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ABSTRACT From the last few decades’ radio frequency (RF) spectrum remained attractive for
wireless/wire-line applications. RF spectrum becomes dense and occupied, which makes its availability
difficult to other broadband channels. Free space optical (FSO) communication, which was used for
messaging/indication in the ancient days, now becomes more popular and attractive in the new era. The
popularity of FSO is due to its freely available large spectrum, inherited secure links and ease of deployment.
However, FSO link has to face certain challenges, e.g., line-of-sight (LOS) requirement, link attenuation due
to atmospheric turbulence and severe weather conditions. To overcome the issues of FSO communication,
hybrid optical-radio transmission system is proposed by which we can get maximum benefits of both spec-
trum. Considering the proposed transmission system link quality, link budget analysis is done in the presented
work. Link budget design of transmission system is important to analyze and give recommendations.

INDEX TERMS Free space communication (FSO), link budget analysis (LBA), radio frequency (RF), signal

dependent Gaussian noise (SDGN), signal independent Gaussian noise (SIGN).

I. INTRODUCTION
From the last few decades, the radio frequency (RF) commu-
nication has gained market interest because of its enormous
benefits. However, there are many limitations, which impose
challenges for the deployment of additional broadband
channel in the existing electromagnetic spectrum [1], [2].
The crucial limitations include spectrum in-efficiency and
licensing cost. Therefore, there is a dire need to have an
alternative band, which supports additional broadband chan-
nels. Free space optical (FSO) communication is a promising
technology, which offers huge and unregulated bandwidth
with many inherited benefits. These benefits are high data
rate, non-interfering nature, highly secured links and easy to
install [3]-[5]. However, despite having such great benefits,
FSO also suffers many drawbacks. These drawbacks are line-
of-sight (LOS) requirement, limited distance and severely
affected FSO link by weather (fog and snow) [5]-[7].

No doubt that FSO provides many benefits, i.e., supporting
high data rate for short-range transmission, interference free
links and license free bandwidth but the undesirable effects of
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the atmospheric turbulence induced fading, attenuation due to
different weather conditions (i.e., fog, snow and smoke)and
at last but not the least, the pointing errors. The pointing
errors, induced due to the building sway, greatly impact on
the advantages of the relay-based FSO communication sys-
tem. The severe impacts of pointing errors on the system
performance are evaluated rigorously in [8]. However, the
proposed research work about the hybrid FSO/RF is restricted
to scintillation and weather conditions for FSO link and the
effect of pointing errors has been ignored. For a more realistic
and pragmatic situation, it is recommended to consider the
effects of pointing errors [9]. Pointing errors greatly limits
the performance of FSO links mostly due to the misalignment
between transmit and receive apertures and the most promi-
nent reason is the wind, earthquake and thermal expansion. To
overcome the misalignment issues, optical beams with large
radius can be exploited but at the price of reduced power
levels or increased error rate at the receiver and less link
security. Therefore, it is claimed to perform the beam width
optimization in order to achieve best error rate and geometric
signal losses [9]-[11].

The reliability and connectivity of FSO link is highly
weather dependent, which greatly degrades the system

65983


https://orcid.org/0000-0003-4949-7831
https://orcid.org/0000-0003-1416-4199
https://orcid.org/0000-0001-9823-2886

IEEE Access

H. Kashif et al.: Hybrid Optical-Radio Transmission System Link Quality: Link Budget Analysis

performance [6], [7]. The reliability or robustness of a com-
munication system can be defined as the ability to maintain
certain system performances under severe channel condi-
tions. Recently many ideas have been put forward by the
research community to overcome the issues of both technolo-
gies (i.e., RF and FSO) [12]-[15]. These ideas are in the form
of hybrid communication system that works differently for
different systems. It was suggested to have independent links
and also dependent links with different scenarios of deploy-
ment. Each system has its own merits and demerits. We have
already presented research [13] with some of the above ideas
and we consider independent hybrid communication system.
In our previous work, we discuss about the adaptive system
considering the optimization rules. The focus was to transmit
maximum power through the good channel (clear weather)
and minimum through the bad channel (sever weather).

