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Abstract

Subject of study. In post-pandemic world connectivity plays an important role and is one of
the biggest assets for economy. Radio over free space optics is one of the most in-demand wireless
communication technology solutions for 5G deployment in the upcoming era of a fast-moving world.
Purpose of the work: To analyze the performance of radio over free space optics link under the rain
weather conditions. Method. In this research, diverse geographical rain conditions for different
terrains of India have been analyzed for monsoon months using Marshall and Palmer rain attenuation
model. Main results. Based on the real rain rate data analysis, it has been observed that an effective
link range of up to 4 km may be achieved with an acceptable signal/noise ratio and bit error rate of
20 dB and 1079 respectively even for the coastal region with heavy rainfall. Practical significance:
As rain is one of the dominant weather conditions affecting free space optics link, the proposed
model employing orthogonal frequency-division multiplexing based QAM-64 and PSK-16 modulation
schemes at a data rate 20 Gbps is able to limit the degrading effects of the channel.
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Annoraunsa
IIpeagmer uccaemoBanusd. IlyTu COBepIIIEHCTBOBAHUSA TEXHOJIOTUU Mepeaadyy pPaguo-IIPUJIOKe-
HUH yepes3 CUCTEeMbI 0€CIIPOBOHOM ONTHUYECKON CBSA3M KaK IIePCIeKTUBHOrO sjeMeHTa G cucreM.
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ITexs paGorsi. [loBEIIIIEHNE IPON3BOAUTEIBHOCTH PAJANOCUCTEM Ha OCHOBE 0€CIIPOBOMAHON ONTUYECKOMN
CBSI3W B JOJKEBBIX yCa0oBUsAX. Merox. Ananus ocjaabiieHus ONTUYECKOr0 U3JIYUYEeHU B JOKAEBBIX yC-
JIOBUSAX JJIsI PA3JIMYHBIX paioHOB VHAWMY B TeueHUWe MYCCOHHBIX MECHIEB C MCII0Jb30BAHUEM MO
Mapinamana—Ilaabmepa. OcHOBHBIE pe3yabTaThl. ¥ CTAHOBJIEHO, UTO 3(PPEKTHUBHAA TAJTHLHOCTH CBA3U
0 4 KM ¢ dacToTOi omubok mo Guram He Gosee 1079 oGecmeunBaercs A1 IPHOPEIKHOTO PErHOHA
¢ OOMJIBHBIMY MYCCOHHBIMU OCAJKaMU IIPU OTHOIIeHuU curHas myMm He meHee 20 nB. IIpakTuyeckasn
3HAYuMOCTh. [Ipeiaraemasi MOZieJIb, UCIIOJB3YIONIAA CXeMbl KBaAPATYPHON aMILIUTYIHON MOLYJIAINYA
QAM-64 u (asoBoii xBomuHoit MmaHunyaAnusa PSK-16 Ha ocHOBe OPTOrOHAJIHLHOTO MYJIbTUILIEKCUPO-
BAHUS C YACTOTHBIM pasjesieHreM IIPU CKopocTu mepemaun ganubix 20 I'0ut/c, cioco0Ha 3HAYUTEIHHO
YMEHBIIUTH OcJIabJIeHre CUTHAJa B CUCTeMaX 0eCIIPOBO/HOM OIITUYECKOM CBSAI3HU BCJIEICTBUE HEraTUBHO-

'O BIINAHUA OO IEBBIX YCHOBHﬁ.

KaroueBsie cioBa: pagunocucTeMbl Ha OCHOBE ﬁeCHpOBOﬂHOﬁ ONTUYECKON CBA3M, OTHOIIIEHTE CI/II‘HaJI/
aryMm, 9acTtoTa oIIubOoK o 6I/ITaM, ocyabieHmne HU3JIYYEeHUA B JOKAEBBIX YCJIOBUAX

Ceprnka mas putupoBanua: SanmukhKaur, JasleenKaur. Rain attenuation analysis of radio over
free space optics system considering diverse regions (Azanus ocyiabIeHNsI CATHAJIA B PAAUOCUCTEMAX
Ha OCHOBe 0EeCIIPOBOJHOM OIITUYECKON CBASU B JOMKJEBLIX YCIOBUAX C YUETOM KINMATUUECCKNX OCOOEH-
HOCTell peruoHa [Ha auri. a3bike] // Onrtuueckuii sxypras. 2023. T. 90. Ne 8. C. 96—-110. http://doi.

org/10.17586,/1023-5086-2023-90-08-96-110

Koasr OCIS: 060.2605, 060.4510, 140.0140, 010.1300.

