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ABSTRACT Two emerging technologies, cognitive radio (CR) and free-space optical (FSO) communication,
have created much interest both in academia and industry recently as they can fully utilize the spectrum while
providing cost-efficient secure communication. In this article, motivated by the mounting interest in CR and
FSO systems and by their ability to be rapidly deployed for civil and military applications, particularly in
emergency situations, we propose a CR enabled radio frequency (RF)/FSO communication model for an
aerial relay network. In the proposed model, CR enabled RF communication is employed for a ground-to-air
channel to exploit the advantages of CR, including spectrum efficiency, multi-user connectivity, and spatial
diversity. For an air-to-air channel, FSO communication is used, since the air-to-air path can provide perfect
line-of-sight connectivity, which is vital for FSO systems. Finally, for an air-to-ground channel, a hybrid
RF/FSO communication system is employed, where the RF communication functions as a backup for the
FSO communication in the presence of adverse weather conditions. The proposed communication model is
shown to be capable of fully utilizing the frequency spectrum, while effectively dealing with RF network
problems of spectrum mobility and underutilization, especially for emergency conditions when multiple
unmanned aerial vehicles (UAVs) are deployed.

INDEX TERMS Aecrial relay networks (ARNs), cognitive radio (CR), free space optical (FSO) communica-
tion, unmanned aerial vehicle (UAV).

I. INTRODUCTION

Over the past few years, there has been a mounting interest in
the efficient use of the frequency spectrum as wireless data
traffic has been increasing at a tremendous rate due to the
proliferation of user equipment. The ever increasing demand
for spectrum efficiency has trigged new spectrally efficient
technologies including cognitive radio (CR) and free-space
optical (FSO) communication. Among them, CR can utilize
the spectrum access, and it offers notable advantages includ-
ing energy efficiency, lower delay, and higher throughput.
FSO communication can be used for high rate point-to-point

communications over long distances. Compared to radio fre-
quency (RF) communication, FSO systems operate over a
much higher bandwidth (over 300 GHz of unlicensed spec-
trum band); moreover, they have very narrow laser beams that
can provide inherent security and robustness to interference.
CR technology can be realized by using three spectrum
sharing paradigms: underlay, overlay and interweave. In the
underlay approach, an unlicensed secondary user (SU) can use
the same spectrum as a licensed primary user (PU) without
creating any interference. Hence, energy efficient dynamic
spectrum sharing can be enabled. In the overlay approach,
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the SU helps the PU by sharing its resources (e.g., time
slot, power) to improve the communication capabilities of
the PU. Finally, in the interweave approach, the SU uses the
spectrum band of the PU when no active licensed users are
in the system. In this technique, advanced spectrum sensing
technologies aided with artificial intelligence are required to
avoid unwanted interference. With the aid of these paradigms,
CR can utilize the frequency spectrum efficiently [1].

FSO communication, on the other hand, can be described
as the transmission of information by using light emitting
diodes or laser beams with the aid of optical carriers over
two stationary points operating in the near infrared (IR) band.
In the current literature, FSO communication is usually en-
abled at the rooftops of the buildings to provide line-of-sight
(LOS) connectivity [2]. Compared to its RF counterpart, FSO
communication can boost the overall performance of wireless
systems by enabling high data rates, lower delay, inherent
security, and easy deployment. On account of this potential,
FSO systems are expected to be used in many areas including
campus connectivity, video surveillance, and monitoring. One
of the major challenges in FSO systems is atmospheric tur-
bulence induced fading, which is caused by adverse weather
conditions. Specifically, fog, snow and rain can cause random
fluctuations in the amplitude and phase of the optical trans-
mission [3]. One of the solutions presented in the literature
is to use FSO and RF communication together to exploit the
advantages of optical communication, while mitigating the
turbulence induced fading. In the so-called “mixed” RF/FSO
communication, FSO systems can be employed with its RF
counterpart in a dual-hop or multi-hop configuration with
the aid of well-known relaying approaches. By contrast, in
“hybrid” RF/FSO communication, RF transmission can be
used as a backup for the FSO communication, and the system
can switch between RF and FSO depending on the weather
conditions [4].

