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Abstract: In our fast-evolving world, effective communication systems are crucial for seamless connectivity. This
review paper delves into the details of Hybrid RF/FSO systems, which seamlessly blend Radio Frequency (RF) and
Free Space Optical (FSO) communication technologies. The combination of these two innovative approaches offers
an impressive solution to common communication challenges, such as achieving high data rates and ensuring
robust security. RF communication is praised for its reliability in varied weather conditions, like storms and heavy
fog. On the other hand, FSO technology stands out for its ultra-fast data transmission and enhanced security,
making it tough to intercept by unauthorized persons. The Hybrid RF/FSO system capitalizes on the strengths of
both, presenting a versatile and efficient communication model. By strategically toggling between RF and FSO
channels, this hybrid system promises a resilient network that remains stable and swift, even under adverse
conditions like foggy or rainy weather. As technology continues to shape our future, this review highlights how
Hybrid RF/FSO systems are set to become a cornerstone of fast and reliable communication, bridging the gap
between speed and security with finesse.
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I. INTRODUCTION

Hybrid RF/FSO communication systems are examples of revolution and advancements in the field of wireless
communication. By combining both of these technologies we can achieve results which cannot be achieved by a
standalone system. These hybrid systems offer a promising solution to the requirements as we go towards emerging
advanced technologies, various applications like VR, real time gaming, accurate weather prediction,etc., 5G and beyond
[1-2]. The main advantage of a FSO communication system is the offering of high data rates. The LASER beam
transmission technique in FSO communication requires clear Line of Sight(LoS) which is hard to intercept [3]. This
makes the FSO system more secure. However FSO links are very sensitive to atmospheric conditions, hence can be easily
disturbed by heavy rain, fog, etc. degrading the signal quality and decreasing the overall reliability of the system.

On the other hand the traditional RF communication system is not affected by the weather conditions and can travel
through various obstacles without requiring clear line of sight making it a robust communication technique [4]. But RF
technology can only offer limited bandwidth hence giving low data rates. RF waves can be easily intercepted, raising
security concerns. Conventional Radio Frequency(RF) method of communication is not sufficient to fulfil these
requirements [1]. A standalone FSO system also cannot give a reliable communication system .Hence Hybrid Radio
Frequency/Free Space Optical(FSO) Communication was introduced as an alternative for this. This system was combined
with the advantages of both RF and FSO communication techniques [4]. Making the communication system more strong,
reliable and fast.

FSO communication is developing in various fields such as deep space communication, Internet of Things(loT), 5G
communication. Development in FSO communication techniques such as Wavelength Division Multiplexing(WDM),
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sub-carrier multiplexing(SCMO0, Worldwide interoperability for Microwave access, Visible Light Communication(VLC)
are done over the decades[5]. FSO communication is done with the help of a laser beam and this laser beam is prone to
atmospheric turbulence which causes the fluctuation of the laser beam [6-7]. The motion of the beam is one of the main
causes for power loss. Beam wandering is also the main cause of major power loss in FSO communication systems [8-
10]. Hence a stabilization system is required with beam wandering mitigation. To resolve this issue a neuro controller can
be designed in the Field Programmable Gate Array(FPGA) which can stabilize the receiver beam [11-12].Similar to
atmospheric turbulence there are frequent sandstorms in the desert. These sandstorms are a combination of dust and sand
particles which can absorb and scatter most of the optical signal and weaken it [13]. Focal spot wandering is another cause
for power loss in FSO communication systems [14]. Hence mitigation of the focal spot is the most important requirement
to improve the performance. To avoid these effects, a convergent triple-hop reconfigurable intelligent surface(RIS) RF-
FSO system can be used for communication [15]. This system is generally used in underwater wireless optical
communication(UWOC). A controller which can control the beam motion and increase the stability of the beam is also
important at certain points [16-18]. FSO is also very sensitive to atmospheric turbulence as adverse weather conditions
can degrade the signal quality. To identify the strength of the turbulence a model is required which will work on
meteorological parameters [19-21]. In FSO communication beam position is a very important aspect as wrong beam
position can degrade the quality of the signal. To avoid this a fast steering mirror is used to control the beam with the help
of fuzzy logic controllers and PID [22].

Factors such as atmospheric attenuation, strength of the turbulence are considered and a model can be made with the help
of FPGA. Optical amplifiers play a vital role to expand the coverage area for a network with the help of amplify-forward
and amplify-received configurations. Laser steering system is used to increase the efficiency of coupling which in turn
makes the performance of the system better [23-25].. An accurate model design can predict the exact optical attenuation
with the help of data from meteorological departments in different seasons to permit the data transmission. Mono pulse
beam tracking mechanism is used to concentrate the beam at the center of the detector plane under adverse atmospheric
conditions [26-27]. The biggest concern in communication is security. While transmitting the data an eavesdropper can
retrieve the transmitted information. To avoid this Quantum Key Distribution(QKD) is used [28-30].Adaptive optics
(AO) is a technology used to improve the performance of optical systems by compensating for distortions and aberrations.
These distortions can be caused by various factors, such as atmospheric turbulence, which affects the quality of images
captured by telescopes, or imperfections in optical components used in other systems [31]. Raman Amplifiers(RA) can be
used to extend the length of optical propagation path under harsh atmospheric turbulence in FSO communication
systems. It improves SNR, average BER and link distance significantly [32].

Airspace targets have micro-Doppler(mD) signatures and can be differentiated one from another. The development in the
field of C-band continuous wave RF photonic sensors is capable of detecting this signature and identifying different
targets such as drones, warheads, bionic birds,etc [33]. The use of photonic based radar is opening new doors of
opportunity as it is more effective as compared to the conventional radar system. Photonic radars have advantages such as
broader bandwidth, faster signal processing and high resolution [34-35].

The hybrid RF/FSO communication technology is used in vehicular communication and hoc networks where each
device(node) communicates directly with the other device within its range[36]. The laser transmissions used in FSO have
various errors such as beam misalignment, atmospheric fading. These errors can be removed by the use of multiple
hopping and relay based systems. This method is used in space communication where transmission distance is very large
[37-39]. The weather sensitivity of the FSO link is the major problem for the loss of the signal. Due to this outage
probability of FSO link increases and strength of the signal reduces in turn. The strong turbulence, dense fog can wither
the FSO link [40-43]. Some systems have multiple components which act together as a single receiver or transmitter.
These systems follow one single component known as leader and other components act as followers. When the FSO is
incompatible to transmit the signal it borrows some part of RF for transmission, the stackelberg game analogy is given to
this [44]. The power factor is important in every communication system and for RF and FSO power is different. This
power factor is used to switch between RF and FSO communication links. This switching is used in defense and 5G
backhaul connection applications [45-46]. The outage performance is based on multi use mixed underlayRF/multi
destinations FSO links. Interface cancellation scheme and optimal power allocation are the key factors that enhance the
performance of the system [47]. The use of orthogonal space-time block coding and transmission antenna selection have
benefits such as less outage probability. This method is effective as compared to conventional Single Input Single
Output(SISO) systems [48-49]. RF and FSO link parameters have great influence on the performance of the system and
can affect outage probability, diversity order and coding gain [50]. A relay based hybrid RF/FSO system is beneficial for
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adverse weather environments. In this system a relay acts as a node which performs functions such as amplify and
forward or decode and forward. This method makes the communication system more efficient and reliable [51-53].

