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ABSTRACT

In the next wave of swarm-based applications, unmanned aerial
vehicles (UAVs) need to communicate with peer drones in any direc-
tion of a three-dimensional (3D) space. On a given drone and across
drones, various antenna positions and orientations are possible. We
know that, in free space, high levels of signal loss are expected if
the transmitting and receiving antennas are cross polarized. How-
ever, increasing the reflective and scattering objects in the channel
between a transmitter and receiver can cause the received polar-
ization to become completely independent from the transmitted
polarization, making the cross-polarization of antennas insignif-
icant. Usually, these effects are studied in the context of cellular
and terrestrial networks and have not been analyzed when those
objects are the actual bodies of the communicating drones that
can take different relative directions or move at various elevations.
In this work, we show that the body of the drone can affect the
received power across various antenna orientations and positions
and act as a local scatterer that increases channel depolarization, re-
ducing the cross-polarization discrimination (XPD). To investigate
these effects, we perform experimentation that is staged in terms
of complexity from a controlled environment of an anechoic cham-
ber with and without drone bodies to in-field environments where
drone-mounted antennas are in-flight with various orientations and
relative positions with the following outcomes: (i.) drone relative
direction can significantly impact the XPD values, (ii.) elevation an-
gle is a critical factor in 3D link performance, (iii.) antenna spacing
requirements are altered for co-located cross-polarized antennas,
and (iv.) cross-polarized antenna setups more than double spectral
efficiency. Our results can serve as a guide for accurately simulating
and modeling UAV networks and drone swarms.

1 INTRODUCTION

The commercial use of UAVSs, in addition to military applications,
has been exponentially increasing. In 2017, the number of commer-
cial drones increased by 58% in North America compared to 2016
with a projected global market of $11.61 billion by 2022 [1]. With
the new advancements in UAVs such as the ability to hover and
rapidly change locations and respond to control commands, UAVs
are becoming more attractive to many organizations in a diversified
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array of applications (e.g., inspection, mapping, monitoring). The
next wave of these and other applications will be coordination of
drone swarms to achieve automated tasks, leading researchers to
extensively study UAV-based communications. The majority of lit-
erature, however, focuses on simulations ([2] and references within)
or optimization models that target the optimal placement of a UAV
[3-6] in various applications. These methods are important research
tools and give valuable insight but may be misleading if these tools
are not grounded in reality. Recently, measurement-based studies
have been conducted with the majority of them focusing on air-to-
ground (AtG) communications [7-13]. Experiments that investigate
air-to-air (AtA) links mainly focus on received signal variations
with distance and finding path-loss exponents with little emphasis
on the body effects, antenna radiation pattern, polarization, and
their joint effects. For example, authors in [14] measure the received
signal strength (RSS) over various altitudes and empirically model
the ground effects on multipath propagation. Furthermore, authors
in [15] investigate network performance of AtA and AtG links in
different network topologies and measure throughput at various
distances and find the path-loss exponent. More elaborate details
on related work are presented in §5.

As drones are expected to communicate in swarms, carry 5G traf-
fic, and be integrated in IoT applications [6, 9], drone-based MIMO
systems that offer higher throughput and more robust airborne
links are becoming more attractive than ever [11-13]. However,
it is well known that the capacity of these MIMO systems can be
significantly reduced due to high spatial correlation of its channels
[26, 33]. The MIMO spatial correlation is known to largely depend
on antenna spacing, radiation pattern and polarization; factors that
are found to be crucial when modeling polarized MIMO [25-28]
channels in 3D. These factors are of particular interest to us because
of the unique form factor and the potential effects of the body on
the radiation pattern and polarization, the ability to move freely
in 3D space (i.e, in elevation and azimuth planes), and the limited
space on UAVs, which might pose a challenge on antenna spacing
and correlation in MIMO applications.

Cross-polarization discrimination (XPD) has a significant im-
pact on the spatial correlation of the MIMO channel [26, 33] and
according to the geometrical theory of channel depolarization [24]
and measurement campaigns [25], depends largely on the envi-
ronment and local scatterers around a receiving body. However,
none of the current works that model 3D UAV channels [30, 31]
investigate and quantify the impact of the drone body on XPD. In
this paper, we experimentally measure how the drone body can
affect the received power and XPD in different blocking scenarios.
Furthermore, as elevation between drones can cause polarization
mismatch and consequent power losses, we measure the RSS in
a UAV-to-UAV link at different elevation angles for six different



antenna orientation combinations to determine which antenna ori-
entations are best to cover movement in 3D space. Based on our
results, we accurately model drone networks with an awareness of
antenna spacing and orientations and relative elevations for use
in simulation or real-world deployments. Our contributions in this
paper are as follows.

o We build a UAV-based 1 X 2 diversity system using Software
Defined Radio (SDR) to explore the effects of the UAV body,
elevation and antenna orientation on the performance of
UAV-to-UAV links.

e In an anechoic chamber, we experimentally characterize
the effects of the designed UAV platform and show that
the drone body significantly impacts channel depolarization
and reduce XPD by an average of 14.5 dB over all azimuth
directions compared to an isolated antenna scenario.

e We perform in-field measurements and characterize the
body-induced losses on RSS when two drones move in dif-
ferent azimuth directions at the same altitude. We show that
the relative direction of one drone to another can reduce
RSS by up to 16 dB compared to when the two drones are
exactly facing each other. Based on this finding, we propose
a range of body excess loss that should be added to the con-
ventional log-distance path-loss model for more accurate
predictions of UAV-to-UAV links. This model is shown to
achieve a lower absolute error in prediction by 89% compared
to the conventional model.

e We perform in-field measurements on the impact of the ele-
vation angle on RSS and SNR improvements due to diversity
for six different antenna orientation combinations. We find
that when the two drones are facing each other, performance
of UAV-to-UAV links in 3D space is mainly driven by the
elevation angle. We show that the average RSS can change
by more than 30 dB, even when the polarization is matched.

e We provide recommendations on antenna placement and
orientations based on our measurement results. We find that,
in general, a %A is enough spacing to achieve a correlation
coefficient that is less than 0.7. Furthermore, in order to
achieve the best performance in UAV-to-UAV links in 3D
space, we show that horizontal antennas perform better
than vertical antennas when near locations that are above
or below the transmit drone while other locations are best
covered by vertical antennas.

