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Abstract—Smart city development has grown rapidly
in the decades since 4G and 5G technologies have been
released. Moreover, a highly reliable network is required
to support the Internet of Things (IoT) and mobile
access within a city. Light Fidelity (Li-Fi) technology
can provide huge bitrate transmission and high-speed
communications. In the research, a backbone based
on Free-Space Optical (FSO) communication (FSO) is
designed through simulation to provide a Li-Fi access
network with a high capacity data rate. The originality
of the proposed method is the implementation of double
filtering techniques, which gives an advantage when
forwarding the signal to a node and improves the quality
of the signal received by the Li-Fi. The FSO as the
Optical Relaying Network (ORN) is designed with a con-
figuration of 12 channels of Dense Wavelength Division
Multiplexing (DWDM) amplified by optical amplifiers in
the transmitter and receiver. The signal output is filtered
by a Fiber Bragg Grating (FBG) and a Gaussian filter.
In the simulation, the ORN has node spacing in the
range of 500 m to 2,000 m. Then, the data transmission
rate at 120 Gbps is provided by the implementation of
DWDM channels to serve as an access network. From
the simulation, the FSO backbone can optimally deliver
highly reliable Li-Fi access networks. When the nodes
are spaced in a 500–2,000 m range, the Bit-Error-Rate
(BER) performance is produced at the order of 10−6.
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I. INTRODUCTION

THE demand to develop a smart city has grown
rapidly [1–3]. It is possible to develop a smart

city intensively because governmental awareness about
the issues of a green environment, easy living, and
modern and reliable online services has increased [4–
6]. Some governments have declared their awareness
of the green environment by implementing a smart
city concept as their advanced program. They realize
this through the superstructure approach, which entails
making regulations to support smart city development.
It means that regulation is the fundamental act of
governance needed to implement a reliable smart city.

A smart city is a breakthrough program that can
enhance citizens’ quality of life. It can improve the
productivity of citizens who are predominantly active
online or on the Internet rather than through physical
activity. It also can improve the efficiency of the
government in providing many administrative services,
such as license submission, smart governance system,
and others [7]. The activity of the economy has also
changed into digital transactions or the “digital econ-
omy” [8]. The digital economy is growing quickly
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worldwide and has become a new way for people
to work from home. Similarly, education has already
moved to online classrooms and the use of a pedagog-
ical method that combines offline and online classes or
blended or hybrid learning [9]. The mobility of citizens
in a smart city is also trending toward changes to elec-
trically smart vehicles that provide energy efficiency
and timing accuracy to serve passengers in a crowded
city [10].

Basically, smart city development is based upon the
availability of physical network infrastructure, govern-
ment regulation support, high speed and high data-
transmission-rate systems (4G and 5G), product inno-
vation on smart digital platforms (smart home apps),
and global network communications [11, 12]. When
those factors are fulfilled, a smart city concept can be
implemented to create a modern living environment
with the benefits of high security, joyful and easy
living, and clean energy consumption. A smart city also
implements the Internet of Things (IoT) technology,
where all things that are related to human activities
are connected to the network [13, 14]. Thus, every
citizen in a city can get information and control all
the things that have been integrated into the networks
through a smart application, such as smart home apps.
However, these ideals face the major problem of the
Internet connection to reach users or things across the
“last mile”. Because Wi-Fi connects with users and
things across the last mile, the data transmission rate
is limited to 600 Mbps for a frequency of 2.4 GHz
and 1.3 Gbps for a frequency of 5 GHz [15, 16].
Meanwhile, a smart city concept must implement an
unlimited connection to all users and things that are
integrated into the IoT. However, Wi-Fi has a limited
payload and data transmission rate.

Light Fidelity or Li-Fi has recently developed world-
wide because it has many benefits, including free li-
cense, speed on the order of the speed of light, freedom
from Electromagnetic Interference (EMI), high band-
width, broad spectrum of light, high security, and low-
cost deployment [17–20]. Li-Fi is an access network
that utilizes light transmission. Light generated by
a Light Emitting Diode (LED) travels into the free
medium, such as open air in a closed or open environ-
ment. Li-Fi has the potential to be implemented as the
last-mile access network for users and things [17, 18].
Li-Fi has been designed to carry data at a transmission
rate on the scale of 100 Gbps and can cover an
area with a radius of 20 m [19]. Thus, smart city
development can utilize Li-Fi technology as the main
infrastructure of the access network and serve as the
last-mile interface network to reach users or things
throughout a city [20].

