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Abstract—While a lot of studies have been made to include
drone communications in the 5™ Generation of Mobile Networks
(5G), it is still arguable how reliably current air-to-ground infras-
tructures can perform. To apply a further boost to this research
direction, the National Science Foundation (NSF) recently funded
the Aerial Experimentation Research Platform for Advanced
Wireless (AERPAW) for the creation of a high-end publicly
available testbed. Considering the current lack in the literature
of experimental studies carried out with open testbeds, in this
paper we target two contributions. First, we use AERPAW for
the end-to-end evaluation of the performance of an emulated
Uplink (UL) traffic between an Unmanned Aerial Vehicle (UAV)
and a Fixed Node (FN), connected through an open source LTE
network software (srsRAN). Second, in addition to providing a
thorough analysis of the results obtained from our experiments,
we made our testbed’s configuration files and collected dataset
available to the public, to provide a reference for future research
on UAV communication, enabled by AERPAW.

Index Terms—AERPAW, UAYV, SDR, LTE

I. INTRODUCTION

In the last decade, Unmanned Aerial Vehicles (UAVs) have
been applied to diverse use cases, such as: public safety tasks
(e.g., event surveillance or, more recently, monitoring of social
distancing protocols), consumer photography and entertain-
ment (e.g., professional video recordings for moviemakers),
business operations (e.g., logistic services being promoted
by Amazon or UPS) and smart farming application (e.g.,
increase of the field productivity through image collection
and analysis). According to estimates provided in [1], in fact,
the UAVs market is expected to grow from 30 billion USD
in 2022 up to 279 billion USD by 2032. Most of these
applications benefit from a high quality communication link
to a ground station. From the standardization point of view,
the IEEE released the 802.11ah amendment to provide longer
range and lower power connectivity to Wi-Fi networks [2],
while the 3rd Generation Partnership Project (3GPP) is in the
process of adding features to cellular systems to support the
communication among drones' and between drones and other
network elements [3].

Prototyping is an essential ingredient in developing the
next generation of heterogeneous networks. In this field,
in particular, there have been various experimental studies,

'In the context of this paper, we will use the terms drone and UAV
interchangeably.
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including: pathloss measurements, small-scale fading char-
acterization, analysis on the impact of mobility in air-to-
ground links, and optimization of the antenna position on
the drone’s frame. However, a major challenge that emerged
from prior works in the literature is reproducibility. Recently,
the National Science Foundation (NSF) funded the Aerial
Experimentation Research Platform for Advanced Wireless
(AERPAW), an openly available experimental setup to enable
advanced research on beyond 5G technologies, in particular
in the context of aerial communication. A key feature of the
testbed is that experimenters can remotely test and tune their
algorithms to better reflect the challenges posed by real-world
scenarios, while their experiments are carried out by on-field
operators.

Our paper makes the following two contributions to the

research community:

o We carry out an end-to-end full-stack measurement cam-
paign with AERPAW between a UAV, acting as a User
Equipment (UE), and a Fixed Node (FN), acting as an
evolved Node Base (eNB). From our experiments we
observe that standard communication protocols are not a
good fit for these new scenarios characterized by a high
channel variability, leading to fluctuating available bitrate
and high packet loss.

o« We provide a detailed explanation of the experiments’
workflow, to allow other researchers to replicate our study
and iterate on top of it. Moreover, in [4] we release the
necessary files to configure AERPAW’s Virtual Machines
(VMs), Software Defined Radios (SDRs) and vehicles,
along with the collected datasets.

II. DRONES IN TELECOMMUNICATIONS: AN
INTRODUCTION

Studies of strategies on how to make UAVs communicate
efficiently gained momentum in the last two decades, along
with the rise of mobile networks. The authors of [5], [6]
outline several challenges in this field such as, for example:
stringent control and payload data requirements to be satisfied,
the need for Al-based approaches for mobility management
and UAV-aware network design, efficient antenna design, and
beam-selection algorithms.

In general, we outline three main research topics: (i) ef-
ficient integration of SDRs to design wireless drones; (ii)
creation of emulation tools to model the UAV environment
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without the need to build the actual system; and (iii) the
study of signal propagation in air-to-ground and drone-to-
drone scenarios.

