of x-coordinates
using:

y = g ∗ x + h (7)

Depth (z) information is provided by tag’s on-board depth sensor,
whereas Rab and Rac can be calculated by the arrival time of the acoustic
signals (Eq. (2)). Once Rab and Rac are known, parameters d, e, f , g and
h can be calculated. Afterwards, x- and y- coordinates can be found by
using equations Eq. (6) and Eq. (7), respectively. Cases when Rab, Rac

or both are zero are solved trivially. For example when Rab = 0, the x-
coordinate of the tag is given by b/2. Similarly, when both Rab = 0 and
Rac = 0, x- and y-coordinates of the tag are at an equal distance from all
three acoustic receivers (Fang, 1990).

Experimental Setup

A series of dry tests in the lab were first conducted to test the general
functionality of the IoF concept and the TDoA positioning algorithm
separately, before testing a single integrated system that combined both
functions. A field trial at a commercial marine fish farm in Norway was
then conducted to test the use of the LoRa-based LPWAN for real-time
acoustic tag positioning in the real setting. Six nodes and one gateway
were used in the field test. Each node consisted of a surface mounted
SLIM connected to a submerged TBR-700-RT acoustic receiver. The
nodes were set up in a redundant configuration (Fig. 4), but only three
nodes were used by the positioning system. The nodes were installed
in an equilateral triangle configuration in a fish cage, with the antennas
0.8 m above sea level and with a link-length of 200 m from the gate-
way (Fig. 5). Acoustic receivers were placed 3 m below the sea-surface,
firmly fixed to the cage structure to maintain the receiver geometry dur-
ing the experiment. All nodes were set to transmit one radio message
over the LPWAN every minute where the size of the radio messages var-
ied depending on the number of acoustic messages received during the
past minute. Three acoustic test transmitter tags (R-MP9L Thelma Biotel
AS, Trondheim Norway) were deployed in the water at fixed known lo-
cations with varying depths inside the fish cage for 12 h to benchmark the
communication quality of the LPWAN and determine position accuracy
of the positioning system. After collecting the benchmarking dataset, the
system was used to monitor 30 fish carrying acoustic tags with accelera-
tion/activity and depth sensors (AD-MP9L, R-MP9L and D-LP7 Thelma
Biotel AS, Trondheim Norway). The tags were divided into three groups
transmitting at different acoustic frequencies to reduce acoustic interfer-
ence (69 kHz, 71 kHz and 73 kHz) inside the cage. Although only the
depth data values were used for fish positioning, the data from the ac-
tivity sensor was also sent over the radio link. The gateway was placed
inside the fish farm’s feed barge with an RF antenna mounted inside the
barge approximately 8 m above sea level to ensure line of sight commu-
nication with the nodes. The gateway was connected to the Internet via
an Ethernet port on a standard network router installed on the barge. The
relative locations of the nodes and the gateway are shown in Fig. 5. The
server was placed in an office environment.

The surgical protocol for implanting acoustic tags in the fish followed
the general recommendations given by Mulcahy (2003) and Cooke,
Thorstad, and Hinch (2004). Approval was granted by the Norwegian



Animal Research Authority (ID 15491). All surgical equipment was ster-
ilised before use, and care was taken to maintain conditions as aseptic
as possible. A well-documented protocol for anaesthesia, analgesia and
surgery described by Urke et al. (2013) was used. The total length LT of
the fish was recorded. Total handling time was around 2 min, per fish.
Immediately after surgery, the fish were transferred to a recovery tank
and closely monitored. Fish regained balance ability and showed active
swimming behaviour within 0.5 min-2 min of recovery. After a recovery
period of 10 min, the fish were released into the cage.

Fig. 4 SLIM nodes installed in redundant configuration on cage
structure

0 45 m

NodeID1

NodeID2

NodeID3

Gateway

Fig. 5 Map showing position of nodes and gateway in the fish
farm

RESULTS

The overall performance of the nodes during the experiment satisfied all
system requirements specified for the system. The benchmark dataset
was used to evaluate system performance in terms of the communica-
tion quality provided by the IoF concept and the accuracy bounds of the
positioning algorithm.

Packet Error Rate (PER) of the IoF Concept

PER is defined as ratio of packets lost in transmission from nodes to
server and was used to evaluate the performance of the IoF concept and
quality of communication provided by the radio interface (LPWAN).
PER includes two types of losses due to the radio interface and an ad-
ditional loss of packets from gateway to the server i.e. loss over the
Internet. The first type of radio loss includes those acoustic messages
that were successfully received and processed by a SLIM node but did
not arrive at the gateway, whereas the second type of radio loss includes
radio packets that were received at the gateway and successfully trans-
mitted to the server but which were based on corrupted acoustic data.
Mathematically, PER is defined as:

PER = 1 − uncorrupted messages received at server
total messages transmitted by a node

(1)

Table 1 shows the total number of messages transmitted (Packets Tx),
uncorrupted messages received at the server (Packets Rx) and PER values
of the nodes for the benchmark dataset. All nodes achieved a PER of less
than 8%.

