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ABSTRACT: The issue of signal outages in sub-THz frequency communication for future 6G networks is addressed by this research.
A machine learning method is proposed, employing Random Forest and K-Means algorithms to predict the optimal frequency band
and outage probabilities for UAV relays. Both space and frequency diversity are explored to enhance signal strength, and metasurface-
carrying UAVs are introduced with a 16 x 16 mm? design. This design significantly reduces the predicted outage probability from 0.1%
to 0.0178%. Finally, triangular and hexagonal UAV swarm formations with metasurfaces are investigated, demonstrating improved

performance through heatmap results.

1. INTRODUCTION

The growth of several new applications, including those us-
ing artificial intelligence (Al), virtual reality (VR), three-
dimensional (3D) media, and the internet of everything (IoE),
has resulted in an enormous amount of traffic. In 2010, there
were 7.462 EB/month of mobile traffic worldwide. By 2030,
this data traffic is expected to reach 5016 EB/month [1]. A
civilization that operates entirely through a digital framework
features fully automated and remotely controlled systems [2].
The systems with the capability of self decisions and intelli-
gent control are gaining popularity across every aspect of life,
such as Al powered business, intelligent medicine, self driving
transportation, and deep space exploration. Additionally, the
smart and automated systems requiring millions of sensors are
incorporated in the industrial and domestics sectors.

An intelligent network that offers everything as a service
(XaaS), and a fully automated life cannot be experienced with
5G networks [3]. The 5G communication system appears suffi-
cient for current system requirements; however, the increasing
use of intelligent and automation systems is driving the demand
for wireless data transmission. It may be necessary to consider
future upgrades to ensure the continued smooth operation of
these systems. Compared to fourth-generation (4G) communi-
cations, the 5G network will offer more features and a higher
quality of service (QoS) [4]. Additionally, the frequency bands
of millimeter-wave (mmWave) have been efficiently utilized
and managed for 5G technology, allowing for faster data trans-
fer rates and improved network performance.

The 5G communication system did not fully consider the in-
tegration of communication, intelligence, sensing, control, and
computing functions, which will be essential for supporting the
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upcoming wave of internet of things (IoT) and IoE applications
[5]. Moving forward, a convergence of these technologies will
be necessary. For example, virtual reality (VR) equipment re-
quires data speeds exceeding the capabilities of 5G, which high-
lights the need for a move beyond 5G (B5G) to meet the increas-
ing demand for at least 10 Gbps of data speeds. As a result, the
design objectives for 5G’s next stage have been already inves-
tigated in literature, with the technology hitting its limitations
in 2030.

Recently, researchers have been focusing on the performance
of 6G mobile communication and Industry 5.0. For example,
in [6], the authors used a convolutional neural network (CNN)
for prediction purposes in 6G communication. Other similar
works have been presented by [7-10]. In another study re-
ported by [11], the authors focused on the outage prediction
of ultra-reliable low-latency communication channels. In [12],
a machine learning model was used for power outage predic-
tion, but this technique has not been applied to communication,
so there is an opportunity to use this technique for 6G mobile
communication.

In [13], the authors discussed the channel model for un-
manned aerial vehicles (UAVs) and propagation loss, but the
use of metasurface along UAV has not been discussed. In [14],
the use of metasurfaces for THz with multifunctional character-
istics for RADAR and other sensing applications was reported.
Ref. [15] presented a design of folded dielectrics for THz appli-
cations, verifying the design through experimentation. In [16],
the concept of a cell-free IoE with correlation to 6G and the use
of massive MIMO was discussed.

The challenges and use cases for 6G communication were
discussed by [17, 18], which presented the need and concept of
beamforming for 6G, quantum communication, and the integra-
tion of Al. Beamforming is a critical function in wireless com-
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FIGURE 1. Alluvial map for feature compression of 4G, 5G and 6G.

munication, and the use of antenna arrays has been found to be
important for 6G network communication, as demonstrated in
related works such as [19-21]. Similarly, [17] reported signifi-
cant aspects of 6G, but it did not discuss hardware design con-
siderations. In [22], a metasurface with intelligent beamform-
ing capabilities was proposed, using a deep learning neural net-
work. The metasurface is capable of adaptive beamforming for
the 5.3 GHz frequency range, which falls under the sub-6 GHz
spectrum for 5G applications [23]. In [24], a design for recon-
figurable intelligent surfaces (RISs) was presented, introducing
the concept of programmable metasurfaces.

