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Abstract—The growth of the Blue Economy has been boosted
by a set of traditional and new activities including maritime
transportation, fisheries, environmental monitoring, deep sea
mining, and inspection missions. These activities are urging for
a cost-effective broadband communications solution capable of
supporting both above and underwater missions at remote ocean
areas, since many of them rely on an ever-increasing number of
Autonomous Surface Vehicles (ASV), Autonomous Underwater
Vehicles (AUV) and Remote Operated Vehicles (ROV), which
need to transmit large amounts of data to shore. The BLUE-
COM+ project has considered the usage of helium balloons to
increase the antenna height, and overtake the earth curvature
and achieve Fresnel zone clearance, combined with the use of
sub-GHz frequency bands to enable long range communications.

In this paper we present the results obtained in three sea
trials. They show that the BLUECOM+ architecture is capable
of supporting human and system activities at remote ocean areas
by enabling Internet access beyond 50 km from shore, live video
conference calls with the quality of experience available on land,
and real-time data upload to the cloud by ASVs, AUVs and ROVs
using standard access technologies with bitrates above 1 Mbit/s.

I. INTRODUCTION

The growth of the sea economy has been a reality over
the past years. The sea economy involves a set of traditional
and new activities, including maritime transportation, fisheries,
environmental monitoring, scientific research, surveillance and
inspection of oil and gas facilities. Many of these activities will
rely on an ever increasing number of Autonomous Surface
Vehicles (ASV), Autonomous Underwater Vehicles (AUV),
and Remote Operated Vehicles (ROV), reducing the cost
and duration of both surface and subsea missions. Provid-
ing wireless communications to remote ocean areas is thus
essential not only to control and retrieve data collected by
autonomous and remotely operated vehicles, but also to enable
Internet access for end-users at sea. Furthermore, such above
water communications are important to support underwater
operations that may use, for example, acoustic [1], RF [2] [3],
or optical [4] communications technologies. Together they will
enable real-time end-to-end experience when operating with
ROVs/AUVs, and support exploration of deep sea resources
and monitoring activities, as being considered in the CORAL
project [5].

Broadband Internet access at sea introduces additional chal-
lenges when compared with land communications due to the
lack of infrastructures. Currently, HF/VHF and satellite are the

only technologies available to communicate at remote ocean
areas, where neither Wi-Fi nor cellular networks are available.
While HF radios are able to provide long range communica-
tions, for instance in buoy-to-shore communication scenarios,
they are not capable of providing broadband communications
[6]. Voice communications at sea, namely ship-to-ship and
ship-to-shore, rely mostly on VHF technology which is still
a narrowband solution and supports voice services only [7].
When it comes to data exchange, satellite communications are
the most common technology in use due to their coverage and
availability; for instance, they have been successfully used for
buoy-to-shore communications [8]. However, satellite com-
munications are still narrowband [9]. In addition, providing
satellite access to a large number of devices is expensive, as
it requires proprietary hardware and monthly fees [10], and a
consequent high cost per bit; moreover, the delay associated
with satellite communications may reduce the quality of real-
time communications such as voice and video conference calls.
Therefore, accessing the Internet in a cost-effective way is only
possible near shore in two scenarios: 1) using a 3G/4G network
when it is available; 2) within the range of Wi-Fi-based long
distance links, typically up to 10 km, as shown in the Mare-Fi
project [9][11][12].

In the past WIMAX was seen as a candidate technology
to overcome the satellite dependency for Internet access at
remote ocean areas, namely for buoy-to-ship point-to-point
communications and multi-hop communications using ships
as relay nodes for extending the range of ship-shore commu-
nications [13] [14]. Multi-hop routing protocols and cognitive
medium access control mechanisms were studied for WiMAX
in this scenario as well [15]. Despite the advances achieved
in the proposed solutions, communications still suffered from:
1) the water proximity of the transceiver’s antenna, affecting
the propagation of the signal and limiting the effective range,
and 2) the undulation and the height of the waves [13] [15].
Furthermore, in the meanwhile, WiMAX became an obsolete
technology.