While the PER values of the nodes describes the overall quality of the
communication system, the positioning system requires the successful
reception of a single acoustic message on all three receivers and that this
message is transferred from at least three SLIM nodes to the server over
the radio link. Table 2 shows the number of messages received for each
tag ID (Tag ID) in the benchmark dataset that were detected by all three
SLIM modules and thus were usable for the positioning algorithm (Mes-
sage triplets), the average number of messages for each tag ID received
by the individual SLIM units (Average messages received) and the per-
centage of the average number of messages that were part of a message
triplet (Percent usable). More than 90% of the received messages were
used by the position algorithm for each tag ID.

Accuracy of the Positioning Algorithm

The accuracy of the positioning algorithm is affected by geometry, vari-
ations in position and uncertainties/bias in the clocks and timestamping
accuracy of the acoustic receiver array (Juell and Westerberg, 1993). Er-
rors related to array geometry and acoustic receiver positions were min-
imised in the field experiment by mounting the nodes at known posi-
tion on the cage structure. The PPS signal of the GPS chip was used to
synchronise the acoustic receivers, thus minimising the impact of clock
difference as an error source. Acoustic receivers (TBR-700-RT) times-
tamped the incoming acoustic signals with a resolution of 1 ms, setting an
upper bound of 1.5 m on to the position resolution of the algorithm. Fig.
6 shows the calculated positions of reference tags, whereas Fig. 7 shows
a histogram of radial error (

√
x2

error + y2
error) for the benchmark dataset.

A Circular Error Probability (CEP) of 1.37 m, 1.49 m and 1.22 m were
achieved for tag ID 90 (depth 3 m), tag ID 91 (depth 2 m) and tag ID 92
(depth 1 m), respectively.



Table 1 PER values of individual nodes, with number of packets transmitted by nodes and received at server.
Node ID Packets Tx by node Packets Rx at server PER

1 1446 1381 4.5%
2 1386 1276 7.94%
3 1381 1368 1%

Table 2 Benchmark data set tag IDs, number (average) of messages received at server and number of messages usable for positioning algorithm.
Tag ID Average messages received Message triplets Percent usable

90 462 419 90.69%
91 423 392 92.67%
92 446 411 92.15%
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Fig. 7 Radial error distribution (
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error) of the TDoA cal-
culated tag positions based on the benchmark dataset. The
dataset includes a total number of 1222 message triplets.

DISCUSSION

In this study, the server got updates from the nodes every 60 s and the
positions of fish carrying tags would therefore face a worst case delay of

Fig. 8 A trajectory of a tagged fish (tag ID 102) tracked in real-
time with an average sampling time of 3 minutes. Acoustic
receivers are placed at a depth of 3 m inside cage.

60 s. Since the system was designed to be a real-time system for mon-
itoring applications, as opposed to a critical industrial control system, a
worst case delay of one minute seems acceptable. The CEP values for
the tags used in the benchmark data set suggests that the positioning error
stayed within the bounds of the expected resolution of about 1.5 m (i.e.
the distance sound travels in sea water in 1 ms). This confirms that the
accuracy of the positioning system is limited by the minimum resolution
of the timestamp provided by the acoustic receiver, which for a TBR-
700-RT is 1 ms. When a tag is placed close to an acoustic receiver, the
error in calculated position may increase thus leading to lower position
accuracy. It is also possible that the algorithm cannot find a valid position
solution in such a scenario. The position resolution of the IoF based real-
time positioning system can be increased by using acoustic receivers with
finer timestamp resolutions, or by using the Signal to Noise Ratio (SNR)
value when a tag detection is close to one of the acoustic receivers. The
TBR-700-RT already provides the SNR value for each received acoustic
signal, making the latter of these algorithm improvements relatively easy
to achieve. There exist several acoustic positioning systems using TDoA
algorithms to calculate positions, including both wired (e.g. Vemco VPS,
HTI Inc) and wireless (e.g. Vemco VRAP, Lotek inc Wireless WHS 3060
MAP) systems (Espinoza et al., 2011; Biesinger et al., 2013). In wired
system, cables are used to provide real-time access and may also be used
to synchronise the acoustic receivers making them generally more pre-
cise in terms of positioning than wireless systems (Andrews et al., 2011).
However, wired systems suffer from coverage areas issues, are labour in-
tensive with respect to retrieving telemetry data and can only be used in



near-shore applications (Espinoza et al., 2011). Moreover cables in and
around fish farms and cages are also seen as a liability issue by the farm-
ers, rendering wired systems impractical for applications in the marine
environment. Wireless positioning systems typically use radio interfaces
to provide real-time access to the telemetry data. However, commercially
available wireless systems are typically not designed to use modulation
schemes such as LoRa and LPWAN protocols, and may therefore suffer
from issues such as limited range, inferior scaling (i.e. number of acous-
tic receivers served) and too low energy efficiency of the end devices (Es-
pinoza et al., 2011). These systems tend to be more expensive than wired
position systems (Andrews et al., 2011). The LoRa/LPWAN based IoF
concept does not suffer from these shortcomings in having long range and
low power end devices. This is achieved at the cost of low data transmis-
sion rates for the end-devices. Since data rates in acoustic telemetry and
similar applications are inherently low, the benefits in range and power
consumption of using LPWAN-based solutions for the wireless compo-
nents in such systems outweigh the disadvantage of reduced data rates.