Like CR and FSO systems, aerial relay (AR) aided com-
munication is another promising technology for 5G+ net-
works. ARs can operate as flying base stations and provide
perfect line-of-sight (LOS) connectivity to ground users and
other ARs while being agile enough to maneuver and ad-
just their altitudes depending on weather conditions. ARs use
amplify-and-forward (AF) and decode-and-forward relaying
(DF) strategies to improve communication reliability and cov-
erage [5]. Owing to this potential, ARs have many fields of
application, including traffic monitoring, search and rescue
missions, remote sensing, and [oT scenarios where they can
provide internet access to anywhere and anytime. Moreover,
in future 5G+ networks, ARs are not only expected to be
used for emergency situations, such as floods and earthquakes,
but also for major political, sports, and music events. Indeed,
“Project Loon” has already started to deploy ARs at altitudes
of about 20 km to provide greater connectivity to unserved
and underserved communities [6].

One of the the most important challenges in AR aided
communication is the use of the frequency spectrum. The cur-
rent spectrum is overcrowded, and the unlicensed frequency
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bands can create additional bandwidth and data rate problems
for ARs. To solve these problems and to create a spectrally
efficient AR network, this article proposes combining two
emerging technologies, CR and FSO communication with an
AR network, consisting of low-altitude unmanned aerial ve-
hicle (UAV) relay nodes (URNs) and high-altitude platform
station (HAPS) systems, as demonstrated in Fig. 1. More
precisely, we propose to use a CR enabled RF transmission for
the ground-to-air (GtA) channel to create spectrally efficient
multi-user connectivity, whereas FSO communication is used
at the air-to-air (AtA) link, where a continuous LOS connec-
tion is available with the aid of acousto-optic and electro-optic
FSO transceivers [7]. Finally, for the air-to-ground (AtG)
channel, hybrid RF/FSO communication is used, where the
RF communication functions as a backup for the FSO com-
munication, creating continuous connectivity without any per-
formance loss.

Il. BACKGROUND

A. TYPES OF ARS

ARs can be classified into two groups on the basis of their
altitudes: HAPS systems and URNSs as they act as intermediate
relay nodes for integrated access and backhaul by using AF
and DF relaying strategies [8]. URNs can be deployed at an
altitude of up to 300 m, whereas HAPS systems can be located
in the stratosphere at 17-22 km above the surface [9]. HAPS
systems have wider coverage (about 200-300 km in radius)
and longer endurance (up to three months with the aid of solar
energy panels). In HAPS communication, balloons, airships,
airplanes and zeppelins may be used. Among them, balloons
and zeppelins can hover at a fixed point that allows LOS
conditions needed for the optical communication [10]. For
example, in Project Loon, essential base station components
were redesigned to be light enough to be carried by a balloon.
Even though HAPS communications have attracted consid-
erable interest in academia and industry, HAPS systems can
be vulnerable to the harsh weather conditions of stratosphere,
where temperatures drop to —90°C and wind speeds reach up
to 100 km per hour. In addition, the use of the RF spectrum
can create additional problems for HAPS nodes, especially
in crowded metropolitan areas, and deployment time can be
critical in the event of emergency situations.

URNSs are flexible, highly maneuverable and can be de-
ployed very quickly, unlike HAPS systems, making them
suitable for emergency conditions, including earthquakes,
floods, and search and rescue missions. URNs can be cate-
gorized as rotary-wing and fixed-wing URNs. Rotary-wing
URNSs have rotor blades and there are quadcopter (four ro-
tors) and hexacopter (six rotors) designs; they can hover
in a given area in the sky, which makes them preferable
for LOS communication. Fixed-wing URNs are faster than
rotary-wing URNs; however, they need a runway for takeoffs
and landings. In addition, fixed-wing URNs can be exposed
to significant Doppler spread as their relative velocities are
very high. Another important challenge associated with URN
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FIGURE 1. Graphical lllustration of CR enabled RF/FSO communication model for Aerial Relay Network.

communication is service time. URNs should be fully charged
before being deployed, and they can only be used for a short
time.