1. INTRODUCTION

The upcoming era of the communication system
is expected to revolutionize different sectors
like healthcare, manufacturing, data analysis,
smart cities, automobiles, security services, etc.
Next-generation communication services will al-
low faster and reliable transmission of data to
meet the immense demands of internet connec-
tivity and high-capacity links. Radio frequency
(RF)communications have been widely deployed
in indoor, space and terrestrial communica-
tion systems. With the increase in applications
of RF communication, RF spectrum experienc-
es congestion and becomes expensive to acquire.
Industry and the research community have been
putting several efforts for the enhancement of
the capabilities of present wireless technolo-
gies and for developing latest ones for fulfilling
emerging requirements [1-3].

With the increase in demand for high-speed
data services in different geographical regions,
more reliable and high bandwidth wireless con-
nectivity is required. Radio over free space
optics (RoFSO) is one of the most in-demand
upcoming wireless communication technology
approaches for the successful execution of next-
generation 5G data services. It acts as an alter-
native technology to existing RF communication
systems with a key advantage that it allows the
distribution of RF signals at high bandwidth.
It provides flexibility in wireless communica-

tions that may be deployed in different geo-
graphical terrains [4-7].

RoFSO link, despite many advantages, may
experience severe degradations due to atmo-
spheric turbulence. Different atmospheric con-
ditions such as rain, fog, haze, etc. results in
the fading and scattering of the transmitted in-
formation signal. Diverse geographical regions
may experience different meteorological weath-
er conditions in India resulting in attenuation in
RoFSO channel causing degradation in the link
performance. Rain is the significant contribu-
tor for transmission losses when operating fre-
quency for FSO communication is above 5GHz.
Wireless Signals can be affected by the rain, be-
cause droplets of water absorb the signal result-
ing in deterioration of overall signal strength.
Rain is considered as one of the primary factors
of RoFSO link performance degradation [8—10].
The precipitation maps are used to depict the
distribution pattern of the rainfall over certain
time periods and areas.

Orthogonal frequency-division multiplexing
(OFDM) acts as an effective modulation tech-
nique in communication systems due to its high
spectral efficiency as different OFDM subcar-
riers are completely overlapped. OFDM encodes
digital data on multiple carrier frequencies
and may be used for scenarios, where severe
attenuation is caused by harsh weather condi-
tions [11-13]. Quadrature amplitude modula-



OPTICHESKII ZHURNAL. 2023. V. 90. Ne 8. Pp. 96-110

Research Article

tion (QAM) has achieved significant attention
in wireless domain due to its capability in pro-
viding high speed data transmission with better
received power and bandwidth efficiency. Phase
shift keying (PSK) is another modulation tech-
nique, in which phase is changed to represent the
data signal, and is also widely used in wireless
communication applications [14]. These modula-
tions are preferred choices and are more efficient
for higher data rate optical wireless systems [5].

Deployment of 5G data services requires
high-capacity links employing advanced modu-
lation techniques for seamless wireless connec-
tions. RoFSO provides one of the best solutions
for above mentioned requirements and for high-
speed end of mile access applications with 5G
communication. There is a necessity to enhance
the connectivity, reliability and maintain link
even during harsh weather conditions, includ-
ing rain effects [15].

Different research studies have been con-
ducted around the world to assess RoFSO sys-
tem performance. In [16] Authors demonstrated
the performance of RoFSO operating at 75Ghz
using Mach Zehnder modulator (LiNb). OFDM
based RoF system with DSP (Digital signal pro-
cessor) has been employed to achieve 100 Gb/s
bit rate. Performance of the system has been
evaluated for coherent and direct detection
systems considering both 16-PSK and 16-QAM
modulation schemes. In [17] authors describe
the transmission of OFDM radio signals using
QAM encoding format over FSO channel link.
The gamma-gamma distribution has been used
to analyze the atmospheric turbulence effect
for estimating the performance of the system.
The authors have proposed an architecture for
analysis of 2.4 GHz photonic antenna for RoF
link in [18]. The performance of the system has
been evaluated at data rate of 2.5 Gbps for fiber
length of 50 km by employing 16-QAM modu-
lation scheme. In [19] fog attenuation in hilly
areas of India have been investigated with the
help of the Kruse model with an average atten-
uation of 0.86 dB/Km at 1550 nm wavelength.
The received signal has been analyzed for FSO
link employing amplitude shift keying(ASK),
PSK and duo binary return-to-zero (DRZ) mod-
ulation techniques. In [20] Authors presented
1280 Gbps hybrid fiber and FSO system with
32 channel DWDM (dense wavelength division
multiplexing) and advanced modulation for-

mats. The received signal degrades beyond FSO
channel range of 1000 m, 800 m and 400 m for
heavy fog, haze and rain weather conditions
respectively. In [21] 320 Gbps, 32 channels hy-
brid fiber + FSO system has been evaluated by
employing on-off keying modulation scheme.
An acceptable bit error rate (BER) of 10713 has
been achieved up to 130 m transmission range
under clear weather condition.

