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Abstract

The ever-increasing demand for wide channel bandwidth, high-speed information, and
spectral-efficient communication links with advanced modulation schemes has led to the
evolution of the free space optics (FSO) links. This paper proposes an FSO transmission
link based on eight-channel wavelength division multiplexing technique integrating spec-
tral-efficient polarization division multiplexing with a 16-level quadrature amplitude modu-
lation (PDM-16-QAM) scheme, with each channel carrying 160 Gbps of information. The
proposed link deploys coherent detection technique and the digital signal processing unit
to boost the system efficiency and to compensate for the deterioration of the information
signal due to channel fading, atmospheric attenuation and atmospheric turbulence. Using
numerical simulations, we demonstrate an effective transmission of 1.28 Tbps data with
FSO link range varying from 84 km to 1.95 km depending on the weather conditions with
reasonable bit error rate results. We also scrutinize the output of the system with published
works and demonstrate a better performance for the proposed FSO system i.e. bit rate and
range. The proposed system can be implemented under complex atmospheric conditions to
achieve a reliable high-speed transmission of information for fronthaul and backhaul links.

Keywords Free space optics (FSO) - Atmospheric attenuation - Quadrature amplitude
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1 Introduction

Free space optics (FSO) has become a viable option to conventional wireless communica-
tion technologies, as it uses the untapped and uncontrolled electromagnetic spectrum to
provide safe information transmission with high-speed links (Singh and Kumar 2013). FSO
technology offers an appealing and feasible solution for addressing the issue of spectrum
congestion in wireless links based on conventional radio frequency (RF) spectrum (Kha-
lighi and Uysal 2014). Other benefits of FSO links include secure transmission of informa-
tion, low beam divergence, RF and electromagnetic interference immunity, low demand for
mass and power, cost-effectiveness, wide channel bandwidth, last-mile access, etc. How-
ever, the output of FSO links is severely affected by the atmospheric attenuation provided
by external weather conditions that degrade the quality of the optical beam that carries
information and restricts the link distance. Another important factor that degrades FSO
link efficiency is atmospheric turbulence, which results from fluctuations in atmospheric
pressure and temperature along the path of signal propagation. It results in turbulence cells
formation, which have different refractive indices and size. These turbulence cells act as a
prism and result in the destructive or constructive interference of the optical beam, which
carries information. This result in spontaneous phase fluctuations and the information sig-
nal amplitude variations at the receiver terminal, also known as the scintillation effect.
Recently, much work has been published on improving the efficiency of FSO links.
The work in (Badar et al. 2018) describes the performance analysis of FSO link based on
8-wavelength division multiplexed (WDM) channels each transmitting 10 Gbps differen-
tial phase-shift keyed (DPSK) signals over a 3-km range under different climate conditions.
The efficiency of WDM-FSO link under different weather affairs by incorporating polari-
zation-shift keying (PolSK) was exhibited in Jeyaseelan et al. (2018a, b). The performance
of FSO link using orthogonal frequency division multiplexing (OFDM) over 185 km dis-
tance with an optical semiconductor amplifier has been discussed in (Chaudhary et al.
2014). The integration of polarization division multiplexing (PDM) in a high-speed FSO
link with OFDM and coherent detection was examined for various weather affairs in (Kaur
et al. 2019). Here (Prabu et al. 2017) reports the efficacy of a 6.24 Gbps FSO link based
on a spectrum sliced WDM technique (SS-WDM). In Chaudhary and Amphawan (2018a,
b) the performance improvement of the FSO link was reported using mode division mul-
tiplexing (MDM) to transmit 7.5 Gbps of information in different weather conditions. The
combination of OFDM along with MDM-WDM hybrid scheme was reported in Ampha-
wan et al. (2019) to attain an 80 Gbps FSO link over a distance of 50 km. Multi-access
optical code division multiplexing (OCDMA) with spectral amplitude coding (SAC) and
MDM was incorporated in an 8§ km FSO link in Sarangal et al. (2017). Performance assess-
ment of wavelength diversity and time diversity based FSO link under the influence of
Gamma—-Gamma distribution and log-normal distribution conditions deploying hybrid
pulse position modulation with binary phase shift keying and subcarrier intensity modula-
tion has been reported in Sharma and Grewal (2020). The development of a hybrid FSO/
RF transmission link incorporating technique for optimal selection of threshold levels
for improved link performance is discussed in Shrivastava et al. (2020). The authors in
Algamal et al. (2020) have reported a reliable FSO transmission link capable of catering to
the multi-level end user needs under Egypt climate conditions. The proposed link perfor-
mance has been investigated for different sandstorm conditions and pointing error angles.
The demand for transmission of high-speed data and spectral-efficient performance
has led to a strong interest in advanced modulation systems-based FSO links. Techniques
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like multi-level quadrature amplitude modulation (QAM), phase shift keying (PSK) and
OFDM with coherent detection can be incorporated in future wireless systems using
FSO links with a 100 G-bit rate. These techniques of modulation transmitting k-bits
per symbol achieve a k-bits/sec/Hz/polarization spectral efficiency compared with 1-bit/
sec/Hz/polarization efficiency of binary modulation schemes (Makovejs et al. 2010;
Mori et al. 2009). Here Charlet et al. (2009) reports 112 Gbps of information transmit-
ted through a single-channel using QPSK signals and a WDM-based optical fiber link.
The application of 16-QAM signals has been reported in Renaudier et al. (2009) along
with signal amplification using different amplifiers for achieving 112 Gbps-1022 km
WDM-based optical fiber communication. 16-QAM signals for the transmission along
240 km of single-mode fiber link with high-speed data using EDFA has been demon-
strated in Winzer et al. (2010). The single-channel and dual-polarized, secure FSO link
performance comparison employing 16-QAM signals was addressed in Jain and Mehra
(2017). In order to mitigate phase mismatch losses and to retrieve high-speed data, digi-
tal signal processing (DSP) algorithms deployed at the receiver was reported in Zhou
and Yu (2009) and Zhong et al. (2018). The work in Tsukamoto et al. (2006) demon-
strates the use of DSP and homodyne detection in a 20 Gbps optical fiber link employ-
ing QPSK signals. By integrating the state of the art modulation schemes with coherent
detection and DSP algorithms, FSO links can be explored for high-speed applications.

