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Propagation Characteristics for UAVs Operating at Short Range
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Abstract—Propagation mechanisms for short range, low altitude conditions are reviewed for their use
in communications of unmanned aerial vehicles (UAVs). This study is based on measurements conducted
in an obstacle-free area. The testbed is made up of a testing UAV (in particular a drone) and a set of
four ground station terminals (GSTs) located in a football field; the antenna heights of radios (onboard
the drone and GSTs) are equal to 1.4m, and the maximum distance between them is 50m. Under
these conditions, a plane earth geometry is well suited, and therefore the two-ray propagation model
is considered. Measurement results for a radial configuration of the drone with respect to a ground
station follow the trend of this model, but with a shift, which is attributed to the scattering from the
grass. Then, an adjusted two-ray model is proposed for which experiments report good results. For
another configuration where the drone has different positions in a square area of 30 x 30 m and there are
four ground stations in the corners of the square, the general trend of the power decay of measurement
results follows this model, but in some positions a difference around it is found even for locations at
the same distance drone-GTSs. This behavior is attributed to the interaction of the print circuit board
to the radiation characteristics of the antenna used in the radios. Thus, this effect is also analyzed
by simulations, whose results show a deformation of the antenna radiation pattern, concentrating the
energy in a certain direction and reducing it in another.

1. INTRODUCTION

Nowadays, unmanned aerial vehicles (UAVs) are spreading for different applications around the world.
These devices, commonly known as drones, have diverse designs, configurations, and capabilities, which
make them candidates to be included into the forthcoming fifth-generation (5G) and beyond [1,2].
An essential component of UAVs, operated either as a single device or as swarm of drones, is the
communication technology used between devices (e.g., UAV-UAV, UAV-ground station). Basically,
there are two types of communications components [2]: control and non-payloads communication
(CNPC) and payload communication. In any case, these components use wireless technology, and
therefore, it is important to study their propagation characteristics. Provided that UAVs usually fly
over obstructions, it is a regular practice to assume that they present line-of sight (LOS) conditions
(i.e., when the propagation path between transmitter and receiver is free of obstructions). Nevertheless,
non-line-of-sight (NLOS) communications can be present as well, particularly when UAVs fly at low
altitude in hilly zones or urban and suburban areas (in other words, NLOS conditions implies that
natural or artificial obstructions can be present in the propagation path between terminals). Moreover,
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Tatar Mamaghani and Hong [3] pointed out that at low-altitude the UAV propagation channel presents
small-scale Rician fading with a probabilistic path loss attenuation®. See [3,5-7] for LOS or NLOS
approaches taken for different examples of UAVs implementations.

The objective of this paper is to analyze the behavior of the received power levels (which is related
to the path loss characteristics) for a short range, low altitude environment. The scenario considered
consists of an outdoors obstruction-free zone, where a testing UAV (particularly a drone) is located at
low altitude (less than 2 m) and within a relatively small area (a square of 30x30m). The previous setup
is relevant because there are applications of UAVs at low altitude like civil engineering [8], field crop
phenotyping [9], delivery of some Internet of Things (IoT) services [10], monitoring of water quality [11],
to mention just a few. Hence, results derived from our study could be of practical interest.

Then, for the characteristics of the scenario considered here, it could be in principle possible to adopt
some electromagnetic propagation fundamentals used for short range wireless networks. For example,
in microcellular mobile systems, the well-known two-slope propagation model is usually applied (i.e.,
a combination of two models with different power decay exponents), which considers the so-called
breakpoint distance. This distance represents the border that divides two regions with different trends
of the signal path loss (e.g., free space and two-ray models) and can be determined theoretically as a
function of the wavelength and the heights of the antennas. On the other hand, the tendency of the
path loss can also be approximated by experimental results through linear regression analysis as has
been addressed for some situations where UAVs operate [8-11]. However, in our case, we have observed
experimentally that a single slope model based on the two-ray model is a better fit. A similar result is
recently reported by Qiu et al. [12], but for a suburban area where the UAVs are at low altitudes near
metallic and concrete structures.