In this research we have proposed and ana-
lyzed RoFSO link for different geographical
terrains such as plain, hilly, and coastal re-
gions under the rain weather condition. The va-
lues of rain attenuations for diverse regions of
India have been calculated for monsoon months
of the years ranging from 2014 to 2020 using
Marshall and Palmar model. The performance
of the system has been evaluated by employing
64 QAM — OFDM and 16 PSK — OFDM modula-
tion techniques in terms of bit error rate, signal-
to-noise ratio and the received power for vary-
ing FSO link ranges.

Section II consists of rain rate analysis and
calculation of rain attenuations for different to-
pography of India and monsoon months respec-
tively. The proposed RoFSO system and related
equations are described in Section III. In section IV
simulation results of the system models employing
advanced modulation techniques have been dis-
cussed. Conclusion is given in the section V.

2. RAIN RATE AND ATTENUATION ANALYSIS
The rainfall rate for the diverse topography of
India has been considered for RoFSO link anal-
ysis. Rainfall attenuations have been analyzed
for three different regions, i.e. hilly (Uttara-
khand), plain (Chandigarh), and coastal (Kera-
la) as depicted in Fig. 1.

Rainfall attenuation is the calculation of at-
tenuation per unit length. The data for real time
rainfall have been extracted from Meteorological
Department of India. The rainy weather attenu-
ations have been computed from the collected
data for specific rain months of five years using
rain attenuation model. Rainfall attenuations
for different regions are using Marshal and
Palmar model. The Rain attenuation values are

determined by
y[ﬁ] —aR®. 1)
kEm
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It uses the basic power law with a and b as
power-law parameters. R is the rain rate in mm/
hour. For Marshal and Palmer’s model, the value
for a is 0.365 and b is 0.63. The data for differ-
ent rain rates for six years and four monsoon
months have been collected for diverse different
regions and have been analyzed using the statis-
tical model.

Chandigarh (Plain) )
Attenuation — Uttarakhand (Hilly)
0.13dB/Km Attenuation —

i 0.20 dB/Km

N

9

Kerala (VCoastal)
Attenuation —
0.31 dB/Km

Fig. 1. Different geographical regions considered for
RoFSO link analysis
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Fig. 2. Rainfall attenuation (dB/km) for diverse
geographical regions

Puc. 2. Ocnabaenue curHajga BCJIEICTBUE OCATLKOB
(nB/KM) nis pasInYHBIX reorpanuecKUX PeruoOHOB
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Fig. 2 represents the rainfall attenuation for
diverse geographical regions of India for the
years 2016—2020 considering monsoon months.
The rainfall attenuation is more in the coastal
region and least in the plain region, whereas it
is moderate for the hilly region. The maximum
and minimum rainfall attenuations were experi-
enced in the years 2018 and 2019 for coastal and
plain regions respectively.

Table 1 and Fig. 3 depict the rain attenua-
tion in dB/km of the plain region for the months
June—September. The plain region (Chandigarh)
experiences the maximum and minimum at-
tenuations in the months of July and June re-
spectively over the years 2016—2020. Rainfall
attenuation for plain region ranges from
0.118 dB/km to 0.146 dB/km. The average rain-
fall attenuation of different months for differ-
ent years has been calculated and the overall av-
erage attenuation value for plain region is pre-
dicted as 0.13 dB / Km.

Rain attenuation for monsoon months in
the hilly region ranges from 0.077 dB/km to
0.35 dB/km, which is represented in Fig. 4 and
Table 2. The hilly region (Uttarakhand) experi-
ences the maximum and minimum rain attenu-
ations in the months of June and September
respectively over the years 2016—2020. The av-
erage rainfall attenuation of different months
for the diverse years has been calculated and
further the overall average attenuation value
for hilly region is predicted as 0.20 dB/km.
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Fig. 3. Rainfall attenuation (dB/km) for plain region
(Chandigarh)

Puc. 3. Ocnabiienue curHajga BCJIELCTBHE OCAIKOB
(nB/xM™m) nuia paBEuHHOTO peruoHa (Hangurapx)
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Table 1. Rainfall attenuation in dB / km for plain region (Chandigarh)
Ta6nuua 1. OcnabneHne curHana BcrneacTere ocagkos (4B/KM) Ans paBHUHHOIO permoHa (HaHgurapx)

Rainfall attenuation in dB / km for plain region
Year Month
June July | August | September | Average
2016 0.102 0.172 0.159 0.087 0.131
2017 0.152 0.123 0.127 0.136 0.135
2018 0.124 0.172 0.131 0.158 0.146
2019 0.093 0.158 0.132 0.092 0.118
2020 0.119 0.175 0.163 0.094 0.136
Average rainfall attenuation 0.13