In this paper, we report an eight-channel WDM-FSO link based on PDM-16-QAM
scheme. The principal motivation behind the work is: (1) to realize a high-capacity
WDM-based long-range FSO link by using spectral-efficient PDM-16-QAM scheme,
(2) improving the performance of the link by the integration of coherent detection and
DSP, (3) investigating the impact of air turbulence and weather on the proposed FSO
link. The remaining paper is divided as follows: Sect. 2 deals with M-QAM modulation
performance analysis. The schematics for the proposed system are discussed in Sect. 3.
The channel modelling and the link parameters employed in this study are defined in
Sect. 4. Section 5 reports the results of the investigation of the proposed FSO link and a
comparison of its performance with published works. Conclusion to this study is given
in Sect. 6.

2 M-QAM scheme symbol error rate (SER) investigation

Assessment of modulation schemes of higher-order can be carried out by computing SER
across a spectrum of background noise specified as E, /N, (power/bit to noise density ratio)
(Raju and Reddy 2016). SER is expressed mathematically for the M-QAM scheme as
(Sklar 2001):

—o(1-L ‘/LE S22 oW\ 3B
SER_2<1 M)erfc( 2(M—1)N0>+<1 \/A_/I+M>erfc< 2(M—1)N0>

(D
We test the M-QAM scheme for SER versus E /N, and compare simulated results with
analytical plots, as illustrated in the Fig. 1. The findings show that SER is also increased
by the increase in the value of M and the analytical plots agree with the simulation results.
The best output is observed for 16-QAM and therefore the proposed system employs
16-QAM modulation scheme.
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Fig.1 SER versus E /N,
3 Proposed FSO link design

Figure 2 demonstrates the eight-channel WDM-FSO transmission link schematic with

PDM-16-QAM signals developed using Optisystem tool. Figure 3a, b show schematic of
transmitter and receiver sections for PDM-16-QAM signals.