Free-Space Optical (FSO) communications have

also been developed intensively in the last two
decades [21–24]. FSO is an optical communications
platform that utilizes laser light as the carrier to
penetrate the free-space medium, such as open air.
The virtues of FSO are almost the same as those
of Li-Fi technology, but its data transmission rate is
on the scale of Tbps because it uses a high-power,
monochromatic laser as the light source. FSO can be
implemented as a backbone network to support high
bitrate transmission in the Li-Fi access network in a
smart city. The prospect of integrating FSO and Li-Fi
as all-optical access networks will provide high speed
and bitrate transmission [25–27].

Li-Fi technology offers high-speed access at a trans-
mission rate of 10 Mbps to 80 Mbps. Thus, it needs
access to a data distribution “highway” or “backbone”.
The FSO backbone can be designed to be a flexible
connection that does not have to follow the physical
infrastructure of the city, such as open roads or open
public facilities. The FSO configuration can be im-
plemented in the form of Optical Relaying Networks
(ORN). By integrating Li-Fi over FSO, channel inter-
ference can be avoided. Wireless technology based on
microwave frequencies does not provide this benefit.
Thus, Li-Fi over FSO offers secure and high-reliability
connections. The integration of Li-Fi over FSO has
achieved a data transmission rate on the scale of 640
Gbps generated from eight orthogonal channels with
good performance [27].

In previous research [26], an FSO system is simu-
lated with optical code modulation access to improve
the performance of a Li-Fi access network. It suc-
cessfully demonstrates a data transmission rate on a
scale of 10 Gbps. In another research [28], an FSO
system is designed as the access network on the scale
of 50 Mbps for Wi-Fi to connect to the IoT. Also, an
FSO system is outlined using the technique of Blind
Source Separation (BSS), which is used to extract the
original information from the mixed signals [29]. Thus,
FSO can be designed in a MIMO transmission scheme
to accommodate the IoT or mobile user connection.
The implementation and future challenge development
aspects of Li-Fi are reviewed [30]. Li-Fi is used for
multi-user access with a high data transmission rate
by using Non-Orthogonal Multiple Access (NOMA)
techniques.

In the research, an FSO configuration scheme de-
signed as the highway access network or backbone in
a smart city concept is investigated through simulation.
The research is also the continuation of work on
the development of FSO as the ORN to provide a
last-mile access network for IoT and users [24, 31–
34]. The implementation of FSO technology as the
backbone access network is quite challenging because
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Fig. 1: The Wavelength Division Multiplexing (WDM) on the backbone Free-Space Optical (FSO) network for 

distributed Li-Fi access implementing 12 channels, where the node spacing distance constitutes the relaying 

network. 

 

III.  RESULTS AND DISCUSSION 

 

Figure 2 shows the results of SNR measurements. The EDFA-Tx is set at an output of 5 dBm. It amplifies the signal 

of 12 channels from the Mux at the level of 28 dBm. As shown in Fig. 2(a), all channels are almost flat, and there 

are no gain fluctuations. In Fig. 2(b), the EDFA-Rx is set at 5 dBm, and the node spacing is 500 m. The SNR result 

shows an average of 28.7 dB. In Fig. 2(c), the EDFA Rx is set at 10 dBm, and the node spacing is 1,000 m. The 

output of the average SNR is 23.9 dB. In Fig. 2(d), the EDFA-Tx is set at 19 dBm. The EDFA-Rx is 5 dBm, and 

the node spacing is 1,500 m. The output of the average SNR is 23.5 dB. In Fig. 2(e), the EDFA-Tx is set at 25 dBm, 

and the EDFA-Rx is set at 10 dBm. Meanwhile, the node spacing is 2,000 m. The output of the average SNR is 22.1 

dB. In Fig. 2(f), the EDFA-Tx is set at 30 dBm, and the EDFA-Rx is set at 15 dBm. The node spacing is 2,500 m. 