Integrating SDRs and UAVs: The authors of [7] built
a GSM relay system to be deployed on a UAV, to provide
cellular coverage in scenarios where cellular systems are
damaged or malfunctioning. Another work [8] has developed
an aerial base station prototyping platform called SkyCell. It
provides a framework that offers control of the network and
mobility of the UAV.

Emulation of drone networks: The authors in [9] designed
a Radio Frequency (RF) Software in the Loop (SITL) channel
emulator with I/Q sample fidelity, that aims at being a proto-
typing tool for the deployment of real software-defined drone
networks. Another prototyping emulation environment, uavEE,
was proposed in [10] and released as open source. Besides
making it possible to interface the emulator with existing flight
simulators, the authors developed a data driven power model
and validated it, along with the emulator, on a real UAV flight.

Propagation studies: The work in [11] demonstrates
through air-to-air measurements that the body of the drone
can indeed affect the received power across various antenna
orientations and positions and act as a local scatterer. In [12],
the authors characterize air-to-ground wireless channels be-
tween UAV platforms and terrestrial users in practical Line-of-
Sight (LoS) and Non-Line-of-Sight (NLoS) scenarios across
a limited range of carrier frequencies below 6 GHz. Instead,
the authors of [12] designed an IEEE 802.11-like signaling
mechanism to feed back Channel State Information (CSI)
for both wideband and beamformed transmissions, and they
performed tests at different heights and distances.

Our proposal: Even though AERPAW is a newborn
testbed, a lot of research has already been carried out, mostly
focused on high-level preliminary performance evaluations,
UAV detection using RF fingerprints, or propagation measure-
ments at mmWave [13]-[15]. Our work is the first that uses
AERPAW to study the performance of UAVs mobile networks
with an end-to-end and full-stack approach. In addition, by
releasing the code and the collected dataset, we aim to
stimulate new studies in this field, allowing researchers to use
our contribution as a baseline.

Fig. 1: PN with USRP B210 and 4 stub antennas, mounted on a UAV

III. EXPERIMENTS

The experiments described in the following have been
carried out using the AERPAW testbed in Lake Wheeler,
Raleigh, NC. The Lake Wheeler site offers a tower (variable
height between ~10 m and ~20 m) equipped with 4 Universal
Software Radio Peripherals (USRPs) and 6 omni-directional
antennas that can operate between 1.7 GHz and 6 GHz. For our
measurements, we used USRP B210 both at FN and Portable
Nodes (PNs), due to its wide range of features compared to
USRP B205mini.

With respect to the UAV, the AERPAW team designed and
built a custom hexacopter, described in detail in [16]. The
hexacopter carries a payload that consists of: the radio front-
end, a USRP B210, a USRP B205mini, and an Inte]l™ NUC
with i7-10710U. Compared to the USRPs on the PN, the
B205mini is used by AERPAW’s operators for RF spectrum
monitoring to avoid any harmful (or illegal) transmission that
might arise from the experiment, while the B210 can be
used by an experimenter and configured according to the
measurements needs.

Despite the fact that the Lake Wheeler site has a negligible
amount of RF noise when compared to more crowded or built-
up areas, the RF front-end is needed to filter out some parts of
the spectrum and amplify the transmitted/received signal. To
this end, the deployed RF front-end is capable of (i) amplifying
the received signal with a Low Noise Amplifier (LNA), (ii)
blocking signals below 3 GHz and above 4.3 GHz with a
Band Pass Filter (BPF), (iii) duplexing the receive chain into
two parts for RF monitoring and experimenter’s application.
On the transmit chain, a Low Pass Filter (LPF) was used to
filter out the signals above 4.4 GHz. Four stub antennas placed
on the node with both horizontal and vertical polarization, that
can operate at L-, S-, and C-band, are used. An example of a
PN as the one just described is shown in Figure 1.

In addition to the abovementioned features, each PN is
also capable of independently operating the vehicle through
a MAVLink connection to the flight computer. To do so,
before the experiment moves into the testbed and UAV, the
experimenter designs a flight trajectory with a flight plan
software such as QGroundControl [17] which is used in this
experiment.