This paper is organized as follows. We present a baseline under-
standing of the effects of the drone body on co-polarized and cross-
polarized channels and XPD degradation in §2. In §3, we report
results from in-field experiments that demonstrate the impact of
the drone body and relative direction on RSS and cross-polarized
channels and propose an initial model that takes body-induced
losses into account to provide more accurate large-scale fading
predictions. Then, in §4, we discuss correlation, antenna placement,
and the impact of elevation angle on RSS and diversity. Related
work is discussed in §5, and we conclude in §6.

2 BASELINE UNDERSTANDING OF DRONE
BODY EFFECTS USING ANECHOIC
CHAMBER MEASUREMENTS

To begin our experimentation, we first characterize the body-induced
effects of the drone on the radiation pattern in the elevation and

azimuth planes for co-polarized (co-pol) and cross-polarized (x-pol)

channels. Understanding the body-induced effects on radiation pat-
tern and XPD can be crucial for researchers in establishing and

analyzing models for polarized MIMO channels [25-31] that take

radiation pattern, XPD, and correlation coefficients into considera-
tion. These factors can affect drone-based design decisions such as

antenna placement, orientation, and optimal location of a drone in

3D space. Therefore, in this section, we aim to address these issues.
The experiments are carried out in an anechoic chamber, and the

results are presented for two main scenarios: (i) Isolated, and (i)

Drone-mounted. In the isolated scenario, the radiation pattern of
the dipole antenna is characterized with the antenna being mounted

without the drone. In the drone-mounted scenario, the antenna is

mounted on the drone and the same procedure for determining the

radiation pattern is repeated. For a fair comparison between the two

scenarios, the same dipole antenna is used and the same measure-
ment rules [23] are followed with the drone configuration matching

that of the in-field experimentation in the following section. The

setup for the drone-based scenario is shown in Fig. 2.

2.1 Body Effects on Co-Polarized Channels

Since polarization mixing between the horizontal and vertical com-
ponents of an electromagnetic wave can occur because of antenna
imperfections or due to the propagation environment (channel de-
polarization) [24, 25], it is useful to show the radiation pattern of
the two scenarios (isolated and drone mounted) so that the channel-
induced effects, which are caused by the body of the drone, can
be quantified. We start by analyzing the drone-body effects on
the co-polarized channel, and then move to the cross-polarized
channel and present the measured XPD, analyzing how it can be
significantly reduced by the drone body.

Here, we study the effects of the drone body on the co-polarized
azimuth and elevation radiation patterns. The azimuth radiation
pattern is obtained by rotating the platform over the ¢ direction
(azimuth rotation) and capturing the received power in the Pyy
channel. The elevation radiation pattern is obtained by the same
procedure for the P channel; VV indicates that the transmitting
and receiving antennas are both vertically polarized, and HH means
they are both horizontally polarized. Note that it is widely accepted
in literature [24, 26, 27] (and verified by our measurements, but
omitted due to limited space) that Pyy = Pyy and Py = Pyy.
This reduces the complexity in getting the elevation pattern when
the antenna is mounted on the drone. The automatic rotation in
the chamber is in 1.8° increments from 0° to 360° and the received
power level is captured for every 1.8°. The received power levels
are then normalized to the maximum power level and the results
are plotted. The radiation patterns for the two scenarios (isolated
and drone-mounted) are compared against each other in the VV
and HH channels. Figs. 1(a) and 1(b) show the results.

It can be clearly seen that both the elevation and azimuth patterns
are affected by the drone body, at some angles more significantly
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Figure 1: Effects of the drone body on co-polarized azimuth (a) and elevation (b) radiation patterns for two scenarios: isolated
(no drone), and drone-mounted. Effects of the drone body on cross-polarized power levels and XPD when the receiving antenna

is isolated (c) and drone-mounted (d).
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Figure 2: Anechoic chamber characterization of the radia-
tion pattern when the antenna is mounted on the drone
(Drone-mounted scenario) for the Pyy channel.

than others. In the azimuth plane, we can see that the drone body can
reduce the received power by a maximum of 11 dB approximately
when the drone is facing away (around ¢ = 210°). This result
agrees with many other findings in literature [9-11, 14]. In the
elevation plane, we can see that the effect of the body is more
significant and less symmetrical when compared to the isolated
case. We can see that the received power when the antenna is
mounted on the drone can be reduced by up to (max difference)
18 dB compared to the isolated case. It is worth mentioning that the
same experiments were conducted for another antenna position on
the drone (right position in Fig. 2) and, albeit a different radiation
pattern was obtained, similar differences in values (average and
standard deviations) were found.

The min, max, average, and standard deviation of the difference
in power levels between the isolated and the drone-mounted case
in the azimuth and elevation planes are denoted by L, ;. and
Letevation and defined as Py iso1ated = Pvv,drone—mounted @nd
PHH, isolated — PHH, drone—mounted for the azimuth and elevation
planes, respectively. The results are summarized in Table 1.