The output of the average SNR goes lower to 18 dB. In all the scenarios with nodes spaced from 500 m to 2,500 

m, the EDFA-Rx still produces flattened gain for all channels. This EDFA-Rx gaining profile spectrum allows the 

distributed signal to be forwarded to the Li-Fi access networks without significant variations between each channel.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. The Wavelength Division Multiplexing (WDM) on the backbone Free-Space Optical (FSO) network for distributed Li-Fi access
implementing 12 channels, where the node spacing distance constitutes the relaying network.

the open air in a city is very different from the open
air outside a city. The major problem is avoiding
a long transmission range to achieve high-reliability
connections. It is possible to configure FSO over short
distances by considering the terrain of the physical city,
which consists of many high-rise buildings.

In the research, FSO is designed for a short transmis-
sion range to serve a distributed Li-Fi access network.
In the simulation, an FSO backbone access network
is designed to carry a payload data transmission rate
on the scale of 120 Gbps. The total distance of the
backbone is on the order of 10 km because the physical
area of a city is limited by suburban surroundings. The
FSO spacing distances are designed to vary between 1
and 2 km because high-rise building obstacles are the
major problem when extending long-range transmis-
sions. Open air as the medium of optical transmission
is also quite challenging. In a modern city, traffic and
other heat sources cause thermal fluctuations, leading
to severe performance degradation.

The novelty proposed in the research is that the FSO
backbone is designed in a Dense Wavelength Divi-
sion Multiplexing (DWDM) system that implements
double filtering techniques. The filtering process is
achieved by implementing Fiber Bragg Grating (FBG)
and Gaussian filters. An FBG has the main role of
distributing a selected channel into a Li-Fi access
network. During the distribution, the FBG can function
as a filter to suppress noise modulations by setting
the bandwidth of the signal that is allowed to pass
through. Furthermore, the selected channel from the
FBG is then received by the Gaussian filter in front of
the Photodetector (PD). The Gaussian filter optimizes
the noise suppression to produce a signal with high
performance. The Wavelength Division Multiplexing
(WDM) on the FSO is designed as a high-rate trans-
mission on the scale of 120 Gbps, considering its
function as the backbone access network. The benefits
of DWDM on FSO are that instead of merely providing
high data transmission rates, it can also avoid inter-

channel crosstalk because the spacing distance between
Li-Fi access points is very close or short. Thus, by that
proposed method, the backbone access network can
achieve high-reliability connections to serve distributed
Li-Fi access networks throughout a smart city.

II. RESEARCH METHOD

The FSO simulation is performed using Optisystem
software. The DWDM design on the FSO is shown
in Fig. 1. The main components, instruments, and
channels are shown in Tables I–IV. DWDM channels
are provided by several laser transmitters (Tx-1–Tx-n).
The Tx-n output is combined into a Multiplexer (Mux)
into a single Single-Mode Fiber (SMF) transmission.
The Mux output is coupled into the Erbium-Doped
Fiber Amplifier (EDFA-Tx). The EDFA amplifies all
DWDM channels to achieve high signal gain. Thus, the
output power from the EDFA-Tx is high to achieve
enough power to penetrate the open air of a city
environment.

The light output from the EDFA-Tx is then transmit-
ted by the collimator of the telescope Tx. The output
of the telescope Tx is an optical beam of light that
is transmitted through the open air to the telescope of
the receiver (Rx). The optical propagation is received
by the telescope Rx and coupled into the EDFA-Rx
because the optical signal performs free propagation
in the open air, which attenuates the beam light. The
EDFA-Rx amplifies the weak signal and delivers it
into a De-Multiplexer (De-Mux) to split multi-channels
into single channels. Every channel is filtered by the
FBG to produce a signal with a minimum of the noise
modulation that is induced during optical propagation
in the open air. The main function of the FBG is to
filter noise and make sure that only specific allowed
channels will go to the Li-Fi access network. Instead
of selecting the channel, the FBG also ensures low
noise suppression and minimizes noise figures by the
EDFA. The FBG output is then forwarded into a
spatial filter, such as a Gaussian filter [35]. The spatial
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TABLE I
THE DENSE WAVELENGTH DIVISION MULTIPLEXING (DWDM)
CONSISTING OF 12 CHANNELS RANGING FROM A WAVELENGTH

OF 1557.36 NM TO 1548.51 NM.

