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Abstract. A bandwidth efficient Orthogonal
Frequency-Division Multiplexing - Radio over Free
Space Optics (OFDM-RoFSO) system based on
2-level multiplexing with SCM and MDM domain is
implemented. A total of 4-input data streams are
multiplexed before being transmitted through RoFSO
link. A 4 × 20 Gbps data rate is achieved by per-
forming multiplexing at SCM level with 45 GHz,
60 GHz subcarrier frequencies and then at MDM level
with HG01 and LG10 optical modes. With certain
design enhancements, channel capacity can be further
increased to multi-fold levels. The performance of
transmitted input data streams 1–4 is investigated
for Bit Error Rate (BER), Q-factor, received signal
power, SNR and turbulence conditions under clear
air, haze, rain, fog and dust conditions. Eye diagram
and electric constellation patterns are analyzed for
reliable data transmission. Thus, by using proposed
design with 2-level multiplexing, a higher transmission
capacity and low crosstalk levels are easily achieved.
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1. Introduction

In recent times, due to technology enhancement
at rapid rate and implementation of 5G network

applications, the demand for multimedia services such
as video, live streaming and high-speed internet con-
nectivity is continuously growing. Since there is limited
spectrum availability per user, an effective bandwidth
utilization is highly required. Therefore, RoFSO tech-
nology is proposed to tackle these challenges due to its
certain advantages such as license free spectrum, low
installation cost, large bandwidth availability and high
channel capacity. RoFSO is also preferred due to its
flexibility of link establishment in tough geographical
terrains and overcrowded areas where fiber installation
is not feasible. So, with proper frequency planning,
various access points can be deployed using Wireless
Local Area Network (WLAN) technology and its prac-
tical implementation can be done with RoFSO system
[1] and [2].

Beside these advantages, transmission through
RoFSO link has certain limitations as well. The opti-
cal signal may experience atmospheric attenuation due
to rain, haze, fog, dust and snow conditions [3] and
[4]. Pointing error and beam wandering also affect the
signal performance and limits the overall transmission
range [5] and [6]. Experiencing these environmental
challenges, existing RoFSO system requires certain de-
sign enhancements. Thus, by implementing Orthog-
onal Frequency Division Multiplexing (OFDM) with
RoFSO, signal attenuation levels are reduced drasti-
cally. In OFDM, large numbers of orthogonal subcar-
riers at lower frequencies are utilized for information
transmission, thereby reducing ISI and providing low
signal attenuation in FSO environment [7].

Information carrying capacity of OFDM based
RoFSO system can be enhanced by implementing mul-
tiplexing at subcarrier, wavelength, optical modes and
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polarization levels. Lim et al. has implemented Sub-
carrier Multiplexing (SCM) technique for data trans-
mission through FSO link. With SCM, system BER
performance is analyzed for number of users introduced
in the system. As the number of users increases, there
is a decrease in received signal power levels [8]. Sim-
ilarly, Mode Division Multiplexing (MDM) using Or-
bital Angular Momentum (OAM) is another multiplex-
ing technique which offers high channel capacity and
has low design complexity. MDM can be used for FSO
data transmission for MIMO based systems. Zhang
et al. has explained the transmission using MDM for
four different optical modes at l = −3, −2, +2 and
+3 which shows minimum signal attenuation and high
spectral efficiency [9].

Various optical modes such as HG, LG and LP can
be used for signal transmission. Fareed et al. has anal-
ysed the performance of various optical modes for a link
range of 9 km. Comparative results show that while us-
ing LG modes for transmission, minimum BER levels
are achieved which indicates minimum Inter-Symbol
Interference (ISI) and low signal attenuation [10]. By
introducing 2-level multiplexing, channel capacity of
RoFSO system can be further improved. A RoFSO
system with hybrid Wavelength-Division Multiplexing
- Mode Division MultiplexingWDM-MDM scheme is
presented here. In this configuration, 4-input data
streams having 4×10 Gbps data rate, are utilised for
broadband and communication services with radio fre-
quency of 40 GHz [11].

