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The explosive rise of wireless services necessitates a network connection with high
bandwidth, high performance, low mistakes, and adequate channel capacity. Individual
mobile users, as well as residential and business clusters are increasingly using the internet
and multimedia services, resulting in massive increases in the internet traffic demand. Over
the past decade, internet traffic has grown significantly faster than Moore’s law predicted.
The current system is facing significant radio frequency spectrum congestion and is unable
to successfully transmit growing amounts of (available) data to end users while keeping
acceptable delay values in mind. Free space optics is a viable alternative to the current radio
frequency technology. This technology has a few advantages, including fast data speeds,
unrestricted bandwidth, and excellent security. Since free space optics is invisible to traffic
type and data protocol, it may be quickly reliably and profitably integrated into an existing
access network. Despite the undeniable benefits of free space optics technology under
excellent channel conditions and its wide range of applications, its broad use is hampered by
its low link dependability, especially over long distances, caused by atmospheric turbulence-
induced decay and weather sensitivity. The best plausible solution is to establish a secondary
channel link in the GHz frequency range that works in tandem with the primary free space
optics link. A hybrid system that combines free space optics and millimeter wave
technologies in this research is presented. The combined system offers a definitive backhaul
maintenance, by drastically improving the link range and service availability.

1. Introduction

projected in 2030. In general, 5G technology is projected to
provide users with an immersive experience (data speeds

The wireless communication dilemma of offering
uninterrupted support to the ever-increasing number of end
users, creating new services, enhancing existing services,
and sharing congested spectrum bands is the fundamental
motivation behind the search for the state-of-art and
scalable technology. Due to the natural growth of computer
and telecommunications technology, every new generation
of cellular innovation has a life cycle of a decade or less.
The capacity of 5G wireless networks is predicted to
increase a thousandfold with connections for at least
100 billion devices and a 10 Gbps individual user
experience with incredibly low latency and response times.
These networks have been deployed since 2020 with a peak
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approaching 10 Gbps), enable ultra-high-definition video,
virtual reality apps, and mobile cloud services.
5G networks are supposed to have zero latency and
extremely low response and switching times
(milliseconds), while keeping energy consumption as low
as possible [1, 2]. The requirements of 20 Gbps peak data
rate and 1 millisecond latency present significant
engineering challenges in the design of 5G cellular
systems. For a vast majority, fibre optical communications
are the primary technology used for backhaul support. Free
space optics (FSO) is an inherently low-latency technology
with effectively no delay between packets being
transmitted and received at the other end, except for the line
of sight (LoS) propagation delay. The speed of light
through air is approximately 40% higher than in optical
fibres. This equates to a 40% reduction in latency values.
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Use of the millimeter wave (mmWave) bands above
10 GHz, where vast quantities of spectrum are available,
makes mmWaves a promising 5G candidate that may be
able to rise to the occasion [3, 4].

5G is expected to provide customers with an immersive
experience (with rates surpassing 10 Gbps), as well as super
high-definition video, virtual reality apps, and mobile cloud
services. One such 5G enabling technology that uses
alternate spectral region to provide fronthaul services is an
optical wireless communication (OWC) [5, 6]. The authors
are primarily interested in the OWC technology that is best
suited for outdoor terrestrial communications, often known
as FSO links [7]. The FSO system has piqued the interest
of entrepreneurs all over the world, as it has shown to be
one of the most effective last-mile communication
solutions in high-traffic regions. It has emerged as a more
viable option to radio frequency (RF) technology for a
communication network implementation. Despite the
widespread existence of RF wireless networks capable of
supporting data speeds of several hundred megabits per
second, the massive growth in data traffic, range limits, and
limited accessible bandwidth have created significant
challenges for communication utilizing this technology.
Because of its large bandwidth, FSO technology may
quickly replace RF technology. FSO communication
appears to be an excellent candidate for 5G communication
because of its license-free bands, resilience, high data rate
transfers, good security, and low signal interference. FSO
is a LoS method that transfers data using light travelling in
open space. With a minimal system complexity, the
connection provides weather. Despite numerous benefits,
the link availability under varying climatic circumstances
is a major source of worry. Because these linkages are
largely weather-dependent, signal attenuation increases
under certain conditions, lowering link efficiency.