Table 1: Body-Induced Losses on co-polarized azimuth and
elevation power levels

Plane Min. | Max. | Avg. | SD
Lazimuth(dB) 0.016 | 10.96 3.03 | 2.53
Lelevation(dB) 0.02 18.72 | 4.13 | 4.06

2.2 Body Effects on Cross-Polarized Channels

In this section, we analyze the impact of the drone body on the
cross-polarization discrimination (XPD), which describes how well
the two orthogonal polarization components can be separated. XPD
is calculated as the ratio of the amount of power received in the
co-polarized versus cross-polarized directions [28]:

XPD = Pcopol/Pxpol (1)

Here, we present results of the Py (black solid lines in Figs. 1(c)
and 1(d)) and Py g (red lines in the same figures) and calculate
the difference between the two as the angle-specific XPD value. It
is well known that channel induced XPD can vary depending on
the distance, environment (LOS or NLOS), and the angle between
transmitters and receivers[25]. This is because of the variations in
the number and nature of scatterers along the path between the
transmit and receive antennas. In scenarios where multipath does
not exist, and for identical antennas at the same orientation angle,
the XPD is found to be approximately constant and independent
of distance [32]. Therefore, it is expected that a higher amount of
polarization mixing might occur due to reflections from the drone
body surrounding the antenna, and, as a result, lower XPD values
are expected in the drone-mounted scenario. From Fig. 1(d) we can
see a clear impact of the drone body on the cross-polarized power
measured by the receiving antenna when it is mounted on the
drone. Even when the receiving antenna (when drone-mounted) is
directly facing the transmitter (¢ = 0°), the drone body can reduce
the the XPD by approx. 9 dB (from 24 dB in the isolated scenario to
15 dB when drone-mounted). More significant reduction appears
when the drone is facing-away with an XPD reduction by 20.6
dB. We find that, on average over all angles, the XPD is reduced
from 19.2 dB in the isolated case to 4.6 dB when drone-mounted.
In addition, the maximum XPD in the isolated case is found to
be 41.15 dB as opposed to 28.02 dB in the drone-mounted case.
Results are summarized in Table 2. These are significant findings
due to the impact that XPD can have on correlation and achieved
capacity in MIMO [33] or diversity applications [34] that leverage
differently-polarized channels. For example, an average XPD value
of 0 dB means that the rank of the MIMO channel is 1. Hence,
spatial multiplexing is not possible [33]. On the other hand, the
same 0 dB value can indicate a richness of scatterers in the multipath
environment, which leads to a low correlation coefficient and high
diversity gains [29]. Surprisingly, and to the best of our knowledge,
there is no prior work that characterizes polarization mixing and
XPD degradation due to the sole effects of the drone body.

Table 2: XPD in The Isolated and Drone-mounted Scenarios

Setup Min. | Max. | Avg. | SD
XPDjsoratea(dB) -10.14 | 41.15 | 19.22 | 8.17
XPDgrone—mounted(dB) | -19.23 | 28.02 | 4.61 | 8.41
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Figure 3: In-field experiment location with receiver in center
and transmitter in pictured locations along four cardinal di-
rections (a). UAV-based SDR platform for the receiver drone
with two (VU and VD) of the three antenna orientations(b).

After understanding the effect of the drone body on the received
power in polarized channels, it is now possible to experimentally
analyze (in-field) UAV-to-UAV links with different antenna orienta-
tions and at different elevation angles to understand the impact of
the drone body and its location in space on performance.

3 IN-FIELD EXPERIMENTS: BODY-INDUCED
EFFECTS ON POLARIZED AIR-TO-AIR
CHANNELS

In this section, we investigate the body-induced effects on the
received signal strength when the transmitting drone moves in four
relative directions (North, South, East, and West) to the receiving
drone; this means that it can be in front of (North), on the side
(East or West), or behind (South) the receiving drone. Thus, the RSS
may be affected differently depending on the transmitter’s relative
location. First, we explain the experimental setup and procedure.
Then, we discuss measurement results and show how a prediction
that is based only on a log-distance path loss model can significantly
differ from the measured values because of the drone body-induced
effects. Finally, we quantify these effects and give a range of values
of excess loss that might be added to the conventional path-loss
model to obtain more accurate predictions of the RSS in UAV-to-
UAV links. The results presented here can be integrated in simulated
or in-field environments where multiple different connections (e.g.,
in swarms) are needed on different sides of the drone and relative
direction becomes an important aspect in decisions made by drones
that aim to optimize their links [19].

3.1 Hardware and Software Setup

We use the Universal Software Radio Peripheral (USRP) Ettus E312,
which is a battery-operated 2 X 2 MIMO software defined radio
platform with an operational frequency range of 70 MHz - 6 GHz
and up to 56 MHz of instantaneous bandwidth. The transmission
power of the USRP at 2.5 GHz was calibrated by connecting the
USRP to a Rohde and Schwarz FSH8 Spectrum Analyzer using an
SMA connector and a 50Q cable, and a measured value of 6.2 dBm
was recorded. Then, using GNU Radio blocks and through a Python
script, we configure the transmitter to send a constant envelope
sinusoid at a sampling rate of 32k samples/second and build a
receiver that can simultaneously record the received signal on two

receiving RF chains through two antennas mounted at a distance
of %/1 where A is the wavelength of the transmitted carrier. We
develop shell scripts that perform GPS logging and capture velocity,
altitude, and IMU data while the drones are hovering. These sensor
measurements are then used in splicing the data sets for analysis.

Using a ROBO 3D printer and MatterControl (printing software),
we design and 3D print mounts for the USRP and antennas to
be installed on a DJI Matrice 100 drone. Three different antenna
mounts are built: vertical up (VU), horizontal (H), and vertical
down (VD). In this set of experiments, the VU and H orientations
are implemented at the receiver while the transmitting drone has
a VU antenna orientation. The VD mount is used for the next set
of experiments where we explore elevation effects. These antenna
mounts are securely fastened to the central frame on the front of the
Matrice 100. The placement decision was based on the measured
stability against vibrations while maintaining the load of the USRP
at the center of the drone body. Furthermore, it is often desired to
focus electromagnetic energy at some directions more than others,
which might dictate the placement decisions of the antennas on
a drone [9, 10, 12] to be on a certain side. The in-phase (r) and
quadrature (rp) components of the received signal of both RF chains
are stored in a .dat file. Then, the signal envelope |r| is obtained as

Ir| = /r? + er. The received power is calculated and a per-location

analysis is carried out according to sensor measurements.