Kakati et al. has explained a 2-level multiplex-
ing scheme using PDM-MDM modes for transmission.
A high data rate of 2×320 Gbps is achieved for
16–QAM based OFDM-RoFSO system. Here, Opti-
cal modes HG00 and HG01 are used at MDM level
and orthogonal polarization is done at PDM level [12].
Furthermore, Singh et al. explained the 16-QAM,
OFDM based RoFSO system using combined WDM-
PDM modes for transmission. In this design 1.6 Tbps
transmission rate is achieved under adverse weather
conditions [13]. To further enhance the channel ca-
pacity, a 3-level multiplexing using WDM, MDM and
PDM for 160 Gbps data transmission was proposed by
Huang et al. The results showed a multi-fold increase
in channel capacity without affecting its performance
in terms of received signal power and show no channel
crosstalk levels at receiver output [14]. To further im-
prove the received signal power and BER, the Optical
Single Sideband (OSSB) modulation is preferred over
Optical Dual Sideband (ODSB) modulation as it min-
imizes the fading effect for signal transmission through
FSO link [15]. Therefore, BER is used to analyze
channel performance by observing number of error bits
received at output. Also, average BER is derived
for analyzing Optical Wireless Communication (OWC)
link performance under different turbulence conditions

[16] and [17]. Similarly, for 60 GHz mm wave trans-
mission through FSO link, received signal power levels
are compared for optical wavelength of 850 nm and
1550 nm. Comparative results show improved perfor-
mance while using 1550 nm wavelength for transmis-
sion [18].

In the work presented here, a 2-level multiplexing
is implemented for OFDM based RoFSO system using
Subcarrier Multiplexing (SCM) at level 1 and Mode
Division Multiplexing (MDM) at level 2. Information
through four data streams is transmitted simultane-
ously after multiplexing initially at SCM level and then
at MDM level.

Using 4–QAM encoder design, each channel is
utilized for data carrying capacity of 20 Gbps.
So, a total information rate of 80 Gbps is achieved
in this design. OSSB modulation is preferred in this
design to minimize the fading effect. At SCM level,
subcarrier frequencies of 45 GHz and 60 GHz are as-
signed to input signals. Similarly, at MDM level, HG01
and LG10 optical modes are used for transmission.
While integrating above design with OFDM, dual mul-
tiplexing of SCM-MDM has not been reported in any
of the previous studies. Further, it may be worth
noted that by combining SCM with MDM will enhance
the overall channel capacity. Therefore, in this work,
an attempt has been made to investigate the research
work with dual multiplexing of SCM-MDM for various
performance parameters.

Section 2. broadly describes OFDM–RoFSO sys-
tem using 2-level multiplexing. It explains multiplexed
RF subcarrier signal at 45 GHz and 60 GHz frequen-
cies using OSSB modulation. It also describes spatial
HG01 and LG10 modes at MDM level used as optical
carriers for signal transmission through RoFSO link.
Section 3. describes a comparative analysis of
various optical modes used for transmission and their
performance under weak, moderate and strong turbu-
lence conditions for a link range of 500 m to 8,000 m.
Concluding remarks are given in Sec. 4.

2. System Model

For an OFDM based RoFSO system, a transmission
rate of 80 Gbps is achieved by using 2-level multiplex-
ing while considering four input data streams for trans-
mission. At level 1, Sub-carrier Multiplexing (SCM)
with 45 GHz, 60 GHz frequency is carried out. At
level-2, Mode Division Multiplexing (MDM) is carried
out by considering HG01and LG10 optical modes for
transmission. Data inputs 1–2 and 3–4 are combined
at MDM MUX and transmitted through FSO link as
shown in Fig. 1 and its simulation set-up is provided
in Appendix (Fig. 14). A generalized mathematical
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Fig. 1: Schematic of proposed OFDM based RoFSO system using 2-level multiplexing at SCM, MDM levels.

expression for LG modes is given as [11]:
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where, m and n are mode dependencies on X-index and
Y-index representing the azimuth and radial angles,
respectively; wo is the spot size, R represents the radius
of curvature and L(n,m) is the Laguerre polynomial.

Similarly, a generalized mathematical expression for
HG modes is given as [11]:
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where, m and n represent the mode dependencies on X
polarization and Y polarization, respectively; Hm and
Hn are the Hermite polynomials.

