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In this paper, we propose a theoretical model for the intensity of a blurred image of a light source (LS) due to defocusing in optical camera communications. The blurred image is characterized with four parameters of half power full width, maximum intensity, left and right slope of hazy area and we relate them to the LS, channel, and camera settings. We experimentally investigate the impact of these parameters on characterization of the blurred image and compare it with the predicted data. The results show that if the size of the LS compared to its distance from the camera is less than a certain value set by the camera settings, the interference level between two close LSs increases, i.e. by increasing the link span, the size of the image increases.

INTRODUCTION

Recent developments in light emitting diodes (LEDs) as efficient light sources (LSs) have made them popular for both lighting and data communications purposes. LEDs with high switching speeds up to 20 MHz are the prominent candidates for optical wireless communications in particular visible light communications (VLC) [START_REF] Ferreira | High bandwidth GaN-based micro-LEDs for multi-Gb/s visible light communications[END_REF]. Availability of LED based lighting fixtures in indoor and outdoor environments, low energy consumption, low costs, license free and a full-duplex communications mode are the key features of LED-based VLC [START_REF] Ghassemlooy | Visible Light Communications: Theory and Applications[END_REF]. In addition LEDs and laser diodes (LDs) used in many applications including vehicles head-and tail-lights, inside plane and trains etc., which could be exploited as part of intelligent transport system (ITS). Line of sight (LOS) based VLC systems employing LEDs and photodiodes (PDs) have been widely investigated. However, such systems suffer from blocking and shadowing and offer limited mobility, which could be a serious issue in car-to-car (C2C) communications. These problems could be addressed by employing an image sensors (ISs) used in typical cameras, which offer improved mobility are more tolerant to shadowing [START_REF] Chinthaka | Detection of LED traffic light by image processing for visible light communication system[END_REF][START_REF] Kawai | Tracking of LED headlights considering NLOS for an image sensor based V2I-VLC[END_REF]. This is due to availability of a large number of photodiodes in the IS, thus offering massive multi-input multi-output (MIMO) with spatial diversity [START_REF] Bani Hassan | Non-line-of-sight 2 × N indoor optical camera communications[END_REF]. Note that, camera-based VLC systems offer vision, localization, range measurements and data communications [START_REF] Ghassemlooy | Visible Light Communications: Theory and Applications[END_REF][START_REF] Hranilovic | Short-range wireless optical communication using pixilated transmitters and imaging receivers[END_REF][START_REF] Luo | Experimental demonstration of RGB LED-based optical camera communications[END_REF][START_REF] Pathak | Visible light communication, networking, and sensing: A survey, potential and challenges[END_REF][START_REF] Danakis | Using a CMOS camera sensor for visible light communication[END_REF]. Hence, optical camera communications (OCC) being a viable option in C2C communication.

Current commercial cameras can record videos of up to 960 frame per second (fps) for a smartphone [START_REF] Sony | [END_REF] and up to 1 Mfps for a camera recorder [START_REF] Phantom | [END_REF]. The camera's frame rate set the upper limit for data transmission in OCC. In C2C communications the main purpose to send and received traffic safety information, which is very low (i.e., < 1 kbps), therefore low fps based camera can effectively be used. However, lower fps will lead to flickering, which were addressed in [START_REF] Luo | Undersampled phase shift ON-OFF keying for camera communication[END_REF] and [START_REF] Roberts | Undersampled frequency shift ON-OFF keying (UFSOOK) for camera communications (CamCom)[END_REF]. Additionally, there are other challenges including (i) detection and tracking of LSs in the image, where a number of algorithms have been proposed [START_REF] Kawai | Tracking of LED headlights considering NLOS for an image sensor based V2I-VLC[END_REF][START_REF] Nagura | Tracking an LED array transmitter for visible light communications in the driving situation[END_REF][START_REF] Yamazato | Image-sensor-based visible light communication for automotive applications[END_REF]; and (ii) blurry image due to LSs seen by the camera being out of focus, thus may lead interference.

