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I. INTRODUCTION 

Marine biodiversity has been severely affected by the 
impact of human activity during the last century. Industrial 
and transport pollution has vastly contributed to the rise of 
the ocean's temperature, forcing marine species to emigrate 
to other habitats in search of more favorable environmental 
conditions [1]. In addition, non-sustainable abusive fishing 
practises have reduced the fish stocks of some species such 
as tuna, depleting its population to historical minimums and 
risking its survival [2]. Global awareness has forced policy 
makers to address the protection of marine areas in order to 
mitigate these effects. To evaluate the effectiveness of these 
policies, there is a dire  need to improve our understanding of 
the marine ecosystem by quantifying its processes, which, 
currently, reliy on adequate spatial-temporal multiparametric 
monitoring procedures. Technology plays a central role in 
developing these monitoring systems, as advances in 
enabling technologies such as remote sensing, modeling or 
autonomous systems are able to enhance our capacity of  
tracking and predicting the evolution of marine ecosystems.  

Underwater cabled observatories with video capabilities 
as those presented in [3] are key elements in the acquisition 
of multidisciplinary oceanographic and biogeochemical data 
to monitor marine ecosystems and their species. These 
observatories provide knowledge on different ecological 
indicators such as species’ richness and biodiversity. 
Although the advantages of these observatories are many, 
their high deployment and maintenance costs reported in [4] 
have increased the use of stand-alone platforms for 
ecosystem monitoring in temporary deployments. As an 
example, the EMSO Generic Instrumental Module (EGIM) 
[5] has been developed to measure oceanographic parameters 
of interest for the science community. Articles [6], [7] report 

other seafloor ecosystem monitoring stand-alone platforms 
including video acquisition. However, in all of these 
examples, the access to the gathered data is only possible 
once the platform has been recovered. Therefore, new real-
time and in situ communication strategies are still necessary 
to properly  monitor the  status of the data acquisition and the 
data itself. A common solution reported in [8] is to include a 
moored buoy connected to the seafloor node which collects 
and transmits the acquired information. However, this is not 
the ultimate solution as it limits the deployment depth due to 
the fact that it relies on cabled comunications and these have 
a high associated cost and increased potential for failures.  

To overcome these constraints, the Platform for Long-
lasting Observation of Marine Ecosystems (PLOME) project 
funded by the Spanish Ministry of Science and Innovation 
aims to upgrade the underwater communication capabilities 
of stand-alone platforms. The main idea is to build a 
cooperative network that integrates several seafloor stand-
alone remote stations with Autonomous Underwater 
Vehicles (AUVs) and Unmanned Surface Vehicles (USVs) 
to collect the acquired data on the seafloor and transmit it via 
a satellite link. With this,  near-real-time data could be 
collected without the need for  recovering the station. 

One of the innovative ideas studied in PLOME is the 
integration of pop-up buoys to expand the underwater 
communication capabilities of stand-alone seafloor 
platforms. As reported in [9], pop-up buoys are commonly 
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Fig. 1. Seafloor ecosystem monitoring stand-alone platforms from PLOME 

together with the under-design pop-up buoy and the schematic 

representation of its main functionalities. 
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used to recover seafloor instrumentation. At the end of the 
deployment and using an acoustic command, a floating buoy 
attached to the node with a line is released to recover the 
instrumentation. In PLOME, the concept of a pop-up buoy is 
upgraded with sensing, processing, and communication 
capabilities. The stand-alone monitoring node (right side of 
Fig. 1Fig. 1) includes several pop-up buoys (left side of Fig. 1Fig. 1) that 
are periodically released untethered (no physical attachment 
to the seafloor node). During the deployment, the buoy 
archives scientific and engineering data acquired by the 
station. Once released, the pop-up buoy becomes an oceanic 
drifter (e.g. [10]) and transmits the stored data and its 
position using a satellite link. This strategy enables scientists 
to access part of the data before the recovery of the station 
and allows engineers to  monitor the proper functioning of 
the experiment. The idea of this project arose  from military 
applications such as those commercialized by GABLER in 
[11], where pop-up buoys are used to expand the 
communication of submarines with the satellite. However, 
the use of this concept for environmental applications in 
stand-alone observatories is something that, to the best of the 
authors’ knowledge, has not been previously investigated. 