In this system using Pseudo Random Bit Sequence
(PRBS) generator, a 20 Gbps data rate is gen-
erated and applied at 4-QAM encoder to obtain
encoded information bits at its output. The signal is
then applied at OFDM modulator which is configured
to generate 512 subcarriers at lower frequency hav-
ing 1024 IFFT points. While using OFDM-RoFSO
transmission, the signal experiences minimum chan-
nel attenuation at lower frequency levels and reduced
Inter-Symbol Interference (ISI). Using quadrature

modulator, I and Q phase components of signal are
generated and applied at the mixer stage. At mixer 1,
a subcarrier frequency of 45 GHz and at mixer 2, a sub-
carrier frequency of 60 GHz is mixed with input base-
band signal which corresponds to input data streams 1
and 2 respectively. The output RF signal from mixer 1
and mixer 2 are combined to generate SCM signal for
data streams 1–2. Similarly, data streams 3–4 are
generated by using same SCM parameters.

The SCM signal along with the optical carrier is ap-
plied at input ports of DD-MZM as shown in Fig. 1.
Here, DD-MZM is customized to generate OSSB mod-
ulated signal at its output. In this design, HG01 and
LG10 optical modes are considered for transmission.
The SCM data streams 1–2 and 3–4 are multiplexed
by using MDM-MUX before being transmitted through
RoFSO link.

The Free Space Optical (FSO) link equation is given
as [15]:

Prx = Ptx

[
D2

rx

(Dtx + θZ)
2

]
ηtxηrx · 10− άz

10 , (3)

where, Ptx and Prx are the optical signal power at
transmitter and receiver end, respectively; Dtx and
Drx are the antenna aperture diameters at transmit-
ter and receiver, respectively; θ represents the beam
divergence; z is the link distance, the optical efficiency
is designated by ηtx and ηrx and ά is the atmospheric
attenuation.

Considering clear air attenuation, the signal trans-
mitted between FSO link is analyzed for weak, mod-
erate and strong turbulence conditions. Using Con-
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tinuous Wave (CW) laser, spatial profiles of HG01
and LG10 modes are generated as shown in Fig. 2(a)
and Fig. 2(b), respectively.

 
(a)

 

(b)

Fig. 2: Spatial profiles of generated optical modes for
a) HG01 mode; b) LG10 mode.

The frequency spectrum of RF Subcarrier Multi-
plexed (SCM) signal at 45 GHz and 60 GHz frequency
is shown in Fig. 3.

 

Fig. 3: Spectrum of RF Subcarrier Multiplexed (SCM) signal
for data inputs 1–2.

Fig. 4 shows the optical spectrum observed at MDM-
MUX output while using HG01 and LG10 as input
applied modes.

Fig. 4: Measured optical spectrum at MDM MUX output for
input data streams 1–2, 3–4.

After multiplexing at MDM level, optically mod-
ulated signal is transmitted through RoFSO link.
Since optical signal experiences degradation due to at-
mospheric attenuation and turbulence conditions, its
power level can be raised by using an optical ampli-
fier. At receiver, the optical modes are separated by
using MDM De-MUX to obtain mode 0 and mode 1
corresponding to HG01 and LG10 modes, respectively.
After mode splitting, the optical signal is made to
incident on APD detector surface and its electrical
equivalent is obtained at the output. The frequency
spectrum observed at APD detector output for 45 GHz
and 60 GHz subcarrier frequencies is shown in Fig. 5.

 

Fig. 5: Spectrum of 45 GHz, 60 GHz information signal at
APD detector output for link range, L = 500 m and
C2

n = 1 · 10−15 m−2/3.

The detector output is then processed by the Gaus-
sian band pass filter to separate 45 GHz and 60 GHz
subcarrier frequencies. After demodulation, the data
streams 1, 2 and 3, 4 corresponding to the opti-
cal modes HG01 and LG10 modes, respectively, are
obtained at decoder output as shown in Fig. 1.
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The receiver simulation circuit is provided in Appendix
(Fig. 15). Various system simulation parameters used
in this analysis are given in Tab. 1.

Tab. 1: List of simulation parameters.

Parameter Value
Bit rate 20 · 109 bits·s−1

Radio frequency 45 GHz, 60 GHz
No. of subcarriers 512
No. of FFT points 1024

Operating frequency 193.1 THz
Tx. Aperture diameter 5 cm

Beam Divergence 2–6 mrad
Receiver aperture diameter 20 cm

Link length 500 m – 8,000 m

Index refraction structure 1 · 10−15 m−2/3 to
30 · 10−15 m−2/3

Wavelength 1550 nm

3. Results and Discussion

The design implementation of OFDM based RoFSO
system is carried out with OptiSystem 19.0 version and
simulation results are depicted in Fig. 2, Fig. 3, Fig. 4,
Fig. 5, Fig. 12 and Fig. 13. The system performance
is analyzed for received power, Bit Error Rate (BER),
Q-factor etc. while considering various channel param-
eters, such as link range, atmospheric turbulence and
optical modes for FSO transmission. Various transmit-
ter configurations such as:

• Direct transmission without multiplexing i.e. back
to back system.