Different atmospheric conditions, including snow, fog,
and rain, scatter and absorb the transmitted signal resulting
in a significant signal attenuation before it reaches the
receiver. The fundamental obstacle in establishing an
overland communication link centred on FSO technology
is preserving LoS between transmitter and receiver [8]. The
range and capacity of wireless channels are severely
constrained due to a signal attenuation induced by
atmospheric conditions. The atmospheric attenuation in
clear weather ranges from 0.2 dB/km in exceptional sunny
weather. Conditions such as heavy snow and thick and
heavy fog, on the other hand, dramatically increase
attenuation to approximately 350 dB/km, limiting the link
capability. The dominance of atmospheric attenuation on
link performance is a major impediment to the acceptance
of FSO technology as a service provider for end users, as it
is highly difficult to achieve carrier-class availability. In
order to ensure higher availability while not compromising
on data rates, using a GHz range link parallel to the FSO
link guarantees a nearly flawless setup [9, 10].

A secondary RF connection is the first and most typical
hybrid route that is explored as a backup to the primary
FSO link. Several factors such as non-dependency on
atmospheric effects, non-LoS, and ease of implementation
and cost (already existing) make it a highly valued choice
for the secondary link. When considering a technology for
commercial viability, the hybrid architecture should be able
to satisfy the stringent requirements of a 5G fronthaul

network. In general, the data rates offered by RF links are
much lower in comparison to the rates offered by the FSO
link. However, mmWave technology is a great contender
as they exist close to optical frequencies in the
electromagnetic (EM) spectrum. They have comparable
propagation properties, and because of their enhanced
carrier frequencies, both spectral bands provide greatly
expanded transmission bandwidths which is one of the
driving factors for their introduction into the 5G arena [11].

The frequency range of mmWave frequencies is from
30 GHz to 300 GHz, with a wavelength ranging from
10 mm to 1 mm. At mmWave frequencies, the radio
spectrum is still underused, and an additional bandwidth is
available. Due to the obvious limited range and very small
beam widths, mmWave frequencies provide superior
security and privacy. At mmWave frequencies, the spatial
resolution is improved because the tiny wavelength allows
for the creation of compact antennas with a narrow beam
width. At mmWave frequencies, the physical dimensions
of antennas shrink to the point where sophisticated antenna
arrays may be built. The combined deployment of
FSO/mmWave could ensure extremely resilient wireless-
based fronthaul networks under various atmospheric and
weather conditions. By considering FSO as the funda-
mental technology, the spectrum scarcity and interference
issues in the radio wireless-based fronthaul/backhaul
networks can be combated. FSO could also be seamlessly
integrated with optical fibres to form an all-optical low-
latency and high-capacity backhaul link. The proposed
hybrid system combines the extended range of the FSO link
with the capacity and availability of mmWave links. This
hybrid system is appropriate for mobile platforms due to its
potentially large link capacities [12].

2. FSO channel model

Absorption, scattering, turbulence, and precipitation all
impact the attenuation of an optical signal as it travels
through the atmospheric channel. Presence of aerosols,
dust, smoke, and particles of various sizes contributes
significantly to the decrease in signal strength. Figure 1 is

a holistic summary of all the atmospheric attenuation
contributors.
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Fig. 1. FSO channel characteristics.
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Equation (1) is a mathematical model of the atmo-
spheric channel.

y(@) = y{h(®)x(8)} + n(o). )

In the above equation, y(t) is the received optical
signal, h(t) is the channel turbulence model, y is the
channel attenuation (dB/km), x(t) is the transmitted optical
signal, and n(t) is the noise signal. The attenuation
parameter y includes the effects of absorption, scattering,
fog, rain, and snow-induced fading. The channel turbulence
para-meter h(t) takes into account the effects of
scintillation.

