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The use of organic light emitting diodes (OLEDs) is being growing in public places, mobile phones, and wearable smartwatches and computers, which facilitate simultaneous illumination, display, and data communications. Therefore, there is a high demand to model the OLED-based visible light communications (VLC) channel in device-to-device (D2D) communications. This paper proposes D2D communications where the information data is transmitted via the smartphone's display pixels and received using the built-in cameras of another smartphone. The impact of the receiver orientation on the channel characteristics is investigated, where two static users face each other and the receiver is intentionally oriented towards the transmitter. It is shown that, in an empty room, the range of delay spreads are around 6 to 7.5 ns and 6 to 10 ns when the distances of the transmitter from the wall are 1.5 and 7.5 m, respectively. Furthermore, in a furnished room, there is a drop in the delay spread at the cost of increased optical path loss compared to the empty room.

I. INTRODUCTION

The field of visible light communications (VLC) has recently attracted significant attention due to offering a number of advantages over the radio frequency (RF) technologies such as inherent security, immunity to RF-induced electromagnetic interference, high scalability, and license-free spectrum [START_REF] Ghassemlooy | Visible Light Communications: Theory and Applications[END_REF][START_REF] Ghassemlooy | Optical wireless communications: system and channel modelling with Matlab®[END_REF]. In VLC systems, light emitting diodes (LEDs), organic light emitting diodes (OLEDs), and laser diodes can be adopted as a light source in the transmitter (Tx) to provide illumination and data broadcasting, simultaneously. OLEDs promise interesting and unique features such as transparent displays, rich color, low power consumption, and large active areas [START_REF] Kalinowski | Organic Light-Emitting Diodes: Principles, Characteristics & Processes[END_REF][START_REF] Haigh | VLC with Organic Photonic Components[END_REF]. Another attractive feature of OLEDs is to enable curved panels/displays thanks to the potential of manufacturing on a flexible substrate. Indeed, there is a growing interest in the utilization of OLED displays for wearable smartwatches and computers, mobile phones, and televisions. Within this context, a valuable add-on to such devices is to enable VLC-based transceivers utilizing OLEDs that we will call OVLC (standing for OLED-based VLC) for the device-to-device (D2D) communications. This will allow the important potential of simultaneous display and data communications.

In VLC systems, the channel impulse response (CIR) characteristics are quantified in terms of root-mean-square (RMS) delay spread and average optical path loss (OPL). The estimation of how susceptible the channel is to inter-symbol interference (ISI), which leads to data rate Rb limit (without need to channel equalization at the receiver), can be determined by the delay spread [START_REF] Ghassemlooy | Visible Light Communications: Theory and Applications[END_REF]. OPL affords the quantification of the optical signal attenuation caused by reflections and transmission in the free space. Hence, accurate modelling of the optical wireless channel is essential for estimating the CIR. For instance, in [START_REF] Chun | Visible light communication using OLEDs: Illumination and channel modeling[END_REF], the CIR of an empty room was evaluated using Monte Carlo (MC) ray tracing at the visible wavelength range, however, the reflectance values for the surface materials were wavelength-independent. For the first time, in [START_REF] Lee | Indoor channel characteristics for visible light communications[END_REF], the VLC channel was characterized by considering wavelengthdependent reflectance of materials, where it was shown that the total diffuse power and the delay spread for the VLC channel are lower than the corresponding values for an infrared channel. Recently, three-dimensional (3D) vector-type graphics for the VLC systems simulation were reported using a computer aided design (CAD) software [START_REF] Rodríguez | Simulation of impulse response for indoor visible light communications using 3D CAD models[END_REF]. In addition, the channel models using Opticstudio software from Zemax [8] were reported in [START_REF] Miramirkhani | Channel modeling and characterization for visible light communications[END_REF][START_REF] Uysal | IEEE 802.15. 7r1 reference channel models for visible light communications[END_REF], which was endorsed by the IEEE 802.15.7r1 Task Group. The impact of the dimensions of obstacles within the transmission environment was evaluated in [START_REF] Nan | A novel VLC channel model based on beam steering considering the impact of obstacle[END_REF]. Lastly, the impact of using flexible OLED on the VLC channel in comparison with Lambertian source was studied in [START_REF] Chen | OLED panel radiation pattern and its impact on VLC channel characteristics[END_REF], where lower RMS delay spread and an average OPL of ~9% and 3 dB, were reported, respectively.