• Subcarrier Multiplexing (SCM-MUX).

• Mode Division Multiplexing (MDM-MUX).

• Hybrid SCM-MDM multiplexing are considered
for comparative measurements.

Analysis for received signal power is carried out at
APD detector output for various multiplexed design
configurations as shown in Fig. 6. In this analysis,
comparative results are observed for a link range of
up to 8,000 m. The fixed values of system param-
eters are λ = 1550 nm, the receiver aperture diam-
eter D = 20 cm, C2

n = 1 · 10−15 m−2/3 and the
beam divergence = 5 mrad. At APD detector out-
put, the observed signal power is −28 dBm, −34 dBm,
−39.5 dBm and −44 dBm for back to back system,
−31 dBm, −37 dBm, −42 dBm and −46 dBm for SCM-
MUX system; −35 dBm, −40.5 dBm, −45.25 dBm and
−49.5 dBm for MDM MUX system; and −38 dBm,
−43 dBm, −47 dBm and −51 dBm for hybrid SCM-
MDM MUX system at a distance of 2,000 m, 4,000 m,
6,000 m and 8,000 m, from transmitter, respectively.

 

Fig. 6: Plot of received power at APD detector for a link range
of up to 8 km using 4-QAM-OFDM-RoFSO system hav-
ing C2

n = 1 · 10−15 m−2/3 , λ = 1550 nm, D = 20 cm.

Comparative results in Fig. 6 show that while using
dual multiplexed SCM-MDM system, the received sig-
nal power is well within the detectable range. Since
4-input data streams are multiplexed in dual SCM-
MDM design, a total 80 Gbps transmission rate is
achieved, and improved capacity levels are observed.
Further, by modifying certain design parameters at
SCM and MDM levels, the channel capacity can easily
be enhanced.

Similarly, the Q-factor is analysed for various design
configurations as shown in Fig. 7. The fixed system
parameter values are λ = 1550 nm, C2

n = 10−15 m−2/3,
beam divergence = 5 mrad and D = 20 cm.

 

Fig. 7: Q-factor analysis for 4-QAM OFDM-RoFSO system,
considering various multiplexing designs for a link range
of up to 8,000 m and a subcarrier frequency of 60 GHz.

The observed Q-factor values are 22.97, 12.83, 7.98
and 5.85 for Back to Back (B2B) system; 20.57, 11.04,
7.28 and 4.98 for SCM-MUX system; 17.79, 10.06, 6.26
and 4.28 for SCM-MDM MUX system; and 11.78, 7.16,
4.12 and 2.8 for MDM-MUX system for a link range of
2,000 m, 4,000 m, 6,000 m and 8,000 m, from trans-
mitter, respectively. The plots observed in Fig. 7 show
that the Back to Back (B2B) system has high Q-factor
and low interference levels for a link range of 1,000 m
to 8,000 m. Since for dual SCM-MDM MUX design,
the observed Q-factor values are well within the speci-
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fied limits, therefore it can be considered for practical
implementation.

Similarly, the performance of OFDM based RoFSO
system is analysed for channel crosstalk (XT) while
considering SCM, MDM and dual SCM-MDM based
configurations. For a multiplexed channel, crosstalk is
defined as interference observed from all other channels
except the desired channel at receiver. Since the chan-
nel crosstalk is measured in terms of BER for a spec-
ified Link range (L), a comparative analysis is carried
out for various multiplexed configurations, as shown
in Fig. 8. The fixed system parameters considered are
λ = 1550 nm, D = 20 cm and C2

n = 10−15 m−2/3.

 

 

Fig. 8: BER performance measurement for a link range consid-
ering weak turbulence for receiver channel with various
crosstalk levels.

The plot in Fig. 8 shows that the maximum crosstalk
levels are observed for dual SCM-MDM multiplexed
system with a maximum BER of 1.48 · 10−4. Since the
BER levels are well within the limits for accurate data
transmission, its design implementation can easily be
carried out.

