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Abstract: Amphibious (air and water) drones, capable of both aerial and aquatic operations, have
the potential to provide valuable drone applications in aquatic environments. However, the limited
range of wireless data transmission caused by the low antenna height on water and reflection from
the water surface (e.g., 45 m for vertical half-wave dipole antennas with the XBee S2C™, estimated
using the two-ray ground reflection model) persists as a formidable challenge for amphibious sys-
tems. To overcome this difficulty, we developed a wireless data relay system for amphibious drones
using the mesh-type networking functions of the XBee™. We then conducted field tests of the de-
veloped system in a large marsh pond to provide experimental evidence of the efficiency of the
multiple-drone network in amphibious settings. In these tests, hovering relaying over water was
attempted for extension and bypassing obstacles using the XBee S2C™ (6.3 mW, 2.4 GHz). During
testing, the hovering drone (<10 m height from the drone controller) successfully relayed water
quality data from the transmitter to the receiver located approximately 757 m away, but shoreline
vegetation decreased the reachable distance. A bypassing relay test for vegetation indicated the
need to confirm a connected path formed by pair(s) of mutually observable drones.

Keywords: amphibious drone; field test; water quality; wireless data relay; XBee™

1. Introduction

Amphibious drones with capabilities of both aerial and aquatic operations have the
potential to provide valuable drone applications in aquatic environments. Typical am-
phibious multirotor drones are classified as amphibious unmanned aerial vehicles [1],
whereas other unmanned vehicles dedicated to aquatic environments are also conven-
tionally designated as drones. For water quality monitoring, some specialized systems
using amphibious drones have already been proposed [2-8].

Earlier studies of advanced water quality monitoring have demonstrated the neces-
sity for real-time wireless data acquisition [9-14]. For drone applications, without the val-
idation of data from continuously monitored trends, some water quality sensors might
record unstable data within rapid measurements or emergency surveys with drones.
However, continuous data reception from amphibious drones is not always expected
when target sites include obstacles to wireless communication (e.g., vegetation, buildings)
[15]. In actuality, the water body itself is an obstacle. Therefore, some valuable modules
have been developed for wireless communication in deep water [16]. As a cost-effective
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approach to surface water monitoring, conventional communication devices (e.g., LoRa™,
XBee™, LTE™) are also available if the amphibious drone can be used with an antenna
protruding above the amphibious drone’s draft line. An earlier study used an amphibious
drone system with a LoRa™ wireless communication module on the upper side of the
amphibious drone [5]. The XBee™ is an alternative for cheaper and more convenient ap-
plications using a higher data transmission rate (<250 kb s [17]).

The maximum distance of wireless communication for water quality data in an am-
phibious drone system might be as short as the maximum controllable distance of the
drone on water (e.g., 500 m [18]) for safe flight. However, an extremely short communica-
ble distance achieved by convenient low-power tools (e.g., Zigbee products) on water
could pose an important limitation for real-time monitoring applications (e.g., 45 m for
vertically floating half-wave dipole antennas with the XBee S2C™ [17], as estimated using
the two-ray ground reflection model [19,20]). Even in small-scale applications, wireless
signals can be shielded by surrounding objects (e.g., vegetation [21]) at the monitoring
site. If a real-time monitoring system is necessary for complex target sites with obstacles,
then we can choose from several methods including (a) high-power wireless communica-
tion systems after obtaining legal permission/licenses and anti-crosstalk validation, (b) the
LoRa™ communication systems by compromising the data rate, and (c) the XBee™ mesh
network by introducing a rescue drone or the parallel use of multiple drones. We specifi-
cally examined (c) for this study because legal permissions for the use of high-power wire-
less communication systems and anti-crosstalk validation can be important issues in some
areas and countries, even though a drone-based water quality survey can be completed
within a short time. A rescue drone could be made available by repurposing old drones
or by purchasing a small drone (e.g., DJI Mini™) capable of carrying a lightweight (<100
g) data relay system (e.g., Arduino™ Nano, XBee™, XBee™ shield, antenna, a 9V-006P
battery and cables). For a greater-scale drone survey, the concept of a wireless data relay
among a swarm of drones has been proposed [22,23]. It has been examined with multi-
hop wireless communication systems for aerial operations [24,25]. In [25], multi-hop wire-
less telemetry with a low-frequency (169 MHz, reallocated for telemetry and UAV control
from analog TV broadcasting in Japan) band was examined, and it succeeded in Beyond-
Line-Of-Sight (BLOS) flight by relaying the telemetry data. The result also provides a hint
for the extended conceptualization for an amphibious drone system (Figure 1). Despite
these intensive efforts for aerial operations, the lack of experimental evidence regarding
the networking capability of multiple amphibious drones on sites may contribute to the
hesitancy in adopting large-scale aquatic environmental monitoring with drones.

To overcome the limited availability of wireless communication tools and knowledge
on water, we developed a wireless data relay system for multiple amphibious drones in a
reproducible way using commercially available products and an affordable off-the-shelf
3D printer. The system was validated through field tests of data relaying and established
basic theories, particularly emphasizing extension of the communicable distance through
easily reproducible routines for environmental scientists and engineers.
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Figure 1. A conceptual illustration of wireless data relay for water quality monitoring using multiple
amphibious drones. Upper: no data relay, middle: data relay by a flying drone, lower: data relay
with alternated roles of drones for large-scale applications with variable receiver locations. Drones
A and B are identical but situated in different locations.

2. Materials and Methods

For testing the wireless data relay system in the field, we selected basic water quality
indicators for routine water quality monitoring, including pH, electrical conductivity
(EC), dissolved oxygen (DO), and water temperature.