Thus, the paper is organized as follows. Some preliminary concepts like free space propagation,
power decay, and two-ray model are addressed in Section 2. The description of the measurement
campaigns, analysis of results, and propagation model are presented in Section 3. We find that depending
on the relative position of the drone and ground stations, some received signals at the same distance
present a variation around the propagation model, which is attributed to the interaction of the print
circuit boards of radios and their corresponding antennas. From this observation, a study of this effect
is included in this paper in Section 4. Concluding remarks are given in Section 5.

2. PRELIMINARY CONCEPTS

2.1. Free Space Propagation: A Starting Point

For an environment without obstructions in the direct path between transmitter and receiver, reflections
due to natural or artificial objects (including soil), or any type of atmospheric absorption, it is said that
there are free space propagation conditions. Mathematically, this situation is expressed by a model that
relates the received power, P,, as a function of the distance d between the end-to-end terminals and the
operating frequency through the wavelength X\ [4]

A 2
P. = Ptgtgr (m) (1)

where P, is the transmission power in mW (and consequently P, is also in mW); ¢; and g, are the
transmitter and receiver antenna gains, respectively; and both A and d are given in m. In this paper,
the end-to-end terminals correspond to a drone (transmitter) and a set of receivers called Ground Station
Terminals (GSTs), which are located at some fixed reference points.

2.2. Power Decay

In general terms, there is a relationship between P, and d through a power decay exponent or path loss
exponent, v, and hence a particular power decay law can be derived. This rate of power decay is usually

T Tt is worth mentioning that the small-scale fading addressed in [3] is associated with an environment where there exists a set of
random propagation paths produced by natural or artificial objects, and when there is a dominant path, the fading statistics follow
a Rician distribution [4]. The random nature of this environment implies that the path loss attenuation is modeled in a probabilistic
form instead of a deterministic approach.
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seen as a slope. For example, in the case of the free space model given by Eq. (1), there is only one
slope for which v = 2.

Now, under certain circumstances, a single slope model does not adequately characterize the
propagation conditions, which has been pointed out by different authors [13-16], so sometimes a two-
slope model could work well. Basically, the two-slope model represents how a certain signal experiences
two distinct power decay laws so forming two different propagation regions. The transition between
the two regions occurs at the so-called breakpoint distance, dy,, in such a way that for distances shorter
than dy,, one will find a certain value v; for the path loss exponent, while for distances larger than dy,,
its value changes to 2. A typical example of a scenario that presents this behavior is that of microcell
systems [18, 19], which operate at short range provided that transmission takes place at relatively low
power levels [20], and antennas of base stations are installed below roof height [13]. In these scenarios,
it is common to have 71 = 2 provided that free space conditions are found close to base stations [22, 23],
and o has major variability of values depending on specific characteristics of the scenario such as open
area, density of buildings, street widths, and terrain conditions.

Here, the scenario under study presents conditions like that of microcellular systems, which are
based on a plane earth geometry. Nevertheless, as discussed above, microcelllular systems typically
follow a two-slope propagation model, whereas as it will be shown later, our case is better suited to a
single slope model, in particular based on the two-ray model.

2.3. Two-Ray Model

When heights of antennas are relatively low, a reflection in the ground occurs in such a way that the
transmitted signal travels via two paths, the direct one and reflected one. This situation follows the

two-ray model based on a plane earth geometry (which is the case of interest here) whose electric field
is [4]:

E=E, {1 + pe*jM’} 2)
where E; = /30P,g;/d represents the electric field of the direct wave (i.e., for free space conditions); p

is the ground reflection coefficient; and A¢ is the phase difference between both paths. This difference
is given by

27 27
Ap=TAR=T <\/d2 (et )2 — B+ (b — hr)2> (3)
where AR is the length difference between the direct and reflected paths and is directly determined from
a plane earth geometry for antenna heights of transmitter and receiver given as h; and h,., respectively.
Now, for vertical polarization, corresponding to the testbed used here, the reflection coefficient contained
in Eq. (2) is [17]:

(€ — ja)sing — \/(e; — jz) — cos? ¢ ()
pP= . :
(€ — jz)siny + /(e; — jz) — cos? ¢
where ¢, is the dielectric constant of the medium relative to that of free space; ¢ is the incidence angle
with respect to the ground; and the term x = 18 x 10%/f relates the ground conductivity o given in
S/m and the operational frequency f in Hz. Please note that p is a complex quantity, so it can also be
expressed by its magnitude |p| and phase 6, in such a way that Eq. (2) can be rewritten as

