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Experimentally Analyzing Diverse Antenna
Placements and Orientations for
UAV Communications
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Abstract—A vast array of potential applications is emerging for
drones and other devices to collaborate from disaster relief and
search and rescue missions to smart agriculture and IoT systems.
As drones move across multiple altitudes, they must have the ability
to communicate across any direction in a three-dimensional (3D)
space. However, due to the heterogeneous nature of the drone body
and its interaction with the mounted antennas, different antenna
positions on the drone can result in variations in the radiation
pattern. While there have been a fair number of airborne com-
munication works, few consider the role that antenna positioning
has on the resulting transmission along the azimuth and elevation
planes. In this work, we study the effects of the drone body and
various antenna placements on the radiation pattern and fading
of drone-based channels. Through systematic anechoic chamber
and in-field measurements, we show that the drone body alters the
radiation pattern of the mounted antennas, rendering the common
assumption of a constant azimuth radiation pattern invalid. In ad-
dition, the body increases polarization mixing of drone-based chan-
nels, resulting in significant degradation of the cross-polarization
discrimination (XPD). Hence, we propose using effective radiation
pattern and XPD values instead of relying on measurements and/or
assumptions that disregard drone-antenna interaction. We then
analyze the shadowing and losses associated with the drone body
for many antenna setups at various elevation angles and show that
when mounted on the opposite side from the ground transmitter,
shadowing increases with relatively-higher drone elevations. To
account for these body-induced effects, we introduce rotational loss
that results in better prediction results of the large-scale fading
behavior compared to conventional models that neglect these body
effects. Then, we analyze the small-scale fading for various antenna
setups and show that the Rician K-factor is strongly dependent
on elevation for polarization-matched vertical links, while it is
approximately flat for cross-polarized links. To do so, we conduct
a set of drone-to-drone (DtD) experiments at high altitudes with
no surrounding reflectors and compare results to those obtained
by our ground-to-drone (GtD) measurements. We find that, while
at low elevations the ground can reduce the K-factor by 10 dB, at
higher elevations, small-scale fading is dominated by the antennas,
not the ground.

Index Terms—MIMO, cross-polarization discrimination, drone-
to-drone channels, UAV body effects, 3D communications.
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[. INTRODUCTION

UE to their low cost, ease of on-demand deployment, and
D ability to maintain position or move in any direction, drone
investment has surged in recent years with a projected global
market of $43 billion by 2024 [1]. Drones are becoming a viable
option and are being used and tested in many applications such as
entertainment [2], water sampling [3], interference management,
public safety, smart agriculture, and disaster relief [4], [5].
Furthermore, as drones prepare to communicate in swarms, carry
5G traffic, and be integrated into IoT applications [6], drone-
based multiple antenna systems that offer higher throughput
and more robust airborne links are becoming more attractive
than ever. Studies that focus on drone-based multi-input, multi-
output (MIMO) channels are now surging and spanning a wide
range of research areas, such as three-dimensional (3D) channel
modeling [7], [8] and measurement-based evaluation [9]-[11].
Depending on the application, mounted antennas can be of
differing types, have various orientations, and be placed at
diverse drone-body locations, resulting in a variety of outcomes
for the radiation pattern, the antenna’s ability to distinguish be-
tween orthogonal components (measured by cross-polarization
discrimination or XPD), and significantly impacting the capacity
and diversity gains of cross-polarized MIMO systems.

Unfortunately, when it comes to research works that tackle
drone-based channels, the radiation pattern of the used antennas
have been mostly disregarded with the exception of a few works
on large- and small-scale fading effects in drone-based wireless
channels [12]-[18], [20], [25]. However, in all of these studies,
the radiation pattern of the mounted antennas in the azimuth
plane is assumed to be constant, or presented with no analysis
of the possible effects on experimental outcomes [18], [19], [23].
In addition, the presence of buildings and reflecting objects
in these studies makes it difficult to disentangle the role of
the drone-mounted antennas from the impact of surrounding
objects on fading severity. As a result, comprehensive mea-
surement campaigns that lead to a broader understanding of
drone-induced effects and more realistic channel models in
Drone-to-Ground (DtG), Ground-to-Drone (GtD) and Drone-
to-Drone (DtD) channels are still needed [22].

In this work, we study the role of the drone body and dif-
ferent antenna positions and orientations on (i) the radiation
pattern, (ii) large-scale fading, and (iii) small-scale fading of
drone-based wireless channels. Via systematic anechoic and
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in-field experimentation, we quantify the significant degree to
which the assumption of a constant azimuth radiation pattern
for drone-mounted antennas inaccurate. We prove that the drone
body can significantly change the radiation pattern of mounted
antennas and also change co-polarized and cross-polarized chan-
nels, resulting in significant degradation of XPD. As a result, di-
versity gains and achievable MIMO capacity of cross-polarized
drone-based systems are fundamentally altered.

To address how the orientation and location of drone-mounted
antennas can affect the large- and small-scale fading nature of
drone-based channels, we minimize environmental effects by
conducting a series of high-altitude, line-of-sight (LOS) exper-
iments in an almost building-free environment in Taos, New
Mexico. We show that the drone body can increase the standard
deviation of the shadowing parameter for polarization-matched
vertical links. We also show that when the antenna is mounted
on the opposite side of the receiving drone from the transmitter,
the extra losses induced by the drone body need to be included
in conventional models for accurate predictions. We do that by
analyzing and modeling the impact of the drone rotation on the
average channel gain/loss and show improvements of up to 85%
in prediction accuracy with rotational aspects taken into account.

Then, we move to characterizing the small-scale fading of
these drone-based channels in terms of the Rician K-factor. We
show that the K-factor is strongly dependent on elevation for
polarization-matched vertical links, while it is approximately
flat for cross-polarized links. To isolate the impact of position
and orientation of the drone-mounted antennas and not confuse
that with fading caused by the ground, we compare results
of the GtD experiments to those obtained by another set of
DtD experiments and find that ground reflections can reduce
the K-factor by approximately 10 dB. However, as we move
to higher altitudes, the K-factor observed by both experiments
becomes approximately the same, indicating less of a role for
the ground compared to the actual antenna location and orien-
tation. To the best of our knowledge, this is the first study to
provide a systematic and comprehensive understanding of these
fundamental drone-related issues.

The contributions of this paper are summarized as follows:

® We quantify, via anechoic chamber measurements, the

effect of the drone body on the azimuth radiation pattern of
omnidirectional antennas and find that, while the measured
azimuth pattern is approximately constant for antennas in
isolated mode (not mounted on a drone), it can be reduced
by up to 10.25 dB when the same antennas are mounted
on a drone. This finding proves that the assumption of
a constant azimuth radiation pattern when dealing with
drone-mounted antennas is no longer valid.

® We measure the co-polarized and cross-polarized radiation

pattern of various antenna placements on the drone and
show that the drone body can significantly impact channel
depolarization and reduce XPD by an average of 15 dB
compared to the XPD of an isolated antenna in the absence
of a drone body.

® We show that there is an additional loss term caused by

the drone body that needs to be accounted for unless the
antennas on the transmitter and receiver are mounted on
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sides that face each other. This body-induced loss is found
to be elevation-dependent for polarization-matched verti-
cal links. We propose a model that describes this rotational
loss and show that our model can be 85% more accurate
than conventional models that neglect this body-induced
effect.

® To understand how the orientation and location of drone-
mounted antennas can affect small-scale fading, we charac-
terize the Rician K-factor of the GtD channel and find that
polarization-matched vertical links exhibit strong depen-
dency on elevation, while cross-polarized channels resultin
an approximately flat behavior when elevation changes are
considered. Then, by comparing a set of DtD experiments
to our GtD experiments, we find that ground reflections can
cause a degradation in the K-factor by up to 10 dB.

* Even though all of our experiments are conducted in LOS,
we show that an antenna spacing of 0.67A results in a
correlation coefficient of less than 0.7 regardless of antenna
orientation. In terms of diversity, this indicates achievable
diversity gains in the range of 9.5 to 11.5 dB with basic
selection or maximal ratio combining techniques.