Other better solution is to overcome the issues of FSO
communications have been done in the literature by many
researchers [16]-[23]. Authors in [17], [18] evaluate the per-
formance of hybrid FSP/RF communication system consid-
ering the multiple RF antennas with the mmW RF channel.
It is seen from [18], [19], [24] that using more than single
RF antenna improves the system performance. The proposed
research is to evaluate the link budget analysis by giving
few practical values of different RF and FSO parameters.
To further shows the better insight and understanding of
the proposed research work, simulation result is presented
in Fig. 6. The simulation results show the performance of
hybrid FSO/RF link versus FSO only link under various
weather conditions, i.e., fog and snow. It is seen from the
simulation results that the hybrid link shows better perfor-
mance in both foggy and snowy condition as compared to
the FSO only link. The proposed work is considering the
terrestrial communication system and the link is evaluated
on the communication system. In the proposed research, the
work is restricted to the evaluation of pragmatic parame-
ters only and the implementation of QoS has been ignored
for the current scenario. However, a preliminary discussion
about the implementation of call quality has been discussed
in [25]-[27].

The main goal of the proposed work is to provide link
budget analysis of hybrid FSO-RF transmission system. The
total received power of the system has been calculated and
focuses on the challenges to the transmitted signal strength
loss. The signal strength loss occurs due to different com-
ponents including weather attenuation, link distance loss and
atmospheric turbulence. Each component shares its own part
to the main signal power loss. The link quality is very much
affected due to these components. To minimize the signal
losses and weather attenuation, various design approaches
have been investigated [28]. Transmitter wavelength selec-
tion and link distance could be adjusted to minimize the
optical signal attenuation and maximize the link quality.
Analysis and simulation results are provided to support the
proposed system. The contributions of the paper are high-
lighted below;
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« To the best of our knowledge, the performance parame-
ters in the presence of scintillation and path loss attenu-
ation have been derived only for the FSO only link and
not for the hybrid FSO/RF system. The proposed sys-
tem also includes the path loss due to different weather
scenarios over the FSO and RF channel.

o The performance analysis of the hybrid FSO/RF com-
munication system has been restricted to the atmo-
spheric turbulence induced fading for FSO link in our
prior work [5], [6]. Therefore, it is essential to investigate
the link budget analysis of the hybrid FSO/RF sys-
tem considering the effects of scintillation and weather
attenuation. The analysis has been presented to calcu-
late the optimum parameters required for the pragmatic
scenarios.

« A more simple analysis is performed for the probability
density function (PDF) of Gamma-Gamma faded FSO
links with the RF channel modeled as additive white
Gaussian noise (AWGN). The parameters evaluation and
the link budget analysis of the proposed system have
been carried out by providing the simulation results.

Il. OPTICAL TRANSMISSION SYSTEM

FSO is a type of unguided or wireless communications in
the optical domain. In the early stage, FSO communication
was developed for satellite and remote military applications.
Currently, it is regarded as one of the most potent last mile
and point-to-point technology. FSO communication system
offers great potential for low-cost, time-constrained and high-
bandwidth connectivity in many applications [6], [29]. It has
the potential to accommodate additional broadband chan-
nels to meet the demands of high data rate and bandwidth
hungry applications [5], [6], [30]. The other merits of the
FSO communication technology include quick installation
setup, license-free operation and high transmission security.
However, its performance is highly susceptible to the atmo-
spheric channel variations. Its disadvantage comparing to
other wireless communication systems is the link distance
which is limited up to several 10’s of kilometres (km) because
of atmospheric effects and it can not propagate through obsta-
cles [29], [30].

A typical FSO communication system block diagram
is shown in Fig. 1. Major components of FSO trans-
mission system are transmitter, channel and receiver. The
transmitter comprises of channel encoder (ENC), mapper
(MAP), Laser/LED, lens and telescope, whereas, the receiver
has PIN/APD detector, de-mapper (D-MAP) and decoder.
Detailed explanation of each component is compromising
and the concentration is on the main problem of link budget
analysis. For LBA analysis, a brief detail is provided on
different FSO link attenuating parameters before hand.