Table 2. Rainfall attenuation (dB/km) data for hilly region (Uttarakhand)
Ta6nuua 2. OcnabneHne curHana BCNeacTsne ocagkos (AB/KM) onst XoIMUCTOro pernoHa (YtrapakxaHa)

Rainfall attenuation in dB / km for plain region
Year Month
June July | August | September | Average
2016 0.325 0.314 0.239 0.198 0.213
2017 0.327 0.297 0.255 0.194 0.225
2018 0.309 0.268 0.291 0.207 0.223
2019 0.204 0.231 0.259 0.172 0.188
2020 0.285 0.262 0.263 0.074 0.177
Average rainfall attenuation 0.20
05 0.6
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Fig. 4. Rainfall attenuation (dB/km) for hilly region Fig. 5. Rainfall attenuation (dB/km) for coastal
(Uttarakhand) region (Kerala)

Puc. 4. Ocnabyienne curHaja BCJIEICTBUE OCAIKOB
(nB/xM) guia xommucToro peruona (YrrapakxaHm)

Puc. 5. Ocnabnienue ocankos (1B/KxM) 47151 IPUMOPCKOTO
peruona (Kepauia)

Figure 5 and Table 3 demonstrates the rain at-
tenuations for coastal region, which ranges from
0.24 dB/km to 0.39 dB/km. The coastal region
(Kerala) experiences the maximum and mini-
mum rain attenuations in the months of August

and September respectively over the years 2016—
2020. The average rainfall attenuation of differ-
ent months for the five years has been calculated
and further the overall average attenuation value
for hilly region is predicted as 0.31 dB/km.
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Table 3. Rainfall attenuation (dB/km) data for coastal region (Kerala)
Ta6nuua 3. OcnabneHune ocagkoB (oB/Km) ons npuMopckoro pervoHa (Kepana)

Rainfall attenuation in dB / km for coastal region
Year / Month
June July | August | September | Average
2016 0.345 0.294 0.206 0.137 0.24
2017 0.338 0.267 0.298 0.288 0.29
2018 0.393 0.425 0.414 0.133 0.34
2019 0.259 0.336 0.451 0.284 0.33
2020 0.323 0.316 0.337 0.346 0.39
Average rainfall attenuation 0.31

The minimum and maximum values of the
average rain attenuation of 0.13 and 0.31 dB/Km
have been observed in the plain and coastal re-
gion respectively for a wavelength of 1550 nm.
Hilly region experiences moderate average rain
attenuation of 0.20 dB/ Km. The average rain
attenuation values for diverse regions have
been considered for further analysis of RoFSO
system.

3. RoFSO SYSTEM MODEL

Here the link design parameters used for the
analysis of the proposed RoFSO system have
been discussed. OFDM has been used for the
frequencies division as it improves the sys-
tem performance resulting in the increment
of transmission range. Spectral efficiency and
BER performance of PSK and QAM improves
and deteriorates respectively with the order
of modulation [14]. We have chosen QAM-64
and 16-PSK based OFDM system for rain at-
tenuation modelling analysis, so that the per-
formance of the link may be investigated for
higher order modulation schemes. The data
signal is being processed by sequence genera-
tor for generating phase and quadrature sig-
nals with 1200 subcarriers. Low pass cosine
roll-off filters have been used in shaping the
pulses before the transmission. The signals
from these filters are fed into two different
Mach—-Zehnder modulators (MZM). Continuous
wave (CW) laser signal is applied to the lower
MZM. The output of both the MZM is further
combined using the power combiner. The FSO
channel experiences the attenuation and scat-
tering of the laser light. The receiver signal at
the other end of the FSO channel is detected by

a PIN photodiode and resultant electrical sig-
nal is applied to the quadrature demodulator.
The signal is further filtered using low-power
cosine roll-off filters and the output is fed to
the OFDM demodulator. QAM detector detects
the message signal and BER test set calculates
the system performance by counting the num-
ber of errors. The system models of 64-QAM
and 16-PSK based OFDM have been depicted
in Fig. 6a and Fig. 6b respectively.

The total input current comprises of signal
and noise. The current generated by the photodi-
ode positive intrinsic negative (PIN) can be rep-
resented as follows:

I,(1) = r.(Egig + Eqge )% + I + I, () + I (1), (2)

where Eg;, and E,q, represent the electric field
components linked with the power at the input
block and noise respectively. I3 and I; refer to as
dark current and thermal current respectively.
I represents the random fluctuation of electric
current. The frequency response of the photodi-

ode PIN is determined by
fowt __1_, @
I 1+RC

where R is the load resistance and C refers
to junction capacitance. The sensitivity of a
PIN photodiode can be defined in terms of
its noise equivalent power, where SNR = 1.
The noise equivalent power (NEP) is calcula-
ted by