Eight distinct frequency channels (193.1-193.8 THz) with channel spacing of 100 GHz are
used in the proposed system, where each channel transmits 160 Gbps of information to create
a 1.28 Tbps WDM-FSO transmission link. The PDM-16-QAM signal is generated by using a
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Fig.2 Schematic of the proposed WDM-FSO transmission link using the PDM-16-QAM signals
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Fig.3 Schematic of PDM-16-QAM. a Transmitter section. b Receiver section

continuous wave laser with a 0.1 MHz line width as depicted in Fig. 3a. PBS with a 45° device
angle divides the optical beam into two orthogonal polarized beams. An information stream
of 160 Gbps is generated using a pseudo-random bit sequence (PRBS) generator. Each data
stream is modulated by a 16-QAM modulator over a distinct polarized laser beam. The infor-
mation signal is then multiplexed from each section of the PDM-16-QAM transmitter using a
MUX.

The received signal is amplified with a flat gain EDFA at the receiver terminal, followed by
a WDM DEMUX separating independent frequency channels and directing them to separate
PDM-16-QAM receivers. Each receiver unit uses a local oscillator (LO) and a PBS to detect
the polarized information signal as depicted in Fig. 3b. The in-phase and quadrature-phase
electrical signals of the orthogonal polarization states are amplified with an electrical ampli-
fier (EA) with a gain of 20 dB and a noise power of -100 dBm, followed by a low pass (LPF).
Figure 4 illustrates various DSP-related steps.

Different steps are: (1) A 4th order Bessel filter is used for filtering noise power, (2) Cubic
interpolation is implemented for resampling, (3) Quadrature imbalance (QI) correction is per-
formed to reduce the amplitude and the phase imbalance in the symbol, (4) Adaptive equaliza-
tion for demultiplexing the orthogonal polarized beams. At the DSP receiver, the input signal
is expressed as (Ciblat and Vandendorpe 2003):

S(k) = C(k) - & CmART+00) 4 (k) 2)

M () (@)
SN -3 A A B o o s R )
S P L & &
ool A R B (or )
FL P LN
s I Il o L]
e -t o e B e < e B e N 024 %)
R o
) ) (N
EQUALIZER

Fig.4 Various steps in DSP module
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where C(k) denotes data symbols, Af denotes carrier frequency offset, ¢, is carrier phase, T’
is time period, and n(k) denotes a Gaussian random variable. The expression of the fourth
power of the received information signal is given as (Ciblat and Vandendorpe 2003):

Sk = A—l‘arg{max“Z(f)l]} 3)
where
1 N-1
_ LN . ieann
1Z(F)] _N;S(k) e )

where N indicates block length, (5) Frequency offset estimation (FOE) is deployed to
eliminate the mismatch between the frequency of transmitting laser and local oscillator,
(6) Blind phase search algorithm is used for carrier phase estimation (CPE) to mitigate
the mismatch between the transmitted signal phase and the local carrier signal phase. The
information signal Z(f) is rotated by the phase angles (¢,) which are expressed as (Zhou
et al. 2014):

@, = -2 Whereb € {0,1,2,...... ,B—1} (5)
A decision circuit is deployed for estimating the distance |d, , |2 to the nearest constellation
symbol in the complex plane, which is calculated by:

|dk,h|2 = |Zke/¢b X, 6)

|2
where )A(k’b denotes the decision of Z,e/*». The signal is decoded with a QAM decoder and
the information is retrieved at the output of parallel to serial converter.

4 Channel modelling

In this study, using the proposed system, 1.28 Tbps of information is transmitted over the
free space under the effect of various atmospheric conditions. The FSO link can be defined
in mathematical terms as (Singh and Malhotra 2019):

d2

R —0.

PReceived = PTransmitted PN 10 z/10 (7)
(dp +6Z)

where dj, is the aperture diameter of the receiver (m), d; is the aperture diameter of the
transmitter (m), 6 is beam divergence angle (mrad), Z is distance/range (km) and o is
attenuation coefficient (dB/km). The FSO link quality depends on external weather, which
degrade the signal quality and reduce the power received. Under different conditions of
fog/haze, the attenuation coefficient value can be calculated mathematically as (Kim et al.
2006):

_ 391/ AN
ﬁfog/haze()”) - 7<%> Y

@ Springer



Ultra-high capacity long-haul PDM-16-QAM-based WDM-FSO... Page70f 18 500

where V(km) represents visibility, A(nm) represents operating wavelength, and p represents
the size distribution scattering coefficient which can be found by using Kim model as (Kim
et al. 2006):