Regarding the experimental workflow in AERPAW, the
overall process comprises two stages: (i) the emula-
tion/development mode and (ii) the testbed mode. The em-
ulation mode is the starting point for every experiment, as it
provides different templates for AERPAW’s testing sites. As
of Phase 1, there are two preconfigured templates:

e | FN plus 1 PN at Lake Wheeler.
e 2 FNs at Centennial Campus.

The AERPAW platform creates 4 types of containers
for each experiment which are Experiment Virtual Machine
(E-VM), Control Virtual Machine (C-VM), Channel Em-
ulator (CHEM) VM, and Operator Experiment Oversight
(OEO) VM. E-VM consists of experimenter code and related
logger services provided by the AERPAW platform. E-VM
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is connected to C-VM over a virtual network for sending
commands and receiving logs from the vehicle. According to
the previous statement, C-VM is responsible for controlling
the vehicle through the flight computer (or an SITL configu-
ration, for the emulation case) using the MAVLink interface.
The OEO VM is only used in emulation mode to execute
commands such as arming the vehicle.

To provide a means of transferring signals between con-
tainers, ZMQ [18] is used to create a channel emulator and
is placed into CHEM VM, as described in [13]. Besides the
emulation of the wireless channel, it is also possible to emulate
vehicles (Unmanned Ground Vehicle (UGV) and UAV) using
the same software that will be eventually deployed on the
devices, making the transition process from emulation mode to
testbed easier. Once the development is done for the emulation
mode, the experimenter submits their execution to the platform
and the experiment is carried out by AERPAW operators.

Portable Node

UDP Flow
Aerpawiib MGEN — Qp------- 7 ey
Maviink SRSUE SRSENB
USRP B210 USRP B210

Fixed Node

2680MHz 2560MHz

Fig. 2: Overview of the measurement setup

In this study, Uplink (UL) traffic is exchanged between the
drone and the eNB, through the LTE network configured as
shown in Figure 2. The main motivation behind using the LTE
network is to stress the LTE performance on UAV communi-
cations and give an idea for possible future improvements.
In the literature, the amount of studies available in quasi-
realistic traffic model performance evaluation with LTE air-
to-ground network is limited and LTE promises a good fit
for low powered Internet of Things (IoT) devices in rural
area applications. The setup that we built aims to show where
possible improvements can be made in the LTE stack to enable
air-to-ground communication systems, and we corroborate our
vision with a set of measurements described in detail in
Section IV. Traffic generation is handled with MGEN [19],
an open source traffic generation software (more details on the
emulated use case and the software configuration will be given
in Section IV). To set up the LTE connectivity between the
PN and the FN, the open source LTE software srsRAN [20] is
used with 100 Physical Resource Block (PRB) configuration.

For a thorough performance evaluation, we designed our
flights such that each consisted of three consecutive laps.
When the drone is far away from the eNB and the esti-
mated Signal-to-Interference-plus-Noise Ratio (SINR) drops,
however, disconnections and reconnections may happen very

often. During the first set of testing flights, we encountered
a disconnection problem due to a bug in srsRAN, that was
causing a reattachment failure on the UE side, making it
impossible to conclude the experiment. To solve the problem,
we developed a fix to the reattachment procedure following the
3GPP LTE specifications [21], allowing the UE to go into a
cell search state upon a failure to reattach. The patched version
of the code can be found at [22].

To summarize, all the required scripts for starting the
experiment and the different traffic model files are included
in [4], so that the experiments can be submitted and run by
AERPAW operators without any changes. The vehicle script
is necessary to transfer the flight plan to the PN and send
the required commands to start the flight and follow the
preplanned trajectory. While in our case the script is for the
deployment of the UAV, the experiment can be completed with
different vehicles (e.g., UGV) just by changing the trajectory
parameters, or even without a vehicle entity if we are not
interested in mobility. Note that it is also possible to deploy our
solution on an independent testbed (different from AERPAW)
with minor adjustments, such as: vehicle trajectory replanning
and change of the destination IP address in MGEN setup files.

