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Abstract
In this paper, we propose and enhance the performance of a wavelength-division multi-
plexed hybrid fibre/free-space optics passive optical network (PON) system. The proposed 
system makes use of digital-pulse-position modulation scheme. The system performance is 
investigated under the turbulence effects and inter-channel crosstalk using numerical simu-
lations. The proposed system can be deployed in regions where the installation of optical 
fibre cables is not feasible and also for application in indoor limited-mobility transmission. 
The results demonstrate that the performance of hybrid fibre/PON link is degraded due 
to the atmospheric scintillation and amplified spontaneous emission (ASE) noise. Further, 
we have investigated the performance degradation induced in the proposed system due to 
ASE noise resulted from optical amplification. A link range varying from 0.5 to 5 km is 
achieved using the proposed system under varying weather conditions.
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1 Introduction

An exploding requirement for channel bandwidth has been witnessed in the past years as a 
result of rising usage of broadband services and user applications (Yeh et al. 2018). Opti-
cal information transmission systems can be considered as a front-runner technology since 
they offer extremely high channel bandwidth (Kunert et al. 2017). Traditional copper wire-
based access network architecture has been gradually replaced by passive optical networks 
(PONs) based on optical fibre cables. The fibre cables offer numerous merits as compared 
to traditional copper cables including less deployment cost, no problem of electromagnetic 
interference, and very low power consumption (Goyal et al. 2020). Conventionally, time-
division multiplexed (TDM) systems were prominent technologies for the deployment of 
PON. But TDM-based PON architectures can only provide services to a limited number 
of end user optical network units (ONU) (Kumari et al. 2021). Wavelength-division mul-
tiplexed (WDM) systems are capable of connecting a greater number of ONUs along with 
high data transmission rates by dedicating a distinct wavelength for each ONU in order to 
establish a direct link between the central office (CO) and the optical-line terminal (OLT) 
unit. The bandwidth efficiency and data security in the case of WDM-PON architectures 
is much higher than in the case of TDM-PON architectures (Kumari et  al. 2019). Digi-
tal pulse-position modulation (DPPM) is one of the most popular modulation techniques 
employed in both optical fibre and optical wireless communication (OWC) links. DPPM 
has been extensively employed in fibre networks for providing high-bandwidth services 
like video-on-demand, video-conferencing, online-telephony, internet protocol television, 
and social networking. In order to meet the explosive demand for channel bandwidth, 
dense WDM (DWDM) transmission has been explored for optical fibre and optical wire-
less networks for both indoor and outdoor applications. WDM transmission in PON is fur-
ther considered as a promising technological solution for providing high data transmission 
rates and large bandwidth for future generation optical access network with enhanced secu-
rity and high reach. DWDM transmission utilizes the 1528–1568 nm wavelength band and 
support up to 32 signals on one fibre with 200 GHz adjacent channel spacing. Free-space 
optical (FSO) networks can wirelessly transmit the data between two end points and have 
been successfully implemented for short-range applications (up to 4 km). In comparison to 
optical fibre transmission, FSO transmission offers numerous advantages including lower 
cost of installation and deployment, relatively easier installation process, lower foot print, 
and redeploy ability (Singh and Malhotra 2020, 2019; Amphawan et al. 2019; Chaudhary 
and Amphawan 2018). FSO transmission further offers many advantages over traditional 
radio frequency-based information transmission including enhanced security, no licensing 
need, and faster transmission speed. Although the FSO transmission merits are numerous, 
yet they are faced with many challenges including weather induced attenuation and tur-
bulence induced scintillation effects, which degrade the transmission performance (Badar 
et al. 2018; Jeyaseelan et al. 2018a). A distribution network based on FSO transmission is 
a realistic and feasible technological solution for future access network as both fibre and 
FSO transmission employ the same components and carrier wavelengths (Jeyaseelan et al. 
2018b). Further, the hybridization of both these technologies can results in a cost-effec-
tive and highly reliable optical access networks capable of meeting the future generation 
networks requirements (Jaffer et  al. 2021; Mai and Pham 2015). However, the amplified 
spontaneous emission noise (ASE) noise resulted due to the amplification of optical sig-
nal bearing information by the amplifiers can result in the degradation of the proposed 
network performance and can complicate the transmission characteristics (Aladeloba et al. 
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2012). Inter-channel interference is another cause of signal degradation in the WDM trans-
mission networks. The works reported by the authors in Phillips et al. (2001) discuss the 
performance degradation in WDM transmission networks due to inter-channel interfer-
ence. Moreover, the information signal degradation due to turbulent behavior of free-space 
channel in the hybrid fibre/FSO access network will further degrade the performance of 
the proposed network and result in limiting the achievable transmission speed and range. 
The possibility of higher crosstalk power as compared to the information signal power can 
result in severe performance limitation (Elsayed et al. 2018). In this article, a novel hybrid 
fibre/FSO-based WDM-PON network is proposed and investigated under effects of turbu-
lence and inter-channel interference noise. Further, to improve the performance, DPPM 
modulation is incorporated in the proposed scheme and the performance is evaluated for 
both upstream and downstream transmission. Moreover, the system performance is also 
investigated under varying levels of weather conditions.

2  Network (down/up) stream transmission

Figures  1 and 2 demonstrate the downstream and upstream transmission network archi-
tecture respectively which comprises of a transmitter unit including a laser diode for opti-
cal carrier generation, information signal (data), and PPM modulator. The receiver section 
consists of a photodiode (PD), amplifier and a decision circuit. The proposed system is 

Fig. 1  WDM-PON downstream transmission a schematic diagram, b functional diagram
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based on intensity modulation/direct detection technique. For downstream data commu-
nication, optical signal from the OLT is separated to N signals, where each signal belongs 
to a distinct ONU. The maximum laser power for downstream transmission is limited to 
10 dBm to minimize fiber non-linearities. The architecture of downstream transmission is 
similar to that of upstream transmission but the functionality is not the same. In compari-
son to the upstream transmission, downstream transmission has an additional loss in terms 
of power splitting.