The future of UAVs in cellular communication has been a
topic of discussion for 5G and 6G technologies, but the design
challenges have yet to be addressed [25-27]. A mathemati-
cal model for UAV-based relay was only discussed in terms of
signal-to-noise ratio in [28]. According to [29], significant ad-
vancements have been made in UAV technology, with the dis-
cussion of a satellite-controlled UAV network. To the best of
the authors’ knowledge, no research has been published on us-
ing metasurface-equipped UAVs for predicting outages in 6G
mobile communication through machine learning. Figure 1 il-
lustrates the alluvial map for feature compression of 4G, 5G,
and 6G.

This paper is structured as follows. Section 2 offers an in-
depth overview of 6G technology, with a specific focus on
pathloss models. In Section 3, we present machine learning-
based attenuation prediction, coupled with an exploration of
clustered usable frequency bands customized for 6G commu-
nication. Section 4 is dedicated to the discussion of link outage
probability for UAV relay, complemented by the presentation
of'a contour plot illustrating space and frequency diversity. Fur-
thermore, Section 5 focuses on the design process for a meta-
surface tailored to 6G networks. Finally, Section 6 explores the
swarm models, as triangular and hexagonal swarm formations

for 6G UAV relay systems and includes predictions for outage
probability percentages.

2. MATHEMATICAL PATHLOSS FOR 6G

The mathematical model for atmospheric pathloss in 6G tech-
nology can be represented using the two-slope pathloss model,
which takes into account both the line-of-sight (LoS) and non-
line-of-sight (NLoS) conditions (see Fig. 2). The pathloss
model can be represented as:

PL(d) = PLo + 10nlog,,(d) + & (1)

where PL(d) is the pathloss at distance d, PL0 the pathloss
at reference distance, n the pathloss exponent, and 7 the zero-
mean Gaussian random variable that models the log-normal
shadowing effect [30]. The pathloss exponent, n, is dependent
on whether the communication is in LoS or NLoS conditions.
For LoS, the pathloss exponent is typically lower, whereas for
NLoS, it is typically higher.

) Relay
6G BS
Smart Car

FIGURE 2. 6G communication with UAV relay model for dynamic con-
nectivity.
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In addition to the atmospheric pathloss, 6G technology will
also have to take into account other forms of signal attenuation,
such as absorption and scattering by atmospheric molecules,
aerosols, and hydrometeors, as well as reflection, refraction,
and diffraction by the terrain. These effects can be modeled
using sophisticated atmospheric propagation models, such as
the Line by Line Radiative Transfer Model (LBLRTM) to ac-
curately predict the signal attenuation and ensure reliable com-
munication [31]. Similarly, Eq. (2) is often used to model the
pathloss in free space, where the signal power decreases expo-
nentially with distance [32].

T(foa do) == eXp_k(fo)do (2)

In the above equation, T'( f,, d,) represents the signal power
at the receiver, f, the frequency of the signal, d, the dis-
tance between the transmitter and the receiver, and k(f,) the
frequency-dependent pathloss coefficient. The attenuation co-
efficient, k(f,), can be further expressed as:

£ Tstp

47 8J
X @)

k(fo) = (3)

where p is the pressure at altitude, p, the reference pressure,
T4 the standard temperature, 1" the temperature, Q%I the wa-
ter vapor density, and o*/ (f) the absorption cross-section for
the i*" and j** water vapor absorption lines at frequency f.
Moreover, the atmospheric absorption can be expressed as:

1
Aatm(foa do) — T N

T(fordo) @

The total pathloss is composed of two losses: atmospheric
loss Agtm and free space scattering loss Agp,q, Which can be
expressed in [32] as:

Aatm(fm do) = k(fo)d (5)

and

47 fod,

Aspd(fov do) = 20 10g10 (6)
The total loss is the sum of Egs. (5) and (6); therefore, the
total pathloss can be represented as:

Atotal [dB] = Aatm (fo; do) + Aspd(fov do) (7)

3. ATTENUATION AND BAND PREDICTION

In this section, the attenuation and usable frequency band pre-
diction have been carried out. Machine learning has been ap-
plied once dataset has been generated.