No. Channel Frequency (Hz) Wavelength (nm)

1 25 192.5 1557.36
2 26 192.6 1556.56
3 27 192.7 1555.75
4 28 192.8 1554.94
5 29 192.9 1554.13
6 30 193.0 1553.33
7 31 193.1 1552.52
8 32 193.2 1551.72
9 33 193.3 1550.92
10 34 193.4 1550.12
11 35 193.5 1549.31
12 36 193.6 1548.51

TABLE II
THE PARAMETERS OF THE MAIN WAVELENGTH DIVISION

MULTIPLEXING (WDM) COMPONENT ON THE FREE-SPACE
OPTICAL (FSO) USED IN THE OPTISYSTEM SIMULATION.

No. Component Output

1 Laser Tx 0 dBm
2 Mux 10 to 1
3 D-Mux 1 to 10
4 EDFA-Tx 5–30 dBm
5 EDFA-Rx 5–15 dBm
6 FBG 1 selected channel

Note: Tx: Transmitter, Mux: Multiplexer,
De-Mux: De-Multiplexer, EDFA-Tx:
Erbium-Doped Fiber Amplifier -
Transmitter, EDFA-Rx: Erbium-
Doped Fiber Amplifier - Receiver,
and FBG: Fiber Bragg Grating.

TABLE III
THE OPTICAL PROPERTIES SETUP FOR THE TELESCOPES IN THE

FREE-SPACE OPTICAL (FSO) TRANSMITTER AND RECEIVER.

No. Component Output

1 Lens diameter of telescope Tx 5 cm
2 Lens diameter of telescope Rx 20 cm
3 Beam divergence 2 mrad

Note: Tx: Transmitter and Rx: Receiver.

filter suppresses noise around the center wavelength or
channel. The output signal of the optical filter reaches
out to the Li-Fi receiver, which is a photodiode (PD).
The PD output is filtered out by an electronic filter,
such as a low-pass filter, to suppress the electrical
signal noise [35].

Table I shows the frequency and wavelength for the
12 channels based on the ITU G.694.1 grid channel.
The simulation uses 100 GHz spacing for a standard
DWDM region from 1548.51 nm to 1557.36 nm within
the C-band spectrum. In the simulation, each channel is
designed to have a bitrate transmission capacity of 10
Gbps with Non-Return to Zero (NRZ) modulation. The
total bitrate transmission in one node with 12 channels
is 120 Gbps. Thus, each channel (25th–36th) can sup-

TABLE IV
THE MAIN INSTRUMENTS USED IN THE FREE-SPACE OPTICAL

(FSO) NETWORK WITH WAVELENGTH DIVISION MULTIPLEXING
(WDM) SIMULATION TO MEASURE THE PERFORMANCE OF THE

SIGNAL.

No. Instrument Position

1 Optical power meter Tx and Rx
2 Optical spectrum analyzer Tx and Rx
3 BER-meter Tx and Rx
4 WDM analyzer Tx and Rx

Note: BER: Bit-Error-Rate, WDM: Wavelength
Division Multiplexing, Tx: Transmitter, and
Rx: Receiver.

port the high-bitrate payload required to transmit to the
Li-Fi access network.

In Tables II and III, the main optoelectronic and
optical components used in the simulation are shown.
The main function of the telescope Tx is to perform
collimation of the beam light into a diameter of 5
cm. Then, the beam light is transmitted through the
open air to the telescope Rx. The diameter of telescope
Rx is 20 cm, and the remaining beam divergence
is not high. Thus, the 20 cm diameter of telescope
Rx is sufficient to receive the beam light from the
optical propagation in the open air. The simulation
is performed using Optisystem software, where the
main factor of turbulence in the open air of a city
can be assumed to be very low as long as the optical
propagation is less than 100 m above the ground.
Thus, any variation of the refraction index can be
neglected. The only factor that influences the optical
propagation from telescope Tx to Rx is the attenuation
factor caused by dust, air pollution, and water vapor.
Also, because the height of optical propagation is low
or near the ground, the phenomena of beam wandering
can be neglected in the simulation [36].

Table IV lists four main instruments used to measure
the optical and electrical signal characteristics in terms
of power, signal spectral, gain, noise, eye diagram, and
quality factor. The parameters to be measured in the
simulation are decibel, Signal-to-Noise Ratio (SNR),
and Bit-Error-Rate (BER). In the simulation, the node
spacing range is designed in the order of 500 m to 2.5
km. That spacing distance is designed by considering
that the FSO can deliver and receive data to and from
the Li-Fi access network across a very short range.
Thus, the Li-Fi network can function as the last-mile
access point to reach the user in a nearest-neighbor
distribution, such as a public indoor room.