3.2 Experiment Procedure

Throughout this set of experiments, the heading direction (which
corresponds to the locations of the antennas in our experiments) for
both UAVs is North. We fly the receiving UAV and let it continuously
hover at a 60-m altitude in the same location (fixed) throughout
all experiments while the transmitting UAV moves in the same
plane. The transmitting drone starts at 20 m away in each cardinal
direction (North, South, East, and West) and then flies in 20-m
increments away from the receiving drone until it reaches 100 m
of separation distance, creating 5 distinct hovering locations per
direction, each at a height of 60 m (i.e., these hovering locations
are all at the same altitude). We define each experiment by its
corresponding relative transmit drone direction. For example, an
East experiment means that, with both UAVs facing North, the
transmitting UAV moves linearly, 20 m away from the receiving
drone in the East direction (see Fig. 3(a)).

3.3 Relative Direction and Body Effects on RSS

Given that no obstacles exist in the path between the two UAVs
with negligible ground effects on multipath at 60 m altitude [14],
one would expect that the relative direction of one drone to the
other would not result in significant variations in received signal
levels. Interestingly, our results show that the relative direction
of the drone and its body placement with respect to its receiving
antennas can result in a different RSS of up to 16 dB. If we look at
the results of the least squares fitting of the average RSS values in
Fig. 4, we see how signal reception can significantly vary according
to the relative direction of the transmitting drone. For example, at
40 m distance, when the transmit drone is in the relative North
direction, the average received signal is 12 dB higher than when it
is in the South direction. This additional loss due to the drone body



Figure 4: Comparing the measured average RSS to the pre-
dicted values using the conventional PL model
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orientation agrees well with our expectations from the anechoic
chamber measurements in Fig. 1(a), which indicates that a 10 dB loss
in received power is expected when facing away (¢ = 180°) from
the transmitter. A slight difference from anechoic measurements
is reasonable and expected because of flight vibrations and real
environment conditions. Furthermore, we analyze this reduction in
RSS on estimated throughput and find that, with an average noise
floor level of -110 dBm measured at the same altitude and location,
the average estimated spectral efficiency can be reduced from 11.62
bps/Hz to 7.64 bps/Hz, a reduction that can be significant when
throughput is a concern in drone swarms.

Furthermore, the East and West directions are found to result in
approximately the same average values of the RSS at all hovering
locations. The range of these average values lies below the North
direction and slightly above the South direction, implying less
obstruction compared to South but more compared to North. The
average of the RSS standard deviations over all hovering location
for the North, South, East, and West are 3.32 dB, 4.29 dB, 2.29 dB,
and 1.86 dB, respectively. From these results, we conclude that when
two drones have their transmit/receive antennas mounted on the
same side and facing the same direction, the relative direction of the
transmitter to the receiver, and, consequently, the receiver’s body
placement with respect to its antennas can result in two distinct
cases where the average RSS can change by up to 15 dB. This finding
can be crucial when drones autonomously attempt to optimize their
spatial location in terms of estimated channel parameters [19].

3.4 UAV Body Effects on Cross-Polarized
Channels

Interestingly, the relative direction of one drone to another is found
to affect also the cross-polarized components. Here, we investigate
the extent to which relative direction and body blockage can affect
channel depolarization in an in-flight scenario as opposed to in an
anechoic chamber (Fig. 1(d)), which showed that at 0° elevation, the
horizontally-oriented antenna (same antenna at exactly the same
position) is expected to receive 13 dB to 15 dB less power com-
pared to the vertically-oriented antenna. However, even though
the two antennas (V and H) are identical, the spacing between
them makes it difficult to distinguish the depolarization due to ra-
diation pattern differences from the depolarization that occurred
due to actual channel scatterers. Therefore, we do not claim that

the following analysis provide exact XPD values but rather show
an interesting trend where the difference in received power be-
tween the co-polarized and cross-polarized links can greatly differ
based on the relative direction of the transmitter and the result-
ing body blockage at the receiver. We follow [32] in determining
the polarization decoupling between the two orthogonal compo-
nents as follows. We calculate the path loss for the two links as
Pva(d)(dB) = Pt,v _Pr,v and PLVH(d)(dB) = Pt,v _Pr,h’ where
d is the distance between the two drones for each of the four relative
directions of the transmit UAV, P; ,, is the transmit power (in dBm)
of the vertically-oriented antenna at the transmit drone, Py, ,, and
P, are the received power levels of the vertical and horizontal
receiving antennas, respectively. Now, the difference between the
cross-polarized (H) and co-polarized (V) components is denoted
here as Agy and is calculated as:

Apv(dB) = PLyg(d)(dB) — PLyy(d)(dB) (2

This difference quantifies how much greater power the vertically-
oriented (co-pol) antenna receives as compared to the horizontally-
oriented antenna. For example, when the transmitting drone is
in the South direction at d = 20 m separation distance, PLyy =
88.16 dB and PLyy = 93.84 dB. As a result, Ay is 5.68 dB. This
means that the vertically-oriented antenna can receive 5.68 dB
higher RSS compared to the horizontally-oriented antenna at that
location. In other words, despite matching the same polarization
settings as the anechoic chamber, we record 7.5 dB less (Fig. 1(d) when
mounted on a drone at ¢ = 180°), which indicates that flight mechan-
ics and/or relative drone headings can increase polarization mixing
by more than 7 dB compared to the anechoic chamber measurements,
where the drone body is fixed and does not move. Furthermore, we
report that all values of Agy here (in the four experiments) are
within the NLOS condition of the XPD values reported in [35]. This
might be due to the fact that the two drones do not exactly face
each other in any of these four directions. The average Ay value
over all hovering locations when the transmitting drone is North is
2.24 dB, while it is 8.55 dB and 5.34 dB when it is East and South,
respectively. It is interesting to see that the lowest Agy values
were recorded for the North (which resulted previously in highest
RSS). This means that when the transmitting drone is facing away,
the transmitted polarization becomes almost independent of the re-
ceived polarization, as the body of the transmitting drone completely
changes the transmitted wave’s polarization. These results indicate
that higher average RSS values do not necessarily mean a higher
decoupling of orthogonal polarizations (XPD) will be exhibited in
air-to-air links that implement polarization diversity schemes as
XPD becomes highly dependent (by more than 6 dB) on the relative
azimuth location of the transmitter.

