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High-speed data demand in sensitive locations has prompted new wireless technologies
to grow in areas like hospitals for bio-sensor data transmission between doctors and
patients. However, interference of electromagnetic spectrum or highly sensitive medical
equipment in such locations can prevent radio waves which can further compromise the
health of patients. Radio over Free Space Optics (Ro-FSO) can fulfil high-speed data
demand in such locations without any such interference. However, the Ro-FSO
performance is highly influenced by different adverse weather conditions, particularly
haze and rainfall, which further cause attenuation in the transmission path of Ro-FSO
systems. These atmospheric turbulences mainly affect the transmission link range of Ro-
FSO systems. In this work, Ro-FSO system is designed by incorporating hybrid mode
division multiplexing (MDM) and polarization division multiplexing (PDM) schemes to deliver
four independent channels, each carrying 10 Gbps data upconverted to 40 GHz radio
signal, over 3.4 km free space optical link operating under clear weather conditions. In
addition to this, the proposed Ro-FSO link is subjected to different weather conditions,
particularly partially hazy/rainy and dense fog/very rainy. The reported results indicate the
achievement of acceptable bit error rate (BER≈10–3) for all channels up to 3400m FSO link
under clear weather conditions, 1000m under partially haze/rain and 620m under dense
fog/heavy rain.

Keywords: radio over free space optics, mode division multiplexing, polarization division multiplex, partially hazy,
dense fog

INTRODUCTION

The current pandemic situation of COVID-19 has not only affected global healthcare in general but
also raised questions on the effectiveness of epidemic response mechanisms across the world. In
terms of screening the infected individuals and frontline healthcare personnel, communication and
data exchange systems have a crucial role to play. Particularly in high-density countries like Thailand,
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China, and India, it is essential to update such systems for
controlling the ongoing pandemic outbreak.
Telecommunication operators can install high-speed
broadband networks in hospitals by using innovative
applications to drive emergency response mechanisms digitally
and accurately. Both high and low frequencies can be used by
broadband networks to provide highest speeds on millimeter
waves with frequencies between 30 and 300 GHz. However, these
radio millimeter waves are not permitted in sensitive medical
locations since it can interfere with crucial medical equipment
which can impact patients’ health. Therefore, such sensitive
locations are always considered as challenging locations to
connect with broadband services. Moreover, growing
population has caused substantial increase in data demand
which further compels researchers to explore new-generation
communication technologies. According to a survey by Ericsson,
annual mobile data traffic saw an increase of 65% in 2015 which is
assumed to grow ten times bigger by the end of 2021 [1]. The issue
of bandwidth increase of the existing wireless radio networks can
be resolved by decreasing the cell size to accommodate more
users. Spectral congestions can be mitigated by operating
frequency bands in microwave or millimeter bands [2].
Because of this, the service area requires multiple base stations
resulting in its complexed structure and higher cost. Free Space
Optics (FSO) has thrived in application in high-speed wireless
networks due to its features for smooth traffic functioning in
optical fibers [3–5]. Moreover, another FSO-based study [6] used
point-to-point laser signals for negligible interception to secure
transmission. Studies [7–9] have also reported features of FSO
including its high capacity, less power consumption, light weight,

smaller size and cost-effective implementation charges. Radio
over Free Space Optical (Ro-FSO) communication can be an
excellent solution to fulfill the demands of high-speed data by
combining radio technology with optical wireless technology at
lower cost [10, 11]. As modern cities are growing bigger and
bigger, digging of lands to install optical fiber cables is not
feasible. Thus, Ro-FSO can be a potential carrier to deliver
various high-speed digital services such as high-speed internet,
video on demand, and Triple Play Services (TPS) without using
optical fiber cables [12, 13] as shown in Figure 1. Ro-FSO can
handle the increasing mobile subscribers by transmitting RF
signals through high-speed optical carrier that does not cost
much or need any licensing.

Some of the major features of Ro-FSO include no license
requirement, low power consumption and ease of deployment;
however, its performance is limited in atmospheric turbulences
such as fog, rain, scintillations, and fog [4, 14, 15]. Atmospheric
turbulences cause temporal random fluctuations of the refractive
index through the optical channel due to temperature, wind
variations, and pressure [16]. This fluctuation in refractive
index further results in phase shift of optical signals
transmitting through the atmosphere leading to attenuation in
the wave front. To improve the performance, many researchers
have proposed orthogonal frequency division multiplexing
(OFDM) scheme by compromising the complexity and cost of
FSO systems. In 2016 [17], authors have transmitted 1.6 Gbps
data over 1.8 km FSO link by employing OFDM scheme under
heavy rainfall conditions. In 2017 [18], authors have used
16 QAM-OFDM encoding scheme to transmit 20 Gbps data
over 10 km single mode fiber link and 300 mm FSO link. In

