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Abstract: Visible light communication (VLC), which is a prominent emerging solution that complements the radio frequency (RF) technology, exhibits the potential to meet the demands of fifth-generation (5G) and beyond technologies. The random movement of mobile terminals in the indoor environment is a challenge in the VLC system. The model of optical attocells has a critical role in the uniform distribution and the quality of communication links in terms of received power and signal-to-noise ratio (SNR). As such, the optical attocells positions were optimized in this study with a developed try and error (TE) algorithm. The optimized optical attocells were examined and compared with previous models. This novel approach had successfully increased minimum received power from −1.29 to −0.225 dBm, along with enhanced SNR performance by 2.06 dB. The bit error rate (BER) was reduced to 4.42×10−8 and 6.63×10−14 by utilizing OOK-NRZ and BPSK modulation techniques, respectively. The optimized attocells positions displayed better uniform distribution, as both received power and SNR performances improved by 0.45 and 0.026, respectively. As the results of the proposed model are optimal, it is suitable for standard office and room model applications.
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1  Introduction

As projected by Cisco, the demand for high data rate communication systems has been escalating on daily basis [1] and the mobile data traffic has been expected to multiply over seven-fold between 2017 and 2022 [2]. To date the radio frequency (RF) technology suffers from numerous shortcomings in terms of its capacity crunch, bandwidth bottleneck, electromagnetic interference, power consumption, and costs. These setbacks have caused the RF technology to fall behind on its usability in massive applications. Hence, alternative solutions, such as visible light communication (VLC), have been introduced to bridge the gap in providing higher data transmission rates and services for both single and multiple users in indoor environments [3–5]. Such a solution is viable even to connect mobile and fixed devices [6]. The VLC is a critical key alternative technology for 6th generation cellular communications [7,8]. At present, VLC has garnered interest due to its energy efficiency, security, and cost-efficiency–a suitable wireless technology for indoor setting [9,10]. A typical VLC system consists of optical attocells, which refer to small base stations (BS) mounted on the ceiling of a standard room or office to provide both communication and illumination simultaneously [11–13]. The VLC system configurations share many similarities with the macro, micro, and femtocells configurations of a cellular network. Fig. 1 illustrates various cellular coverage zones of heterogeneous networks in combination with optical attocells.
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Figure 1: Several cellular coverage zones for heterogeneous networks

The distribution of many small optical attocells in indoor environments should satisfy the requirements of 5G applications due to enhanced channel capacity, transmission rate, and signal-to-noise ratio (SNR) performance, as well as reduced bit error rate (BER) [14,15]. Optical attocells also offer improved support for user mobility in terms of better link availability and quality for multiple settings [16,17].

2  Related Work

The layout of optical attocells plays a crucial role in the indoor VLC system, especially to ascertain the uniform distribution of received power and SNR over the communication plane [18–21]. Random movement of mobile terminals is a hindrance to mobile networking [22], in which performance parameters (e.g., received power & SNR) are not fairly distributed across the entire environment. The use of VLC system in rooms or office spaces has faced multiple obstacles and its development is still ongoing, particularly to maximize uniform distribution, to improve both received power and SNR performances, as well as to reduce BER. As a result, several solutions have been proposed to optimize these parameters for indoor VLC systems. One viable solution is the use of multiple optical attocells transmitters [23–27] to cover a wide indoor region, thus enhancing uniform distribution.

Alternatively, numerous optical attocell configurations were investigated with a range of parameters for indoor setting [28]. These studies assessed the impact of multipath reflections in terms of root mean square (RMS) delay spread and BER performance. The coverage ratio performance with multiple optical attocells in a typical room model was examined as well. The system was evaluated based on the quality of experience (QoE) metrics [29]. The effect of several parameters, such as transmission power, user equipment (UE) density, number of UEs, and optical attocells, on coverage probability was assessed in a similar indoor setting. Next, a dense optical attocells configuration with single and multi-colors light emitting diode (LED) had been investigated in [30] to improve the performance of indoor VLC system. In addition, LED half power was optimized to maximize transmission rate. Additionally, two layout models with 16 optical attocells were proposed using enhanced genetic annealing algorithm to improve coverage uniformity in terms of illumination and received power distribution [31]. Based on the findings reported in past studies [28–31], the distribution of a large number of optical attocells on the room ceiling improved uniformity distribution due to the short distances among the optical attocells. However, this had increased RMS delay spread and further led to a severe impact on the system performance.

