This is the authors' version of the work. It is posted here for your personal use. Not for redistribution.
The definitive Version of Record is published in Proc. ACM DroNet 2021 Workshop, http://dx.doi.org/10.1145/3469259.3470489

An Experimental Analysis on Drone-Mounted Access Points for
Improved Latency-Reliability

Igor Donevski
Aalborg University
Aalborg, Denmark

igordonevski@es.aau.dk

Aymen Fakhreddine
Lakeside Labs GmbH
Klagenfurt, Austria
fakhreddine@lakeside-labs.com

ABSTRACT

The anticipated densification of contemporary communications
infrastructure expects the use of drone small cells (DSCs). Thus,
we experimentally evaluate the capability of providing local and
personalized coverage with a drone mounted Wi-Fi access point
that uses the nearby LTE infrastructure as a backhaul in areas with
mixed line of sight (LoS) and Non-LoS (NLoS) links to the local
cellular infrastructure. To assess the potential of DSCs for reliable
and low latency communication of outdoor users, we measure the
channel quality and the total round trip latency of the system. For
a drone following the ground user, the DSC-provided network ex-
tends the coverage for an extra 6.4% when compared to the classical
LTE-direct link. Moreover, the DSC setup provides latencies that are
consistently smaller than 50 ms for 95% of the experiment. Within
the coverage of the LTE-direct connection, we observed a latency
ceiling of 120 ms for 95% reliability of the LTE-direct connection.
The highest latency observed for the DSC system was 1200 ms,
while the LTE-direct link never exceeded 500 ms. As such, DSC
setups are not only essential in NLoS situations, but consistently
improve the latency of users in outdoor scenarios.
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1 INTRODUCTION

Unmanned Aerial Vehicles (UAVs) — or drones — are considered a
prime candidate for custom solutions to wireless communication
coverage in both conventional and unconventional circumstances.
Mainly as a benefit to their mobility and their altitude, they are
expected to offer good wireless channel conditions towards ground
users in outdoor scenarios [7, 13]. Commonly referred to as Drone
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Small Cells (DSCs) or as Drone provided Access Points, the flying
devices that carry wireless equipment are mostly considered as a
custom solution for improving regional communication quality [4].
However, it is common among DSC literature to lay strong assump-
tions for the availability of backhaul and/or the propagation setting
of the fronthaul [7]. While this is important for modeling future
drone-specific network requirements, we turn the attention towards
assessing the current state of commercially available technologies
that are capable of drone provided communication services.

In this work we aim to aid the cellular network by analyzing and
measuring the impact on latency for a mobile user (UE), located
on the ground and in the presence of a DSC that provides a Wi-Fi
hotspot, instead of a pure LTE relay. The reason behind designing
our DSC like this is that LTE positioning requires careful spectral
planning which is not an approachable method for casual users of
the DSC technology. Hence, we split the backhaul as LTE provided
and the fronthaul offered through a Wi-Fi interface. This is per-
formed by placing the DSC at an altitude that allows the utilization
of a nearby Base Station (BS). The goal of this setup is to answer
three key questions: does a drone provided hotspot improve the
latency of the application, what are the shortcomings of such a
system, and is this technology sufficient for use in reliable and
low latency communications? Answering these questions is criti-
cal for prospective use of DSCs in cases of ground remote control
applications that need to be tolerant to faults of the local cellular
coverage.

The paper is organized as follows: Section 2 discusses significant
related experimental work with drones. Section 3 describes a route
for the horizontal spatial coordinates that is bound to be covered
by a mixture of strong LoS and NLoS links for the UE along the
route. On this route we forgo two types of approaches, pretesting
the LTE propagation conditions for a travelling node on the ground,
or following the same route on a specific altitude. In Section 4 we
showcase the measurements of the impact on signal and delay when
using the DSC network (UE-UAV-BS) and a singular (UE-BS) LTE
link. Finally, in Section 5 we draw several conclusions, state the
significance of the provided data, and discuss open issues.

2 RELATED WORK

There has been a significant interest in deriving experimental results
for cellular connected drones. Mainly, the effect of interference
carries a significance due to the likelihood of drones to establish a
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LoS with neighbouring cells, which would not be visible to ground
UE. This causes extra interference, which adds extra complexity
to the problem of BS handover, topics that are thoroughly covered
in: [6, 10, 15, 18]. Moreover, the work of [12] gives an elaborate
overview of the common issues plaguing cellular connected drones.
In terms of the performance of cellular connected drones, the work
of [9] provides detailed experimental analysis of the throughput of
drones connected to an LTE-A network. Justifiably, due to rollout
phase of 5G infrastructure the work of [14] experimentally evaluates
the throughput performance of 5G connected drones.