It is clear from above findings that channel capac-
ity is improved by using dual multiplexed SCM-MDM
system and the results show acceptable received power
and channel crosstalk levels. Although the design is ca-
pable of transmitting information on four multiplexed
channels simultaneously, a further analysis is required
to measure individual channel performance. In this de-
sign, the channel configurations HG01-45 GHz, LG10-
45 GHz, HG01-60 GHz and LG10-60 GHz are used
for channels 1–4, respectively. The individual chan-
nel performance can be analysed based on BER, SNR,
electrical constellation and eye diagram to decide its
implementation feasibility in practical environment.
The measurements were carried out by considering
atmospheric turbulence conditions, link range and
atmospheric attenuation.

For a dual multiplexed SCM-MDM system, the BER
performance for input data streams 1–4 is analysed for

a link range of up to 8,000 m as shown in Fig. 9. The
fixed system parameters are λ = 1550 nm, D = 20 cm,
beam divergence = 5 mrad and C2

n = 1 · 10−15 m−2/3.
From eye diagram analysis, the observed values of min.
log of BER are −1.41, −1.12, −1.10 and −1.07 for
channel 1; −1.96, −1.22, −1.12 and −1.09 for chan-
nel 2; −24.32, −15.13, −9.25 and −6.44 for channel 3;
and −30.86, −19.45, −12.71 and −9.73 for channel 4
for a link distance of 2,000 m, 4,000 m, 6,000 m and
8,000 m from transmitter, respectively, as shown in
Fig. 9.

 

Fig. 9: Estimation of log of BER for a link range of up to
8 km using optical modes HG01 and LG10 at subcarrier
frequency of 45 GHz and 60 GHz.

The graphs observed in Fig. 9 show that as the link
distance between transmitter and receiver increases,
system Bit Error Rate (BER) performance deterio-
rates. Similarly, the comparative analysis shows that
the BER performance is improved while using higher
subcarrier frequency of 60 GHz with LG10 and HG01
optical modes for transmission.

So, LG10 and HG01 modes at 60 GHz subcarrier
frequency are further analysed by considering various
atmospheric turbulence conditions. Scintillation index
parameter, C2

n values considered for weak, moderate,
and strong turbulence conditions are shown in Tab. 2.

Tab. 2: Scintillation index parameter C2
n for various turbulence

levels.

Turbulence
Conditions

Scintillation
Model

Scintillation index
parameter, C2

n

Weak Log-normal 1 · 10−15 m−2/3

Moderate Log-normal 9 · 10−15 m−2/3

Strong Gamma-Gamma 30 · 10−15 m−2/3

Fig. 10 shows the performance of HG01 and LG10
modes at 60 GHz subcarrier frequency under differ-
ent turbulence conditions. The fixed design parameters
considered are: λ = 1550 nm, D = 20 cm and beam di-
vergence = 5 mrad. For a link distance, L = 2, 000 m,
the observed values of min. log of BER are −50.29,
−4.02 and −2.423 for HG01 mode and −61.04, −6.20
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and −3.44 for LG10 mode for weak, moderate and
strong turbulence conditions, respectively.

 

Fig. 10: Estimation of log of BER for weak, moderate and
strong turbulence conditions using optical modes
HG01 and LG10 at subcarrier frequency of 60 GHz
for a link range of up to 4,000 m.

The curves obtained in Fig. 10 show that the trans-
mission using LG10 mode has lower BER in compar-
ison to HG01 mode at 60 GHz subcarrier frequency.
Further, analysis shows that under weak turbulence
conditions, the system’s BER is low due to minimum
signal attenuation as compared to moderate and strong
turbulence conditions. Since LG10 mode at 60 GHz
subcarrier frequency shows improved channel perfor-
mance, it can be further analysed by considering vari-
ous atmospheric attenuation conditions for FSO signal
transmission. Attenuation coefficient values considered
for the analysis are given in Table. 3.

Tab. 3: Specific atmospheric attenuation coefficients under dif-
ferent weather conditions [3], [4] and [17].