To further give a better understanding of the statement made
above, we compare the previous findings to a reference Agy, which
we measure when the two drones are exactly facing each other and
the antennas are mounted exactly at the same positions with the
same separation distance of 20 m. In this scenario, where no body
blockage exists at neither the transmit nor the receiver drone, we
find that Ay = 16 dB, which is significantly greater than the val-
ues obtained from previous experiments in which the drone body
resided along the path between the antennas. Also, this greater
received power agrees with our results from the anechoic chamber



measurements (Fig. 1(d)), signaling the loss is more due to the drone
body than the in-flight vibrations. Furthermore, this value agrees
with the LOS XPD values range found in [25, 35]. With these ex-
perimental findings, we conclude that: (i.) the relative direction
of a transmitter drone to another can affect both the average RSS
in a co-polarized channel by 16 dB and the decoupling between
orthogonally-polarized waves represented by XPD by more than
14 dB, (ii.) unless the two drones are facing each other Agy, which
represents XPD in our field experiments, is reported to fall in the
NLOS range of the XPD values reported in [35], and (iii.) when the
two drones are facing each other, we find that Ay = 16 dB, which
is the highest value compared to the different relative direction sce-
narios and agrees well with the LOS XPD measurements reported in
[25, 35]. These findings would be valuable to researchers when mod-
eling and deploying UAV swarms that incorporate various antenna
orientations and move freely in any direction.

Table 3: Additional Drone Body Losses Per Hovering Loca-
tion When Tx Drone is in The North and South Directions

Distance | o) | s0m | 6om | som | 100m
Avg.loss
To- (dB) 6.92 | 897 | 10.05 | 10.26 | 9.66
Tiso-(dB) 21.16 | 20.66 | 207 | 21.58 | 23.15

3.5 Body-Induced Effects on Predicting
Large-Scale Fading

In this section, we discuss how predicting the performance of UAV-
to-UAV links can give erroneous results if the blockage created by
the different relative directions is not taken into consideration. We
use the path-loss model given by [12, 14]:

Pr = Pt = Pyq,) = 10alog(d/do) + s ®)

Here, P, and P; are the received and transmitted power (in dBm),
respectively. Pr(d,) is the path loss at a reference distance (d,)
and is given by Pr(dy,) = 20log(4mwdo/A), and d is the distance
between the transmitter and receiver. The shadowing parameter &
is normally distributed with zero mean, and a standard deviation
o in dB. Finally, « is the path loss exponent, which is known to
depend largely on the surrounding environment of the transmitter
and receiver and found to be close to 2 in many drone-to-drone
links [7]. In this model, the transmit power is 6.2 dBm, and the
standard deviation of the shadowing parameter is chosen to be
o = 2 dB. The measured reference path loss (Pr(d,) at d, = 20 m)
with both UAVs facing each other (PL = 67.7 dB) is found to be very
close to the free-space path-loss at this distance (PL = 66.41 dB),
which indicates that when UAVs are facing each other. No additional
drone body losses need to be included and the log-distance path-loss
model can accurately describe such links [15].

However, this is not the case when drones move in different
directions from each other. According to our measurements, and
as we saw in Fig. 4, when the transmit drone moves in various
relative directions with respect to the receiving drone, the body of
the transmitting and receiving drones become an obstacle in the
received signal’s path causing significant reductions in the average
RSS level (up to 16 dB). We quantify the difference between the
measured PL in the four directions and the PL predicted using the

Figure 5: Absolute error in prediction using our model and
the conventional PL model.
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conventional model (which gave accurate predictions of the case
when the two drones are facing each other) and propose a range of
additional losses that should be added to the conventional model
for improved prediction accuracy.

Based on the results of Fig. 4, we choose the North and South
cases to cover the range of values of the additional loss that should
be added to the model. This additional loss, denoted by F¢, is defined
here as the difference between the average RSS of the case when
both drones are facing each other (which is accurately predicted by
the conventional PL model) and the average RSS when the transmit
drone is at a certain ¢ direction. For example, in our case, the
North and South directions of the Tx drone correspond to ¢ = 0°
and ¢ = 180°, respectively, with regards to the Rx drone location
(see Fig. 3(a)). The values of I); at each hovering location for both
directions are summarized in Table 3. From the values given in the
table, we can clearly see how the additional loss can be a function
of the relative azimuth direction (¢) between the two drones. For
example, when the Tx drone is North, the additional loss does not
exceed 10.26 dB. When it is South, however, it can reach up to 23 dB.
The minimum value of the additional loss is Iy = 6.92 dB and the
maximum value is Tjgpe = 23.15 dB. Therefore, the modified path
loss equation when the Tx drone takes different relative directions
can be expressed as:

PLyav = PLlogfdistance + r¢ (4)

Here, PLjog—distance 1 the log-distance path loss model when the
two drones are facing each other (no different relative directions).
To demonstrate the applicability of this approach, the measured
mean RSS values in the East direction are taken as an example. The
measured values at the hovering locations can be found in Fig. 4.
The predicted values (using the reference path loss when the drones
are facing each other) are: -60.5 dBm, -65.79 dBm, -69.85 dBm, -72.59
dBm, and -74.02 dBm. On average, the absolute difference (absolute
error) between the prediction made by the conventional model (that
is very accurate and within 1 dB of accuracy when the two drones
are facing each other) and the measured values when the Tx drone
is East is 19.32 dB. However, if we implement (4) using the average
value of T1gge, which is equal to 21.45 dB, the absolute error is reduced
to 2.12 dB (a 89% decrease in error). The results are shown in Fig. 5.
These findings may be generalized to other UAV-to-UAV scenarios
where links are established at the same altitudes with negligible
reflections from the ground [14] and the relative direction of one
drone to the other is changing.