Based on Fig. 1 and Tables I–III, the integration of
Li-Fi over FSO is designed to provide a high bitrate
transmission on the scale of 120 Gbps through 12
DWDM channels. Also, implementing double filtering
techniques via FBG and Gaussian filters can optimize
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(a) SNR from the EDFA-Tx at the 
power output of 5 dBm. 
 
 

 

(d) SNR from the EDFA-Rx at the 
power output of 5 dBm and a node 
spacing distance of 1,500 m. 

(b) SNR from the EDFA-Rx at the 
power output of 5 dBm where the 
node spacing distance is 500 m. 

 

 

(e) SNR from the EDFA-Rx at the 
power output of 10 dBm and a node 
spacing distance of 2,000 m. 

(c) SNR from the EDFA-Rx at the 
power output of 5 dBm and a node 
spacing distance of 1,000 m. 

 
 

(f) SNR from the EDFA-Rx at the 
power output of 15 dBm and a node 
spacing distance of 2,500 m. 

Fig. 2. The measurement of Signal-to-Noise Ratio (SNR) from 12 channels of Dense Wavelength Division Multiplexing (DWDM) at the
Erbium-Doped Fiber Amplifier (EDFA) output.

noise suppression. Thus, the performance of the system
can be enhanced because the noise modulation is
suppressed by setting a narrow FBG and electrical
signal bandwidth as the output of the Gaussian filter is
also minimized.

III. RESULTS AND DISCUSSION

Figure 2 shows the results of SNR measurements.
The EDFA-Tx is set at an output of 5 dBm. It amplifies
the signal of 12 channels from the Mux at the level of
28 dBm. As shown in Fig. 2(a), all channels are almost
flat, and there are no gain fluctuations. In Fig. 2(b), the
EDFA-Rx is set at 5 dBm, and the node spacing is 500
m. The SNR result shows an average of 28.7 dB. In
Fig. 2(c), the EDFA Rx is set at 10 dBm, and the node
spacing is 1,000 m. The output of the average SNR
is 23.9 dB. In Fig. 2(d), the EDFA-Tx is set at 19
dBm. The EDFA-Rx is 5 dBm, and the node spacing
is 1,500 m. The output of the average SNR is 23.5
dB. In Fig. 2(e), the EDFA-Tx is set at 25 dBm, and
the EDFA-Rx is set at 10 dBm. Meanwhile, the node

spacing is 2,000 m. The output of the average SNR
is 22.1 dB. In Fig. 2(f), the EDFA-Tx is set at 30
dBm, and the EDFA-Rx is set at 15 dBm. The node
spacing is 2,500 m. The output of the average SNR
goes lower to 18 dB. In all the scenarios with nodes
spaced from 500 m to 2,500 m, the EDFA-Rx still
produces flattened gain for all channels. This EDFA-Rx
gaining profile spectrum allows the distributed signal
to be forwarded to the Li-Fi access networks without
significant variations between each channel.

Figure 2 shows that the node spacing effect reduces
the power of the signal. The node spacing is the path
length of optical propagation in the open air of the
city that may attenuate the optical signal from the
telescope Tx to the telescope Rx. In the simulation,
the attenuation factor is set to a uniform 10 dB/km
by assuming that the Rytov factor is lower. Thus,
scintillation is also at a minimum because the height
of optical propagation in the open air is lower than
500 m or near ground level. However, even though
the scintillation is lower, noise modulation still induces
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than 500 m or near ground level. However, even though the scintillation is lower, noise modulation still induces 

optical propagation. Noise modulation is induced by the phenomena of light scattering by particles, such as aerosols 

or dust, in the open-air environment of a city.  