FIGURE 1 | Ro-FSO topology for broadband service.
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2018 [19], authors have proposed OFDM-based FSO link by
incorporating non line-of-sight assisted relay. Recently in 2019
[20], authors have proposed hybrid polarization division
multiplexing (PDM) and OFDM schemes to transmit data
over 5 km FSO link. OFDM can improve the FSO system
performance by providing high spectral bandwidth, firmness
against multipath path fading effects and narrowband
interferences. However, this increases the cost and complexity
of FSO transmitter and receiver. On-off key encoding schemes
can be an attractive solution to reduce the cost of and simplify
FSO communication system. But it also needs to compromise the
transmission capacity and distance. Whereas mode division
multiplexing (MDM) becomes an attractive solution to
increase the transmission capacity of multimode transmission
systems by simultaneously transmitting different channels on
different modes. The last few years have witnessed remarkable
adoption of MDM scheme in FSO systems. It uses eigen modes
instead of wavelength which can enhance the capacity of Ro-FSO.
Eigen modes can be generated by using mechanisms such as
Photonic Crystal Fibers (PCF) or Spatial Light Modulators
(SLM). The spectral bandwidth of Ro-FSO can further be
increased by incorporating PDM [21] with MDM.

MODELING OF MDM-PDM-RO-FSO
SYSTEM.

Figure 2 shows how the hybrid MDM-PDM scheme is designed for
transmitting four independent channels by using OptiSystem™
software. Each channel can support the data rate of 10 Gbps
upconverted to 40 GHzmm carrier. A continuous wavelength
(CW) laser with the wavelength of 1,552.5 nm is used to excite
the particular donut mode by using donut mode generator. The
power of laser is set at 0dBm. Transmitter 1 is operated on donut
mode 0 and Transmitter 2 is operated on donut mode 1. The output
of these transmitters is integrated. The state of polarization controller
with azimuth of 00 is used for maintaining the polarization state (X
Polarization). Similarly, transmitters 3 and 4 are operated on donut
modes 0 and 1, respectively. The output of transmitters 3 and 4 is

combined and a polarization state (Y Polarization) is maintained by
providing azimuth of 900 through the state of polarization controller.
The output of the states of polarization controllers is combined and
transmitted through free space link. The output of link is amplified
by using optical amplifier with the gain of 18dB. Figure 3 shows the
maintained polarization states for X and Y polarizations. X and Y
polarizations are separated by using polarization splitter at the
receiver side. The polarization states are further split into two
parts corresponding to two modes transmitted at the transmitter
side. Mode selector is used to select the particular mode required for
the receiver side.

Figure 4 shows the schematic diagram of transmitter and
receiver in the proposed MDM-PDM-Ro-FSO system. 10 Gbps
data are encoded by employing low-cost NRZ encoding scheme
and then upconverted to 40 GHz mm wave by using mixer as
shown in Figure 5. Sine wave generator is used to generate the
40 GHz mm signal.

FIGURE 2 | MDM-PDM-Ro-FSO transmission system.

FIGURE 3 | Maintained polarization states.
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Lithium Niobate optical modulator is used for modulating the
40 GHz upconverted wave through optical carrier. The receiver
consists of PIN photodiode which further converts the optical
signal back to the corresponding electrical signal. The output of
photodetector is then mixed with 40 GHz radio signal to attain
the process of down conversion.

After the down conversion process, low-pass filter is used to
recover the original baseband signal.

PReceived � PTransmitted
d2R

(dT + ϑR)210
−α R

10 (1)

In this FSO link equation, PReceived refers to the received power
at the receiving end of telescope and PTransmitted the transmitted

power at the transmitting end of telescope. dT is the transmitter’s
and dR the receiver’s aperture diameters. ϑ is defined as beam
divergence and FSO range is denoted by R and attenuation range
is denoted by α. Beer-Lambert law is used for calculating the
attenuation phenomena which can be represented as follows [22]:

H(λ, L) � exp(λ, L) (2)

In this equation, “λ” refers to wavelength, “L” the propagation
distance and “H” the loss coefficient. Another model on FSO
attenuation that depends upon visibility factor known as Kim’s
attenuation model can be represented mathematically as [23]:

a(dB/Km) � 3.91
v

( λ

550
)

−q
(3)

where v refers to meteorological visibility, λ operating wavelength
and q a factor depending on the size distribution of atmospheric
particles.

FIGURE 4 | Schematic representation of Transmitter and Receive. rThe FSO link can be mathematically described as.

FIGURE 5 | Measured Upconverted 40 GHz radio carrier.

TABLE 1 | Attenuation value under different atmospheric turbulences.

Clear sky 0.468

Partially Hazy/Rainy 12
Dense Fog/Very Hazy 25

TABLE 2 | MDM-PDM-Ro-FSO modeling parameters.