4 IMPACT OF ELEVATION ANGLE ON RSS
AND DIVERSITY WITH DIFFERENT
ANTENNA ORIENTATIONS

It is well established in literature that the performance of MIMO
systems highly depends on the spatial correlation of the channel ma-
trix. This spatial correlation is found to vary according to changes
in the channel induced by different antenna radiation patterns,
spacing, orientation, polarization, and elevation and azimuth an-
gle of arrivals [26, 27, 33, 34]. In addition, recent studies, such as
[36], found that, in drone swarm applications, if all ground station
antennas are identically oriented and a UAV is moving at different
elevation angles, the received signal can be effectively lost due to
polarization mismatch. This motivates us to experimentally investi-
gate the effects of elevation angle on the RSS with various antenna
orientations at the receiver drone in a 1 X 2 receive diversity sys-
tem. First, we discuss the experiment procedure. Then, the effect
of the elevation angle on RSS for different antenna orientations is
analyzed. After that, we discuss antenna spacing and correlation
and conclude the section with SNR gains due to diversity and their
dependence on antenna orientation and elevation.

4.1 Experiment Procedure

In this set of experiments, the transmitting UAV is hovering at an
altitude of 80 m with its transmitting antenna oriented vertically
upward (VU), facing the receiving drone which moves around the
transmitting UAV in a predefined sequence of hovering locations,
creating a 3D shape (Fig. 6). Diversity is implemented at the re-
ceiving UAV which flies in an automated, repeatable fashion using
waypoints and resulting in four distinct (negative) angles below
the transmitter and four (positive) angles above the transmitter.
The below and above points are separated by an elevation angle
of 0,10, = 0°. The horizontal distance (d},) between the Tx and
Rx drones is 20 m at 0,j,,,, = 0° and the angle-specific distance is

dg =, ldlzl + d2, where d,, is the vertical distance, which varies

from -30 m (i.e., 50 m above ground) to +30 m (i.e., 110 m above
ground) in 10-m increments. The different elevation angles made (in
sequence) are: —90°, —56.3°, —45°, —26.5°, 0°, +26.5°, +45°, +56.3°
and +90° and can be calculated as 0,},,, = arctan(d,,/d},).

Experiments are carried out for six different antenna orientation
combinations (VU-VU, VU-VD, VU-H, VD-VD, H-H and H-VD)
where VU, VD, and H represents vertical-up, vertical-down, and
horizontal antenna orientations, respectively. See Fig. 6. The RSS
is recorded at each hovering location for 30 s at a sampling rate of
32k samples/s and averaged over 10 seconds. The two UAVs are in
a perfect LOS condition at a carrier frequency of 2.5 GHz 5 and a
measured average noise floor of -110 dBm. The average RSS values
are fitted using a second-order polynomial in the range 6,j.,, =
—56° to +56°, and the results are plotted and analyzed.

elev.

4.2 Effect of Elevation Angle on RSS

In this section, we study the dependence of RSS on the elevation
angle between two drones for different antenna orientations. In gen-
eral, if we look at Figs. 7(a) and 7(b), we observe an expected trend
where the average RSS follows an arch-like shape in all vertically-
oriented antennas in the range 6,;., = —56° to +56°, with the
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Figure 6: 3D experiment setup with 6 Rx antenna orienta-
tion combinations in the 1 X 2 diversity system.

strongest average RSS recorded at an elevation angle of 6,;.,, = 0°;
this is where the two drones exhibit perfect LOS at the same alti-
tude. As the receiving drone starts moving up (to 110 m) or down
(to 50 m), reductions in the signal level start to appear. These reduc-
tions are mainly caused by polarization mismatch and the elevation
profile of the radiation pattern [18], which we characterized in the
anechoic chamber (see Fig. 1(b)) for isolated (no drone, antenna
only) and drone-mounted scenarios.

We first analyze results from the vertically-oriented receivers
(VD-VD) (Fig. 7(b)) to understand the effect of elevation on RSS
between two UAVs when the antennas used are identical with
matched orientations (vertical). We can see that the two receiving
antennas undergo the same behavior versus the elevation angle.
The received signal level increases from around —87 dBm to —67
dBm (20 dB increase) when the receiving drone moves from —56.3°
to 0° elevation angle. Then, as the drone moves higher (from 0° to
+56° elevation), the received signal level decreases from -67 dBm
to -85 dBm (18 dB decrease), until it reaches around -91 dBm as
it reaches exactly above the transmitting drone (+90°). When this
receiving drone moves to the —90° elevation location (right below
the Tx drone), an average RSS level of -97 dBm is reported. This
trend is observed for all vertically-oriented receivers.

We conclude here that in an air-to-air links where two drones
have the same antenna types and orientation, movement of the
receiving drone at different elevation angles can reduce the signal
level by up to 30 dB. This 30 dB difference in RSS can be crucial
when designing algorithms for optimal drone placement [19]. Sim-
ilar findings in cellular to UAV and air-to-ground scenarios were
reported in [18], and [10]. However, in addition to not covering
air-to-air links, the proximity of the receiver or transmitter to the
ground in both studies makes it difficult to isolate the elevation
factor from multipath and the surrounding environment.

Furthermore, the nature of drone movement in 3D space and
the low RSS levels measured by vertical antennas at 0., = [90[°
motivate us to employ polarization diversity [21] that is represented
by using two co-located orthogonally-oriented antennas. If we look
at Fig. 7(a), where we implement a horizontally-oriented (H) receive
antenna in addition to a vertically-oriented (VD) antenna, we can
see that although VD results in higher RSS values throughout most
elevation angles, around +56° the RSS for the H receiver starts to
increase, where lower RSS values for the VD receiver are measured.
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Figure 7: Average RSS vs. elevation angle for two different antenna orientation combinations: H-VD (a) and VD-VD (b). Corre-
lation coefficient for the received signal envelope in the 1 X 2 drone-based system with different antenna orientations (c).