A. ATMOSPHERIC ATTENUATION

Atmospheric attenuation or climatological variation is a great
design and deployment challenge for the FSO communication
system. Major challenge to FSO system installation is the
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FIGURE 1. Free space optical communication system.

atmospheric attenuation caused by absorption and scattering
[6]. Water particles and carbon dioxide are the main causes of
absorbing optical signals whereas fog, rain, snow and clouds
are the main causes of scattering optical signal in free space
[6]. Atmospheric attenuation and unpredictability of weather
conditions limits the communication distance and affects the
link reliability [31], [32].

Fog: Atmospheric attenuation of FSO communication sys-
tems is dominated by fog, which is the most significant
attenuating factor among various weather conditions. The
main reason of such high attenuation in different foggy envi-
ronment is that the size of fog particles is comparable to
the operating wavelengths of optical waves. It is a type of
cloud packets comprising of small water droplets, ice and
smoke ranges from 0.1 to 50 microns in diameter [31]. Scat-
tering results in the redistribution of the optical energy, which
significantly attenuates the received optical signal intensity.
Different scattering can happen depending on the size of
particles such as Rayleigh, Mie and non-selective [6]. The
optical attenuation is reported up to 130 dB/km under moder-
ate conditions and 480 dB/km under dense conditions ( [31]
and references therein).

Fading due to fog is not well understood and difficult
to characterize physically. However, an alternate approach
is used to predict fog attenuation based on visibility range
information. A significant path-loss occurs due to low vis-
ibility under sever weather conditions. To characterise the
attenuation of optical signal propagating through the medium,
specific attenuation (A(X,p)) is used and is given by [33],

A(rop) = 101og (exp (£ x L)) (1)

where £ represents the atmospheric attenuation coefficient
and L represents the link distance. To predict fog attenuations
based on visibility range, most widely used methods are
Kruse and Kim [34]. The fog specific attenuation (Ar) can
be expressed as a function of visibility, distribution size of the
scattering particle g and the operating wavelength A,, [34]
and is given as,

@

F

_ 10logV% 8 hop\ !
- \% Ao

where V denotes the visibility range, V % is the transmission
of air drops to percentage of clear sky and A is the visibility
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range reference. According to [34], g is expressed as,

1.6 if V >50 km
g=113 1 if6km < V < 50 km ?3)
0.585V3 if V < 6km

It is seen from (3) that for higher operating wavelength, the
attenuation effects less severely.

Rain and snow: Rain and snow also affect the FSO prop-
agation but the impact of these factors is not as significant
as that of fog [6], [31]. The reason is that the radius of the
raindrops and the size of snowflakes are significantly larger
compared to the operational wavelength of the FSO light
sources. The specific attenuation (Ag) over a rainfall rate (R)
for an optical communication link is given by [6],

Ag = 1.076R™7, ()

whereas, the attenuation due to snow is categorised by dry
and wet snow attenuation. If S is defined as the snow rate in
mm/hr, then the specific attenuation (Ag) due to snowflakes
in dB/km is given by [6],

As = as? )

where a and b are the frequency and temperature dependent
constants. Rain can cause 20-30 dB/km attenuation at a rain
rate of 150 mm/hr and snow can cause more than 45 dB/km
[6], [33], [34]. Over the dense fog and cloud, specific atten-
uation is not that effective for the given wavelength, whereas
better visibility, e.g., over 6 km, specific attenuation is well
dependent on the operating wavelength as shown in Fig. 2.
For clear sky condition, e.g., over 20 km, dependence of the
attenuation on wavelength again decreases. Figure 3 shows
the relationship of received power and the link distance for a
given operating wavelength. It is very clear that the received
power becomes weak over large distance and vice versa.
While on the other hand, it is also noticed that the transmis-
sion link shows better strength over 1550 nm compared to 950
nm and 850 nm.

B. OPTICAL SCINTILLATION

In hot and dry weather, turbulence effects degrade transmis-
sion performance of the communication system. During the
day, the terrain heats up more than that at night-time, causing
the air nearest the ground to be more hotter than that above
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FIGURE 2. Specific attenuation over the visibility.
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FIGURE 3. Received signal power over the varying link distance.