The paper is organized as follows. Related works are dis-
cussed in Section II. In Section III, we discuss the system and
channel model. In Section IV, we present our anechoic chamber
and in-field results, discussing the effects of the drone body on
the radiation pattern and XPD of the mounted antennas. We
then explore shadowing and angle-dependent losses due to the
drone body and mounted antenna locations in Section V. Then,
in Section VI, we characterize the role of the drone-mounted
antennas on small-scale fluctuations in GtD and DtD channels.
Concluding remarks are presented in Section VII.

II. RELATED WORK

Broadly speaking, literature related to drone communications
can be classified into two main areas: (i) models that cover
optimal placement, efficient deployment, and simulations that
test different scenarios of trajectory and user mobility [45]-[50],
and (ii) measurement-based studies that investigate the wireless
channel in the uplink or downlink direction between a flying
drone and a fixed or a moving node on the ground or in the
air. The wireless channel in these measurement studies can be
categorized as an air-to-ground (AtG), ground-to-air (GtA) or
air-to-air (AtA) channel, depending on the nature of the target
node.’

AtG channels. Many works have investigated the wireless
channel between a hovering drone and a ground user with
emphasis on how distance and antenna orientation can affect the
received power or throughput at the ground node [13]-[15], [30].
The AtG channel at ultra-low drone altitudes was characterized
with different settings of user equipment (UE) locations [23].
The AtG channel was studied after building a MIMO system
that supports instantaneous measurements at different receiver
locations on the ground as well as beamforming from the drone

"'While we would consider GtD/DtD a subset of GtA/AtA, we specifically
use the former in this work to emphasize on the impact of the drone body on the
wireless channel.
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transmitting antennas [10], [11], [41]. Shadowing was measured
at diverse frequencies, and a modification to the conventional
path loss model was made to account for the obtained frequency-
dependent variations [44]. In [43], shadowing caused by the
body of a medium size fixed-wing aircraft was found to reach
values of up to 30 dB.

GtA channels. Due to its unique body structure, continuous
movement, and limited space on board, in addition to being
envisioned in scenarios where multiple antennas on the drone
are receiving packets from ground sensors or users, the receiv-
ing channel characteristics of multiple drone-mounted antennas
have been of interest. For example, the channel between a
ground transmitter and an aircraft flying at speeds around 120
km/hour was studied, and it was concluded that placing two
antennas one above and another below the aircraft body can
result in throughput improvements [39]. Correlation coefficients
and diversity gains were studied for various antenna positions on
a fixed wing structure and packet delivery improvements of up
to 32% were achieved [16]. An array of multiple antennas at the
ground was used to sound the channel in a forest environment,
where a fixed wing UAV flew at different altitudes and with
co-polarized and cross-polarized links, and measurements of the
cross-polarization discrimination were made at those altitudes
with some emphasis on the achieved gains using different an-
tenna orientations [40]. In the same context of GtA channels, the
work by Akram et. al. has resulted in an angle-dependent model
for cellular-to-UAV channels, where the received power and
the shadowing parameter can change based on the depression
angle [32].

AtA channels. The channel in a drone-to-drone LOS sce-
nario was studied at different altitudes, and an extension of the
Rician model was developed, where the variance of the received
power, which describes multipath components, was modeled as
a function of the drone altitude [18]. We investigated the impact
of relative direction on received signal while two drones fly at
the same altitude [21]. The throughput of a two-hop network
was studied under different scenarios of mobility [31]. While
all of the above mentioned studies target important issues that
can help in understanding drone communications, none of them
consider how signal reception on a drone with multiple antennas
can be affected by the drone body and its rotation. In addition, the
environments in which the above mentioned experiments took
place and the scenarios involved make it difficult to isolate the
impact of the antennas and the drone body on the presented
results. In contrast, this work focuses on the impact of the
drone body and drone-mounted antennas via carefully-designed
experiments.

TII. SYSTEM AND CHANNEL MODEL

In this section, we describe the system and channel model
in the view of our comprehensive analysis framework. This
framework targets the fundamental issues related to wireless
channels, starting with the radiation pattern and XPD measured
via anechoic chamber and in-field experiments in a 2D space.
Then, large-scale fading is studied in terms of shadowing and
angle-dependent losses for the drone-mounted antennas at many

14991

Vertical dipole
antenna

8 =90"
¢=0

Fig. 1. Vertically oriented dipole antenna.

elevation angles with different heading directions (i.e., in 3D
space). Finally, to understand the small-scale fading nature of
the drone-based links, we characterize the the Rician K-factor
for many GtD and DtD topologies. Through this systematic
approach, we have a comprehensive view of the channel of
drone-based antenna systems. This section describes the con-
cepts needed to understand our work.

A. Antenna Radiation Pattern Modeling

The antennas used in our characterization framework
are linearly-polarized omnidirectional dipole antennas
(VERT2450). To explain how we model the radiation pattern
of this antenna, we show a vertically-oriented dipole antenna
along the z direction in Fig. 1. The radiation pattern in the
elevation plane is measured from the vertical (z) direction and
described in the spherical coordinate system in terms of ©.
Conversely, the horizontal (azimuth) plane is described in
terms of @. In the case of a vertically-mounted dipole, the
radiation patttv:rn2 is given by [56], [57]: G = sin ©, with no
azimuth variation. Note that this assumption of no azimuth
variation for omnidirectional antennas will be proven here to
no longer hold true when the antenna is mounted on a drone.
If mounted horizontally (i.e., over the x-y plane), the pattern
becomes: Gy = — cos O sin ®. We use the notation of Gy to
indicate the gain product of vertical Tx-Rx antennas (VV link),
whereas Gy g is used to indicate the gain product of a vertical
Tx and a horizontal Rx antenna (VH link). Note that we are
interested in the elevation angle # from the xy plane, which
is computed as # = 5 — ©. In our experiments, this elevation
angle, #, can be calculated using § = arctan(l/d},), where [ is
the altitude of the Rx drone, and d}, is the horizontal separation
distance. Given these models, the gain product for a VV link
becomes |Gy | = cos?(f). For a VH link, the gain product
becomes |Gy | = cos(f)sin(#)sing. With the horizontal
dipole mounted in the y direction, sin ¢ = sin 5 = 1, and we
are left with |Gy g | = cos(f) sin(#). If we use these models
and compare them to the manufacturer’s datasheet [58], we find
that the average difference between the two methods across the
considered elevation angles is 1.14 dB with a standard deviation

ZRadiation pattern and gain are used interchangeably in this work.

Authonzed licensed use limited to: SOUTHERN METHODIST UNIV. Downloaded on October 04,2021 at 19:41:31 UTC from IEEE Xplore. Restrictions apply.



14992

m

E Ol/é——-‘q

C 2f

=

=]

5|

2,

£ :
éﬁ) —&—Drone alt. = 10m
@ 8f =o=Drone alt. = 20m
= Drone alt. = 30m
o-10" ;

'E 20 30 40 60 70 80

50
< Horizontal distance (m)

Fig. 2. Tx-Rx antenna gain product for omnidirectional dipole antennas at
different elevation scenarios. At some angles, losses caused by radiation pattern
misalignment can be greater than distance-based losses.

of 2.25 dB. Using this model allows us to study elevation
dependencies with relatively low errors.

B. Cross-Polarization Discrimination (XPD)

Due to the limited space on a drone, as in many other
compact devices, a scenario with dual-polarized antennas or
cross-polarized antenna setups is quite realistic. With cross-
polarized configurations, XPD becomes an important parameter
to consider since it can affect how we analyze and model
polarized MIMO channels [24], [26]-[28], [34]. Depending on
the signal-to-noise ratio (SNR) and the desired application, the
impact of XPD on the cross-polarized MIMO channel can be
perceived differently. For example, if increasing the channel
capacity is desired, then high XPD values at high SNR levels
can theoretically double the spectral efficiency. If, on the other
hand, XPD is poor (e.g., 0 dB), spatial multiplexing using the
two orthogonal components is not possible. However, this poor
discrimination could mean a rich scattering environment where
diversity gains could be extracted. For the above reasons, it
is interesting to investigate the impact of the drone body and
the different antenna placements on polarization mixing and
consequently, XPD. To the best of our knowledge, aside from
our previous study [21], XPD on drones has not been explored.