 

Next, a filtering technique is applied to minimize noise modulation. The FBG has the main role of only forwarding 

the selected channel from the De-Mux through the Li-Fi access network. Instead of channel selection, it must 

also minimize noise modulation that is amplified during reception by the EDFA-Rx, as well as any noise in the 

output. Thus, the selected channel can be received by the PD of the Li-Fi access network with less noise. The output 

signal of the FBG is filtered spatially to ensure that noise is optimally suppressed at the center wavelength or channel 

to minimize noise modulation. The spatial filter uses a Gaussian filter that implements the bandpass technique at 

the bandwidth of 10 Gbps. As shown in Fig. 3(a), the FBG output selects only specified channels. However, noise 

is still modulated as it has been amplified by the EDFA-Rx. In Fig. 3(b), the output of the FBG is filtered by a 

Gaussian filter. The output spectrum shows a signal with minimum noise around the center wavelength or channel. 

The Gaussian filter suppresses noise to improve the signal quality to 0.47 dB. Through the filtering technique, 12 

channels will go to the Li-Fi access network with the minimum noise modulation. Thus, the output of the Gaussian 

filter will be received by the PD of the Li-Fi network and forwarded to the users across the last mile at a rate of 

10 Gbps for each access point in the distributed network.  

 

 

(a) The signal power of channel-3 as the output of 
the FBG shows noise modulation around the center 
wavelength. 

(b) The results of filtering by an FBG and a Gaussian filter for 

channel-3. 

Fig. 3. The noise modulation filtering via a Fiber Bragg Grating (FBG) and a Gaussian filter. The output signal from the FBG with a
Signal-to-Noise Ratio (SNR) of 29.15 dB enhanced with a Gaussian filter produces an SNR of 29.62 dB.

optical propagation. Noise modulation is induced by
the phenomena of light scattering by particles, such as
aerosols or dust, in the open-air environment of a city.

Next, a filtering technique is applied to minimize
noise modulation. The FBG has the main role of
only forwarding the selected channel from the De-Mux
through the Li-Fi access network. Instead of channel
selection, it must also minimize noise modulation that
is amplified during reception by the EDFA-Rx, as well
as any noise in the output. Thus, the selected channel
can be received by the PD of the Li-Fi access network
with less noise. The output signal of the FBG is filtered
spatially to ensure that noise is optimally suppressed
at the center wavelength or channel to minimize noise
modulation. The spatial filter uses a Gaussian filter that
implements the bandpass technique at the bandwidth
of 10 Gbps. As shown in Fig. 3(a), the FBG output
selects only specified channels. However, noise is still
modulated as it has been amplified by the EDFA-Rx.
In Fig. 3(b), the output of the FBG is filtered by a
Gaussian filter. The output spectrum shows a signal
with minimum noise around the center wavelength
or channel. The Gaussian filter suppresses noise to
improve the signal quality to 0.47 dB. Through the
filtering technique, 12 channels will go to the Li-Fi
access network with the minimum noise modulation.
Thus, the output of the Gaussian filter will be received
by the PD of the Li-Fi network and forwarded to the
users across the last mile at a rate of 10 Gbps for each
access point in the distributed network.

After the optical signal for each channel is filtered
via an FBG and a Gaussian filter, the PD receives the
optical signal and converts it into an electrical signal.

The performance of the electrical signal resulting from
the PD can be seen in the eye diagrams in Fig. 4(a)
and 4(b). Figure 4(a) shows the result of the electrical
signal that is received by the PD without implementing
a Gaussian filter previously. The electrical signal is
a little bit noisy, and the transition of the signal is
almost raw as well. The electrical signals improve
after implementing the Gaussian filter, as shown in
Fig. 4(b). There is a smooth transition between the
sending and receiving units. It means the Gaussian
filter optically suppresses the noise that is modulated
around the center of the wavelength to minimize the
signal fluctuation. Thus, the PD produces an electrical
current with minimum fluctuation as well.

Figure 5 shows the BER performance for 12 chan-
nels in the scenario of nodes spaced at 500 m, 1,000
m, 1,500 m, 2,000 m, and 2,500 m. It can be seen that
the node spacing distance has a serious impact on BER
performance. The best BER performance is achieved
at the lowest spacing, and the longest spacing produces
the worst quality. Also, the BER fluctuation between
each channel in the same node spacing distance does
not exhibit large variations. On average, the BER
variations at the same node spacing distance are on the
order of 10−1. The 12 channels produce almost linear
BER performance for the same node spacing distance.