B. CHANNEL MODELS
1) GROUND-TO-AIR (GTA) CHANNEL

a) Path Loss: In RF communication, the path loss (PL) expe-
rienced by GtA or AtG paths can be expressed as V (r) = ¢rP,
where ¢ is the PL at the reference point, p is the PL expo-
nent, r = +/d* + h? is the distance between ground station
and URNS, d is the horizontal hop distance and & shows the
altitude of the URN [5]. In [5], three different types of deter-
ministic PL models were proposed. In the Type A PL model,
a quadcopter URN was used in the experiments and empirical
results showed that the signal levels dropped quickly in the
AtG or GtA channels compared to the AtA channel, which
can be modeled with free-space PL. In the Type B PL model,
URNs experienced shadowing and scattering effects due to
man-made structures as they moved through urban areas. Fi-
nally, in the Type C PL model, the URN altitude was taken
as 1 < h <120 meters, and the PL for the AtG path was
obtained by considering only the altitude of the URN.

b) Fading Models: In AR aided RF communication, almost
all existing fading models including Loo’s model, Rayleigh,
Rician, Nakagami-m and Weibull have been used so far
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to model AtG or GtA paths [11]. More precisely, Loo’s
model is a composite channel model, in which the LOS
component is modeled by a Log-normal distribution, whereas
the multi-path components follow a Rician distribution.
The Rayleigh channel, which is a special case of Rician
and Nakagami-m, is used for scattering environments. In
the literature, Rayleigh distribution was adopted to the AR
networks. Rician can be used to model LOS fluctuations of
the channel, and is suitable for URNs and HAPS systems.
In addition, Nakagami-m and Weibull distributions can
characterize HAPS communications [11].

It is noteworthy that, even though these classical fading
models can be used for ARs including URNs and HAPS
systems, they neglect the shadowing effect that can block the
AtG or GtA communication due to huge mountains or man-
made constructions as the control center or ground station may
be located inside urban areas including metropolitan centers.
For this reason, Shadowed-Rician and Shadowed-Rayleigh
distributions can be more appropriate for modeling AtG and
GtA communications. Specifically, Shadowed-Rayleigh can
be used in highly shadowed places like shopping malls or
skyscrapers where users do not have a LOS communication
with HAPS systems or satellites. Likewise, in regions where
LOS connectivity can be established, Shadowed-Rician model
can be good fit for HAPS or satellite communications.
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TABLE 1. Atmospheric Attenuation and Visibility Parameters for Different
Fog Conditions at > = 1550 nm

Fog | Visibility (km) [ Attenuation coefficient (dB/km)
Dense 0.05 339.62

Thick 0.20 84.90

Moderate | 0.50 33.96

Light 0.77 16.67

Thin 1.90 4.59

2) AIR-TO-AIR (ATA) CHANNEL

a) Atmospheric Attenuation: Atmospheric attenuation,
which can be caused by scattering and absorption during the
propagation of the beam, is one of the major drawbacks in
AtA FSO communication. In general, atmospheric attenua-
tion ([;) is deterministic, and it can be modeled by using
Beer-Lambert’s law as I; = exp(—oL) [12], where L is the
propagation distance between ARs and o is the attenuation co-
efficient which can be calculated with the aid of Kim’s model
[13]. Table I presents the attenuation coefficients and visibility
parameters that can be used to determine the atmospheric
attenuation for various fog conditions, when the wavelength
is set to A = 1550 nm.

b) Atmospheric Turbulence: In FSO communication, at-
mospheric turbulence (/;) can be described as the random
fluctuations of the received signal due to adverse weather con-
ditions, including fog, snow, heavy rain, thunderstorms, etc.
For AtA FSO communication, classical turbulence induced
fading channels, including Log-normal and Gamma-Gamma
have been introduced in the literature. Log-normal fading is
appropriate for weak turbulence conditions, whereas Gamma-
Gamma can be used in all turbulence regimes. Moreover, C,
Malaga (M) and Exponentiated Weibull (EW) fading can be
used in AtA communication. Specifically, /C distribution can
precisely model strong turbulence induced fading, whereas
M is a general distribution model that can cover classical
turbulence channels, including Log-normal, Gamma-Gamma,
and /C [14], [15]. Compared to its counterparts, EW can be
adopted for the AtA communication as it can model weak-to-
strong turbulence induced fading for various aperture sizes,
including point-like receive apertures (3 mm), when aperture
averaging takes place [16]. EW can be an important model for
the AtA communication channel as URNs can have limited
aperture sizes, and a point-like aperture can be employed in
URNSs [17].