Pointing error occurs due to the misalignment of the laser beam and can be encountered with the help of different
modulation schemes such as Phase Shift Keying(BPSK,MPSK). To avoid further errors coded modulation is used where
error correcting codes are combined with modulation schemes [54-56]. To model a RF channel various fading techniques
are used such as Rayleigh fading or Nakagami fading. These fading channels ensure the reliability and robustness of the
link. Even with the help of multi hopping the strength of the signal can be increased and every hop maintains the integrity
of the signal. With hopping generally a relay is used to further simplify the process and increase the reliability of the
system [57-61]. The switching between RF and FSO can be done with the help of soft switching where a software
program does the switching, in this program bit rate control can be used to reduce the errors, this makes the system highly
efficient [62-64]. Hybrid RF-FSO communication systems can be used to establish ground to air connection links. These
links are useful in the fields such as deep space communication, satellite communication,etc. For this a relay based multi-
hop system can be used. A partial relay based system where relay is operated by hardware impairments. Due to this the
system is less affected by weather conditions such as atmospheric turbulence, rain, fog, etc [65-68]. In all the hybrid
systems power loss is the major factor for system’s inefficiency. Hence, dynamic power allocation technique is important
which allocates the power wisely and reduces excess power losses while switching. In some systems hoppers and relays
are used which can demand excess power, in that case power optimization is important which can be achieved with the
help of software programs (coding techniques). These systems can be implemented in rural areas for last mile
connectivity[69-71].

The paper is further classified into different sections.

Section | explains the frequency spectrum, section Il goes deeper into the concept of radio frequencies, section 11l offers
explanation on Free Space Optics communication, section 1V delves into the details of hybrid RF/FSO communication
system and the last section is conclusion.

1. FREQUENCY SPECTRUM
A. Detailed Discussion on Electromagnetic Spectrum

Hybrid RF/FSO systems are examples of revolution and advancements in the field of wireless communication.
Combining both of them we can achieve results which cannot be achieved by a standalone system. These hybrid systems
offer a promising solution to the requirements as we go towards emerging advanced technologies, various applications
like VR, real time gaming, accurate weather prediction,etc., 5G and beyond [1-2].

The main advantage of a FSO system is the offering of high data rates. The LASER beam transmission technique in FSO
requires clear Line of Sight(LoS) which is hard to intercept [3]. This makes the FSO system more secure. However FSO
links are very sensitive to atmospheric conditions, hence can be easily disturbed by heavy rain, fog, etc. degrading the
signal quality and decreasing the overall reliability of the system.

On the other hand the traditional RF communication system is not affected by the weather conditions and can travel
through various obstacles without requiring clear line of sight making it a robust communication technique [72]. But RF
technology can only offer limited bandwidth hence giving low data rates. RF waves can be easily intercepted, raising
security concerns.

Conventional Radio Frequency(RF) method of communication is not sufficient to fulfil these requirements [1]. A
standalone FSO system also cannot give a reliable communication system .Hence Hybrid Radio Frequency/Free Space
Optical(FSO) Communication was introduced as an alternative for this. This system was combined with the advantages of
both RF and FSO communication techniques [2]. Making the communication system more strong, reliable and fast.

Table 1. Frequency Spectrum

Frequency Band Range
VLF(Very Low Frequency) 3 Hz to 30 KHz
LF(Low Frequency) 30 KHz to 300 KHz
MF(Medium Frequency) 300 KHz to 3000 KHz
HF(High Frequency) 3 MHz to 30 MHz
VHF(Very High Frequency) 30 MHz to 300 MHz
UHF(Ultra High Frequency) 300 MHz to 3 GHz
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SHF(Super High Frequency) 3 GHz to 30 GHz
EHF(Extremely High Frequency) 30 GHz to 300 GHz
Infrared 300 GHz to 400 THz
Visible 400 THz to 800 THz
Ultra-Violet 800 THz to 30 PHz
X-Ray 30 PHz to 30 EHz
Gamma Rays Above 30 EHz
Cosmic Rays 10* Hz approx.

B. Information and Applications of frequencies in the Electromagnetic Spectrum

The frequency spectrum is also known as electromagnetic spectrum, it consists of all the frequencies ranging from very
low frequency to cosmic rays. This spectrum is generally divided into various parts. Each of these parts has their own
unique properties and application and can be used for different purposes.

Starting from low frequencies, spectrum has radio waves. Range of radio waves is from 3 Hz to 300 GHz [2]. We use
radio waves in our daily life. For example AM, FM radio uses radio waves, even television signals and mobile networks
use radio waves. As they fall on the lower side of the frequency spectrum they have large wavelengths which makes them
able to travel long distances and penetrate through obstacles such as mountains and buildings.

As we go further in the spectrum, next comes microwaves. They are popularly also known as mmWaves, since they have
millimetre wavelengths. Their frequency range is from 300 MHz to 300 GHz. Microwaves have a wide variety of
applications ranging from home appliances to advanced satellites. Microwaves are used in a microwave oven, in
Bluetooth® technology and in satellite communication. They have short wavelengths as compared to radio waves hence
have high frequencies.

Next region is the Infrared Region(IR) in the frequency spectrum. Infrared waves range from 300 GHz to 400 THz.
Generally hot bodies emit infrared waves such as human bodies or a cup of hot tea or coffee. Due to this, the applications
of infrared waves are night vision equipment, remote sensors or thermal imaging cameras [1][73]. Another most common
application is that they are used in optic fibre communication, which can transmitthe data to long distance with minimum
loss.

Our naked eyes cannot see every wave in the frequency spectrum but can see waves of wavelengths ranging from 380 to
700 nanometers. They have a frequency of 400 THz to 800 THz. This region consists of all colours of the rainbow from
red to violet. Visible light is used in optical communication, photography,etc [74].

After the visible light region comes the Ultraviolet(UV) radiation region. UV light has a frequency range from 800 THz
to 30 PHz [75]. UV light has more energy than visible light hence can go through soft tissues of skin. Hence, they have
great medical use but excessive exposure to UV radiation can have harmful effects on human skin and can also cause skin
cancer.

Going towards the end we have X-Rays and Gamma rays, very powerful rays with very high energy. X rays have a range
of 30 PHz to 30 EHz. Their ability to penetrate human skin is used to do scans of internal human organs [76]. Gamma
rays have a frequency above 30 EHz. They are the rays with the most energy and are mostly emitted by supernova
explosion or by a neutron star. They are used in treatment of cancer as they have the ability to kill the cancer cells. At
last, we have cosmic rays. The rays which are made by stars like the sun or explosion of stars and even black holes [77].
They have great speed almost equal to that of light, but are blocked by the atmosphere of the earth which makes them
harmless.