IV. PERFORMANCE EVALUATION

After a thorough planning and testing phase using the
emulation tools provided by AERPAW, we proceeded with a
measurement campaign with the setup described in Section III.
In our experiments, we were interested in emulating the
dissemination of real-time perception data generated from
vehicles” onboard sensors like Light Detection and Ranging
(LiDAR) to a remote entity (e.g., field operator, remote
cloud controller). In fact, the use case that we wanted to
replicate consists in the transmission of information for the
study of rural areas, with applications such as monitoring of
environmental phenomena, safety assistance in case of natural
disasters, and crop analysis through extensive data collection.

Having considered the richness of information available in
such scenarios, the transmission of sensor data requires a
substantial amount of radio resources and could potentially
congest the network. To tackle this issue, data compression
and segmentation are often applied in order to reduce the
size of raw data prior to transmission. For this reason, our
application generates data based on the first-order statistics of
the Kitti multi-modal dataset [23], extended to include the data
compression pipeline proposed in [24]. The dataset provides
the frame sizes (in Bytes) associated with a collected LiDAR
point-cloud, both raw and after applying compression and/or
semantic segmentation: the higher the level of shrinking, the
smaller the size of a single packet.

We analyzed the dataset to obtain the average application
rate (i.e., the rate at which the application is generating
data towards the receiver) associated with each compres-
sion/segmentation option. To further clarify, if the application
rate of a specific LIDAR mode is 16 Mbps, this translates into
a corresponding data rate in MGEN. In all our cases the packet
size was set to 8192B and, in a periodic time window of 100
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Fig. 3: Physical radio measurements on UE and eNB with aggregated target APP rate of ~ 32Mbps.

ms with a 50% duty cycle, MGEN generates an equivalent
number of packets to reach the target rate.

Since MGEN can create separate User Datagram Protocol
(UDP) flows by specifying different sending/listening ports
on the transmitting/receiving devices, we were able to test
how resources were orchestrated among traffic flows. We
evaluated the performance of the setup for the following three
application sending strategies, each with a constant number
of traffic sources and target sending bitrate, selected by those
obtained from the analysis of [23], [24]:

« Single UL flow with a ~16 Mbps target application rate.

o Two separate UL flows, each with a ~8.3 Mbps target
application rate.

o Two separate UL flows, each with a ~16 Mbps target
application rate.

As highlighted in the previous section, a single measurement
consists of three distinct laps following a preplanned trajectory,

each referred to as run in the following (i.e., for each appli-
cation mode, we performed three runs). In this way, besides
collecting more samples that could enable artificial intelligence
approaches, we also wanted to study the consistency of the
results obtained with the same parameters among distinct
consecutive trials. The speed of the drone was set to 7 m/s,
for a total of ~25 minutes per experiment.

Figure 3 shows a set of results obtained at the Physical
Layer (PHY) of UE and eNB, specifically when the source
application was generating two separate flows, for a resulting
aggregated traffic of ~32 Mbps. Figure 3a depicts the distance
between the vehicle and the FN throughout the experiment
and was used to verify that the radio metrics were consistent
and correlated with the PN movements. The SINR shown in
Figure 3b measured at the eNB behaved as expected: the larger
the distance, the lower its value (and vice versa). Conversely,
the performance of the default Modulation and Coding Scheme

1425

Authorized licensed use limited to: Northeastern University. Downloaded on June 26,2024 at 16:47:37 UTC from IEEE Xplore. Restrictions apply.



WS14 IEEE ICC 2023 Workshop on Integrating UAVs into 5G and Beyond

- RUN 1 [EEEEEg RUN 2 BN RUN 3

g 20 -

jun)

2 10— l

=)

(=9

|
16 Mbps 2x8. 3 Mbps 2 x 16 Mbps
(a) SINR estimated at the eNB PUSCH.

Z 30 -

£

=) 20 —

2

£ 10 -

M

0~ | | |
16 Mbps 2 x 8.3 Mbps 2 x 16 Mbps
(b) RX PHY rate.

oy 100 — ¢ ¢

> ¢

E

5 50 —

-

g

a

o]

= 0- | | |
16 Mbps 2 x 8.3 Mbps 2 x 16 Mbps

(c) RX PHY loss rate.