As for UE-DSC connectivity, there is a strong experimental sup-
port of the LoS NLoS model of [1], such as the work of [16]. The
work of [3] analyzes the drone-BS connectivity of LTE for its poten-
tial use as backhaul in DSCs. However, the experimental works of
[11] and [8] are most in line with our goals of testing UE connectiv-
ity through a DSC. Moreover, the work of [11] is a trivial example of
UAV-to-UAV communications as a relay system. While the work of
[8] is most in line with our goals for establishing a UE-DSC-BS relay,
its contribution is though limited to a throughput investigation in a
small scenario. In addition, all prior UE-UAV-BS connectivity work
has majority of the attention focused on measuring signal strength
and throughput. Given the vastly different nature of cellular and
Wi-Fi connectivity, and the added system complexity, we are inter-
ested in the latency and therefore delay quality for UE served by
BSs versus DSCs as clarified in the following sections.

3 EXPERIMENTAL SETUP

The experiments are performed in a relatively controlled setting in
the 5G Playground Carinthia testbed in the outskirts of Klagenfurt,
Austria. All flights and ground UE patrols were taken along the
same identical horizontal path with a constant speed of 1 m/s. The
LTE connectivity in the area is provided by a single BS mounted
on top of a building, and was predetermined for the experimental
analysis. The LTE BS supports a data rate of 150 Mbit/s for each
20 MHz channel supporting a modulation of 256 QAM per carrier.
While the BS supports up to two carriers, only one carrier is used
during the experimentation.

The drone, Fig. 1, is a twinFOLD SCIENCE by the Austrian ven-
dor TWINS. The communications equipment mounted on the drone,
consists of an LTE modem and a Wi-Fi 802.11ac access point con-
nected to a Raspberry Pi 4 companion board that bridges the two
interfaces and captures all traffic that passes through. This allows
for a better investigation and separation of the fronthaul, backhaul
and most importantly scheduling and processing delays. The Wi-Fi
access point (Unifi UAP-AC-M) has a 2x2 WiFi dual band configura-
tion with a maximum link data rate of 867 Mbit/s. The max. transmit
power is 20 dBm. The access point is connected to the main board
via a 1 Gbit/s Ethernet interface. The Huawei E3372 LTE modem
supports LTE Cat4 with a max. downlink rate of 150 Mbit/s and an
uplink rate of 50 Mbit/s. It is connected via USB to the companion
board. The smartphone is a Samsung S20 5G which supports dual-
band Wi-Fi 802.11ac with VHT80 MU-MIMO and LTE Cat20 with
4x4 MIMO.

The measurements are performed with the Cellular Drone Mea-
surement Tool (CDMT) [17] that can record multiple parameters
for the cellular connection such as: reference signal received power
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Figure 1: An image taken from the DSC equipment mounted
on a twinFOLD SCIENCE drone.

(RSRP), reference signal received quality (RSRQ), received signal
strength indication (RSSI), serving physical cell identity (PCI), and
channel quality indicator (CQI) and throughput as averages of one
second. To perform latency measurements, the CDMT app sends
10 UDP datagrams per second, containing a sequence number and
two timestamp fields (20 byte payload), to a server located in the
testbed network. The app logs the timestamp when the packet is
sent and when it receives the reply from the server. The timestamp
fields are used to store the time when a packet is received at the
server and when it is sent back to the client in order to determine
the processing time at the server.

3.1 Scenario Investigation

The performance of the DSC is significantly influenced by the UAV-
to-BS connectivity. It has been shown that the current cellular BS an-
tenna design is optimized to service ground users and drones experi-
ence degraded performance at certain altitudes, since they are only
covered by side lobes [9, 14]. To better understand the propagation
pattern of the base station, we perform several pre-measurements
in order to improve the deployment of the DSC (i.e., determine a
suitable altitude for the drone). The pre-measurements start with
measuring the performance on the ground, while a user carrying
a smartphone walks along the route. Afterwards, we mount the
smartphone on a UAV and repeat the same route at a different
altitudes. Moreover, even when the drone can move horizontally
its performance depends on how big of an area it wants to cover
[2]. Hence as per a previous analysis for suburban environments,
we derive 30 m as a decent altitude for a drone with an isotropic
fronthaul (in our case Wi-Fi) transmitter, and 50 m or 70 m with a
directional antenna [5]. Furthermore, we also want to sample the
possibility of having drone-to-BS connection with a drone at an
altitude of 100 m for UAVs that have an efficient directional antenna.
As such we perform a sweep to test the LTE channel performance
at different altitudes, as shown in Fig 2.