In this paper, we investigate the impact of different parameters of LSs, channel and camera on the characterization of the LS image. We propose a theoretical model for a blurry image using the image of the LS and the circle of confusion (CoC), and provide equations for the image. We experimentally investigate the proposed system and show that if the relative size of LS to its distance from the camera is less than a certain value, which is determined by the camera settings, the defocusing will increase the image size. We also show that for a larger aperture, which results in higher received power, the interference level between two LSs is increased due to defocusing. The remainder of this paper is organized as follows. In Section II, the system model and the theoretical analysis are presented. In Section III, the experimental results and discussion is given. Finally, Section IV concludes the paper.

II. SYSTEM MODEL

Figure 1 illustrates the schematic system model. It is composed of a disc-shape LS with a diameter of 𝑎 o and a camera located at a distance of 𝐿 from the LS. Note that, an aperture with a diameter of 𝑎 is positioned in front of the LS in order to adjust its size. If we model the lens system of the camera with a single convex lens with a focal length 𝑓, the light source and the IS are placed at a distance of 𝑑 o and 𝑑 s from the lens, respectively. Based on the analysis for a thin lens, the image is created at a distance 𝑑 i given as: where 𝑑 o and 𝑑 s are distances of LS and IS from the lens, respectively. The lens magnification factor 𝑀 = -

𝑑 i = 𝑑 o 𝑓 𝑑 o -𝑓 , (1) 
𝑏 𝑎 = - 𝑑 i 𝑑 o
, where, 𝑏 is the diameter of the image when the LS is in focus, and the negative sign is for an inverted image. To find the parameters of the modeled convex lens, experimentally, the LS should be in focus, i.e., 𝐿 = 𝑑 f , where 𝑑 f is the focusing distance of the lens, which we define it as the distance from the object that is in focus from the junction of camera and the lens, hence

𝑑 i = 𝑑 s . Knowing that, 𝑑 o = 𝑑 f -𝑝 + 𝑞, 𝑑 s = 𝑏𝑑 o 𝑎
, and 𝑑 s = 𝑆 + 𝑝 -𝑞, where 𝐷 I is the diameter of the clear image on IS, 𝑆 is the distance from the sensor to the junction of camera and the camera lens, and the distance from the position of modeled lens from the front end of the camera lens, and 𝑞 can be obtained as:

𝑞 = 𝑎𝑆 -𝑏𝑑 f 𝑎 + 𝑏 + 𝑝. (2) 
Therefore, 𝑑 o = 𝑎(𝑆+𝐿)

𝑎+𝑏

. From (1), ( 2) and 𝑀 we can write:

𝑓 = 𝑎𝑏(𝑑 f + 𝑆) 𝑎 2 -𝑏 2 .
(3) For the camera focused at a different distance, 𝑓 and the position of the modeled lens will change with no image being created on the image plane, i.e., 𝑑 s ≠ 𝑑 i . Therefore, no convergence of the received light beams from the object on the image plane and hence a CoC will be created for each point of the image (see Fig. 2). If the diameter of CoC > the pixel size, then the image on the camera becomes blurry.

From Fig. 2, since ∆AGB~∆PGQ, ∆CFD~∆PFQ, and the heights of ∆PFQ and ∆PGQ are equal, AB ̅̅̅̅ = CD ̅̅̅̅ . This means that defocusing works similar to a moving average filter with a window size of AB ̅̅̅̅ , 𝑅 as given by: 𝐼(𝑥, 𝑦) = 𝐼 o (𝑥, 𝑦) ⊗⊗ 𝐼 CoC (𝑥, 𝑦). 

𝐷 CoC = 𝐷 lens 2𝑑 i |𝑑 i -𝑑 s |.
(

) 5 
where

𝐷 lens = 𝑓 l 𝑓 stop
, 𝑓 l , 𝑓 stop , 𝑑 i , and 𝑑 s denote the lens aperture diameter, camera lens focal length, f-stop of the aperture, distance from the image to the lens, and distance from the IS to the lens, respectively. Accordingly, decreasing the aperture size (AS) results in less defocusing effect. Since the output form of 2D convolution in ( 2) is complex, here we estimate the 2D convolution using a 1D convolution by considering the intensity of a row of blurry images of LS, which contains the diameter. The normalized HPFW of the image is defined as:

