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Abstract—This article proposes and introduces the design and
implementation of a novel bidirectional acoustic tag (BTAG) for
marine biotelemetry, enabling enhanced tracking and data col-
lection from aquatic species. Unlike conventional unidirectional
tags, the BTAG supports bidirectional communication, allowing
for precise time-of-flight (ToF) measurements and improved
geolocation accuracy. This system reduces deployment costs
and the postprocessing complexity while ensuring compatibility
with existing acoustic telemetry networks. The BTAG employs
ultralow-power components with a one-year bidirectional life and
a ten-year unidirectional mode, with a miniaturized footprint of
50 mm in length and 17 mm in diameter, and a tailored piezoelec-
tric transducer, achieving operational longevity despite its minia-
turized form factor. Field and laboratory tests demonstrate its
performance, achieving effective transmission ranges up to 250 m
at 80% reception rate, and optimal reception capabilities such
as 70 m at sea, with 90 m tested in freshwater. The system holds
the potential for integration with autonomous vehicles, further
advancing marine research and conservation applications.

Index Terms—Acoustic tags, bidirectional communication,
biotelemetry, fish tracking, geolocation, underwater acoustics.

I. INTRODUCTION

ACOUSTIC telemetry serves as the primary tool for
understanding the activity, spatial ecology, and habitat

interactions of underwater species through movement behavior
studies [1], [2]. This technology enables improvements in the
management of highly impacted zones due to direct or indirect
human interaction. A similar technology is also used in other
marine fields, such as oil and gas [3], where a more robust
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Fig. 1. Typical tagging campaign deployment, range tested array between four
receivers enables LBL topology and further calculation of the unidirectional
tagged species detections geolocation.

form factor is employed, as size and weight compliance is
less of a requirement. Hence, the importance of using the
most precise, less intrusive, and state-of-the-art techniques in
the field leads to better and more reliable marine protected
areas (MPAs) [4] that can ensure the restoration and long-term
protection of marine ecosystems [5].

Biotelemetry data are obtained by tagging an individual
of the target species with an acoustic tag, which can be
surgically implanted under the skin of the animal [6] or
attached to its hard shell [7]. This device ranges in size and
weight primarily based on the physiological characteristics
of the species, generally following the 2% tag-to-body mass
guideline [8]. In addition to species compatibility, consid-
erations such as battery life, maximum detection range, or
sensor capabilities are critical to selecting an appropriate tag.
Some efforts have focused on advancing miniaturization and
enhancing transmission power, as explored in recent studies
[9], while also improving sensing capacities, such as enabling
innovative electrocardiograms from tagged species [10]. All
data transmitted by the tags have to be received by an acoustic
receiver, which stores the information and can be downloaded
after the receiver is recovered [11] or has some real-time
transmission system to send the data to the onshore servers
[12].

Other efforts have focused on improving the knowledge
and accuracy of the movements conducted by tagged species.
For example, various configurations for the deployment of
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receiver arrays can be used to achieve different degrees of
scale movements, such as: 1) presence or absence in a zone
with only a circling array or discrete receivers; 2) receiver
curtains in straits as a large migration species control between
oceans and seas [1]; and 3) fine-scale positioning of the
species, requiring a dense matrix array of receivers (e.g.,
with a baseline of few hundreds of meters) [13]. When all
receivers are positioned within a range that allows a tag to
be detected by at least four receivers, the tag’s position can
be determined using the time difference of arrival (TDOA)
triangulation algorithms [14] (e.g., yet another positioning
solver (YAPS) model [15]). This configuration is known as
a long-baseline (LBL) arrangement, as illustrated in Fig. 1.
This LBL configuration may result in significant localization
errors when the target lies outside the array, as the hyperbolas
derived from the TDOA calculations tend to diverge, leading
to a high standard deviation in position estimates [16].

A significant challenge in deploying the dense receiver
array is to ensure precise localization. Each receiver position
within the array must be well-known to obtain a great target
estimation accuracy, which is not always straightforward,
especially in deep-sea environments. Additionally, this array
must be synchronized to reduce the internal clock drift of each
receiver, and therefore, to reduce the target estimation error.
This synchronization is typically conducted using a specific
synchronizing tag beacon (sync tag) attached or incorporated
into each receiver in the array and applying postprocess-
ing algorithms when the whole network is recovered [17].
This requires using more complex algorithms to adjust the
receiver’s position together with the clock drift [18].