The field experiment for real-time tagged fish position monitoring was
planned for 4 months. The LPWAN system proved the feasibility of real-
time fish monitoring in a commercial aquaculture farm. Fig. 8 shows
a sample trajectory track of a tagged fish (tag ID 102) over a 45 min
duration, illustrating a typical output and the capability of the IoF based
positioning system. However, the fish behaviour data of the experiment
is not studied in this paper.

CONCLUSIONS

In this study, the IoF concept was extended with a TDoA positioning
algorithm for real-time estimation of acoustic tags positions in marine
aquaculture farms. The results of the experiment affirm that the IoF and
TDoA positioning can be used to provide real-time positions of acoustic
tags in marine aquaculture monitoring applications. An average PER of
4.48% was achieved for all nodes used in the experiment, which proves
that the system was able to upload field telemetry data in real-time to a
server in a reliable manner. Furthermore, the TDoA algorithm was able
to achieve a resolution/CEP of 1.5 m, which can be further improved
by using acoustic receivers with finer timestamp resolution. The SLIM
units developed in this study can potentially operate for months on a sin-
gle battery with sufficiently long link-lengths to cover any configuration
of a commercial marine aquaculture fish farm. In summary, this demon-
strates that the IoF positioning system developed in this study was able
to provide users with real-time access to position data for acoustic tags in
sea-cages without suffering from the challenges faced by existing com-
mercially available cabled or wireless real-time positioning systems.
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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.

Keywords— Acoustic telemetry; Doppler measurement; ma-
rine aquaculture; signal processing; sensor phenomena

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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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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A New Method for Measuring Free-Ranging Fish
Swimming Speed in Commercial Marine Farms

Using Doppler Principle
Waseem Hassan, Martin Føre, Magnus Oshaug Pedersen, and Jo Arve Alfredsen

Abstract—A novel Doppler shift based technique for mea-
surement of free-swimming fish speed in marine farms using
acoustic telemetry tags was developed and evaluated in this
study. The proposed method can potentially augment current
telemetry systems with a new biologically relevant measure-
ment without significantly changing the size and energy con-
strained tag-side of the telemetry systems. For speeds in the
range of 20cm s−1-110cm s−1 an overall relative rms error
of less than 10% in measured speed based on the proposed
Doppler method was achieved in the tests conducted at a fully
stocked commercial fish cage, with an rms error of 7.85cm
s−1 (std. dev. 7.5cm s−1). The study thus demonstrates the
feasibility of measuring the swimming speeds of individual
free-ranging fish using this method.

Index Terms— Acoustic signal processing, acoustic telemetry, Doppler measurement, fast Fourier transform, marine
aquaculture, sensor phenomena & characterization.

I. INTRODUCTION

F ISH swimming is a coordinated function of various body
systems and is a key behavioural parameter for under-

standing how fish cope with the environment and respond to
external factors, and how this affects their energy consumption,
stress and hunger levels. Swimming speed is particularly
interesting in aquaculture, as studies have shown that sustained
exposure to speeds that exceed the critical swimming speeds of
the fish may lead to negative welfare impacts [12], [13], [20].
This is particularly relevant in light of the present industrial
trend in moving fish farming to more remote and environ-
mentally exposed locations [2] where fish may experience
higher water velocities [14]. The ability to monitor swimming
speeds could thus be an important component in future farm
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management methods and operations that take animal wel-
fare conditions at exposed sites into account [15]. However,
unlike laboratory studies or other small scale settings, where
fish swimming speeds may be manually assessed, measuring
individual fish swimming speeds in marine fish farms is
a challenging task that requires technological tools [8]. In
addition, the large variability in swimming abilities between
individuals suggest that swimming speed should first be stud-
ied on an individual level before using aggregated measures
of swimming speeds as a cage management parameter in
aquaculture [13].

Individual fish swimming speeds have previously been
assessed using split beam sonars [17] and camera solutions
coupled with machine vision techniques [19]. Such meth-
ods can provide precise estimates on swimming speeds, for
individual fish that are within their observation volume (i.e.
the sonar beam or visual field) at any given time. However,
evaluating the ultimate welfare impacts of being exposed to
sustained strong currents requires data describing the indi-
vidual histories of swimming speed over time. Since neither
hydro-acoustic or camera-based methods can provide such
data, this highlights the need for new tools for observing fish
speed.

At present, bio-telemetry, where individual animals are
equipped with miniature electronic devices, is the only viable
option for obtaining individual data on free-ranging fish over
time. Such devices, commonly known as electronic tags, often

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/
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contain sensors for sensing some property in or near the
fish, and may be realised as either data loggers that store
data internal storage mediums or as transmitter devices that
transmit data using radio or acoustic signals [23]. Since radio
signals are heavily attenuated by salt water, acoustic telemetry
represents the only practical option for marine applications
of transmitter devices.. The tags then contain an acoustic
modem for wireless underwater data transmission of the tag ID
and eventual data derived from the sensor measurements. In
addition to tags, a typical acoustic telemetry system includes
one or more matching acoustic receivers, which are specialised
hydrophone devices that receive and decode the acoustic
signals emitted by acoustic tags.