B=Eq{1+]p|e 70}, (5)

which can be substituted in the following expression that relates the received power and electric field [4]:
EMN? g,

P.=(— . 6

" (2w> 120 ()

Under the assumption of grazing incidence angles, i.e., 1» — 0, p = —1, then the expression for

received power of the two-ray model can be simplified to

AM\? ., [2nhih,
PT = 4Ptgtg1“ (m) SlIl2 < )\; > (7)
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If d > hy, hy, Eq. (7) is reduced to

hehy \ 2
P. = Ptgtgr (#) (8)

which shows that v = 4.

Now, provided that we are considering short range (less than 50 m) and low altitude flights (less
than 2m), the condition d > hy, h, does not hold, and the general expression (5) substituted in Eq. (6)
is a better approach than that of Eq. (8). Then, by doing that to get this model in terms of its received
power, it is easy to show that:

B {1 —j(Ag—0)1 2
2T 120

The resulting plot is shown in Fig. 1 in a logarithmic scale, where the free space model is also
included for comparison purposes. In these models, experimental settings explained in Section 3.1 and
considering e, = 3 and o = 1 x 1072 S/m for a very dry ground [24] were used. As can be seen, the two-
ray model introduces a pattern of notches and crosses between the two models (some examples of these
crosses are marked as circles in Fig. 1), associated with the phase differences due to the contribution of
both waves. In spite of this variability, however, the two-ray model follows the free space profile (i.e.,
the power decay law) up to the last crossing, where a breakpoint could be theoretically identified (in
this case at 185.3 m, where mathematical expressions of both models are equal), and beyond that value
they diverge.

Free space model
Two ray model

Received power (dBm)

50 100 150 200 250
Distance (m)

Figure 1. Plots of received power as a function of distance for free space and two-ray models.

3. MEASUREMENT CAMPAIGNS AND ANALYSIS OF RESULTS

3.1. General Settings

In order to determine a propagation model for short range and low latitude conditions, measurements
were conducted in the football field of the Center for Research and Advanced Studies of IPN (Cinvestav-
IPN), Mexico. This scenario was chosen in order to avoid reflecting objects, allowing us to observe
the electromagnetic propagation phenomenon at low altitude and short range. In the same spirit,
measurements were carried out on sunny or partially sunny weather conditions for all cases, so avoiding
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Figure 2. Drone with a 2.4 GHz radio onboard.

atmospheric effects like rain or soil moisture, which can introduce additional attenuation in the
propagation path associated with the scattering of the electromagnetic waves impinging on surfaces
with water (rain drops, ground, etc.). The GSTs were implemented by using 2.4 GHz radios, whereas
another radio with the same characteristics was installed onboard the drone (see Fig. 2). All these radios
have a nominal transmission power of —2.5dBm and omnidirectional right-angle vertical dipole Taoglas
antennas GW.59.3153 with peak gain of 2.37 dBi [21], although 2.19 dBi was used as nominal gain. On
the other hand, to avoid variations of signal due to multiple ground reflections near transmitter, the
GSTs and drone were mounted over tripods of height equal to 1.4m, which represents more than 10
times the operational wavelength (required condition for the two-ray model [22]). For all measurement
points, 30 samples of received power were taken and their average calculated.

3.2. Experiment 1: Radial Measurements

Once the measurement settings have been stated, let us describe the first experiment and analyze its
results. In this experiment, a total of 43 points were selected, and thus measurements were taken over
a 50 m straight line using only one GST located at a fixed position and moving the drone in a radial
way (see Fig. 3). Table 1 presents the average values (over the 30 samples) of the received power, P,
for each selected distance, d;, j =1, 2, ..., N, with N = 43 between the drone and the GST.

Additionally, these measurement results are graphically depicted in Fig. 4, where the free space and
two-ray models are also included. As can be observed, experimental values approximate the form of the
two-ray model. This behavior is also reported by Qiu et al. [12] for a low altitude suburban scenario
(up to 45m high) with metallic and concrete obstructions.

In our case, the measurement results seem to be right shifted with respect to the two-ray model,
as can be appreciated in Fig. 4. This shift is attributed to the fact that the reflection is produced on
grass in such a way that there is not a perfect specular reflection, so diffuse scattering could be present,
producing a phase shift. To account for the observed phase shift, we propose to introduce a phase
shifting factor in the received electric field as exposed in what follows.