Weather condition Attenuation (dB·km−1)
Clear air attenuation 0.0647

Low Haze 1.537
Heavy Haze 10.115
Light Rain 6.27
Heavy Rain 19.28
Thin Fog 9
Heavy Fog 22
Light Dust 25.11
Dense Dust 297.38

The signal performance is mainly affected by atmo-
spheric attenuation due to haze, rain, fog and dust con-
ditions. Fig. 11 shows the performance of LG10 mode
at 60 GHz while considering different weather condi-
tions for signal transmission. The system design pa-
rameters considered in this analysis are λ = 1550 nm,
D = 20 cm, beam divergence equal to 5 mrad and
C2

n = 1 · 10−15 m−2/3. The observed SNR levels are:
42 dBm, 41 dBm, 40 dBm and 38 dBm for low haze;
40 dBm, 37 dBm, 34 dBm and 30 dBm for light rain;
39 dBm, 36 dBm, 31 dBm and 25 dBm for thin fog; and
36 dBm, 25 dBm, 15 dBm and 0 dBm for light dust for
a link range of 500 m, 1,000 m, 1,500 m and 2,000 m
from transmitter, respectively, as shown in Fig. 11.
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m, 1000 m, 1500 m and 2000 m from transmitter, 

respectively, as shown in Fig. 11. 

 

Fig.11.  Observed SNR at APD detector output for haze, rain, fog and dust 

conditions using 4-QAM-OFDM-RoFSO system for 5000m link range, Cn2 

= 1 × 10−15𝑚−2/3 ,  λ = 1550 nm, D = 20 cm. 
 

Comparative plots in Fig. 11 show quite steady SNR level 

observed under haze conditions due to low atmospheric 

attenuation. Since a higher signal attenuation is observed due 

to rain, fog and dust conditions, the SNR levels deteriorate 

quite sharply with increase in link distance. Table 4 shows 

various SNR levels observed under haze, rain, fog and dust 

conditions.  
 

Table 4. Observed SNR levels for different weather conditions. 
 

Range 

(m) 

Atmospheric Attenuation (dB/km) 

SNR (dBm) 

under  

Haze 

conditions, 

α=1.537 

SNR (dBm) 

under   

Rain 

conditions, 

α=6.27 

SNR (dBm) 

under 

Fog 

conditions, 

α=9 

SNR (dBm) 

under 

Dust 

conditions, 

α=25.11 

500 42 40 39 36 

1000 41 37 36 25 

1500 40 34 31 15 

2000 38 30 25 0 

2500 36 26 18 0 

3000 34 21 10 0 

3500 32.5 16 0 0 

4000 31 10 0 0 

4500 29.5 4 0 0 

5000 28 0 0 0 
 

  

Fig.12 shows the constellation diagrams of received 

information streams for channels 1 to 4 with   

𝐶𝑛
2 = 1 × 10−15𝑚−2/3, λ = 1550nm. The fixed constellation 

Fig. 11: Observed SNR at APD detector output for haze, rain,
fog and dust conditions using 4-QAM-OFDM-RoFSO
system for 5,000 m link range, C2

n = 1 · 10−15 m−2/3,
λ = 1550 nm, D = 20 cm.

Comparative plots in Fig. 11 show quite steady SNR
level observed under haze conditions due to low at-
mospheric attenuation. Since a higher signal attenua-
tion is observed due to rain, fog and dust conditions,
the SNR levels deteriorate quite sharply with increase
in link distance. Table 4 shows various SNR levels
observed under haze, rain, fog and dust conditions.

Tab. 4: Observed SNR levels for different weather conditions.

Range
(m)

Atmospheric Attenuation (dB·km−1)
SNR

(dBm)
under
Haze

conditions,
α = 1.537

SNR
(dBm)
under
Rain

conditions,
α = 6.27

SNR
(dBm)
under
Fog

conditions,
α = 9

SNR
(dBm)
under
Dust

conditions,
α = 25.11

500 42 40 39 36
1,000 41 37 36 25
1,500 40 34 31 15
2,000 38 30 25 0
2,500 36 26 18 0
3,000 34 21 10 0
3,500 32.5 16 0 0
4,000 31 10 0 0
4,500 29.5 4 0 0
5,000 28 0 0 0

Figure 12 shows the constellation diagrams of
received information streams for channels 1 to 4 with
C2

n = 1 · 10−15 m−2/3 , λ = 1550 nm. The fixed
constellation points show a reliable data transmission
of 4 · 20 Gbits·s−1 for a link range of 2,000 m.