Consequently, obtaining the final position of the tag requires
three key steps: 1) receiver positioning and deployment;
2) synchronization of the receiver array; and 3) target geolo-
cation data analysis and calculation. Each step introduces an
inherent margin of error, which collectively impacts the accu-
racy of the final positioning outcome [19], [20]. Furthermore,
the position error increases proportionally with the distance to
the LBL array, providing only, at some point, the bearing of
the acoustic source [21].

Some studies have explored using global-positioning based
surface nodes [22] or autonomous vehicles to localize the
tagged species dynamically, similar to ground techniques [23],
using ultrashort-baseline (USBL) or acoustic modem equip-
ment [24], to reduce the cost of deploying permanent arrays
of receivers and extend the area under study [11]. Additionally,
to increase the accuracy of tagged localization, some authors
have studied the integration of two hydrophones to compute
not only the presence/absence but also the bearing of tagged
species [25] and developed new area-only target localization
algorithms [18], [26], [27]. However, the accuracy that can be
obtained with such approximations is bounded by the system’s
inherent limitations.

In this article, we present a novel bidirectional acous-
tic tag (BTAG), which has the potential to mitigate these
problems by applying more precise triangulation techniques
based on range-only methods [28]. The BTAG solves
the problem of unidirectional LBL data postprocessing, as
time-of-flight (ToF) measurements can be obtained, and there-

fore, computing accurate range measurements (i.e., in LBL
systems, the target’s position can be determined if each
node performs an interrogation to measure its distance to
the target). Moreover, having bidirectional capabilities on the
tag offers more versatility, such as using a single transceiver
mounted onboard an autonomous underwater vehicle (AUV)
or an autonomous surface vehicle (ASV) that can dynamically
track the range and position of the tagged individual [29].
Therefore, the BTAG topology presented in this article aims
to: 1) reduce the receiver deployment cost and 2) facilitate the
postprocessing of the data.

This article is organized as follows. In Section II, the
system topology, design considerations, and requirements are
discussed. Section III presents an analytical study to charac-
terize the main components of the BTAG. In Section IV, a
description of the tests conducted and their results is presented.
Finally, a comparative table for BTAG and other acoustic tag
manufacturers, the conclusions, and future work are discussed
in Sections V–VII, respectively.

II. BTAG TOPOLOGY

The BTAG was designed to be miniaturized with an
ultralow-power component choice. Section II-A–II-C, the
system’s a priori requirements and the proposed architecture
that solves them will be revised along with the schematics
shown in Fig. 2(a).

A. System Requirements

Commercially available tags predominantly employ a
69-kHz pulse position modulation (PPM)-based transmission-
only protocol, which is compatible with interpretation by
proximate deployed receivers. To date, various codifications
of similar PPM-style protocols do exist. As new acoustic tag
systems move toward global compatibility (e.g., initiatives
such as the European tracking networks [30]), our system
will be capable of generating the open protocol (OP) as
this project has been granted access to the codification of it,
which can be interpreted by receivers from major brands [31].
Implementing these 69-kHz PPM-based protocols requires
tailoring the size of the piezoelectric transducer element to
ensure optimal energy transfer during transmission, based on
its central response frequency [32], while keeping the overall
device size within specified limits.

Here, we propose enhancing these tags by incorporating
bidirectional capabilities (i.e., an acoustic tag that can also
receive and interpret acoustic signals generated by a remote
transponder). This functionality requires a low-power micro-
controller equipped with a digital-to-analog converter (DAC)
and a floating-point unit (FPU), capable of acquiring and
processing incoming acoustic signals. Additionally, a com-
plete input conditioning setup with amplifiers and filters is
necessary. However, this new capability must be integrated
without compromising the device’s overall size and lifespan.
Therefore, careful selection and evaluation of components are
crucial.

Finally, in line with industry standards, the acoustic tag
remains powered off during storage and transportation. It is
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Fig. 2. BTAG proposed topology schematic: (a) high-level representation considering the power, control, and amplification systems and (b) detailed block
representation of the input conditioning circuitry regarding all the stages and output amplification with a type D amplifier.

activated shortly before attachment to the marine species and
subsequent release. This functionality is achieved using a Hall
sensor and an external magnet, which serve as a contactless
switch.