Along with affecting signal strength, certain environ-
mental conditions such as wind can cause building
movements and these effects can disrupt the transmitter and
receiver alignment. To mitigate these effects, FSO systems
use two approaches. First, a wider beam divergence angle
can be used initially. Second, active tracking systems can
be used to keep beam aligned. Another problem for FSO
communication links is scintillation. Temperature of
separate air pockets is affected by heated air ascending
from the base or roofs. Therefore, the refractive index
changes over time as it travels through the connection
causing scintillations in the beam. The receiver detects
these scintillations as a power fluctuation [13, 14].

Absorption and scattering processes are major
contributors to loss in the atmospheric channel. The
interaction of photons travelling through the atmosphere
with molecules existing along their path results in
absorption, scattering, or LoS. The process of absorption is
wavelength-dependant [15, 16]. Some photons are
destroyed, and their energy transformed to heat, while
others are scattered owing to particle components.
Equation (2) relates the sum of the scattering and
absorption indices from aerosols and molecular compo-
nents of the atmosphere.

YD) = am(D) + aq(d) + () + a (D), @

an(1) and a,(A) represent the molecular and aerosol
absorption coefficients, and f,,(4) and B,(4) are the
molecular and aerosol scattering coefficients, respectively.
Systems are intended to work in the windows of 780-850
and 1520-1600 nm which correspond to atmospheric
transmission windows because it is difficult to change the
randomness of the atmosphere [17].

The comparison of the particle radius "r" with the
wavelength "A" is used to calculate the scattering attenua-
tion. Rayleigh scattering is predominant when r < 4 and
geometric scattering occurs when r > 1. When the particle
radius is similar to the wavelength (r = 1), the dominant
phenomena are Mie scatterings. Table 1 summarizes the
relation between particle type, particle radius, and
scattering processes [ 18]. The following is a mathematical
representation of the specific attenuation due to scattering:

-

0.195v

, 3

where V is the visibility in km and 4 is the wavelength in nm.
From (3), it can be observed that the specific attenuation

due to scattering is the wavelength-dependent process.
Figure 2 is the plot of specific attenuation due to scattering
vs. visibility for three optical windows.

Table 1
Size and kind of scattering mechanism of various air molecules
present in the transmission medium.

Type Particle radius (um)  Scattering process
Air molecules 0.0001 Rayleigh
Haze particle 0.01-1 Rayleigh-Mie
Fog droplet 1-20 Mie-geometrical
Rain 100-10 000 Geometrical
Snow 1000-5000 Geometrical
Hail 5000-50 000 Geometrical
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Fig. 2. Specific attenuation due to scattering.

Visibility “V” is an essential parameter that helps relate
the severity of the environmental conditions to the actual
visual range. Visibility is defined as a distance that a light
beam can propagate till the intensity drops by 2% of the
original value [19]. The formulae in Table 2 can be used to
calculate the specific attenuation owing to fog, rain, and
snow. By virtue of the fog particle wavelength being
comparable to the propagation wavelength, the attenuation
due to fog becomes a paramount contributing factor to the
optical signal attenuation [20-23].

2.1. Atmospheric turbulence models

On bright sunny days, scintillation affects the
performance of many optical wireless communication
devices. Scintillation, sometimes known as “hot air”, is one
of the impacts of temperature differentials on the density of
air particles. The air closest to the Earth’s surface is
warmer than the air at high altitudes due to solar radiation.
Warmer air does have a lower density and rises to mix with
the cooler air. Eddies are inhomogeneities resulting from
the mixing. Eddies are discrete cells of different sizes and
temperatures that operate as refractive prisms, creating
refractive index variations. This causes random variations
in the received signal which drastically impairs the
performance of the FSO system, especially over long
distances. There are four types of turbulence: faint,
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Table 2
Specific attenuation due to weather factors.

