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Abstract: This paper investigates the impact of propagation delay and channel loss due to the use of multiple LED arrays
in visible light communication (VLC) systems based on filter bank multicarrier (FBMC) modulation. FBMC offers greater
spectral efficiency, and asynchronous transmission and is a promising alternative scheme to orthogonal frequency division
modulation (OFDM). The proposed FBMC model is based on 4-quadrature amplitude modulation (QAM) and 16-QAM
formats and uses 100 symbols and 600 input bits per symbol. In this paper, the VLC-FBMC system is designed based on
the line-of-sight (LOS) model under the additive white Gaussian noise (AWGN) channel. Comparison analyses between
different bit rates in terms of bit error rate (BER), best sampling point, and signal-to-noise ratio (SNR) requirement have
been carried out to show the delay and loss effect on communication quality and system performance. The results
demonstrate that the proposed FBMC model achieves a bit rate of up to 29.296 Mbit/s with a low BER of 10 and less
SNR penalty in high QAM formats, demonstrating its potential as a viable alternative to OFDM for future VLC systems.

Index Terms: OWC, VLC, DCO-FBMC, Propagation Delay, Bit Rate, BER.

1. Introduction

Given the increasing need for extensive bandwidth and high data rates, optical wireless communication (OWC) has
emerged as a valuable adjunct to traditional radio frequency (RF) wireless communication systems [1]. OWC provides a
versatile platform for transmitting data at high speeds and at a low cost, with the capability to support bandwidths reaching
into the terahertz (THz) range [2]. Within the realm of OWC, visible light communication (VLC) stands out as a
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distinctive branch that harnesses the power of white light-emitting diodes (LEDs) for optical communication [3].

VLC holds substantial promise for a range of 6G applications, including underwater networks and indoor
communication, primarily due to its capacity for high-speed signal transmission and its exploitation of open-spectrum
resources [4, 5]. In the VLC system, a fundamental technique at play is the intensity modulation direct detection (IM/DD)
approach, which is employed for both transmitting and receiving signals. This technique entails that the signal must
maintain a unipolar and real nature, distinguishing it from the conventional bipolar signals commonly utilized in RF
communication [6, 7]. Numerous parameters have been thoroughly examined to optimize the performance of VLC
systems and facilitate high-speed communication. These parameters encompass multiple LED transmitters, bit rates, delay,
system complexity, modulation techniques, and bit-error-rate (BER) considerations. For the enhancement of brightness
uniformity and improved energy reception within indoor VLC setups, the deployment of multiple LED arrays has been a
popular strategy, with the four-LED array configuration emerging as a prevalent choice [8, 9]. Nevertheless, the utilization
of LED arrays in indoor VLC channels presents challenges, notably concerning issues like multipath propagation and
intersymbol interference (ISI). ISI is a noteworthy concern in OWC and VLC systems, stemming from various factors
such as signal delay, the incorporation of multiple LED arrays, and high bit rates. This phenomenon has the potential to
degrade system performance and result in elevated BER levels [10]. In a study conducted by Aydin et al. [11] a
performance assessment of a VLC system was carried out, encompassing various LED arrays, notably the widely used
four-lamp model. The evaluation focused on critical parameters, including received power, root mean square (RMS) delay,
and bit rates. The findings from this study demonstrated that the utilization of extensive LED arrays can result in
heightened intersymbol interference (I1SI), subsequently leading to increased delay and signal loss. However, it's
noteworthy that the research primarily employed the on-off keying (OOK) modulation scheme, which falls within the
domain of single-carrier modulation techniques. To address the challenges posed by ISI and to achieve superior data rates,
the VLC system has since embraced multi-carrier modulation techniques, such as filter bank multicarrier (FBMC) and
orthogonal frequency division multiplexing (OFDM) schemes. These innovations have proven effective in mitigating ISI-
related issues and enhancing data transmission rates [12, 13].