Taking these considerations into account, the BTAG system
will broaden the range of applications by enabling more
accurate ToF-based target triangulation techniques, without
compromising the duration of long-term studies (exceeding 90
days) or the ability to tag small species (tag dimensions: 20 ×
50 mm). Furthermore, the tag’s lifespan can be extended by
increasing its size to accommodate additional battery packs.

B. Component Choice

1) Piezoelectric Element: The first element to consider is
the piezoelectric transducer. Typically, a lead-zirconate-titanate
(PZT) ceramic element [33] is used in most applications,
which can hold some modifications in compound materials
and rates, leading to different standards such as the Navy Type
PZT classifications defined in MIL-STD-1379 B or the newer
European EN 50324-1:2002 with types 100–800. Each Navy
Type PZT exhibits distinct characteristics, such as relative
dielectric constant, electromechanical coupling factor, and
frequency constants, which influence its optimal transmission
and reception frequency response. Deviating from this optimal
frequency by approximately ±10 kHz can result in a reduction
of sound pressure level (SPL) by approximately 5–10-dB
re 1 µPa [34], [35]. The Navy Type I was chosen based
on its performance, which is a modified PZT composition
generally recommended for medium-to-high power acoustic
applications, suitable for deep-sea applications.

A tube-shaped form factor ensures a quasi-omnidirectional
directivity when inserted into the species, as the radial com-
ponent predominates.

Additionally, a tradeoff on size also has to be considered,
where the frequency response is inversely proportional to the
size of the piezoelectric element, being determined by the
following expression [36]:

fr =
v

π (OD + ID)
(1)

TABLE I
PIEZOELECTRIC ELEMENTS LIST AND DIMENSIONS CONSIDERED FOR THE

BTAG VERSIONS WITH THE FREQUENCY RADIATION PROPERTIES ON
EVERY INERTIAL AXIS. OD STANDS FOR OUTER DIAMETER, ID

FOR INNER DIAMETER, AND L FOR LENGTH

where v is the sound velocity on the material surface, and
OD and ID are the outer and inner diameters of the tube,
respectively.

Thus, if a miniaturized version of the tag is fabricated,
the piezoelectric transducer will have a higher resonating
frequency, delivering lower acoustic power when transmitting
at the targeted frequency. The final sizes considered after
testing for the BTAG are expressed in Table I.

OD14 was selected for the prototype, as the resonant
frequency is closest to 69 kHz and smaller than the OD17
piece. Smaller piezoelectric elements, such as the OD13 and
OD8, are discarded due to the separation from the chosen
frequency.

Section IV presents further analysis and in-laboratory tests
for different material compounds used to finally create the
selection of the size seen in Table I for fabrication.

2) Microcontroller: The microcontroller’s selection, which
is the core of the system’s processing capabilities, is key to
obtaining a low-power device. Here, various peripherals are
required for the correct intended firmware functioning, and
the following list is presented:

1) clock with pulsewidth modulation (PWM) generation
capabilities to generate the PPM pulses at 69 kHz;

2) real-time clock (RTC) to wake the system from ultralow-
power stop or deep-sleep mode;

3) comparator to mark the beginning of a received signal;
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Fig. 3. (a) Scale comparison on the three main manufacturers’ acoustic tags. The systems shown are: 1) Sonotronics (? 6.3 mm); 2) Thelma biotel
(? 7.1 mm); and 3) Innovasea’s vemco (? 7 mm/? 13 mm/? 16 mm). (b) Encapsulated BTAG on a hand for reference. (c) Half-encapsulated BTAG with
battery, electronics, and piezoelectric transducer. (d) Close-up view of the tag’s electronics with a 0.5-mm pencil lead for reference.

TABLE II
BRIEF QUANTIFICATION ON THE STM32L4KB MAIN USABLE PERIPH-

ERAL AND LOW-POWER MODE CHARACTERISTICS

4) DAC or variable voltage reference to mark the threshold
for the comparator;

5) analog-to-digital converter (ADC) to acquire the signal;
6) FPU to process the signal.
As no specific peripherals more than listed are needed,

a low-power, 32-bit microcontroller STM32L432kb from ST
Microelectronics brand was chosen; featuring an ARM Cortex-
M4 processor with a maximum operating frequency of 80 MHz
and an ultralow-power profile, the system enables the evalua-
tion of various firmware approaches.