Another potential solution is to use a developed artificial fish swarm algorithm to optimize the positioning of optical attocells in a typical room, which resulted in better communication performance [32]. Upon using 4 and 16 optical attocells in the room, the study examined power uniformity. An optimal optical attocell placement algorithm was proposed in [33] to enhance illumination and communication performances simultaneously. Besides, a power minimization issue was formulated under illumination and communication levels constraints, which improved power efficiency. Various hemispherical optical receivers were designed to enhance intersymbol interference (ISI) and SNR at the receiver end for the multiple-input multiple-output (MIMO) VLC system, in which the angle diversity technology was deployed [34]. The outcomes revealed improvement in the average SNR by 15.2% with a minimum number of photodiodes (PDs) at the receiving end.

The VLC system, which has been considered as a Non-Line of Sight (LOS) channel, was evaluated using a new approach [35], where Gaussian approximation was employed to derive the mathematical expression of BER performance. The study disclosed that the BER enhanced with increased SNR and a huge reflection provided an approximate performance to the LOS channel. Many other optimization techniques were investigated and reviewed to improve the performance of VLC system [10,36] by addressing power allocation, security issues, energy harvesting, maximizing sum rate, and other performance parameters. The impact of VLC limitations on system performance is discussed in [36]. Based on the related work described in this section, the authors of this present study were motivated to bridge the identified gaps in the literature by offering the following novel contributions:

•   Proposing new optical attocells positioning on the room ceiling by using a developed try and error (TE) algorithm.

•   Extracting new mathematical formulas to solve the problem of maximizing and minimizing performances of several parameters, such as received power, SNR, and BER.

•   Reducing the BER using OOK-NRZ and BPSK modulation techniques.

•   Improving uniform distribution in the entire room.

•   Obtaining higher minimum received power and SNR in the room.

The remainder of this paper is as follows: Section 3 presents the proposed system model and TE algorithm. Next, Section 4 discusses the VLC system parameters, including horizontal illuminance, received power and SNR distribution, modulation techniques, and coefficient of variation (CV). Then, Section 5 presents the simulation results and discussion. This paper is concluded in Section 6.

3  System Model

The primary goal of this study is to maximize the received power and SNR distribution, as well as to reduce BER. Hence, an optimization positions (i.e., TE) algorithm for optical attocells in a standard room model was developed. The mathematical formulation of the maximization and minimization problems is expressed in the following:

Maximizeγ{Pr(γ)SNR(γ)γϵZ(1)

Minimizeγ{BER(γ)γϵZ(2)

Such that {300Lx≤Ehor(γ)≤1500Lx}

where γ is system parameters, such as semi-angle at half power (SAAHP), field of view (FOV), and optical attocells position. Z denotes the system constraint that represents the range of horizontal illumination (Ehor) of a standard room (see Fig. 2).
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Figure 2: Illustration of basic VLC system for Model 1 (a) standard room scenario and (b) top view of optical attocells deployment configuration [10]

Furthermore, the optimization positions should maximize the uniform distribution (CV) in terms of received power and SNR, as given below:

MaximizeE[CV](3)

Such that,

−l2<xi1,xi2,xi3,xi4,….xik<l2

−w2<yi1,yi2,yi3,yi4,….yik<w2

0<d<min(l,w)NLED−chip

where E [.] represents the expectation operator, CV is a uniformity metric termed ‘coefficient of variation’ (CV). l and w denote the length and width of the standard room, respectively. (xi,yi) refers to the position of optical attocell, k is the number of optical attocells in the room, and d is the distance between two adjacent LED chips in the optical attocell.

The optical attocells deployment of Model 1 is described in [10], which consists of the VLC system (see Fig. 2). One optical attocell is located at the center of the room, while the other 4 optical attocells are deployed at the corners of the room.