Out of this the RF and Optical Spectrum are mostly used for communication purposes. Hence we have 2 types of
communication namely RF communication and Free Space Optical(FSO) communication. The different types of waves
and their frequency range are given in table 1.

I11. RADIO FREQUENCY
A. Radio Frequency Communication

Radio Frequency uses electromagnetic waves ranging from 3 KHz to 300 KHz [1][78]. RF waves have great capabilities
of travelling through various mediums such as air, vacuum or any other materials. Reflection, diffraction and absorption
are some important properties of RF waves.
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Fig.1 Basic Radio Frequency Communication Diagram

In the block diagram of the transmitter shown in fig 1, input data represents the data for transmission which can be digital,
audio or video signal. The modulator superimposes the original signal on the carrier wave. For this superimposing various
modulation techniques such as AM(Amplitude Modulation), FM(Frequency Modulation), PM(Phase Modulation).
Modulation makes sure that the wave travels to the destination over a long distance. After this the modulated wave is
combined with a signal from the oscillator in the mixer [79]. This process is known as heterodyning which shifts the
frequency of signal to higher frequency bands. The height of the antenna is inversely proportional to the frequency of the
signal. Hence larger frequency allows use of smaller antennas and also reduces interference. LC oscillator is used
commonly in these systems due to their easy implementation and good phase noise characteristics.While travelling
through the atmosphere major attenuation of wave can occur which distorts the original signal. To avoid this the power of
the wave must be increased to a certain level, this is done by the amplifier. After completing this process the signal is
transmitted with the help of an antenna.

The receiver block diagram given in fig 1 shows various blocks such as filter, amplifier, mixer,etc. The antenna captures
the transmitted electromagnetic waves and converts them back into electrical signals.The received signal is typically very
weak, so it is first amplified by a low noise amplifier(LNA). The LNA boosts the signal strength while adding minimal
noise, making it easier to process. The filter removes unwanted frequencies and noise from the received signal, allowing
only the desired frequency range to pass through. This filtering improves the signal-to-noise ratio. The filtered signal is
mixed with a signal from a local oscillator to shift its frequency down to an intermediate frequency (IF). This process,
known as downconversion, simplifies the signal processing.The intermediate frequency signal is further amplified to
make it strong enough for demodulation. The demodulator extracts the original data from the modulated signal. This
process is the reverse of modulation and can be performed using various techniques depending on the modulation scheme
used in the transmitter. The final stage where the original transmitted data is retrieved and ready for use. This could be in
the form of audio, video, or digital data [80].

B. Radio Frequencies and their applications

Table 2. Radar IEEE Microwave Frequency Bands

Name Range Frequency
L - Band 1-2 GHz
S - Band 2-4 GHz
C-Band 4-8 GHz
X - Band 8-12 GHz
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K, - Band 12-18 GHz
K - Band 18-27 GHz
K. - Band 27-40 GHz
Millimetre Wave Band 40 - 300 GHz

IEEE has given Radar bands, which are used in various applications such as satellite communication, microwave
technologies. Table 2 shows the classification of all the bands.

Most common applications of RF waves are Cell Phone communication, AM and FM radios, 2G,3G technologies.

AM and FM Radios: Following are the ranges of AM and FM radios:
AM Radio - 535 KHz to 1705 KHz
FM Radio - 88 MHz to 108 MHz [81]

In India there are different radio channels which operate on different radio frequencies between these ranges. For
Example:

93.5 MHz - Radio FM
91.1 MHz - Radio City

Bluetooth® Technology: The Bluetooth® technology which is a short range technology we use in our phone also
works on RF waves with frequency ranging from 2400 MHz to 2483.5 MHz [1][82]. Due to this technology, sharing
of different files such as images, music, contacts, etc. became very convenient and easy.

RFID Tag: Radio Frequency ldentification(RFID) is the near field communication technology [1][2]. RFID has mainly
two components: reader and a tag. Tag is a passive component which detects signal energy from objects, whenever the
object having the same energy signal (in this case reader) comes in contact with the tag the identification is done
wirelessly. Since the reader emits radio waves which are matching with that of a tag, it can be identified by a tag
[1][83].

Microwave Oven: In our daily life, the microwave oven plays an important role by heating the food in a very short
period of time. This device emits microwaves, which are absorbed by the particles in the food. As a result these
particles start to vibrate and this vibration generates heat [84].

WiFi: WiFi is Wireless fidelity technology. This technology makes use of RF spectrum. Generally we have WiFi
communication with the frequency of 2.4 GHz or 5 GHz [85]. This technology allows devices to communicate within
the short range. For example there is WiFi in education institutes, corporate offices or at home. WiFi acts as a bridge
between wired internet connection and wireless devices. It provides high data rates and can handle multiple devices at
the same time. WiFi uses WPA(WiFi Protected Access) for encryption of the data. Latest security technology is WPA
3, this keeps your WiFi network private.

Internet of Things(loT): Today almost all devices are SMART devices which can be connected to a single WiFi
network present at home [86]. This WiFi network controls the working of these devices with the help of RF
communication. You can make an ecosystem of electronic devices within the home with the help of IoT. loT
technology allows you to control these devices smartly with the help of your phone or laptop. For example SMART
AC, SMART TV, SMART Washing Machine these are the devices that can be connected to a single network and can
be controlled from there.

Television Broadcasting: RF communication is used by the broadcasters to provide channel services on the TV. Due to
this we can watch live matches, news, etc. from all over the world at home. RF communication can efficiently transmit
audio and video signals over a long distance [87].

Remote Controls: Remote control devices use RF technology to operate. For example car alarms or car doors, garage
doors and home automation systems [88].

Satellite Communication: RF communication is used to communicate between ground stations based on the Earth and
satellites in space. Due to this we can use various applications such as GPS, weather forecasting [89].
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1V. FREE SPACE OPTICS COMMUNICATION
A. FSO Communication

Radio Frequency uses spectrum to assign a unique frequency to each user. As the number of users are increasing day by
day there is a need for a reliable solution [90]. FSO(Free Space Optical) communication can meet modern day
requirements such as network traffic management, high data rates and security [1][82][88].Aside from this, the FSO
system is easy to maintain and initial cost is low for its setup. Compared to optical fibre technology, FSO is more effective
and fast, providing data rates up to certain Thps.

As the name suggests FSO is Free Space communication, the main need here is empty space that is a clear Line of
Sight(LoS). Without a clear LoS FSO system lacks in performance [91]. But this is also profitable while doing satellite
communication, since in space there are no major obstacles and a satellite can communicate with great speed to ground
stations based on earth [90-91]. Nowadays scientists and researchers are looking at FSO as a potential alternative to the
traditional communication technique due to its properties and benefits.