As can be observed in the diagram shown on  the top left 
side of Fig. 1Fig. 1, the pop-up buoy is equipped with a main 
microcontroller, a data storage module, a wireless 
communications module, and a GNSS module, all of which 
are  powered by an independent power system. There are 
several technological challenges related to the development 
of pop-up buoys. These include the wireless underwater 
communication between the buoy and the observatory, the 
automatic release system to release the buoy, or the robust 
satellite communication link. 

This paper describes the design of the pop-up project 
including preliminary tests that demonstrate the feasibility of 
its implementation. Since the project is in the design phase 
and PLOME is still in the second year of its four year tenure,   
this article only intends to present the concept and to outline 
how the posed challenges are being resolved. The article is 
organized as follows; section II describes the project 
requirements and specifications, section III details the 
conducted experimental tests and section IV discusses the 
results. 

II. SYSTEM DESCRIPTION 

A. Project requirements 

The pop-up buoy system is a technology that allows to 
expand the communication of stand-alone seafloor 
observatories through the release of unthetered buoys 
transmitting the data gathered from the seabed. This system 
has  two main components. First, the pop-up buoys itself, 
which contains a wireless underwater communication system 
with the stand-alone observatory, a data storing module, a 
GPS positioning module, and a satellite communication 
antenna. The number of pop-up buoys depends on the 
duration of the experiment  and the release interval. The 
second component is the pop-up server, a seafloor node 
connected to the observatory that is responsible for 
transmitting the data to the buoys and their periodic release. 
The technical specifications of both systems are detailed in 
sections II.B and II.C respectively. 

Fig. 2Fig. 2 shows below the operative states of the system 
used to detail the selected technologies to implement each 
process. 

• State 0. The configuration of the system as well as the 
initial check before the deployment is required. Each 
pop-up buoy is programmed with a unique id that is 
required by the pop-up server to perform the release of 
each buoy according to a predefined timetable. After 
the configuration, a user action forces the system to 
stand by (e.g. push a button).  

• State 1. After the deployment, the pop-up buoy wakes 
up periodically (e.g. once per day) and asks the server 
for release permission (connection described in phase 
2). In the case the server does not acknowledge the 
buoy to be released, it returns to sleep to assure lower 
consumption power. 

• State 2. When pop-up buoys receive release permission 
from the server (date and hour expired for its id), the 
buoy proceeds to download the data generated from the 
observatory (e.g. images or files). Commonly, 
underwater communications are implemented with 
acoustic links [12]. Doing so  however, would require 
the installation of an external modem on the buoy 
making it more fragile during the drifting stage. At very 
short distances, low-power Wi-Fi antennas are capable 
of generating  a connection and transmitting data 
underwater. At this stage, the pop-up server generates 
an access point (AP) and creates an FTP connection 
(server). Through this  connection, the observatory 
(client) uploads the acquired data and the pop-up buoy 
(client) downloads it before the release, to  later 
transmit it  via satellite link. Each buoy downloads the 
data generated from  the release of the previous buoy 
(all data in the first release). 

• State 3. After the data download, the pop-up server 
activates the release of the buoy. An automatic release 
system is required for each buoy, capable of holding the 
positive buoyancy of the unit until its take-off.  Nd 
magnets driven by a motor with a worm screw are used 
to release the buoys (further described in section II.C). 

• State 4. Once on the sea surface, the pop-up buoys 
initiate the drifting stage which loops indefinitely 
between transmissions (state 4) and sleep periods (state 

 

Fig. 2. Pop-up system operative states. 
 

 



5) until the unit is recovered. During state 4, the pop-up 
buoys first fixes the GPS position (latitude, longitude, 
and satellite time stamp) and log it into a track file 
which is stored in the internal storage module. A 
timeout is implemented during the GPS fixing 
procedure to avoid a consumption exceedance. 
Secondly, both the GPS position (to recover the unit) 
and part of the data, gathered from the stand-alone 
observatory are transmitted using Kinéis 
infraestructure. Kinéis is the new generation of Argos-4 
nanosatellites network [13] which allows users to 
transmit small packages (up to 62 hex characters - 248 
bits) with worldwide coverage, at a relatively low-cost 
and low-power. As the coverage is intermittent, a 
satellite pass prediction is required to optimize the 
transmission. The implementation of the transmitted 
messages (position and underwater data) will be 
developed in future works. 