FBMC is recognized as a promising scheme for future wireless communications systems, particularly in the realms
of OWC and VLC. It is distinguished by its superior spectral efficiency and remarkable resilience to the challenges posed
by ISI [14, 15]. Recent research endeavors have demonstrated that FBMC surpasses the well-established OFDM scheme
in terms of spectral efficiency, marking a significant advancement in the field of wireless communication [16, 17].
Furthermore, in contrast to OFDM, FBMC adopts a distinctive approach by employing offset quadrature amplitude
modulation (OQAM/FBMC) in conjunction with a prototype filter. This strategic choice leads to a multitude of
advantages, including enhanced spectral efficiency, reduced out-of-band radiations, support for asynchronous
transmission, and the attainment of lower spectral sidelobes, all of which collectively contribute to its prominence in the
domain of wireless communication. Kumar et al. [18] conducted an extensive examination and comparison of the BER
performance and spectral efficiency between optical OFDM and optical FBMC within the framework of VLC systems.
Their analysis unveiled that optical FBMC outperformed OFDM, offering a 0.96 dB enhancement in power efficiency
and a 20% increase in spectral efficiency when incorporating a 25% cyclic prefix (CP). These superior qualities of FBMC
have drawn significant attention in the literature, with considerations for its application in 5G, 6G communication, and
Internet of Things (1oT) systems [19-21]. To harness the potential of FBMC in optical wireless systems and produce the
optical domain (unipolar) of the FBMC signal, various FBMC schemes have been explored. Among these are the DC-
biased optical FBMC (DCO-FBMC) and flip-FBMC approaches [22]. In a related study in [23], the focus was on BER
analysis, taking into account channel delay (attenuation) and employing DCO-FBMC for the VLC system. This analysis
resulted in improved BER performance. However, it's essential to note that this improvement was achieved using a single
transmitter located at a mere 20 cm distance from the receiver side. Furthermore, the study in [24] provided a performance
analysis of optical FBMC-VLC in terms of bandwidth efficiency, power efficiency, and complexity under the influence
of noise. Nevertheless, this research did not delve into the specific impact of propagation delay stemming from multiple
transmitters on the performance of FBMC.

The existing body of literature reveals a conspicuous gap in research that comprehensively investigates the
ramifications of channel propagation delay and losses arising from multiple transmitters on the performance of optical
FBMC (DCO-FBMC) modulation, within the framework of VLC systems. This paper's primary contribution lies in
addressing this gap. It offers a rigorous evaluation of an optical FBMC model-based VLC system. This assessment
meticulously considers the effect of propagation delay and channel loss parameters, using a four-LED array model
representative of indoor applications. Additionally, the study employs a range of metrics, including bit rate, optimal
sampling points, various QAM formats, and SNR, to thoroughly assess and analyse the system's BER performance and
overall communication quality. Furthermore, the research delves into the influence of different bit rates on the BER
performance within the optical FBMC-based VLC system. This examination provides insights into how variations in bit
rate affect system performance.

The rest of this paper is structured as follows: Section 2 illustrates the previous literature related to this work.
Section 3 includes the VLC system model and equations used to analyse and evaluate the optical FBMC system
performance. Section 3 presents the findings and analysis of various QAM formats at different bit rates. Finally, the
conclusion of this work is drawn in Section 4.
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2. System Model

The schematic of the proposed simulation DCO-FBMC-based VLC system is presented in Fig. 1. First, the input
data is fed into the symbol mapping where an OQAM signal mapper is used for signal processing and the symbol is
filtered using a prototype filter. The signal is then up-sampled and subjected to an inverse fast Fourier transform (IFFT)

with length of 1024 to produce a time-domain signal x(t) which consists of the N symbol period, and is expressed as
[25]:

X0 =33 8,00, (0 ®

n=1 m=1

Where M is the IFFT length (subcarrier), m denotes the subcarrier index, n is the n-th symbol, amn is the symbol
transmitted, and the function g(t) is used in FBMC synthesis to transform am,n into the signal space; U (1) -
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Fig.1. DCO-FBMC block diagram

Since FBMC-VLC utilizes the IM/DD modulation method, the signal in the time domain in eq.1 should be real and
positive (unipolar). Thus, the output complex signal X(t) is transformed into the real signal x, (t) as proposed in [26].