In Model 1, the separation distance between the optical attocells at the room corners is 2.5 m. However, each optical attocell is separated by 1.25 m from the room edges. In order to improve uniformity, as well as to optimize the minimum received power and SNR, new optical attocells positions with different separation distances were investigated. Tab. 1 shows an example of the separation distances between optical attocells at the corners and edges for different models, which was determined by using the developed TE algorithm.
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Fig. 3 displays the top view of optical attocells positions for the three models, where the distances among optical attocells at room corners, individual optical attocells to room edge, and optical attocell at the center to each optical attocell at the corners are illustrated.
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Figure 3: Top view of optical attocells positions for (a) Model 2, (b) Model 3 and (c) Model 4

The following lists are the definitions and the flow chart of the TE algorithm, as illustrated in Fig. 4, in order to optimize the optical attocells positions.
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Figure 4: Flow chart of the simulated TE algorithm

Definitions:

Ehor is varied from 300 to 1500

Lx % horizontal illumination is based on ISO for a standard room

N = 5% Number of optical attocells within the room

H = 2.15% is the height between optical attocell and receiver plane level

(0, 0, h) is an optical attocell located at the center of the room

(xi, yi, h) is optical attocell position at the ceiling of the room.

The maximum result in SNR had reduced the BER, as presented in Eq. (2). Therefore, the TE algorithm is suitable for any VLC system design for indoor applications. The results denoting improved illumination and communication performances in terms of received power, SNR, CV, and BER as described in Section 5.

4  VLC System Parameters

Different parameters were employed to evaluate the VLC systems of all optimized models, in terms of illumination, received power, SNR, BER, and CV. The results of all parameters are discussed and analyzed in the following sub-sections.

4.1 Horizontal Illuminance, Received Power and SNR Distribution

The geometry system of the standard room model, as illustrated in Fig. 2a, is composed of LOS and Non-LOS links. However, in this study, only the channel model of the LOS link was considered and analyzed. The Lambertian radiation pattern was also considered as a source of emission. Hence, the intensity of illumination at angle ϕ is expressed as follows [10,23]:

I(ϕ)=I(0)cosm(ϕ)(4)

where I (0) represents the center luminous intensity from a group of LEDs, while ϕ and m are the angle of irradiance and order of Lambertian emission, respectively. Lambertian is defined by the semi-angle of half illumination from LEDs denoted by ϕ12 and defined in (5):

m=−ln⁡2ln⁡(cos⁡ϕ12)(5)

The horizontal illumination of 3D points (x, y, and z) is referred to by Ehor, and is expressed as:

Ehor(x,y,z)=I(0)cosm(ϕ)d2.cos⁡(ψ)(6)

where ψ is an angle of incident, d represents the distance between the transmitter and the receiver.

The channel DC gain of LOS link is given by Eq. (7).

Hd(0)={(m+1)A2πd2cosm(∅)Ts(ψ)g(ψ)cos⁡(ψ),0≤ψ≤ψc0,ψ>ψc(7)

where A refers to the detector physical area of PD and ψ is the FOV angle of the receiver. Ts(ψ) is the optical filter gain and ψc is the SAAHP. g (ψ) represents the gain of an optical concentrator and it can be computed as follows:

g(ψ)={n2sin2ψc,0≤ψ≤ψc,0,0≥ψc,(8)

where n represents the refractive index.

The received power and SNR distribution can be computed respectively as follows:

Pr=Hd(0)×Pc(9)

SNR=[RPr]2σshot2+σthermal2(10)

where Pc is the transmitted power (also known as power consumption) and it is equal to 50 W, as depicted in [10]. σthermal2 and σshot2 refer to variances of the thermal and shot noises, respectively, which can be computed as follows:

σthermal2=8πkTkηAB2(I2G+2πΓgmηAI3B)(11)

σshot2=2q[RPR+IbgI2]B(12)

where the aforementioned definitions and values were previously presented in [10].

4.2 Modulation Techniques

All previously presented models were further studied by evaluating the BER performance, where the on-off-keying non-return-to-zero (OOK-NRZ) and binary phase-shift keying (BPSK) modulation techniques were deployed in this present study. The BER calculation of both modulation techniques was computed as follows:

BERNRZ−OOK=12erfc(122SNR)(13)

BERBPSK=12erfc(SNR)(14)

where

Q(x)=12π∫x∞e−y22dy

4.3 Coefficient of Variation (CV)

The CV is a uniformity metric employed to determine the suitable positions of optical attocells that could be used to provide acceptable communication and illumination performances. Ideal communication quality may be obtained at the lower mean of received power and SNR. The CV of both received power and SNR distribution could be computed respectively as follows:

CVpower=σpowerX¯power(15)

CVSNR=σSNRX¯SNR(16)

where σ represents the standard deviation and is defined as follows:

σ=1N∑k=1N(Prk−X¯)2(17)

where X¯ refers to the mean value of the received power or SNR distribution. N is the number of elements in the destination surface, Prk is the value of received power or SNR at point k on the destination surface.