In the upstream transmission, a dedicated transmission from the ONU to the OLT is 
implemented with a distinct laser having a specific wavelength. The information from the 
ONU to MUX (multiplexer) is transmitted through the distribution network (free-space 
channel), as shown in Fig. 2. The DEMUX (de-multiplexer) at the OLT separates distinct 
wavelengths. The optically encoded data signals from different ONUs location including 
households, buildings, and curb etc. are transmitted in the upstream direction through the 
free-space channel towards the remote node. The receiver lens captures the incident optical 
beam and then using a fiber collimator, directs it towards the input of a MUX. An optical 
amplifier is employed for transmission range improvement. A PIN diode after the DEMUX 
converts the information-bearing optical beam into an electric signal. A decision circuit 
based on integrate-and-dump is used to retrieve the information signal.

Fig. 2  WDM-PON upstream transmission a schematic diagram, b functional diagram
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3  Turbulence channel modeling

The variations in the refractive index profile of the air along the optical signal path, as 
a result of changes in temperature results in atmospheric scintillation. This causes fluc-
tuations in the optical signal intensity at the receiver, thus resulting in a poor bit-error rate 
(BER) of the system (Ghassemlooy et al. 2008). Gamma-Gamma (GG) model for turbu-
lence is accepted for characterizing different levels of turbulence (weak, moderate, and 
strong) and is mathematically given as:

where hX denotes the weather induced attenuation for the signal (hsig) or interferer (hint) , � 
and � denotes the number of large-scale and small-scale eddies respectively (Eqs. 2 and 3), 
and Kn(⋅) denotes the gamma function.
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4  BER analysis
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turbulence) are the same, as the value of instantaneous crosstalk ratio has the same statistics. 
But in the case of S, turbXT, there is no variation in the ratio between the signal and the noise 
power whereas in turbS, XT there will be large variations (Ghassemlooy et  al. 2008). The 
same trend can be observed while deploying an amplifier in the optical path (Fig. 4).

When there is a dominant interferer, the single crosstalk can be used. The received power at 
the OLT photodiode is provided as equations expressed in Aladeloba et al. (2012):

(5)PR,sig

(
hturb,sig

)
= GPUT ,sigLfso.sigLbs,sigLc,siLmuxLfiberLdemux

(6)PR,int = GPUT ,inthturb,intLfso.intLbs,intLc,intLmuxLfiberLdemuxLdemux,XT

Fig. 3  BER v/s received power for varying turbulence conditions (no-amplification)

Fig. 4  BER v/s received power for varying turbulence conditions (with amplification)
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where Ldemux,XT denotes the additional loss, the interferer suffers after DEMUX. PUT,sig 
and PUT,int denote the ONU transmission power for information signal and interferer, 
.Lfiber= 10(−∝(fiber)∕10) represents the loss in the fiber due to attenuation. The geometric loss 
Lbs in the FSO link can be calculated from Ghassemlooy et al. (2008):

The coupling loss LC can be calculated as (Ghassemlooy et al. 2008):

where � is the ratio of the receiver radius to that of the back-propagated fibre mode and 
ARX =

�D2
RX

4
 , is the receiver area.

The BER and Q Factor for downstream transmission is given by Aladeloba et al. (2012):

The received power at the ONU for information and interferer signal are given respec-
tively, as (Aladeloba et al. 2012):

where PdR,sigand PdR,int are the OLT transmitter power and can used for the electric domain 
noises (Ghassemlooy et al. 2008).

The performance of the proposed hybrid fibre/FSO WDM-PON system is investigated 
under different channel conditions. Table 1 exhibits the parameters taken while performing 
simulations.

Figure  5 shows the downstream required transmitted optical power (dBm) at target 
BERs of 10−6 as a function increase FSO range, for no interferer and single interferer 
cases with ldemux = 15 dB . From the results, it is observed that as the turbulence strength 
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is increased to 20 dBm, which is within the eye safety concern, it maximum achievable 
FSO range is 2000 m.

Figure 7 reports the variation of SNR at the receiver with increasing transmission range 
for varying weather conditions. Table 2 tabulates the results presented in Fig. 7.

5  Conclusions

We investigated a hybrid fibre/FSO based WDM-PON network using DPPM scheme 
under the effects of atmospheric turbulence and inter-channel interference. From the 
results, it is observed that scintillation effects, amplified spontaneous emission noise, 
and inter-channel crosstalk results in severe signal degradation, particularly in upstream 
data transmission, which results in increasing the BER of the system. The ASE noise 

Table 1  Simulation parameters 
(Amphawan et al. 2019; 
Chaudhary and Amphawan 2018)

Parameter Value

Bit transmission rate/channel 2.5 Gbps
Receiver lens diameter 13 mm
Amplifier noise figure 4.77 dB
Amplifier Gain 30 dB
Extinction ratio 10 dB
Fibre length 20 km
Clear weather attenuation 0.2 dB/km
Angle of beam divergence 0.2 mrad
Efficiency of receiver and transmitter optics 80%

Fig. 5  Required power in downstream transmission at target BERs of 10−6
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and inter-channel crosstalk analysis are calculated for the proposed network using the 
DPPM modulation. The results report faithful transmission along range varying from 
0.5 to 5  km, depending on external weather conditions. The proposed scheme can be 
deployed for low-cost front-haul network for 5th generation CRAN architectures.

Fig. 6  Required power in upstream transmission at target BERs of 10−6

Fig. 7  SNR v/s FSO link length 
for varying conditions
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