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Abstract—This work describes a real testbed for enabling
Unmanned Aerial Vehicles (UAVs)-to-ground real-time video
streaming. The aim is in providing a video feed to the pilot on
the ground for Beyond Visual Line of Sight (BVLoS) operations
exploiting cellular networks in urban/suburban areas. Towards
this aim, multipath communications are used in a multi-operator
setup to counteract the intermittent network coverage in urban
and suburban ares. The main requirements are: low latency,
and a continuous video stream of reasonable quality. We rely on
both upper-layer Forward Error Correction (FEC) techniques
and link diversity, so to increase the probability of a fluid video
playback with acceptable quality. We report per-link statistics,
collected during field trials, of three different cellular operators,
to analyse the impact of using a set of physical links as a single
logical one on a RTP-based video streaming. In our tests, such
a setup has provided a good level of performance.

Index Terms—multipath, UAV, smart cities, command and
control, video quality, PSNR, SSIM

I. INTRODUCTION

UAVs are more and more affordable from both cost and
easiness of use viewpoints, thus opening to their use in a wide
spectrum of applications and services. Being connected flying
objects that can carry things, connect to networks or provide
connectivity, monitor areas, people, and buildings, UAVs can
prove to be very versatile, fast-moving, and in a large range
of sizes. At this time, their use in heavily populated areas, as
urban ones, is strictly limited, if not forbidden, to avoid any
dangerous situations that can occur due to close proximity to
buildings, things, people, and also airports. Anyway, it is likely
that in the future the regulation will change, also thanks to
improved safety mechanisms, and to the introduction of the so-
called Unmanned Aircraft System Traffic Management (UTM)
framework. UTM will manage the airspace where also UAVs,
or even large Flying Ad-Hoc Networks (FANETs), will semi-
autonomously fly thanks to BVLoS control. To push towards
those scenarios, active investigations are required because of
the great challenge in providing a real-time Command and
Control (C2) link to UAVs via public 4G/5G networks in
real scenarios. At now, UAVs have been proposed to provide
connectivity services, by acting as moving cells [1], [2] and
providing additional on-demand capacity. Afar from coverage
extension, UAVs can also support environmental monitoring
[3] and agriculture applications [4], [5], among others. At
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this time, civil applications require that the human pilot, still
needed for security reasons, has Visual Line of Sight (VLoS)
with the UAV, thus somewhat limiting the scope of their use
because of the feasible operating range.

In this work, we explore the possibility of using an
UAV-to-ground video feed for providing visual context to a re-
mote pilot on the ground in BVLoS conditions. The video feed
is supposed complemented by telemetry data coming from the
UAV to the Ground Control Station (GCS). This activity is
framed within the SCIADRO (Drone Swarms) research project
[6] funded by Tuscany region, in Italy. The feasibility of using
a 4G link to control an UAV has been subject of studies in
the literature [7], [8], in order to characterize the quality of
signals received at different flying altitudes. Results show that
a 4G link can be effectively used to provide wide-area wireless
connectivity to small UAVs [7], even if limitations should be
taken into account, like the rapid decrease of the received
signal level as altitude increases [8]. In this work, we exploit
multipath techniques, i.e., the possibility of aggregating multi-
ple physical links into a single logical one, in order to increase
the robustness of the downlink video channel. In fact, some
precautions are necessary to ensure the continuity of video
connectivity, in order to properly support C2 operations in
BVLoS conditions via public cellular networks. Further than
continuity, the playout delay, i.e., the time delay after which a
video chunk is played w.r.t. its generation at the source, must
be strictly limited to actually provide real-time visual context.
Based on those premises, this work reports the performance
evaluation of a real testbed in what follows, providing insights
in: (i) the advantages brought by the opportunistic use of
several cellular networks to effectively deliver a video stream
of good quality by exploiting multipath techniques; (ii) the
impact of cross-correlation among the packet arrivals from
the cellular networks jointly used, which is one of the main
factors impacting the achievable performance.

The rest of this paper is organized as follows: Section II
describes related works, focusing on similar scenarios and on
the use of multipath techniques for delivering multimedia live
streams. Section III describes the overall system setup in use
during the testbed; Section IV reports the performance evalua-
tion, considering both network statistics and video quality.
Section V draws the conclusions and opens to future works.