• State 5. Between transmissions and depending on the 
satellite coverage, the pop-up buoy stays in a sleeping 
state, to keep the power consumption low and to ensure 
its autonomy until its recovery. 

B. Pop-Up buoy specifications 

Fig. 3Fig. 3 shows a detailed schematic of the pop-up system, 
where the stand-alone seafloor observatory is represented in 
red, the pop-up server in blue and several pop-up buoys in 
yellow.  

The ESP32 (EzSBC Xtensa-LX6/32-bit/240 MHz) works 
as the buoy’s main microcontroller as it incorporates a low-
power Wi-Fi antenna and an internal RTC timer. Through 
this timer, sleep states are implemented with power 
consumptions as low as 10 µA. Through a serial port and 
using AT commands, the ESP32 communicates with the 
Kinéis module (CLS - KIM1), in charge of transmitting data 
to the satellite. Through a second serial port, the ESP32 
communicates with the GPS module (GY-NEO6MV2) to 
acquire the position and the satellite time stamp. The 
communication with the SD module is implemented through  

an SPI bus. The oceanographic seafloor data, as well as the 
GPS track, are stored in this SD.  

A power bank feeds the pop-up system. A low-power 
relay (Crydom - CN024D05) is also used to disconnect the 
power from all the peripherals (except from the ESP32) to 
keep the consumption low during the sleep states. The relay 
is controlled with a digital pin of the ESP32.  

C. Pop-Up server specifications 

The Raspberry Pi 4 (Raspberry Cortex-A72/64-bit/1.8 
GHz) works as the pop-up server's main microcontroller. It 
generates an AP through which the buoy connects and asks 
for release permission. Furthermore, it implements the FTP 
server from which the buoy (client) downloads the 
oceanographic seafloor data.  

The pop-up server shares the power supply with the 
stand-alone observatory platform. A cabled communication 
bus enables the popup server to communicate with the 
observatory. This one can also access the FTP as a client 
through this connection to upload  the oceanographic data 
daily.  

Finally, a Nd magnet with the Nord facing downwards is 
added to  the bottom of the pop-up buoy. Thanks to a Nd 
magnet with the South facing upwards and placed at the pop-
up server, the buoy is held (during states 1 and 2) despite its 
positive buoyancy. For each pop-up buoy there is a specific 
release module (RM in Fig. 3Fig. 3). These modules are based on 
an ESP32 that receives the release command from the 
Raspberry through a serial port. Then, the ESP32 controls a 
stepper motor (Stepperonline NEMA17) and its driver 
(Cozyroom TB-6600) to move a magnet pack backwards and 
forwards  (worm screw). For the release, a Nd magnet with 
the Nord facing upwards facilitates the take-off of the buoy. 
The magnet repulsion helps to eliminate any buoyancy 
resistance produced by biofouling generated around the 
support and the buoy during the deployment.  

III. EXPERIMENTAL TESTS 

The pop-up project is still under design, so this article 
only aims to present the project  and to discuss and validate 
the technologies selected for each of the challenges posed. 
This section presents four isolated tests that validate the 
functionality of four key parts; the underwater Wi-Fi 
communication, the release operation, the GPS tracking and 
the satellite transmission. Each subsection presents 1) the 
methodology used in each test as well as 2) its results. 

A. Underwater Wi-Fi communication  

This first test validates the underwater Wi-Fi 
communication for the pop-up project data transmission 
during the deep-water routine (state 2). Specifically, the 
objective is to determine the maximum distance that the 
ESP32 low-power antennas allow communicating packets 
through seawater. The results of this experiment are 
presented in [14]. 

1) Methodology 

An ESP32 with a 9V battery pack was placed in a pop-up 
buoy shell (8 cm ϕ) and another ESP32 was placed in a 
waterproof box with a cable gland, allowing its connection to 
an external PC. The buoy’s ESP32 set an AP and a TCP 
connection (server). The box’s ESP32 functioned as a TCP 

 

Fig. 3. Pop-up system connected to a stand-alone seafloor observatory 

(red). Below, the pop-up server (blue) with a Raspberry as a main controller 
and, above, several pop-up buoys (yellow) with an ESP32 as a main 

controller. 