Elevating the height of the transceiver’s antenna benefits
the radio frequency propagation and reduces the limitations
imposed by the ocean conditions. This increase in the antenna
height was already accomplished at sea, mostly for military
applications [18], through the use of Helikites — a combina-
tion of a helium balloon and a kite that is easily deployable
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Fig. 1: BLUECOM+ concept.

and has the ability to survive to harsh environments such as
high winds up to 100 km/h [19] [20]. The unique civilian
application of a Helikite known so far was demonstrated in
the FP7 ABSOLUTE project, featuring a 4G base station
for disaster scenarios through a single-hop communications
architecture [16].

Through the use of a multi-hop network of tethered helium
balloons, the BLUECOM+ enables cost-effective broadband
communications at remote ocean areas taking advantage of
the longer range of the TV white spaces frequencies [17]
combined with the use of standard access technologies such
as 3G/4G and Wi-Fi.

In this paper we present the sea trial results, which proved
that the BLUECOM+ solution is capable of providing Internet
access beyond 50 km from shore with bitrates exceeding
1 Mbit/s, enabling live video conference calls with the quality
of experience available on land, and supporting real-time data
collection from ASVs and AUVs. These sea trials showed
that the BLUECOM=+ solution is able to support human and
system activities at remote ocean areas where no cost-effective
broadband solution is currently available.

The rest of the paper is organized as follows. Section II
describes the related work. In Section III, the BLUECOM+
concept and architecture are detailed. Section IV presents the
sea trials used to validate the architecture. Section V concludes
the document and points out the future work.

II. RELATED WORK

Over the last years there has been an effort from the
academia to develop a solution for long range over sea
broadband communications. Most of the solutions were based
on WiMAX technology. Buoy-to-ship point-to-point commu-

nications were evaluated in [13] using the license free 5.8 GHz
band near shore. In [14] the authors evaluated the WiMAX
performance for ship-to-shore point-to-point communications
and characterized the radio propagation at 5.8 GHz. The
authors took into consideration the impact of antenna heights,
the sea waves and ship’s movement. A new path loss model
was also proposed, together with the usage of relay buoys
for extending the ship-to-shore communications range. In [15]
the authors presented a multi-hop ad-hoc routing protocol and
cognitive medium access control mechanism for long-range
WiMAX-based ship-to-ship and ship-to-shore communications
considering the sea waves and antenna heights.

The Mare-Fi project was focused on Wi-Fi based long
range, broadband maritime communications for providing af-
fordable Internet access for fisheries [11]. Within the project,
a testbed, named MAREBED - MARitime wireless networks
testBED, was created to evaluate the communications solution
and consisted of 2 land stations and 8 fishing ships in the
Atlantic coast, about 10 nautical miles from Porto. This testbed
provided broadband ship-to-shore communications up to 10
km from shore using TV white spaces frequencies in the 700
MHz band [7] [9] [12]. This testbed was used to carry out
a pilot for providing free Internet access to fishing ships,
where the fishermen can use standard equipment, such as their
smartphones, to access the Internet at sea. The range of the
current solution is limited by the single-hop operation and the
low height of the antennas deployed in the ships.

Helium balloons have been successfully deployed on land
and sea environment for radio communications relays. Their
main advantage is to increase the height of the antennas,
enabling line-of-sight propagation conditions. Through the
combination of a helium balloon with a kite, Helikites have
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Fig. 2: BLUECOM+ communications architecture.

been proven to be easy to deploy, last up to several weeks
without maintenance, and withstand wind speeds up to 100
km/h [16] [19] [20]. They have been mostly used on military
applications [18]. In the FP7 ABSOLUTE project a 4G base
station was deployed on a balloon, targeting at disaster sce-
narios on land. However, the communications range is limited
to the single-hop architecture of the network [16].