The main significance claimed characteristics extracted from
the manufacturer’s technical datasheet are listed in Table II.

3) Power Supply: Once fully encapsulated, a magnetic
ON/OFF switch is implemented to comply with the require-
ments. The tag’s expected storage and transport state is with
a magnet attached to the side, given that no other method
enables the wireless start of the tag with long shelf life without
discharging the nonrechargeable batteries.

A latch system with a Hall effect sensor is proposed [see
Fig. 2(a)]. Once the magnet approaches the CT8132BV-HL4
Hall effect sensor from Crocus, it activates the TCK107AG,
LF power switch from Toshiba, thereby turning off the entire
tag.

4) Transmitting Circuitry: The main characteristics of a
piezoelectric transducer driver are twofold: 1) signal voltage
used, where the higher the voltage the more displacement,
and therefore, more transmitting work is performed due to
the piezoelectric effect [37] and 2) amplifier design and
modulation, which are key to obtain the best transmission
energy efficiency.

Here, a class D amplifier designed for specific low-power
battery-operated applications gets an advantage, so in this

category, the PAM8904JER from Diodes Incorporated was
chosen. This integrated circuit (IC) can also generate a drive
voltage of 18 Vpp when a 3-V source voltage is used, thanks
to an internal charge pump, with a frequency output ranging
from 20 Hz to 300 kHz, driving a maximum of 15-nF load.

Regarding power, it has 1-µA consumption while in shut-
down and 1.7 mA when using the maximum power output.

5) Receiving Circuitry: In the receiving circuitry, amplifi-
cation and filtering are performed using operational ampli-
fiers (OPAMPs). Achieving high gain is possible with the
use of high-bandwidth amplifiers; however, these ampli-
fiers also entail increased power consumption. Consequently,
a careful balance has been established between gain and
power consumption. A 10-MHz bandwidth dual OPAMPs
TLV9062SIRUGR from Texas Instruments has been selected.

Additionally, a positive offset on the OPAMP scheme
has been applied to raise the output signal to 1/2 Vbat to
compensate for the negative component of the analog signal
incoming from the piezoelectric. Consequently, we could use
a single-supply voltage scheme (i.e., positive-only voltage
supply), reducing the battery requirements in complexity and
size. As the battery voltage (Vbat) varies from 2 to 3.2 V
depending on the discharge state, a 1.2-V voltage reference
(REF3312AIRSER) is chosen, also made from the manufac-
turer Texas Instruments.

The input stage is protected with clamping diodes, ensuring
no overvoltage is applied to the input gates of the first OPAMP.
A common resistor/diode design has been used [38], achieving
great power consumption and a reduced size ratio, also being
the scheme with the fewest discrete elements.

C. Encapsulation

Finally, the encapsulation will be carried out using a Shore
A96 polyamide of moderate hardness. The material will fully
cover all components, providing a protective layer with a
thickness of 2 mm or less to ensure both mechanical protection
and water isolation. The polyamide will ensure sufficient
reactivity for the piezoelectric element to receive the signals
and enough stiffness to have good transmitting capacity.

The final encapsulation of the first version of the tag has
dimensions comparable to those of a typical commercial tag,
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with an approximate diameter of 17 mm and a length of 50 mm
(see Fig. 3). These are typically intended for mid-size marine
species around 500–600 g (e.g., Catfish—Squalus canicula
[39] or an octopus—Octopus vulgaris [40]), following the
mentioned 2% body mass rule as the tag has an approximate
weight of 25 g in air and 11 g in water.

Additionally, a test encapsulation has been done to ensure
that the design of the transport box with embedded magnets
will correctly operate the Hall effect sensor in all conditions
and ensure zero consumption after manufacturing checks until
the deployment in the field.

III. ANALYTICAL CHARACTERIZATION OF THE BTAG

A. Signal Reception and Data Acquisition

Efforts have been focused on improving the topology of
the electronic platform; nevertheless, a test firmware has
been developed to validate all the parts of the design fol-
lowing the first analysis and previous design presented by
Corregidor et al. [41].