1.6 V>50
1.3 6<V <50
p=40.16V+034 1<V<6 )
V-0.5 05<V<l
0 V<05

On the other hand, due to rainfall conditions the attenuation coefficient value is independ-
ent of the operating wavelength and depends on the rainfall intensity. Under rainfall condi-
tions, the attenuation coefficient is given as (Mohammad 2014):

Brain = 1.076R* (10)

where R (mm/hr) indicates the rainfall rate. The attenuation because of rainfall conditions
can be approximated for FSO links, using the formula:

2.
Xpgin = _8 (11)

1%
where V (km) represents visibility range, which is dependent upon rainfall rate as summa-
rized in Table 1.

Another important factor limiting the efficiency of the FSO links is atmospheric tur-
bulence, which leads to random phase and signal strength variations at receiver terminal.
Gamma—-Gamma (GG) turbulence model is considered in this work because it is capable of
accurately modeling weak to strong turbulence regimes (Djordjevic et al. 2007; Anguita et al.
2005). The GG channel probability density function is defined in mathematical terms as:

2ap) D
f(I)=%I[(“+ﬁ)/2]_1Ka_ﬂ<2 apl ) (12)

where a and f denote large and small scale effects of turbulence, which are mathematically
described in Egs. (13) and (14) respectively, I" represents the gamma function, K(.) denotes
second-order Bessel function.

-1
2
a=exp | —2P || (13)
7/6
(1+ L1c12/5)

Table 1 Visibility range and

rainfall rates (Grover and Sheetal Rainfall type llllrz;te of Rainfall R (mm/ Visibility V (km)
2019)

Heavy 25 1.9-2

Medium 12.5 2.8-40

Light 0.25 18-20
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Table 2 Parameters values
(Chaudhary and Amphawan
2018; Amphawan et al. 2019;
Sarangal et al. 2017)

Table 3 Attenuation coefficient
(Chaudhary et al. 2014;
Chaudhary and Amphawan
2018a, b; Amphawan et al. 2019;
Sarangal et al. 2017)

p=

Parameter Value

Number of frequency channels 8

Channel spacing 100 GHz

Operating frequency 193.1-193.8 THz

Transmission power/channel 10 dBm

PIN photodetector dark current 10 nA

Aperture diameter 10 cm

EDFA gain 20 dB

MZM extinction ratio 30dB

Symbol rate 20 Gbps

Bit rate/channel 160 Gbps

Laser linewidth 0.1 MHz

Number of samples 65,536

Beam divergence 0.25 mrad

Weather Attenua-
tion (dB/
km)

Heavy Haze 10.15

Mild Haze 4.285

Low Haze 1.537

Clear 0.14

Heavy Fog 22

Thick Fog 16

Thin Fog 9

Heavy Rain 19.28

Medium Rain 9.64

Light Rain 6.27

2
exp 0.51¢ (14)

(1+0.69512/5)°

where 62 = 1.23Cﬁk%Z 0 denotes Roytov variance, Z is the link distance, k = 2z /Ais the
optical wave number, 4 is the operating wavelength, and Cﬁ denotes the refractive index
structure parameter. Table 2 describes the parameter values used in the analysis. The atten-
uation values are mentioned in Table 3. For various atmospheric turbulence conditions, the

refractive index structure parameter values are mentioned in Table 4.

We also take the impact of geometric loss/beam divergence into consideration in this
work while investigating the performance of the proposed link. As the optical beam car-
rying information signal propagates through free space, it spreads out due to diffraction.
As a result, a portion of the transmitted optical beam is not received at the aperture of the
receiver antenna resulting in geometric loss L that can be measured as (Al-Gailani et al.

2013):
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Table 4 Refractive index
structure parameter for different
atmospheric turbulence
conditions

Turbulence condition

Refractive index
structure parameter
2

n

Strong
Moderate
Weak

5% 1073 m=2/3
5% 10715 m=2/3
5% 1077 m2/3

dr

Li;(Geometric loss) = —201log Y
(dr +062)

15)

where dj and d; represent receiver and transmitter antenna aperture diameter (m) respec-
tively, Z represents the link range (km), 6 represents the beam divergence angle (mrad).
Figure 5 reports the geometric loss/beam divergence loss with FSO transmission range.

