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Abstract: In this study, we realized a relay network using drones and analyzed the impact of the sway
angle of a drone’s attitude on communication in a windy flight environment. Drones in flight act as
radio relay stations and communication among them is performed using radio equipment mounted
on board. In a windy environment, a directional antenna is used for relay communication among
them to avoid interference caused by the spread of radio waves in space and extend the relay distance.
However, when wind occurs during flight, the flying attitude of the drone inclines, which causes the
beam of the antenna to sway and the communication link to be disconnected, leading to a decrease
in the transmission speed. In this study, we statistically evaluated the pitch, yaw, and roll axes of a
drone through wind tunnel experiments. Furthermore, the pattern of the swing angle of the drone
with respect to the wind speed was investigated using computer simulations to analyze the fluid
dynamics and theoretically analyze the swing of the drone. Based on these results, the transmission
speed when using a directional antenna was calculated. When the wind speed was 6.0 m/s, the
pitch axis deflection angle of the drone was 13◦ at maximum, and the average transmission speed
decreased by 33.3 Mbps. In this study, it was found that in communication between drones due to
the wind, the transmission efficiency decreased depending on the sway angle of the aircraft.

Keywords: drone; wind; fluid dynamics; swing angle; transmission rate

1. Introduction

As a part of communication infrastructure, drones are expected to be used for building
networks in the air for application in dead zones and during disasters [1–4]. As illustrated
in Figure 1a, drones function as radio repeaters through formation flying in the air. In this
case, it is necessary to extend the transmission distance between drones to cover a wide
range of the communication area. In addition, in the event of a disaster, the amount of traffic
is expected to increase such that high-resolution images of the disaster site and victims
captured by cameras mounted on a drone can be transmitted [5]. Further, broadband
transmission speed is required. However, in free-space propagation through air, the spread
of radio waves is large, and there is a possibility of interference from other relay stations.
To address these problems, for example, when using a wireless local area network as
a wireless device, wireless stations within the range of radio waves share the wireless
band through carrier sense functions and use time division (interference is avoided by
performing communication through time division multiple access (TDMA)) [1]. However,
when there are several drones in the communication area, there arises the challenge that
the communication time allocated by TDMA is significantly reduced.

Drones 2023, 7, 182. https://doi.org/10.3390/drones7030182 https://www.mdpi.com/journal/drones

https://doi.org/10.3390/drones7030182
https://doi.org/10.3390/drones7030182
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/drones
https://www.mdpi.com
https://orcid.org/0000-0003-0677-9767
https://orcid.org/0000-0001-9635-3182
https://doi.org/10.3390/drones7030182
https://www.mdpi.com/journal/drones
https://www.mdpi.com/article/10.3390/drones7030182?type=check_update&version=2


Drones 2023, 7, 182 2 of 15

The directional antenna is used as shown in Figure 1b to solve these problems [6–10].
By narrowing the beam widths of radio waves, space utilization efficiency is improved
and interference with the surroundings is reduced. Furthermore, by narrowing the beam
width, the gain of the antenna increases, and the transmission over a long distance is also
improved. As examples of directional antenna implementations, previous studies have
investigated lightweight directional antennas using metamaterial reflectors [11] and that
for multiple frequency bands with aligned beam widths [12]. However, other problems
are caused when directional antennas are used with drones. The drone may tilt its flight
attitude owing to the impact of wind during flight. As the beam of the directional antenna
swings based on the tilt, the transmission rate drops as the communication link formed by
the beam is disconnected.

Because no clear analysis results have been obtained on how a drone shakes owing
to wind, it is necessary to analyze the tendency of change in drone attitude based on the
wind speed. In this study, we statistically evaluate pitch, yaw, and roll axis sway based
on drone flight experiments. Furthermore, by theoretically analyzing the motion of the
drone through computer simulation using fluid dynamics, the pattern of the motion angle
of the drone corresponding to the wind speed was understood. Based on these results, we
calculated the transmission speed when using a directional antenna and confirmed the
relationship between the shaking of the drone and the communication speed.