5  Simulation Results and Discussion

5.1 Horizontal Illuminance

Fig. 5 illustrates the evaluation of horizontal illuminance distribution at SAAHP 70∘ for all models. The average illuminances of 635.61 and 591.60 Lx were obtained by Models 1 and 2, respectively, which varied from 254.85 to 1010.8 Lx and from 297.76 to 852.13 Lx, respectively. Next, the average illuminances of 541.45 and 487.31 Lx were achieved for Models 3 and 4, respectively, which varied from 350.71 to 733.99 Lx and 351.56 to 647.81 Lx, respectively. Notably, the maximum and average illuminance values decreased as the distance between the optical attocells increased. In addition, an increase was observed in the minimum illuminance levels. The illumination levels of the four models satisfied the international organization for standardization (ISO) illumination requirements.
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Figure 5: Horizontal illumination distribution at SAAHP 70∘ for (a) Model 2, (b) Model 3 and (c) Model 4

Fig. 6 presents the effect of various SAAHP angles on the conduct of illumination distribution. As observed, wider SAAHP produced the highest illumination levels. Besides, the simulated models satisfied the illumination required for the typical room model based on the ISO standard.

[image: images]

Figure 6: Horizontal illuminance against various SAAHP angles

5.2 Received Power

In order to assess the effect of optical attocells deployment on received power, SNR, and uniform distribution; the simulation was performed for all models. Fig. 7 illustrates the received power distribution at SAAHP 70∘, in which minimum received power levels of −1.29, −0.255, −4.89, and −4.92 dBm were recorded for Models 1, 2, 3, and 4, respectively. The results of maximum, average, and CV of received power are tabulated in Tab. 2. Based on the outcomes of all models, the highest minimum received power level of −0.255 dBm was obtained for Model 2.
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Figure 7: Received power distribution at SAAHP 70∘ (a) Model 1, (b) Model 2, (c) Model 3 and (d) Model 4
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The effect of various SAAHP angles on minimum received power is displayed in Fig. 8. The minimum received power improved as SAAHP angles increased, where SAAHP that exceeded 40∘ generated an approximately flat received power distribution.

[image: images]

Figure 8: Minimum received power vs. different SAAHP angles

5.3 SNR Evaluation

Fig. 9 illustrates the SNR distribution of previous models (see maximum, minimum, average, & CV of SNR results in Tab. 3). The minimum SNR values of 67.09, 69.15, 59.89, and 59.83 dB were achieved by Models 1, 2, 3, and 4, respectively. Imminently, Model 2 recorded the highest minimum SNR in comparison with other models.

[image: images][image: images]

Figure 9: Received power distribution at SAAHP 70∘ (a) Model 1, (b) Model 2, (c) Model 3 and (d) Model 4
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The results of minimum SNR vs. different SAAHP angles are presented in Fig. 10, whereby small SAAHP angles reduced minimum SNR distribution, but improved with increasing SAAHP values. Moreover, the SNR for SAAHP angles above 40∘ resulted in approximately flat levels across all models. Notably, Model 2 achieved the best SNR performance compared to other models.
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Figure 10: Minimum SNR vs. different SAAHP angles

5.4 BER Performance

Fig. 11 illustrates the BER performance of the aforementioned models by using OOK-NRZ modulation, in which BER levels of 7.44×10−8, 4.42×10−8, 4.06×10−7, and 1.33×10−6 were achieved by Models 1, 2, 3, and 4, respectively. The findings revealed that all models had approximately satisfied the minimum required BER level of 10−6 for a reliable communication link. Again, Model 2 achieved the lowest BER when compared with other models.
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Figure 11: BER performance for OOK-NRZ (a) Model 1, (b) Model 2, (c) Model 3 and (d) Model 4