In this work, we consider a D2D OVLC communication, realized by transmitting the information data via the smartphone's display pixels and receiving it using the built-in cameras of another smartphone. Simulation results on the impact of the receiver (Rx) orientation on the optical channel for D2D communications are presented. We consider an OVLC system in a typical office environment with furniture, where two static users are facing each other. The user who holds the Rx, intentionally orients the Rx towards the Tx. We investigate the proposed system's optical features, such as the RMS delay spread and the OPL. Note, both the configuration of OLEDbased luminaires and the effects of the low-pass frequency response are taken into account. The motivation behind this work is to study the D2D optical channel, which is characterized by random receiver orientations, in order to assess the feasibility of implementing such links. As the presented study shows, under the worst-case conditions, the link reliability is rather acceptable.

The rest of the paper is organized as follows. In Section II, the simulation environment is described. Section III discusses the results. Finally, conclusions are given in Section IV.

II. SIMULATION ENVIRONMENT

A. Simulation Features

In the simulator, a three-dimensional indoor environment with a specific geometry is created in which CAD objects like furniture are imported. Following this, the types and reflection coefficients of materials with respect to the wavelength and specifications of the Tx and the Rx are defined. Using MATLAB, CIR is calculated using detected optical power and the propagation time of rays from the Tx to the Rx, which is expressed as [START_REF] Nazari Chaleshtori | Utilization of an OLED-Based VLC System in Office, Corridor, and Semi-Open Corridor Environments[END_REF]:

(1)
where Pi and 𝜏 ! are the power and the propagation time of the ith ray, respectively. 𝛿 is Dirac delta function, and N is the number of rays received at the Rx. Hence, the non-sequential ray tracing is used to determine the detected optical power and path lengths from the Tx to the Rx.

B. Scenarios

Fig. 1 shows the three-dimensional office where two static users are facing each other. The display of the mobile phone of user1 and the rear-facing camera of the mobile phone of user2 act as the Tx and the Rx, respectively. The aim of considering this scenario is to investigate the Rx orientation impact on the channel characteristics. The Tx and Rx heights are kept the same at 1.5 m above the floor to represent people standing and holding mobile phones. Additionally, to investigate the reflection effects from the wall, three different locations of users were considered with the varied distance of the Tx from the wall dTx-Wall of 1.5, 4.5, and 7.5 m for the corresponding scenarios of S1, S2, and S3, respectively. Note, for all scenarios, the distance between the Tx and the Rx dTx-Rx is fixed to 1 m. We consider typical values for the photo-detector and the receiver FOV [START_REF] Lee | Indoor channel characteristics for visible light communications[END_REF]. All considered key system parameters are given in Table I.

C. System Modeling

The Rx orientation is adopted based on the model derived in [START_REF] Soltani | Modeling the random orientation of mobile devices: Measurement, analysis and LiFi use case[END_REF]. The Rx orientation was represented in the spherical coordinate system with the polar angle 𝜃 and azimuth angle 𝜔. 𝜔 follows a uniform distribution, 𝜔 ∼ U[-π, π), whereas the probability density function (PDF) of 𝜃 follows a Gaussian distribution with 𝜇 " = 29.7 and 𝜎 " = 7.8 [START_REF] Soltani | Modeling the random orientation of mobile devices: Measurement, analysis and LiFi use case[END_REF]. The statistics of receiver orientation might be characterized in the case where the user knows the location of the Tx and intentionally orients the Rx towards the Tx (i.e., both users are facing each other). The PDF of tilt angle values around x and y axis are shown in Fig. 2. The rotation values in the cartesian coordinate obtained from this model for 40 configurations were imported in the simulator. III. RESULTS AND DESCRIPTION The system performance is investigated in terms of the RMS delay spread 𝜏RMS and OPL. 𝜏RMS provides a good estimate of how susceptible the channel is to ISI, which leads to reduced Rb. 𝜏RMS is commonly used to define the time dispersion along the propagation path. The channel mean excess delay 𝜏 and 𝜏RMS are given as, respectively [START_REF] Nazari Chaleshtori | Utilization of an OLED-Based VLC System in Office, Corridor, and Semi-Open Corridor Environments[END_REF]:

(2)

(3)

The optical signal attenuation caused by reflections and transmission in the free space is quantified by OPL, which is given as [START_REF] Nazari Chaleshtori | Utilization of an OLED-Based VLC System in Office, Corridor, and Semi-Open Corridor Environments[END_REF]:

(dB) ( 4 
)
where H(0) is the channel DC gain expressed as:

(dB) [START_REF] Chun | Visible light communication using OLEDs: Illumination and channel modeling[END_REF] Note that due to the random nature of the channel, its main parameters are characterized using statistical distributions. Figs. 3 and4 show the PDFs of 𝜏 #$% and OPL for the empty and furnished rooms, respectively. It is obvious that, in both empty and furnished rooms, both 𝜏RMS and OPL increase with dTx-wall. Also, 𝜏RMS reaches the maximum value of 10 ns for empty and furnished rooms, whereas OPL reaches its maximum values of 65 and 68 dB for empty and furnished rooms, respectively. In the furnished room, for S1 and S2, the peak values of 𝜏RMS are around 5.5 ns and 7.5 ns, respectively. In addition, the range of 𝜏RMS spreads for increasing dTx-wall, e.g., in the empty room, the range of 𝜏RMS for S1 is from 6 to 7.5 ns with a peak of around 7 ns. However, for S3 the range of 𝜏RMS is from 6 to 10 ns with a peak of around 8.5 ns. Indeed, the delay spread of the channel was found to be much smaller than the symbol duration that is usually used with OLED-based transmitters, which shows that the optical channel can be considered as flat for D2D applications. Figs. 5 and6 show the comparison between the empty and furnished rooms cases. For the case of furnished room, 𝜏RMS is reduced by 1.5, 1, and 1 ns for S1, S2, and S3, respectively, in comparison with the empty room. This can be explained by the more reflections from the objects in the furnished room. However, OPL increases by 1, 2, and 3 dB for S1, S2, and S3, respectively, because of lower reflection coefficient values of the objects and furniture in comparison with the reflection coefficient values of the walls. For instance, for S3 in the empty room, OPL reaches 65 dB with a peak of 61.5 dB, and in the furnished room, it is increased further by 3 dB with a peak of 65 dB. Additionally, for S1, the peak of 𝜏RMS is 7 ns in the empty room, dropping to 5.5 ns in the furnished room. In the case of S3, the peak of 𝜏RMS is 8.5 ns in the empty room, which is reduced to 7.5 ns in the furnished room. In the empty room configuration, the reflection contributions are mostly from walls, whereas in the furnished room configuration, the differences in PDFs show the contribution of furniture for reflection. These results show that communication is indeed possible even when there is no line of sight, which is the characteristic of the D2D optical channel.

IV. CONCLUSION

The increasing use of OLED displays in mobile devices promises a significant potential of facilitating D2D communications via the display of such devices. Within this perspective, an OVLC based D2D communication scheme was considered in this paper, with the aim of investigating the impact of Rx random orientations on the propagation channel. We showed that, the maximum value of 𝜏RMS was 10 ns for empty and furnished rooms. In addition, there was an increase in 𝜏RMS when dTx-wall increase, e.g., in the furnished room the peak of 𝜏RMS was accrued around 5.5, 7.5, and 8.5 ns for S1, S2, and S3, respectively. It was shown that, the maximum values of OPL for empty and furnished rooms were 65 and 68 dB, respectively. Furthermore, there was a drop in 𝜏RMS at the cost of increasing OPL in the furnished room compare with the empty room. For instance, for S3, the peak values of OPL were 61.5, 65 dB in empty and furnished rooms, respectively. Our numerical results showed that, even in the worst scenario, i.e., that of a furnished room with non-direct orientation and maximum dTx-wall, D2D communication is feasible in practice. Therefore, OVLC-based D2D communications constitute a promising alternative technology for communication between devices in indoor environments. To further investigate the feasibility of D2D communications for more realistic scenarios, user mobility needs to be included in the simulations, which is the subject of future work. 
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 1 Fig. 1. The three-dimensional indoor environment which shows the location of Rx and Tx. The proposed scenario with two static users where dTx-Rx = 1 m including by Rx orientation. Three different locations of the users were considered for dTx-Wall of 1.5, 4.5, and 7.5 m, for S1, S2, and S3 scenario, respectively.
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 23 Fig. 2. The PDF of tilt angle values around: (a) x, and (b) y axis in the cartesian coordinate which were obtained from the model in [14].
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 45 Fig. 4. The channel characteristics for the furnished room in terms of : (a) τRMS, and (b) OPL.

TABLE I .

 I THE SYSTEM PARAMETERS

	Item	Parameter	Value
	Room	Size	10×10×3 m 3
		Number of reflections	4
		Chair, sofa (leather)	24, 18.8, 16.3
	Surface	Coffee cup (ceramics)	97.1, 96.2, 92.3
	material	Human clothes (cotton)	67, 58, 45.6
	refractivity	Plant (leaf)	14, 5.9, 8.2
	in %	Desk, book (pine wood)	70, 51, 33.1
	(R,G,B)	Laptop, PC, printer, TV, and	
		telephone (black gloss paint)	3.4, 3.2, 3.2
		Ceiling (plaster)	42, 38, 35
		Floor	63, 63.2, 58.8
		Wall (plaster)	83, 78, 66.5
		Dimension	14×7 cm 2
		Power of lighting	1 W
	Tx	Number of chip/ LED panel Power of each chip	100 10 mW
		Lambertian order	1
		Height	1.5 m
		Location	For S1:
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