2.1. Water Quality Monitoring System with Amphibious Drones

Amphibious drones used for developing the water quality monitoring system were
the SplashDrone™ 3+ and SplashDrone™ 4 (Swellpro, China, localized and sold by GSM
Co., Ltd., Tokyo, Japan). Each drone has been rated as an Ingress Protection (IP) 67 prod-
uct (dust- tight and waterproof to one meter of depth for 30 min) in China. The maximum
payload capacity for the SplashDrone™ 3+ was 1 kg, whereas that for the SplashDrone™
4 was 2 kg [18,26]. The maximum controllable distance between the flight body of the
SplashDrone™ 4 (ISM 2.4 GHz, compliant with Japanese regulations) and the controller
was 500 m on water, whereas that on the free (air) space could be as long as 5 km [18]. A
system schematic is shown in Figure 2. Water quality sensors (pH, EC, DO, and tempera-
ture) and their outputs are presented in Figure 3. These water quality sensors were labor-
atory-grade low-cost models for application with protecting mounters on drones. For a
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SplashDrone™ 3+ system, the water quality sensors were the DFRobot™-brand analog
output sensors with signal isolators (pH, SEN0161; EC, DFR0300; DO, SEN0237-A; isola-
tor, DFR0504; Zhiwei Robotics Corp., Shanghai, China). For the SplashDrone™ 4 system,
water quality sensors were mounted on the landing gear because of the advanced wireless
flight control systems of the SplashDrone™ 4 with two large antennas. The pH sensor was
a gel-filled immersive electrode sensor (pH Kit; Atlas Scientific, Pasadena, CA, USA). The
EC sensor was also replaced with a wide-range (10 to 200,000 uS cm) sensor (Conductiv-
ity K 1.0 Kit; Atlas Scientific, United States) for freshwater monitoring. The DO sensor
with an Ag-Zn electrode (Dissolved Oxygen Kit; Atlas Scientific, United States) was also
used for unified control of water quality sensors in the I?C communication mode. These
sensors were calibrated with the standard solutions with a 9 V source to the sensor con-
troller (a 5 V source was insufficient for the sensors). The water temperature sensor was
an SEN-18367 (SparkFun Electronics Inc., Boulder, CO, USA) with a 4.7 kQ) pull-up resis-
tor or a KIT0021 (Zhiwei Robotics Corp., China) configured to read the temperature at 9-
bit resolution over the 1-Wire interface (a one-wire device communication bus system
with a ground wire). The temperature compensation coefficient for EC data was 2.0% K.
The coefficient for DO data was obtained to minimize the standard deviation of the data
of oxygen-saturated water. These sensors were controlled by an Arduino™ (open-source
microcomputer brand) nano-compatible board (Shenzhen Keyes Diy Robot Co. Ltd.,
Shenzhen, China), a Grove™ (connecter) shield for the Arduino™ Nano (Seeed Technol-
ogy Co., Ltd., Shenzhen, China) ('shield” means stackable electronics board on Arduino™
series computers), and a six-port Grove™ hub (Seeed Technology Co., Ltd., China) for
multiplying the I2C port. The resolution of the analog—digital converter for the analog-
output sensor was 10-bit. An XBee™ add-on for Arduino™ Nano (Gravitech LLC, United
States) was also stacked for XBee™ wireless communication in the industrial, scientific,
and medical (ISM, 2.4 GHz) band. An atmospheric sensor (air temperature/humidity/air
pressure sensor; SEN-15440, SparkFun Electronics Inc., United States) was also used for
evaluating the dissolved oxygen concentration. The external (third-party) header files
used in the Arduino™ sketches (programs) were SparkFunBME280.h (SparkFun Electron-
ics Inc., United States) for the atmospheric sensor, OneWire.h (Paul Stoffregen) and Dal-
lasTemperature.h (Miles Burton) for the water temperature sensor, and XBee.h (Andrew
Rapp) for the XBee™ (Zigbee) wireless communication chips.
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Figure 2. Schematic representation of amphibious drone-mounted water quality monitoring sys-
tem with wireless data relay.
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Figure 3. Water quality monitoring modules and output data. (a) Modules for the SplashDrone™ 3+
in a data stability test; (b) sensor electrodes for the SplashDrone™ 3+; (c¢) modules for the Splash-
Drone™ 14 in a data stability test; (d) received data displayed on a laptop PC. Its components have
been numbered as follows: 1, sensor boards for the SplashDrone™ 3+ system; 2, sensor electrodes
for the SplashDrone™ 3+ system; 3, controller for the SplashDrone™ 3+ system; 4, controller for
reference temperature measurement with a continuous power source; 5, rechargeable batteries; 6,
data display (laptop PC); 7, pH sensor; 8, EC sensor; 9, DO sensor; 10, temperature sensor (refer-
ence); 11, temperature sensor; 12, pH 4 buffer solution in a screw cap; 13, EC 1.41 dS m™ standard
solution in a screw cap; 14, aerator; 15, controller for the SplashDrone 4 system; 16, XBee™ S2C
board; 17, sensor boards for pH/EC/DO; 18, sensor board for temperature; 19, I>C connector hub; 20,
rechargeable battery (for demonstration of a minimized installation into the system mounter).

2.2. Wireless Communication Modules and Configurations

The measured water quality data were transmitted from a wireless communication
chip (XBee™ S2C; Digi International Inc., United States) to other XBee™ S2C chips. The
XBee™ platform was selected for its capabilities of mesh-type networking [17] and con-
tinuous wireless communication with the water quality sensing modules within the range
of the controllable distance of the drones on water (500 m [18]). The primary modulation
method was the Offset-Quadrature Phase Shift Keying (O-QPSK). The spectrum spread-
ing method was the Direct Sequence Spread Spectrum (DSSS). These XBee™ S2C chips
have routing functions in the Application Programming Interface (API) mode, which pro-
vide a multiple drone system with wireless communication. All the XBee™ chips were
configured using software (XCTU ver. 6.5.6; Digi International Inc., Eden Prairie, MN,
USA) and an XBee™ Universal Serial Bus (USB) dongle (SparkFun Electronics Inc., Niwot,
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CO, USA). Each of the XBee™ S2C chips with a U.FL connector was connected to a half-
wave dipole antenna (A24-HABUEF-P5I, 2.1 dBi (1.62) gain and 10 cm overall height; Digi
International Inc., United States). These antennas were used vertically. All the XBee™ S2C
chips were operated at the maximum transmission power (6.3 mW, localized for Japanese
regulations), —~102 dBm receiver sensitivity and 9600 baud rate. Each XBee™ S2C chip for
the drone system was configured to work in the router mode, whereas the chip for the
receiver was used in the coordinator mode. The default values for other parameters in the
XCTU were retained. To avoid interference with signals from the drone controller (2.4
GHz Wi-Fi transceiver for Japanese regulations), the channel for the wireless communica-
tion between the XBee™ S2C chips was not fixed. The scan duration of the selectable chan-
nels (15, channel 26 was not used) was set as approximately 2.4 s (the SD value in the
XCTU was set at 3). The corresponding central frequency range was 2.405-2.475 GHz. The
bandwidth for each channel was 0.002 GHz. The node joining time was set as infinite. The
node discovery backoff time was set as 6.0 s. The interval of water quality measurement
and data transmission was set as approximately 7.0 s by adjusting the delay time in the
Arduino™ sketches (programs), but the interval was extended later (experiments in 2023)
to 10 s for stable communication. Each of the measured water quality data points (multi-
plied to make a 16-bit integer value) was divided into two 8-bit payloads by bit-shifting
for the communication with XBee™ S2C. A unique identifier number for each sensor (no
duplication throughout all nodes) was also sent before each data transmission.

2.3. Drone Mounters for the Water Quality Monitoring System

The mounter for the developed water quality sensors (Figure 4) was produced using
a fused deposition modeling (FDM) 3D printer (Ender™-5 plus; Shenzhen Creality 3D
Technology Co., Ltd., Shenzhen, China) with a reinforced polylactic acid (PLA) filament
(Polymax™ PLA; Polymaker LLC, Shanghai, China). The reinforced PLA filament was
selected for reproducible output without sensitive care for the desiccation of filament,
thermal equilibration during printing, etc. The 3D-computer-aided design (CAD) data
files for the 3D printer were made using software (FreeCAD version 0.19; the FreeCAD
team, 2021). The STL format 3D-CAD files were processed using slicer software (Creality
Slicer ver. 4.8.2; Shenzhen Creality 3D Technology Co., Ltd., China) for the 3D printer.
The wall thickness was set as 2 mm (10 lamination layers accumulated at 0.2 mm intervals)
for water-tight vessels. Support material and raft-type bottom adhesion were used in the
printing. For stable adhesion of the bottom of printing materials to the printing stage, stick
glue was used on the surface of the printing stage. The respective temperatures of the
printing nozzle and the printing stage were set as 230 °C (503 K) and 60 °C (333 K). The
printing speed was set as 60 mm s™. The infill ratio of the support material was 5%. The
ratio of most of the mounter parts was 20%. The ratio was increased to 100% for parts used
under mechanical stress (e.g., the lid and legs of the mounter). Each part of the mounter
was printed separately and was fitted together after printing by a (formerly patented)
Lego™ block-like joint structure (6 mm diameter). After removing the support/adhesion
materials, the exposed wall of each vessel was coated with a silicone resin sealer (Bath
Bond™ QQ; Konishi Co., Ltd., Japan) for waterproofing. Nitrile butadiene foam rubber (10
mm thickness, approximately 30 in the Asker-C hardness) with closed cells was used as
the gasket for sealing spaces around sensor cables in the lid of the water-tight vessels. A
wedge for each cable was made on the gasket surface using a triangular bar file. After
fitting the cables in the wedge of the gasket, a thin (1 mm thickness) spongy stick tape was
placed on the cables. Then, the gasket was pressed with the lid of the water-tight vessel
by screwing. These simplified procedures of sealing were chosen for vessels above the
draft line of amphibious drones on water, in order to avoid exposing high-impedance sen-
sors to additional noise (e.g., pH glass electrode sensor; susceptible to cable splicing (cut-
ting and reconnection) for installing waterproof connectors) and to widen choices of ex-
ternal sensors. Variation in the connectors of sensors to the sensor regulators is expected
to necessitate numerous waterproof sockets if the sockets are to be installed on the vessels.