The remainder of the paper is organized as follows. Section 2 summarizes the re-
lated works. The communication speed issues with directional antennas are described in
Section 3, and the drone tilt based on wind speed is analyzed in Section 4. In Section 5, the
communication speed based on shake angle accumulation frequency is evaluated. Finally,
conclusions are drawn in Section 6.

Interference
signals

(a) How to use a relay network.

(b) Relay method using directional beams.

Figure 1. Use of relays and directional antennas in drones.

2. Related Work

Effects of wind perturbations on drone communications have been studied so far. In
this section, we review these related studies by classifying them into design and control
of drone networks with wind effects [13–17] and measurement and channel modeling of wind
effects [18].

Moorthy and Guan [13] proposed a beam control scheme called LeBeam for mmWave/
THz-band wireless networks among drones. In LeBeam, under mobility uncertainties of
drones due to the wind perturbations, the optimal beam width is determined by using echo
state network (ESN) learning. In [13], ESN is trained with mobility traces collected through
field experiments. In [14–17], wireless networks between drones and ground users or base
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stations are considered. In [14], drones are used as aerial base stations and cell coverage is
analyzed by considering wind perturbations. In [15], cellular-connected drone networks,
where drones connect to ground base stations, are considered and a soft-handover scheme
is proposed to provide seamless handover between base stations. In [15], the fluctuations
of drones are modeled by a random-walk statistical model. In [16], an offline path planning
algorithm for cellular-connected drone networks, which determines the flight path of
drones in a 2D space, is proposed to maximize the quality of video streaming applications
during the flight. The path planning algorithm is formulated by considering the wind
effects. In [17], multi-user drone networks, where drones communicate with multiple
ground users, are considered, and trajectories of drones are optimized by considering wind
effects. The above studies show that wind effects are important for the design and control
of drone networks.

Nie et al. [18] study channel modeling in wireless agricultural networks, wireless
networks among drones, ground vehicles, and agricultural machinery. To characterize
the stability of wireless links with wind effects, the average and minimum signal-to-noise
ratios (SNRs) are evaluated under different wind speed statistics collected through field
experiments. Although reference [18] provides important experimental results on wind
effects, this study has two different contributions. One is that the wind statistics are
collected through the wind tunnel. By using the wind tunnel, the behaviors of the drone
can be measured in detail because the wind speed can be adjusted and the motion of
the drone can be properly captured with cameras placed inside the wind tunnel. The
other is that the wind effects are analyzed in drone networks with directional antennas.
Because wireless links among drones can be regarded as free-space propagation channels,
directional antennas are important to alleviate interference. However, the communication
qualities of wireless links are sensitive to the wind effects, especially in drone networks
with narrow beam width antennas. Therefore, the analyses of the wind effects in this study
provide important insights into the design of future drone networks.

3. Communication Speed Issues with Directional Antennas

When a directional antenna is mounted on a drone, a high transmission rate can be
maintained, even between distant drones. If the beam width (half-value angle) of the
antenna is reduced, the gain of the antenna increases:

Pr = Pt + Gt(θBW , φ)− L + Gr(θBW , φ) (1)

L = 20 log10

(
4π f D

c

)
(2)

G(θBW , φ) =
32000
θ2

BW
cosn(φ) (3)

∴ n =
−1

2 log2

(
cos( θBW

2 )
) (4)