[5], [6]. Due to this temperature variations, some air partic-
ulates heat up more as compared to others, which changes
the index of refraction. Refractive index inhomogeneities of
the turbulent air causes beam spreading, beam wandering
and intensity fluctuations. Also because of these inhomo-
geneities, the atmosphere acts like a set of small prisms and
lenses that create random fluctuations in the optical beam dur-
ing propagation [31], [35]. Optical scintillation is the result of
these random fluctuations induced in the index of refraction
[32], [35].

Turbulent Medium

The optical turbulent medium which causes optical scin-
tillation is shown in Fig. 4. In the literature [32], [35], the
normalised variance of intensity known as scintillation index
is used to denote the statistical characteristic of the light
intensity and is expressed as [6], [13], [35],

, _ E{r

I ©

where I denotes the received irradiance and [E is the ensemble
average operator.

Scintillation is generally classified as weak, moderate
and strong. The distribution of the irradiance fluctuations is
dependent on the strength of optical turbulence. According to
[6], [13], [35], the scintillation distribution under weak opti-
cal turbulence has been shown to be lognormally distributed.
For strong turbulence, the distribution tends to an exponential
distribution [35]. Whereas, for moderate turbulence condition
the theory is less well understood. Proposed distributions
such as the Beckmann, Gamma-Gamma and K-distribution
are based on heuristic arguments [35].

According to [36], it is found that the moderate turbulent
condition is very well modeled by a lognormal distribution
and its PDF is given by,

1
—eX
A/ 27101%1 1
where log(.) is the natural logarithm, py,; and 01%1 ; denotes
the mean and variance of the logarithm of /. It is noted that
for a given SI, according to [35], the distribution parameters
are set as pjy; = —0.5 x 0’1%11 and 01%11 = log(a[2 + 1).

Similarly, for strong turbulence, the distribution tends to be
an exponential distribution [6],

_ (og(D) = pmp)*

k
pwea (I) — 5
201y,

. (D

1 I
P () = — exp (——) , ®)
141 [

where 01%1 ] 2 ((In] — py)?) represents the log-irradiance
variance, pin; = (Inf) and p; £ (I). Whereas, for moderate
turbulence condition the theory is less well understood. Pro-
posed distributions such as the Beckmann, Gamma-Gamma

|
|
|
|
LASER |
|

FIGURE 4. Optical turbulent medium.
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and K-distribution are based on heuristic arguments. The
Beckmann distribution is [6], [35],

(14 ryexp(—r) mm{zrl+”ﬂ}U1

\/2mo? 0

{ (14 »I [1nz+(l/2)az2]2}dz
X exp § — — —

pBeck (I) —

I>0, 9

- 202 = ©)
where r, z and az2 are the distribution parameters and /j is the
modified Bessel function. The Gamma-Gamma distribution

is [6], [35]

peen)

A Py 1)y (x)dx

B 2(af)@th)/2

F(Ot)F(ﬂ) I(a+ﬁ)/271Ka_ﬁ(2[a/3[]1/2) I - O’

(10)

where « and B are the scattering process parameters and
are directly related to the weather conditions, Ky(.) is the
modified bessel function of the second kind and order & and I"
represents the Gamma function. Expressions for calculating
the parameters o and S for various propagation conditions
can be found in [35]. The K-distribution is [35],

K = %(az)(“—”/zl(a,l(z[al]l/z) [>0,a>0,
(1)

C. NOISE SOURCES

Noise sources in the FSO communication are critical factors,
which affect the system performance. Optical intensity from
the channel is corrupted with noise and other background
light sources. The internal photo detection process fluctua-
tions or noise limits the ability of a photodetector to detect
the incoming signal. In some cases when noise power is
larger than signal power, it becomes hard to distinguish the
signal clearly. There are two main sources of noise in the
optical receivers are shot noise and thermal noise. The shot
noise is associated with the photon to electron conversion
process. Because each electron carries a discrete amount of
charge and the flow of electrons is subjected to small random
fluctuation, a noise current oszh is generated which can be
expressed as [35],

o, = 2e(lp + Ip)B, (12)

where Ip is the photo generated current through the junc-
tion, Ip is the photodetector dark current and B is the noise
bandwidth.