c) Geometric Loss: Geometric loss, which can be caused
by the divergence of the beam between transmitter and re-
ceiver, is another important drawback in AtA communica-
tions. In geometric loss, the light spreads out as it moves from
the transmitter to the photo detector, and the received power
can be reduced . Another important cause of geometric loss
is the angle of arrival fluctuations, which is caused by the
position and orientation of ARs. In the literature, geometric
loss has been studied for UAV aided FSO front-haul chan-
nels, where deterministic and statistical geometric loss models
were developed for fixed and variable URN positions [18].
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By considering atmospheric attenuation, atmospheric tur-
bulence and geometrical loss (Iy), the aggregated channel
model for FSO communication can be expressed as I = I, 1ol
[19].

3) AIR-TO-GROUND (ATG) CHANNEL

In the AtG channel, a hybrid RF/FSO relaying procedure is
employed. To this end, atmospheric attenuation and turbu-
lence induced fading can be modeled similarly as given in AtA
channel. In this model, geometric loss can be compensated
as the destination ground station is in a fixed location. In the
RF transmission, which is a backup for the FSO communi-
cation, GtA PL and fading models can be used. Specifically,
Shadowed-Rician can be more appropriate in the RF com-
munication as the ground station can be located in a highly
shadowed area.

1ll. PROPOSED SYSTEM AND POSSIBLE
CONFIGURATIONS

Consider a catastrophic emergency situation like a large earth-
quake where the entire communication system collapses. In
such a scenario, a massive number of ARs, including URNs
and HAPS systems, could be deployed in a short period of
time to provide continuous communication connectivity and
to help in the search rescue missions. Under such conditions,
an important challenge, is the use of the frequency spectrum.
So far, UAVs have been operating in the unlicensed band
(IEEE L-Band, ISM band, etc.). However, these spectrum
bands have become overcrowded as many other wireless sys-
tems, including WiMAX and Bluetooth, are using the same
spectrum. To solve the spectrum scarcity problem, and to
provide continuous connectivity, we propose combining CR
enabled RF transmission and FSO communication for AR
networks. The following subsections describe the proposed
system and its advantages.

A. SYSTEM MODEL

For the GtA channel, CR enabled RF communication is es-
tablished to provide multi-user connectivity while enhancing
the utilization of the spectrum.! In this model, the spectrum
is utilized through spectrum sharing, where users/citizens be-
have like secondary nodes that would like to communicate
with the other users in the system as depicted in Fig. 1. In
the underlay mode, SUs can communicate with the URNs
by obeying the power constraints of the primary network,
as long as the SU related interference remains below the
predetermined threshold. In return, they may pay a roaming
fee for being served by the primary network. In the overlay
mode, multi-user connectivity can be established with the aid
of SUs. More precisely, SUs can help the primary network
to send a confidential message (governmental information) by

IPlease note that, it is almost impossible to use hybrid RF/ESO communi-
cation model in the GtA channel as user equipments are limited with an RF
antenna and the user mobility can prohibit the LOS communication which is
indispensable for the FSO communication.
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creating a virtual multi-input single-output structure, and in
return SUs can be served when the primary network is idle.
The interweave mode, by contrast, is feasible when there are
a limited number of PUs in the system. In CR enabled RF
transmission, spectrum mobility and spectrum sensing are two
important limiting factors as SUs need continuous and reliable
connectivity with the AR networks. Spectrum sharing can
be realized by using several different approaches, including
energy detection, autocorrelation based detection, matched
filter based detection, and Euclidean distance based detection.
Among these techniques, energy detection can be preferable
for the proposed setup as it depends only on the received
signal energy. On the other hand, in spectrum mobility, the
SUs should move from one licensed band to another when
the aggregate interference exceeds the predefined threshold.
The spectrum handoff decision is therefore very important
in CR enabled RF transmission for AR networks to provide
minimum delay [20].