As the access to the analog pin of the BTAG’s ADC input
is open, a Nucleo32 board with the same STM32L4 micro-
controller can be placed as a data acquisition board, acquiring
8-bit samples at 250 kS/s, to mimic the ADC quantization that
the final BTAG has. The signal can be extracted to a computer
via USB using a custom Python program that converts it to
a wave (*.wav) file. The data can later be processed “as is”
or downsampled to the desired frequency and emulated by
signal processing on the low-power miniaturized system. This
modular and easily debuggable system facilitates a comprehen-
sive understanding of the specific microcontroller’s circuitry
performance and can be employed for subsequent processing
tasks, such as computing the spectrogram.

B. Transmission SPL-Level Baseline Calculation

The accurate characterization of the transmission block is
crucial, as the proposed topology introduces additional func-
tionality compared to existing commercial unidirectional tags.
Therefore, maintaining equivalent performance is essential.

Currently, commercial systems achieve transmission ranges
between 200 and 300 m (with 120–160-dB re 1 µPa at 1-m
SPL), which will serve as the baseline for determining the
required SPL for transmission power.

As in previous studies [35], a minimum signal-to-noise ratio
(SNR) of 10 dB is determined, but due to uncertainties, a
20-dB SNR will be used as a reference for reception. Given
this, and knowing the operating frequency (f ) of 69 kHz, the
attenuation level can be calculated using Thorp’s formula [42],
[43] to compute the absorption coefficient as shown in the
following equation:

α ( f ) = 0.11
f 2

1 + f 2+44
f 2

4100 + f 2+2.75·10−4 f 2+0.003. (2)

Since the tests will be conducted in shallow waters (i.e.,
less than 200 m) [44], a spreading factor of k = 1 could be
considered, assuming cylindrical spreading as shown in (3). A
spreading factor of k = 1.5, termed as “practical-spreading”
[45], represents an intermediate scenario between cylindrical

Fig. 4. Final input amplification Bode gain being all-around flat amplification
for modulation experimentation.

spreading in shallow waters. Finally, spherical spreading k =

2 for deep waters will account for multidepth deployments
ranging from 20 to 400 m.

The attenuation, considering the frequency (f ) and distance
(l), is determined by the following expression, where the
absorption coefficient per km is embedded in the frequency-
dependent term (α):

A (l, f ) = k · 10 log (l) + α · l. (3)

Additional factors also influence transmission over the
acoustic channel. Although noise sources such as turbulence,
shipping, and thermal noise exist, they are most relevant at
frequencies below 10 Hz, between 10 and 100 Hz, and above
100 kHz, respectively [45]. The dominant noise source in this
scenario will be the wind, modeled by the following equation:

Nw = 50 + 7.5w1/2 + 20 log ( f ) − 40 log ( f + 0.4) . (4)

Based on the above, the absorption coefficient for a fre-
quency α(69 kHz) = 23.8 dB, and the attenuation for a
distance of 250 m is A(250 m, 69 kHz)k=1 = 29.92 dB, using
the “practical-spreading” model, A(250 m, 69 kHz)k=1.5 =

41.91 dB, and A(250 m, 69 kHz)k=2 = 53.91 dB using the
spherical model. Assuming a wind speed of 12 m/s (Beaufort
scale level 6), the wind noise will be calculated as Nw =

39.4 dB. This speed was selected based on the least favorable
conditions observed in the OBSEA zone during nonextreme
meteorological events [46].

The required SPL is given as follows, which accounts for
the SNR, attenuation, and wind noise:

SPL ≥ SNR + A (l, f ) + Nw. (5)

Thus, using the least favorable value of k = 2 assuming
spherical spreading for deep sea uses, the minimum required
SPL is calculated to be SPL ≥ 113.3 dB for 250 m usability.

C. Characterization of the Received Signal

Following the generic hydrophone acquisition chain [47],
we can convert ADC raw data counts x(n) to the received
discretized pressure p(n) in µPa using the following equation:

p (n) =
(x (n) − x (n)) LSB

S linGlin
(6)
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Fig. 5. (a) BTAG inside a PVC pipe with piezoelectric encapsulated in an interchangeable cap for encapsulation material tests. (b) Image of the researchers
taken during field range testing on the OBSEA observatory zone. (c) Range tests were conducted on January 25, 2024, with low wind conditions. Result with
different encapsulating materials: 1) Shore D75 polyurethane; 2) Shore D85 epoxy; and 3) Shore A96 polyamide. Showing the reception rate versus distance
with a 20-m window average, with the standard deviation.