3.3. Propagation Model

According to the measurement results analyzed in Section 3.2, we state that for UAVs operating in short
range, low altitude and obstacle-free areas, two-ray based models are a better approach than the free
space model?, and some considerations must be taken related to the reflecting surface. For example, in

¥ Please note that for these conditions both models share the same power decay trend, but for some applications where a more
detailed propagation model is required, the two-ray model is more appropriate.
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Figure 3. Disposition of radios for a single 50 m straight line, drone (left), GST (right).
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Figure 4. Measurement results of received power for a single 50 m straight line. Free space and two-ray
models plots are also included for comparison purposes.

our grass testbed, we propose an adjusted two-ray model which includes a phase shifting factor a = k7
in the received electric field (5), in such a way that,

B = Ea {1+ |p| e 40~0- 1, (10)

Note that a = 0 corresponds to the two-ray model, so our adjusted model is more general. By
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Table 1. Measurement results of the received power in Experiment 1.

I .| Distance d; | Received Power P, .| Distance d; | Received Power P,
ndex j 7 | Index j J
(m) (dBm) (m) (dBm)

1 5 —51.01284032 23 27 —63.27064425
2 6 —51 24 28 —68.86842934
3 7 —52.34931348 25 29 —63.41554974
4 8 —59.0067827 26 30 —70.58502149
5 9 —51 27 31 —71.54103083
6 10 —53.02782876 28 32 —75.65126308
7 11 —60.1043066 29 33 =77

8 12 —61.90787273 30 34 —78.97614046
9 13 —57.14048448 31 35 —76.02307763
10 14 —57.60312371 32 37 —75

11 15 —60.17725027 33 38 —76.11784566
12 16 —61.81401465 34 39 —76.51577846
13 17 —68.35626872 35 42 —72.85298299
14 18 —74.50513428 36 43 —74.29793323
15 19 —69.07553388 37 44 —75.09135487
16 20 —64.45133782 38 45 —69.01622446
17 21 —66.74413309 39 46 —71.72971235
18 22 —65.34943831 40 47 —71.58409162
19 23 —59.46924449 41 48 —69.93838755
20 24 —61.30579738 42 49 —71.37650895
21 25 —62.18775909 43 50 —70.85468055
22 26 —62.78354435 - — —

substituting Eq. (10) in place of E in Eq. (6), the received power is given as

Proy (d: ) = (Ed{H\M ef'(M@a’}A)Q g )

Tadj

2m 120°

The previous equation represents our proposed model giving the received power as a function of
distance. The phase shifting factor « is a parameter that can be chosen to obtain and adequately fit
between the measurements and the model’s predictions.

3.4. Optimization of the Phase Shifting Factor

The factor o must be selected in such a way as to optimize a suitable chosen fitting criterion, and we
decide on the minimization of the sum of squares of the errors (that is, a least square approach) between
the prediction of the proposed model and the measurements. Let us denote the received power measured
at distance d; as P, (j = 1,2, ..., N), where the number of measurements is N = 43, according to
our measurement campaign reported in Section 3.2 and summarized in Table 1. The error between the
model-based received power P, ,.(d;j; ) at distance d; and the average measured value P, at the same
distance is given by

ej(a) =P,

Tadj

(dj 5 Oé) — Pr].. (12)

The nonlinear least squares criterion then reads (nonlinear because the relation between the received
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power and « is nonlinear, see Equation (11))

N
&= main J(a) = main Z e?(a) (13)
j=1

where J(«) stands for the objective function, and & stands for the optimum value. Fig. 5 shows the
normalized (with respect to the maximum) value of J(«) as a function of £ (remember that o = k).
Note that J(k) = J(k + 2), that is, J(k) is a periodic function with period equal to 2 because it enters
as the argument of the exponential in Equation (11). Hence, the search interval for x is limited to that
selected in the figure. By direct function evaluation to two decimal places of precision, we find that
k = 1.75, as can be graphically observed in Fig. 5.

o o
) o

Normalized value of criterion
o
D

o
)

0 L L L
0 0.5 1 1.5 2

Constant k

Figure 5. Normalized value of the objective function for different values of .