Phenomenon General techniques Visibility based on relation
FOG Mie scattering theory (not the most Broo (1) = 3.91 ( 2 )—p
favourable technique due to involvement ' /%9 v \550
of complex computations) V (km) is the visibility range, A (nm) is the operating
wavelength, and p is the size distribution coefficient of
scattering. Based on the Kim and Kruse models.
Figure 3 depicts the specific attenuation caused by fog.
According to Kim model, p is given as
{ 1.6 V>50
1.3 6<V <150
p =140.16V + 0.34 I<V<e6
V—-05 05<V <1
0 V<05
According to Kruse model, p is given as
1.6 V>50
p= 1.3 1 6<V <50
0.585V3 V<o
— 0.67 ; 28
RAIN Brain = 1.067R™*" in dB/km Upgin = —
R (mm/hr): rain rate.
Figure 4 shows the specific attenuation
due to rain for a specific range of variable
rain rates.
SNOW Benow = aS? in dB/km Aanow = SV_S
S (mm/hr) is snow rgte and the values of Figure 5 shows the specific attenuation on account of wet snow
parameters @ and b in dry and wet snow .
and dry snow, respectively.
are: dry snow —
a=5.42x107+5.4958776; b =1.38
wet snow —
a =1.023x107+3.7855466; b =0.72
0 KIM MODEL . . T . KRUSE MODEL .
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Fig. 3. Specific attenuation due to fog: Kim model (a) and Kruse model (b).
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Fig. 5. Specific attenuation due to wet snow (a), dry snow (b).

moderate, strong, and saturated. The amplitude of
the refractive index shifts, and the distance covered by
optical signals through the atmosphere are used to
categorize them. Due to the extreme complexity, there is no
general model that encompasses all regimes. The three
most often reported models for irradiance variation in
a turbulent channel are discussed in this work. The weak,

weak-to-strong, and saturated regimes are represented by
log-normal, gamma—gamma, and negative exponential
models, respectively [24].

Kolmogorov proposed the index of the refraction
structure parameter C2 to help calculate the amount of
refractive index variations: wavelength, altitude, and
temperature influence CZ2. The Hufnagel-Valley (H-V)
model is widely used to model C2 in terms of altitude. C2
is mathematically defined as follows:

2 —

C2(h) = 0.00594 (v—‘”) (1075)" exp (—h)

27 , 100 , 4)

-16 7

+2.7x 10" " exp (%) + A exp (m>,

where v, is the local wind speed perpendicular to the field

of travel (the most usually used value is of 21 m/s), 4 is

taken as the nominal value of C3(0) at the ground level in

m3, and h is the altitude in meters. C is assumed to be

1.7 X 107 m™?? and 8.5 X 107> m?? during the day and

at night, respectively, near the ground levels. C,zl varies

between 10712 m 2 for heavy turbulence and 1077 m %> for

light turbulence, with a standard average value of
10715 m,2/3.

2.1.1.

The statistics of irradiance variations in this model
follow a log-normal distribution. A single energy
dispersive event describes this model which is best suited
for mild turbulence environments. The probability density
function (PDF) is calculated based on (5):

L (n()-ru)

—exp

1
p() =
V2ma?

where 0'12 is the log irradiance for a plane wave, I is the field
irradiance and I, is the intensity in free space.
Depolarization is minimal in severe turbulence conditions.
Numerous scatterings caused by turbulent eddies are not
accounted by the Rytov approximations. Figure 6 represents
the PDF for log-normal distribution for four different
variance values.

Log-normal channel model
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Fig. 6. Log-normal turbulence PDF.
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2.1.2.  Negative exponential channel model

This model is valid for the saturation regime which has
many independent scatterings. The irradiance variation
here follows the Rayleigh distribution which has negative
exponential statistics. The negative exponential probability
density function can be calculated using (6).

1 1
p(I) z_exp(__) s 10 203
Iy Iy

(6)
where E[I] = I, is the mean received irradiance. Figure 7
represents the PDF distribution for the negative exponential
model for different values of field intensity in free space.

26
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Irradiance, I/E[/]

Fig. 7. Negative exponential turbulence PDF.
2.1.3.

Both  small-scale (scattering) and large-scale
(refraction) effects are taken into consideration in this
model. This model considers all turbulence regimes, from
moderate to strong. For the saturation regime, the model
approaches a negative exponential distribution. The
gamma—gamma irradiance distribution function s
calculated based on (7).

Gamma—gamma channel model

2(ap)@th/

2
() =" P Kep(YaBD). 1 2 0, (1)

K, (.) is the modified Bessel function of the second kind of
order n and T'(.) represents the gamma function. The
effective number of large- and small-scale eddies in the
scattering process is represented by a and £ and is related
to atmospheric conditions according to (8) and (9).