In Fig. 3 we can observe that the altitudes of 30 m and 70 m give
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Figure 2: Testing LTE signal performance for four altitudes
(30 m, 50 m, 70 m, 100 m) and the ground UE-BS link is likely
to be NLoS.

Figure 3: RSSI measurement results for the LTE signal per-
formance sweep from the perspective of the BS. Colormap
ranges from red for the worst RSSI measured(-107 dB) to
green for the best RSSI (-75 dB) measured. (Map data: Google
©2021)

the best channel conditions. Since we conduct our experiments with
omnidirectional Wi-Fi antennas, we select an altitude of 30 m for
the measurements of our DSC. Moreover, lower altitudes suffer less
from inter-cell interference and frequent handover challenges [6].
Looking at the RSSI measurements from the opposite side, as shown
in Fig. 4, we can notice that the LTE connectivity of the ground
UE severely deteriorates in the NLoS region. Thus, we expect that
DSC-based connectivity should eliminate this issue and improve
network performance for users hidden from the direct LoS of the
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Figure 4: RSSI measurement results for the LTE signal per-
formance sweep from the perspective of the DSC. Colormap
ranges from red for the worst RSSI measured(-107 dB) to
green for the best RSSI (-75 dB) measured. (Map data: Google
©2021)
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Figure 5: 2-point Moving Average and Moving Variance for
RSSI values of all 5 experiments.

BS.

A final remark of the pre-measurements can be derived from
Fig. 5 where we show the moving evolution of variance and mean
RSSI values. As it can be noticed, all flying drone implementations
record lower RSSI fluctuations during the route. The signal strength
at the moving ground UE was constantly changing, providing ad-
ditional motivation for stabilizing the performance of the ground
UE through a DSC system. The variance and the mean of the RSSI
parameter for each pass of the sweep are contained in Table 1.

4 EXPERIMENTAL RESULTS

Since we have established the DSC altitude of 30 m, we proceed
with the latency measurements for the system at that particular
altitude. As shown on the right in Fig. 6, one part of the measure-
ment is for the LTE-direct UE-BS link, measured along the route.
On the left, in Fig. 6, we illustrate the second part of the measure-
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Table 1: Mean and variance of RSSI for all measured alti-
tudes

Label 1m 30m 50m 70m 100 m

mean j -89.79 -84.46 -85.98 -84.06 -86.83
variance ¢ 94.86 31.68 34.73 2639  30.90

O

T

Figure 6: Latency measurement scenarios: the drone and UE
move at 1m/s together (left), the user moves at 1m/s alone
(right)
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Figure 7: The measured latency of the DSC and LTE-direct
implementations.

ments where the Wi-Fi equipped drone provides DSC service to
the mobile user, while flying directly above him or her along the
same route. To verify the consistency of the measuring setup, the
DSC measurements were repeated three times while the LTE-direct
measurements were repeated two times. From that we observed
consistent behavior across the measurement experiments. For bet-
ter visibility, we illustrate the duration-time plot in Fig. 7 only for
one sample of each type.

Since all experiments started from the same initial spot and travel
with the same speed, in Fig. 7 we plot the latency evolution of the
system with regards to the duration of the experiment. The most no-
table remark is that LTE-direct measurements lack 10 s of data near
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Figure 8: Latency comparison of the Wi-Fi link versus the
LTE link for the DSC setup.
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Figure 9: Latency comparison of the LTE-direct links from
the UE and the UAV/DSC.