Based on Fig. 5, it can also be inferred that for a
reliable connection to support the Li-Fi access network,
the node spacing distance should be as short as possible
to minimize noise modulation. Reliable performance
is found with a connection range between 500 m
and 2,000 m. Beyond 2,000 m, the noise modulation
tends to degrade the signal performance, producing
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After the optical signal for each channel is filtered via an FBG and a Gaussian filter, the PD receives the optical 

signal and converts it into an electrical signal. The performance of the electrical signal resulting from the PD can be 

seen in the eye diagrams in Fig. 4(a) and (b). Figure 4(a) shows the result of the electrical signal that is received 

by the PD without implementing a Gaussian filter previously. The electrical signal is a little bit noisy, and the 

transition of the signal is almost raw as well. The electrical signals improve after implementing the Gaussian filter, 

as shown in Fig. 4(b). There is a smooth transition between the sending and receiving units. It means the Gaussian 

filter optically suppresses the noise that is modulated around the center of the wavelength to minimize the signal 

fluctuation. Thus, the PD produces an electrical current with minimum fluctuation as well.  

 

  

(a) The eye diagram from the output of the 
Photodetector (PD) without implementing a Gaussian 
filter previously. 

(b) The eye diagram from the implementation of 
Gaussian filter before the Photodetector (PD). 

Fig. 4. The Eye diagram measurement indicating the quality of the electrical signal from the Photodetector (PD) output of the Li-Fi access
network.
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Figure 5 shows the BER performance for 12 channels in the scenario of nodes spaced at 500 m, 1,000 m, 1,500 m, 

2,000 m, and 2,500 m. It can be seen that the node spacing distance has a serious impact on BER performance. The 

best BER performance is achieved at the lowest spacing, and the longest spacing produces the worst quality. Also, 

the BER fluctuation between each channel in the same node spacing distance does not exhibit large variations. On 

average, the BER variations at the same node spacing distance are on the order of 10−1. The 12 channels produce 

almost linear BER performance for the same node spacing distance.  

 

 

 

 

Fig. 5: BER performance measurements for 12 channels where the spacing nodes are 500 m, 1,000 m, 1,500 m, 2,000 m 

and 2,500 m. 

 

 

Based on Fig. 5, it can also be inferred that for a reliable connection to support the Li-Fi access network, the node 

spacing distance should be as short as possible to minimize noise modulation. Reliable performance is found with a 

connection range between 500 m and 2,000 m. Beyond 2,000 m, the noise modulation tends to degrade the signal 

performance, producing the worst BER performance on the order of 10−3. All DWDM channels have also shown 

linear BER performance, which means great fluctuation between each channel does not exist in the simulation. This 

condition provides a last-mile data connection between the backbone FSO and the Li-Fi hub in a city with excellent 

signal characteristics and performance. Thus, FSO can deliver one or more high-data-rate channels into the Li-Fi 

access network. The Li-Fi access network can broadcast data on a scale of 40 Gbps [37], [38], [39], [40].   

 

To date, only an optical fiber communications platform can support this requirement. However, by using FSO as 

the backbone, this requirement can be supported optimally with the implementation of channel allocation to 

support the data transmission rate. It means the implementation of the DWDM system on an FSO backbone can 

also support flexible distribution and allocation for the data transmission rate. The bandwidth allocation requirement 

in the Li-Fi access network can be regulated via channel assignment or selection. The significant result based on the 

implementation of DWDM on FSO that is capable of delivering 120 Gbps into Li-Fi access networks is the 

performance of BER is achieved at the order of 10−6-10−3 for a node spacing distance ranging from 500 m to 

2,500 m. That result is achieved by implementing an EDFA on the Tx and Rx, where the output of the receiving 

PD is filtered by an FBG and a Gaussian filter. Thus, integrated Li-Fi over FSO can be implemented in a smart 

Fig. 5. Bit-Error-Rate (BER) performance measurements for 12 channels where the spacing nodes are 500 m, 1,000 m, 1,500 m, 2,000 m
and 2,500 m.

the worst BER performance on the order of 10−3.
All DWDM channels have also shown linear BER
performance, which means great fluctuation between
each channel does not exist in the simulation. This
condition provides a last-mile data connection between
the backbone FSO and the Li-Fi hub in a city with
excellent signal characteristics and performance. Thus,

FSO can deliver one or more high-data-rate channels
into the Li-Fi access network. The Li-Fi access net-
work can broadcast data on a scale of 40 Gbps [37–
40].