Acoustic telemetry has previously been used to observe
individual fish behaviour both in wild and full-scale marine
aquaculture applications [7], [21] and has been proven as
an effective tool to quantify various fish behaviour para-
meters such as variations in swimming depth and activity
[6], muscle activity via Electromyography (EMG) [4] and
3D position [10]. However, there exist no acoustic telemetry
solutions able to directly measure instantaneous swimming
speeds of individual fish. Indirect methods where speed is
derived from consecutive position measurements tend to yield
conservative estimates, and are strongly biased to the sampling
rate and precision of the positioning system [4].

The first step in developing tools for measuring new
parameters is to identify sensor principles able to measure
the value of interest, in this case movement speed. Move-
ment speed of objects in water is often measured using
either impeller/turbine-based or acoustic methods. Although
impellers have previously been applied to marine mammals
[9], such solutions need to be mounted externally on the fish
which could impair swimming ability and cause welfare issues
due to skin abrasion.It is thus more likely that a viable solution
can be found by applying acoustic principles.

Most acoustic methods exploit the Doppler effect, i.e. that
the frequency of an acoustic signal received by a receiver will
differ from the frequency of the signal emitted by the transmit-
ter if there is relative movement between these. This Doppler
Shifted Frequency (DSF) will be lower than the transmitted
frequency when source and transmitter are moving away from
each other, and conversely, higher if they are approaching.
Examples of previous studies using this principle includes
measuring aeroplane speed using the DSF of the acoustic tone
generated by the propeller [5], and the calculation of fish tail
beat rate using the DSF in a continuous acoustic signal [22].
Existing solutions using the Doppler effect for speed mea-
surement include Acoustic Doppler Current Profilers (ADCPs)
and Acoustic Doppler Velocimeters (ADVs) that could be used
to measure current speeds in fish farms [16]. However, these
devices are typically designed for stationary placement at the
seabed or structural components, or to be mounted at vehicles,
and are thus not suited to be mounted on or inside fish.

Although it might be possible to make an ADCP-like sensor
small enough to fit inside an acoustic tag, this could prove
difficult as the signal processing required to find the DSF
might be beyond the capacity of the tag, both in terms
of computation and power. Moreover, such a sensor would

need to emit a dedicated acoustic signal to sense the DSF
caused by the relative movement between the fish and the
surrounding water, further increasing both power consumption
and technical complexity. Using the DSF induced by tag
movement upon the already existing carrier wave used to
transfer data may therefore pose a more elegant and practi-
cal solution. This would move the effort of computing the
Doppler shift to the receiver side, and not consume acoustic
bandwidth, enabling the tag to simultaneously transmit other
data types. Essentially, this means that movement speed would
“piggyback” on other sensor data, enabling the collection of
more diversified data-sets without increasing the number of
fish tagged. A similar approach has previously been explored
in laboratory experiments, where Doppler shift was employed
to calculate fish tail beat frequency by using a continuous wave
acoustic signal [22]. However, many present day solutions for
acoustic telemetry use energy saving pulse interval modulation
schemes rather than continuous signals to encode data from
acoustic tags, with both encoding and processing being done
in the time domain. A burst of pulses is then transmitted from
the tag with the time interval between consecutive pulses being
varied or kept constant to encode ID and sensor data [18].
Although this prohibits the possibility of obtaining continuous
Doppler shift measurements, it is conceivable that modern
signal processing methods can be used to obtain enough data
from such pulses.

In this study, we developed and tested a fish swimming
speed measurement technique based on the Doppler shift
observed in the acoustic carrier wave transmitted by a teleme-
try tag. The technique is based on a commercially available
acoustic telemetry system and extends the capabilities of this
system by additional signal processing done in the acoustic
receivers. The measurement technique was tested in a series
of experiments ranging from speed extraction in a simple 1D
laboratory setup, through a meso-scale experiment to evaluate
2D effects, to a full scale setup with multiple acoustic receivers
in a commercial fish cage. The technique was evaluated for
accuracy bounds and resolution of the measured speed using
a signal frequency of 69 kHz, which is within the frequency
range typically used in marine acoustic telemetry applications,
and for speed ranges relevant for farmed Atlantic salmon. The
sensitivity of the method towards inaccurate positioning was
explored through a theoretical computer simulation study.

II. MATERIALS AND METHODS

A. Theory and Method of Approach
Fig. 1 illustrates the proposed method. The DSF of a signal

( fd ) represents a frequency shift in the received frequency ( fr )
relative to the frequency transmitted by the source ( fs ) and is
found as:

fd = fs − fr (1)

A positive value of fd means that the transmitter is moving
towards the receiver, whereas a negative value implies that
the transmitter is moving away from a receiver. The speed of
transmitter v is related to fd as:

v = c fd

fs
(2)
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Fig. 1. Conceptual illustration of a tagged fish swimming inside a fish
cage at a position O with swimming velocity �vs in the horizontal plane.
The acoustic wave is compressed or stretched when received by receiver
A, B and C depending on whether the fish movement is towards or away
from the receivers.