For example, at exactly +90°, H is reported to measure an average
RSS value of -85.8 dBm, where VD results in an average RSS of
-98 dBm (approx. 12 dB higher RSS at H). In another example (VU-
H experiment) the H antenna captures 20 dB higher average RSS
compared to the VU antenna. These results also agree with our
anechoic chamber measurements (Fig. 1(d)) that show a measured
received power of 16 dB higher for the H orientation.

To predict the average RSS and compare against the measured
values, we add a polarization-mismatch loss [36] to the model in
(3). Polarization-mismatch loss, also known as polarization loss
factor (PLF), between a linearly-polarized (LP) incoming wave and
LP antennas is a function of §, which is the difference between the
antenna tilt angle (6;;;;) and the incident angle of the incoming
wave (0;) [17]. This PLF is given by PLF(dB) = 201log(cos(d)). The
reference received power is taken at 20 m when both drones are
facing each other with vertical antennas. It is assumed that the
location of the drone is known to the model; that is, for the same
dg,,,,. - it is known whether the drone is at a positive or a negative
Oclew.- This is important because of the different direction-specific
gain values of the antenna (see Fig. 1(b)). We include these radiation
pattern gain values at the elevation angles as G; and G, for the
transmit and receive antennas, respectively. A shadowing of o = 1.5
dB is used, and the prediction results are plotted in the same figures.

4.3 Antenna Placement, Orientation and
Correlation

Since the orientation and spacing of two co-located receiving anten-
nas can greatly affect the correlation and consequently the capacity
of a MIMO system [29], we analyze the cross-correlation coefficient
of the received signal at the two receiving branches in all of our six
experiments. In doing so, we see how our antenna spacing decision
of %)L compares against what has been studied in literature and
provide recommendations on antenna placement and polarization
decisions. The correlation coefficient between the two received
signal envelopes is calculated according to [34]:

S (ri = F)(rj = 77)

Pij =
VEN (i = T (= 2

®)

Here, N is the total number of samples, and 7; is the mean value of
the fast-fading signal envelope r;, which corresponds to the first an-
tenna orientation. The term r; corresponds to the second receiver’s
antenna orientation. For example, py, .4 is the correlation coeffi-
cient between the signal envelopes of the H and VD antennas in
the H-VD experiment. We calculate this correlation coefficient for
the signal envelopes received throughout the flight path mentioned
above and find that, except for one antenna orientation combina-
tion (VD-VD), the correlation coefficient is found to always be less
than 0.7. For example, the VU-VU and VU-VD experiments result in
Pou,vu = 0.61 and py,y, g = 0.62. Furthermore, the orthogonal an-
tenna orientations (H-VD and VU-H) result in the lowest correlation
coefficients (around 0.2) among all experiments, which can offer
greater diversity gains. The obtained values from our %/1 antenna
spacing and orientations are similar to the values found by [29] of
0.6 in which a correlation coefficient of 0.7 and 0.3 were found for
the VU-VU and VU-H orientations, respectively. The correlation
coefficient for the six antenna orientation combinations are shown
in Fig. 7(c). Using these results and based on the objective (diversity or
multiplexing gains), researchers can make informed decisions when
selecting antenna orientation and spacing for drone communications.

4.4 Elevation Impact on SNR Improvements for
Different Antenna Orientations

We now analyze the effect of elevation on the SNR improvements
that can be achieved by selection diversity in all of the six exper-
iments. The SNR improvement over a reference branch i at an
elevation angle 6 is defined here (in dB) as the expected value of
the difference between the selected (maximum) SNR in the 1 X 2
setup over the reference branch. It is given by:

y? = B[SNRY,, - SNR?] (6)

For example, in the VU-VD experiment, y; and y» indicate the
SNR improvement over the VU and VD antenna orientations, re-
spectively. Refer to Fig. 6 for the antenna orientations. As we saw
earlier, different antenna polarizations can perform differently at
different elevation angles due to the elevation radiation pattern
and polarization mismatch. For example, the SNR improvement
in the VU-H setup over H as the reference branch (i.e., y2) at 0°
elevation would be significantly different from the improvement



at 45° elevation. This is due to the fact that the highest SNR at 0°
angle was measured by the VU antenna, which matches the trans-
mitter’s antenna orientation and outperforms the SNR achieved
by the horizontally-oriented antenna that receives a lower signal
level. In contrast, at |90|° elevation, the H antenna, as mentioned
above, records significantly higher SNR levels compared to the VU
antenna, and the SNR improvement in this case (y) is significantly
higher than (y2). In Fig. 8, yg and yyy are the SNR improvements
over the H and VU antenna orientations, respectively. We can see
clearly that a higher SNR of 20 dB can be achieved around 0° eleva-
tion due to the VU antenna orientation (yg is higher). Additionally,
around 18.5 dB SNR improvement can be achieved around +90° ele-
vation due to the H orientation (yy s is higher). These results agree
with our expectations from the anechoic chamber that showed a
16 dB higher received power in H compared to VU at 90° elevation.
Furthermore, at 6,;., = 56°, yyu becomes greater, indicating
SNR improvements due to the H orientation over VU. This is due
to the polarization mismatch mentioned in the previous sections.
Namely, a vertically-oriented antenna (0;;;,=0°) at O¢jp,,. = 56°
would exhibit a PLF of -5.04 dB. However, at the same angle, a
horizontally-oriented antenna (6;;;,=90°) would exhibit a PLF of
-1.6 dB, resulting in higher received power level. At 45°, the improve-
ments are the lowest due to equal polarization mismatch between
the two orientations, and improvements are strictly due to spatial
diversity. Finally, to give an intuition for what these SNR improve-
ments mean to the performance of 3D UAV-to-UAV links, let us take
the 18.5 dB improvement at 0,;,,, = +90° as an example. With
an average measured noise floor of -110 dBm, this improvement
could enable a doubling (96% increase) in the spectral efficiency from
6.29 bps/Hz to 12.35 bps/Hz, a significant improvement that could be
crucial in applications that require high throughput.