The optimum value & of k is so used to obtain o« = 1.757 which is then entered in the adjusted
two-ray model of Eq. (11). Thus, we obtain the plot shown in Fig. 6, where the two-ray and free space
models are also included for reference. As can be seen, there exists a good agreement between the
proposed model and experimental results.

It is worth pointing out that the propagation model presented in Section 3.3 is valid for short
ranges starting around 5m. For shorter ranges, further analysis and measurement campaigns need to
be conducted. This model could be tested for longer distances, for which new measurement campaigns
are of course needed to have a comparison base and, if it is the case, carry out possible modifications.
In addition, in a future study, it would be worth considering some interesting insights of the orbital
angular momentum (OAM) concept as given in [25], which could be useful for extending the range of
UAVs operating in wireless communications for 5G and beyond.

3.5. Experiment 2: Measurements in a Square Area

In a second measurement campaign, four radios were used as GSTs located in a regular disposition
forming a 30 x 30m square as shown in Fig. 7. Their geographical coordinates were taken using a
Garmin GPS model GPSMAP 64s and are given in Table 2. The drone was moved according to
positions marked as A, B, C, etc. in Fig. 7.

The results obtained from this experiment are displayed in Fig. 8, where for each location, A, B, C,
etc. there are four distances drone-GST;, with ¢ = 1, 2, 3, 4 and therefore four mean values of received
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Figure 6. Comparison of the received power levels for the adjusted two-ray model and measurement
results at different distances of Experiment 1. Free space and two-ray models plots are also included as

reference.

Figure 7. Positions of measurements.

power. Theoretical plots for free space and adjusted two-ray models are also included for comparison
purposes. As can be appreciated, although the general trend of the power decay for these measurements
follows the adjusted two-ray model, experimental results fluctuate around it. We also observe that some
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Table 2. Geographical coordinates for GSTs.

‘ GST ‘ Latitude Longitude

1 19°30’44.2”N | 99°07’46.1"W
2 19°30°45.0"N | 99°07’45.5"W
3 19°30’45.6"N | 99°07°46.4” W
4 19°30’44.9”N | 99°07°46.9” W

results present certain separation at the same distance. For example, at the center of the area, i.e.,
position P, with a distance of 21.21m to each GST, a difference of 10dB between the highest and
lowest received powers is noted. This behavior can be attributed, among other factors, to the relative
position of antennas in the printed circuit boards (PCBs) of the radios of GSTs and that of the drone,
which influences the radiation characteristics of antennas. An analysis of this effect is exposed below in
Section 4.

-30 I I

Free space
— Adjusted two ray
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Figure 8. Measurement results of received power in a square area. Free space and adjusted two-ray
models plots are also included for comparison purposes.

4. EFFECTS OF THE PRINT CIRCUIT BOARD TO THE ANTENNA RADIATION

As mentioned in Section 3.5, there are some positions in the second configuration of the measurement
campaigns where a certain variation of the received power around the adjusted two-ray model is
observed, which is related to the effect of the PCB to the antennas radiation characteristics. In
particular, we note that for a given position of the drone where the distances drone-GST; are equal,
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the relative orientation of their PCBs introduces different levels of received power at the GSTs. This
behavior was also pointed out in [26] for wireless sensor networks.

In order to test this effect, measurements of received power were carried out between a couple of
radios separated by a fixed distance of 10m (see Fig. 9), but for different horizontal angles, ¢. This
was done by rotating the drone in steps of 10 degrees over the center of its tripod and taking as a
reference ¢ = 0° when both antennas have the shortest separation according to Fig. 10. Results of these
measurements are shown in Fig. 11. As can be seen, as ¢ is increased, P, is reduced up to ¢ = 180°,
where there is a 4 dB decrease in the received power relative to the reference of ¢ = 0°. After this point,
the levels of received power increased up to the value of —51 dBm for ¢ = 350°.

1.4 m

10 m

Figure 9. Configuration used to test the effect of circuit board on the radiation pattern. Left, GST,
right, drone.

0 =270°

Antenna Cegter

Antenna O of tripod
./ p=0° \

@ =90°

Figure 10. Superior view of printed circuit boards of both radios illustrating horizontal angles (e.g.,
¢ = 0° corresponds to the shortest separation between antennas).