where G is the amplifier gain in lineal units, and S [V/µPa]
is the transducer sensitivity. Additionally, as an offset is used
to avoid negative signals, the average of the samples x(n),
which corresponds to this offset, has to be subtracted from
the original ADC data. Finally, the LSB is the ADC least
significant bit conversion factor in [V/count] expressed as

LSB =
Vref

2N (7)

where N refers to the ADC-configured number of bits and Vref
is the unipolar reference voltage used in the ADC (e.g., Vbat =

3 V).
Therefore, the performance of the received section can be

characterized, and the amplification gain calculated to achieve
the desired transmission–reception range. First, the reception
signal can be calculated based on the transmitted power and
the distance between the transmitter and the receiver. For
example, if we assume an emitted signal at 125-dB re 1 µPa
at 1 m at 70 m of distance from the receiver in a seawater
environment (α = 23.8 dB/km and k = 2), we will receive
a signal of 87-dB re 1 µPa (p(n)lin = 22.4×103 µPa).
Additionally, the received signal is greater than the wind noise,
which is typically equal to 35 dB. This corresponds to an SNR
of 52 dB, which is enough to decode the signal.

Moreover, the BTAG uses the ADC in an 8-bit configuration
with a Vref equal to 3 V, which yields an LSB equal to 11.7 ×
10−3 V/bit. We assume that the system can decode the signal
correctly if a minimum of 20 bits is received, thus having a
(x(n) − x(n)) equal to 20.

Finally, a common sensitivity for the piezoelectric trans-
ducer equal to −160-dB re 1 V/µPa (S lin = 1×10−8 V/µPa)
can be used.

Given that, we can compute the needed amplification gain,
which is '60 dB (Glin = 1047). In our system, we have
implemented an input gain of 74 dB overall, divided into
37 dB for the first OPAMP stage and 37 dB for the second
OPAMP stage, which also serves as a bandpass filter, executed
in a multiple feedback topology. Furthermore, tests with the

instrumentation confirmed that the amplification does not
reach saturation under the specified conditions.

D. Power Consumption and Battery Management

Based on the current topology, we can compute the power
consumption of each state mode. The different modes taken
into account to test the system are: 1) transmission of a
commercial PPM protocol; 2) reception, where the system
activates the analog input stage to detect any incoming request;
and 3) sleep mode, to enclose all three states in a time-defined
cycle, typically ranging from 60 to 180 s in commercial
unidirectional tags.

An established, replicable scheme must be implemented
to ensure improvements across firmware versions and
component-level power management.

First, a fixed test cycle that encompasses all three modes
must be selected. This cycle should have a tailored duration
for each mode to ensure that the batteries are stress-tested
without exceeding their limits.

Second, a power data logging scheme is implemented using
an nRF-PPK2 power profiler, from the Nordic Semiconductors
brand, to monitor the power consumption of each mode and
calculate the theoretical battery life. Furthermore, it ensures
that all minor firmware changes can be accurately correlated
with variations in power consumption.

Once the firmware with the predefined cycle and features is
implemented, the power consumption of each component Cn

is measured using the power profile. The time spent in each
state (tn) is then used in the following expression to estimate
the expected theoretical battery life (in days) for a battery with
a capacity of Bc mAh:

tBat =
Bc ·

�
tcycle

�
CTxtTx + CRxtRx + CSleeptSleep

(8)

where Rx is the reception, Tx is the transmission, and “Sleep”
is the low power consumption stop period.
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Fig. 6. Spectrogram and max value for the transmission channel frequency band (67–70 kHz), where the eight pulses of the PPM protocol can be seen, on
a BTAG–BTAG scheme acting as Tx (pinger)–Rx (USB data logger). Results shown for (a) 1- and (b) 90-m separation during field tests in (c) freshwater
aquifer upwelling lake in Capellades on July 23, 2024, under low wind conditions. The minimum signal-to-noise ratio (SNR) margin required for detection
was 7.5 dB.