Drones 2024, 8, 38

8 of 30

(a) Upper mounter vessel

, A \ B, 7 3
GNSS-secure legs
Support binders ) Sensor electrode holders
Electrode guard plates
(b) Upper mounter vessel 3¢ mm

Landing gear
attachment binders

420 mm

Sensor electrode holder

\

Upper mounter lid ‘
A 4 ) / '

Inner lid

g

GNSS-secure legs
Landing gear attachment

Figure 4. Slicer output images of the mounters for water quality monitoring tools with amphibious
drones. (a) Mounters for the SplashDrone™ 3+ with vertical installation of sensor electrodes; (b)
mounters for the SplashDrone™ 4 with horizontal installation of sensor electrodes (the holder is
shown as a vertical image for 3D-printer output). GNSS-secure legs were used for sufficient space
between the bottom of the upper mounter vessel and the GNSS antenna surface of each drone.

To estimate the effects of the external system on the availability of the Global Navi-
gation Satellite System (GNSS)-assisted flight control system, the Global Positioning Sys-
tem (GPS) accuracy indicator [18] of the drone was used. The indicator was associated
with restricted flight in GPS mode [18]. For example, in the SplashDrone™ 4, <1 m of lo-
cation error in the GNSS corresponds to the maximum value (10) of the indicator [18],
which allows flight in GPS mode. The upper mounter was placed on the GNSS antenna of
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each drone. Legs for the upper mounter were used to maintain the GNSS accuracy as <1
m. The maximum elevation angle for the GNSS with the upper mounter was approxi-
mately 40°.

2.4. Preliminary Selection of a Reinforcing Float for the Amphibious Drone System

The amphibious drones that we used have a patented ability to flip automatically
when overturned on water [18,26]. However, because even the genuine floats by the drone
manufacturer were not compatible with the auto-flip technology, the drones were not con-
firmed to reorient themselves on the water when they were used with our external water
quality monitoring system [18]. The genuine floats were designed for horizontal opera-
tions on water [18], but we were unable to operate the drone with the floats in the field
with aqueous plants. We added some floating materials for the drones to increase the
floating stability during vertical operations (Figure 5) as a simple way of ensuring the
floating stability of amphibious drones. We tried to arrange the water quality monitoring
system symmetrically in the horizontal section of the drones, but restrictions on the ar-
rangement (e.g., antenna of the drone, battery slot, camera) caused some asymmetry
within the range of the maximum payloads. We compared the floating stability of the wa-
ter quality sensing amphibious drones with those of commercially available floating ma-
terials placed symmetrically below each drone (quadcopter) arm.

The amount of each float was estimated by minimizing the distance from the center
of gravity to the center of buoyancy of the drone system (Figure 5). The metacentric height
[27] H (Equation (1)) of the drone system should also be controlled (e.g., >0.15 m [27]) to
maintain its position against reverting force [28]. Therefore, we tried to extend each drone
arm to increase the inertial area moment within the range of shear strength of the float
against the forces in a splashdown.

H=--1L D

Upper

Mounter

Amphibious Drone

Floating Material Floating Material

[
»

X

Figure 5. Simplified side-view of the amphibious drone system with an upper mounter and addi-
tional floating materials. Some points are identified: M, metacenter; G, center of gravity; B, center of
buoyancy. The floating materials are sufficiently narrow to release airflow and minimize the dis-
tance from G to B.

In that equation, I stands for the second moment of area of the horizontal section for
the minor (weak) axis (m?), V signifies the volume of displaced water (m?), and L denotes
the distance from the center of gravity to the center of buoyancy (m). In the worst case of
floating stability of the present study, in which the maximum payload is placed above the
drone while the floats push up the drone above the water as high as 7 cm, L extends to 0.1
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m, but H is higher than 0.15 m with each of the candidate floating materials. The estimated
H values by a simplified top view (horizontal view) for the respective floats (Figure 6)
were (a) 0.91 m, (b) 0.62 m, (c) 0.80 m, and (d) 0.18 m at V' =0.0042 m> (4.2 L, for 4.2 kg
maximum flight weight at 1.0 kg L' density of water). The increase in the inertial area
moment by the drone arm extension avoids capsizing the amphibious drone on water.
The actual floating stability was confirmed by a harsh splashdown on the waters using the
tension of the tethering thread connected to the drone. The floating stability test was car-
ried out on flat water where few aquatic (rooting) plants grew because surface plants
would complicate the floating stability evaluation. We presumed that the system would
only experience vertical splashdown and take-off.

80
(a) d (b)

o 70
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| 40

a=20cm 30
b=6 cm
c=4cm
d=10cm 10
e=25cm

20

0
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x (cm) x (cm)
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(d)

Figure 6. Simplified top view (horizontal view) of the amphibious drone system with additional floating
materials: (a) symmetric L-shaped polystyrene-foam bars (the concave of each L-shaped bar is fitted to
each of the drone arms, approximately 60 g total weight) made by cutting a polystyrene foam box, (b)
empty PET bottles (approximately 940 mL volume, approximately 136 g total weight), (c) coiled tubular
polyethylene sponge foam discs (approximately 400 g total weight), and (d) the least amount of sponge-
form arm-covers (approximately 85 g total weight) to balance the drones on still water.

2.5. System Stability Evaluations
2.5.1. Flight Stability Test
To evaluate the drone flight stability for use with water quality measurement systems,

flight stability testing was carried out (Figure 7). We measured the time to deviate from the
center of a 3 m line during hovering stability tests (Figure 7). We did not control the drones
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with the aileron until time measurements were completed. Therefore, we excluded effects of
individual flight skills on lateral flight stability evaluation.