Free Space
As
A
Channel
Transmit Receive
Optics Optics
Optical Photo Detector
Amplifier ﬂ
Laser Diode Trans-impedance
ﬁ Amplifier
Driver u
ﬁ Demodulator
Modulator l
I Destination
Source

Fig 2. Implementation of FSO Communication

FSO communication as the name indicates uses free space for communication. FSO links generally work with
wavelengths of 850nm to 1550nm. When converted into frequency, it goes high up to certain terahertz.As shown in the
fig.2, the source contains information that needs to be transmitted and it is modulated by the modulator. In the modulator
block encoding of data on the optical carrier wave is done. Driver controls the laser diode with the help of electrical
signals making sure that operation of the laser is correct. The laser diode acts as a coherent light source, a coherent light
source emits light at the same frequency, wavelength and same phase or constant phase difference. This light beam carries
the signal through the atmosphere. The laser beam is modulated with different techniques such as Differential Pulse
Position Modulation(DPPM), Differential Phase Shift Keying(DPSK), Subcarrier Intensity Modulation(SIM), etc.
Transmit Optics makes sure that the laser beam is focused and directed towards the receiver. Due to the use of a laser
beam, normal antennas become inefficient in the case of FSO communication. Hence FSO communication uses beam
steering antennas, adaptive optics antennas, lens antennas etc. For this a laser beam is used to transmit the data [92].

Receiver antenna contains components which can collect maximum light from the atmosphere. Receive opticsare used to
direct and focus the collected light on the photo detector. Photo detector converts this light into an electrical signal again.
This process is done with the help of photodiodes or avalanche photodiodes. The amplifier block makes the signal strong
enough for further processing. The demodulation process is the opposite process as that of modulation. The original signal
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is extracted from the wave in this block. Due to the use of light as a transmission medium, FSO communication can
achieve high data rates as compared to other conventional communication techniques such as RF communication. The
main challenge faced by the FSO system is atmospheric turbulence but scientists are researching to eliminate this issue
[93]. Solar scintillation is a natural phenomena which occurs due to the solar wind plasma, which changes the refractive
index of the atmosphere frequently. This phenomena can disturb the FSO communication link [94].

Receiver Optics

Laser Emitter

Computer

DATA

Transmitter \ j

Optics
! |
/ \/"
|
Y

Fig 3. Laser Beam Transmission in FSO
B. Advantages and Application of FSO

FSO communication has advantages which helps in building a reliable and high speed communication system. Some of
them are listed below

e High Bandwidth - High bandwidth gives higher data rates making it suitable for various applications such as fast WiFi
or 5G and beyond cellular network [95].

e Cost effective - Unlike Fibre Optics, FSO doesn’t need any cable for transmission. This eliminates the cost of
expensive cables and hardware setup. Due to this the initial setup cost is also decreased to a certain extent.

e Security - FSO has one of the best security due to the use of LASER beam. Laser beams are hard to intercept without
proper detection. This ensures the security of the original signal. Quantum Key Distribution is one of the most
effective methods to secure the FSO communication link [96].

e Flexibility - The simple setup makes it easy to deploy the FSO system quickly and wherever required. Itcan also be
reconfigured as there is need. With the help of simple phase modulation the two way communication is possible [97].

e Low Latency - Latency is a time taken by a data packet to travel from its source to destination. Latency depends on
factors such as network congestion, processing time, distance between source and destination. In FSO communication,
light source is the medium of transmission hence travelling speed of data is very high, resulting in low latency.

These advantages make FSO more efficient, fast, and reliable than conventional RF communication systems. The high data
rate is the most important aspect of a FSO system. This is used in services such as 10T, 5G, VR, real time gaming, etc.

Following are some of the most important applications of FSO5G and Beyond(6G)

We are moving towards a futuristic world where Al, Robots and loT will take over. For all these applications, reliable and
fast internet connection is a primary requirement. Hence 5G and upcoming generations such as 6G are going to use FSO
most commonly [98]. As FSO can achieve goals like high data rates, security and reliability, it is the first option for every
communication system in future.
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VR and Real Time Gaming

Virtual reality is the next biggest attraction, since it gives you an immersive experience of almost any scenario or
situation, where you can feel the objects in your surroundings [99]. With this evolution of technology, eSports is the next
big thing. Gamers all over the world are playing with each other in real time. To give the usersbest and lag free
experience, servers need to have reliable and fast internet for data transmission ,without any packet loss. These
requirements can be met by use of FSO [93]. AR and VR are going to shape the future of human beings.

Satellite Communication

Almost every country is doing space research, discovering secrets of different celestial objects and interesting facts about
our vast universe. For this, research satellites are used which make use of FSO technology[1]. The connection between
ground stations based on the Earth and satellites in space must be strong and reliable [1][47]. This distance is very large
and high speed is required for transmission of data [90]. This data can be anything like images or videos of celestial
objects. Inter satellite connection is also done with FSO [1][100].

Campus Network

FSO is a technology which can be deployed without any need of extra cables and wiring. It also gives high data rates
which are similar to optic fibres. This is useful when connecting the buildings on a large campus such as universities or
corporate offices. FSO system is also cost effective and less time consuming system for setting up, hence it can reduce
tedious tasks of digging the holes, trenches for connecting the wires [101]. Due to the high bandwidth and low latency of
FSO online learning, video conferencing and large file transfer can be done within the campus. Additionally, FSO does
not require any special measurements for integrating with the existing network. Due to this overall network performance
is enhanced.

MAN(Metropolitan Area Networks)

MAN is the large network connection within the city. It uses FSO technology to create a high speed network in the
different parts of the city. This is particularly useful for connecting facilities such as hospitals, police stations, fire
departments, etc [102]. With the help of FSO it is possible to set up an emergency or a temporary network on the
occasion of various events or exhibitions. FSO systems cannot be easily affected by the electromagnetic spectrum making
them suitable to set up in the area where there is high noise. As FSO does not require spectrum licensing it reduces
operational cost and simplifies rules and regulations.

C. Difference between FSO and RF

Table 2. Difference between FSO and RF communication technique

Point of Difference FSO RF
Frequency Spectrum Optical Spectrum Radio Spectrum
Frequency in TeraHertz in GigaHertz
Wavelength Nanometers mm wavelength
Size of Antenna Small Large
Spreading of Beam Narrow Large
Data Rates in Gbps in Mbps
Sensitivity to Atmospheric Very Sensitive to atmospheric Can work in adverse
Conditions conditions atmosphericconditions
Applications 5G and beyond cellular network AM, FM Radio

V. HYBRID RF/FSO
A. Introduction to Hybrid RF/FSO Communication

Till now we have seen how RF and FSO systems work. RF and FSO communication systems both have their own
advantages and disadvantages. Traditional RF system is a robust system which can work in adverse environment
conditions such as fog, rain, etc [91]. But cannot give benefits such as high data rates and security. FSO system gives high
data rates up to certain Gbps, security, low initial cost but FSO requires clear Line of Sight(LoS) for proper connection,
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hence rain, fog disturbs the communication link. Due to these issues, scientists and researchers came up with a solution
which is a ‘Hybrid RF/FSO Communication’ [103]. This smart link analyses weather conditions and establishes

connection accordingly.
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Fig 4. Basic RF/FSO Hybrid Switching Diagram

As shown in fig 4, smart switching occurs between RF and FSO links with respect to atmospheric conditions [104]. Here
FSO is a primary communication link, which in case of clear weather transmits the data. But there are some scenarios
where atmospheric turbulence occurs due to which the FSO link becomes ineffective hence the system changes to RF link
[48][49]. The scintillation effect can also cause disturbance in the FSO link [98][105]. Scintillation is a phenomenon
where a light from another star passes through the atmosphere of the Earth [98][106]. This can be seen as twinkling with
our naked eyes. Scintillation affects the FSO link disturbing it and it causes disruption of data [107-109]. In these
situations RF link is used as an alternative communication link.