The SNR improvement over the first and second branch in each
experiment are summarized in Table 4. We can clearly see that SNR
improvements vary according to the different antenna orientations
with the maximum not exceeding 10 dB in all co-polarized setups
(first four columns). Also, we notice that in co-polarized setups, one
antenna placement can dominate the other in terms of achieved
SNR improvements. For example, in the VU-VU experiment, the im-
provement over the first branch is only 2.1 dB at one elevation angle.
However, the improvement over the second branch can be up to 9.6
dB. In the VU-VD setup, more than double the maximum improve-
ment can be achieved due to the first branch (8.7 dB) compared
to the second branch (4 dB). This shows how antenna placement
decisions can affect SNR diversity improvements by more than 4 dB.
On average, cross-polarized receiving antennas achieve higher SNR
gains than all co-polarized setups. Note that this is the case when
the two drones are facing each other, and the average XPD value
is 16 dB. It is interesting to explore SNR diversity improvements
when the two drones do not face each other. We expect for all im-
provements to be within the same range since all gains would be
strictly due to spatial diversity because of low XPD values.

From these results, we conclude that having cross-polarized
antennas when drones move in three dimensions is important,
especially at angles above/below 45° because of polarization mis-
match losses. Measured improvements in SNR values of 20 dB can
be achieved using cross-polarized receiving antennas, which can lead
to an increase in throughput of 6 bps/Hz. On the other hand, SNR

Figure 8: SNR improvement due to diversity in VU-H setup.
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Table 4: SNR improvement (in dB) due to diversity: improve-
ment is with respect to branch 1 (y;) and branch 2 (y2)

yi(dB) | VU-VU | VD-VD | VU-VD | H-H | H-VD | VU-H
y1(max) 2.1 6.3 4.0 8.8 16.1 18.2
y1(avg) 2.1 1.1 1.7 43 45 5.6
y2(max) 9.6 8.5 8.7 0.3 11.5 20.7
y2(avg) 5.5 1.90 2.4 0.3 2.8 4.13

improvements do not exceed 10 dB when using co-polarized receiving
antennas, and the throughput increase does not exceed 2.5 bps/Hz.

5 RELATED WORK

A few measurement-based studies have been recently conducted to
understand drone-based communications. For example, an ultra-
low altitude drone to deliver 5G connectivity was implemented
with different positions of a user on the ground [9]. Furthermore,
in [7], air-to-ground experiments were performed with vertical and
horizontal mobility of the transmit UAV with little emphasis on
air-to-air links. In their work, the RSS was recorded at different
elevations from the ground and for various rotations of the drone
with two antenna orientation setups. Other work focused on the
effect of having different antenna orientations with a fixed-wing
UAV on IEEE 802.11a air-to-ground wireless link performance [8].
The work conducted by Niklas et al. helps in understanding the
ground effects on multipath at a receiving UAV through measure-
ments of an air-to-air link and the proposal of an empirical model
that captures the variations of the Rician K factor versus flight
altitude [14]. Others focused on the network performance of three
different network topologies and studies throughput versus dis-
tance [15]. Akram et al. modeled the cellular-to-UAV (CtU) channel
through measurements conducted in a suburban environment [18].
The OpenAirInterface Software Alliance (OSA) deployed a UAV-
based LTE relay that passes UDP packets to a moving target on the
ground with a placement algorithm that is based on a predefined
set of channel parameters [19]. Qualcomm reported results from
experiments demonstrating connectivity and base station detection
capability for a drone UE at different altitudes and carrier frequen-
cies [20]. These studies, though relevant, do not investigate the
impact of drone body on the radiation pattern in the elevation and
azimuth spectrum and on XPD. Furthermore, none of the existing
works experimentally characterize the elevation impact on AtA
links with different antenna orientations and discuss antenna place-
ment on drones. In this work, we cover these aspects in great detail



and provided valuable insight that can help simulating, modeling,
and deploying drone-based networks.

6 CONCLUSION

In this work, we presented results from experiments that mainly
investigate the effects of the drone body and elevation on the per-
formance of polarized UAV-to-UAV links. First, we analyzed the
impact of relative direction and body obstruction on the RSS when
two drones are in the same plane and showed that the average RSS
can be reduced by up to 16 dB depending on the relative direction
of the transmitter. Then, we investigated the impact of the drone
body on polarization mixing and XPD and found that the body of
the drone can manipulate the polarization of the incoming waves
and reduce XPD by more than 20 dB compared to when the antenna
is isolated and not mounted on a drone; a result that can be cru-
cial when modeling polarized UAV-based MIMO channels. Second,
we proposed a model that includes these additional body-induced
losses for more accurate results when predicting the large-scale
fading behavior of air-to-air links with different relative movements
and directions in the azimuth plane. Third, we analyzed the impact
of elevation angle on the RSS and the improvements due to diver-
sity in a LOS UAV-to-UAV link for six different antenna orientation
setups. In doing so, we found that the overall performance in three
dimensions with various antenna orientations is mainly driven by
the elevation angle. The RSS for the same antenna orientation can
change dramatically (by up to 30 dB) depending on the elevation
angle of the receiving drone with respect to the transmitting drone.
We also showed that a correlation coefficient less than 0.7 and rea-
sonable diversity gains can be achieved with an antenna spacing
of %)L for both co-polarized and cross-polarized channels. We be-
lieve that these results can affect drone-based antenna placement
and selection algorithms, optimization models that target drone
placement, and future UAV-based channel models that currently
fall short in capturing the discussed effects.
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