To simplify the flight stability evaluation procedures, the throttle and the elevator of the
controller were used for manual adjustment of the hovering location. The initial location of the
drone at each test was the center of the 3 m line at 1.5-meter height above the ground mat (four
sheets of loosely filled air mat with 22 cm thickness and a landing pad at the center) (Figure
7). The test line was demarcated with a soft rubber string tightened on two flagpoles supported
by the flagpole bases (8 kg) (Figure 7). Each of the two vertical lines indicating 1.5 m of devia-
tion from the center was made by suspending a soft string with a square water bottle as a
plumb. The vertical soft strings were used to detect deviation of the drone from the test line.
The calibration steps provided by the manufacturer's manual (i.e., compass calibration, gyro
sensor calibration, accelerometer calibration or inertial measurement unit calibration) were
followed before starting the test. After those calibrations, >15 min of waiting time was added
to confirm stable GNSS data reception. Hovering time without the water quality sensor sys-
tems was measured before starting the test. If the measured time was reduced by >10% (re-
duced hovering stability), then the drone was recalibrated before testing. We used the GPS
(actually used both GPS and GLONASS) mode of the drones. The leg height of the upper
mounter was optimized by referring to the GPS quality indicator of the drone system to main-
tain less than 1 m accuracy of the GPS positioning. A wind-cup-type anemometer (CHE-WD2;
Sanwa Supply Inc., Okayama City, Japan) was used for measuring the average wind speed
during hovering stability tests. The measured hovering time values were classified under five
grades of average wind speed based on the Beaufort scale (<0.5, 0.5-1.5, 1.6-3.3, 3.4-5.5, and
5.6-7.9 m s). The test was canceled when the average wind speed exceeded 8.0 m s (the
maximum limit specified in the SplashDrone™4 manufacturer’s manual [18]). We compared
the hovering stability with additional floating materials for stable floating on water.

Figure 7. Flight stability test with the payload of the water quality monitoring system and reinforc-
ing floats for aqueous operations. Upper: initial location of the drone system. Lower: on-flight
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location to be stabilized at ideally (initial location of each test). Lateral (y-axis) fluctuation was eval-
uated without aileron control. The threshold was set as 1.5 m by demarcating the test space with
elastic strings. The time to deviate from the inner space (+1.5 m) was measured.

2.5.2. Water Quality Data Stability Test

To confirm the stability of water quality data from this system with fluctuating bat-
tery voltage, we measured the water quality data (pH, EC, DO, and water temperature)
with a fully charged nickel-metal hydride (Ni-MH) battery set (six cells of a serially con-
nected AA-type battery, eneloop™ BK-3MCC; Panasonic Corp., Japan). Each of the pH
and EC sensors was immersed in a standard-solution (pH 4.01 or EC 1.41 dS m™) bottle
(approximately 5 mL) with a water-tight screw cap. For the SplashDrone™ 4 system, the
EC sensor was immersed directly in tap water for freshwater monitoring. The DO sensor
was placed in approximately 1 L of circulating tap water with continuous aeration at ap-
proximately 1.5 L min~! of bubbling in an external circulator vessel and approximately 2.4
L min™ of circulation for more than 15 min. The water temperature sensor and the water-
tight bottles for pH and EC measurement were also immersed in the same water. The
water temperature values with the batteries were validated with the same measurement
with a continuous power source (9.0 V DC output converted from 100 V AC domestic
power source with an AC/DC adapter, GPE018A-090100-6; Succul Co. Ltd., Okayama
City, Japan). Atmospheric pressure, relative humidity, and air temperature were meas-
ured using an atmospheric sensor (SEN-15440; SparkFun Electronics Inc., United States)
with a continuous power source (via the USB port of a laptop computer connected to 100
V AC domestic power source) for estimating the saturated DO concentration and evalua-
tion of stability in water temperature measurements. The data were recorded using com-
puter software for real-time data/message visualization and storage (Processing Grapher
ver. 1.3.5; Simon Bluett) or using Tera Term ver. 4.106 (TeraTerm Project) at approximately
10 s intervals. The time to 5% deviation from temperature-corrected reference values by
depleting the battery was measured as the lifetime of the system per power charge. Before
starting the test, each water quality sensor was calibrated using the standard solutions.

2.6. Evaluation of the Efficiency of Hovering Relay by Networking Metrics

Each of the two amphibious drone systems measured water quality data and trans-
mitted the relevant data to the receiver system. In the API-router mode of the XBee™, each
XBee™ chip on the drone relays the data received from other XBee™ chips to the receiver
system with a coordinator XBee™ chip.

Before testing the system in actual water bodies, the data relaying efficiency of the
system was examined by a hovering relay test. The test was conducted on 12 December
2023, in a flat field at Akita Prefectural University (Akita Campus), Japan. No tall grasses
were present in the field on the test date. The weather during the test was cloudy, with a
wind speed of 3-4 m s™! and an air temperature of 5-6 °C (278-279 K). The distance be-
tween the transmitter drone and the receiver was approximately 100 m. The locations of
the devices were confirmed with a controller of the SplashDrone™ 4 (+1 m accuracy, at
the accuracy level 10 [18]). The relayer drone was positioned at the center of the line be-
tween the transmitter drone and the receiver. Networking metrics (throughput, Received
Signal Strength Indicator: RSSI; Packet Delivery Ratio: PDR) were measured both with
and without the relayer drone hovering at a height of around 3 m. The payload for meas-
uring networking metrics was fixed at 20 bytes and utilized in loopback mode. The test
duration for the throughput test was set as 60 s for the rapid environmental monitoring
with drones, and the transmit timeout was set as 10 s for a measurement of water quality
at 10 s intervals. In the range test (RSSI and PDR test), 60 packets were sent for each test.
Each packet was to be sent ideally at 1000 ms intervals, but the receiver timeout was set as
10 s for consistency with the following field tests. The XBee™ antenna height of the relayer
drone in the landing state was 44 cm and that of the transmitter drone was 45 cm. The
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receiver XBee™ antenna height was 12 cm. The baud rate was fixed at 9600 to ensure com-
patibility with the water quality monitoring system operating at low rates.

2.7. Field Tests for the Wireless Data Relay

To examine the capabilities for wireless data transfer of the water quality monitoring
system with the XBeeTM chips, two amphibious drones were prepared with the water
quality monitoring system and the data receiver system (Figures 8 and 9).

ality data . :

Transmitter

Figure 8. Scheme of the wireless data relay tests. The transmitter drone measured surface water
quality data and transmitted the data. The relayer drone relayed the data to a receiver. The receiver
received the data.

Figure 9. Components of the water quality monitoring system with amphibious drones for wireless
data relay tests: 1, SplashDrone™ 3+; 2, SplashDrone™4; 3, upper mounter for SplashDrone™ 3+; 4,
upper mounter for SplashDrone™4; 5, lower mounter for SplashDrone™4; 6, side mounter(s) for
SplashDrone™ 3+; 7, drone controller for SplashDrone™ 4; 8, laptop computer for data display; 9,
receiver; and 9’, contents included in the receiver.
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The demonstration experiment was conducted on a large marsh pond with shoreline
vegetation (2 m maximum depth, 0.3 km? Ogata Marsh Pond in Akita Prefectural Koizu-
migata Park) in Akita, Japan, where most of the water surface is ideally able to be covered
using a single amphibious drone (a 500 m radius semicircle). The transmitter drone
(SplashDrone™ 3+ system) was placed on the nearshore water with the minimum rein-
forcing float (Figure 6d); then, the relayer drone (SplashDrone™ 4 system) was brought to
the offshore site for data relay to the receiver. The transmitted EC data were zero-filled for
the high-concentration range sensor of the SplashDrone™ 3+ system (DFRobot™ EC sen-
sor) because of the low electrical conductivity of the pond water. The receiver was set on
a portable tripod (SLIK GX-m 7500; Kenko Tokina Corp., Tokyo, Japan) of 1.8 m height
(60% of the Fresnel radius at 2.4 GHz for communication through 300 m of presumed line
of sight to a drone). The receiver was located on an elevated (approximately +3.5 m by the
Digital Elevation Model 5B (DEM5B), Geospatial Information Authority of Japan) site to
increase the allowable distance in wireless communication, but the antenna height of the
drone on the water was approximately 0.25 m. The drone and receiver locations were de-
termined using the basic two-ray multipath model applied for earlier studies [19-21]. Data
relay tests were conducted for (1) extending relay (19 July 2023, cloudy with occasional
rain) and (2) bypassing relay for shoreline vegetation (27 September 2022, cloudy with
occasional sun). The data relay was attempted for both floating and hovering states (<10
m above the drone controller) of the relayer drone. The use of other wireless communica-
tion tools (e.g., smartphone, 5W transceiver) was avoided during the drone flight. A wa-
terproof (IP68) flashlight (Wuben L50; Shenzhen Shengqi Lighting Technology Co., Ltd.,
Shenzhen, China) was used to confirm the drone direction visually. The interval for water
quality measurements was set as 7.0 s for the bypassing relay test, but the interval was
extended to 10 s for stable communication in the extending relay test. The exact location
of the transmitter in the extending relay test was adjusted by approaching the shoreline
vegetation (approximately 2 m adjustment to disable the direct wireless communication).