According to [104], the novel hard switching technique between RF and FSO communication link is given incase of
atmospheric turbulence and pointing error. The author mentions the incapability of the FSO system to work under harsh
weather conditions such as rain, dense fog, atmospheric turbulence as it degrades the quality of signal. To avoid this
problem, a novel RF-FSO system is proposed in the paper with the help of hard switching between RF and FSO
communication links.

B. Different Methodologies for the Hybrid System

In [110], the author proposes a switching based transmission scheme between RF and FSO communication links. FSO
links are known for their high data rates but are vulnerable to harsh atmospheric conditions like fog, while RF systems can
withstand the weather but in return provides limited bandwidth [111]. The proposed system works on a mechanism where
only one communication system that is either FSO or RF is active at a time. The switching is based on channel conditions,
enhancing the reliability of the system and provides high data rates. This paper is highly relevant in the case of modern
wireless communication networks particularly in the case of highly populated areas or urban areas. The author proposes
a hybrid, simple and low complexity hard switching mechanism where only one link is used at a time. Here the FSO
link is prioritized as a primary communication link for use since it provides high data rates. This hard switching helps to
decrease power consumption and simplifies the system design. In this paper, dual threshold SNR technique is used to
prevent frequent switching between RF and FSO links. Expressions are derived for various performance metrics such as
outage probability, average Bit Error Rate(BER) and ergodic capacity. These metrics are evaluated for both single and
dual threshold schemes, providing robust comparison of performance of the system under various conditions.

The FSO system is modeled with the help of a log-normal fading model. For the sake of simplicity the system assumes
zero pointing error. The model captures fading effects induced due to atmospheric turbulence. RF link is modeled using
the Nakagami-m fading model. This model is suitable for urban environments. The switching between links happens on
the basis of SNR thresholds. In a single threshold case system uses FSO initially, if SNR goes below the threshold level it
switches to RF communication link. Due to the use of dual threshold SNR technique performance degradation and more
energy consumption occurs. According to the expressions derived by the author the system experiences link failures under
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different conditions. The BER expression is derived with the help of M-PSK modulation for both links. Expressions
provided in the paper for ergodic capacity help to measure average achievable data rate over different channel conditions.
The simulation result shows that the hybrid system outperforms the standalone FSO system. The dual threshold technique
reduces outage probability at high SNR levels. Compared to only FSO system, the hybrid system shows improvement in
BER. The results stated that the hybrid system achieved better capacity compared to the standalone FSO system.

In [104], double threshold SNR technique is used to make the lifetime of the main paths longer. In double threshold two
threshold SNRs are set, a primary threshold SNR for strong signals and secondary threshold SNR for weak signals.
Heterodyne technique or Intensity Modulation with Direct Detection (IM/DD) technique can be used for detectionof the
signal.[112]. For modeling of FSO links, the Gamma-Gamma distribution is used to represent atmospheric turbulence .
Similarly, Rayleigh fading is used for modeling the RF communication link.Analysis of outage probability is done with
the help of mathematical expressions, considering the atmospheric turbulence and pointing errors [113]. Outage
probability is a metric used in wireless or fading channels to evaluate the robustness and reliability of a communication
system.

Monte Carlo simulation is used to prove the derived analytical expressions. Monte Carlo simulation is the tool used to
model the probability of a process with different outcomes which involves random variables. Monte Carlo simulations
show that the proposed scheme overpowers the conventional method of single SNR threshold value for the signal,
increasing the lifetime of the FSO link. This result shows that even in high turbulence and pointing error, this system can
work better than traditional design giving satisfying outage performance. The use of heterodyne detection offers
significant improvements in performance but the design becomes more complex.

The hybrid RF-FSO system in case of solar scintillation is proposed in [114]. The solar scintillation is mainly caused by
irregular solar wind plasma[115]. This phenomena occurs in deep space communication when the Sun comes between the
ground station based on Earth and deep space probe [116]. The paper proposes a dual-hop relay based systemconsisting of
both RF and FSO communication models. The RF link is used to communicate between ground based station and
satellite while the FSO link communicates between satellite and deep space probe. The uniqueness of this system lies in
the use of hybrid L Pulse Position Modulation(L-PPM), Binary Phase Shift Keying(BPSK), Subcarrier Intensity
Modulation(SIM) scheme to make a better design in the presence of solar scintillation.

Similar to [104], the Rayleigh fading for RF link and Gamma-Gamma Distribution is used for modelling the FSO
communication link in [114]. The effect of pointing error is also considered during analysis. The combined use of L-PPM,
BPSK and SIM is a novel approach. The provision of spectral efficiency by L-PPM and improved resilience against the
noise due to the use of BPSK makes the system efficient. This hybrid modulation reduces bit error rate(BER) significantly
in theory calculations. The paper analyses performance metrics such as outage probability, average channel capacity and
average BER with the help of closed-form expressions. Assessment of deep space communication systems is by these
metrics and the reliability and efficiency of the system is determined. The produced results showed that the hybrid system
performed better than the standalone FSO system in solar scintillation. While using a larger pointing error instrument, the
dual-hop decreases the outage probability. In case of weak solar scintillation a hybrid system achieved BER which was
10-30 times improved from the single FSO communication link. At higher Signal to Noise(SNR) ratios the hybrid system
outperformed conventional BPSK and L-PPM systems when thoroughly analyzed. Due to the scintillation effect the
channel capacity decreases. Excessive pointing errors also leads to reduced channel capacity, hence increasing robustness
of the system can benefit deep space communication. The improvement in BER is seen while using shorter wavelengths,
these wavelengths are less affected by coronal making them preferable for deep space optical communication.

In [98], the author points to the most important challenge in modern communication systems, which is reliability of data
transmission in varying weather conditions, specifically for the Unmanned Aerial Vehicle(UAV) assisted hybrid RF-FSO
communication system. The common problem for FSO communication links is the effect of atmosphere. Conditions like
fog, rain, turbulence can easily distort the signal, while RF systems are more robust and can work well in these conditions.
But the downside of RF links is the lower bandwidth, which cannot give high data rates. The combination of RF and FSO
communication in a UAV assisted hybrid system aims to escalate the performance of the system by merging strengths of
these communications. This paper mentions the context of 6G technology where speed, accuracy and reliability are main
constraints. According to the author of [98], a multi-hop UAV assisted relay system can provide improved
communication reliability and long range coverage [117]. The closed-form expressions for average Bit Error Rate(BER)
and atmospheric turbulence are derived in the same way as [114]. The analysis of system performance is done under
conditions like unstable weather conditions, receiver aperture size and modulation techniques. RF channel fading is
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modeled by Nakagami-m fading model and atmospheric turbulence is modeled by Exponentiated Weibull distribution
[118]. The influence of these RF channel fading and atmospheric turbulence are evaluated in this paper.