II. RELATED WORKS

A work closely related to the case of using cellular networks
for the C2 operations of an UAV is presented in [9]. The au-
thors test the possibility of using Long-Term Evolution (LTE)
networks for piloting an UAV in a rural area in Denmark. The
preliminary measurement campaigns, aimed at characterizing
the path loss model, are then backed by simulation results
confirming that LTE networks can be used for such a purpose.
Furthermore, the authors show that Interference Cancellation
(IC) techniques can reduce the impact of interference, along
with network diversity, to improve both coverage and relia-
bility of the downlink C2 channel. When discussing network
diversity, i.e., the joint use of multiple physical links, two sem-
inal works should be taken into account. The first one discusses
MultiPath TCP (MP-TCP) [10], allowing the simultaneous
use of multiple Network Interface Cards (NICs) by a TCP
connection. The second one, focused on multimedia delivery,
is presented in [11], proposing MultiPath Real-time Transport
Protocol (RTP) (MP-RTP). The latter is a milestone towards
the objective of this paper. The main idea is that disjoint paths,
between a sender and a receiver, can be used as a single
logical one to deliver data. Such an architecture can provide
failover capabilities, or can aggregate the overall capacity
to increase the achievable Quality of Experience (QoE), as
shown in [11] by means of simulation results. The authors
in [11] highlight how bandwidth increase should be pursued
by carefully choosing the links to be used in order to respect
any latency constraints; in fact, heterogeneous networks may
exhibit different statistics. The maximum playout delay is set
to 500 ms in [11], a fair value for online interactivity.

Multihoming has been studied in the literature in several
contexts. In [12], multiple LTE and WiFi interfaces are used
to support real-time data streaming services through a middle-
ware, namely GreenBag. The authors compare GreenBag with
MP-TCP and MP-RTP, concluding that MP-TCP had still open
issues with congestion control procedures at that time, and
that MP-RTP does not take into account energy requirements.
Also live streaming has been proposed as MP-TCP-based, i.e.,
using elastic protocols that have not been designed with such
a purpose in mind. Typically, real-time multimedia streaming
occurs over UDP because retransmissions are not necessary,
if not even detrimental in terms of playback delay. MP-TCP-
based live streaming is proposed in [13]. The authors propose
a Dynamic MPath-streaming (DMP-streaming) scheme, high-
lighting how homogeneous paths (i.e., links showing compa-
rable network statistics) represent a condition for satisfactory
performance. When considering mobility as well as the use of
multiple paths, the features provided by MP-TCP are explored
in [14]. The authors conclude that MP-TCP can naturally
shield the application layer from the multiple handoffs oc-
curring at lower layers in mobility conditions.

At this time, standard approaches such as MP-TCP and
MP-RTP should be preferred to custom solutions, because they
are transparent to the sender and receiver application layers.
Both protocols use feedback mechanisms, thus requiring a

Fig. 1: The testbed platform in use: the UAV on the left, the
RPi on top of a large capacity battery on the right, with a

mounted camera, and three LTE modems.

return channel: in the case of MP-TCP, the return connection
is mandatory for reliability purposes; in the case of MP-
RTP, the return connection is optional, but typically employed
with the purpose of providing out-of-band information about
the experienced Quality of Service (QoS). The RTP Control
Protocol (RTCP) carries the periodic reports, and its multipath
variant is referred to as MP-RTCP.

We studied an alternative approach for WebRTC-based
multimedia delivery in [15], focusing on energy efficiency.
The scenario under consideration herein does not explicitly
consider energy efficiency, even if part of the testbed has
been performed on a Raspberry Pi (RPi), providing low power
consumption and acceptable video quality [15]. The main
focus is on video quality, and real-time data delivery. The use
of network diversity is here tested in a real urban/suburban
environment, thus we do not provide simulation results as in
[9], [11]. Additionally, because of the potential magnitude of
the negative consequences if the pilot cannot intervene as soon
as necessary, we consider as acceptable a maximum delay of
200 ms, a stricter value than that in [11].

III. SYSTEM CONFIGURATION

In this section, we describe the system configuration in use
in our testbed. The same configuration has been deployed
on two different hardware setups: the first one is based on
the use of a laptop for experimental purposes and for data
collecting, the second one relies on a RPi as a lightweight
payload for the UAV. The latter is visible in Figure 1, as well
as three LTE modems, the RPi equipped with a camera, and
two USB WiFi interfaces in addition to the one integrated
in the RPi. Each WiFi NIC is connected to a modem, so that
three cellular connections have been contemporarily used. The
receiver side is the same for both hardware setups: a desktop
PC, and the open-source software QGroundControl as GCS
for both telemetry data and the live video stream. The three
LTE modems have three SIMs of Italian operators: Vodafone,
Tim, and Wind-Tre.