After a gentle splashdown of the amphibious drone system on water, stable readings
for pH, EC, and water temperature were awaited. The first complete set of readings after
splashdown was used for DO because of the internal oxygen consumption by the sensor
electrode. Manual sampling measurement of nearshore water was also conducted with
portable water quality meters (WM-32EP; DKK-TOA Corp., Tokyo, Japan and HQ30d;
Hach Co., Milwaukee, WI, USA). We presumed that the operational flight time of these
drones with a fully charged battery was less than 10 min in the field tests because of the
water quality sensor system payload and the repeated splashdown and flying from the
water. The communicable distance over the flat freshwater surface in low-altitude connec-
tions (reflection coefficient = —1.0, total external reflection) was estimated simply based on
Equation (2) and Equation (3) [19,20] (Figure 10).

2

A
P, =P, (ﬁ) GG, ()
2mH, H.\)?
P. = 4P, {sin( /1; r)} 3)

where Pais the received power transmitted through the air (W), Ptis the transmitter power
(W), A is the wavelength (m), d is the transmitted distance (m), Gtis the gain of transmitter
antenna (2.1 dBi=1.62), Gris the gain of receiver antenna (2.1 dBi = 1.62), P: is the received
power (W), Ht is the height of transmitter antenna (m), and H: is the height of receiver
antenna (m).

2.8. Legal Procedures for Field Tests

Possible legal registrations for drone flights might be a salient concern for this type
of application. We tried to minimize legal procedures by optimizing the system design for
water quality monitoring. Therefore, our system did not include requirements for any of
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the following: (a) throwing objects from drones, (b) hanging objects in flight, (c) high-
power radio wave outputs for communication, (d) exceeding 25 kg of weight in flight, or
(e) payload including toxic substances. We registered the drones through the Japanese
Drone/UAS Information Platform System (DIPS) as a type of drone with 0.100-25 kg flight
weight. The rules set by the manager of Akita Prefectural Koizumigata Park were followed.
Notification of the flight was made before the flight tests.

GNSS-based distance antenna

Hr=195m

32m
~ (DEM5B+on site
observation)

Figure 10. Schematic showing field tests at a pond for two-ray ground reflection model calculation
of communicable distance. Each antenna height in this figure includes its own vertical length.

3. Results

As described herein, the results of the system stability evaluations for flight charac-
teristics and water quality data are presented concisely as core processes of the develop-
ment of the amphibious-drone-based system for surface water quality monitoring. Subse-
quently, we present detailed results of field tests of the wireless data relay using two am-
phibious drone systems.

3.1. System Stability Evaluations
3.1.1. Flight Stability Test

The floats attached to the drone reduced the stable hovering time (Table 1). The hov-
ering durations controlled within a +1.5 m y-axis range were 34 + 6 s for PET bottles, 14 +
1 s for polystyrene foam bars, and >180 s for the base drone (Beaufort wind force scale 2—
3, Table 1). In contrast, the results obtained using these floats were similar to those ob-
tained under light wind conditions (Beaufort wind force scale 1-2, Table 1). With the disk-
type floats (Figure 6¢, for the highest floating stability among the candidate floats), the
drone was unable to reach the test height (1.5 m). During the test, the GNSS accuracy
indicated on the SplashDrone™ 4 controller [18] was 10 (<1 m location error), irrespective
of the partially shaded (up to 40° of elevation angle) GNSS antenna by the upper mounter.
The PET bottle floats were selected for subsequent field tests.

3.1.2. Water Quality Data Stability Test

The water quality sensors used for this study showed stable readings until the re-
chargeable NiMH batteries were depleted (Figure 11). The available sensing time was ap-
proximately 10 h at 10 s intervals. Temperature correction was necessary to obtain stable
readings with both the EC and the DO sensors. The temperature correction coefficients to
minimize the standard deviation of the readings differed for the two DO sensors (4.8% K
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for Atlas Scientific’'s DO sensor and 2.9% K- for the DFRobot™ DO sensor). The water
temperature values fluctuated, but the ratio of the water temperature to the reference wa-
ter temperature (measured using a continuous power source) was within the range of
0.99-1.01 (Figure 11). The air pressure values measured using this test increased gradually
from 1004 hPa to 1007 hPa. The fluctuation of corrected DO values by the reference water
temperature (for membrane permeability correction of the oxygen electrode) (Figure 11)
fell within the range of +5% of deviation of the reference value of oxygen-saturated water
with saturated air humidity [29], except for the last three data points before termination
by battery depletion. Figure 12 (for the SplashDrone™ 4 system) shows that the DO data
fitted well to the standard value predicted by the equation reported by Benson and Krause
(1980) [29]. The EC values in Figure 12 declined sharply before battery depletion. The pH
values were stable in this room-temperature test (Figure 12).

Table 1. Flight stability test results. Wind scale corresponds to the Beaufort wind force scale.

Stable Hovering Time (s)

Float T'
oat Type Wind Scale 1-2 Wind Scale 2-3
Polysty-rene-foam bar 4126 1441
(Figure 6a)
PET bottle
43+2 4 +
(Figure 6b) 3+ 346
Coiled poly(-ethylene-foam dise Not Determined Not Determined
(Figure 6¢)

Drone-only >180 90 +47
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Figure 11. Results of data stability testing of the system for the SplashDrone™ 3+ with rechargeable
batteries: (a) pH values of a standard solution (potassium phthalate buffer, pH 4.01); (b) electrical
conductivity values of a 1.41 dS m™" standard solution (141 mS m™); (c) dissolved oxygen concentra-
tion values of the drawn tap water circulated continuously with air bubbling; (d) water temperature
values of the tap water; (e) the ratio of water temperature and reference temperature values (the
reference temperature values were obtained with stable power source). The EC values were cor-
rected by the water temperature data to represent the values at 298 K. Temperature compensation

for the DO measurement was conducted only for the membrane permeability fluctuation (not for
standardization).



Drones 2024, 8, 38

18 of 30

30
e S o ) ) I —pH
/ I 25
—DO_tc (mg L!
50 _tc (mg L)
tr
o
15 ? —DO_Std (mg L_l)
t
10 —EC_tc (mSm1)
N —Water Temp (°C)
0

11:30  13:00 14:30

16:00 17:30 19:00 20:30 22:00

Time

Figure 12. Summarized result of the data stability test of the system for the SplashDrone™ 4 with
rechargeable batteries. In the figure, tc represents temperature correction; std represents calculated
standard data by the equations from Benson and Krause (1980). Also, EC_tc data are standardized
values at 298 K (25 °C).