III. BLUECOM ARCHITECTURE

The BLUECOM+ concept is illustrated in Figure 1. It
consists in using balloons tethered to existing or new land or
ocean structures, such as lighthouses, oceanographic buoys,
anchored/moving ships, or any other offshore platforms, to
act as base stations, repeating the signal through the flying
multi-hop network shown in Figure 1. The high altitude of the
balloons allows line-of-sight communications and reduces the
influence of the sea conditions. This helps increasing coverage
and enables an airborne backhaul network. The range of this
backhaul is further increased through the usage of the sub-
GHz band made available by the release of the analogue
television, also known as TV white space frequencies, where
the new IEEE 802.11af standard operates [17]. Standard access
technologies, such as GPRS/UMTS/LTE and Wi-Fi at 2.4 or 5
GHz, provide Internet access by using any legacy device. The
provisioning of acoustic communications to AUVs and ROV
is also possible through a surface platform, for instance an
ASV connected to the airborne network, enabling end-to-end
communications between underwater devices and shore [21].

The BLUECOM+ architecture is presented in Figure 2. The
balloons, named Tethered flying Wireless Routers (TWR), are
lifted at altitudes up to 120 m to allow Fresnel zone clearance.
Connections between TWRs and with the Land Wireless
Router (LWR) are established over IEEE 802.11g-like low cost
and low power air-air links at 500 or 700 MHz. The LWR,
which is typically installed on tall buildings on shore — e.g.
lighthouses — is responsible for connecting the BLUECOM+
TWR to the Internet. The air-surface wireless link to connect
the clients, such as end-devices installed in buoys, is based on
standard access technologies, e.g., IEEE 802.11a/g/n/ac and

GPRS/UMTS/LTE. This combination allows installing a cost-
effective backhaul network that extends broadband Internet
access to legacy devices operating in remote ocean areas.

Simulation results performed with ns-3 simulator [22]
showed that air-air broadband connectivity is possible over 40
km using sub-GHz frequencies, while air-surface links using a
IEEE 802.11g/n network are able to provide access over 2 km
from the Helikite; if a LTE base station is used instead, the cell
radius can exceed 30 km. With this range and overlapping LTE
cell coverage, client mobility and coverage are continuously
assured from shore. Simulations also showed that the three hop
link shown in Figure 2 between an end-device in a buoy and
the Internet through the two TWRs enables throughputs above
1 Mbit/s with distances exceeding 50 km between Helikites
[22].

IV. SEA TRIALS

In order to validate the BLUECOM+ communications ar-
chitecture and the simulation results presented in [22], a
proof-of-concept prototype was built and three sea trials were
performed off the Portuguese coast. The LWR was installed in
Cape Espichel lighthouse at 156 m from the sea level (Figure
3a), while TWRs were installed in coastal and oceanographic
vessels (Figure 3b). The tests were done in the Atlantic Ocean,
in the area near Sesimbra. There was also a demonstration of
the project in Faial island, in Azores, for exploring different
LWR and TWR conditions.

A. First sea trial — July 2016

The first sea trial aimed at testing not only the performance
of the single-hop air-air link and its maximum range, but also
the air-surface links to end-users. One LWR and one TWR
were used. The TWR was installed in Diplodus research vessel
from IPMA (Figure 4a) at an altitude around 120 m from the
sea level near Sesimbra area. During the three-day sea trial,
the weather conditions varied from low wind to gusts between
20 and 30 knots, while undulation was between 1 and 2 m.
Figure 4b shows the trajectory of Diplodus during the three
days.
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Fig. 3: a) Land Wireless Router; b) Tethered flying Wireless
Router.

The experiments have proven that communications between
the LWR and TWR were possible with distances up to 40 km,
with a bitrate up to 3.2 Mbit/s. The connection between the
TWR and the end-users was also tested with the use of INESC
TEC’s ROAZ ASV on the water and smartphones onboard.
Video conference calls were made at 40 km with very good
quality of experience, with no glitches in the audio or video.
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Fig. 4: a) Diplodus research vessel from IPMA; b) Trajectory
of Diplodus research vessel during the first three-day sea trial.