To characterize XPD on drones, we conduct anechoic cham-
ber experiments and measure the received power for co-
polarized and cross-polarized channels and calculate the dif-
ference in received power as XPD. This experiment is done for
two antenna setups: (i) isolated and (ii) drone-mounted. In the
isolated scenario, only the antenna exists at the receiver side
of the chamber. In the drone-mounted scenario, the antenna
is mounted on the drone at either position 1 or position 2
(see Fig. 3). In all scenarios, XPD is calculated as the ratio
of the amount of power received in the co-polarized versus
cross-polarized directions [28]:

XPD:Pcopo!/Pxpo! (])

The co-polarized radiation pattern is obtained by orienting
the transmit and receive antennas horizontally and automatically
rotating the receiving antenna in 1.8° increments. Through this
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Fig. 3. Anechoic chamber setup. The two antenna positions/locations are

shown on the drone body.

procedure, we get Pr g, where the first and second subscripts
indicate the orientation of the transmitter and receiver antennas,
respectively. To acquire the received power in the cross-polar
plane, the transmitting antenna is vertically-oriented and the
receiving antenna is kept horizontal. The same procedure is
then repeated, and Py g is obtained per iteration. Calculating
the ratio of %Vﬂ-g- gives us XPD. In this work, we show that
mounting antennas on drones not only alters the radiation pattern
in the azimuth plane significantly, but also results in a significant
degradation in XPD. Furthermore, we show that the in-field XPD
in a DtD LOS channel can vary from one relative direction to
another.

C. Received Signal Strength (RSS) and Angle-dependent Loss

Since our main focus is on understanding how the drone body
affects the channel for various antenna placements, all experi-
ments are conducted with a clear LOS between the transmitter
and receiver. We transmit a continuous wave (CW) signal at
a carrier frequency of 2.5 GHz and power of 6.2 dBm. The
transmitter and receiver are the battery-operated Universal Soft-
ware Radio Peripheral (USRP) software defined radio devices
called E312. The received signal at each RF chain at the receiver
USRP is down-converted, baseband processed, and stored in the
USRP’s memory in the form of I/QQ samples. From the recorded
I/Q samples, we calculate the instantaneous received signal
strength (RSS) in dBm for antenna/Rx [ as RSS = P.(dBm) =
10log %ﬁj, where Py, = (r1/v/2)? /5082 The received sig-
nal envelope (r;) is calculated as |r;(t)| = /17 (t)Z + rq(t)>
This RSS is a function of the transmitted power P;, Tx/Rx
antenna radiation patterns (Gt and G'r), carrier wavelength A,
distance d, and polarization loss factor ¢/ and is given by the
Friis formula [56]: P,(0,¢) = P.Gr(0,9)Gr(6,¢)(325)*).
In co-polarized links, the polarization of the incident electric
field matches the polarization of the receiving antenna, and no
losses are incurred. On the other hand, in a cross-polarized link,
due to the mismatch between the direction of the incoming
electric field and the receiving antenna orientation, the received
signal is reduced. However, due to antenna imperfection and
environmental factors (reflection and scattering), energy can still
be collected by cross-polarized links. In fact, we show that due
to the drone body effect on mounted antennas, there is little
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distinction between co-polarized and cross-polarized channels.
For a polarization-matched link, the free-space received power
is given by:

P-(dBm) = P,(dBm) + 10log(Gr,g) + 20log (ﬁ)
T

(2
Here, Gr,.r = GTG R is the transmit-receive antenna radiation
pattern product discussed above. To account for fluctuations
caused by the drone body, equation (2) should include a shadow-
ing term &,, which is usually modeled as a normally-distributed
random variable with zero mean and a standard deviation of o,
(i.e., N'(0,05)). We will show later how this shadowing term
can change with the drone-heading direction for some antenna
orientations/locations. Finally, as the drone can rotate in any
direction while hovering at a fixed altitude, we find that the
average RSS can be reduced due to drone body blockage. As a
result of this body blockage, the received power will be reduced
by a term denoted here as I'4(#). The dependency of I',(6)
on elevation angle will be discussed in Section V-C. When the
shadowing and body-induced losses are added to equation (2),
it becomes:

PYV = P, + 10log(cos® §) + 20 log (ﬁ) +& —T'4(6)
(3)

For the VH link, the received power becomes:

PYH =P, + 10log(cos f sin §)+20 log (ﬁ) +& —T4(6)
o
4)

Angle-dependent vs. Distance-dependent Loss: Itis important
to understand that in some scenarios, angle-dependent models
are more convenient and help to accurately characterize the
behavior of drone-based links over conventional, distance-based
models. This observation was mentioned in other works, but
no examples were given to quantify the effect [32]. Here, we
provide an example scenario where angle-based models greatly
outperform distance-based models. In this example, a ground
node communicates with a hovering drone with a fixed horizon-
tal distance of d;, = 20 m. The drone moves from an altitude of
[ =10 m to ! =30 m in 10-m increments. The elevation angles
created are, respectively, 26.5°, 45°, and 56.3°. If we exclude
the radiation pattern effects, the reduction in power due to the
increase in the separation distance from d = /(20 + 10?) =
23mtod = \/(202 + 30%) = 36 m is approximately 4 dB. If
we model the elevation pattern of each of the Tx/Rx antennas as
| cos(8)?|, the loss just due to the antenna pattern misalignment
would be 10log(cos(t?)“):lolog(cos(tan"(%))“) =10 dB.
Hence, by excluding the radiation pattern in this scenario, the
received power would be overestimated by 6 dB.

In an ideal scenario, the transmitter and receiver antenna
are perfectly aligned (i.e., # = 0°), and the loss is 0 dB. The
antenna gain product for the three altitudes and horizontal
distances of up to 80 m is shown in Fig. 2. We can see that
the effect of the gain product is greatest at small horizontal
distances with high drone elevations (i.e., large elevation angles).
As the horizontal distance increases for a fixed altitude, the
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elevation angle becomes smaller, resulting in a small antenna
gain misalignment loss compared to losses due to the increasing
distance. Since our 3D experiments characterize a fixed horizon-
tal distance with varying altitudes, we henceforth consider an
angle-dependent version of (3) and (4). Given that dj, = dcos6,
|Gy v| = cos?(8), |Gv | = cos(f) sin(6) sin ¢, which at ¢ =
7 becomes |Gy | = cos(f) sin(f), and by subtracting P, from
P,, the angle-dependent loss for the VV and VH links, after
some manipulation, respectively, becomes:

4md h

LVV(S) =20 ].Clg (W

) — &+ 1'4(6) )

drdp, 1
Ly u(6) =201log ( x ) + 10log (W)
— & +T4(6) ©

D. Small-Scale Fading Characterization

Since a LOS path exists in all of our experiments, the channel
is assumed to be Rician and characterized accordingly. There-
fore, we follow convention [51],[52] and model the channel as
the sum of a steady, time-independent component of & + 53 and
a random-fluctuating component of =(t) + jy(t), where z(t)
and y(t) are zero-mean, Gaussian random variables with vari-
ance o. If no LOS path existed, then, the specular component
a + jpB = 0, and the received signal envelope would follow a
Rayleigh distribution. However, since all of our experiments
include LOS paths, the mean values of r; and rg are not
zero, but, instead, o and 3, respectively, resulting in a Rician
distribution for the received signal envelope. The Rician K-factor
can be calculated from the samples of the received signal, as the
ratio of the power in the main LOS component to that in the
scattering, time-varying components. The Rician K-factor (in
dB) can be calculated as:

@)

K(dB) = 101og,, (“’2 J”BZ)

202

Here, o + 3% and 207 are, respectively, the mean powers of
the specular (LOS) and scatter components and can be found
from the measured 1/Q samples as follows. The mean values
of the in-phase and quadrature components are respectively
calculated as a = E[r7] = -3 r7(n) and 8 = Efrg] =
~ SN 7g(n), where n is the sample number. The variance
of the in-phase or the quadrature component over a period
of N samples is o7 = Var[r;] = 03, = 0. After finding these
values, we calculate the K-factor according to equation (7). We
choose to characterize the small-scale fading over a period of
3000 samples, which corresponds to approximately 93.7 ms.