the end of the experiment. This was due to the strong NLoS, shown
with bright red in Fig. 6, due to which the ground-UE consistently
lost connectivity to the BS near the end of the experiment. This
reduces the number of samples for the LTE-direct measurements
by 6.4% as for such portion of the time the LTE-direct link is in
total outage. However, the DSC setup experiences latency spikes
that are consistently above one second. These spikes occur in ar-
eas where the UAV has good LTE channel condition, with strong
LoS. From the segmented latency data for the DSC measurement
in Fig. 8, we observe that the latency spikes are due to consistent
and lengthy outages of the Wi-Fi interface. These spikes are unre-
lated to the position of the drone and occur at random times due
to the distributed multiple access scheme implemented in Wi-Fi.
Therefore, due to the inconsistency of Wi-Fi, the mean latency for
both systems (within the area of BS coverage for ground users)
is nearly identical, measuring to 54 ms and 53.7 ms of latency for
the LTE-direct and the DSC connectivity, respectively. In addition,
the Wi-Fi link adds insignificant amount of extra latency for the
DSC case when it does not encounter crowding problems due to its
distributed nature. Thus, in Fig. 9 we compare the latency between
the UAV-BS LTE link to the UE-BS direct. The major superiority of
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Figure 10: Latency-Reliability plot of above average latency
for each connection.

the DSC system comes as a consequence of the good channel con-
ditions of the flying drone, even when both setups have generally
LoS signal. Moreover, the mean LTE delay from the DSC is 33.2 ms
while the mean LTE delay from the UE is 54 ms.

Even with this advantage of the UAV, the mean latency for the
DSC system is nearly identical. Therefore, in Fig. 10 we plot the
empirical cumulative distribution function (ECDF) starting at the
average latency, as taken from all runs. While the average latency
is similar for the LTE-direct link and the DSC link, the variations
are much higher for the former. In particular, it is much more
likely to observe highly varying latencies between 40 ms and 120 ms
when having a direct LTE connection. In other words, the LTE-
direct link suffers from high jitter. This is not true for the DSC
system that offers low jitter and a latency below 50 ms with 0.95
probability. Unfortunately, due to the behavior of CSMA it is likely
to observe a latency in the excess of 200 ms, for 2% of the time of
operation of the DSC system. We note that this investigation is
limited to generally good CSMA congestion conditions, and larger
delays can be introduced when sharing the Wi-Fi carrier with other
devices. Therefore, through the choice of location we also impact the
wireless channel congestion for both the LTE and Wi-Fi spectrum.
As such, the analysis presented in this work can be further enhanced
by combining the provided measurements with congestion models,
which is out of the scope of this paper.

Finally, we observe the latencies in Fig. 11 that are the result of
scheduling and processing of our computational system mounted
on the drone.

5 CONCLUSIONS

In this paper, we conducted and elaborated an experimental anal-
ysis of the possibility of addressing latency concerns for ground
based UE with DSCs. Initially, we provided a full sweep of mea-
surements at different altitudes to inspect the impact of LoS and
NLoS links. In the sweep we concluded that a DSC should operate
at an altitude of 30 m to provide a Wi-Fi hotspot for the UE below.
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Figure 11: Latency, in milliseconds, induced due to total time
spent processing in DSC.

In additional experiments, we compared the performance of an
LTE-direct link — between the UE and the BS - to a DSC provided
hotspot. The experimental analysis shows that the altitude of the
DSC allows for reliably lower latency than an LTE-direct link from
the ground. Moreover, the DSC system extended the coverage for
an extra 6.4% of the route. Even though this number is arbitrary
and directly impacted by the choice of the flight and walking tra-
jectories, it showcases that the DSC covers absolute edge cases of
full link dropping. The drawbacks of the DSC system come due
to the nature of Wi-Fi, as we occasionally observed latency spikes
in the excess of 1s that are due to full outages. This removes the
possibility of using the Wi-Fi fronthaul for ultra reliable remote
control implementations that require low latency. Finally, this work
allows us to segment the collective fronthaul, processing and back-
haul latency of a complex DSC system in mixed LoS and NLoS
scenarios, limited to outdoor users. In a future work we would like
to observe the performance of a similar experimental setup with
a 5G backhaul. Such an analysis would be imperative since next-
generation communication equipment promises low latency even
in NLoS environments. In those cases, upgrading the DSC fronthaul
to the next-generation of 802.11be might finally achieve URLLC for
outdoor ground users. Moreover, to evaluate the feasibility of such
a system, we would also strive to reduce the complexity and weight
of the mounted equipment in favor of increased drone air time.
Such work can finally target the goal of URLLC for outdoor remote
control applications in obstacle-dense environments, an evolution
towards modular, fault-tolerable and reliable connectivity.
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