Subsequently, the positive signal is obtained by adding the DC bias as [27]:

X (1) = X, (1) +Co” 6y
where C is a positive integer and o is the variance of x(t). Hence, the optical signal for a transmitter becomes:
X, (£) = (t) * X, (1) ®3)

where h(t) is the channel impulse response (CIR). To represent line-of-sight (LOS) optical channels for indoor
applications, a linear model that includes attenuation and delay is used. In optical LOS channels, the attenuation of the
signal relies on the inverted square of the distance separating the light source and the recipient, and the impulse response
is expressed as [28]:

h(t)=L,.5(t-7) 4

loss

where L,__ is the LOS channel loss and is used as in [29], and = is the signal propagation delay expressed by:

loss
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T =

D
— 5
- (5)
where D is the distance between the light source and the PD of the receiver, and ¢ denotes the symbol of the speed of
light. As a result, the overall received optical signal for the four transmitters is:

o 0= 35,10 ©

where i indicates the number of transmitters. The transmitted signal is passed through the optical LOS channel and the
AWGN channel. Afterward, at the receiver side, is the reverse process. The PD receives the signal and converts it to
electrical form r(t) expressed by:

F(t) = Xoa () + n(t) (M

where n(t) indicates the noise of additive white Gaussian. The optimal sampling point of the received signal, where low

BER occurs, is then determined by performing the sampling process. The DC bias is then eliminated before the received
signal is converted back into the complex domain. After that, the matched filter processes the signal and then it undergoes
FFT operation, down-sampling, OQAM demodulation, and signal de-mapping to retrieve the original signal. Finally, the
received data is compared bit-to-bit with the input data to calculate system BER performance.

The proposed optical FBMC system is simulated in MATLAB. The 4-QAM and 16-QAM formats are implemented
at overlapping factors (k) of 4, 100 symbols, and 600 input bits. The 4-QAM and 16-QAM formats are designed with an
FFT length of 1024 points and 512 points, respectively as shown in Table 1, and the 64, and 256-QAM are executed with
2048 FFT length to maintain the same input capacity (600 bit/symbol). Additionally, to obtain a minimum 1-bit error over
60000 transmitted bits, 16-QAM is evaluated at an SNR of 17 dB whereas 4 QAM is tested at an SNR of 9 dB. The
performance analysis has been conducted for three different bit rates at the direct received location (1.25,1.25) below
Lamp 2 which has the highest received power and SNR due to the short distance between transmitter and receiver.

Table 1. Simulation parameters of DCO-FBMC

Symbol Format FFT Length I'«:a ngﬁsilr?]gzll Symb(cLI SI)De”Od |(3l\i/:b|?tz;s
81.92 7.324

4-QAM 1024 8192 40.96 14.648
20.48 29.296

81.92 7.324

16-QAM 512 4096 40.96 14.648
20.48 29.296

LEDs Array

Height Receiver Plane

Width

Length

Fig.2. VLC system model for a typical room
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In the current work, the VLC model and typical room specification as given in [30] have been adopted and integrated
with the proposed method of four LEDs arrays model to investigate the LOS effect. The proposed VLC model calculates
the channel loss and propagation delay for a typical 5 x5 >3 m? room which consists of 2>2 LED arrays put on the
ceiling at 3 m height with positions of (—1.2 5, —1.25) and (1.25, 1.25), (-1.25, 1.25), (1.25, —1.25); each LED array
contains 60 <60 LEDs, as shown in Fig. 2. The proposed VLC system parameters are shown in Table 2.