The signal power on the receiver side Pr is obtained by subtracting the free-space
propagation loss L from the antenna gain Gt and the antenna gain Gr on the receiver
side, with the power on the transmitter side of the drone Pt. We refer to Table 1 for the
received signal power and the Modulation and Coding Scheme (MCS) index and determine
the transmission rate based on IEEE802.11a [9,19]. In addition, in Formula (1), θBW is
the beam width (half-value angle) of the directional antenna, φ (= 0 ◦ is the radiation
angle at the front of the antenna, and L indicates the propagation loss in free space and is
expressed by Formula (2). Furthermore, f is the frequency used, D is the distance between
the transmitting and receiving drones, c is the speed of light, and the loss L attenuates
logarithmically depending on the distance and frequency. In addition, the radiation pattern
of the antenna is obtained using Formula (3) [9], and the antenna gain of the transmitter
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and receiver in Formula (1) is also obtained using Formula (3) [9,19,20]. The antenna gain
is approximated using Formula (3) [20], and φ in Formula (3) refers to the radiation angle
in the radiation pattern. Thus, the antenna gain for each antenna beam width θBW can be
derived. The radiation pattern in Figure 2 indicates that the beam width changes from 15◦

up to 90◦.
Figure 3 depicts the transmission rate versus the beam width of the radiation pattern

obtained from these equations. As indicated in the figure, a narrower beam width results
in a longer transmission distance between the drones and a higher transmission speed.
However, when the beam width is narrow and the drone attitude is tilted by the wind, the
beam axis between the drones is altered, as illustrated in Figure 4, and the transmission
speed decreases. Formula (3) is used to calculate the transmission speed when the two
relay drones are tilted simultaneously at the same angle, as depicted in Figure 4:

Pr = Pt + G(θBW , φt)− L + G(θBW , φr) (5)

Using Equation (5), the antenna gain at the tilt angle φt, φr at the drone transmit-
ter/receiver is used to calculate the signal power. Using the MCS index recommended
by the IEEE802.11 standard and the received power at the minimum reception sensitivity
recommended by the IEEE802.11a standard (Table 1), the transmission speed when the
drone is tilted is calculated.

Figure 5 depicts the transmission speed versus the drone tilt when the beam width
obtained from these equations was changed. The drone assumed a tilt of the pitch axis and
was set in the range of 0–60◦. The narrower the beam width, the lower the transmission
rate with respect to the drone tilt. At a beam width of 15◦, which achieved the highest
transmission rate according to Figure 3, the link between the drones was cut off at a tilt
of approximately 15◦. The drone tilt owing to the wind is a significant factor when using
a directional antenna, and it is necessary to analyze the tendency of the drone tilt with
respect to the wind speed.

Table 1. IEEE 802.11 standard transmission rate and reception sensitivity.

Transmission Speed [Mbps] Receiver Sensitivity Power [dBm]

6 −82

9 −81

12 −79

18 −77

24 −74

36 −70

48 −66

54 −65
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Figure 2. Directional beam radiation pattern.
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Figure 3. Transmission speed versus transmission distance when the beam width is different.
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4. Analysis of Drone Tilt Based on Wind Speed
4.1. Evaluation of Inclination through Wind Tunnel Experiment

A wind tunnel experiment was conducted to verify the tilt and shake patterns of the
drone with respect to the wind speed. The experimental setup is illustrated in Figure 6.
Through flight control, the drone was hovering and stationary at the same position, and
the circulator generated wind from one direction. A reflective marker was installed on
the drone, and motion capture using an infrared camera was used to analyze the drone
tilt. These measurements were performed using the software Motive [21]. The wind speed
of the circulator was changed from 0.0 to 6.0 m/s, which is above the flight limit wind
speed of the drone, referring to the flight manual [22,23] published by the Ministry of Land,
Infrastructure, Transport, and Tourism. In the experiment, we used the commercially avail-
able Mavic Air drone, which exhibits relatively stable hovering behavior [24]. Because the
drone is equipped with a GPS and vision positioning sensor, it is equipped with a function
that automatically controls the drone’s position and attitude itself. The measurement time
through motion capture was set to 1 min, and data were collected at 0.1-s intervals.