TABLE III
POWER CONSUMPTION TEST, STATES DURATION, AND CURRENT DRAWN

RESULTS AT 3-V SUPPLY

IV. RESULTS

A. Simulations and In-Laboratory Tests

1) Input Amplifier Simulation and Characterization: Var-
ious simulations for different topologies to obtain different
bandwidth performances have been made, and the final
amplification Bode plot can be seen in Fig. 4. A more
restrictive filter for specific PPM protocols can be imple-
mented. However, the final version considers testing tailored
communications protocols tests employing commercial-grade
equipment spanning a range of operating frequencies, and it
requires a broader bandwidth limited by −3.2 dB on 8 and
150 kHz, 69 kHz being the most amplified frequency.

2) Piezoelectric and Transmission SPL Tests: Piezoelectric
material choices were made regarding the best suitable piezo-
electric material [35]. This showed the necessity to fabricate
a bespoke piezoelectric with the Navy Type I material with
the capabilities of having a resonant frequency of n · 69 kHz
or close to it; the candidates for the production are shown in
Table I, with the final choice on OD 14—ID 12—L10.

Pool facility tests with a configurable transmitting stage of
the tag and a resin-encapsulated piezoelectric [48] within a
1-m structure, which has a Bruer and Kjaer hydrophone (type
8103) as a reception device, achieved 125-dB re 1-µPa SPL
[49].

This result, added in (5), but considering a spherical trans-
mission with k = 2, gives a theoretical transmission range of
495 m.

TABLE IV

BTAG BATTERY DAYS’ LIFE EXPECTANCY FOR DIFFERENT CYCLE TIMES
(TX–RX–STOP), VARYING STOP AND RX WINDOW TIMES

3) Power Consumption: Power characterization laboratory
tests are provided and detailed in Table III, breaking down the
power consumption for each operational state, as implemented
in the first version of the firmware for deployment use (PPM
transmission [TX], ADC activated [RX], and Stop mode
[STOP]) with the time used for each one during the continuous
tests, demonstrating excellent efficiency, particularly in the
transmission and stop states.

This efficiency contributes significantly to the system’s
overall power savings. Furthermore, Table IV summarizes the
battery life estimations across typical cycle times and reception
window durations, with a 1300-mAh 3-V cell.

These results show that incorporating bidirectional
capabilities, although reducing the tag’s life, can
stay in service reliably for short to mid-term
experiments.

B. Field Tests
Range testing was conducted on the OBSEA underwa-

ter observatory zone [50], the final prototype assembly
inside a protective PVC modular encapsulation [see Fig. 5(a)
and (b)], resulting in a transmission range of 250 m with
an 80% reception rate [49], testing different encapsulating
materials via interchangeable cap, to verify the transmission
distance and ensure the system meets the required performance
standards and to validate the results in the initial design with
the best encapsulation resin.
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Fig. 7. Test setup used during oceanographic campaign on board the R/V Sarmiento de Gamboa on December 15 and 16, 2023, at 70–200-m-depth waters
with low-to-mid wind conditions. Figures showing (a) Girona 1000 AUV with (b) receiving test tags and (c) commercial receiver attached on the bottom part.
(d) Submersible buoy with the BTAG as a pinger and (e) commercial range pinger tag. (f) Both systems can be seen deployed.

These empirical tests have yielded promising results, with
polyamide A96 with a 97% reception rate at 150-m emerging
as the most effective material, as shown in Fig. 5, followed
by epoxy D85 resin at 88%, and last with the same form
factor encapsulation, polyurethane D75 at 72% reception rate
at 150 m.

Furthermore, the receiver correctly detected receptions at
450 m, confirming the theoretical range of reception calcu-
lated previously. Other external factors, such as the receiver’s
position versus the transmitter and the marine currents, are not
included in the theoretical calculation, so only a few discrete
receptions were present in that range.

A BTAG-to-BTAG communication scheme is employed
for range testing the reception topology, ensuring that, with
the 125-dB re 1 µPa that the BTAG is capable of [49], a
90-m range (i.e., maximum available distance on the test
site) is possible with the ideal conditions for the proposed
amplification gain on shallow freshwater. The tests will use a
BTAG as a solo transmitter (i.e., pinger) and the modified
BTAG with the STM32 Nucleo board that outputs USB
data.

This approach allows for a practical assessment of the
system’s ability to receive signals over various distances,
ensuring that the final design can meet performance expec-
tations in real-world scenarios.

By implementing this scheme, the range testing will provide
critical insights into the reception performance and help to
identify any areas for potential refinement or optimization.