NEP:"(I2+IS>+\/E 1

— - ——. (4)
Responsivity +/Noise bandwidth
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Generator LP Cosine
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l LP Cosine filter
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OFDM FSO | PIN Quadrature
Modulator Channel Photodiode demodulator L.P.Cosine
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Modulator Channel Photodiode LP Cosine
LP Cosine gltlc:ﬁ
roll off MZM
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PSK OFDM
CW BER test set Sequence Demodulator
Laser Detector

Fig. 6. RoFSO system. (a) 64-QAM-OFDM, (b)16-PSK-OFDM

Puc. 6. CrpykrypHasa cxema RoFSO cucTeMb! Ipu MCIIOIb30BaHUY aMILIUTYJHHOM Moy ianuu 64-QAM-OFDM (a),
Ipu UCHOJab30BaHNM(A30BOM ABoMYHOUN Moayaanuu 16-PSK-OFDM (6)

Cosine roll off filter has been used for pulse-shaping. The transfer function of the filter is given by

o, (f < h)

f—h
H(f)=10.502|1+ — 1 g, (A<
(f) o cos Py — n|, (A <f < ) (5)

0, (2 <1
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Here o is the parameter insertion loss, fis the
filter frequency, f is the filter cutoff frequency,
fwwym is full width at half maximum frequency,
and rp, is the parameter roll off factor. The pa-
rameters f; and f9 are given as

flzl*rpfc (Ogrp Sl)’ (6)

fo=1+rfe  (0<r, <1). (7

In BER analysis the guard bits set in layout
parameters act as leading or trailing zero bits.
It is calculated in case of single polarization sys-
tem as

BER — Errors __ @8
sequence length — (2 x guard bits)

In case of a dual polarization system the BER
is given as

BER — XErrors—YErrors . ©
sequence length — (2 x guard bits)

where the Errors are counted only for the por-
tion of the sequence, which is outside the guard
bits. The BER is also provided for the X and Y
polarization channels as follows:

BER(X) =
XErrors (10)
(sequence length — (2 x guard bits))/2’

BER(Y) =
YErrors (11)
(sequence length — (2 x guard bits))/2

Link margin is expressed as the ratio of re-
ceived power (P,) and receiver sensitivity (S)
and is given by

Link Margin = mlngPr. (12)
Received power (P,) is expressed as:
A
P, = P, exp(—o.L) X—> (13)
oL)

where P, is the received power, P; is the trans-
mitted power, A is described as receiver aperture

OIMTUYECKUN XKYPHAJI. 2023. Tom 90. Ne 8. C. 96-110 i [1X]

space, 0 is defined as divergence angle, o repre-
sents region attenuation and L is the distance be-
tween receiver and transmitter.

4. SIMULATION RESULTS

In this section simulation results of the pro-
posed RoFSO systems for diverse geographical
regions employing 64 QAM and 16 PSK-based
OFDM schemes have been investigated. The per-
formance of the proposed RoFSO systems has
been evaluated in terms of bit error rate, power re-
ceived and signal to noise ratio for varying link
ranges under rain weather conditions. Optisys-
tem-18 has been used to analyze the system with
simulation parameters as depicted in Table 4.

Figure 7 and table 5 depict received power
in dBm at the output of RoFSO link for diverse
geographical regions of India under the rain
weather condition. It can be interpreted from
the graph that the received power varies from
—26.97 dBm to —42.02 dBm for the coastal re-
gion, —26.87 dBm to —40.52 dBm for the hilly
region, and —25.99 dBm to —39.12 dBm for the
plain region respectively. Thus, received power
is the highest for the plain region followed by
other two regions. The minimum and the maxi-
mum values of the received power of —42.02 dBm
and —26.97 dBm respectively have been achieved
for different geographic regions.

Figure 8 displays BER versus link range for
the RoFSO system. It can be found that the BER
varies from 10716 to 1072, 102lto 1079, and
10724 to 10~ 1lin case of coastal, hilly, and plain

Table 4. Simulation parameters for proposed RoFSO
system
Ta6nuua 4. Mopenvpyembie NnapameTpbl
ONs npepnoxxeHHon cucteMbl ROFSO

Simulation parameters Value
Power of laser source 10 dBm
CW laser wavelength 1550 nm
CW laser power 35 mW
Quadrature modulator frequency 2 GHz
Aperture diameter of transmitter 5cm
Aperture diameter of receiver 20 cm
No. of subcarriers 1200
Photodetector responsivity 1A/W
Transmission rate 20 Gbps
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Fig. 7. Received power as a function of link range for
different geographic regions employing OFDM
based QAM-64 modulation scheme
Puc. 7. 3aBuCHMOCTH MOIIHOCTA IPUHHUMAEMOTO
CUTHAjia OT MAJBHOCTH CBA3KU [JIA PA3JIUYHBIX
reorpa@uyeCKUX PEruOHOB IPU WCIIOJb30BAHUU
OFDM co cxemoit mogyaamnuu QAM-64