𝑤 norm = |𝐷 CoC -𝐷 I | + 𝐷 CoC + 𝐷 I 2𝐷 I (6) 
Using ( 1) and ( 5), and for 𝑑 I = 𝑎 𝑑 s 𝑑 o , ( 6) can be written as:

𝑤 norm = |𝛼| + 𝛼 2𝑑 s 𝑓 + 1 (7) 
where 𝛼 = For 𝑑 o ≫ 𝑓, (10) can be approximated by:

𝑠 l,norm = 𝑑 s 𝜌𝑓 𝐷 lens |𝑓 -𝑑 s | (9)
For 𝐷 CoC > 𝐷 I , from (1) and ( 5), we have:

𝑎 < 𝐷 lens (𝑑 o -𝑓) 2 𝑑 o 𝑓 2 | 𝑑 o 𝑓 𝑑 o -𝑓 -𝑑 s | (11) 
This means that if the condition in ( 11) is valid then the image width due to defocusing is bigger than the size of the image when LS is in focus, hence the system may introduce crosstalk.

If 𝑑 o ≫ 𝑓, the condition in ( 11) can be approximated by: The height of the center of the camera, the OLED, light source aperture, and the check-board from the floor was 0.25 m. The LS aperture and the camera were in line of sight. All system key parameters are given in Table I. Figure 5 shows a flowchart for the experimental procedure. Note, the followings: (i) the average of 10 RAW pictures were taken to reduce the temporal noise standard deviation; (ii) for a clear image on the IS, the aperture size was set to the minimum (or the maximum f-stop, where in this paper it was 36) and the same procedure was employed to get the HPFW of the clear image; and (iii) get the slope, a 1 st order polynomial curve was fitted to the curve from A to B and C to D in Fig. 3(c). Figures 6 (a) and (b) show the normalized intensity of the pixel vs. the normalized distance from the centre of the image for a range of fd and the diameters of LS aperture of 0.5 and 8 cm at 𝐿 = 60 cm. For the LS aperture diameter of 0.5 cm the condition in ( 11) is valid, so by defocusing the width of the image is increased. Whereas for the 8 cm diameter LS aperture the condition in [START_REF] Phantom | [END_REF] do not hold for any defocusing range, and therefore by defusing only the slope of the image is changed. Figures 7 depict the normalized width, height, and slope of the blurred image against the focusing distance for 𝑎 = 0.5 cm and 𝐿 = 60 cm, 𝑎 = 8 cm and 𝐿 = 60 cm, and 𝑎 = 8 cm and 𝐿 = 90 cm and for f-stop of 5.6. Results show that for an 8 cm OLED at L of 60 and 90 cm the condition in [START_REF] Phantom | [END_REF] do not hold with no changes in both the height and width. At L of 60 cm, however, for a 0.5 cm OLED, the condition in (11) holds, with the width of the image becoming 5 times larger when the camera was focused at 20 cm. Also, the slope of the image is maximum at a focusing distance equal to the link span becoming 16 times larger for the 8 cm OLED compared to the 0.5 cm OLED. Note that, the slope of the image is ~1.5 times larger for 𝐿 = 60 cm compared to 𝐿 = 90 cm, which is in agreement with [START_REF] Phantom | [END_REF]. 

𝜌 < 𝐷 lens 𝑓 2 |𝑓 -𝑑 s | ( 

B. Impact of the Link span

Figure 8 depict the normalized width, height, and slope of the image as function of link span 𝐿 for the camera focused at 𝑑 f = 20 cm and 𝑑 f = ∞ with a LS aperture diameter of 3 cm and an aperture f-stop of 5.6. The results show that when the camera is focused at infinity, the width and height of the image remain unity and the slope of image increases by increasing the link span. On the other hand, when the camera is focused L of 20 cm, the slope is maximum at 20 cm and decreases by increasing the link span. Besides, for a 𝑑 f = 20 cm, the width increases linearly beyond L of 60 cm and the height decreases proportionally to L -1 . 