IV. IMPACT OF DRONE BODY AND VARIOUS ANTENNA
PLACEMENTS ON RADIATION PATTERN AND XPD

To quantify the impact of the drone body and antenna place-
ment on the radiation pattern and XPD, we conduct multiple
controlled anechoic chamber and in-field experiments. We show
that placing antennas on drones is a nontrivial task due to the
interaction of the drone body with mounted antennas.
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Fig. 4. Difference in received power by the two vertically mounted antennas
on position 1 and 2 in the anechoic chamber.

A. Radiation Pattern of Drone-Mounted Antennas

Due to its unique structure and the various possible locations
for antenna mounting, the drone body can affect the radiation
pattern of the mounted antennas. This has been explored in our
recent work [21] and one other study [23]. However, in the
latter study, the experiment was not performed in an anechoic
chamber, and the results are subject to environmental changes.
In addition, there was no emphasis on the antenna placement
on the drone, and the results of the radiation pattern were
not analyzed. In our previous work [21], we only tested and
presented limited results for one antenna position on the drone.
Here, we test multiple antenna locations and show that different
antenna placements on the same drone can result in considerable
changes in the radiation pattern at some angles.

The drone with the two antenna locations in the chamber is
shown in Fig. 3. Note that to mimic the structure of the drone
in our in-field experiments, the same experiment’s hardware is
mounted on the drone and explained in Section V-A. In the
isolated case, only the antenna is mounted at the receiving end
of the chamber, and its radiation pattern is measured. Then,
in the antenna-on-drone scenario, we place the antenna on the
drone according to the positions shown in Fig. 3 and study the
resulting radiation pattern. The transmitting antenna is fixed and
vertically-oriented while the vertically-receiving antenna auto-
matically rotates over the azimuth plane (¢) in 1.8° increments
as the received power is being recorded.

The results of the anechoic chamber experiment are shown in
Fig. 5(a). In this figure, “simulated” indicates a constant-azimuth
radiation pattern, which is the general assumption made in
most drone-related literature. The antenna-only measurements
represent the measured values using the antenna in isolated
mode, meaning only the antenna exists in the chamber. We
see, as expected, strong symmetry and the radiation pattern
follows closely the constant-azimuth pattern assumption made
in literature. If we mount the antenna on the drone, however, the
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TABLEI
IMPACT OF DRONE BODY ON CO-POLAR RADIATION PATTERN VALUES
Experiment Average Loss | Maximum Loss
Antenna on Drone (position 1) 2.57 dB 8.34 dB
Antenna on Drone (position 2) 327 dB 10.25dB

results become significantly different, and the constant-azimuth
patternis nolonger valid. This variation can be clearly seen in the
blue and red lines that indicate the measured power values of the
drone-mounted antennas, where differences from the isolated
(antenna-only) scenario can reach up to 10.2 dB. In addition,
there is also a difference in radiation pattern due to different
antenna positions on the drone (see Fig. 3 for antenna positions).
This difference can be seen by inspecting the red and blue lines
in Fig. 5(a), which correspond to antenna position 1 and 2,
respectively. In this figure, we point to an angle where we can
see a difference of 6.5 dB, which is the maximum difference
in radiation pattern due to different antenna locations on this
drone. One might ask the question why such differences exist
even though the antenna positions look symmetrical on the drone
body. The answer is as follows: when the drone body starts to
rotate, each Rx antenna sees a slightly a different signal level
because each position exhibits a different part of the drone body
(i.e., obstacle). This difference is clear if we look at the difference
in received power by the two antennas — for the whole 360
degrees azimuth plane (shown in Fig. 4). As we can see in the
figure, at O degrees (Facing tx antenna) there is approximately
no difference. As the drone rotates, however, differences in rx
power manifest and cause the values of received power to slightly
differ. In this figure (Fig. 4), |Ap(¢)| is the absolute difference in
received power between the two mounted antennas at positions
1 and 2, respectively.

The average and maximum reductions in radiation pattern
for the two antenna positions are summarized in Table 1. These
average and maximum losses are taken over the whole azimuth
(@) plane. The loss is simply the difference between the azimuth
power in the isolated (antenna-only) scenario and the drone-
mounted antenna scenario. We see that these losses can reach
up to 10 dB, with an average of up to 3.3 dB. It is important
to note that while this reduction might not seem significant, on
average, reductions of more than 5 dB appear multiple times
over the whole azimuth plane for a fixed antenna position.
We conclude from these controlled experiments that antenna
placement decisions on drones, trivial as they might seem, can
considerably impact wireless channels in drone-based networks,
where rotating a drone or switching to a nearby antenna on the
same drone, can lead to significantly stronger channels.

B. Anechoic Chamber XPD

After realizing the impact of the drone body on the azimuth
radiation pattern, a natural question comes to mind: Is the local
scattering caused by the drone body strong enough to cause
polarization mixing? If so, by how much? Here, we answer these
questions.

The results of the measured co-polarized and cross-polarized
channels for the antenna-only and antenna-on-drone (position
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(a) Azimuth radiation pattern for the simulated, antenna only (measured), and antenna on drone for two positions (measured). (b) The HH/VH

co-polarized/cross-polarized radiation pattern for the antenna only setup: clear distinction between the two orthogonal polarizations exists. (c) The HH/VH
co-polarized/cross-polarized radiation pattern for the antenna on drone setup (position 1): high polarization mixing exists due to the drone body.

1) scenarios are shown in Fig. 5(b)-5(c). Through a quick visual
inspection, we can see that there is a clear distinction between the
co-polarized and cross-polarized received powers in the isolated
(antenna-only) scenario. This distinction, however, becomes
almost nonexistent for the antenna-on-drone scenario. The dis-
appearance of this distinction is due to higher polarization
mixing between the vertical and horizontal components, caused
solely by the drone body. This polarization mixing, according
to the geometrical theory of channel depolarization [33], can
be attributed to the local scattering and reflection caused by the
drone body.

While there is an abundance of works on XPD and how
it is affected by scattering objects [24], [34]-[38], none have
investigated the drone body as the only source of polarization
mixing. Here, we show that the drone body by itself can act as a
source of scattering and reflection, demonstrated by significant
reductions in XPD. For example, if we look at XPD at ¢ = 270°,
we can see that in the isolated scenario, XPD is 29.16 dB. In
the drone-mounted scenario at the same angle, it is 10.76 dB
for antenna position 1 and 11.25 dB at antenna position 2 (not
shown here). Over all rotational angles, the average XPD for the
isolated (antenna-only) scenario is X PD;ciateq = 17.33 dB.
In contrast, the average XPD for antenna positions 1 and 2 is
XPDpoe1 =2.33dB X PDpoe2 = 4.71 dB, respectively.

We believe that these are significant findings due to the impact
that XPD can have on achieved capacity and diversity gains in
MIMO applications that leverage cross-polarized channels [36],
[37]. For example, an average XPD value of 0 dB means that
the spatial multiplexing gain is limited. On the other hand,
the same O dB value can indicate a richness of scatterers in
the multipath environment, which leads to a low correlation
coefficient and high diversity gains [34]. While it can be argued
that these results are specific to this drone (DJI Matrice 100),
the insight we gain from this study can be valuable for drone

swarm designers or researchers who aim to model drone-based
polarized MIMO channels. In addition, simulation tools, such as
[29] can incorporate these findings through an effective antenna
pattern and XPD lookup tables rather than treating the antennas
as point objects, which is proven here to be highly inaccurate.