The constellation diagram for LG10 mode at 60 GHz
shows more accurate points for reliable transmission as
shown in Fig. 12(d). Figure 13 shows the eye diagram
patterns observed for channel 1 to 4 while considering
a link range of 2,000 m.

Figure 13(d) shows that the transmission using LG10
mode at 60 GHz has clear eye opening which indicates
reliable data transmission through RoFSO link and no
channel crosstalk levels are observed.
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Fig. 12: Constellation diagram of received signal at L = 2000 m
and α = 0.0647 dB·km−1 for a) HG01 mode at
45 GHz, b) LG10 mode at 45 GHz, c) HG01 mode
at 60 GHz and d) LG10 mode at 60 GHz.

 

(a)

 
(b)

 

(c)

 

(d)

Fig. 13: Eye diagram of received signal for L = 2000 m,
α = 0.0647 dB·km−1 for a) HG01 mode at 45 GHz,
b) LG10 mode at 45 GHz, c) HG01 mode at 60 GHz,
d) LG10 mode at 60 GHz.
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4. Conclusion

In this design, transmission through OFDM-RoFSO
system using dual SCM-MDM configuration is
implemented. Input data streams 1,2 and 3,4 are mul-
tiplexed initially at SCM level with 45 GHz, 60 GHz
subcarrier frequencies and then at MDM level (1-2,
3-4) with HG01, LG10 modes before being transmitted
through RoFSO link. Since each channel is transmit-
ted with an information carrying capacity of 20 Gbps,
a total transmission rate of 80 Gbps
(2×2×20 Gbit·s−1) is achieved while using 4-input
data streams simultaneously.

The FSO channel performance is analysed for a max-
imum link range of up to 8,000 m under different
weather conditions. A comparative analysis based on
BER, Q-factor and channel crosstalk is performed for
single and dual multiplexed designs with SCM, MDM
domains. Satisfactory results are observed for dual
SCM-MDM based design. Further, dual SCM-MDM
system is analysed for BER and atmospheric turbu-
lence conditions while considering HG01, LG10 modes
at 45 GHz and 60 GHz subcarrier frequencies.

Results show significant improvements in received
signal power and BER for LG10 mode at higher subcar-
rier frequency of 60 GHz. Under clear air conditions,
FSO channel shows low atmospheric attenuation and
improved SNR in comparison to haze, rain, fog and
dusty weather conditions. Due to the possibility to
accommodate more number of additional information
streams with few design change, this approach offers
a higher transmission rate, better spectrum efficiency
and improved channel capacity levels which can be
easily achieved.
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Appendix A
 Layout: Layout 1  Author:  Saturday, April 08, 2023  Sweep Iteration: 1/1
 Bit rate (bits/sec):  1e+10  Sequence length (bits):  1024  Samples per bit:  32  Sample rate (Hz):  3.2e+11  Number of samples:  32768  Symbol rate (symbols/sec):  1e+10  Time window (s):  1.024e-07  Guard bits:  0

 OFDM Modulation (OS12)
 Number of subcarriers = 512  
 Number of FFT points = 1024  
 Number of prefix points = 0  

 Pseudo-Random Bit Sequence Generator
 Bit rate = Bit rate  bit/s

 QAM Sequence Generator
 Bits per symbol (b/sym) = 2  bits

 Quadrature Modulator
 Frequency = 45  GHz

 OFDM Modulation (OS12)_1
 Number of subcarriers = 512  
 Number of FFT points = 1024  
 Number of prefix points = 0  

 Pseudo-Random Bit Sequence Generator_1
 Bit rate = Bit rate  bit/s

 QAM Sequence Generator_1
 Bits per symbol (b/sym) = 2  bits

 Quadrature Modulator_1
 Frequency = 60  GHz

 OFDM Modulation (OS12)_2
 Number of subcarriers = 512  
 Number of FFT points = 1024  
 Number of prefix points = 0  

 Pseudo-Random Bit Sequence Generator_2
 Bit rate = Bit rate  bit/s

 QAM Sequence Generator_2
 Bits per symbol (b/sym) = 2  bits  Quadrature Modulator_2

 Frequency = 45  GHz

 OFDM Modulation (OS12)_3
 Number of subcarriers = 512  
 Number of FFT points = 1024  
 Number of prefix points = 0  