Then, from these observations, simulations of the antenna radiation pattern were carried out using
the CST Microwave Studio simulator to test the effect of the PCB on it, where the PCB was considered
as a Perfect Electric Conductor (PEC). In order to have a comparison base, first of all, we simulated
the antenna alone (i.e., without PCB). In this case, we obtained a very regular omnidirectional pattern
with a maximum gain of 1.611dBi, as can be seen in Fig. 12. It is worth mentioning that the value
of 2.37 dBi specified in [21] represents the peak gain, and it could not necessarily be at the horizontal
plane (in fact, we had already reported a measured gain of 2.2dBi [27] for a vertical angle relatively
near to the horizontal plane).
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Figure 11. Mean received power at the GST as a function of the horizontal angle ¢ of the drone.
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Figure 12. Simulation results of the horizontal radiation pattern of the antenna used in the drone
without its PCB.

After that, simulations were carried out for the antenna with its PCB. Results are depicted in
Fig. 13 for a 3D visualization and Fig. 14 for the horizontal plane. Fig. 15 is a superior view of the
antenna and its PCB, which is presented here for reference of the results given in Fig. 14. As can be
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seen, the presence of the PCB deforms the radiation pattern, with a minimum gain of —0.6446 dBi at
191° (i.e., near 180°) and a maximum of 1.073dBi at 258°. This non-regular shape of the radiation
pattern can be attributed to the disposition of antenna relative to the PCB, which does not have a

dni
J.oz
2,65
.27
1.89
1.51
1.13
0.756
0.378

~4.62
-9.24
=13.9
=10.5
=231
“17.7
-32.4
=37

Figure 13. Simulation results of the 3D radiation pattern of the antenna used in the drone with its
PCB.

90°

0°,0.297 dBi)

o (
80° Q (180°,-0.5364 dBi)
Phi / Degree vs. dBi 9 (191°,-0.6446 dBl)
y @ (258 1.073 dBi)

Figure 14. Simulation results of the horizontal plane of the radiation pattern of the antenna used in
the drone with its PCB.
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Antenna

HHAH

PBC

180°

Figure 15. Superior view of the PCB and the antenna used in the drone.

regular shape either, as shown in Fig. 15. Regarding the difference of gains for angles of p = 0° and
w = 180°, it is around 0.83dB. The smaller difference obtained by simulations than results given in
Fig. 11 is because simulations consider an idealized model both for antenna and PCB, and to reduce
computational load, no electronic components were included. In any case, as we stated, the objective
of these simulations is to observe the effect of the PCB on the radiation pattern, so we can say that it
acts as a reflector (because its separation distance is around A/4 from the dipole arm) concentrating the
energy in a direction and reducing it in another, which affects the levels of received power depending
on the relative angle between both radios.

Derived from this analysis, it is important to point out that the effect of PCB on the radiation
characteristics of antennas should be included in variables g; and g, of the propagation model for a
practical implementation. In particular, the drone orientation determines the relative angle between it
and a GST and consequently a variation of received energy in a certain direction.

5. CONCLUSION

An analysis of propagation mechanisms for short range, low altitude wireless communications for
unmanned aerial vehicles was presented in this paper. The two-ray propagation model was studied
as a candidate for the scenario under study. From radial measurements conducted in a testbed under
outdoors obstructions-free conditions, we observed that this model could be useful for the whole range
of measurements between 5 and 50 m. Experimental results were in good agreement with this model,
and only an adjustment in the phase was necessary. Later, field measurements were carried out in the
testbed using four ground station terminals positioned in the corners of a square of 30 x 30 m and for
different locations of the drone. Due to some peculiar observations on the levels of received power, the
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effect of the printed circuit board on the radiation pattern of antennas was also reviewed. Indeed, it
behaves as reflector of the signal radiated by the antenna concentrating the energy towards a certain
direction and reducing it in another. Thus, this effect can impact the signal received by some ground
station terminals depending on the relative orientation and horizontal angle formed between the radios
involved. Finally, it is worth mentioning that this study can be useful for some missions of UAVs that
require knowledge of the received power levels. In fact, a position location algorithm based on received
signal strength (where the propagation model studied here will be used) is currently being evaluated to
be proposed in a future correspondence.
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