C. In-Field XPD

We now evaluate the impact of different drone relative direc-
tions on the measured XPD from a set of experiments conducted
in our previous work [21], where more detailed description of the
experiment is presented (omitted here due to limited space). The
experiment is conducted with two drones at an altitude of 60 m
above the ground. While the Rx drone is continuously hovering
at a fixed location, the Tx drone moves in 20 m increments
from one location to another until it reaches 100 m of separation
distance. This Tx drone movement takes place in each of the four
cardinal directions (North, South, East, and West). The Tx drone
has one vertically-oriented (V) antenna, while the Rx drone is
equipped with one vertical and one horizontal antenna that are
connected to the same USRP and fed from the same local oscil-
lator. Both drones face North throughout all experiments. The
Rx vertical (V) antenna is mounted in position 1 in Fig. 3, while
the horizontal antenna (H) is mounted in position 2, creating two
links denoted as VV and VH from the transmitter to receiver.
We can view the receiver as a dual-polarized system and use our
measurements for the VV and VH channels to predict the in-field
XPD at the receiver. We follow [24], [35] and calculate XPD
as the difference in co-polarized and cross-polarized pathloss
(ie., XPD = PLyy — PLy ) and investigate how diverse
Tx directions from the Rx can affect polarization mixing at
the receiver. XPD is calculated for each hovering location, and
the results are summarized in Table II. Note that in [21] we
investigated the impact of relative Tx drone direction on RSS
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TABLEII
XPD FOR DIFFERENT RELATIVE DIRECTIONS IN DTD CHANNELS
Direction 20m [ 40m | 60m | 80m | 100m | Avg.
XPDporen | 129 | 155 | 2.64 2.1 353 | 222
XPDgouth | 567 | 345 | 7.61 6.01 5.2 5.58
XPDgqase | 456 | 10.1 | 11.61 | 8.0 8.32 | 851
XPDyyest 4.2 9.83 11.24 | 10.6 8.43 8.86
100
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Fig. 6. Measured XPD values for the North scenario.

and found that RSS levels at the Rx drone can vary by as much
as 15 dB as the Tx drone changes its relative direction from in
front of to behind the Rx drone.

We see that XPD can considerably change if the transmit
drone takes different relative directions from the receiving drone.
For example, we see that the strongest measured XPD values are
when the transmit drone is on the side (East or West), while
the lowest value is when the transmit drone is North of the
receiving drone (shown in Fig. 6). On average, the North XPD
value is 6 dB less than that in the East or West and 3.3 dB
less than in the South experiment. This result suggests that
if the Tx drone is facing-away from the receiving drone, the
transmitted polarization becomes almost independent from the
received polarization. It is important to note that, while they fall
approximately in the same range, the measured XPD values here
are slightly different from the anechoic chamber results since
the transmitter is actually mounted on a drone as opposed to just
the antenna in the chamber. In addition, XPD here is measured
using two antennas mounted on the Rx drone. In the chamber, we
changed the orientation of the Tx antenna to get the cross-polar
radiation pattern with the Rx antenna fixed. However, the focus
here is not on replicating the chamber measurements in the
field but to demonstrate the influence of different relative drone
directions on XPD, which is found to vary by up to 10 dB
(from 1.29 to 11.61 dB). This 10 dB reduction in XPD could
be detrimental to spatial multiplexing gains and the capacity
of dual-polarized MIMO systems on drones. It might be worth
mentioning that, in addition to these experiments where the two
drones are at a fixed altitude, we have performed another set of
experiments that investigate the impact of relative altitude and
elevation angle on received signal levels and XPD for various
antenna orientation setups at the receiver. We found that for
vertical Tx and Rx antenna, the RSS can vary by up to 30 dB as
the Rx drone moves from one location of the same altitude as
the Tx drone to directly below or above it. Horizontal antennas,
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however, record 12 to 20 dB higher RSS levels when the Rx
drone is below or above the Tx drone. With regards to XPD,
similar values were found to the ones obtained in this work. We
refer the interested reader to [21] for more details.

V. IMPACT OF DRONE ROTATION WITH VARIOUS ANTENNA
PLACEMENTS IN 3D SPACE

Previously, we characterized the effects of the drone body and
various antenna placements on the channel with the receiver
drone being at the same altitude as the transmitter drone. In
other words, we only studied the azimuth plane (elevation angle
6 = 0°). However, in some scenarios, such as a drone swarm or
a UAV-assisted network, a drone can be in an arbitrary relative
location in 3D space. For example, consider a scenario where a
drone provides some service to two users on the ground. In this
scenario, the antenna is mounted on the same side of the drone
as one user (i.e., facing) but on the other side of the drone from
a second user (i.e., facing-away). The shadowing and received
signal levels seen by each user would likely be different. With
this in mind, one might ask the following questions: How do
these effects behave at other elevation angles? Are they the same
for vertical and horizontal drone-mounted antennas? To answer
these questions, we conduct multiple GtD LOS experiments
varying the elevation and azimuth angles of the drone. We
analyze shadowing and average rotational loss and provide a
model that captures these body-induced effects. This part of the
study could be valuable for algorithms that try to find the optimal
heading direction for UAVs [45], [46] when communicating with
ground nodes.

A. Experiment Procedure

The experiment procedure is illustrated in Fig. 7(a). The trans-
mitter is located on the tripod at a height of 1 m above ground
level. The receiving drone is positioned at a fixed horizontal
distance of dp = 20 m. The drone navigates to each point of
interest and hovers there while directly facing towards (and away
from) the transmitter. The drone maintains a stable hovering
position at each location for 20 seconds per heading direction.
As the drone ascends in altitude, different elevation angles are
realized by § = arctan(l/dy), where lis the altitude of the drone
with respect to the transmitter.

At each hovering location, I/Q samples are collected for
both RF chains for the facing and facing-away directions. By
leveraging the log files generated by the shell and python scripts
that we implemented on the USRPs, we are able to accurately
match the timestamps of the received data to the location and
direction of the drone. Sensor measurements are used in the
offline processing of the received samples, where we splice the
dataset according to time, altitude, heading direction, and GPS
location. Three (3) experiments are carried out: V-VV, V-VH,
and V-HD. The first letter is the transmitter’s antenna orientation,
and the second two letters are, respectively, the orientations of
the first (antenna position 1) and second (antenna position 2)
receiving antennas. V, H, and D are, respectively, vertical up,
horizontal, and vertical down. Fig. 7(b) depicts the antenna setup
at the receiver for the V and D orientations. The H orientation is
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Fig. 7. (a) GtD Experiment setup and hovering locations for the Rx drone.
(b) Rx drone structure and the mounted V and D antennas.

shown in Fig. 3. In the V-VH experiment, H is in position 2.
In the V-HD experiment, H is in position 1. We refer to a
Tx-Rx link in an experiment as VX where V is the transmitter
orientation (which is always V), and X is the receiver orientation.
For example, VH indicates a vertical Tx and horizontal Rx on
the drone.

B. Drone Description

The body and frame of the Matrice 100 is made up of various
lightweight materials including carbon fiber, aluminum, plastic,
and steel. The frame is braced with aluminum brackets and
held together with steel screws. The majority of the frame,
including the top and bottom plate as well as the propeller
arms, is constructed out of epoxy hardened carbon fiber weave.
Carbon fiber is known to shield radio frequencies but the degree
of shielding largely depends on various characteristics of how
the carbon fiber is manufactured [59]. The exact characteristics
of the carbon fiber used by DJI are unknown to us and this limits
our ability to fully model its effects. While not the focus of this
investigation, our anechoic chamber experiments should capture
the behavior that this particular drone body presents.
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(a) V-VH and (b) V-VV experiments.

C. Elevation Dependency

Before we characterize the impact of drone rotation at differ-
ent elevation angles (i.e., f), we first investigate the impact of el-
evation on the received signal for vertical and horizontal antenna
orientations. Using the developed angle-dependent models, with
|Gvv | = cos?(8) and |Gy g | = cos(f) sin(f), we analyze the
measured and predicted values of this loss as the drone hovers
at different elevation angles from the ground.

The angle-dependent loss for V-VH and V-VV experiments is
shown in Fig 8. We notice that experiment results closely follow
our analytical models. For the vertically-oriented antenna (VV
links), loss is minimum at 3° elevation. The loss increases as
the drone flies to higher altitudes. The increase in loss is due to
gain misalignment of the mounted antennas in addition to the
distance impact. This behavior is consistent and can be seen in
all vertically-oriented receivers: see Fig. 8(a) and the VV loss in
Fig. 8(b).