- 1-1
0.4907 )
a = |exp -1] , ®)
| ((1 + 1116125 )
- 1-1
5 ( 0.5107 ) 1 )
= |exXp - N
| \(1+0.696/25)°) ]

where o/ is the Rytov variance. Figure 8 represents the

PDF of the gamma—gamma turbulence model for three
regimes.

1.2 T T T T T T T
fffff Strong regime
: ——Moderate regime
1t / N Weak regime

——

25 3

———

35 4

0 0.5 1 1.5 2
Irradiance, /

45 5

Fig. 8. Gamma—gamma turbulence PDF.

Figure 9 summarizes the relation between scintillation
index value and corresponding distributions. The log-
normal distribution is famous because of its mathematical
simplicity; nonetheless, it is only relevant to the weak
turbulence [25, 25]. The negative exponential distribution
is applicable only to the saturation regime. Despite its
mathematical complexity, the gamma—gamma model,
when considered in confinement, covers from caters to a
wider scale of the scintillation index. Hence, the gamma—
gamma model is considered more comprehensive.

2
o;
<« 1 1 1

0 1 3 5 7

v

2
Lognormal distribution (weak turbulence o; <1)

<

Negative exponential distribution(strong turbulence 012 >1

4
4

Gamma—-gamma distribution (all regimes)

Fig. 9. Irradiance statistics and appropriate distribution summary.

3.  Hybrid FSO/mmWave system

There is a trade-off between system availability and link
range in commercial FSO systems. The mmWave
communication systems, with carrier frequencies ranging
from many tens of GHz to more than 100 GHz, provide
comparable data speeds to FSO systems. These systems are
suited for point-to-point communications across lengths of
less than 20 km. This technology limited range allows for
the spectrum reuse. While fog affects the performance of
FSO lines, rain causes a power loss owing to dispersion in
mmWave links because rain drops have diameters
equivalent to the mmWave wavelength [27]. Furthermore,
absorption maxima in 24 GHz, 60 GHz, and 125 GHz are
caused by the oxygen absorption. Near 94 GHz, power
absorption becomes minimal, allowing mmWave devices
to cover greater distances. As a result, mmWave at this
frequency can supplement FSO links, extending the range
and availability of the hybrid FSO/mmWave system.

Figure 10 summarizes the characteristics of the mmWave
channel.
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The general mmWave channel equation is as follows:
y(@) = H x x(t) + n(t), (10)

where y(t) is the received signal, H represents the overall
channel model parameters, x(t) is the transmitted signal
and n(t) is the noise signal. The mmWave channel model
is built on a series of nested link attenuation scenarios that
calculate margin losses due to rain, fog, atmospheric (water
vapour, and oxygen) attenuation, and multipath effects.
The formula to calculate the total transmission loss for a
link with a frequency higher than10 GHz is given by (11).

Attenuation (dB) = 92 .45 4+ 20log f

+ 20logD + Excess Attenuation, 1
where f is the frequency in GHz and D is the distance in
km. Absorption losses owing to atmospheric gases,
attenuation due to fog and mist, attenuation due to rainfall,
and multipath effects deriving from surface reflection are
all examples of the excessive attenuation. For example,
considering 60 GHz as the propagation frequency, overall
attenuation varies between 140 dB/km to 180 dB/km for the
LoS link [28]. The following is a quick rundown of these
key attenuation variables.

3.1. Gaseous attenuation

Many gaseous elements in the atmosphere absorb
microwave radiation by molecule absorption which occurs
when changes in quantum level occur at a certain resonant
frequency or a small band of frequencies. Only oxygen and
water vapour exhibit visible resonance in the radio wave
band in the atmosphere. The oxygen and water vapour
attenuation for 60 GHz is estimated to be y, = 14.9 dB/km
and y,, = 0.1869 dB/km at a temperature of 20°C and a
water vapour concentration of 7.5 g/m? (relative humidity
of 42% at 20°C) [29,30]. Figure 11 helps describe
absorption at 28 GHz, 40 GHz, and 60 GHz, respectively.