& 100 -

;g

% 50 —

<

(=%

&

< 0- | |

16 Mbps

2 x 8.3 Mbps

2 x 16 Mbps

(d) RX application loss rate.

Fig. 4: Aggregated measurements for three runs and three offered traffic profiles for each run.

(MCS) selection strategy implemented by srsSRAN is presented
in Figure 3c. The algorithms strictly follow the SINR trend
and quickly adapt to sudden SINR drops. However, while
this behavior might be good in the case of resource-hungry
applications, it is not ideal for QoS-oriented scenarios. In that
case, it would be better to provide the user with a stable
network output to the user rather than trying to always match
the peak performance. It is clear from Figure 3d that a high
MCS variability corresponds to an unstable bitrate, which
eventually leads to high packet losses and delays.

To confirm the consistency of consecutive measurements, in
Figure 4 we compare the boxplots of different metrics in dis-
tinct runs. Each box shows the median and the corresponding
25" and 75" percentiles of the dataset, while the whiskers
extend to show the rest of the distribution with respect to the
interquartile range. The points below or above the whiskers
represent the measurements’ outliers. Figure 4a shows that,
besides the variability related to the drone going back and
forth in the field, the SINR trend is consistent throughout the
different runs, and the results in Figure 4b are an immediate
consequence of that.

As highlighted in the previous sections, this study aims also
at providing a bottom-up performance evaluation, including
measurements of QoS parameters at the Application (APP)
layer, based on the generated UDP flows. Specifically, Fig-
ures 4c and 4d show how the packet loss experienced at the
receiver’s PHY is reflected into an even higher loss at the
APP. This is motivated by the fact that the big packets we
are generating at the APP layer need to be fragmented before
being sent through the channel. Based on how many packets
reach the destination, the receiving APP might not be able
to fully retrieve the original frame, which is consequently
considered lost and contributes to up to 100% packet loss.
This, along with the highly variable bitrate trend shown in
Figure 3d, further stresses the need for adaptation algorithms
to guarantee stable performance.

A. A Dataset Use-Case: Area Clustering

Finally, in Figure 5 we show how the value of SINR
estimated at the eNB can be used to identify communication
clusters. This information can be very useful both to know
upfront, in order to tailor network algorithms using the GPS
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coordinates of the vehicle as input, but also if used to analyze
rural areas to understand how to disseminate eNBs to reach
optimal radio coverage. In our analysis, shown in Figure 5,
we used K-Means as a well-known clustering algorithm to
find three distinct clusters (corresponding to bad, good, and
excellent channel quality), and noticed that identifying these

=
N

(3]

areas is not as easy as expected. Among other things, this can  [4]
be due to the antenna orientation, which varies depending on
the vehicle trajectory along with its own high-speed mobility. |5,
Another thing to notice is that, although we have multiple
SINR points associated with the same GPS coordinates (thanks
to the consecutive laps), we may find the same area being g
assigned to different clusters. This further confirms the high
channel variability even at LoS and the need for tailored
algorithms to guarantee stable performance.
(7]
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Fig. 5: Area clustering based on estimated SNR using K-Means
[14]
V. CONCLUSIONS (15]
Despite the availability of detailed technical studies on
the implementation of UAVs to enable air-to-ground com-
munication, there are still a lot of problems that need to [16]
be addressed before witnessing a large scale deployment of
this novel architecture. With the presented framework and
published dataset, we aim at enabling researchers to help [17]
bridge this gap by: (i) using our work as a starting point to Hg}
make further innovation with the AERPAW open testbed, and
(ii) using the published dataset to bootstrap novel network [20]
solutions before deploying them in the field. In the future we (211
are going to release a more extensive dataset that includes 22
additional measurement campaigns using the UGV in addition  [23]
to the UAV. Moreover, we also plan to design an adaptive
data transmission algorithm that chooses between different [p4;
compression modes and to test it on AERPAW.
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