Component name Parameter name Value

Spatial Laser Wavelength 850 nm
Power 0 dBm
Mode outer radius 5 µm
Linewidth 10 MHz
Noise dynamic 3 dB

MZM Modulator Extinction Ratio 30 dB
FSO Transmitter Aperture Diameter 5 cm

Receiver Aperture Diameter 20 cm
Beam Divergence 2 µrad

APD Gain 3
Responsivity 1 A/W
Ionization ratio 0.9
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Under the impact of different rainfall, the following equation
can calculate the attenuation [24]:

α(dB/km) � 1.076 × R0.67 (4)

where R is the amount of rainfall. Table 1 shows the different
values of atmospheric turbulences [25] and Table 2 shows
the parameters to model the proposed MDM-PDM-Ro-
FSO link.

MODELING OBSERVATIONS AND
DISCUSSIONS

The results obtained from themodeling of the proposedMDM-PDM-
Ro-FSO system are presented and discussed in this section. Figure 6
depicts the measured BERs for channels 1 and 2 operated on donut

modes 0 and 1, respectively with X polarization as well as for channels
3 and 4 with Y polarization state with respect to Ro-FSO link distance
under clear weather conditions. As shown inFigure 6A, the computed
BER values for Channel 1 andChannel 2 are 10−9, 10−7 and 10−5 at the
FSO transmission link of 2,700, 3,200, and 3,400m. Similarly, for
Channel 3 and Channel 4, the BER values are computed as 10−9, 10−6

and 10−5 at the FSO transmission link of 2,700m, 3,200m and
3,400m as shown in Figure 6B.

Therefore, under clear weather conditions, all channels achieved
the BER of 10−4 which is below the range of acceptable BER≈10−3

(FCC limit) at the FSO link of 3400m with required opening of eye
diagrams. However, Channel 2 and Channel 4 operated on donut
mode 1 are slightly affected more as compared to Channel 1 and
Channel 3 operated on donut mode 0. In another case, the Ro-FSO
link is subjected to partially hazy/rainy atmospheric conditions and
computed BER is shown in Figure 7. The values of BER for Channel 1

FIGURE 6 | Computed BER (clear weather conditions) (A) Channel 1 and Channel 2 (X Polarization) (B) Channel 3 and Channel 4 (Y Polarization).

FIGURE 7 | Measured BER under partially hazy/rainy atmospheric condition (A) Channel 1 and Channel 2 (B) Channel 3 and Channel 4
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are computed as 10−7, 10−5 and 10−3 at the FSO transmission link of
850, 940 and 1000m. Similarly for Channel 2, it is computed as 10−9,
10−5 and 10−3 at the FSO transmission link of 850, 940 and 1000m.As
shown in Figure 7B, the values of computed BER for Channel 3 and
Channel 4 are 10−9, 10−5 and 10−3 at the FSO transmission link of 850,
940 and 1000m.

Figure 8 shows the measured BER for all channels under the
influence of dense fog/very hazy atmospheric conditions. For Channel
1 and Channel 2, the values of BER are computed as 10−7, 10−5, and
10−4 at the FSO transmission link of 570, 600 and 620m.

Similarly as shown in Figure 8B, for Channel 3 and Channel 4,
the values of BER are computed as 10−7, 10−5 and 10−4 at the FSO
transmission link of 570, 600 and 620 m.

Thus, when the proposed Ro-FSO link is operated in clear
weather conditions, the computed BER shows transmission of all
the channels up to 3400 m FSO link with acceptable BER ≈10−3

and eye diagrams. After the FSO transmission distance, BER
value increases beyond the FCC limit. Moreover, when the
proposed Ro-FSO link is operated in partial haze/rain, the
FSO transmission distance reduces to 1000 m with acceptable
BER and eye diagrams. Furthermore, when the proposed Ro-FSO
link is operated in dense fog/heavy rain, the FSO transmission
distance reduces to 620 m with acceptable BER and eye diagrams.

CONCLUSION

In this work, Ro-FSO link is designed for transmission of
broadband services by employing hybrid MDM and PDM
schemes. Donut modes 0 and 1 were used for MDM scheme
whereas NRZ scheme was used for encoding the pseudorandom
data. The designedMDM-PDM-Ro-FSO link could transmit four
independent channels each with 10 Gbps data upconverted to
40 GHz radio signal. Under the clear weather condition, the
proposed MDM-PDM-Ro-FSO link can transmit 40 Gbps data
up to 3400 m with acceptable BER ≈10−3. However, when the

weather condition changed to partial haze/rain, the proposed
MDM-PDM-Ro-FSO link could withstand only up to 1000 m due
to attenuation. Furthermore, when the atmospheric condition
changed from partial haze/rain to dense fog/heavy rain, the
proposed link could withstand up to 650 m only with
acceptable BER.
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