Thermal noise is the result of internal amplifier circuitry.
Thermal noise is generated independently of the received
signal and can be modelled as a Gaussian distribution. This
noise is dependent on the TIA circuit topology, which can be
modelled as being Gaussian or non-white [6], [35]. Thermal
noise is also known as the Johnson or the Nyquist noise
causing by the thermal agitation of charge carriers passing
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through any load and is directly proportional to the absolute
temperature and is given by [35],

i3 = dkpcTyuB x 1 (13)
Ry,
where i} denotes the Johnson noise in Amperes, kpc is the
Boltzmann’s constant, 7y, is the absolute temperature and Ry,
is the load resistance. However, this noise can be reduced by
cooling the responsive components to a lower temperature.

There is another type of noise called background irradi-
ations associated with the optical signal, which may cause
the deleterious effects in the FSO communication system
[6], [13]. In case of avalanche photodiodes (APDs), there
is an additional noise figure F(Gy) along with the primary
source of shot noise called the excess noise generated by
the random avalanche process. The dark current continuously
flowing through the device even for no light incident on
the photodetector. It arises from the electron-hole pairs ther-
mally generated in the p-n junction of the photodiode, which
depends on the semiconductor type, operating temperature
and bias voltage.

The background irradiations caused from external sources
which are not the part of signal itself like the ambient
light sources. Background irradiations (i.e., from sun, stars
and blackbody radiations) are also collected by the lens
and focused onto the photodetector along with the transmit-
ted optical field. Background irradiations of different wave-
lengths (i.e., other than the wavelength of transmitted optical
beam) can be reduced by using optical filtering. While back-
ground irradiations of same wavelength (i.e., as the wave-
length of transmitted optical beam) are considered as the
additive noise field to the optical beam [35]

lIl. HYBRID FSO-RF SAMPLE DESIGN

A simple block diagram of the proposed hybrid FSO-RF
communication system is shown in Fig. 5. It consists of
two parallel channels (FSO & RF) and single encoder and
decoder pair. The information message bits k are encoded by
an encoder into n-bits codeword, which is then split up into
two streams, i.e., n,-bits for the optical channel and n,-bits for
the RF channel. Then each bit stream is mapped to create the
respective FSO (X’) and RF (;\f\ ) coded symbols, which are
then transmitted simultaneously on the respective channel.
The RF link modulates the base-band signal to a millimeter
wave (mmW) RF carrier while the FSO link employ intensity
modulation/direct detection (IM/DD). The different sampling
rate and coherence time of FSO and RF have been considered
in our previous work eqn. (7), (8), (13) and (28) of [1] and
eqn. (1) of [13]. The purpose of the proposed research work
is to calculate the link budget analysis so that pragmatic
parameters will be determined.

A. FSO CHANNEL MODEL

An optical beam experiences various channel effects dur-
ing its propagation through the atmosphere. Air particulate
matter and thermal inhomogeneities result in absorption and
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FIGURE 5. Proposed hybrid FSO/RF communication system.

scattering of the optical beam [6], [35], which causes a severe
loss of optical energy. The two main ways of optical com-
munications are non-coherent (direct detection, e.g., IM/DD)
and coherent (heterodyning) [6]. In heterodyning detection
system, heterodyne has to be done optically before photode-
tection, which makes the system more complex. Therefore,
due to the design complexities of the heterodyne receiver at
optical frequencies, it is preferred to use IM/DD. IM/DD is
popular because of its low complexity and simple receiver
design.

A mathematical model that describes the channel from the
transmitter to the photodetector output for the IM/DD FSO
communication system, if P be the transmit optical power
on the FSO link, x is the FSO symbol transmitted using any
of the defined FSO mapping schemes, then the received sig-
nal' assuming the signal dependent Gaussian noise (SDGN)
model [1],

y= O+ pgPhe) + \/(pgPhx + 1 +02)z  (14)

where y denotes received FSO symbols, /4 is the FSO channel
fading, X is the background irradiation level, at%l is the ther-
mal noise variance, z is the i.i.d. Gaussian random variable
with zero mean and unit variance, p is the optical weather-
dependent parameter and g represents the total FSO chan-
nel losses (i.e., antenna/aperture gains and free space loss).
According to [6], we may ignore the A contribution to the
mean signal level by receiver electronics as it does not affect
the input output MI of the channel. Then we can express
(14) by

y = pgPhx + \/(,ogPhx +r+02)z (15)