 

 



client. A LabView application set at the PC monitored the 
test through a serial connection to the ESP32 TCP client 
(waterproof box). The top of Fig. 4Fig. 3.a) shows the 
experimental set-up while the bottom shows a picture of the 
test.  

While the pop-up buoy was moored at the bottom of the 
water tank, different distances (d – saltwater thickness) were 
set by moving the waterproof box. For each distance, the 
signal’s RSSI was measured five times. The test was 
repeated with the following Wi-Fi signal transmission 
powers: 20, 17, 15, 11 and 7 dBm. The salinity of the water 
was measured at 36.5 ppt.  

2) Results 

Fig. 5Fig. 4 shows the experimental results for the underwater 
Wi-Fi communication test. Each line represents a different 

Wi-Fi signal transmission power, the vertical axis shows the 
signal’s average RSSI between the five measured points and 
the horizontal axis represents the distance (d).  

At a first look of the results, the intensity of the signal 
decreases linearly with the distance while higher powers 
improve the RSSI at equal distances. The distance from 
which communication is lost is 25 mm and 40 mm for 
powers of 7 dBm and 20 dBm respectively. 

Further tests were made with fresh water and with 
Bluetooth antennas (instead of Wi-FI) and a full report of the 
results can be found in [14]. 

B. Release operation 

This second test validates the feasibility of using magnets 
to maintain and release pop-up buoys from stand-alone 
seafloor platforms. Specifically,  the magnets were tested to 
prove that these could hold the positive buoyancy of the 8 cm 
diameter spherical shells. Further, the release mechanism, 
consisting of a worm screw motor with a ND magnet 
attached, was validated in an water scenario. The results of 
this experiment were presented in [15]. 

1) Methodology 

An ESP32 was placed in a waterproof box with a cable 
gland, allowing its serial connection to an external PC. 
Again, a LabView application controls the test. The ESP32 
was connected to a driver and this was then connected to the 
motor to provide the PWM signal and direction. All the 
motor and driver specifications are presented in section II.C. 
The top of Fig. 4Fig. 3.b) shows the experimental set-up while the 
bottom shows a picture of the test.  

The waterproof box was filed with oil to avoid water 
leakages and was secured at the bottom of the water tank. 
The pop-up buoy with a magnet inside was placed on the top 
of the waterproof box, moored at the water tank.  

2) Results 

 

Fig. 54. Experimental set-up for tests a) underwater Wi-Fi communication and b) release operation. The top part of both figures shows a schematic of the 
experimental set-up and the bottom a picture of the test. 

 

 

 

Fig. 45. Experimental results for the underwater Wi-Fi communication test. 

Different lines are used for each signal transmission power. The vertical 

axis shows the RSSI, in dBm, and the horizontal axis the salt water 
thickness, in mm. 

 

 



The LabView application sent a command to initiate the 
release of the pop-up buoy. The driver activated the motor 
and it moved the magnet pack backwards. Then, the magnet 
with the Nord facing upwards ejected the buoy successfully. 

C. GPS tracking 

This third experiment tests the acquisition and logging of 
the GPS position as well as the low-power, deep-sleep cycles 
of pop-up buoys through states 4 and 5 shown in Fig. 2Fig. 2. 

1) Methodology 

An ESP32 was placed in a waterproof box and connected 
to the GPS and SD modules using the serial and the SPI ports 
respectively. The ESP32 was set to acquire the position 
periodically with a GPS-fixing timeout of 60 seconds. Both 
the position and the satellite time stamp were then saved to 
the SD card and the whole system was later sent  to sleep one 
minute using a power relay (switching off the GPS and SD 
modules). Fig. 6Fig. 6.c) shows the experimental set-up, including 
a 9V battery pack to feed all the components. 

2) Results 

Fig. 7Fig. 7 shows the results of placing the system on a car 
and conducting a trip between Can Carbonell (Spain) and 
Girona (Spain) the morning of the 6th of April, 2023. Note 
that  two different roads were used in order to have more 
spatial data dispersion.  

As expected, the system acquired 25 datapoints in the 31 

minutes of outbound trip, and 20 datapoints in a return trip of 
24 minutes. Note that  the system  obtained almost one point 
per minute so the average GPS acquisition time was around 
13 second even though the module was switched off every 
cycle. As we previously reported in [16], switching off the 
GPS may reduce the autonomy of the whole system 
(increasing the GPS fix time), so further investigation into 
this topic will be required.  