However, the results are different for the horizontally-
receiving antenna (VH links). We see that the highest loss is
recorded at 3° elevation. Then, as the drone moves to higher
altitudes (30° to 45° range), this angle-dependent loss gets
smaller. Then, the loss goes up again at # = 55°. This behavior
can be better understood based on the analytical models that
we developed. The measured values shown in these graphs are
the difference between the transmitted power and the average
received power when facing the transmitter.

The facing-away scenario will be dealt with separately. The
predicted values are given by Ly (equation (3)) for the VV
link and Ly g (equation (4)) for the VH link. Here, the standard
deviation of the shadowing parameter is chosen to be o, =2 dB.
Although the exact shadowing value might vary in different situ-
ations, based on numerous experimentation over multiple years,
we found that a 2 dB value to be appropriate. The body-induced
loss (I'4(#)) is assumed to be 0 dB. This body-induced loss will
be a contributing factor when the drone is facing-away from
the transmitter. The assumption here is that since the antennas
are mounted near the edge of the drone, the elevation radiation
pattern when facing a node is unaltered and can be modeled as
above. We see that the angle-dependent models, because of their
inclusion of the proposed radiation pattern models, capture the
measured values of the angle-dependent losses to a good extent.
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Fig.9. Antenna gain product for VV and VH links and the crossover angle.

In contrast, predictions provided by Lx x, which is simply the
free-space path loss in addition to shadowing, is shown to be
the least accurate due to its exclusion of the important radiation
pattern effects.

Another observation is that around 45° elevation, we can
see that VV and VH links exhibit similar losses, although
cross-polarized. This effect can be explained if we equate G-y
to Gy g and solve for #, which would give us an angle of
6 = 45°. We refer to this as the cross-over angle, the angle at
which a flip occurs in antenna gain product for VV and VH
links. Fig. 9 illustrates the antenna gain product for the two
links. We see that before this angle, VV links experience higher
antenna gain product. However, after this angle, VH links have
the higher antenna gain product, consequently resulting in lower
angle-dependent loss values. This dependency on antenna gain
product explains the behavior of the measured values and shows
how understanding the radiation pattern of the used antennas is
of paramount importance in drone-based links since significant
differences can occur with minimal distance variations. In fact,
when we measure the received signal at an elevation angle of
6 = 90° (i.e., the Rx drone directly above the transmitter, with a
vertical separation distance of 20 m), we record a stronger signal
of up to 20 dB greater for VH links compared to VV links [21].

D. Drone-Body-Induced Shadowing in 3D Space

Before quantifying the losses induced by the drone body, we
analyze the shadowing caused by the drone body. Shadowing
describes received signal fluctuations around the mean signal
as the receiver changes its location, consequently experiencing
different surrounding environments and objects in the signal’s
path [51]. Here, the cause of shadowing is completely different:
it is exclusively due to the drone body. While many other works
have investigated elevation-dependent shadowing in Unmanned
Aerial Vehicle (UAV) channels [18], [32], [42], the emphasis
was on the conventional shadowing caused by the surrounding
environment. In addition, the effect of drone rotation on shad-
owing at various elevations is never addressed. For example,
Akram ef. al has proposed an elevation-dependent shadowing
model as the UAV moves to higher altitudes away from buildings
in urban environments [32]. Until now, little is known about
how shadowing is affected solely by the drone body at various
elevations and for different antenna orientations. Through the
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Fig. 10. Measured shadowing for (a) VV and (b) VH links when facing-away
(¢p = 180°). Higher elevations lead to higher body-induced shadowing in VV
links.

above explained LOS experiments, we evaluate the shadowing
based on drone rotations.

The parameter that describes shadowing (i.e., &) is usu-
ally modeled in empirical path loss models as a zero-mean,
Gaussian random variable with a standard deviation of o (i.e.,
N (0, 05) [51]). The question is: if nothing else surrounding the
drone is changing, does the drone body result in a different
shadowing at slightly different elevation angles? We will find
that the answer is yes. To analyze this drone-induced shadowing,
the mean RSS per hovering location is subtracted from the
instantaneous values for the two cases of facing and facing-away
from the ground transmitter.

Effect of Drone Rotation with Vertical and Horizontal
Antennas. First, we notice that, in general, significantly higher
shadowing occurs when facing-away from the ground transmit-
ter compared to when facing it. When facing the transmitter (i.e.,
¢ = 0°) and across all elevation angles for all antenna setups,
shadowing does not exceed 4 dB with a standard deviation never
exceeding o, = 2 dB. On the other hand, when facing-away
from the transmitter (i.e., ¢ = 180°), shadowing can reach up to
9 dB with a standard deviation of up to o, = 6.36 dB.

Second, we describe an interesting finding: when facing away
from the ground transmitter, shadowing increases with elevation
for all VV links. For VH links, however, this dependency is not
observed. Fig. 10 shows the measured shadowing for the VV and
VH links in the V-VH experiment. In Fig. 10(a) at 55° elevation,
more shadowing (reaching up to 9.8 dB) is measured compared
to 23°, at which shadowing does not exceed 2.5 dB. In Fig. 10(b),
we find that the measured shadowing for the VH link does not
change with elevation. The standard deviation of the measured
shadowing parameter for facing-away vertical and horizontal
Rx antennas is shown in Fig. 11. For the vertically-receiving
antennas, Fig. 11(a), we find that o, increases with elevation
for values in the range of 1 dB at # = 3° to approximately
6 dB at # =90°. This phenomena can be explained by how
the antennas are placed on the side of the drone body: as the
drone flies to relatively higher elevations and because it is facing
away from the transmitter, more of the drone body obstructs the
signal’s path before it reaches the receiving antennas. However,
since our horizontal antennas are mounted outwards of the body
(see Fig. 3), the blockage they experience from the body is the
same regardless of elevation. This can be seen in Fig. 11(b),
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Fig. 11. Measured shadowing standard deviation (o) at different elevations
for the scenario of facing-away from the ground Tx. (a) o s for vertically mounted
antennas. (b) o, for horizontally mounted antennas. Rx1 and Rx2 refer to
antenna positions 1 and 2, respectively.

where the standard deviation barely changes with elevation. It
might be worth mentioning that we have also seen this elevation
dependency of shadowing in other LOS experiments at a carrier
frequency of 900 MHz.

Effect of Diverse Antenna Positions for Same Orientation.
Finally, for the same antenna orientation, different locations on
the drone do not change the standard deviation of the shadowing
parameter. For example, in the V-VV experiment, the average
standard deviation of the V antenna in position 1is&; = 1.38 dB,
while the V antenna in position 2 experiences a value of 75 =
1.40 dB. The vertically-down (D) antenna experiences similar
shadowing to the V antenna with an average standard deviation
of ; = 1.46 dB. Here, average refers to the mean over all
elevation angles.

E. Modeling the Impact of Drone Rotation

Through our anechoic chamber measurements, we have seen
that the drone body and its rotation can result in considerable
variations in the azimuth radiation pattern of the mounted an-
tennas, introducing reductions in received power of up to 10 dB
at some azimuth angles. This issue is worth investigating via
in-field experiments, where we can also study the impact of
elevation on this rotational loss. As explained in Section V-A, at
each hovering location, the drone is rotated 180°, facing away
from the ground transmitter, and the received I/Q samples are
recorded for a period of 20 seconds. We analyze the effect of
this rotation on the average RSS at every elevation angle and
propose amodel that captures this rotational loss. The conclusion
reached is that this rotational loss is elevation-dependent for
vertically-mounted antennas.