3.2. Wireless Data Relay by Introducing Additional (Relayer) Drone

The water quality monitoring amphibious drone system was assessed at Ogata Pond.
The pond had surrounding shoreline vegetation, which obstructed direct wireless com-
munication between the transmitter drone (on water) and the receiver (with the drone
controller). We introduced an additional drone system for the wireless data relay. By
choosing appropriate test conditions, we conducted successful tests, although the system
was not available in some situations. Troublesome situations included a site with large
metallic fences along the shoreline (wireless communication failure), pond water with fro-
zen surfaces/dense aquatic vegetation (direct landing failure), and prolonged testing with
low-temperature water (battery exhaustion failure). The limitations identified from the
field tests were assessed afterwards to establish a confirmed routine for reproducible wa-
ter quality monitoring. In the wireless data relay tests, the relayer drone was able to mon-
itor water quality data during the landing time on water. The series of water quality data
in the repeated flights and landings on water show trends of the sensor responses (Figure
13).

The membrane-electrode DO sensor consumed oxygen to decrease the readings (Fig-
ure 13). Therefore, we chose the first reading after each landing on water. Manual meas-
urements of the nearshore water with an optical DO sensor showed oversaturation with
oxygen (up to 12.03 mg Lat 24.5 °C water temperature, 1004 hPa). In this case, we were
unable to wait until a sufficient equilibration time for the DO sensor. The other indicators
(pH, EC, temperature) were stabilized after each landing on water (Figure 13). The se-
lected readings showed stable water temperature and electrical conductivity, but the pH
value increased during repeated landings on water (Table 2).

Table 2. Water quality readings from time series data obtained using the amphibious drone system
(Ogata Pond, 19 July 2023). EC, electrical conductivity; DO, dissolved oxygen. Landing locations
are described in the extending relay test.

Event Time pH EC (mS m™) DO (mg L) Water Temperature (°C)
1st landing 17:43-17:48 7.53 9.81 8.61 24.31
2nd landing 17:50-17:55 7.96 10.01 8.49 24.12
3rd landing 17:57-18:02 8.43 10.16 8.15 24.25

4th landing 18:03-18:08 8.55 10.18 7.88 24.25




Drones 2024, 8, 38 19 of 30

30
S 25
> 20 2431 24.12 24.25 24.25
S 15
o]
@, 8.61 981 849 10.01 815 10.16 7.88 10.18
510 ~ ' :
2 5

0 o« o

17:37 17:40 1743 17:46 1749 17:52 17:55 17:58 18:01 18:04 18:07 18:10

e pH e EC(mSm™) o DO (mgL') o Watertemperature (°C) in-flight

Figure 13. Example of a time series dataset from the water quality monitoring system on an amphib-
ious drone (Ogata Pond, 19 July 2023): EC, electrical conductivity; DO, dissolved oxygen; F1, first
flight; L1, first landing on water; F2, second flight; L2, second landing on water; F3, third flight; L3,
third landing on water; H, hovering; L4, fourth landing on water. Numbers on the data represent
readings obtained at equilibrium (pH, EC, and water temperature) and immediately after each
landing on water (DO). Exceptional treatment of the data on DO was conducted for oversaturated
water by algal bloom, as detected by manual sampling measurements of nearshore water.

3.2.1. Evaluation of the Efficiency of Hovering Relay by Networking Metrics

The locations of wireless communication devices are shown in Figure 14. The average
throughput in this test was 0.28 + 0.07 kbps for the on-ground relayer drone and 0.77 +
0.05 kbps for the hovering relayer drone kept around 3 m from the ground (Figure 15).
The range test by the XCTU showed an over +15 dBm increase in the local RSSI by the
hovering relay (Figure 16). The average PDR was 97 + 2.7% for the on-ground relayer and
100 + 0.3% for the hovering relayer (Figure 16).

A

:ReceiverPC

Relayer.drone

Figure 14. Arrangement of wireless communication devices for quantifying the efficiency of drone
hovering in data relaying. The test was conducted on 12 December, 2023 in a flat field at Akita
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Prefectural University (Akita Campus), Japan. The distance between the transmitter drone and the
receiver (connected to a laptop computer) was approximately 100 m. The relayer drone was posi-
tioned at the center of the line between the transmitter drone and the receiver. No tall grasses were
present in the field on the date of the test. Networking metrics (throughput, RSSI, and PDR) were
measured both with and without hovering of the relayer drone. The hovering height was main-
tained at approximately 3 m.

Without hovering relay (relayer drone was placed on

= Instantaneous value

— Average

15:03'35 15:.03'40 15:0345 15:03'50 15:03’55 15:.04'00 150405 15:04'10 15:04'15 15:04'20 15:0425 150430 15043
} | | 1 |

Transfer ratio (kbps) Transfer ratio (kbps) Transfer ratio (kbps)

150700 15:0705 150710 15:0715 150720 150725 150730 150735 150740 150745 150750 15:.0755

With hovering relay (relayer drone was kept above 3 m from

Transfer ratio (kbps) Transfer ratio (kbps)

fen]
’g‘ | | |
S =
=]
E-]
©
-
z
e
<
B O

161535 16:1540 16:1545 16:15'50 16:15°55 16:16'00 16:1605 16:16'10 1616715 16:16'20 16:16'25 16:1630

Figure 15. Results of throughput tests with hovering relayer drone positioned at the center of a 100
m line of sight. The test for each condition was repeated three times. The test duration (cutoff time)
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was set as 60 s for the rapid environmental monitoring with drones. The average throughput was
0.28 + 0.07 kbps for the on-ground relayer and 0.77 + 0.05 kbps for the hovering relayer,.
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Figure 16. Results of range tests with a hovering relayer drone positioned at the center of a 100 m
line of sight. RSSI: Received Signal Strength Indicator. Success (%) on the right-side vertical axis
represents the Packet Delivery Ratio (PDR, %). The test for each condition was repeated three times.
Each packet was to be sent ideally at 1000 ms intervals, but the receiver timeout was set as 10 s for a
measurement of water quality at 10 s intervals. The average PDR was 97 + 2.7% for the on-ground
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(1) Extending relay

relayer and 100 + 0.3% for the hovering relayer. The sensitivity of the receiver (XBee™ S2C coordi-
nator in the boost mode) was =102 dBm [17].

3.2.2. Extending Relay

Wireless data relay testing was conducted under line-of-sight conditions. Direct com-
munication between the transmitter drone and the receiver was disabled by separating
the transmitter by 757 m of distance from the receiver for the relay test (Figure 17). The
maximum distance for wireless communication by the XBee™ S2C chips is 1200 m in free
(air) space [17], but the actual communicable distance in this study was decreased by the
water surface and the shoreline vegetation. The antenna height of the transmitter on water
was approximately 0.25 m (0.1 m antenna vertical length + 0.15 m thickness of the system
above the draft line). That of the receiver was approximately 1.95 m (0.1 m antenna vertical
length + 1.8 m height of the tripod + 0.05 m thickness of the receiver). The actual difference
in antenna heights was approximately 4.9 m (1.7 m + 3.5 m difference in altitude-0.3 m
raised water level by a previous heavy rain). The estimated communicable distance by the
two-ray ground reflection model was 755-866 m with +0.7 m of altitude error by the Dig-
ital Elevation Model 5B (DEM5B), excluding effects of multipath formation by shoreline
vegetation.