where c is the speed of the acoustic signal in the propagation
medium. The Doppler effect only applies to the velocity
component along the axis between the receiver and transmitter,
hence the angle θ between the velocity vector (�v) and this axis
needs to be considered. This component is found as the cosine
speed component of the transmitter’s speed:

v = c fd

fscosθ
(3)

Reference [3] explained the use of the Doppler effect to
determine the position and speed of a moving source in 3D
using multiple sensor nodes, and highlighted the challenges
using the method in that no closed-form solution exists and
that non-linear equations are involved in the calculations.
However, the authors also pointed out that by knowing the
transmitted signal’s frequency ( fs) and the position of a trans-
mitter it is possible to achieve an exact solution. Most com-
mercially available telemetry systems for marine applications
use fixed known frequencies ( fs ) ranging between 10 kHz and
100 kHz. Moreover, Time Difference of Arrival (TDoA) based
positioning systems have been successfully used to position
acoustic transmitter tags in marine aquaculture [10]. In TDoA
based acoustic telemetry positioning, position in 3D (x, y, z)
coordinates can be obtained directly using the difference in
arrival times of an acoustic signal from a transmitter tag on
four different acoustic receivers placed at known positions. A
setup using three hydrophones can also be sufficient when
using depth-sensing tags as TDoA then only needs to to
locate the tag in the horizontal plane (xy-coordinates). When
using TDoA, all receivers used in the calculations need to
be synchronised to a common clock source, usually by using
Global Navigation Satellite Systems (GNSS) [18].

This means that exact speed solutions are possible to
achieve by extending existing acoustic telemetry systems with
additional signal processing methods and frequency analysis
at the receiver end. The likelihood of the proposed method

Fig. 2. Orientation of transmitter tag located at O moving with a velocity
�vs in the four quadrants Q1-Q4 (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 α and β. A third receiver at location
C enables TDoA based transmitter localisation.

functioning under the farm relevant conditions increases by
employing the existing acoustic systems that have been exten-
sively tested in the marine environment since the proposed
method does not introduce significant modifications.

B. Speed Computation Algorithm
The algorithm for computing movement speed was based on

combining (3) with a geometric setup that would be reasonable
to apply in a fish cage. A 2D (xy-plane) example of such a
setup with three acoustic receivers A, B and C is shown in
Fig. 2. The movement velocity vector �vs of an acoustic tag
placed at O with coordinates (xO , yO) would then make an
angle θs with respect to the x-axis.

For all values of θs , the DSFs observed at receivers A ( fd A)
and B ( fd B) are given by:

fd A = fsvscosα

c
(4)

fd B = fsvscosβ

c
(5)

where α and β are the angles between �vs and the axes between
O and receivers A and B respectively, and vscosα and vscosβ
are the velocity components along these lines. Dividing (4) by
(5) yields:

cosα

cosβ
= fd A

fd B
(6)

Estimating fd A and fd B through Fast Fourier Transform (FFT)
or similar frequency analysis enables finding the two unknown
angles (i.e. α and β) using TDoA positioning methods and
system geometry.

Assuming that the coordinates (xO , yO ) of the tag and
receivers A and B are known, the angle � AO B can be
calculated from �AO B since all three sides of the triangle
are then known. � AO B relates to the two unknown angles



4 IEEE SENSORS JOURNAL

as:

� AO B = β − α (7)

Deriving β from (7) and inserting it into (6) then yields:

cosα

cos( � AO B + α)
= fd A

fd B
(8)

Inverting and solving (8) for α yields:

cos( � AO B + α)

cosα
= fd B

fd A
(9)

cos( � AO B)cosα − sin( � AO B)sinα

cosα
= fd B

fd A
(10)

cos( � AO B) − sin( � AO B)sinα

cosα
= fd B

fd A
(11)

cos( � AO B) − sin( � AO B)tanα = fd B

fd A
(12)

tanα = cos( � AO B) − fd B
fd A

sin( � AO B)
(13)

α = atan(
cos( � AO B) − fd B

fd A

sin( � AO B)
) (14)

Equations (6) and (7) can be written similarly in terms of
angle β:

cos(β − � AO B)

cosβ
= fd A

fd B
(15)

or

β = atan(

fd A
fd B

− cos( � AO B)

sin( � AO B)
) (16)

Once angles α and β are found using either (14) and (7) or
(16) and (7), the unknown speed vs of the acoustic transmitter
can be calculated using (3) in terms of α:

vs = fd Ac

fscosα
(17)

or in terms of β:

vs = fd Bc

fscosβ
(18)

To relate vs to the xy−plane defined in Fig. 2, a right angle
triangle �B O X can be defined using the y−component of O,
yO , as the height h of the triangle. The base of this triangle can
then be calculated by subtracting xO from the known distance
b between A and B . The angle � B O X can then be calculated
and used to derive an expression for the angle between �vs and
the x−axis, θs :

θs = 360◦ − β − � B O X (19)

Equations to calculate angles θs , α and β when the velocity
vector lies in one of the four different quadrants are shown
in Fig. 2. When defining all angles in anticlockwise direction
with respect to the x-axis, this yields the same set of equations
for all quadrants except the 4th quadrant (Q4) where θs is
calculated as a negative value. The present quadrant can easily
be determined using the sign of the DSF ( fd ) value on both
receivers. Equations (4)-(19) can be applied to any pair of
receivers (i.e. A and B , B and C or A and C).