Table 2. VLC System model parameters

Model parameter Value
Room Dimensions 5x5x3m
Number of lamps 4
Number of LEDs per lamp (60 x 60) = 3600
Receiver FOV 70 degrees
Semi-angle at half power 70 degrees
Area of PD 1.0 cm?
Gain of the optical concentrator 2.548

3. Simulation Result and Discussion

In this study, FBMC/OQAM in a VLC system with the 4-QAM and 16-QAM format has been designed inside a
room based on the characteristics in Table 2. The system simulation is conducted under the effect of AWGN channel,
time delay, and channel loss due to the multiple lamps (2 <2 LED arrays). The BER performance of the FBMC model is
then assessed for the 4-QAM and 16-QAM formats with 100 symbols and 600 bits of input per symbol.

3.1. Recovering the DCO-FBMC Signal

In this section, we discuss the recovery of the FBMC signal after applying the delay and loss along with the optimal
sampling window for obtaining low BER values. To assess the performance of the FBMC system, it is necessary to first
acquire the output for the propagation delay and channel loss at the received position (1.25, 1.25) as shown in Table 3. It
is visible that the propagation delay and the channel loss are minimal when considering Lamp 2, which is direct to the
received point. However, the delay and loss steadily increased when taking into account Lamps 3 and 4, as well as
Lamp 1. This is because of the channel effect and the large distance between the received point and the transmitters
resulting in a high delay and loss.

Table 3. The output of the propagation delay and channel loss

Transmitter Location Lamp 1 Lamp 2 Lamp 3 Lamp 4
(m) (-1.25,-1.25) (1.25,1.25) (1.25,-1.25) (-1.25,1.25)
delay (ns) 13.8 7.2 10.9 10.9
Channel loss (dB) 62.8 52.5 59.2 59.2

Here, as shown in Fig. 3, the BER performance at the optimal sampling point within the sample time length of the
FBMC signal is examined. 4-QAM and 16-QAM formats' performance is assessed at bit rates of 7.324 Mbit/s, 14.648
Mbit/s, and 29.296 Mbit/s. The optimal sampling range for the 7.324 Mbit/s bit rate was at a sampling time greater than
3.9 ns, resulting in minimum BER values of 10 and 0 for 4-QAM and 16-QAM formats respectively. However, at a
sampling time lower than 3.9 ns both 4-QAM and 16-QAM formats exhibit high BER values due to channel effect and
light interference from other lamps. The best BER performance at a bit rate of 14.648 Mbit/s is found at a sampling time
greater than 3.8 ns when a BER of 0 is attained in 16-QAM and 10 in 4-QAM. Conversely, the system performance
degraded when the sampling time was 3.8 ns or less. Additionally, when the bit rate rises to 29.296 Mbit/s, the 4-QAM
communication link fails over the entire sampling period while in 16-QAM the best BER performance occurs after time
reaches 3.8 ns with a BER of 10°. Hence, even at higher bit rates, 16-QAM can achieve the minimum BER at the same
SNR of 17 dB, which cannot be achieved by 4-QAM. These observations are illustrated in Fig. 3.

Based on Table 1 parameters, Table 4 displays the optimal sampling time range, with 4-QAM and 16-QAM at bit
rates of 7.324 Mbit/s, 14.648 Mbit/s, and 29.296 Mbit/s achieving the lowest BER value. Fig. 4 illustrates the 4-QAM
and 16-QAM communication quality for the FBMC signal at bit rates of 7.324 Mbit/s, 14.648 Mbit/s, and 29.296 Mbit/s.
Fig. 4 (a) shows the constellation diagram for the worst sampling time range in the 4-QAM format, where the
communication is poor and BER is higher than x103, for bit rates of 7.324 Mbit/s and 14.648 Mbit/s. The signal
constellation diagram, however, may be seen to have improved at the best sampling point with a BER less than x1073, as
shown in Fig. 4. (b). At a bit rate of 29.296 Mbit/s in the 4-QAM, the constellation diagram is bad due to the
communication has failed as seen in Fig. 4 (e). At the worst sampling time range in 16-QAM format, the communication
likewise failed with a BER of less than x10-2 at bit rates of 7.324 Mbit/s, 14.648 Mbit/s, and 29.296 Mbit/s, as shown by
the constellation diagram in Fig. 4 (c). At the optimal sample point, the constellation diagram is improved in 16-QAM
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with a BER of x10* as in Fig. 4 (d). Through the constellation diagram, the suggested FBMC simulation approach