Transmitte

9

LA

Relayer Location T iy 3 Receiver
by SplashDrone™ 4 (GNSS)

Figure 17. Locations of the wireless water quality monitoring system for extending relay test (Ogata
Marsh Pond on 19 July 2023). Transmitter, transmitter drone (landed on the water and was fixed by
mooring); 1-3, locations where the relayer drone was placed; Receiver, receiver on a tripod.

The controller of the relayer drone (SplashDrone™ 4) continuously displayed the
highest accuracy level of the GNSS (10, Figure 17), which indicates at least +1 m of accu-
racy for the relayer drone location (the maximum instrumental accuracy of the GNSS was
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+0.5 m [18]). The relayer drone was able to fly along a line-of-sight direction to the trans-
mitter drone. The relayer drone landed on water four times. The horizontal distance from
landed sites to the transmitter drone were L1, 624 m; .2, 500 m; L3, 381 m; and L4, 368 m
(Figure 18). During each relayer drone flight, the water quality data were relayed to the
receiver, except for the first flight to L1 (Figure 18). No complete dataset (pH, EC, DO, and
water temperature) was relayed by the relayer drone on water. The estimated communi-
cable distance by the two-ray ground reflection model between the two drones on water
(0.25 m antenna height) was 179 m. During the fourth flight, 30 s of hovering (<10 m height
from the controller) of the relayer drone was conducted, while two complete datasets
measured at 10 s intervals were relayed (Figure 18).
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Figure 18. Received water quality data from the extending relay test. The horizontal distance be-
tween the transmitter drone and the relayer drone at each landing site was the following: L1, 624 m;
L2, 500 m; L3, 381 m; L4, 368 m. Each of the complete datasets (pH, EC, DO, and temperature) is
surrounded by a dotted line.

3.2.3. Bypassing Relay

Even in the line-of-sight relay test, the effects of shoreline vegetation on the wireless
data relay could not be excluded from consideration. In the bypassing relay test, the line
of sight was obstructed by the shoreline vegetation (Figure 19). Irrespective of the short
distance to the direct wireless communication (373 m), no data were received without the
relayer drone. We tried to locate the relayer drone to bypass the shoreline vegetation. By
confirming a connected path formed with a pair of mutually observable drones (Figure
19), the wireless data relay was achieved during each flight (Figure 20). After landing on
L3, the relayer drone was able to relay the data on water (Figure 20). The horizontal dis-
tance between L3 to the transmitter drone was 181 m. The actual difference in the antenna
height was also approximately 4.9 m (1.7 m + 3.2 m altitude difference), but the altitude
difference between the transmitter drone and the relayer drone on L3 was not confirmed
by the DEM5B data (1.0 m, inordinately high for stable pond water). A slight elevation of
the shoreline with vegetation and slowly surging wind waves (approximately 0.05 m) ob-
served at the transmitter location confirmed the 181 m successful data relay on the water
by the two-ray ground reflection model.
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(2) Bypassing relay

1 Receiver

Figure 19. Locations of wireless water quality monitoring system for bypassing relay test (Ogata
Pond on 27 September 2022): Transmitter, transmitter drone (landed on the water and was fixed by
mooring from shore); 1-3, locations where the relayer drone was placed; Receiver, receiver on a
tripod. Red arrow indicates the wireless communication path blocked by shoreline vegetation.
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Figure 20. Water quality data received from the bypassing relay test. Distances between the trans-
mitter drone and the relayer drone at each landing site were the following: L1, 313 m; L2, 270 m; L3,
181 m.

4. Discussion

Although the averaged stable hovering time showed similar values for the PET-bottle
float and the polystyrene-foam bar float (Table 1), the flight stability evaluation was sen-
sitive to anomalies of the wind speed (maximum wind speed) for large payloads. Alt-
hough the base drone (SplashDrone™ 4) was stable during the test (the cutoff time for a
stable system was set as 180 s), the flight controller adjusted for the base drone was unable
to respond correctly to the additional forces generated by the gusts on the large floats.
Possible improvement might be provided by adjusting the parameters for the inertial
measurement unit, the Proportional-Integral-Derivative (PID) control, or by increasing
the elevation angle for the GNSS signal reception. The manufacturer provides a set of large
floats (approximately 4.6 L) of SplashDrone™ 4 for boat-mode operations. The average
wind speed allowed for flight with the genuine floats was limited to 5 m s [18]. The wait-
ing time for the GNSS cold-start after each battery refill was also not negligible for flight
tests, which would affect the efficiency of water quality monitoring with amphibious
drones.

The water quality data stability test gave a fluctuating trend of EC in Figure 11b, but
the raw data (temperature-corrected EC in Figure 11b x 1.020¢-%), {: water temperature in
°C) before temperature correction were stable during testing. The water temperature was
stable during testing (Figure 11e). Therefore, a thermal inhomogeneity between the EC
sensor (capped with a standard solution) and the temperature sensor was implied. For
this study, we did not use the values of the EC sensor for the transmitter drone (Splash-
Drone™ 3+) during field testing of pond water, because of the low electrical conductivity
of the test site (freshwater pond). However, each water quality sensor used for this study
has proven performance at standalone operations in the presumed applications [30]. In
the field test, the fluctuations in the EC and the water temperature values by the system
for the relayer drone (SplashDrone™ 4) were within the range of +2%, but the pH values
increased gradually by the repeated landings on water (Table 2). The manufacturer
claimed fluctuations by the thermal non-uniformity of the pH sensor boards for the pre-
vious version [31]. Therefore, for high-precision monitoring of water quality, a thermal
sink or an air circulator with a waterproof filter would be required for the modules sealed
in the upper mounter. The DO values relayed from the transmitter drones (Figure 18) were
lower than those obtained using the relayer drone (Figure 13), reflecting oxygen consump-
tion by the electrodes. For long-term floating applications of amphibious drones, an opti-
cal DO sensor is preferable to reduce errors by electrode consumption.

The above-ground relay tests have shown a significant increase (by a t-test at a 99%
level of significance) in wireless communication throughput by the low-altitude (around
3 m) hovering relay (Figure 15). The PDR did not show any significant difference with the
10 s receiver timeout, but the extended test duration for the on-ground relayer (Figure 16)
indicated limited availability of the on-ground relay in faster measurements. According
to the two-ray ground reflection model, the local RSSI in the range test from the transmit-
ter drone (Figure 16) was consistent with the predicted value (-92 dBm). The predicted
communicable distance between two amphibious drones was 180 m for the drones on
water, but the +15 dBm increase by the hovering relay enables a search range of 420 m by
another drone. The extended range by the hovering relay is comparable with the control-
lable distance of the amphibious drones on water [18]. For larger-scale monitoring, recip-
rocal hovering of the amphibious drones (Figure 1, lower) can be an easily attainable prac-
tice for overcoming the limited availability of wireless communication on large water bod-
ies.