Table 5. Received power for different regions
employing OFDM based QAM-64

Ta6nuuya 5. MOLLHOCTb NPUHMMAEMOro curHana
ONSA pasnnyHbIX reorpadnyecKmnx permoHoB
npu ncnonb3oaHun OFDM co cxemor Mmogynauum

QAM-64
Received power in dBm
Range for different regions

(Km) Coastal Hilly Plain
region region region

1 -26.97 —26.87 -25.99
1.5 -30.57 -29.43 -28.23
2 -33.19 -31.99 -30.83
2.5 -35.26 -34.00 -32.81
3 -36.99 -35.69 -34.45
3.5 -38.47 -37.12 -36.04
4 -39.78 -38.3 -37.06
4.5 —40.95 -39.5 -38.18
5 —42.02 —40.52 -39.12

regions respectively considering link range
from 1 km to 5 km as listed in Table 6. Minimum
BER has been observed in the case of the plain
region for a given value of link range. An ac-
ceptable value of BER has been achieved up to
a transmission range.
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Fig. 8. BER as a function of link range for different
geographic regions employing OFDM based QAM 64
modulation scheme

Puc. 8. 3asucumocts BER oT majapHOCTH CBA3U OJIs

PasIUUYHBIX  reorpauuecKux  PpPEruoHOB  IIPH

ucnoabzoBanuu OFDM co cxeMoil aMIIUTYyIHOM
mopmyaanuu 64-QAM

Table 6. BER for different regions employing OFDM
based QAM-64

Ta6nuuya 6. BER onsa pasnuyHbix reorpacumyecknx
pervoHoB npu ncnonb3osaHun OFDM co cxemoli
amMnanTygHon mogynsuun 64-QAM

BER for different regions
Range - -
(Km) Coastal Hilly Plain
region region region
1 2.44 e-16 1.12e-21 1.57 e-24
2 3.88 e-12 1.79 e-16 2.22e-19
3 4.22 e-9 2.56 e-12 3.42e-15
4 4.96 e-7 2.67 e-10 4.32 e-12
5 5.78 e-5 4.64 e-9 5.12 e-11
6 6.37e-4 5.25e-7 58.3 e-9
7 6.87e-3 5.85e-5 6.37e-7
8 7.66 e-2 8.22 e-4 6.81 e-6

Figure 9 and table 7 depict the SNR in dB at
the output of RoFSO link for calculated values
of average rain attenuations considering three
regions employing OFDM based QAM-64. It can
be interpreted from the graph that the SNR var-
ies from 12 to 59.24 dB for the coastal region,
16.23 to 64.43 dB for the hilly region, and 19.55
to 66.93 dB for the plain region respectively.
Thus, the highest SNR value is reported for the
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Fig. 9. SNR as a function of link range for different
geographic regions employing OFDM based QAM-64
modulation scheme
Puc. 9. 3aBucuMocTb OTHOINIEHUSA CUTHAJ/IITYM OT
TaJBHOCTU CBASU JJIA PA3JIUUYHBIX reorpauuecKux
peruoHoB mnpu wucnosab3doBanuu OFDMco cxemoit
aMILTUTYyIHOU Monyaanuu 64-QAM

Table 7. SNR for different regions employing OFDM
based QAM-64
Ta6nuua 7. OTHOLWEHWE curHan/Wwym gns pasnmnyHbIxX

reorpaun4ecKnx permoHoB Npu UCMosib30BaHNN
OFDM co cxemon amnantygHon mogynsaumm 64-QAM

T T T T
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Fig. 10. Received power as a function of link range
for different geographic regions employing OFDM
based PSK-16 modulation scheme

Puc. 10. 3aBucumoCTb MOIIIHOCTU IPUHUMAEMOTO

CUTHaJla OT JaJbHOCTU CBSASU [AJA PA3JIUUYHBIX

reorpauyecKUX pPETUOHOB IPU WCIOJIb30BAHUU

OFDM =Ha ocHOBe cxeMbl ()a30BOMl [IBOUYHOI
moxnyaanuu 16-PSK

Table 8. Received power for different regions
employing OFDM based PSK-16

Ta6nuuya 8. MOLLHOCTb NPUHMMAEMOro curHana asns
pPasnuyHbIX reorpaduyeckux permoHoB nNpu
ncnonbdoBaHnn OFDM Ha ocHoBe cxembl ha3oBoiA
ABovyHon mopynsuum 16-PSK