It is important to note that (14) and (15) are SDGN channels.
For A + 051 > pgPhx, the signal dependent contribution to
the noise variance can be considered negligible and we can

IFor the sake of simplicity, we ignore the constant scaling co-efficient (i.e.,
photodetector efficiency n) from the received signal model
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model,
y = pgPhx +,/(r +02)z (16)

The primary factors which affect the propagating optical
beam and cause transmission power attenuation and degrada-
tion of system reliability are scintillation and weather condi-
tions such as cloud, fog, dust, haze and combinations of these
[6], [31]. Although transmitter and receiver misalignment and
window attenuation have certain effect on optical irradiance
but in the proposed study, a line-of-sight link and perfect
alignment are assumed, which is a pragmatic for most FSO
applications. Therefore, the focus is on the optical scintilla-
tion and weather effects.

B. RF CHANNEL MODEL

The transmission of M -ary symbols is considered and assum-
ing a fading free AWGN channel with RF signal power P, the
received RF noisy signal 3,

5= /e +3 (17)

where ¥ € X is the transmitted RF symbols after puncturing
using either the BPSK or QPSK, 7 is the AWGN with zero
mean and unit variance.

In (20) and (21) of [13], parameters, 8 and //3\ are given,
which are functions of the hybrid symbol period, FSO/RF
total loss, RF noise spectral density and background irradi-
ations. Therefore, the analysis involves the real link budget
analysis of the FSO and RF communication system. By per-
forming the proposed analysis, it is shown that the numerical
values, which have been used in the simulation results of [13],
are realistic values in terms of the link distance and FSO/RF
antenna/aperture parameters. We can rewrite B as,

~ Tf'rame §
= X — 18
B . No (18)
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where, Nio

@ is calculated using (18). With the help of (19), § is
calculated for a given S.

can be estimated and then for a fixed value of E

1

Tframe
n

fzﬂx (19)

Using values of § from (19), we can then compare its results
with the practical FSO link parameters, (i.e., antenna aper-
ture, link distance).

To evaluate both systems hybrid and FSO only, results
are evaluated in different weather conditions (i.e., fog and
rain) assuming the following parameters as p and p. Under
the foggy condition, the weather parameters are defined
to be p = 0.3 and p = 0.8. It can be seen from Fig. 6
evaluated using the simulation parameters given in Table 1
that the proposed adaptive system (i.e., the system optimize
for the best transmission channel) gives a gain of 1 dB
at 7y = 4.5 (for the derivation of Zy see [13]). While in
rain, the weather parameters are defined to be p = 0.8 and
© = 0.3, it is noted from the simulation results given in Fig. 6
that a power gain of 0.5 dB at 7y = 4.5 is obtained. It is
verified that the proposed system with combined channel
always gives superior performance gain under varying atmo-
spheric conditions as compared to the FSO only link. The
overall power Py is optimally allocated to each channel of
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TABLE 1. Simulation parameters for hybrid FSO-RF and fixed system.

Simulation Par ters
Parameters Values Parameters Values
m {1,2,3,4} m {1,2,3,4}
beta 30dB B 40dB
Rain: p 0.8 Fog: p 0.3
P 0.3 2 0.8

the hybrid FSO/RF transmission system under all weather
conditions.

C. RF LINK CALCULATION
Let g as the total gain of the RF communication system, then
the RF channel noise spectral density is [37],

NO = KTsys (20)

where, « is the Boltzmann’s constant and Ty, represents
the system noise temperature determined from the noise fig-
ure [37]. Using the practical parameters (i.e., link distance,
antenna/aperture), the ratio % can be calculated. All param-
eters and the corresponding calculated values are given in
Table 2.

D. FSO LINK CALCULATION R
Using calculated values provided in Table 2, the ratio 1%0 can
be calculated. Then using the values of the calculated ratio
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TABLE 2. RF link parameters calculation using constant scaling factor
(i.e., B), antenna aperture.

in (18) can be evaluated for a given ,3 Using the same
procedure the ratio £ = is evaluated using (19) for a given 8.
The evaluation is provided in Table 3, which is calculated for
particular practical parameters provided in the Table 2.