The maximum communicable distance found during the field tests was influenced
by the water level of the pond on the test day (+0.3 m water level for the extending relay
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test) (Figure 21a). The estimated communicable distance by the two-ray ground reflection
model [19,20] was 835 m, but the distance decreased to 812 m because of the +0.3 m rise in
the water level. The actual communicable distance in the field was shorter than the values
predicted by the surface reflection model, indicating the influences of other factors includ-
ing the shoreline vegetation, noises from the surrounding environment, the surface rough-
ness/high dielectric permittivity of water [32], signal loss from the lower part of the dipole
antenna of the amphibious drone on water, and inaccuracies of the altitude data. During
testing, we were able to keep the amphibious drone systems away from other park users
(Figure 21b,c). In earlier studies, the greater surface roughness, dielectric permittivity, and
conductivity of the seawater surface in comparison with a flat ground have been found to
provide only a 2-3 dBm decrease in the received signal strength at 2.4 GHz [32]. When the
antenna height used in the two-ray ground reflection model calculation was lowered to
(a) the antenna base height or (b) the phase center of the antenna, the estimated value of
the maximum communicable distance was decreased (a, 703 m; b, 757 m). The result ob-
tained with the phase center calculation (b) was comparable to those in the field test (ap-
proximately 757 m of direct communication was possible when the transmitter drone was
kept away from the shoreline vegetation). The high actual performance which necessi-
tated consideration of the antenna length was attributed to the conformation of the A/4
monopole antenna, inclusion of the s-waves (horizontally polarized electric waves), inci-
dental coherent signal enhancement by multipath transmission, and inaccuracy of the al-
titude data (approximately 0.99 m of synthetic error for the altitude difference between
the transmitter and the receiver). The altitude error might be an important factor affecting
wireless communication. Based on the synthetic error for the altitude difference, the pre-
dicted communicable distance ranged from 731 m to 887 m (including the +0.3 m of water
rise independently from the error on the mapping survey). Among all factors recognized,
the shoreline vegetation demonstrated a strong effect, which is consistent with earlier
studies of the numerous complicated paths of wireless communication generated by veg-
etation [21]. Although the line of sight in the bypassing relay test was concealed only by
thin (approximately 70 m) shoreline vegetation (Figure 19), direct data reception was un-
attainable. The vegetation included some tall, foliated tree species (e.g., oak, pine, pseu-
doacacia) grown to over 20 m in height. The path loss through vegetated paths has most
frequently been estimated using the International Telecommunication Union-Radiocom-
munication sector (ITU-R) model [21]. The model predicts a path loss of 26.4 dB for the
vegetated path of 70 m. The path loss for the remaining path (373 m - 70 m = 303 m),
estimated by the two-ray ground reflection model, is 84.9 dB. The estimated signal inten-
sity through the entire direct path is -103.3 dBm, a value below the sensitivity of the re-
ceiver (-102 dBm [17]). Experimental evidence of a sharp signal drop in 2.4 GHz Blue-
tooth™ and Zigbee through a 25 m path of thick foliage has also been reported by an
earlier study [33]. The first landing site in Figure 19 was only approximately 36 m away
from the shoreline vegetation, but the wireless data relay network was established during
flight. The link waiting time was expected to be sufficiently short (<10 s) to conducta 10 s
interval measurement because the 30 s hovering relay provided two complete datasets at
10 s intervals (Figure 18). The connected line-of-sight relay used for this study can be ex-
pected by classical theories, under the condition of (1) a line of sight formed with mutually
observable pair(s) of drones and (2) a sufficient node discovery backoff time.
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Figure 21. Photographs of the field test site. (a) Path to the pond shoreline with raised water (+0.3
m). (b) Overview from the shore in the extending relay test. (¢) Overview from the shore in the
bypassing relay test.

The validation of the system in the field tests confirmed the feasibility of drone swarm
applications in amphibious settings. Such applications include water quality monitoring
with immersive sensors or direct water sampling by landing on water, providing crucial
conditions for water-sensitive hardware. By utilizing amphibious drones and wireless
communication tools with mesh-networking abilities, water quality monitoring with
drones can be conducted safely and is available for environmental scientists and engineers
with limited knowledge in other fields of study.

By considering the data rate and the network structure of wireless communication in
this study, the possible size of the amphibious drone swarm, accounting for latencies
caused by hardware settings [34] such as baud rate, USB-UART conversion, and data dis-
play processes, is estimated at 15 drones with 10-second measurement intervals. In the
estimation, the serial connection of all nodes is assumed as the worst case of the mesh-
type network structure. The overall traffic in the serial connection is calculated as (1 + 1)/2-
folds (n: number of transmitters) of that in the star-type network (direct connection of each
transmitter to a receiver). The throughput obtained in this study’s implementation and
test conditions was 1.7 kbps for 16-byte payloads (2-byte data for four water quality indi-
cators and four sensor numbers). Therefore, the estimated traffic with 15 drones is 15 x (15
+1)/2 [transmission packets] x 16 x 8 [bits per transmission packet]/10 s =1.536 kbps (<1.7
kbps). Pilot contamination by the 2.4 GHz WiFi drone controller could be avoided by fix-
ing the channel for each drone and using the XBee™ network for the least-populated wa-
ter body, but the number of channels for the drone controller was limited to 10 [26]. For
the actual settings of this study, water quality data for each drone (pH, EC, DO, tempera-
ture, and the sensor numbers) were sent separately to secure each data point. In this case,
the practical size is up to five drones. The traffic in this scenario is calculated as 5 x (5 +
1)/2 x 8 [transmission packets] x 2 x 8 [bits per transmission packet]/10 s =0.192 kbps (<0.25
kbps actual throughput).

The theoretical maximum speed (250 kbps for 2.4 GHz XBee™ S2C [17]) without re-
routing (optimized route is maintained reactively) and latencies, except for wireless com-
munication, is estimated by multiplying the ratio of payload (16 bytes for a drone) to
frames (37 bytes of transmission frame and transmission status frame). The given theoret-
ical throughput is 108 kbps. With the optimized throughput of 108 kbps, the theoretical
maximum of the drone swarm is estimated to be 129. In this case, the traffic is calculated
as 129 x (129 + 1)/2 [transmission packets] x 16 x 8 [bits per transmission packet]/10 s =
107.328 kbps (<108 kbps). Even if the network structure can be approximated to a star-
type network, there are still other constraints. To prevent collisions of numerous packets
at the coordinator, the backoff time in Carrier Sense Multiple-Access-Collision Avoidance
(CSMA/CA) [17] becomes crucial. The waiting time for sending a packet from a node un-
der challenging conditions was assumed as approximately 400 ms. The assumption



Drones 2024, 8, 38

28 of 30

corresponds to the worst case of successful transmission with four times of repeated car-
rier sensing with a (28 — 1) x 0.32 ms backoff time [35], 0.128 ms carrier sensing, and 18 ms
latencies from hardware settings. For a 10-second measurement interval, the cost of packet
collision and carrier sensing is considered non-negligible if the number of transmitters
approaches 25.

If legal limitations for the use of wireless communication are not a concern, low-fre-
quency wireless communication for drones [25] could reduce the number of required
drones. In contrast, higher-frequency communication, such as millimeter-wave commu-
nication, provides higher throughput and enables a large number of drone swarms, pro-
vided that the receiver gain is maintained by novel technologies such as massive Multi-
Input Multi-Output (MIMO) drone swarms [36] with future advancements in beamform-
ing speed, antenna size, etc.

For future applications of this system to water quality monitoring, the controllable
range of the amphibious drones can be extended with tracking technology (e.g., ‘follow
me’ technology [37]) and a power generator (Figure 22). Similar systems have been pro-
posed in earlier studies [38,39]. The vertical flight ability of amphibious drones can be
advantageous for locations with dense aquatic vegetation. Combined use of the system
with a high-sensitivity LoRa™ module would enable water quality monitoring in large-
scale water bodies (e.g., seas, lakes, reservoirs) with a greater number of amphibious
drones.

a tracking technology to
a flying relayer drone

power generator

- ||
horizontal control

Figure 22. Example of a wireless data relay application to amphibious drones. A tracking (‘follow
me’) technology (3D Robotics Inc., United States) enables large-scale water surveys with amphibious
drones.
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