 Pseudo-Random Bit Sequence Generator_3
 Bit rate = Bit rate  bit/s

 Quadrature Modulator_3
 Frequency = 60  GHz

 CW Laser
 Frequency = 193.1  THz
 Power = 0  dBm

 Fork 1x2

 Electrical Phase Shift
 Phase shift = 90  deg

 Optical Spectrum Analyzer

 RF Spectrum Analy zer

 Fork 1x2_2

 Dual Port Dual Drive MZ Modulator Absorption-Phase_1

 Combiner Nx1

 Combiner Nx1_1

 Dual Port Dual Drive MZ Modulator Absorption-Phase

 Electrical Phase Shift_1
 Phase shift = 90  deg

 Optical Spectrum Analyzer_1

 Hermite Tr ansverse Mode Generator
 Power ratio array = 1  

 Laguerre Transverse Mode Generator
 Power ratio array = 1  

 Fork 1x2_1

 Optical Adder

 QAM Sequence Generator_3
 Bits per symbol (b/sym) = 2  bits

 FSO Channel
 Range = 500  m
 Attenuation = 0.06469999999999999  dB/km

 EDFA
 Length = 5  m

 EDFA_1
 Length = 5  m

 Spatial Visualizer

 RF Spectrum Analy zer_1

 Spatial Visualizer_1

Fig. 14: Simulation set-up for transmitter circuit of OFDM-RoFSO system using 2-level multiplexing at SCM and MDM levels.
 Layout: Layout 1  Author:  Saturday, April 08, 2023  Sweep Iteration: 1/1
 Bit rate (bits/sec):  1e+10  Sequence length (bits):  1024  Samples per bit:  32  Sample rate (Hz):  3.2e+11  Number of samples:  32768  Symbol rate (symbols/sec):  1e+10  Time window (s):  1.024e-07  Guard bits:  0

 FSO Channel
 Range = 500  m
 Attenuation = 0.06469999999999999  dB/km

 EDFA
 Length = 5  m

 APD

 RF Spectrum Analy zer

 Mode Selector

 Fork 1x2

 APD_1

 RF Spectrum Analy zer_1

 Mode Selector_1

 Electrical Constellation Visualizer

 Quadrature Demodulator
 Frequency = 5  GHz
 Cutoff frequency = 10  GHz

 Quadrature Demodulator_1
 Frequency = 5  GHz
 Cutoff frequency = 10  GHz

 Band Pass Gaussian Filter
 Frequency = 45  GHz
 Bandwidth = 1.5 * Symbol rate  Hz

 Band Pass Gaussian Filter_1
 Frequency = 60  GHz
 Bandwidth = 1.5 * Symbol rate  Hz

 Electrical Constellation Visualizer_2

 Quadrature Demodulator_2
 Frequency = 5  GHz
 Cutoff frequency = 10  GHz

 Electrical Constellation Visualizer_3

 Quadrature Demodulator_3
 Frequency = 5  GHz
 Cutoff frequency = 10  GHz

 Band Pass Gaussian Filter_2
 Frequency = 45  GHz
 Bandwidth = 1.5 * Symbol rate  Hz

 Band Pass Gaussian Filter_3
 Frequency = 60  GHz
 Bandwidth = 1.5 * Symbol rate  Hz

 Fork 1x2_1

 Fork 1x2_2

 OFDM Demodulation (OS12)
 Number of subcarriers = 512  
 Number of FFT points = 1024  
 Number of prefix points = 0  

 QAM Sequence Decoder
 Bits per symbol (b/sym) = 2  bits

 OFDM Demodulation (OS12)_1
 Number of subcarriers = 512  
 Number of FFT points = 1024  
 Number of prefix points = 0  

 QAM Sequence Decoder_1
 Bits per symbol (b/sym) = 2  bits

 Electrical Constellation Visualizer_1

 OFDM Demodulation (OS12)_2
 Number of subcarriers = 512  
 Number of FFT points = 1024  
 Number of prefix points = 0  

 QAM Sequence Decoder_2
 Bits per symbol (b/sym) = 2  bits

 OFDM Demodulation (OS12)_3
 Number of subcarriers = 512  
 Number of FFT points = 1024  
 Number of prefix points = 0  

 QAM Sequence Decoder_3
 Bits per symbol (b/sym) = 2  bits

Fig. 15: Simulation set-up for receiver circuit of OFDM-RoFSO system with de-multiplexing at MDM-DeMUX and SCM-DeMUX
levels.
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