3.1. Attenuation Prediction Using Random Forest Regression
in Wireless Communication

In this section, the prediction of attenuation for millimeter wave
communication was carried out using a machine learning ap-
proach. A raw dataset was first obtained from literature in pic-
ture format, and a MATLAB code was developed to extract nu-
merical data for model training (as shown in Fig. 3) [33]. The
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dataset was then preprocessed to ensure accurate results during
prediction.

The preprocessed data was loaded into a Python IDE, such
as Jupyter Notebook, in a CSV file format. Features and labels
were then extracted from the dataset. The Random Forest re-
gression was applied for model training with a set number of
estimators equal to 10. The prediction was carried out based on
the trained model and achieved a 99% accuracy. The complete
process is presented in Fig. 3, and the predicted result is shown
in Fig. 4.

The predicted plot (Fig. 4) is in logarithmic scale, where
attenuation peaks can be seen. The recommended frequency
band for 6G is between 100 GHz and 1000 GHz. The machine
learning prediction shows that certain frequency bands (100 to
1000 GHz) have attenuation peaks due to atmospheric effects.
The first peak attenuation is observed at 120 GHz due to oxy-
gen (O2) absorption, and all other peaks are due to water (H2O)
molecules.

3.2. Absorption Losses Due to Water Vapor and Oxygen

In the THz wireless communication, frequency bands are cate-
gorized into low, high, and extremely high losses. The losses
are a function of frequency f and are described by the equation
for specific attenuation of water vapor in Eq. (8) [34]. The fre-
quency range considered is f < 350 GHz, and the water vapor
density is characterized at ground level with a temperature of
15°C and p < 12 g/m? [35].

3 9
_|_

—|0.067 +
e (f—223)°+73  (f—183)°+6

®)
4.3

(f —323.8)° + 10

} X f2x px10714
The expression for the specific attenuation due to oxygen is
given in Eq. (9).

2,.3
7.3}

~ L2 0360207

0.3429bv*o( f4)
(fi - f)a +b

Yo ] f2x1072 (9)
where 7 (f;) is defined as
Yo (fs) = 2.128r) 495471092 exp [ — 2.5280(1 — r4)] (10)

The values of a and b are given by

_InCp/m) oA

= 11
In3.5 m (D

where 7; and 7, are defined as

m = 6.7665r, 9702190 exp [1.5663(1—1;)] =1 (12)

n2 = 27.8843r, 049080849 exp [1.5496(1—1y) | —1 (13)

where f; is the upper limit of frequency, and r,, and r; are con-
stants where p represents air pressure, and ¢ represents mean
temperature. The selection of the frequency band for UAV re-
laying systems is a crucial factor that must be carefully con-
sidered in order to ensure optimal performance. The frequency
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FIGURE 4. Atmospheric attenuation prediction based on machine learn-
ing model.

band must be chosen in such a way as to avoid high levels of
attenuation due to atmospheric gases such as water vapor and
oxygen, which can severely impact the quality and strength of
the signal. This requires a thorough understanding of the propa-
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Number of clusters

FIGURE 5. Elbow plotting for estimation k& number of clusters.

gation characteristics of the atmosphere at different frequencies
and the use of appropriate prediction models to determine the
most suitable frequency band. The upcoming subsection has
discussion of prediction model.
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3.3. Prediction of Usable Frequency Band Using K-Means Clus-
tering

The prediction of the usable frequency band for wireless com-
munication is an important aspect of this research. In this sub-
section, the prediction of the frequency band that is suscepti-
ble to exceptional attenuation, caused by various atmospheric
gases such as water vapor and oxygen, has been carried out. To
carry out this prediction, a dataset was generated that took into
account various atmospheric parameters such as temperature,
pressure, and the density of atmospheric gases.