The FSO link is modeled by Exponentiated Weibull distribution which is considered for atmospheric attenuation and
turbulence. UAVs work in air and are unstable, hence misalignment caused by movements of UAVSs can create pointing
errors in FSO links. Coherent Binary Phase Shift Keying(CBPSK), Differential Binary Phase Shift Keying(DBPSK),
Coherent Binary Frequency Shift Keying(CBFSK), Non-Coherent Binary Frequency Shift Keying(NBFSK) form a
hybrid modulation scheme which are considered in the paper. Average BER and outage probability are used as
performance metrics. Simulation results stated that the UAV assisted system improves BER due to its relay capability.
Results also indicated that fog and haze affects the communication link and light rain affects both RF and FSO
communication. But, due to the use of UAV this impact is weakened by providing different communication paths. The
modulation scheme tested, gave the result as CBPSK providing great BER performance under all conditions. While
NBFSK showed the worst performance in high-power transmission scenes. The multi-hop and relay selection gives
enhanced reliability, this is particularly effective in adverse weather conditions. This majorly reduces outage probability
Higher Nakagami-m fading parameters and larger receiver aperture improves performance of the system. Pointing errors
are causing degradation in the performance of FSO links, this scenario is occurring mainly in high-power transmission.

According to [119], the crucial challenge in next generation wireless communication is cost effective small-cell base
stations (SCBSs). Traditional backhaul methods such as optic fibre(OF) are expensive to deploy and hard to maintain. RF
cannot give higher data rates and is susceptible to latency. The paper proposes a hybrid system where RF and FSO links
are used to reduce overall cost and make the performance of the system better. This solution is profitable for future 5G
and beyond networks. The problem of minimizing the cost of hybrid backhaul deployment is framed as a weighted Steiner
tree problem, which is complex for calculations. The paper introduces a graph-theoretic heuristic that approximates the
solution by considering multiple link-disjoint paths between base stations, ensuring resilience against link failures while
minimizing costs.The algorithm focuses on reducing costs by intelligently selecting between OF and hybrid RF/FSO
links, taking into account factors like distance, weather conditions, and target data rates.

The cost of the system was reduced significantly as compared to the Optic Fibre system due to the use of both RF and
FSO communication. This was particularly applicable in the case of a large number of SCBSs. The hybrid approach was
able to save almost 37% in some configurations. The increasing number of small cells improved the cost effectiveness of
the hybrid RF/FSO system. The break even point reached around 1000 SCBSs. The reliability factor was improved due to
the use of hybrid RF/FSO systems. The switching from FSO to RF link was happening successfully as the FSO system
was performing poorly under adverse weather conditions.

C. Strengths of Hybrid RF-FSO Systems

In [110], the hard switching mechanism used is easy to implement and it reduces the complexity of the design as well as
power consumption of the system. Due to the use of dual threshold SNR the unnecessary switching is reduced which in
turn reduces the energy consumption. This is beneficial for extending the lifetime of the FSO link. The author provides
closed-form analytical expressions for various performance metrics such as average BER, ergodic capacity and outage
probability. This offers a rigorous mathematical foundation to measure the performance of the hybrid RF/FSO system.

The author of [104] proposes an innovative method of double threshold SNR technique, this ensures the adaptive and
balanced switching between RF and FSO communication link according to conditions. This method makes higher
utilization of FSO links and enhances the reliability of the system in adverse weather conditions. The detection
techniques, outage probability, channel model are analyzed in great detail and are supported with complex and thorough
mathematical equations. This makes sure that the proposed system is valid and can work in real life. This hybrid method
is suitable for last mile connectivity and backhaul links in 5G cellular networks, where harsh weather conditions are
responsible for the degradation of optical communication links.

In [114], a novel dual-hop RF-FSO hybrid system is introduced. This hybrid system is useful specifically for deep space
communication under the effect of solar scintillation. This scenario is vital for future space missions. The expressions for
outage probability, channel capacity and BER are calculated with detailed analysis. These expressions are supported with
the help of validated simulations, which make all the outcomes reliable. The system integrates realistic effects in deep
space communication such as pointing errors, solar scintillation and use of modern and advanced modulation techniques.

According to [98], a detailed analysis of performance of the UAV assisted system is done under different weather
conditions and system configurations. Multiple factors are included in the paper such as pointing error, modulation
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schemes, weather which further increases the depth of the study. The validity of the system is enhanced by the use of
realistic channel models such as Nakagami-m model for RF link and Exponentiated Weibull distribution for FSO links.
The use of multiple relays for multiple hops with the help of UAVs offers a promising communication system, which can
be used in future communication generations(6G). The improved BER and outage probability makes this system reliable
even in adverse weather conditions.

The author of [119], proves that the hybrid RF/FSO system is able to provide cost-efficient and scalable solutions for
future wireless networks. The author points to the limitations and advantages of standalone RF and FSO technologies and
offers a balanced system which can combine strengths of both these technologies. This includes achieving high data rates
at a reduced cost. The use of graph theory by the author to optimize backhaul planning under multiple constraints is novel
and provides guidelines for practical implementation of the design. The heuristic algorithm which is used in the paper
effectively approximates the optimal solution with low computational complexity. The paper considers real life scenarios
such as urban areas with dense SCBS deployments. The adaption of the hybrid RF/FSO system to varying weather
conditions enhances its applicability.

D. Limitations of Hybrid RF-FSO Systems

In [110], the FSO link model does not account for pointing errors, which can significantly impact performance in real-
world systems. Future work could incorporate more realistic FSO channel models, including pointing errors and stronger
turbulence effects.While the paper focuses on reducing power consumption by switching between RF and FSO, it does
not provide a detailed analysis of energy efficiency. Given the importance of power management in wireless systems, a
deeper exploration of energy consumption would strengthen the practical applicability of the proposed solution.The paper
assumes fixed backhaul links between the RF and FSO systems. Future research could explore how the hybrid system
performs in mobile environments or with larger, more complex network topologies involving multiple hops or UAV-
assisted relays.

In [104], the results show the heterodyne technique providing better performance as compared to others. But it also
introduces additional complexities in the design and increases cost of the overall system while implementing practically.
The deeper discussion on the trade-offs between IM/DD technique and heterodyne technique can further enhance the
relevance of paper. The paper is more reliant on link reliability and outage probability without addressing the energy
consumption cost linked with frequent switching between RF and FSOlinks. This cost is high particularly in large scale
networks. The proposed system is not discussed in the context of scalability. In future work, the author can explore the
possibilities of implementing this hybrid RF-FSO system in densely populated areas with numerous links.

According to [114], the use of hybrid modulation schemes with L-PPM, SIM, BPSK outperforms the conventional BPSK
and L-PPM schemes. But this hybrid scheme introduces complexity to the system. More in depth research on balance
between performance gains and implementation complexity will make the paper more resourceful. This paper mainly
focuses on factors like BER and outage probability but energy efficiency is not addressed properly. The power
consumption is very important in case of deep space communication and could beaddressed in future work. This system is
typically designed for deep space communication in case of solar scintillation, but scalability of this system in other
scenarios such as interplanetary communication is not discussed properly.