For the AtA channel, FSO communication can be employed
between URNs and HAPS systems as they can provide perfect
LOS connectivity. In this communication model, we assume
that the ground signal is received by the hovering URN:S,
especially the ones that are closer to the ground terminal [21].
The URN:S first filter out the DC components from the re-
ceived signal, and then the electrical signal is converted to the
optical signal by using subcarrier intensity modulation with
proper biasing to ensure that the optical signal is positive. It is
important to note that this conversion operation is simple and
cheap as it only needs an optical transceiver, and almost all
ARs can be equipped with this material. After the conversion
is completed, URNs form a cooperation with other URNs or
HAPS systems depending on the weather conditions or the
other necessities. To do so, all URNs are equipped with an
RF antenna and an optical transceiver, whereas HAPS systems
can be employed with one or more optical transceivers as they
have more available space. To exploit the benefits of the coop-
eration, different relaying protocols including serial, parallel,
and bidirectional relaying can be used for the AtA channel
[22]. For example, serial relaying can be used between URNs
when they are at similar heights, particularly in cases of search
and rescue missions, when urgent action is needed. Parallel re-
laying can be used in the presence of harsh weather conditions
when URNSs can be aided by HAPS systems to increase the
diversity and reliability of communication. On the other hand,
as optical communication allows full duplex communication,
bidirectional relaying can be used between different URNs
and HAPS systems especially when urgent and important gov-
ernmental messages are needed to be shared with survivors. In
serial relaying, DF protocol can be preferable as AF relaying
increases the total noise, whereas in parallel relaying, the AF
mode can be beneficial for improving the overall performance
of the system. In bidirectional relaying, on the other hand, AF
and DF transmission can be used as both can reduce the total
transmission time into two time slots.

For the AtG channel, hybrid RF/FSO communication is em-
ployed where FSO is used as a primary transmission model as

VOLUME 2, 2021

long as an LOS path is formed with the ground station. In the
presence of adverse weather conditions or when the ground
station is located in a shadowed urban area, RF communica-
tion can be used as a backup for the optical communication.
As mentioned above, all URNs are readily employed with RF
antennas and FSO apertures to convert the electrical signal
into optical in the GtA channel and the optical signal into elec-
trical in the AtG channel. Likewise, in the presence of heavy
weather conditions, like dense fog, heavy snow or to improve
reliability and diversity, URNs can transmit both electrical and
optical information to the ground station. Hence, the overall
spatial diversity can be doubled. In addition, more than one
URN can be used for the AtG channel to further enhance the
diversity gain, reliability, and the overall system performance.
It is important to note that the ground station has the abil-
ity to convert the optical signal into an electrical signal by
using a high speed photodiode that can deliver RF electrical
signal output. Thereafter, it can combine all replicas of the
RF received signals that are transmitted from different URNs
by using appropriate combining methods, like maximum ratio
combining, equal gain combining, or selection combining.
Finally, the ground station delivers the primary and the sec-
ondary messages to the primary and secondary core networks.

B. ADVANTAGES

Battery Lifetime: As mentioned before, to convert the RF
signal into an optical signal, all URNs should be outfitted
with an RF antenna, a photodiode or an optical modulator.
This procedure is energy efficient. In addition, FSO commu-
nication further improves battery life of ARs as laser beams
(consisting of LEDs) spend less energy in the communication
process.

Enhanced Performance: The proposed system model can
enhance overall performance of the AR networks as it exploits
all the benefits of RF/FSO transmission. More precisely, a CR
enabled GtA channel can provide diversity gain by allowing
multi-user connectivity. The AtA channel can enable fast and
ubiquitous communication by forming different cooperation
strategies between URNs and HAPS systems, including serial,
parallel, and bidirectional relaying. Finally, the AtG channel
can provide diversity and enhanced performance as the infor-
mation can be transmitted through RF and FSO antennas to
the ground station.