To further assess BER, the BPSK modulation technique was applied to explore potential performance improvements. Fig. 12 presents the BER of BPSK modulation. The BER levels of 2.99×10−13, 6.63×10−14, 8.2×10−11, and 2.62×10−10 were achieved by Models 1, 2, 3, and 4, respectively. Therefore, the application of more advanced modulation techniques (e.g., BPSK) can enhance the overall BER performance. It was noted that the overall BER had been minimized by factors of ×10−5 and ×10−4, in which Model 2 recorded the lowest BER values compared to other models.
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Figure 12: BPSK BER performance (a) Model 1, (b) Model 2, (c) Model 3 and (d) Model 4

The BER performance of all models based on OOK-NRZ and BPSK modulation techniques is summarized in Tab. 4.

[image: images]

Fig. 13 illustrates the BER behavior over various SAAHP angles by utilizing OOK-NRZ and BPSK modulation techniques. Notably, smaller SAAHP angles resulted in higher BER levels and vice versa; signifying an inversely proportional relationship between the two elements. Next, the lowest BER levels were achieved with SAAHP values between 25° and 40°, which slightly increased with increment in SAAHP. The OOK-NRZ and BPSK achieved the lowest BER levels of 4.42×10−8 and 6.63×10−14, respectively, in Model 2 with acceptable values for other models; reflecting enhanced and reliable communication links.

[image: images]

Figure 13: BER vs. different SAAHP angles (a) OOK-NRZ and (b) BPSK

5.5 Uniformity Distribution Analysis

Fig. 14 illustrates the uniformity of received power and SNR distribution in terms of CV, as well as the effect of various SAAHP angles on uniformity behavior. Referring to Fig. 13a, the CV values of 0.62, 0.45, 0.57, and 1.39 were obtained for Models 1, 2, 3, and 4, respectively. In addition, Fig. 13b shows the uniformity of SNR distribution with CV values of 0.045, 0.026, 0.028, and 0.043 for Models 1, 2, 3, and 4, respectively. Based on Fig. 13, it was observed that all models displayed improved received power and SNR uniformity as the SAAHP angles increased. In addition, Model 2 achieved the lowest CV values for received power and SNR, as well as better uniformity over other models.

[image: images]

Figure 14: Uniformity distribution of (a) Received power and (b) SNR

6  Conclusion

Novel optical attocells positions were optimized in this study using a developed TE algorithm with mathematical formulation to enhance the VLC system for a typical room model. Several models were evaluated and the outcomes were compared in terms of received power, SNR, and uniform distribution (i.e., CV). In addition, OOK-NRZ and BPSK modulation techniques were deployed to improve the overall BER performance. Imminently, the optimization model proposed in this study displayed significant improvements in terms of the minimum received power by 80.23% and SNR improvements by 3.1% over the other existing models. Furthermore, the CV values of both received power and SNR were significantly improved by 27.42% and 42.22%, respectively. Besides, reduction of BER using various modulation techniques can successfully deliver reliable communication links especially with BER value below (10−6). The results of the optimized models are suitable for a typical room or office VLC system implementation with a strong suggestion to employ Model 2 configuration in order to obtain the most optimal outcome.
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Table 3: SNR distribution across all models

SNR (dB) Model 1 [10] Model 2 Model 3 Model 4
Maximum 81.59 77.85 75.56 74.82
Minimum 67.09 69.15 59.89 59.83
Average 74.58 74.10 73.24 71.87
CV 0.045 0.026 0.028 0.043
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Table 4: BER performance across all models

Model 1 [10] Model 2 Model 3 Model 4

OOK-NRZ 7.44 x 107* 442 x 107* 4.06 x 1077 1.33 x 10°¢
BPSK 299 x 107" 6.63 x 10" 8.2 x 107" 2,62 x 107"
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Table 1: Separation distances for different optimized models in the entire room

Separation at room corners (m) Separation at room edge (m)
Model 2 3 1
Model 3 3.5 0.75

Model 4 4 0.5
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Table 2: Received power distributions across all models

Received power (dBm) Model 1 [10] Model 2 Model 3 Model 4
Maximum 5.97 4.09 2.95 2.58
Minimum -1.29 —0.25 —4.89 —4.92
Average 2.46 2.22 1.79 1.10

Cv 0.62 0.45 0.57 1.39
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