B. Second sea trial — September 2016

The multi-hop airborne network was tested during the
second sea trial. Two TWRs were installed, one in NRP Auriga
ship from Hydrographic Institute (Figure 5a), acting as the
first-hop, and the other one in Bolhas, a recreational vessel,
used as the second-hop of the BLUECOM+ network; both
balloons were deployed at around 120 m height.

Internet access was tested not only using equipment on-
board, but also at INESC TEC’s MARES AUV, where the
data from a test mission was retrieved to shore (Figure
5¢). Moreover, acoustic communications were tested with a
buoy connected to the BLUECOM+ network. The maximum
achieved distance to shore was 45 km on the first hop and
about 10 km between the two TWRs. The BLUECOM+
network was able to provide Internet access onboard at about
1 Mbit/s, which was also limited by the 3G Internet access
at the LWR. Video conference calls were made in different
waypoints. At 42 km the quality of experience was still very
good, again with no glitches in the audio or video. Figure



5b shows the paths of the second three-day sea trial: green
and light green on the first day, yellow and dark yellow on
the second, red and light red on the third day. On average,
weather conditions were better than during the first sea trial,
with wind gusts lower than 20 knots and undulation at about
1-15m

C. Third sea trial — April 2017

The third sea trial aimed at testing the remote control of
the STR SeaSpyder Drop Camera System owned by IPMA
onboard the Diplodus vessel (Figure 4a). Through the BLUE-
COM+ network, the IPMA team at Lisbon office could observe
and have the ability to control the SeaSpyder in real-time
(Figure 6), supporting the sea team. During the sea trial,
weather conditions remained stable with winds close to 10
knots and undulation about 1 m. The third sea trial was also
used to perform measurements on the received power when
changing the balloon height, from sea level up to 140 m. This
will provide important measurements to increase the accuracy
of the propagation model to be developed and help with the
network planning in the future.

D. Project demonstration

A demonstration of the project was done in September 2016
in Faial island in Azores, Portugal. This demo allowed testing
different sea and LWR conditions. The LWR was installed in
Farol dos Capelinhos at 68 m from the sea level. Due to bad
weather conditions, the test was confined to a single day in
Arquipélago research vessel (Figure 7a) at Condor seamount
area, located at about 20-30 km from shore. Internet access
was provided to smartphones onboard with speeds over 1
Mbit/s, as shown in Figure 7b.

V. CONCLUSION

The Blue Economy is urging for a cost-effective broadband
communications solution capable of supporting both above
and underwater activities at remote ocean areas, especially
when operating with ASVs, ROVs, and AUVs that collect large
amounts of data, which need to be transmitted to shore.

In this paper we have shown how BLUECOM+ is able to
provide a long-range cost-effective solution for Internet access
at remote ocean areas. Through the usage of helium balloons,
which allow increasing the antenna height to overtake the earth
curvature and guarantee Fresnel zone clearance, together with
the use of TV White Spaces to interconnect the balloons and
a standard Wi-Fi network to serve clients, we have created
an airborne backhaul maritime network with proven ranges
exceeding 50 km and bidirectional communications up to 1.2
Mbit/s. Helium balloons have shown to be a durable choice
and easy to manoeuvre at low wind speeds. However, their
relatively large size may be an issue for small vessels. In such
cases, a tethered drone might be a good alternative for raising
the height of the antenna.

As future work, we plan to estimate the best propagation
model that matches the received power levels measured during
the sea trials and develop an algorithm for maximizing the
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Fig. 5: a) NRP Auriga vessel from Hydrographic Institute; b)
Trajectory of Auriga and Bolhas vessels during the three-day
second sea trial; c¢) data retrieval from MARES AUV to shore.

range by optimizing the height of the balloons, taking advan-
tage of the signal reflections in the sea surface. In addition,



|| Contnson EESET e vt Oveder | cOM gt | cOM pot | c ot
= B ]

PG o

Fig. 6: STR SeaSpyder remote control using TeamViewer
through the BLUECOM+ network.
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Fig. 7: a) Arquipélago research vessel; b) Internet throughput
from the Condor seamount area.

we will consider possible solutions to stabilize the antenna
deployed in the balloons, in order to improve the link quality,
and increase the communications range.
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