D. Satellite transmission 

This fourth test evaluates the feasibility of using the 
Argos-4 satellite network to transmit short messages from 
anywhere in the world using the low-power Kinéis modules. 
The objective is similar to what was previously achieved in 
[17], where SigFox (low-power, wide-area network) was 
used to monitor coastal areas, but, this time, with worldwide 
coverage. Specifically, the percentage of transmissions 
received with Kinéis as well as the percentage of erroneous 
messages are evaluated. A complete description and analysis 
of this test was presented in [18]. 

1) Methodology 

An ESP32 was placed in a waterproof box and connected 
to the KIM1 and SD modules using the serial and the SPI 
ports respectively. The ESP32 was set to transmit a message 
of six hexadecimal characters every 30 seconds through 
Kinéis network with the transmission power set at 1 Watt 
(maximum transmission power). The first four hexadecimal 
characters were random, while the two final ones were used 
for the CRC8, calculated on the ESP32 to later validate the 
data. Then, the ESP32 also saved  the message together with 
the time stamp obtained from the internal RTC on the SD 
card. 

2) Results 

TABLE ITABLE I reports the results of the satellite transmission 
test. The system working for 16 hours and 53 minutes and 
transmitted a total number of messages of 1691 (stored in the 
SD card). This results in an average time between 
transmissions of 35 seconds. 

 

Fig. 7. Experimental results for the GPS tracking test. The pinpoints  

indicate the fixed locations on the trip between Can Carbonell (Spain) and 
Girona (Spain) the morning of the 6th of April, 2023 . 

 

 

 

Fig. 6. Experimental set-up for tests c) GPS tracking and d) satellite transmission.  

 

 



By using the satellite area coverage information provided 
on the  Kinéis webpage and crossing the data found in the 
SD card with those stored on the database, the total number 
of messages sent with satellite coverage was determined in 
412. Further, the total number of messages received was 111, 
14 of which were erroneous (CRC8 incorrect). We 
concluded that 24% of the total messages were sent with 
satellite coverage and just 27% of those messages where 
received. Moreover, the percentage of erroneous messages 
received was 13%. In total, just 5% of the transmitted 
messages were properly received. 

IV. DISCUSSION 

This paper presents the initial design of the pop-up 
project to expand the underwater communications of stand-
alone seafloor platforms under the umbrella of PLOME 
project. This development involves several challenges such 
as: the underwater communication between the pop-up buoy 
and the pop-up server, the mechanical release of the buoy, 
and the satellite data transmission. In this article, the 
technical solutions for these challenges have been presented 
and their feasibility experimentally demonstrated. 

 The pop-up project consists of two main parts. On the 
one side , the pop-up buoy, which includes the 
microcontroller (ESP32), the SD and GPS modules, the 
satellite transmission antenna (Kinéis) as well as compact 
power system. On the other side  the pop-up server, 
developed with a Raspberry as the main microcontroller, 
plus several release modules (one for each buoy) including 
an ESP32 and a motor with its corresponding driver. 

With  the first experiment, it has been demonstrated that 
the maximum distance to be able to transmit data using low-
power Wi-Fi antennas through salt water is 40 mm (20 
dBm). Therefore, as long as the buoy is just above the server 
box (attracted by the magnet), the communication of 
oceanographic data would be satisfactory. 

The second test demonstrates the feasibility of using 
magnets to hold and release the pop-up buoys. The pop-up 
server must be scaled to include one release module for each 
pop-up buoy, which would depend on the experiment 
duration and the communication period desired  

The third test gives inputs about how fast the fix of the 
GPS in a sleep-alive routine can be for the tracking of the 
buoy on states 4 and 5. It is mandatory to properly design 
these routines, with special attention given to the average 
GPS fix time and timeout, in order to maintain an acceptable 
autonomy of the buoy. 

 Finally, the satellite transmission of small data packages 
using the Argos 4 network has been tested in the fourth 
experiment. We concluded that just around 5% of the total 
messages sent were properly received (transmitting 
continuously every 35 seconds). This demonstrates the 
necessity of implementing an intelligent satellite pas 
prediction algorithm, to maintain  an acceptable autonomy of 
the buoy, and the importance of transmitting  each message 
several times with the implementation of an error-detecting 
check (CRC8 in this work).  
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