Fig. 3. Conceptual description of determining 3D fish velocities using
three acoustic receivers. Receivers A and B are used to derive the
direction of vs in the plane spanned between them and O (θs), while
receivers B and D are used to derive the angle in the plane BDO (ξs).
The fourth receiver C is present to enable TDoA based localisation of
the tag’s position O. Angle γ accounts for scaling of the velocity vector
�vs with tag’s depth variation.

For simplicity, the above mentioned equations are derived
in a 2D (x, y) plane assuming a fixed depth. However, since
(4)-(19) can be applied to any geometric plane defined between
a pair of receivers and O, it is possible to find 3D-velocities by
using three hydrophones. The 3D velocity vector would then
be projected onto two 2D planes e.g. xy− and yz−planes,
which could be solved independently. The equations would
then be used to find the angles between the velocity vector
and the x− (θs) and z−axes (ξs). To accommodate this, (17)
and (18) would be expanded to account for depth variation as:

vs = fd Ac

fscosαsinξscosγ
(20)

vs = fd Bc

fscosβsinξscosγ
(21)

where γ is the angle between the receivers A, B and C and
tag’s depth planes. For 3D speed measurement, using only two
acoustic receivers in xy−plane and accounting for the tag’s
depth variation, i.e. the angle γ , will result in measurement
of vssinξs which is the cosine z−component of the original
speed. An additional receiver at z-axis along with the receiver
at y-axis then can be used in the yz−plane to measure ξs ,
hence speed in 3D.

C. System Requirements
Calculating speeds using (4)-(21) requires the acoustic

receivers to perform FFT frequency analysis to determine
the DFS. In addition, the source frequency ( fs) used by
the acoustic tag and its position must be known. If TDoA
algorithms are used to acquire position, at least three (if the
tags measure depth) or four synchronised acoustic receivers are
required. Three acoustic receivers are required to execute FFT
frequency analysis for 3D speed measurement, whereas two
acoustic receivers are required for speed measurement in 2D.

D. Experimental Testing, Verification and Validation
A series of experiments were executed to verify and validate

the method and to assess the error bounds on the resulting
speed values. Experiments were conducted in three different
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environments: controlled lab, meso-scale in nearshore waters
and a full scale fish farm. A custom made acoustic tag with
a centre frequency of 68.968 kHz was used as the transmitter
in the setup, while up to three broad spectrum hydrophones
(Ocean Sonics Ltd., Nova Scotia, Canada) were used to
collect acoustic data. The acoustic signal emitted by the tag
was generated by a microcontroller based embedded system
and designed to resemble the signal used in typical acoustic
telemetry systems (i. e. a burst of pulses similar to those used
in pulse interval encoding approaches). Eight pulses were used
in a single burst and each pulse was set up with a longer
duration (128 ms) than that typically used by commercial Pulse
Position Modulation (PPM) protocols (10 ms) to improve the
velocity resolution of the system [11]. The pulse bursts were
spaced by a longer time interval (seconds) than the pulses in
each burst (150 ms) to distinguish the separate bursts.

The basic principle in all experiments was to move the
acoustic tag in a predefined motion pattern while monitoring
the positions and speeds accurately using auxiliary positioning
and speed measurement systems. Measured positions were
used as input to the DSF speed algorithms, while the measured
speeds were used as ground truth for validation of the speed
computations. The target speeds used in the experiment varied
from 5 cm s−1 to 20 cm s−1 for lab experiments and from
25 cm s−1 to 110 cm s−1 for sea based experiments, covering
a range of swimming speeds typical for Atlantic salmon [13].
The embedded system transmitted acoustic bursts periodically,
and logged the start times of each burst and the speed and
position measured by the auxiliary system at these times. This
resulted in a data-set on position and speed that was fully
synchronised with the emitted pulses, enabling validation of
the results from the DSF computations.

The goal of the initial 1D lab trials was to verify that
the DSF speed extraction technique was feasible to apply for
systems of this scale, and to evaluate the accuracy of the
method. The experiment was conducted in a tank filled with
water (4.3 m × 1.5 m × 2.0 m). A cart-on-rail mechanical
setup driven by a geared DC motor (maxon RE 35) was
used to move an acoustic tag mounted on an adjustable
rod protruding down into the water. The embedded system
controlled the speed of the DC motor and logged the reference
speed measured by an encoder. The system was programmed
to move back and forth in line with a hydrophone, meaning
that the tag was either moving directly towards or away
from the receiver (Fig. 4a). Position logging was therefore not
required in this experiment.

The next step towards enabling 2D speed calculations was to
evaluate if the method could estimate movements that are not
in line with a hydrophone. This was done in an experiment in
a fjord very close to shore. The acoustic tag was then attached
to a rod fastened to a remotely controlled catamaran (Fig. 4b)
placing the tag at a depth of 1 m. Burst start time, speed and
position of the vehicle were measured using an on-board Real
Time Kinematics (RTK) GPS, while the catamaran was driven
in a straight line. Two hydrophones were placed such that one
was in line with the tag/vehicle movement (i.e. with the tag
moving directly from or toward it as in the 1D trials), while
the other hydrophone was placed such that the angle between

Fig. 4. (Fig. a) Electromechanical setup used for in lab experiments.
Acoustic tag, hydrophone and direction of motion are highlighted with
text. (Fig. b) Catamaran used to move the acoustic tag in the sea based
experiments.

the tag movement direction and the line between the tag and
the receiver varied between −45◦ and 60◦.