5 Results and discussion

Figure 6 reports the bit error rate (BER) versus the FSO transmission range under clear
weather conditions. It can be observed from the results that the system BER degrades with
increasing FSO transmission range. Furthermore, as the transmission range is increased,
the constellation symbols of the received information signal becomes more deteriorated,
rendering it difficult for the demodulator units to detect the information signal satisfacto-
rily. The maximum feasible transmission range with an appropriate log of BER (— 2.42
i.e. the FEC limit Karaki et al. 2013) for the proposed system is computed as 84 km under
clear weather conditions.

Figure 7 reports the error vector magnitude (EVM) and the power plots obtained against
the FSO transmission range using the proposed link under clear conditions. EVM is a per-
formance metric used to measure the demodulator unit output performance in the pres-
ence of channel noise and is derived from the obtained signal constellation diagram. From

Fig.5 Geometriclossbeam  ETT T I T T T T T T T T T T
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Fig. 7, it is seen that as the transmission range increases, the percentage of EVM increases
and the power received decreases, making it difficult for the demodulator to accurately
recover the information from the received signal.

Figure 8 reports the electrical signal at the transmitter terminal and the receiver termi-
nal under clear weather conditions in the proposed 1.28 Tbps 84 km FSO transmission.
The overall similarity of the transmitted and received electrical signal indicates an effective
transmission of 1.28 Tbps of information over 84 km FSO link range under clear weather
conditions. Figure 9 shows the data signal constellation graphs at various points in the link.

In this work, we also investigate the proposed WDM-FSO transmission system under
different conditions of haze, rain, and fog. Figure 10 reports BER of received signal ver-
sus transmission range, using the proposed link, under different weather conditions. From
Fig. 10a, the maximum transmission range under low haze with an acceptable BER is
16.7 km which reduces to 7.5 km for mild haze and 3.7 km for heavy haze. Likewise, from
Fig. 10b the range is 5.55 km, 3.9 km, and 2.15 km, respectively under heavy, medium,
and light rain. Figure 10c demonstrate successful transmission of 1.28 Tbps of information
over 4.1 km FSO range under thin fog conditions, decreasing to 2.55 km under thick fog
and 1.95 km under heavy fog. The results presented show that as the atmospheric attenua-
tion increases, the overall transmission range with good BER decreases.
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In addition, the proposed FSO link is scrutinized under the influence of varying atmos-
pheric turbulence conditions. Figure 11 reports the BER plots of the received signal versus
refractive index structure parameter at varying range and weather conditions. From Fig. 11
it is observed that as the refractive index structure parameter increases from weak turbu-
lence (Cﬁ =5X 10‘17) to strong turbulence (Cﬁ = 5x 10713), the system BER under all
weather conditions degrades. It can also be observed that the degrading effect of increasing
atmospheric turbulence on the proposed system BER is significantly higher at longer link
distances. This is because the size of the information-carrying optical beam at longer dis-
tances is relatively large, leading to higher phase distortions.

Furthermore, in Table 5 we compare the transmission performance of the proposed
1.28 Tbps WDM-FSO transmission system with previously published works (Badar
et al. 2018; Jeyaseelan et al. 2018a, b; Chaudhary et al. 2014; Kaur et al. 2019; Prabu
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et al. 2017; Chaudhary and Amphawan 2018a, b; Amphawan et al. 2019; Sarangal et al.
2017). The results show that the proposed FSO system has a higher merit i.e. bit rate
and range compared to previous works by incorporating PDM and advanced higher-
order modulation scheme with coherent detection and DSP for free space loss compen-
sation and carrier phase estimation at the receiver terminal.
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In this study, a 8 Ax 160 Gbps WDM-FSO transmission link based on PDM-16-QAM
scheme using coherent detection and DSP for free space loss compensation and car-
rier phase estimation at the receiver terminal is proposed. The performance for various

log of BER

6 Conclusion
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Fig.11 Log of BER versus (a) Refractive index structure
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weather conditions and atmospheric turbulence has also been investigated. The find-
ings reported show that in clear weather, 1.28 Tbps of information is transmitted suc-
cessfully over 84 km of FSO link range, which for heavy fog reduces to 1.95 km. The
proposed system provides a suitable technique for realizing effective high-speed data
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transmission under complex atmospheric conditions for the future-generation communi-
cation networks.
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