The theoretical discussion of implementation of hybrid RF-FSO systems with the help of UAV is excellent in [98] but it
lacks the practical implementation scenarios of the system. UAVs are costly and use of multiple UAVs for the system can
increase the cost of the system significantly. The factors such as power consumption and UAV mobility are also not
discussed in the paper. UV As have limited power capacity, hence the power consumption is an important factor and energy
utilization should be discussed in the future work. The paper does not discuss the system requirements for large area
networks with dense population and high network traffic. These topics can be included in the future work.

While [119] focuses on cost reduction and performance, it lacks a detailed analysis of the energy consumption of the
hybrid system. Since energy efficiency is a critical factor in modern network deployments, future work could explore how
the hybrid RF/FSO system can be optimized for power consumption.The hybrid system introduces additional complexity
in terms of switching between RF and FSO, particularly in environments with rapidly changing weather conditions. A
discussion on the practical challenges of implementing such dynamic switching would strengthen the paper.The paper
focuses on fixed backhaul scenarios, but future networks will likely include mobile small cells (e.g., mounted on UAVS).
The performance of hybrid RF/FSO backhaul in scenarios involving mobility and dynamic topology changes should be
explored.
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E. Bit Error Rate

As discussed in the above cases one of the most important parameters as a performance metric is BER. The improvement
in BER increases the efficiency of the system significantly. It measures the number of bit errors compared to total bits
sent. BER is used to identify how reliable and efficient a system is [120]. BER also helps in error correction techniques
used in digital communication. Achieving lower BER needs sophisticated equipments, which increases the stress on the
budget. Hence engineers need to balance the BER with the given budget. BER is calculated with respect to the modulation
scheme used in that system. Below is an example of BER calculation with the help of MATLAB.

Let's assume that the system is working on On-Off Keying(OOK) and on the Additive White Gaussian Noise(AWGN)
channel. Here is the skeleton of code for the BER:

Code:

% Parameters

numBits = 1e6; % Number of bits to be transmitted
EbNo_dB = 0:2:20; % Eb/No range in dB

M = 2; % OOK modulation

% Generation of random bits
data = randi([0 1], numBits,
1);

% OOK
Modulation
txSignal = data;

% Pre-allocation of BER array
BER = zeros(length(EbNo_dB),
1);

for i = 1:length(EbNo_dB)
% Calculating noise
variance EbNo =
10"(EbNo_dB(i)/10);
noiseVar = 1/(2*EbNo);

% Generation AWGN noise
noise = sgrt(noiseVar) * randn(numBits, 1);

% Received signal
rxSignal = txSignal + noise;

% OOK
Demodulation
rxData = rxSignal >
0.5;

% Calculation of BER
[numErrors, BER(i)] = biterr(data,
rxData);end

% Plotting of BER vs
Eb/Nofigure;
semilogy(EbNo_dB, BER, 'b-
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0");xlabel('Eb/No (dB)";

ylabel('Bit Error Rate (BER)");

title('BER vs Eb/No for FSO System with OOK Modulation);

grid on;

Above code gives the graph of BER vs Eb/No.

3 BER vs Eb/No for FSO System with OOK Modulation
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Fig 5. Graph of BER vs SNR per bit
Explanation:

The MATLAB code is used for simulation of performance of FSO communication system using On-Off keying
modulation scheme. It calculates and plots the BER for different values of Eb/No(Energy per bit to Noise Power Spectral
Density ratio). In the beginning the number of bits to be transferred, modulation scheme, the range of Eb/No values in dB
are defined. The code generates a random sequence of bits and modulation of these bits is done with the help of OOK.
Here the transmitted signal is a simple data bit. For each Eb/No value, the code calculates the noise variance and
generates Additive White Gaussian Noise (AWGN) to simulate the channel noise. By adding noise and transmitted signal
received signal can be obtained. The code then demodulates the received signal by comparing it to a threshold of 0.5 and
calculates the BER by comparing the demodulated bits with the original data. After this, the plot of BER against Eb/No is
plotted on the semi-logarithmic scale which provides the visual representation of the system’s performance under various
noise conditions.

F. Code for switching between RF and FSO communication link

To switch between RF and FSO link coding is required. Following is the skeleton of a C++ code to switch between
RF and FSO links.

Code:
#include
<iostream>
#include
<string>

/I Function to collect the current weather data
std::string getWeatherCondition() {
/I Placeholder for actual weather data retrieval
/l'In practical, a proper weather API will be called here

return "clear"; // Possible values: “clear", "foggy", "rainy", etc.

}

/I Switching to FSO link function
void switchToFSO() {
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std::cout << "Switching to FSO link." << std::endl;
/I Code required for activating FSO link
}

/I Switching to RF link

functionvoid switchToRF() {
std::cout << "Switching to RF link." << std::endl;
/I Code required for activating RF link

}

int main() {
std::string weatherCondition = getWeatherCondition();

if (weatherCondition ==
"clear") {switchToFSO();

}else {
switchToRF();

}

return O;

}

Explanation:

In the above code, the first condition is to call a weather API. A weather API contains data of the atmospheric conditions
of a particular region. These files can be accessed from a government website. In code, the getWeatherCondition()
function is used to retrieve the current weather condition, which returns ‘clear’ as placeholder. After getting the result of
weather conditions the main code decides which link to use. If the output is clear it calls the switchToFSO() activating
the FSO link for communication. If weather conditions are not clear, switchToRF() function is called, which activates the
RF link for communication. After that hardware interfacing is required, as different hardwares can be used to transmit the
data, each will have its different ports and protocols which will need to be followed. Hence choosing hardware
accordingly is also important as it can make the whole system a lot more complex. FSO and RF devices will be different
hence we will need to write 2 codes, first for activating the primary FSO link, second to activate the secondary RF link.
As the above code is only a sample code, the original code will have hardware components specification to activate the
respective links.

G. Advantages of Hybrid RF/FSO communication

e Quality of Service(QoS) - QoS contains several things such as controlling network traffic, making sure the
performance of a system does not drop and limited resources are used by the system [1][78]. By using Hybrid RF/FSO
communication link, the overall QoS of a system increases [1][121].

e Throughput - Throughput is the measurement used in communication to determine how much data is received against
how much data was transferred. The loss of data decreases the throughput of the system [1][122]. Use of Hybrid
systems increases throughput by switching between FSO and RF. Due to this enhanced throughput the data rate
increases and allows fast transmission of the data.

e Reliability - FSO link is the primary link in the system but due to factors such as rain, haze, fog this linkgets disturbed.
Hence data transmission stops decreasing the reliability of the system. While using a Hybrid system the link is
switched to RF link immediately if weather conditions are not suitable [1][123]. Due to this the system becomes
reliable.

e Energy efficiency - For transmission of data energy is required. In traditionala systems the energy requirements is very
high as it uses only single type of communication [1][124]. In Hybrid systems effective utilisation of energy is done by
optimising the system. This is done by switching between RF and FSO communication. This technique is used in
modern communication methods such as 5G [1][125]. This energy efficiency is also required by the 10T devices as it
needs fast and reliable internet connection [1][126].
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Extended Coverage - As mentioned above FSO link is mainly dependent on the atmospheric conditions, due to this
limitations arises for long distance communication [1][127]. The RF system is a robust system and can be used to
transmit the data to far away places irrespective of atmospheric conditions [1][128]. Due to this switching, a large area
can be covered by a Hybrid system.