Efficient Spectrum Usage: Both CR and FSO communica-
tion can utilize the frequency spectrum. More precisely, CR
allows dynamic spectrum access in which both PUs and SUs
can use the same spectrum, whereas FSO communication can
remedy the problem of spectrum scarcity by allowing license
free spectrum with Gigabit data rates. Therefore, FSO com-
munication with its CR RF counterpart can be a spectrally
efficient transmission model for AR networks.

Cost-Effective: Dynamic spectrum access can bring a new
perspective to the use of the wireless spectrum efficiently. This
inevitably results in cheaper spectrum access. In addition,
using simple FSO transceivers on URNs and HAPS systems,
is inexpensive and can be easily implemented.
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Inherent Security: AR networks can be more prone to secu-
rity threats, especially since it is easy to tackle the information
from a URN that is hovering at a specific altitude. However,
due to the specific nature of FSO systems, the eavesdropper
can not tackle the information from an optical beam. Hence,
a secure FSO communication can be established between AR
nodes.

IV. PERFORMANCE EVALUATION

In this section, we consider four practical CR RF/FSO relay-
ing modes including underlay/overlay serial and parallel DF
relaying® scenarios as depicted in Fig. 2. To quantify the per-
formance of the proposed schemes, we present the statistical
properties of the signal-to-noise ratio (SNR) for GtA, AtA
and AtG channels, and provide outage probability analysis.
Thereafter, simulation parameters are introduced, numerical

’In this section DF mode is used to make a fair comparison of serial and
parallel relaying schemes.
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examples are illustrated, and important design guidelines are
outlined.

A. STATISTICAL PROPERTIES OF THE SNR

1) GTA COMMUNICATION

As depicted in Fig. 2, CR enabled RF transmission is adopted
in the GtA channel, where both overlay and underlay schemes
are used depending on the availability of the primary network.
In the overlay mode,’ the signal-to-noise ratio (SNR) of the
GtA channel can be expressed as

. Pylg?

YGia = P—nV(r)’ (D

where P and P, are the transmit and noise powers, V (r) is the
path-loss variable defined in Section II, and |g| is the channel
magnitude, which is distributed with Nakagami-m fading. In
the underlay mode, the SNR of the GtA channel can be written
as [23]

S P lgl?
GA = pV(r) " Ellm

where E[-] shows the expectation operator and h; is the
secondary-primary interference term which can be obtained
through mean-value power allocation model presented in [23,
Sect. 4.4]. In the presence of primary-secondary interference,
the effective SNR of the GtA channel can be expressed as

2

yu,ef — VétA
GtA 1 + IP ’
where Zp shows the fixed primary-secondary interference
SNR. For underlay and overlay modes, the cumulative dis-
tribution function (CDF) of the SNR can be expressed as

_ T Cmy \Y L
Faa)=1- % 3 (2] 2,

v—o \VGtA

3)

“4)

where YA = P54 = P,,%S(r) for the overlay mode and ygia =
Py
Suef _ PaV(EIR 2]

Vaia = —Ti7p for the underlay scheme.

2) ATA COMMUNICATION

In AtA communication, FSO transmission is adopted between
ARs where communication is affected both from atmospheric
attenuation and turbulence induced fading which is distributed
with EW fading. In this case, the aggregated channel model
can be written as* I = I,J;, and the SNR of AtA channel can
be expressed as

P
mM=§¢w% Q)
n

3In the overlay mode, we assume that the primary network is idle, so
that the secondary users can communicate with the AR network without any
power limitations.

“In the AR aided communication, geometric losses can be compensated by
using tracking enabled electro-optic and acousto-optic FSO transceivers [7].
Thereby, we neglect the geometric loss in this work.
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and the CDF of SNR for AtA channel can be obtained as [16]

v B/29\ @
s =(1-eo[ ()

where paa = %IazE[|ll|2] is the average SNR of the AtA
channel, @ and 8 are the shape parameters and 7 is the scale
parameter of the EW fading channel.