We define the average rotational loss per elevation angle per
link as the difference in average RSS between the facing (¢ =
0°) and facing-away (¢ = 180°) measurements. The rotational
loss, ['(#), can be calculated as RSS(¢g, ) — RSS(¢1s0, ),
where ¢y indicates facing, and ¢;g indicates the direction of
facing-away from the Tx. We calculate this value for all VV
experiments and find that it is elevation-dependent with higher
elevations leading to higher I'y(¢) values. This result can be
explained by the same intuition described in Section V-D, where
more of the drone body starts to obstruct the receiving antennas
at relatively higher elevations.
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Fig. 12. Rotational loss and its linear fit representation I" 4 (6).
TABLE III
FITTING PARAMETERS OF THE ROTATIONAL LOSS MODEL

Experiment | Link | Rx Ant. n RMSE
V-VV Vv 1 0.0463 | 1.4768 | 0.814
V-VV VvV 2 0.0448 | 1.8769 | 0.4267
V-VH Vv 1 0.0822 | 1.5628 | 0.4195
V-HD VD 2 0.0978 | 0.7583 | 0.9386

We plot this rotational loss for all VV links in Fig. 12 and
see that this factor can increase from a range of 1 to 2.5 dB
at # = 3° to the range of 5 to 7.5 dB at # = 55°. A linear
regression line that fits the average measured values as a function
of elevation angle was created, and the results of this fitting for
all VV links are shown in the same figure. In Fig. 12, links
1 to 4 represent the vertical links in the V-VV (twice), V-VH,
and V-HD, experiments, respectively. It is not shown here, but,
we additionally investigated another elevation angle where the
drone is exactly above the ground transmitter (i.e., # = 90°),
and, intuitively, rotation seemed insignificant. In other words,
no change in average RSS was observed. Moreover, no specific
trend was observed for the VH links, as the rotational loss is
approximately constant with a value around 2 dB across the
investigated elevation angles.

For the VV links, the model that describes the elevation-
dependent rotational loss I' (in dB) as a function of the elevation
angle, , can be described as:

Ty(6) = b + B ®)

Here, 4 is the slope of the straight line, 3 is the intercept, and 6
is the elevation angle between the ground Tx and the drone Rx.
The values of these parameters for all vertical-to-vertical links
are summarized in Table IIL.

We now quantify the benefit of including this rotational term in
predicting the angle-dependent loss. The results of the measured
and predicted values for Ly of the VV link in the V-VH
experiment are shown in Fig. 13. In this figure, we have 4
results: (i) Ly is measured at ¢ = 0°, which is simply the
average measured loss (difference between transmit power and
average received power for 20 s) at the corresponding elevation
angle when the Rx drone is facing the ground Tx. (ii) Lyv is
measured at ¢ = 180° with the drone facing-away from the Tx,
which is clearly larger due to the drone body. (iii) A prediction
is produced by using Ly excluding I'4(¢)), which is the result
of predicting this angle-dependent loss using equation (5) but
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Fig. 13.  Impact of using I' 4 () on predicting the angle-dependent loss when

a drone is rotated 180° at different elevation angles.

without the above-modeled rotational loss. In other words, it
excludes the rotational loss (i.e., [',(f/) = 0 dB). (iv) Finally,
we have the prediction using Ly v including the average value
of the rotational loss, I'; (), which is predicted using the above
model (equation (8)).

First, we can see that only using the elevation radiation pattern
provides good prediction when facing the Tx. However, to
predict the angle-dependent loss when facing-away from the
Tx, a significant underestimation in the link budget of up to
11 dB can occur. An example of this error can be seen at an
elevation angle of 55°, where we predict 75 dB of average link
loss, but it is actually 86 dB. This error is due to the fact that this
model, as in many other drone-related works [14], [15], [20], ne-
glects drone rotation and antenna placement effects. Therefore,
we recommend including this body-induced rotational factor
when predicting drone-based links that involve drone rotation at
different elevation angles.

Introducing the body-induced rotational factor into predict-
ing angle-dependent losses would result in a more accurate
capturing of the average (large-scale) behavior of drone-based
links. For example, in the above discussed link, the average
absolute error of our prediction is 0.89 dB. However, if we
use a conventional model that excludes the rotational loss, the
average error is 6.11 dB. As a result, our model is 85% more
accurate because of the drone-body inclusion. The limitation of
this model, however, is that it is only valid for the case of LOS
ground-to-drone channels with no surrounding buildings, where
the impact of the body is prominent. However, many applications
can find this model useful including but not limited to smart
agriculture systems, where ground nodes send data to a collector
drone that hovers in a certain direction. In such a scenario, the
transmit power can be carefully designed to compensate for the
above I'y effects.

VI. SMALL-SCALE FADING FOR DRONE-MOUNTED
ANTENNAS IN 3D SPACE

In this section, we study how the orientation of multiple
drone-mounted antennas can affect small-scale fading severity.
The effects are measured in terms of the Rician K-factor and are
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Fig. 14. Measured received signal envelope for VV and VH Ground-to-Drone
links and its Rician fitting. (a) VV at§ = 3°.(b) VHat# = 3°.(c) VVat8 = 23°.
(d) VH at 8 = 23°.

investigated for polarization-matched and cross-polarized GtD
links. Furthermore, to focus on the role of the mounted antennas
and not confuse it with that of ground-induced fluctuations, we
quantify the impact of ground reflection on the Rician K-factor
via another set of DtD experiments at high altitude, where the
effect of ground reflections are minimal. We then compare the
Rician K-factor values to those obtained in the GtD experiments.
Lastly, to determine the impact of our antenna placement deci-
sions on possible diversity gains, we analyze the correlation
coefficient at all elevation angles for both heading direction
scenarios (facing and facing-away) and make recommendations
that could lead to the efficient design of drone-based networks.

A. K-Factor in 3D Ground-to-Drone Channels

We analyze the instantaneous received signal envelope
recorded at both RF chains for three GtD experiments. We
include a unique elevation angle, where the receiving drone
hovers above the ground transmitter at an angle of 90° with
a vertical distance of 10 m. This angle was examined to demon-
strate the impact of extreme elevation as opposed to the § = 3°
angle. An example of how the measured LOS channel follows
a Rician distribution is shown in Fig. 14, where a histogram of
3000 samples (a time period of 93.7 ms) of the instantaneous
received signal is plotted. Then, a Rician distribution is fitted
to the measurements using the maximum-likelihood estimate
(MLE) [52]. In this figure, we can see that higher K values (17.7
and 9.6 dB) are obtained for VV links compared to the VH links
(6.5 and 3.6 dB) at 3° and 23° elevations, respectively. It is worth
mentioning that the KolmogorovSmirnov test was performed
to compare our measurements to the fitted Rician distribution.
The results of this comparison indicated that we accept the null
hypothesis that the two sample vectors (measurements and fitted
distribution samples) come from the same distribution. This is
true for the investigated elevation angles of 3°,23°, 45°, and 55°.
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Fig. 15.  Flight path for the DtD experiments. Faded figures indicate hovering
locations. (b) The K-values for the VH link. (c) The K values for the VV link.
The empirical CDF of o for the V-HD experiment in the GtD and DtD scenarios
is shown in (d) and (e), respectively.

In general, our results indicate that the K-factor is strongly
dependent on the elevation angle for polarization-matched VV
links since it can change by as much as 15 dB, whereas it is
approximately flat for the VH link across all elevation angles.
For example, refer the GtD results in Fig. 15(c), where each
point (indicated by blue squares) represents the average of six
values of the K-factor of the VV link. We see that the strongest
K values are recorded at 3° with a range of 13-15 dB. However,
after this angle, as the drones moves to higher altitudes, the K-
factor starts to decrease, reaching approximately 4toSdB at 6 =
55°. This reduction can be explained by the analytical models
developed above, where the radiation pattern product becomes
weaker as the receiving drone moves to higher elevations. At
90° elevation (i.e., the Rx drone hovers above the ground Tx),
the K factor becomes almost 0 dB, indicating an extremely weak
LOS component.