Figure 7 shows the experimental scene, in which the wind was generated by a circulator
with adjustable wind speed. Surrounding multiple cameras show motion capture. This
wind experiment conditions were the simple test method, such as the experiment scene
shown in Figure 7. Since the actual flight environment is different between this experiment
and the sky, atmospheric pressure may also have effects. However, the key aim of these
experiments is to analyze the behavior of the drone against wind pressure. Moreover,
similar results are obtained even if the shape of the drone is slightly different. Thus, in this
experiment, we will investigate the tilt tendency that occurs even if the flight environment
is different, and explore the possibility of influencing the transmission rate.

Figure 8a–c depicts the swing angles of the pitch, yaw, and roll axes, respectively, for
each wind speed obtained in the experiment. The horizontal axis indicates the shake angle
of each axis and the vertical axis indicates the normalized value of the occurrence frequency
of the shake angle. The yaw axis in Figure 8b does not indicate a large deflection even
when the wind speed is increased. However, the swing angles of the pitch and roll axes
increase as the wind speed increases. The pitch axis has a maximum deflection angle of 20◦

at a wind speed of 6.0 m/s and is considered to have a significant effect on the direction of
the directional beam. In addition, the roll axis has a high deflection frequency in the range
of 10–13◦. However, in the case of a balloon-shaped radiation pattern, since the roll axis
tilt rotates around the antenna, the beam direction does not have an influence significantly.
However, if the polarization wave planes do not match, the antenna gain will decrease.
As a result of the analysis, the reduced antenna gain was not occurred due to the plane of
polarization wave. Details are explained in Appendix A. From these experimental results,
it was confirmed that the swing angle of the pitch axis was dominant owing to the wind.

Motion Capture camera system
Circulator fan

Pitch

Yaw

Roll

Figure 6. Configuration of the wind tunnel experiment.
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Markers

Motion capture cameras

Circulator fan

Drone

Figure 7. Experiment scenery.
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Figure 8. Shaking characteristics against wind speed.

4.2. Hydrodynamic Verification

The results of the wind tunnel experiment confirmed that the swing of the pitch axis is
dominant. However, in this study, we further analyzed the principle of the swing of the
drone on the pitch axis hydrodynamically. For the hydrodynamic computer simulation, a
simple-shaped drone was drawn and evaluated, as depicted in Figure 9. The figure presents
the evaluation results for the air pressure distribution generated at a wind speed of 6.0 m/s,
which had the most significant effect. In the experiment, it was confirmed that the impact
of the pitch axis is large; therefore, the simulator (flowsquare+) [25] evaluated the fluid and
its pressure distribution on a two-dimensional plane. Figure 9a depicts the air pressure
distribution when a fluid (wind) is generated on the drone, which varies significantly over
a period of approximately 0.2 s. It is assumed that the drone tilts either up or down because
of the high pressure applied to the tip of the airframe. Figure 9b depicts a periodic variation
in the atmospheric pressure distribution; the drone may swing along the pitch axis owing
to the Karman vortices generated behind the drone and variations in the pressure above
and below the fuselage. Figure 10a,b depicts the results of the analysis of the lift and
drag forces, respectively, used to analyze the specific swing angle. The horizontal axis in
each graph represents the lift and drag forces (at intervals of 0.01 N), and the vertical axis
represents the normalized value of the force occurrence frequency (N). Maximum drag
and lift forces of 6.3 and 4 N (at a wind speed of 6.0 m/s), respectively, were generated,
and it was confirmed that both sets of data tend to be discrete. In addition, as a tendency
of the data, the maximum and minimum values of the discrete data at each wind speed
occur frequently. Therefore, it can be seen that the force applied to the airframe repeats
the maximum and minimum values at regular intervals. Based on the obtained drag and
lift data, we studied the drone swing angle using the theory depicted in Figure 11. As
illustrated in the figure, when the fluid (wind) flows into the airframe, the drag force acts
in a direction parallel to the fluid. A drone can hover by changing its attitude angle against
this drag force, with the force lift acting in the direction perpendicular to gravity [26]. That
is, the swing angle of the drone is generated because these two forces balance each other.
The deflection angle for the drone is obtained using the following equation:

θtv = tan−1
(

180(A − g − W)

φH

)
(6)

As shown in Formula (6), the force acting in the vertical direction, lift A, gravity g,
weight of the aircraft W, force acting in the horizontal direction, and drag force [27,28]
can be used to obtain the theoretical drone swing angle from H. Figure 12 depicts the
sway angle obtained theoretically from the two datasets of lift and drag obtained from the
simulation. The maximum deflection angle was 20◦ at a wind speed of 6.0 m/s, and it was
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confirmed that there was a range of deflection angles for each wind speed. The simulation
results are compared with the experimental values plotted on the pitch axis in Figure 8a.
The distribution of the swing angle for each pitch angle at each wind speed is the same,
and it can be confirmed that the tendency of the pitch axis swing and the characteristics
according to the wind speed are almost the same. However, there is a difference in the
statistical value of the cumulative frequency of the swing angle. In addition, the overall
discrete tendency for the experimental values is large. The following reason is considered
for this: the drone used in the experiment generates a drag force to offset its shaking owing
to the attitude control incorporated in the flight controller [29,30]. From the experimental
results as well as those of the fluid analysis, it was verified that the swing angle of the
drone owing to the wind and its tendency were in general agreement theoretically.

Influxc #3 

#4 

#1 

#5 #6 #7 

#2 

(a) Air pressure change when wind occurs.

#8 #9 #10 #11 

#12 #14 #15 #13 

(b) Cyclic pressure changes.

Figure 9. Results of the evaluation of the fluid and pressure distribution.
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Figure 12. Theoretical tilt caused by fluid dynamics.

5. Evaluation of Communication Speed Based on Shake Angle
Accumulation Frequency

The transmission rate is calculated using the statistical value of the accumulated
frequency at the shake angle obtained experimentally. The transmission speed is calculated
based on the deflection angle using Formulas (2)–(5). Figure 13 depicts the ratio of each
transmission rate (probability of establishing a link) based on the shaking and wind speed.
The rate of transmission was calculated as follows:

P(U) =
n(U)

n(A)
(7)
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For each wind speed, the ratio P represented by the number of data U for each
transmission speed to the total number A of data n for all transmission speeds is calculated
as follows:

F(X) = ∑
X≤x

P(x) (8)

Assuming the probability X for all possible transmission rates to be 1, the transmission
probabilities x for each transmission rate are accumulated. This enables us to determine
how low the drone sways per unit time.

As for the change in the ratio of the transmission rate for each wind speed, the
transmission speed begins to decrease from a wind speed of 3.0 m/s, and as the wind speed
increases, the ratio at which communication can be performed at a high transmission speed
decreases. As shown in Figure 14, the average transmission rate also decreases rapidly at
the wind speed of 5.0 m/s; it drops to approximately 33 Mbps at the wind speed of 6.0 m/s.
That is, the effect of wind fluctuations on communication can be attributed to the fact that
the swing of the pitch axis leads to a decrease in the antenna gain. An antenna with a wide
beam width is required on the pitch axis plane.
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Figure 13. Ratio of transmission rate to wind speed.

Figure 14. Average transmission rate.
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Transmission rate evaluation so far only considered the impact of beam misalignment.
Rigorously practical environment will contain impacts of the small-scale fading and the
Doppler shift by the drone’s movement due to the wind. With the former, air-to-air
communication environment that we assume is line-of-sight (LoS) dominant channel.
Further, beamforming originally attempts to obtain the dominant path and reflection paths
are well-suppressed. Therefore, we can certainly expect almost stable frequency-flat channel
without small-scale fading. As for the latter issue, the drone rotation due to the wind,
especially in the pitch and the yaw axes, could cause the Doppler shift. The Doppler shift,
fD, can be represented as [31]

fD =
v cosα

λ
(9)

where v, λ, and α denote the moving speed of the drone, wavelength, and direction of
arrival (DoA) of the incident wave, respectively. When the beam is mechanically directed
to DoA, the drone’s rotation due to wind is approximately perpendicular to DoA. In other
words, the DoA of the radio wave relative to the direction of movement, α, is almost 90◦, so
the effective Doppler shift is close to zero and its impact can be negligibly small.