3) ATG COMMUNICATION

In AtG communication, hybrid RF/FSO communication
model is used where FSO is adopted as the primary transmis-
sion model as long as an LOS path is formed with the ground
station. Therefore, the CDF of AtG channel can be obtained
very similar to (6)

B. OUTAGE PROBABILITY ANALYSIS

Outage probability (Pyy) is an important performance metric
that can assess the overall performance of a wireless system.
It can be defined as the probability of SNR that will fall below
a predetermined threshold (yy,) for acceptable communication
quality. Mathematically, it can be formulated as

Poye = Pr (VeZe < Vth) s (7)

where Y2, is the end-to-end (e2e) SNR. In this section, the
outage probability (OP) analysis is pursued for DF serial and
parallel relaying networks.

For a DF serial relaying system, the e2e SNR can be ex-
pressed as

YN ®)

where N denotes the number of hops and vj» j € {1, N} shows
the SNR of the j-th hop. Similarly, for a parallel dual-hop DF
relaying, the e2e SNR can be expressed as

yesze = min (y1, y2, ...

Vre = [max (min (y1x. ¥2.4)) - )

where y; x and y» ; shows the SNRs of the first and second
hops, and K denotes the number of relays that are available for
communication. By substituting (8) and (9) into (7), the out-
age probabilities for serial and parallel DF relaying schemes
can be obtained as [22]

Pout =

=TT, (0 = By, () Serial R.,
[Tie (1= (1 = By (rin))(1 = Fyy, (7)), Parallel R,
(10)
where F,_, (ym), z € {1,2} and Fy,(yn) denotes CDF of the
SNR per hop. By substituting (4) and (6) into (10), and after

several manipulations, the OPs for underlay/overlay serial and
parallel relaying can be obtained.

C. SIMULATION SETUP

In this section, we provide the simulation parameters that are
used to illustrate the practical CR RF/FSO relaying scenarios,
which are depicted in Fig. 2. In the simulations, we assume
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TABLE 2. LisT OF PARAMETERS AND VALUES

Parameter | Value
Optical wavelength () 1550 nm
SNR threshold (7y4) 3 dB
Nakagami-m severity parameter (m) 4
Optical to electrical conversion ratio 1
Primary-secondary interference SNR (Zp) | 0-5 dB
Horizontal hop distance (d) 2500 m
URN altitude (hy) 200 m
HAPS altitude (hs) 19 km
Carrier frequency (fe) 2 GHz
Attenuation coefficient (o) 4.5859
Wind speed (vg) 21 m/s

that the FSO communication is affected both from turbulence
induced fading and atmospheric attenuation, whereas the RF
communication is impaired from path-loss and multi-path
fading. Furthermore, in parallel relaying, the HAPS aided
communication link can be affected from the atmospheric
attenuation more than URNSs, by contrast, URN to URN com-
munication can experience strong turbulence effects as they
are deployed at a lower altitude. Based on this assumption, the
average SNRs are assumed equal. In the calculation, transmit
power P, and noise power P, are set to P, = 32 dBm, and
P, = —100 dBm, respectively. Moreover, the altitude of the
HAPS and URNSs are set to iy, = 19000 m, and Ay = 200 m,
respectively, and the SNR threshold is given as y, = 3 dB
for acceptable communication quality. In the overlay mode,
primary-secondary interference can be neglected as it uses
precise spectrum sensing techniques, whereas in the under-
lay mode, fixed Zp values varying from O dB to 5 dB, are
used. Moreover, in FSO communication, Hufnagel-Valley day
model is used to obtain the refractive-index structure parame-
ter [16], and thin fog weather condition (o0 = 4.59) is used to
obtain atmospheric attenuation variable /;. On the contrary, in
RF communication, Type A PL model [5] is used and the PL
variable is obtained by setting « = 2.32, 8 = (@)2, fe=2
GHz carrier frequency, and Nakagami-m fading parameter is
set to m = 4. Unless otherwise stated, Table II presents all
simulation parameters.