3.2. Effect of fog

For backup RFs higher than 10 GHz, minuscule fog
droplets induce dispersion and considerable attenuation. At
frequencies lower than 10 GHz, the effect is insignificant.
The Rayleigh approximation is applicable for fog droplets
smaller than 0.01 cm and frequencies lower than 200 GHz.

102

10" | ] [\
0 L i Y fll 2

10 iy I

1071+ ." n

Specific attenuation (dB/km)

0 50 100 150 200 250 300
Frequency (GHz)

Fig. 11. Specific attenuation due to oxygen and water vapour
absorption for mmWave signals.

Attenuation can be described as a total water content per
unit volume [31]. The specific attenuation yp,4 is defined
as follows:

Yrog = KiM , (12)

where Yr,g is the specific attenuation in dB/km, K; is the
specific attenuation coefficient (dB/km)/g/m?), and M is
the liquid water density (g/m?).

A mathematical model based on Rayleigh scattering
may be used to compute the specific attenuation coefficient.
For the dielectric permittivity (f) of water, this model uses
the double-Debye model, where &(f) = ¢+ j£ The
specific attenuation coefficient is defined as follows:

0.819f

NETR (13

l

where f is the frequency in GHz, £'is the complex dielectric
permittivity and 7 is represented in (14).

24 ¢
=" (14)
1 E

The complex dielectric permittivity of water is given in

(15).

B =—L (8"‘;1)2 . f(gl_;z)z 0
a(i+@)) 2(+®)
gl(f) — f(go - Sl) f(gl - 82)

f2 + f2 + & (16)
w(+(8)) #(+(0)

In the above expressions, f, and f; are the principal and
secondary relaxation frequencies in GHz, respectively, and
are expressed as

300 300\’
g:zaw-1n(7——g+z%(7r—q, (17)

300
g=5mr—wm(77—1). (18)
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Here, T is the temperature in Kelvin and
g =776-1033(32=1), & =548 and & =31
Figure 12 depicts the specific attenuation due to fog on

mmWave signals for three different frequencies,
respectively.
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Fig. 12. Attenuation due to fog for mmWave signals.

3.3. Effect of rain

The association between specific attenuation and rain
rate is given in (19).

Yrain = kKR®. (19)

The Crane model specifies the values of the constants &
and a for various frequencies. The ITU-R terrestrial model
and the Crane model are two prominent methods for
estimating rain attenuation [32, 33]. Constants k and «
depend upon the frequency and microstructure of rain and

can be mathematically defined as follows:

_ (ey + key + (eyy — ky)cos?0cos2T)
B 2

k (20)

_ kyay +kyay + (kyay — kyay)cos*0cos2T
B 2k

e2y)

a

The values of constants ky, ky, ay,and ay are given in
Refs. 32 and 33. Figure 13 depicts the specific attenuation
due to rain on mmWave signals for three different
frequencies.

3.4. Effect of snow

The actual structure of snowflakes makes it challenging
to analyse radio wave attenuation, as there are many
weather-dependent variations in type, morphology, dielec-
tric constants, and size distribution [34]. In the case of
snow, the specific attenuation in terms of snow rate S is
represented by (22).

1.4 S
Venow = 0.00349 —-+0.0024 .. (22)

Figure 14 depicts the specific attenuation due to snow
on mmWave signals for three different frequencies.

RAIN - mmWAVE

102

Attenuation coefficient (dB/km)

107 , . .
0 20 40 60 80 100 120
Rain rate (mm/h)

Fig. 13. Attenuation due to rain for mmWave signals.
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It can be observed that the specific attenuation due to
rain is typically from 1 dB/km to 42 dB/km for mmWave
links. Attenuation due to O, absorption is typically at
60 GHz. Figure 15 is a comparison of oxygen attenuation
with specific attenuation due to rain at 60 GHz. Specific
attenuation due to fog for FSO links ranges from 0.7 dB/km
to 170 dB/km. Based on the above results, it can be
concluded that rain is the largest contributor to the signal
attenuation for the mmWave link, whereas fog has the
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Fig. 15. Comparison of attenuation due to rain at oxygen
absorption at 60 GHz for mmWave signals.
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highest impact on the signal in the FSO channel. This
complimentary behaviour of both technologies helps
overcome their individual drawbacks. The FSO link, due to
its high bandwidth capabilities, is an ideal choice to be a
primary link. Both links have similar traits in terms of
offered data rates. A combined FSO/mmWave link ensures
that the wireless communication link is more stable and
able. The complete operation of a hybrid link is influenced
by visibility which depends on atmospheric conditions.
Based on channel status information, like signal strength,
the user needs to be able to switch between two sources.
The next section describes an efficient switching
mechanism which ensures improved link availability in
adverse weather conditions.