6. Conclusions

In this study, we investigated how the sway angle of the drone’s attitude affects its
communication performance in a windy flight environment. In the presence of wind during
flight, the flying attitude of the drone tilts; therefore, the beam of the directional antenna
swings, and the communication link in the repeater section is disconnected, leading to a
decrease in the transmission speed. In this study, we statistically evaluated the pitch, yaw,
and roll angles of a drone using wind tunnel experiments. Furthermore, by theoretically
analyzing the motion of the drone using a computer simulation of fluid dynamics, we
investigated the pattern of the motion angle of the drone based on the wind speed. Based
on these results, we calculated the transmission speed when using a directional antenna.
When the wind speed was 6.0 m/s, it was confirmed that the maximum deflection angle
of the drone was 13◦, and the transmission speed decreased by 33.3 Mbps. In addition,
because the deflection of the pitch axis caused a decrease in the antenna gain, an antenna
with a wide beam width was required on the pitch axis plane.

Author Contributions: Conceptualization, T.H. and T.M.; methodology, T.H., T.I. and J.H.; validation,
Y.T., T.H. and H.S.; investigation, Y.T. and T.K.; resources, Y.T.; data curation, Y.T.; writing—original
draft preparation, Y.T. and T.H.; writing—review and editing, T.H. and T.K.; visualization, Y.T.;
supervision, T.M., T.I., J.H. and K.M.; project administration, H.S. and K.M.; funding acquisition, T.H.
All authors have read and agreed to the published version of the manuscript.

Funding: Part of the results of this research was supported by the Ministry of Internal Affairs and
Communications SCOPE (receipt number JP215004001). Part of the results of this research were
supported by the Institute of Biological Sciences Support Center “Innovation Creation Enhancement
Research Promotion Project” (JPJ007097) and “Strategic Smart Agricultural Technology Development
and Improvement Project” (JPJ011397).

Data Availability Statement: Data are available from the authors upon request.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A. Effects of Roll Axis Tilt

The roll axis tilt on the drone rotates around the antenna; the gain does not decrease
due to the deviation of the beam direction because the antenna pattern is the balloon
shape. However, the antenna must use the same polarization, either vertical or horizontal
polarization wave, at both the transmitter and receiver. If this polarization plane shifts
between the transmitter and the receiver, the antenna gain will decrease. Therefore, the
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roll axis tilt may cause a mismatch in the polarization plane between the transmitter and
receiver. The following equation shows the effect of the roll axis tilt on the antenna gain.

Gpl = G × cos(ϕt,r × π/180)2

where Gpl is the antenna gain including the tilt of the polarization plane, G is antenna
gain, ϕt,r is the angle at which the roll axis of the transmitter and receiver fluctuates.
The calculated Gpl is shown in Figure A1. This result is the sum of antenna gains in the
transmitter and receiver. The transmission rate was calculated using this antenna gain
calculated. Figure A2 shows the transmission rate when the roll axis on the drone changes
up to 90◦. On the other hand, referring to the roll axis characteristics in Figure 8c, the
maximum roll angle is about 18◦. However, the roll angle that the transmission rate is
reduced to is 30◦ or more in Figure A2. Moreover, disconnected, it is impossible for the
angle to be 70◦ or more. In these results, the roll axis tilt will not affect communication
significantly. In the first place, if the drone tilts this much, the flight itself is very difficult.
Therefore, in this study, we focused only on the pitch axis.
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