SNR in dB for different regions
Range Coastal . . . .
(KM) region Hilly region | Plain region
1 59.24 64.43 66.93
1.5 47.88 56.00 58.02
2 38.9 45.69 48.98
2.5 29.76 34.56 39.00
3 24.33 27.88 32.56
3.5 20.89 23.43 26.8
4 17.45 20.13 23.79
4.5 15.64 17.89 19.78
5 12.00 16.23 19.55

Received power in dBm for different
Range regions
(Km) Coastal Hilly Plain
region region region
1 -17.52 -17.42 -17.34
1.5 -22.13 -20.97 -19.86
2 —24.74 -23.54 —22.38
2.5 -26.81 -25.56 -24.01
3 —28.24 —27.04 -25.39
3.5 —29.52 —28.27 -26.61
4 -30.93 -29.63 —27.96
4.5 -32.31 -30.75 -29.27
5 -32.87 -31.27 -30.23

plain region followed by other two regions for
considered transmission range. In case of coast-
al region, an acceptable value of signal quality
is achieved up to a transmission range of 4 km,
and longer propagation range may be obtained
with higher transmitted power.

Figure 10 and table 8 depict the received po-
wer in dBm at RoFSO link output for diverse geo-

graphical regions of India under the rain weather
condition. It can be interpreted from the graph
that the received power varies from —17.52 dBm
to —32.87 dBm for the coastal region, —17.42 dBm
to —31.27 dBm for the hilly region, and —17.34 dBm
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Fig. 11. BER as a function of link range for different

geographic regions employing OFDM based PSK-16
modulation scheme.

Puc. 11. 3aBucumocts BER oT n1anpHOCTH CBA3U IS

pasanuHbIX  reorpauuecKuUX  PeruoHOB  IIpU

ucnoabzoBanuu OFDM Ha ocHOBe cxeMbl a30BOi
aBouuHON Moayaanuu 16-PSK

Table 9. BER for different regions employing OFDM
based PSK

Ta6nuua 9. BER ons pasnuyHbix reorpaduyeckmx
pernoHoB npu ncnonb3osaHun OFDM Ha ocHoBe
cxembl (ha3oBon OBon4HOM Moaynaumm 16-PSK
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Fig. 12. SNR as a function of link range for different
geographic regions employing OFDM based PSK-16
modulation scheme

Puc. 12. 3aBucuMoCTb OTHOIIEHUA CUTHAJ/IIIYM OT

MaJIbHOCTU CBA3U IJIA PA3JIUUYHBIX reorpamuecKux

peruoHoB mnpu wucnosabzoBanuu OFDM Ha ocHOBe
cxeMbI (pasoBo# ABOMUHOM Moy aanuu 16-PSK

Table 10. SNR for different regions employing OFDM
based PSK-16

Ta6nuua 10. OTHOLLEHNE CcUrHan/wym
AN pasnnyHbIX reorpadunyecknx pernoHoBs
npu ncnonbdosaHum OFDM Ha ocHOBe CXeMbl
aszosow agsonyHon mopynsaunmn 16-PSK

BER for different regions
Range - -
(Km) Coastal Hilly Plain
region region region
1 5.77 e-18 9.99 e-21 2.56 e-24
2 1.13 e-14 1.56 e-17 3.87e-20
3 1.74 e-11 2.71 e-13 1.94 e-16
4 2.34e-8 2.69 e-10 7.84 e-13
5 2.87e-7 3.21e-8 2.43€-10
6 3.21e-5 1.99 e-6 2.31e-8
7 5.36 e-4 2.34e4 8.99 e-6
8 8.73 e-3 4.99 e-4 9.85 e-5

to —30.23 dBm for the plain region respectively.
Thus, the received power is highest in the flat
terrains like plain region followed by other two
regions. The minimum and the maximum values
of received power of —17.52 dBm to —32.87 dBm
respectively have been achieved for different
geographic regions.

Figure 11 displays BER versus link range
for the RoFSO system. It is found that the BER

SNR in dB for different regions
Range

(Km) Coagtal Hil.ly Pla.in
region region region

1 45.35 50.33 52.56
1.5 39.23 45.33 49.23
2 32.01 38.98 42.79
2.5 27.22 32.56 37.09
3 23.01 27.09 30.92
3.5 19.69 23.72 26.42
4 15.77 17.98 21.02
4.5 12.43 15.21 18.21
5 10.45 12.87 15.98

variesfrom 10718401077, 10 21t0108,and 1024
to 1079 in case of coastal, hilly and plain regions
respectively considering link range from 1 km
to 8 km as listed in table 9. Minimum BER has
been observed for the plain region for a given value
of link range. An acceptable value of BER has
been achieved up to a transmission range of 5 km.
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Figure 12 and table 10 depict the SNR in dB
at the output of RoFSO link for calculated values
of average rain attenuations considering three
regions employing OFDM based QAM-64. It can
be interpreted from the graph that the SNR var-
ies from 10.45 to 45.35 dB for the coastal region,
12.87 to 50.33 dB for the hilly region, and 15.98
to 52.56 dB for the plain region respectively.
Thus, the highest value of SNR is reported in
the case of plain region followed by other two re-
gions for considered transmission range. In case
of coastal region, an acceptable value of signal
quality is achieved up to a transmission range of
4 km, and longer propagation range may be ob-
tained with higher value of transmitted power.