IV. CONCLUSION

In this paper, we proposed a model for a defocused image of a light source in optical camera communications. The blurred image was characterized by four parameters of width, height, and left and right slope of the hazy area. The width of the image is important since it may introduce interference to the system with other neighboring light sources. The parameters were theoretically obtained based on light source, channel and camera parameters. The system was experimentally investigated and the results were compared to the theoretical analysis. The results showed that based on the size of the light source and the link span, the size of the blurred image of the light source due to defocusing may be larger than the focused clear image, hence a higher chance of interference. This width and the slope increased and decreased with the with the link span, respectively.
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 1 Fig. 1. Proposed system model for characteristics of defocused image.

Fig. 2 .

 2 Fig. 2. The configuration of object, lens, image and sensor.

  , 𝐼 CoC (𝑥, 𝑦) = 𝑈(√𝑥 2 + 𝑦 2 ) -𝑈(√𝑥 2 + 𝑦 2 -𝐷 CoC /2) is the CoC disc function, 𝑈(. ) is the Heaviside step function, 𝐼 o (𝑥, 𝑦) = ℎ I (𝑈(√𝑥 2 + 𝑦 2 ) -𝑈(√𝑥 2 + 𝑦 2 -𝑑 I /2)) is the intensity function of the image when LS is in focus (i.e., for a disc-shaped LS), and ⊗⊗ is 2D convolution operation. Here, 𝐷 CoC is defined as:
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 33 Fig. 3. The proposed model for intensity vs. pixel number for diameter of (a) light source, (b) circle of confusion, and (c) blurry image.
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 11 𝐷 lens |𝑑 o 𝑓 -𝑑 s (𝑑 o -𝑓)| -𝑑 s 𝑎𝑓). In C2C communications, 𝑑 o ≫ 𝑓 so we have 𝜌 = 𝑎 𝑑 o as the ratio of the size of LS to its distance from the lens and approximate 𝛼 ≈ 𝐷 lens |𝑓 -𝑑 s | -𝑑 s 𝜌𝑓). Note, since the average of the intensity should remain the same, then hnorm = (wnorm) -1 .The normalized slope is given as: 𝑠 l,norm = 𝐷 I ℎ norm 𝐷 CoC + 𝐷 I -|𝐷 CoC -𝐷 I we have: 𝑠 l,norm = 𝑑 s 𝑎𝑓 𝐷 lens |𝑑 o 𝑓 -𝑑 s (𝑑 o -𝑓)| (8)

Figure 4

 4 Figure 4 illustrates the experimental setup for evaluation of the proposed system, composed of OSRAM CDW-031 OLED LS, circular aperture, check-board (a square size of 2×2 cm, and

Fig. 5 .

 5 Fig. 5. Flowchart for image processing.

Fig. 4 .

 4 Fig. 4. Experimental system setup for evaluation of the proposed method.

Fig. 6 .

 6 Fig. 6. Normalized intensity image vs. the normalized distance from the centre of the image for a range of fd and 𝐿 = 60 cm for a LS apertures of (a) 8 cm, and (b) 5 mm.

Fig. 7 .

 7 Normalized values of the image of a LS vs. focusing distances for LS apertures of 0.5 cm, 8 cm, and 8 cm at L of 60 cm, 60cm and 90 cm, respectively and a lens f-stop was 5.6 for (a) width, (b) height, and (c) slope.

Fig. 8 .

 8 Fig. 8. Normalized parameters of the image of a LS against link span camera focused at 20 cm and infinity, the LS aperture diameter of 3 cm, and the camera lens f-stop of 5.6 for: (a) width, (b) height, and (c) slope.

Table I .

 I System Parameters

	Parameter	Value
	OLED diameter	8 cm
	OLED drive current	200 mA
	Height of the transmitter and camera, 𝐻	25 cm
	Check-board square size	2 cm
	Lens focal length, 𝑓 𝑙	55 mm
	Exposure time, 𝑇 exp	1/100 s
	Camera RAW image resolution, 𝑈 × 𝑉	5184 × 3456
	Sensor size	22.3 × 14.9
	Bit depth of each pixel (quantization level)	14 bits
	Distance from image sensor to the junction of the lens and camera, 𝑆	4 cm
	Raw picture dark level intensity	2047
	Camera ISO	400
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