D. NUMERICAL ILLUSTRATIONS

Fig. 3 shows the OP as a function of horizontal hop distance
(d) for the proposed overlay/underlay serial and parallel re-
laying systems, when the primary-secondary interference is
set to Zp =5 dB. As we can see, parallel relaying outper-
forms serial relaying both in underlay and overlay mode, as
it forms a cooperation to enhance the system performance.
We also note that, underlay mode performs worse than its
overlay counterpart due to high Zp levels. Furthermore, OP
monotonically increases when d goes from 1500 m to 2600 m.
Then, due to huge atmospheric attenuation and PL effects, the
OP performance worsens and when d reaches to 3300 m, the
OP saturates and reaches to a outage ceiling where Py, ~ 1.
Therefore, as can be observed from the figure, the optimum
OP performance can be obtained when d < 2000 m, where
Py < 10 for the overlay mode.
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Serial Relaying
T T T

T
Theoretical
% Simulation

Outage Probability

O S S S v
v *—k

Underlay mode, Zp = 3 dB
Underlay mode, Zp = 0 dB
Overlay mode

Y =3 dB
d = 2500 m

107 1 1 | 1 1 1 | 1 1 1 1
50 100 150 200 250 300 350 400 450 500 550 600

URN Altitude (m)

FIGURE 4. Outage probability versus URN altitude of overlay and underlay
serial relaying.

Fig. 4 illustrates the OP performance of underlay and over-
lay modes for serial relaying as a function of the URN alti-
tude (h,) for different Zp levels, when d = 2500 m. As can
be observed, the theoretical outage probability results, which
are shown with solid lines, are in good agreement with the
marker symbols, which are generated by the simulations. In-
terestingly, the outage performance of the proposed scheme
enhances with respect to the 4, as the refractive-index struc-
ture parameter is directly related with URN altitude. More
precisely, URN to URN communication can be less affected
from the atmospheric turbulence induced fading when they
are deployed at higher altitudes. On the contrary, when #h,
is higher than 200 m, the OP performance of the proposed
scheme worsens slightly due to huge PL and atmospheric
attenuation effects. Thereby, placing the URNs at about 200
m can provide optimum OP performance for the proposed
scheme. Finally, it can be observed from the figure that, as
TIp increases, the OP performance worsens in the underlay
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scheme. Therefore, the overlay scheme can be preferable for
the GtA channel especially when the primary network is idle.

E. DESIGN GUIDELINES

In this subsection, we shed light on the design of practical CR
enabled RF/FSO AR networks by providing some important
design guidelines.

® As can be seen in Fig. 3 and 4, the overlay method can
be preferable in GtA communication as it allows multi-
user access to the URNs through the primary spectrum
without causing any interference.

¢ [In the AtA channel, DF relaying can be preferable when
serial relaying is used as it does not enhance the noise
level like AF relaying. On the other hand, when parallel
or bidirectional relaying is used, the AF protocol can be
preferable for enhancing the system performance.

e To provide a perfect LOS connection, URNs can be
positioned close enough to each other in the presence of
adverse weather conditions. In addition, HAPS systems
can aid URNSs in parallel relaying mode.

¢ In the AtG channel, multiple URNs can be used to serve
as a backhaul. Moreover, to provide reliable communi-
cation, both RF and FSO communications can be used
simultaneously, depending on the urgency of the status
or weather conditions.

e Using FSO communication for the AtA channel can fur-
ther improve the battery life of the URNs and HAPS
systems. Moreover, FSO transceivers are cheap, easy
to deploy, and consume less battery power as they use
simple laser beams.

e As all URNs are fitted with both RF and FSO anten-
nas, hybrid RF/FSO communication model can be used
for all URNs as needed. It is worth noting that hybrid
RF/FSO communication uses more battery power and
thus decreases the battery life of ARs quicker.

V. CONCLUSION

This article has proposed a new transmission model for aerial
relay networks by combining spectrally efficient cognitive
radio with FSO communication. More precisely, we showed
how employing cognitive radio enabled RF communication
for the ground-to-air channel, FSO communication for the
air-to-air path, and a hybrid RF/FSO communication system
for the air-to-ground channel can leverage the advantages of
RF/FSO transmission, while effectively addressing the prob-
lem of spectrum scarcity. As we observed, the proposed setup
utilizes the frequency spectrum, enhances data rates, and pro-
vides inherent security.
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