On that occasion, receiving tests in a freshwater
5-m-depth lake yielded promising results confirming the
receptivity capabilities calculated previously and showing the
expected '20 dB (α = 0.01 dB/km and k = 1 in shallow
freshwater at 69 kHz) attenuation over the distance difference
and the typical 20-dB wind noise for the conditions, as shown
in Fig. 6; a good performance can be seen in 1 m [Fig. 6(a)]
with 90-m receptivity [Fig. 6(b)] that was the maximum for the
test site on “La Bassa” of Capellades, a town near Barcelona
[Fig. 6(c)].

C. Oceanographic Research Campaign

An oceanographic campaign was carried out in December
2023 aboard the R/V Sarmiento de Gamboa, owned by the
Spanish Ministry. During the campaign, compatibility tests
were conducted using the Girona 1000 AUV, which can reach
depths of 1000 m (see Fig. 7). The Girona 1000, developed
by the University of Girona [51], was utilized to evaluate the
potential for AUV-based reception of signals from BTAG tags
with commercial receiving equipment [52].

To test compatibility, a commercial receiver was mounted
on the underside of the AUV, as illustrated in Fig. 7(b) and (e),
while a commercial pinger and an encapsulated BTAG, con-
figured as a test pinger, were deployed on a submersible buoy
at depths of up to 200 m [see Fig. 7(c) and (f)].

When the AUV was drifting, the results showed a compa-
rable reception rate between a commercial tag (RRc = 33%)
and the BTAG (RRt = 30%). However, the reception rate
decreased significantly during powered movement due to the
high acoustic noise and electromagnetic interference generated
by the AUV motors. A 3-m cord was attached to the AUV to
address this, with a commercial receiver at the end. This setup
improved reception rates during powered operation, increasing
from RRc = 12% to RRc = 22% for the commercial tag and
from RRt = 0% to RRt = 9% for the BTAG.

V. COMPARATIVE SUMMARY

Based on the characteristics of the BTAG, a comparative
analysis is provided in Table V, presenting the most relevant
technical specifications alongside those of similarly sized
acoustic tags.

The specifications compared are extracted from each
manufacturer’s datasheet and include whether the device is
bidirectional, its size in the standard configuration, the SPL,
and the battery life (in days) based on a 180-s cycle time.
For the BTAG, two battery life values are provided: one
corresponding to pinger operation only, and the other with
bidirectional functionality enabled.
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TABLE V

COMPARISON OF BTAG AND SIMILAR-SIZED COMMERCIAL ACOUSTIC TAGS BY KEY SPECIFICATIONS

VI. CONCLUSION

In conclusion, this study demonstrates the viability and
performance of an acoustic bidirectional biotelemetry system
that offers versatility and facilitates operation and data postpro-
cessing over a traditional unidirectional tagging scheme. The
proposed system effectively balances low power consumption
with reliable range and reception capabilities, as highlighted by
the range testing results, where polyamide was also identified
as the optimal encapsulating material.

These findings are further supported by recent AUV com-
patibility testing data, indicating that the system could perform
alongside AUVs shortly, enhancing the range-only-single-
beacon technique.

Power consumption analysis reveals significant efficiency,
particularly in transmission and stop states, directly contribut-
ing to prolonged battery life under different operational cycles.
This efficiency supports the system’s potential for extended
deployment, a critical factor for long-term monitoring appli-
cations. Furthermore, the biotelemetry data processing and tag
miniaturization approaches discussed here lay a foundation
for future improvements in tag functionality and sensing
capabilities, aligning with ongoing trends in the field.

Overall, the system advances current biotelemetry practices
by offering a solution that combines durability, accuracy, and
adaptability. It meets the demands of dynamic underwater
environments and supports expanded applications in marine
research and conservation.

VII. FUTURE WORK

Future work will prioritize firmware development and the
low-power optimization of it. Additionally, the OP will be
fully implemented, and alternative protocols and modulations
between the transceiver and the tag will be investigated,
given that the constraints of the tag-to-receiver communication
protocol do not limit this communication.

On the other hand, the deployment working topology will
be with an acoustic modem or USBL, acting as a receiver of
presence/absence and later interrogating the BTAG to acquire
the bearing using the USBL topology, and range using the ToF
computation. Although some tests have been made to assess
the right techniques on behalf of this topology, more work has
to be done to prove the whole system’s functionality.
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