A. Application Setup

GStreamer is considered to be one of the reference frame-
works for video streaming applications: it is an open source
multimedia platform, available for the most common operat-
ing systems and embedded platforms, like RPi. The use of
QGroundControl, as the software part of the GCS, provides



Fig. 2: Logical diagrams of the transmitting (tx) and
receiving (rx) Gstreamer-based pipelines in use.

a solution that does not require any modifications on the
receiver side. Furthermore, it is portable to desktop PCs,
smartphones, and RPis. This means that our development
efforts have been concentrated on the transmitter side, i.e. the
platform on board of the UAV. A Gstreamer-based application
is based on a pipeline of software modules, called plugins,
implementing the needed functional blocks. Figure 2 shows
the transmitting (tx) and the receiving (rx) logical blocks of
the pipelines we used. Note the three udpsink elements on
the left corresponding to the three cellular interfaces in use
at the sender. At the receiver side, there is a single udpsink
element, corresponding to a single high-bandwidth interface;
this setup relies on the proper configuration of iptables at the
sender side, in order to have a 3:1 ratio for NICs coupling.
In details, the video stream is captured through the camera,
scaled to a resolution of 1024x768 pixels at 10 fps, and
then compressed with an hardware-accelerated H.264 encoder.
The video stream is encapsulated into RTP packets, then a
FEC module is used to increase the robustness of the video
flow [16], [17], the latter finally sent to the UDP layer for
transmission via the three cellular networks. The Uneven Level
Protection FEC (ULPFEC) plugin [18], which is a XOR-
based FEC technique, has been implemented as a repetition
code with rate 1/3 (corresponding to the aforementioned 3:1
ratio), providing a lightweight implementation to be used on
constrained devices. We consider as acceptable a maximum
playout delay of PDmax = 200 ms. At the receiver side, a
dejitter module (in Figure 2 as part of the rtpbin plugin) has
been used to reorder and remove duplicate RTP packets within
PDmax. Table I shows the values of the parameters in use.

IV. PERFORMANCE EVALUATION

This section describes the performance evaluation from two
viewpoints: in Section IV-A, the network traffic is analysed;
then, in Section IV-B, we assess the resulting video quality.

Plugin Parameters
videosrc video/x-raw, width=1024, height=768
h264enc Group of Pictures (GOP) size = 90
rtpULPFEC pt=101, percentage=50, 100, 200
udpsink src port=5004, 5006, 5008; dst port=5000

dejitter PDmax=200[ms], max-dropout-time=60[s],
max-disorder-time=2[s]

TABLE I: System parameters of the GStreamer pipelines.

A preliminary set of tests was conducted in safe and
delimited flight area with an UAV. The aim was in verifying
the feasibility of the BVLoS operations with the described
configuration. The FEC module was added after those tests to
counteract link failures, and to increase the robustness of the
video streaming. This test was conducted with an RPi on board
of the UAV in Figure 1, so to have a lightweight payload. After
this successful preliminary test, we scaled up the testbed: three
cellular operators were considered instead of a single one. At
this time, BVLoS operations are strictly prohibited in urban
areas and surroundings in Italy, thus we resorted using a car
instead of the UAV. The larger testbed we designed involves
both urban and suburban areas, which are shown in Figure 3.
The aim is in considering the different density of the Evolved
Nodes B (eNBs) in the urban part (see Figure 3a) w.r.t. the
suburban part (see Figure 3b). Furthermore, the suburban part
comprises uphill location, thus providing cellular connectivity
in Line of Sight (LoS) conditions with several distant eNBs,
exposing the sender to inter-cell interference and frequent
handovers [7]. The RPi sender-side has been substituted with
a laptop for the purpose of collecting richer statistics, both at
network and application layers. The traffic at the transmitter
and at the receiver have been dumped through Tshark, an open-
source network protocol analyzer.

A. Traffic Analysis

This section analyses the performance of the three network
operators by using dumps collected before the dejitter buffer
(i.e., at the blue block in Figure 2). The cross-correlation of
the packet arrivals from the three operators (see Table II) is
calculated by means of the Pearson’s correlation coefficient,
verifying if a given packet, with a given sequence ID, sent on
a given link, has been successfully received or not. It is worth
noting that such a correlation is almost negligible in the urban
part, while the same cannot be said in the suburban part. From

Vodafone Wind-Tre TIM
(U) Vodafone 1 -0.03 0.14
(U) Wind-Tre -0.03 1 0.1
(U) TIM 0.14 0.1 1
(SU) Vodafone 1 0.71 0.016
(SU) Wind-Tre 0.71 1 0.010
(SU) TIM 0.016 0.010 1

TABLE II: Cross-correlation of the packet arrival process at
the receiver in both scenarios: urban (U) and suburban (SU).

a logical viewpoint, in order to take as much advantage of
possible of multipath techniques, the links should be ideally
uncorrelated. Otherwise, the expected gain decreases as the