The goal was to predict the usable frequency band in the THz
range and determine the level of attenuation in each band. To
achieve this, a machine learning model was trained using a K-
Means clustering algorithm, and the K-Means clustering per-
forms the division of objects into clusters that share similari-
ties. Additionally, the algorithm was applied to the dataset and
generated elbow plot as shown in Fig. 5. The output of the algo-
rithm was three categories of frequency bands, namely, low at-
tenuation, high bandwidth, and extreme attenuation bands. The
results were visualized in the form of a plot as shown in Fig. 6,
where the centroids of each category were plotted for a clear
demonstration of the results. The model can be used to deter-
mine the suitable frequency band and the corresponding level
of attenuation [36]. From Fig. 6, the centroid of low attenua-
tion band has been selected for further processing. On the other
hand, the extremely high attenuation band cannot be used in 6G
communication. The green dotted band in Fig. 6 can be used
for high bandwidth and low quantitation along with hardware
design challenge.

4. PREDICTING LINK OUTAGE PROBABILITY IN RE-
LAYING UAV SYSTEM

In this section, an example setup is presented with relaying
UAV for the selection of frequency f = 270 GHz, the centroids
of low attenuation band as mentioned in the Fig. 6. According
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FIGURE 7. Atmospheric attenuation prediction based on machine learn-
ing model.

to the results shown in Fig. 6, the model is then used to se-
lect the frequency band that offers the best signal quality and
strength. The frequency band with low attenuation is selected
to minimize signal degradation during transmission. The fre-
quency band is also selected based on the availability of suitable
communication technology for the specific application. Addi-
tionally, the frequency band is selected to avoid interference
with other communication systems operating in the same fre-
quency range. Initially, it has been assumed that the antenna
gain at relaying UAV is 35.32 dBi while the transmitting power
P = 10 dBm; furthermore, it is considered that the base sta-
tion and relay UAV are at the same height /. Additionally, the
distance for the transmission is taken as d = 200 m. In order
to predict the link outage probability (%) at specific automa-
tion margin, a Random forest machine learning model has been
trained on related dataset [37]. According to Fig. 7, the UAV
relay outage probability (Ps) for frequency selective fading is
formulated below:

2
P, =2.150 | wyy, x 1084/20 5 _Tm
’T’I‘,]\/[’
(14)
4+ Wxn X 108M/20 Tm
|T7',NM|

The multipath activity factor  may increase in the case of
dynamic relay UAV. The signal bandwidth is W, in THz, and
the notch depth B, during wave propagation is also considered.
The mean delay factor is represented by 7,,,, while 7. ;. is the
reference delay used to obtain the signature. The subscript
represents both minimum phase (M) and non-minimum phase
(N M) conditions. The details of the multipath activity param-
eters can be presented through an empirical equation.

d13
and Tm_o7( ) (15)

_ B _0.2(P0)0.75
n=1-e 50
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Additionally, the P, is calculated as p,, /100, which repre-
sents the percentage of time related to the multipath occurrence
factor. To make accurate predictions of the outage probabil-
ity in 6G communication, Fig. 7 can be used as a reference.
By considering an attenuation margin of 14 dB/Km at the fre-
quency of 270 GHz, this figure provides an estimate of the like-
lihood of an interruption in the communication link. The results
are obtained using a machine learning model, which has been
trained based on the various parameters affecting the communi-
cation link such as the height of the base station and relay UAV,
the distance between them, the antenna gain at the relay UAV,
and the transmitted power. To further improve 7,,,, beamform-
ing through ASIC is recommended as discussed in Section 2.

The outage improvement has been planned with space and
frequency diversity, and the contour plot with sweeping diver-
sity antenna on UAV has been investigated.

The contour plot in Fig. 8 provides a visual representation of
the improvement in outage predictions as diversity antennas are
utilized. The plot highlights the difference in predicted outage
probability between the conventional setup and the one with
sweeping diversity antennas. It can be observed that with the
use of diversity antennas, the prediction of the outage probabil-
ity becomes more accurate, and the chances of the occurrence
of'a 0.1% outage become less.

Similarly, the frequency diversity plot in Fig. 9 provides in-
sight into the effect of using frequency diversity on the predic-
tion of outage probability. By combining different frequencies,
it becomes possible to reduce the predicted outage probability.
The figure demonstrates the improvement in prediction accu-
racy when frequency diversity is utilized. The results indicate
that diversity antennas can greatly enhance the precision of out-
age predictions, although at the expense of added weight. On
the other hand, while frequency diversity also shows some im-
provement, it comes with an increase in hardware design com-
plexity.