4.  Switching techniques

By using mmWave link along with FSO, the link
availability to match commercial carrier standards can be
essentially guaranteed [35]. However, during the active
time of the primary FSO link, the available bandwidth of
the mmWave link is wasted. In order to effectively utilize
the available bandwidth, a switch-over technique has been
discussed for the hybrid system. Under default conditions,
whilst the FSO system is operational, the mmWave link is
being used to transport more data allowing the system total
capacity to be better utilized. A predefined threshold value
is used to monitor the signal level at the receiver (Pgr).
When the signal strength received on the FSO link falls
below this threshold (arso), the system switches to the
mmWave link. After the switch-over, data is transmitted on
the mmWave link and the FSO link is used to carry test
data. The received signal strength of the FSO is
continuously checked and compared until it exceeds a
specific higher threshold, indicating that it has recovered
and that load sharing on two independent data streams can
resume. Correspondingly, despite the loss of the FSO link
due to heavy fog, the system remains operational at all
times. When the mmWave link fails, the same method is
used to avoid pendulum switching by evaluating
the intensity of the signal received by the mmWave link
against a higher threshold. When both channels are
unavailable, test data are transmitted on both of links to see

if one of them restores. The switching criterion is
adaptively altered to ensure that from the initiation to the
complete switch-over it occurs prior to the collapse of the
FSO or mmWave link. The receiver readily acknowledges
all packets and transmits information to the transmitter on
both paths if it detects malformed packets or a low
threshold level. If the transmitter discovers a link failure
based on a threshold value or retransmission request, the
packet next to the last acknowledged packet by the receiver
is transmitted on the functional link, whilst test data is sent
on the failed link. Since the connection between the two
communication devices is still the same, both sides will
sense the threshold at the same time. Receiver packet
transmission request based on exceeding a specific allowed
bit error rate (BER) is an additional check for a connection
failure, enabling this system to become a fool proof
setup. Handshaking is performed between both ends to
share channel availability information and information on
the last received data packet. After both links regain
operational status, then both links resume load sharing. The
logical block diagram and technical overview of the
envisaged switch-over algorithm between FSO and
mmWave links are shown in Figs. 16 and 17. The suggested
switch-over approach considerably improves bandwidth
usage by leveraging the growing ubiquity of load sharing
during the timeframe when both links are active, which
accounts for more than 90 % of the total observed time. This
minimizes bandwidth inefficiency from 100% to less than
10% of the total measured time.

5.  Conclusions

For the last mile dilemma, FSO can provide an effective
ultra-high bandwidth solution. Due to its ability to provide
high data rate, FSO has great potential to grow out from a
niche market. This study examines the approach core
strengths and shortcomings, highlighting current state-of-
the-art advancements and essential design characteristics.
The channel model for both technologies considers all
dominant attenuation contributors such as rain, fog,
gaseous attenuation, etc. In this paper, the hybrid
FSO/mmWave system as an effective solution has been
discussed. The authors focused on examining the
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Fig. 16. Proposed hybrid system block diagram.
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Fig. 17. Proposed switch-over algorithm.

availability of the hybrid FSO/mmWave link. The
proposed hybrid architecture can greatly extend the
percentage of link availability, thus ensuring that the
conditions for carrier-class commercial deployment are
met.

A hybrid FSO/mmWave system has been presented as
a manner to facilitate high-bandwidth point-to-point
connectivity over extended distances in the access network.
A novel switch-over algorithm allows for a better
bandwidth utilization while ensuring link availability at all
times.
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