For the VH link (Fig. 15(b)), this strong elevation dependency
is not observed. The K-factor is nearly constant because of the
low variation in the radiation pattern product over a wide range
of elevation angles (shown in Fig. 9). However, since our GtD
experiments are conducted close to the ground, the impact of
fluctuations caused by the ground needs to be understood so
that we can isolate the impact of drone-mounted antenna posi-
tion/orientation on small-scale fading. To quantify these ground

15001

TABLE IV
RiciaN K-FACTOR FOR VV AND VH LINKS IN GTD AND DTD EXPERIMENTS

Ground-to-Drone K (dB)
Link | §=3° [ #=23° | §=45° | §=55° | 8 =090°
Vv 13.31 11.21 8.27 6.16 0.37
VH 5.61 4.27 6.58 4.71 7.55
Drone-to-Drone K (dB)
Link | §=3° [ #=23° | §=45° | §=55° | 8 =90°
Vv 20.60 14.03 7.75 478 0.45
VH 10.69 13.09 7.5 522 10.10

effects, we analyze another set of results from DtD experiments
that we carried out in the same geographical location but at
altitudes where no surrounding objects exist, and the ground is
atleast 80 m below the drone (i.e., the effect of ground reflections
is weak).

B. Ground-to-Drone vs. Drone-to-Drone K-Factor

To investigate the impact of the ground on the Rician K-factor,
we conduct a set of DtD experiments that matches the GtD
experiments. We then calculate the K-factor at the same elevation
angles. The experiments are conducted at 80 to 110 m altitude,
where the environment is free of reflecting objects, and the two
drones are facing each other. The DtD experiment is shown in
Fig. 15(a). The Tx drone is fixed at its hovering location at 80-m
altitude, where the Rx drone is automated to fly at locations that
would result in approximately the same elevation angles as in
the GtD experiments. Similar to Section VI-A, we conduct three
experiments: V-VV, V-VH, and V-HD.

We calculate the K-factor and report this finding. At 3° and
23° elevation angles, the K values from the DtD experiments are
always stronger than those obtained from the GtD experiments.
For example, in Fig. 15(c), we see at 3° to 23° elevation, the
DtD K-factor can reach values of up to 24 dB, which is 10 dB
higher than that of the GtD experiments. As the elevation angle
increases, however, this difference starts to diminish, indicating
a lesser role of the ground than that of the actual hovering drone
and its mounted antennas. To further understand the impact of the
ground on the K-factor, consider Fig. 15(d)-15(e) as an example.
Here, the CDF of measured o, the parameter that describes the
reflected components in equation (7), is plotted. We can see that
it is definitely higher in the GtD experiments than in the DtD
experiments. For example, 40% of measured values are greater
than 0.15 in the GtD experiment, as opposed to 20% in the DtD
experiment. If we assume a fixed-LOS component, a higher o
results in a lower K, as is happening at altitudes close to the
ground. The measured K-factor values for VV and VH links in
the GtD and DtD experiments are summarized in Table IV.

To realize the impact of these K variations on system per-
formance, we simulate a 64-QAM Rician fading channel with
different K values. The results are shown in Fig. 16. We can
see that a reduction of K from 20 dB to 3 dB (from around 3°
to 90° drone elevation for VV links) can, at an SNR of 18 dB,
increase the bit error rate (BER) by three orders of magnitude. If
we switch to using the horizontal antenna at 90°, the estimated
K is around 12 dB, which leads to only one order of magnitude
increase in BER.
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Fig. 16. The impact of K-factor variations on symbol error rate for a 64-QAM
system in a Rician fading channel.

It is worth mentioning that while previous works have an-
alyzed the Rician K-factor variations with drone height [12],
[18], the nature of the environment in those experiments makes
it difficult to isolate radiation pattern and antenna orientation
effects from the impact of the actual obstructions and reflectors
in the signal’s path. In this study, these K variations are solely
due to the antenna location/orientation and drone proximity to
the ground, not induced by the surrounding environment (e.g.,
buildings, trees, and cars).

C. Correlation and Diversity Gains in 3D GtD Channels

As future drones might be expected to carry large number of
antennas for a variety of applications, a thorough analysis of
the impact of antenna orientation, spacing, and 3D placement
on correlation and diversity gains is critical. Here, we use the
envelope correlation coefficient rather than the complex-signal
correlation coefficient, which has both the in-phase and quadra-
ture components in its calculation. While this metric ignores
the phase of signal correlation, it is faster and simpler to cal-
culate. The metric is acceptable in literature to approximate the
complex signal correlation by the envelope correlation for small
antenna separation [53]. This envelope correlation coefficient is
calculated as:

SN (o1 — Ta1) (ra2 — T23)
Zf:l (TIl - m)z \/Zi] (Tz?. - m)z

Here, N is the total number of samples, and 777 is the mean
value of the fast-fading signal envelope 7, which corresponds
to the first antenna orientation. The term 74, corresponds to
the second receiver’s antenna orientation. For example, pp g
is the correlation coefficient between the signal envelopes of
the H and D antennas in the V-HD experiment. The correlation
coefficient for all elevation angles and the two heading directions
are summarized in Table V. These values are obtained for the
entire hovering period of 20 s per heading direction (i.e., N =
32 kS/s x 20 s = 640K samples).

First, we notice that the envelope correlation coefficient be-
tween the two receiving antennas in the facing Tx scenario
is highest at 3° elevation, even for the cross-polarized setup.
Then, correlation decreases as the elevation angle increases.
At 55° and 90°, correlation becomes slightly negative for the
cross-polarized setups, indicating the increase of the received

)]

Pzl,z2 =
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TABLE V
CORRELATION COEFFICIENT VS. ELEVATION ANGLE

Facing Tx (¢ = 0°%)

Pu h Pu,v Ph.d
3° 0.45 0.43 0.63
23° 0.32 0.35 0.25
45° 0.3 0.21 0.19
55° .22 0.1 -0.15
90° -0.08 0.1 -0.3

Facing-way from Tx (¢ = 1807)

4 Puh | Pow Ph.d
3° 0.34 0.33 0.43
23° 0.08 0.19 0.16
45° 0.5 0.06 0.45
55° 0.14 0.02 0.1
90° 0.22 0.14 0.06

signal envelope (horizontal), while the other (vertical) decreases.
When the drone is facing away from the transmitter, ¢ = 180°,
no specific trend is observed. Interestingly, even though our
experiments are in perfect LOS, we report that for all antenna
setups, at all elevation angles and for both azimuth directions,
the correlation coefficient never exceeds 0.7. As a result, diver-
sity gains can be achieved in the 9.5 to 11.5 dB range using
Maximal Ratio Combiner (MRC) or Selection Combining (SC)
in Rayleigh and Rician fading channels at an outage probability
of 0.01. This is an important result due to the fact that diversity
gains for a fixed outage probability would fall more rapidly at
correlation values higher than 0.7 [54], [55]. With this result
and our previous conclusion [21], we can conclude that in LOS
Ground-to-Drone and Drone-to-Drone channels, an antenna
spacing of 0.67A (8 cm in this case) is a good design choice if
diversity gains are of interest, regardless of antenna orientation.

VII. CONCLUSION

In this paper, we have shown that, due to drone-antenna
interaction, the constant azimuth radiation pattern assumption
made in all drone-related works is no longer true. Variations of
up to 10.25 dB can be measured when antennas are mounted on a
drone. Furthermore, we show that the body of the drone not only
affects the co-polar component of the received signal but also the
cross-polar component, increasing polarization mixing and con-
sequently reducing XPD by up to 15 dB. Then, through in-field
experiments, we measure and model the losses induced by the
drone body and find that, for the case of a drone facing-away a
ground transmitter, our model that includes rotational loss, can
be 85% more accurate than conventional models that neglect
the drone body. The impact of antenna placement on the Rician
K-factor at different drone hovering angles is then analyzed
and, for polarization matched vertical links, variations of up
to 15 dB in the K-factor were measured as the elevation angle
changes from 3° to 90°. However, cross-polarized links result in
approximately a flat behavior with variations of less than 4.5 dB
across all angles. The ground is found to reduce the K-factor
by up to 10 dB at low elevations. However, at higher elevations,
GtD and DtD links have similar K-factor values. Finally, through
analyzing the measured correlation coefficient, we find that an
antenna spacing of 0.67A would result in a correlation coefficient
less than 0.7, regardless of antenna orientation.
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