38

Improvement factor (If)

240

260
Frequency (GHz)

FIGURE 9. Contour plot of improvement factor with frequency diversity
for UAV relay.

5. ENHANCEMENT OF MILLIMETER WAVE
STRENGTH USING METASURFACE TECHNOLOGY

Metasurfaces have been proposed as a potential solution for im-
proving signal strength and quality. The millimeter wave fre-
quencies, which fall between microwaves and infrared, have
unique properties that make them suitable for a range of ap-
plications such as wireless communication, imaging, and sens-
ing. However, their propagation in the atmosphere is hindered
by absorption and scattering from atmospheric gases and wa-
ter vapor, which results in a significant reduction in the signal
strength. Metasurfaces offer a solution to this problem by al-
lowing precise manipulation of the electromagnetic waves at
this frequency band. By controlling the phase and amplitude of
incident wave, metasurfaces can be used to increase the signal
strength. Furthermore, metasurface can also be designed to en-
hance the directivity and focus the beam which can improve the
link budget and increase the communication range [38]. This
makes them a promising technology for the use in 6G commu-
nication systems, imaging, and sensing applications.

5.1. Design of Metasurface

In this subsection, a metasurface has been specifically designed
for a frequency of 270 GHz. The metasurface consists of an ar-
ray of square-shaped unit cells arranged in a grid pattern of 16
rows by 16 columns. Each unit cell within the periodic struc-
ture is designed to have dimensions equal to the wavelength at
270 GHz, which is approximately A = 1 mm. The meta cell has
length L = 1 mm and width W = 1 mm as shown in Fig. 10.
The metasurface has a total dimension of 16 x 16 mm? with
dielectric constant (e,.) of 2.2, which has been simulated us-
ing the HFSS (High-Frequency Structure Simulator) software
as shown in Fig. 11. The simulation results, specifically So;
parameter, show that the designed metasurface is capable of
improving the signal strength and quality of millimeter wave
signals.

Www.jpier.org
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FIGURE 10. Unit cell design of metasurface for relay UAV (units in
mm).
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FIGURE 12. Magnitude of S2; scattering parameter for metasurface
(16 x 16 grid).

The metasurface design is based on the principle of subwave-
length structures that can manipulate the phase and amplitude
of electromagnetic waves. By carefully designing the geome-
try and material properties of the unit cells, the metasurface can
be used to control the reflection and transmission of millimeter
wave signals. The simulation results show that the metasurface
is able to achieve a high transmission and low reflection, which
improves the signal strength and quality of the millimeter wave.

This design can have potential applications in 6G wireless
communication systems, as well as other millimeter wave ap-
plications such as imaging and sensing. With the advancement
of technology in millimeter wave communication and sensing,
the use of metasurfaces has emerged as a promising approach
to improve the performance of these systems. This study is a
significant step towards the development of efficient and low-
loss metasurfaces for millimeter wave signal manipulation.
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FIGURE 11. 16 x 16 mm? grid design of metasurface for relay UAV.
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FIGURE 13. Phase of S2; scattering parameter for metasurface (16 x 16
grid).

5.2. Simulation Results

The simulation results of the designed metasurface for 6G com-
munication systems are presented in this section. So; parame-
ter, which is a measure of the transmission coefficient, was used
to evaluate the performance of the metasurface. The simulation
results show that the metasurface has a total gain of 5 dB. This
gain is achieved through the use of the phase variation within
the unit cell, which allows for constructive interference of the
incoming signals.

Additionally, the metasurface was also evaluated for its abil-
ity to suppress unwanted reflections and scattering as the mag-
nitude and phase of S, are shown in Figs. 12 and 13, respec-
tively. The results show that the metasurface has a low re-
flection coefficient, indicating that it effectively suppresses un-
wanted reflections. The scattering coefficient was also found to
be low, indicating that the metasurface effectively suppresses
unwanted scattering. In conclusion, the simulation results of
the designed metasurface for 6G communication systems have

Www.jpier.org



rPIER B

Khalil et al.

dB(GainTotal)

Max: 1.3

-10

15

20

-30
Min: -26.2

125 50 dB(GainTotal)

FIGURE 14. 3D polar plot of unit cell’s radiation pattern showing the gain of 5 dB.