IV. HYBRID FSO-RF LINK BUDGET

For calculting the hybrid FSO-RF link budget, simple AWGN
channel models are considered on both links. The AWGN
FSO-RF channel parameters are calculated using the (16) and
(17). The hybrid FSO-RF link budget analysis is carried out
for clear sky conditions (i.e. assuming P = P, p=p=1)
and considering the binary transmission schemes. It is impor-
tant to note the difference between the received signal in both
the FSO and RF channel. Note that the received FSO signal
is proportional to the optical power, whereas the received RF
signal is proportional to the square root of the transmitted RF
power. It is noted in the SNR equations (4) and (8) of both

TABLE 4. Link budget is calculated based on the clear sky conditions and the ratio between the SNR is calculated as p =

on FSO-RF antenna/aperture diameters.

RF Link Budget FSO Link Budget
Parameters Units Values Parameters Units Values
Transmitter Power mW 10 Transmitter Power mW 100
Antenna Aperture mm 400 Antenna Aperture mm 75
Carrier Frequency GHz 37 Wavelength nm 1550
Coupling Efficiency 0.55 Coupling Efficiency 0.55
Link Distance km 12 Link Distance km 12
B 104 Transmit Antenna Beamwidth mrad 1
T —010
ng 5 2€+o T2
4 1.2e

TABLE 3. FSO link parameters calculation using constant scaling factor
(i.e.,8), antenna aperture and transmit antenna beamwidth.

systems [13], unlike the RF system, the optical SNR depends
on the square of the optical power. The ratio g = > of SNRs
of both systems can be calculated as,

2
o =0x (9_2) y (d_i) « (Zm)
G 4Dd Toys

whereas o is the coupling efficiency, G;, and 6m are the
transmit and receive FSO and RF gains respectively, d and
d are the FSO and RF antenna/aperture diameters and Ty,
D denotes the propagation path length and TsyA denotes the
FSO and RF system noise temperature respectively. The link
budget is calculated using the following practical parameters
defined in Table 4. The calculation of link budget gives a
certain ratio of the FSO/RF systems SNR.

It is noted from the link budget analysis in Table 4 that
the difference in receive signal models influences practical
parameters (i.e., FSO/RF antenna/aperture diameter and FSO
transmit beam-width) required for each system. By changing

21

[0.61, 1.93, 9.78] which depends
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Hybrid FSO-RF Link Budget
Parameters [ Units | Equation Values
RF Link Parameters
Carrier Frequency GHz F. 37
Link Distance km L 12
RF Antenna Aperture mm d 200
Coupling Efficiency 0 0.55
RF Transmit Antenna Gain dB Gir = 10 log,,(0(5%)?) | 35.2
RF Receive Antenna Gain dB Gra 352
Free Space Loss dB Ly = 20log,(*7P) 145.4
[ RF System Noise Temperature [ K [ 500 ]
FSO Link Parameters
Wavelength nm Ao 1550
FSO Transmit Antenna Beam-width | mrad | 6 0.5
FSO Receive Antenna Aperture mm d 150
Coupling Efficiency 0 0.55
FSO Transmit Antenna Gain dB Gio = 10log,, (32)” 69.6
FSO Receive Antenna Gain dB Groe = 101log; (0 (”Td) ) | 103.50
FSO Free Space Loss dB L, =20log,,(5F) 219.8
FSO System Noise Temperature K 1000
Ratio Factor
© d = 150mm,d=200mm 0.61
© d = 200mm,d=200mm 1.93
© d = 300mm,d=200mm 9.78
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the FSO receive aperture gives a large change in the respective
channel SNR ratio factor. This change of ratio factor is due
to the difference of proportions (i.e., y = P?, while 7 = /13)
in the respective SNR of each channel model. From the link
budget calculation of hybrid FSO/RF system, we can see that
the system is feasible for practical applications.

V. CONCLUSION

A detailed analysis of the free space optical transmission
system is provided. Major challenges to the optical link has
been discussed. An alternative system was suggested. It was
shown that the operating wavelength and link distance are
the main contributing system parameters. It is seen that the
link quality of the hybrid FSO-RF transmission system can
be improved by optimizing the link distance and operating
wavelength. Link budget analysis is provided in different
tabulated form, which confirm the implication of the propose
theoretical system with the most practical system.
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