The final experiment aimed to test the ability of the
method to measure 2D movement speeds in a relevant acoustic
environment, and was thus conducted in a commercial sea-
cage stocked with fish (approximately 200,000 animals). The
catamaran was then driven in a circular path, meaning that the
angles between the tag movement direction and the line from
the hydrophones to the tag position varied continuously. This
also served to demonstrate and test the algorithm for a more
realistic range of speeds and angles (α and β in Fig. 2).

E. Collection and Processing of Acoustic Data
Through all experiments, the hydrophones stored acoustic

data in waveform audio format (.wav) using a sampling
frequency of 256 kS s−1 and a recording time of 10 min for
each data-set. The data-set were analysed using Matlab (The
MathWorks, Inc., Natick, Massachusetts, USA), finding peak
frequency and DSF values for individual pulses by employing
FFT. Average and modal values for eight DSF peaks (i.e.
a single burst) were used for speed calculations (hereafter
referred to as the averaging method and modal method,
respectively). Since the trial in the sea cage was closest to a
real world application, the data from this experiment was used
in subsequent analyses to assess the error levels of the method.

F. Position Sensitivity Analysis
The sensitivity of the DSF speed calculation algorithm to

errors in tag position was tested through theoretical simula-
tions where a known error in tag position was introduced into



6 IEEE SENSORS JOURNAL

Fig. 5. (Fig. a) Fjord based experiments: Comparison of reference speed
(true) with Doppler shift for both averaging and modal based speed
measurements at hydrophone placed at angular orientation. (Fig. b)
In fish cage experiments: Comparison of reference speed (true) with
Doppler based speed measurements.

the computation of the cosine value of angle � AO B . Typical
Circular Error Probability (CEP) values for the TDoA based
positioning methods, (i.e. an error of metres [18]) were used
in the simulations.

III. RESULTS

A. Lab Experiments
The rms error between computed and real speeds achieved

in the lab experiments was found to be around 5 cm s−1

(std. dev. < 2 cm s−1) when using the averaging method and
6 cm s−1 (std. dev. <4 cm s−1) when using the modal method,
respectively.

B. Fjord Based Experiments
The rms error when using the averaging method was

found to be about 7 cm s−1 (std. dev. <7 cm s−1) for speeds
<50 cm s−1 and 23 cm s−1 (std. dev. <23 cm s−1) for speeds
>50 cm s−1. The rms errors were slightly higher when using
the modal method, and were 12 cm s−1 and 31 cm s−1 for
speeds <50 cm s−1 and >50 cm s−1 respectively (see Fig. 5a
for excerpts of data from the fjord experiments).

C. Fish Cage Experiments
Since the modal method yielded slightly higher errors,

speeds found using the averaging method were used in the
further analyses (Fig. 5b). The correlation coefficient between
measured speed and true speed was 0.9286 for complete speed
range (i.e. 20 cm s−1-110 cm s−1) with a sample count of N
= 357 (Fig. 6). The rms error for the averaging method was
7.85 cm s−1 (std. dev. <7.5 cm s−1, mean <−2.35 cm s−1) for
the entire speed range (Fig. 7).

D. Position Sensitivity
When assuming a CEP of 1.5 m, simulations implied that

the absolute error in the speed computation was highest near
the hydrophone position (Fig. 8).

Fig. 6. Scatter plot of measured (averaging method) speed and true
speed for fish cage experiments. A correlation coefficient of 0.9286 was
achieved for measured and true speed with a sample count of N = 357.
Reference line (1:1) is shown in red colour.

Fig. 7. (Fig. a) Histograms for true speed and Doppler based measured
(averaging method) speed. (Fig. b) Histogram for error in measured
(averaging method) speed. Sample count N = 357 for both plots.

IV. DISCUSSION

The results from this study suggest that the Doppler based
speed measurement method presented here is feasible for
tracking individual fish speeds in commercial fish farms. The
low errors compared with ground truth speed measurements
obtained with independent methods in all three experiments
thus served to validate the method through incremental stages.
Moreover, the acceptable results achieved at full scale also
showed that this method is applicable under realistic envi-
ronmental conditions (i.e. the prevailing soundscape at a fish
farm), and with arbitrary directions of movement.