Security - Every messenger service has one motto that is end to end to encryption of all the messages. This means the
service provider tries to give maximum security and privacy to the user [1][128]. But due to the usage of single
communication the message can be intercepted by a third person. To avoid this, the capabilities of both FSO and RF
can be combined together. FSO signal is difficult to intercept and hence cannot be accessed by a third party [129]. RF
signals are harder to jam due to their robustness. In a Hybrid system the combined security of both these
communications is achieved [130].

Cost-Effectiveness - The Hybrid RF/FSO system is more cost efficient than, only RF or only FSO system. This system
is more cost saving for long distance communication. The advantages of both RF and FSO will save expenditure on
special equipment for transmitter and receiver [109][119].

Adaptive Communication - Adaptive communication means switching dynamically between FSO and RF
communication link [114][131]. This smart switching makes sure to give optimal performance and best QoS[1][132].

. Disadvantages of Hybrid RF/FSO Communication

Complexity and Cost: Implementing a hybrid RF-FSO system requires integrating two different technologies, which
increases the complexity of the system design and operation. This integration often leads to higher costs for both
installation and maintenance[133].

Synchronization Issues: Ensuring seamless switching between RF and FSO links can be challenging. Synchronization
between the two systems is crucial to maintain continuous communication, and any delay or mismatch can degrade
performance [134].

Environmental Sensitivity: While hybrid systems aim to mitigate the weaknesses of each technology, they are still
susceptible to environmental factors. FSO links are highly sensitive to atmospheric conditions like fog, rain, and dust,
while RF links can be affected by electromagnetic interference and physical obstructions [135].

Power Consumption: Operating both RF and FSO systems simultaneously or switching between them can lead to
higher power consumption [136]. This is particularly problematic for battery-powered or energy-constrained
applications.

Security Concerns: FSO links, due to their narrow beam and line-of-sight requirement, are generally more secure than
RF links. However, the hybrid nature of the system can introduce vulnerabilities, especially if the RF link is
intercepted or jammed [137].

Applications of Hybrid RF/FSO communication

Due to the advantages of the hybrid RF/FSO communication systems, they can be implemented in many places and are

effective for most of the modern world applications such as 5G communication, 10T, satellite communication,etc.
Following are some of the applications of Hybrid RF/FSO System:

Backhaul Connection for Mobile/Cellular Network - Backhaul or also known as exchange backhaul are the links that
connect the core data centre to local exchange[1][138]. These local exchanges then provide service to our home router
or to our cell phone. 5G services uses backhaul connection as a backup if primary links fail to communicate, providing
excellent customer service[106][139].

Disaster recovery and emergency situation communication - During emergencies or natural disasters the
communication link gets disturbed [140]. In this situation a hybrid system can establish a temporary connection to that
particular region helping local people and military to do the needful[140]. This helps in saving and aiding the people
suffering from the wrath of natural calamities.

Remote Sensing and Monitoring - Hybrid systems can be used to transmit data from various devices such as cameras,
sensors or monitoring devices to any computer or mobile phone. Various devices to analyse ECG or EEG data of
patients are available in the market today and they use this hybrid technology[1][141]. Multiple Biomarkers can be
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observed and the data can be transferred to mobile phones for remote access[142].

e Earth to Satellite Link - When doing deep space communication a strong and reliable connection is required. The
telescope captures many photographs, videos of planets, comets, asteroids, etc. in space[1][143]. These all need to be
transmitted to the ground station based on the Earth. During Solar scintillation establishment of communication links
using FSO becomes difficult. To avoid this, use of hybrid RF/FSO systems can help, as RF has that robustness and
efficiency to communicate[144].

e Vehicular Communication - Vehicle to vehicle communication can be done to avoid traffic congestion or to help
people who were in a road accident[1][145]. Hybrid systems are also used in vehicles such as submarines for
underwater communication[146]. The development in the field of Unmanned Aerial Vehicles(UAVS) is truly
fascinating and this technology is changing the world. These UAVs use hybrid RF/FSO communication for
communicating with centres on the ground and they have a range of up to few kilometres[147]. In some cases a whole
RF/FSO communication system can be implemented on a UAV[12][148].

e Military Communication - The security provided by the hybrid RF/FSO communication is of great advantage for
military application due to the sensitive data transmission[149]. The robustness of hybrid systems and their ability to
work in various operational areas is profitable for military communication. These revolutionary applications are
discovering new possibilities in various fields such as defence,

healthcare, space research, etc. The combined advantages of RF/FSO communication systems are making them more
robust, more reliable and systems with higher data rates. UAV, satellites are helping to make progress in fields such as
education. Due to high speed internet real time gaming is possible, which is expanding the global eSports market.
Streaming of videos with more than one person at the same time is possible because of these systems[150].

VI. CONCLUSION

The hybrid RF/FSO (Radio Frequency/Free Space Optical) communication system represents a significant advancement
in the field of wireless communications, combining the strengths of both RF and FSO technologies to enhance overall
system performance and reliability. This integration addresses the limitations inherent in each individual technology, such
as the susceptibility of FSO to atmospheric conditions and the limited bandwidth of RF systems.

The primary advantage of hybrid RF/FSO systems lies in their ability to maintain robust communication links under
varying environmental conditions. FSO links, which offer high data rates and large bandwidth, are highly effective in
clear weather but suffer from performance degradation in adverse conditions like fog, rain, and dust. Conversely, RF
links, while offering lower data rates, are less affected by such environmental factors. By dynamically switching between
RF and FSO links based on real-time environmental assessments, hybrid systems ensure continuous and reliable
communication. Moreover, hybrid RF/FSO systems enhance the overall capacity and flexibility of communication
networks. They can be particularly beneficial in scenarios requiring high data throughput and low latency, such as in
urban environments with high user density or in backhaul networks where maintaining high-speed data links is critical.
The use of advanced modulation and coding schemes further optimizes the performance of these hybrid systems, ensuring
efficient utilization of available spectrum and minimizing error rates.

However, the implementation of hybrid RF/FSO systems is not without challenges. The increased complexity and cost
associated with integrating two distinct communication technologies can be significant. Additionally, ensuring seamless
switching and synchronization between RF and FSO links requires sophisticated control algorithms and real-time
monitoring systems. Despite these challenges, the potential benefits of hybrid RF/FSO systems in enhancing
communication reliability, capacity, and flexibility make them a promising solution for future wireless communication
networks. In conclusion, hybrid RF/FSO systems offer a compelling approach to overcoming the limitations of traditional
communication technologies, providing a robust and adaptable solution for modern communication needs.
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