100

“ —e— Prediction

—,

UAV with
metasurface
Reflection from |
metasurface |

\

A :
0.0178 \ ‘

Improvement with metasurface

Outage probability (%)

01 F

21.75

0.01 1 1 1 T 1

Attenuation margin at f = 270 GHz dB/Km
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shown that it meets the required specifications for 6G commu-
nication systems. The metasurface has a total gain of 5dB as
presented in Fig. 14, low reflection coefficient, and low scat-
tering coefficient, making it suitable for the use in a 6G com-
munication system.

It should be noted that the above results are based on simula-
tion, and further testing and optimization of the metasurface are
necessary in order to fully evaluate its performance in a real-
world scenario. Additionally, the metasurface will be carried
by a UAV relay station, which can be used to improve the atten-
uation margin. Fig. 15 demonstrates the improvement achieved
in the attenuation margin by using metasurface technology. As
seen in the figure, the attenuation margin has increased from
16.75 dB to 21.75 dB, resulting in a significant improvement in
the signal quality. This increase in the attenuation margin has
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FIGURE 16. Triangular swarm formation (low resource deployment)
with UAVs located at maximum attenuation margin for outage prob-
ability prediction.

directly impacted the prediction of outage probability, reducing
it from 0.1% to 0.0178%. This decrease in the outage proba-
bility indicates a more reliable and robust communication sys-
tem, which is essential for various applications such as wireless
communication, imaging, and sensing. The use of metasurface
technology not only improves the signal quality but also en-
hances the directivity of millimeter wave, which can be used
to increase the communication range and link budget. Over-
all, the results obtained from Fig. 15 highlight the potential of
metasurface technology for improving the accuracy of outage
predictions in millimeter wave.

6. SWARM FORMATION FOR 6G NETWORK

According to the previous section, the attenuation margin has
been improved using a designed metasurface. The following
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two subsections present the two types of UAV swarm forma-
tions aimed at improving attenuation.

6.1. Triangular UAVs Formation

In the triangular formation, three UAVSs are strategically posi-
tioned at the vertices of the triangle, while the 6G-based station
is centrally located within the triangular formation, as depicted
in Fig. 16. Initially, the UAVs are strategically placed to max-
imize the attenuation margin, reaching a value of 17 dB/km.
Subsequently, the UAVs are repositioned with attenuation mar-
gins of 13, 9, and 5 dB/km, respectively. Notably, in this sce-
nario, the proposed metasurface is not employed on the UAVs.
To predict the corresponding outage probability percentages, a
Random Forest model has been trained. The predictions are vi-
sually represented in the form of a heatmap, as shown in Fig. 17.

On the other hand, the UAVSs are positioned at the same loca-
tions, but with the deployment of a metasurface. An enhanced
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version of the heatmap is illustrated in Fig. 18 wherein the dark
shaded area has more outage probability. For a clearer under-
standing of the concept, Fig. 19 presents a comparison of con-
tour plots. Herein, the contour plot with the metasurface illus-
trates an improvement in the outage probability, accompanied
by a shrinking of the pattern. The analysis of results reveals
that in the triangular formation, there are red zones in the out-
age probability contour plot, indicating a significant percentage
of high outage occurrences.

6.2. Hexagonal UAVs Formation

To enhance the outage probability, a hexagonal formation com-
prising six UAVs has been explored. Initially, the UAVs are po-
sitioned to maximize the attenuation margin (17 dB/km) with-
out the use of a metasurface, as illustrated in Fig. 20. Addition-
ally, the coordinates for the ¢-th UAV in a regular hexagonal
formation with distance d between adjacent UAVs are given
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FIGURE 20. Hexagonal swarm formation (high resource deployment) with UAVs located at maximum attenuation margin for outage probability

prediction.
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FIGURE 21. Heatmap of predicted outage probability percentage for
hexagonal swarm without metasurfaces.

by:

H; ; = (dcos(6;),dsin(6;)) (16)
where 0; = represents the angular position of the i-th UAV
in radians whlle 7 presents the step for attenuation margin. Sim-
ilar to the triangular formation, the base station is centrally lo-
cated within the hexagon, and the UAVs operate without meta-
surfaces. Subsequently, the UAVs’ placement is adjusted in in-
crements of 4 dB/km, and the predicted results are showcased
in both heatmaps. Fig. 21 represents the scenario without meta-
surfaces. On the other hand, Fig. 22 displays the outcomes with
the inclusion of metasurfaces. From the analysis of Figs. 21
and 22, a significant reduction in outage probability has been
observed in the red color zone due to the employability of the
metasurface. Furthermore, a comparison of contour plots is
also presented in Fig. 23, offering a better visual assessment
of the hexagonal UAVs formation outcomes.

27rz
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Number of UAVs in swarm

Swarm attenuatlon margm (dB/km) (even colum) and outage probablllty (%) (odd colum)

FIGURE 22. Heatmap of predicted outage probability percentage for
hexagonal swarm with metasurfaces.

To analyze both formations, triangular and hexagonal, the
hexagonal configuration demonstrated significant improve-
ment, especially with the incorporation of metasurfaces. This
configuration successfully achieved the goal of enhancing
outage probability, reaching an optimized state with an optimal
number of UAVs. Notably, it achieved a remarkable 5.6%
outage probability with an attenuation of 10 dB/km, and the
comparison of proposed work is shown in Table 1.

In our proposed work, we have introduced a comprehensive
analysis of UAVs and swarm parameters for 6G communication
systems. Leveraging a combination of Random Forest and K-
Means algorithms, we developed a predictive model to assess
swarm outage probability. This approach aims to enhance the
reliability and performance of UAV relaying in 6G scenarios,
contributing to the field of interruption probability prediction
through machine learning and intelligent algorithms. Addition-
ally, Table 2 provides a comprehensive summary of the results
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FIGURE 23. Contour plots of hexagonal formation without and with metasurfaces.
TABLE 1. Comparison of UAVs and Swarm Parameters.
Ref. UAVs | ML & Al Algorithm Model Swarm | Application
[39] - Yes ML/AI Blockchain Yes 6G
[40] - Yes ML/AI NTN Yes 6G
[41] 3 No - - Yes 6G
[42] 1 Yes RL — No 5G
[43] 1 No Iterative algo. - No -
Proposed Work 6 Yes R.F. & K-means | Swarm Outage Yes 6G

TABLE 2. Comparisons are made between the results of UAV triangular and hexagonal swarm formations with and without Metasurfaces (MS).

Swarm type | UAVs placement QOutage Prob. without MS | Outage Prob. with MS Contour plot with MS
Triangular | Fig. 16 (11 dB/km) 9.1% 6.5% Reduced red pattern (Fig. 19)
Hexagonal | Fig. 20 (22 dB/km) 0.097% 0.014% Reduced dual red pattern (Fig. 23)

obtained from swarm formations, offering a detailed compar-
ison between different configurations and their corresponding
outcomes.

7. CONCLUSION

In conclusion, this paper has showcased the application of ma-
chine learning techniques for predicting outage probability in
UAV relaying. Leveraging the Random Forest algorithm, we
accurately forecasted atmospheric losses in millimeter wave
signals and identified the optimal frequency band through K-
Means clustering. The selected frequency band was employed
to predict UAV relay outage probability. The impact of space
and frequency diversity is also thoroughly investigated. More-
over, a novel metasurface design was introduced, resulting in

43

a substantial improvement in outage prediction — from 0.1%
to an impressive 0.0178%. Additionally, the compact size of
the metasurface 16 x 16 mm? played a pivotal role in enhanc-
ing the received signal strength at the UAV relay. Finally, two
distinct use cases, triangular and hexagonal UAV swarm forma-
tions were discussed. The machine learning model was utilized
to predict outage probability percentages, and the results were
presented through heatmaps. This study not only advances the
understanding of outage probability prediction in UAV relaying
but also underscores the effectiveness of machine learning and
metasurface design in improving reliability and performance in
such communication systems. Future research could explore
additional scenarios and optimizations to further refine and ex-
pand upon these findings.
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