For the fjord and fish cage based trials, the data were
grouped into low (25 cm s−1-50 cm s−1, sample count N =
190) and high (50 cm s−1-110 cm s−1, sample count N = 167)
speed data-sets. The two sub speed data-sets were analysed
separately to capture possible differences in the assessment
of the method’s performance between low (sustained swim-
ming speed of Atlantic salmon for longer duration) and
high (critical swimming speed of Atlantic salmon for shorter
duration) movement speeds [13]. The rms error using the
averaging method was 5 cm s−1 (mean −1.9 cm s−1, std. dev.
<4.7 cm s−1) for low and 10.1 cm s−1 (mean −2.9 cm s−1,
std. dev. <9.7 cm s−1) for high speed data-sets respectively,
implying that the error in measured speed for Atlantic salmon’s
sustained speed range was relatively lower than the overall
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Fig. 8. Error in cosine value of � AOB due to simulated variations in tag
position. The error is relatively high close to the acoustic receivers (A
and B), whereas it approaches to zero as the distance from the tag to
the receivers increases.

speed range. Although the absolute error values were generally
larger for higher than for lower movement speeds, the relative
error vs speed ratio was almost constant at approximately 10%
across all speeds. This implies that the method is consistent in
deriving movement speeds and a robust approach for assessing
underwater movement speeds. For low speed ranges, the
averaging and modal methods had comparable error levels,
while the modal method had larger errors for higher speed
ranges. The averaging method therefore appeared to be most
suitable for use in applications in sea-cages as it was acting
as a filter, filtering out unwanted peaks at higher speeds. Both
methods led to larger errors in the lab experiments than in the
field trials. This can be attributed to very strong reflections
and hence poor acoustic conditions, which are typical in tanks
of relatively small volume [1].

The error was lower in the fish cage experiments than in
the fjord based experiments for all speeds. This is probably
because acoustic reflections had a larger impact during the
fjord experiments than in the sea-cages. When applying the
Doppler shift based technique, it is ideal to use only the first
pulse arriving after signal emission for speed measurements,
as this reduces the chance that multipathing will affect the
results. In a real-world scenario such as a fjord or sea-cage
environment, additional pathways of signal arrival may arise
due to acoustic reflections from the surface, the seabed and
other structures in the water column. This can potentially cause
errors in the speed calculations [5]. Surface reflections can
generally not be avoided when applying acoustic telemetry in
aquaculture, as fish production is predominantly conducted in
the upper parts of the water column, and will thus be a constant
source of error. However, it is possible to avoid or reduce
the impacts of bottom reflections and reflections from other
structures by simply increasing the depth and the distance
to those other structures, respectively. Increased distances
will result in reflections that are both heavily attenuated and
arrive more delayed at the receiver. While the fjord based
experiments were conducted very close to shore at a depth
of around 8 m, the fish cage experiments were conducted in a
cage located several hundred meters from shore with a water
depth of 75 m to 100 m under the farm. These conditions
are typical for marine fish farming sites, and were probably

instrumental in reducing the effects of reflections from the
bottom and the coastline.

Apart from the surface, bottom and nearby structure reflec-
tions, the acoustic signal would also reflect from the fish/bio-
mass present in the sea-cage. The fish cage experiments
were performed inside a sea-cage stocked with approximately
200,000 animals. The 10% relative error in measured speed for
the fish cage experiments implies that the Doppler principle
works reliably under the realistic scenarios it is targeted for.
The experiments in this study were performed by using only
one acoustic tag at a given time. In a practical fish behaviour
monitoring study, multiple fish would be tagged in a single
fish cage. In such a multi-tag situation, the acoustic receivers
would differentiate the overlapping signals by first processing
the received signals in time domain to decode ID. Afterwards,
the receivers would perform FFT to measure speed of the
tagged fish corresponding to the decoded tag ID using the
Doppler principle.

The duration of the individual pulses comprising a signal
burst is an important parameter in determining the resolution
of the DSF method ( [11] Eq. 24). By inserting the typical
pulse duration of commercial off the shelf acoustic tags
(10 ms) into this equation, a maximum speed resolution of
100 cm s−1 is predicted. This means that it is impossible to
monitor common swimming speeds of farmed fish using a
10 ms pulse length, as these are predominantly lower than
100 cm s−1. By using a pulse duration of 128 ms (as used
in these experiments) in the same equation, a resolution of
8 cm s−1 is obtained. Based on these theoretical observations
and the outcomes from the present study, it is thus reasonable
to conclude that the pulse duration should be at least 100 ms
when aspiring to use DSF to measure the swimming speeds
of farmed fish.

The simulated speed errors when positioning was subjected
to a known error were relatively high when the simulated tag
was placed closer to acoustic receivers but reached to zero
for tag positions further away from the receivers (Fig. 8).
This suggests that it might be reasonable to use the receivers
furthest away from the current tag position to compute speeds,
implying that it might be useful to have more receivers than
strictly needed in a particular setup. For instance, this can
be realised for the 2D-speed case, by using three receivers
for both TDoA positioning and frequency, as the acoustic
receiver pair furthest away from the tag could then be used
for speed computations.

V. CONCLUSION

The proposed Doppler shift based speed measurement tech-
nique was proven to be a promising method for measuring fish
swimming speed in a marine aquaculture environment. An rms
error of 5 cm s−1 for Atlantic salmon’s sustained swimming
speed i.e. <50 cm s−1 makes the proposed technique a highly
relevant tool for measuring fish speeds, while rms errors less
than 10 cm s−1 for speeds up to 100 cm s−1 proved that the
technique can be used to reliably monitor fish close to their
critical swimming speed. Experiments conducted inside a fully
stocked fish cage also proved that the technique can be used for
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speed measurements on Atlantic salmon during commercial
aquaculture production.
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