successfully assesses communication performance.
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Fig.3. BER performance during sampling time for (a) 4-QAM, bit rate of 7.324 Mbit/s, (b) 16-QAM, bit rate of 7.324 Mbit/s, (c) 4-QAM, bit rate of
14.648 Mbit/s, (d) (c) 16-QAM, bit rate of 14.648 Mbit/s, (e) (c) 4-QAM, bit rate of 29.296 Mbit/s, (f) (c) 16-QAM, bit rate of 29.296 Mbit/s

Table 4. Best sampling time range vs BER

Low BER Range
AM Format Bit Rate Mbit/s i
Q Samp'ea';‘)e Range Min. BER Max. BER

7.324 3.9-10 5.435x10° 3.442x10*

4-QAM 14.648 3.85-5 5.435x10° 2.7174x10*
29.296 - - -
7.324 3.9-20 0 6.160x10*

16-QAM 14.648 3.85-10 0 5.430x10*
29.296 3.825-5 3.623x10° 1.630x10*
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Fig.4. Constellation diagram during the sampling time (a), (b) 4-QAM, (c),(d)16-QAM (e) 4-QAM, bit rate of 29.296 Mbit/s

3.2. DCO-FBMC based VLC System Performance

The DCO-FBMC performance at bit rates of 7.324 Mbit/s, 14.648 Mbit/s, and 29.296 Mbit/s under the influence of
propagation delay and channel loss for 4, 16, 64, and 256-QAM formats are depicted in Fig. 5. It can be observed that the
optical FBMC system performs well at bit rates of 7.324 Mbit/s and 14.648 Mbit/s for all QAM formats, but that higher
QAM formats require higher SNR to attain the same performance. On the contrary, at a high bit rate of 29.296 Mbit/s,
the system performance degraded in 4-QAM format with BER of 102 even at high SNR values, however in higher QAM
formats, the FBMC-VLC system performance remained strong and a BER less than 10 were reached in comparison to
4-QAM. This is because high QAM formats have a smaller FFT length, allowing them to suppress ISI’s effect.

10° T T T T T 10
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Fig.5. BER performance for DCO-FBMC of various QAM formats at bit rates of (a) 7.324 Mbit/s, (b) 14.648 Mbit/s, and (c) 29.296 Mbit/s

4. Conclusions

This research extensively examined the impact of channel propagation delay and loss on the FBMC-VLC system's
performance, particularly concerning multiple LED arrays at 4 and 16-QAM formats. The study investigated the critical
parameters of optimal sampling points, constellation diagrams, bit rates, and SNR. By doing so, it highlighted the
significance of these factors in achieving improved system performance, especially in mitigating I1SI. Additionally, the
research meticulously evaluated the BER performance under various conditions, including different QAM formats. The
outcomes illustrated that FBMC with higher QAM formats, coupled with shorter FFT lengths, effectively mitigated 1S,
leading to substantially enhanced bit rates and communication quality. Specifically, achieving a BER of 10 in 16, 64,
and 256-QAM formats is a significant achievement, demonstrating the system's adaptability and robustness. The research
unveiled the interplay between bit rate, SNR, and QAM format. By effectively optimizing these parameters, the proposed
FBMC-based VLC system can achieve high bit rates of up to 29.296 Mbit/s while maintaining a low BER. This outcome
has significant implications for high-speed data transmission in indoor environments. The research has explored the
potential of optical FBMC modulation as a robust and efficient technique for future wireless communications, particularly
in VLC indoor applications. Furthermore, the study recognizes the potential for further enhancement through the
implementation of channel equalization. This future work aims to further minimize BER and optimize the FBMC-based
VLC system, ensuring its continued evolution and performance improvement.
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