To date, only an optical fiber communications plat-
form can support this requirement. However, by using
FSO as the backbone, this requirement can be sup-
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ported optimally with the implementation of channel
allocation to support the data transmission rate. It
means the implementation of the DWDM system on
an FSO backbone can also support flexible distri-
bution and allocation for the data transmission rate.
The bandwidth allocation requirement in the Li-Fi
access network can be regulated via channel assign-
ment or selection. The significant result based on the
implementation of DWDM on FSO that is capable
of delivering 120 Gbps into Li-Fi access networks
is the performance of BER is achieved at the order
of 10−6–10−3 for a node spacing distance ranging
from 500 m to 2,500 m. That result is achieved by
implementing an EDFA on the Tx and Rx, where the
output of the receiving PD is filtered by an FBG and
a Gaussian filter. Thus, integrated Li-Fi over FSO can
be implemented in a smart city to provide high bitrate
transmission and a high-reliability access network.

IV. CONCLUSION

The use of FSO as the backbone network for the
distributed Li-Fi in a smart city has been simulated.
The C-band of the DWDM is used as the channels,
where each carries 10 Gbps. The total data transmis-
sion bitrate is 120 Gbps, which is distributed to support
the Li-Fi network. The simulation results reveal that
node spacing is a critical element of backbone design
when using FSO. Nodes must be spaced in a range
of 500 m to 2,000 m to ensure a reliable connection.
The main factors that can enhance the performance of
FSO when used to support a Li-Fi access network are
an optical amplifier (EDFA-Tx and -Rx), a filtering
method from channel selection to spatial technique to
minimize noise modulation, and the node spacing dis-
tance. Thus, FSO can be implemented as the backbone
access network for Li-Fi to cover a smart city over a
distance order of 101 km.

FSO has the potential to be implemented as the
backbone access for distributed Li-Fi networks. It is
very capable of supporting high bitrate transmission on
the order of 102 Gbps with a high speed as well. Li-
Fi technology demands an infrastructure network that
can deliver data transmission on the order minimum
of 10 Gbps. Also, FSO is flexible and can be con-
figured following the topology of a city, even when
dominated by high-rise buildings. The major problem
of FSO, which is scintillation caused by atmospheric
turbulence, is avoided by implementing the FSO in the
air just above ground level. Thus, FSO can support
the delivery of an access network for distributed Li-Fi
in a smart city. The implementation of DWDM in a
backbone FSO system also provides flexibility when
allocating bandwidth.

As a connection hub in a smart city, Li-Fi is designed
to connect IoT items that need to be monitored, pro-
cessed, and controlled. Thus, the Li-Fi access network
needs a high data transmission rate to ensure a reliable
connection. The DWDM channels can be selected
and allocated to support the Li-Fi access network
requirements. Each channel can be provided in an order
of 10 Gbps. The DWDM channels provide bandwidth
across a range of 10 Gbps to 40 Gbps. However, this
is not a limiting case. The remaining DWDM system
can provide higher rates depending on the capacity of
the Li-Fi access network to broadcast multiple last-
mile connections to users or unlimited things in the
IoT configuration.

The limitation of the simulated FSO lies in the type
of modulation, which is based on Return to Zero (RZ)
or NRZ signals. Meanwhile, signal modulation tech-
niques, such as Pulse Position Modulation (PPM) and
Pulse Shift Keying Modulation (PSK), have advanced.
Thus, for further FSO simulation, an advanced type of
signal modulation can be implemented to seek the best
performance in terms of BER. Another challenge for
integrating Li-Fi over FSO is harvesting solar energy
as the source of electricity and providing road lighting
at night. These challenges must address the limitation
of Li-Fi in the LED Tx components. To date, these
components cannot simultaneously emit visible light
and modulate high bitrate transmissions.

Finally, a smart city concept that needs a reliable
access network infrastructure can be supported by
integrating FSO as the backbone and a Li-Fi network as
the hub to reach all users. FSO and Li-Fi are a perfect
combination to ensure that the physical connection in-
frastructure is a green technology that supports a smart
city. It is different from a physical infrastructure that
is based on microwave broadcasting, where electrical
energy consumption is a great issue. FSO and Li-Fi are
the physical connection platforms that are competitive
in terms of electrical energy consumption. This com-
bination or integration can support the implementation
of green technology in a smart city.
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