The proposed RoFSO system has been evalu-
ated and compared for OFDM based QAM-64
and PSK-16 modulation techniques consider-
ing received power, bit error rate, and signal to
noise ratio as performance parameters. A higher
value of the received power is observed in case of
OFDM-QAM-64 as compared to OFDM-PSK-16
scheme for all the considered regions as shown
in Fig. 13.

Figures 14 and 15 compare the results in case
of two advanced modulation schemes for BER
and SNR respectively. RoFSO system employing
64-QAM based OFDM modulation scheme depicts
better performance even for the coastal regions,

LN
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Fig. 13. Received power employing OFDM based
QAM-64 and PSK-16

Puc. 13. CpaBHeHue NpUHUMAEMOUN MOIIHOCTUA IIPU

ucnoabzoBanuu OFDM co cxemMaMu ¢ aMILIUTYIHOM

mognyaanueir 64-QAM u  hasoBOii  JTBOMYHON
mopnyaamnuein 16-PSK
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Fig. 14. BER employing OFDM based QAM-64 and
PSK-16

Puc. 14. Cpasuenue BER npu ncnosnszoBaanuu OFDM
CO cXeMaMWU C aMILIUTYIHON Momyaarnueir 64-QAM u
daszoBoii xBoMuHON Moy aAnuei 16-PSK
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Fig. 15. SNR employing OFDM based QAM-64 and
PSK-16

Puc. 15. CpaBHeHMe OTHOIIIEHUA CUTHAJ/IIYM IIPHU

ucnosab3oBanuu OFDM co cxemMaMu ¢ aMILIUTYTHOI

mopmyaamnueir 64-QAM u  (asoBoii  ABOMUHOI
mopyasamnueit 16-PSK

which experience heavy rainfall. An increased
value of SNR of 2 to 17 dB have been observed
in this case by employing QAM-64 scheme as
compared to PSK-16 over the considered trans-
mission range (Fig.15). Similarly, the achieve-
ment of better BER values over longer distances
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Fig. 16. Constellation plots at the receiver’s side of the propose dRoFSO system (a) OFDM based QAM-64,
(b) OFDM based PSK-16

Puc. 16. [luarpaMmMmbl HampaBJIeHHOCTH NpuUHHMaeMoro curHajiga cucreM RoFSOmnpu mcmonbsoBannuOFDM
Ha ocHOBe QAM-64 (a), mpu ucnons3zoBanuu OFDM Ha ocaoBe PSK-16(0)

Table 11. Comparison of proposed work with previous works
Ta6nuua 11. CpaBHeHUe Noy4eHHbIX PE3YNBTATOB NCCE0BaHNI C pe3ynsTataMmi Apyrnx asTopoB

Proposed

Parameters [22] [23] [25] [26] work
Modulation Not NRZbased  NRZbased Not RZ- DPSK fgﬁ&l\g;ﬁ
type specified OOK specified based WDM OFDM
Authentic lelzés;:cm
meteorolo- No . No No Yes

ical data rological
g department
Gquraphmal Tropical Coastal Not specified Tropical Not specified Coastal,‘p lain
region and hilly
Maximumlink ¢ gy ) 2.5 km 1.9 km 3 km 3km 6 km
range
Data rate o
(Gbps) 1 2 Not specified 80 20
Type of system FSO FSO RoFSO FSO FSO RoFSO

concludes that OFDM based QAM-64 is best suit-
ed specially for applications in coastal areas.
Figures 16a and 16b depict the constellation
plots of the 64-QAM and 16-PSK based OFDM
RoFSO system respectively to ascertain the

quality of the received signal. Table 11 outlines
the comparison of the proposed work with the
previous works in literature. Real time rain rate
data analysis of diverse geographical regions
with the achievement of higher transmission



Hay4Has cTatbs

range employing advanced modulation tech-
nique ensures the enhanced performance of the
proposed RoFSO system as compared to other
related work.

5. CONCLUSION

In this work the rain attenuation has been in-
vestigated for analyzing RoFSO system perfor-
mance for diverse topography of India. A real-
time rain rate analysis of the monsoon months
for the years ranging from 2014 to 2020 has
been evaluated using Marshal and Palmer rain
attenuation model. The results have been inves-
tigated for bit error rate, received power, and
SNR for varying channel link range employing
OFDM based QAM-64 and PSK-16 modulation
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