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Abstract— Visible light communications (VLC) is one of the 
upcoming technology, which utilizes light emitting diodes (LEDs) 
or organic LEDs (OLEDs) to provide a combination of 
illumination and data communications. OLEDs have been gaining 
attention within the VLC research community due to their 
inherent advantages such as low-cost manufacturing and flexible 
substrates, which allows having a curved, rolled or folded lighting. 
This paper presents the impact of a symmetry beam pattern of 
OLED, which is wider than Lambertian, on the VLC system by 
considering wavelength-dependent surface materials reflections. 
A VLC system using flat and half-circular flexible OLEDs for use 
in an office environment for a number of scenarios is simulated. 
We obtain channel impulse responses and present the channel DC 
gain and optical path loss. The system performance is investigated 
in terms of the bit error rate and the channel capacity.  
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I.  INTRODUCTION 

Visible light communications (VLC) is a new emerging 
technology for information transmission to meet the increasing 
demand for high data rates. In VLC, the dual purpose of 
illumination and data communications is feasible by means of 
modulation of conventional silicone-based light emitting diode 
(LED) and organic-based LED (OLED) lamps [1, 2]. VLC is a 
green technology with enormous potential in indoor and outdoor 
environments including indoor localization, heterogeneous 
networks, navigation, vehicle to traffic light and vehicular 
networks, underwater networks, distributed lighting remote 
monitoring and control [3, 4]. This work emphasizes on utilizing 
OLEDs for the VLC system, which can be divided into two 
categories; small molecules and polymer-based LEDs 
(SMOLEDs and PLEDs). From the basic structure point of view, 
OLEDs employ multilayered architectures with anode (indium 
tin oxide (ITO)), hole transporting, emissive and electron 
transporting layers, and cathodes (aluminum or silver). The 
carrier lifetime and the parasitic resistor-capacitor (RC) effects 
lead to the OLED bandwidth Bmod being in the range of hundreds 
of kHz, which is considerably lower than the standard white 
LEDs [5]. Hence, improvement in OLED properties poses 
challenges to material scientists to come up with new materials 
with higher charge mobility. The exhaustive application list of 
OLED is growing since it offer the following advantages 

including the potential to have a large active area with a 
reduction in cost, flexible and transparent displays, 
biodegradable, rich colors and wide beam angle [6, 7]. 
Considering the use of curved or rolled OLED panels in 
wearable products, mobile phones and TVs have underpinned 
the need for further research and development in curved OLED-
based VLC systems. In VLC systems the most important 
parameter is the channel gain, which can be obtained from 
channel impulse response (CIR), since it defines the achievable 
signal-to-noise ratio (SNR) for a given transmit power. As the 
necessity of quantifying channel characteristics is clear, a 
number of works have been reported, which represent a precise 
channel simulation method, so far. Works in [8] and [9, 10] used 
Monte Carlo ray tracing and recursive calculation methods [11] 
to find CIR of an empty room. Next, to model an indoor 
multipath dispersion characteristic in VLC, in [12] Barry’s 
model, where the reflectance properties of the materials and 
objects in the room with respect to the visible range, was 
proposed. In [13], channel modeling using a commercial optical 
and illumination design software Zemax [14] yielded the same 
CIR as in [12]. As reported in [15], a flexible OLED-based VLC 
offers lower root mean square (RMS) delay spread and the 
average optical path loss (OPL) of 8.8% and 3 dB, respectively, 
in comparison with Lambertian source. 

Contrary to aforementioned works mainly limited to utilize 
Lambertian sources, in this work we obtain CIRs for the link 
with a flexible OLED, which has a beam pattern wider than 
Lambertian, used as the transmitter (Tx) in an office 
environment. The geometry of the indoor environment, 
furniture, type and reflection from surface materials (e.g., floor, 
ceiling, walls and furniture), specifications of the Tx and 
receivers (Rx) are used as part of simulation. The proposed study 
is based on the ray tracing, which provides an accurate 
description of the interaction of rays within an space. 
Comprehensive channel and optical path loss models are 
obtained from the output file of non-sequential ray tracing 
consisting of received power and path lengths for each ray. A 
half-circular OLED is placed on the wall in a furnished office 
with varied locations of the Rx moving along a fixed radius of 2 
m around the Tx. In addition, the system performance is 
investigated in terms of the bit error rate (BER) performance. 
We show that, using a half-circular OLED-based Tx, the 
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received optical power is much higher over a wider viewing 
angle compared with the flat OLED.  

The rest of the paper is organized as follows. In Section II, 
the flexible OLED charactristics is described. Section III 
represents main features of the OLED based simulations. 
Section IV discusses the results. Finally, conclusions are given 
in Section V.  

II. THE FLEXIBLE OLED CHARACTERISTICS 

A rectangular flexible OLED panel (UNISAGA with a size 
of 200×50 mm2) was used as a quadrature, half and three-
quadrature-circle light source (i.e., Tx). The beam pattern of 
curved OLED is symmetrical about the origin 0° while it does 
not fit with Lambertian radiation pattern, see the blue solid line 
for Lambertian order mL = 1, see Fig. 1. In addition, we measured 
the OLED optical spectrum, showing red, green and blue (RGB) 
components at the peak wavelengths of 620 (R), 555 (G), 450 
and 480 nm (B). The OLED properties were adopted for 
subsequent studies on channel characteristics in our simulation. 

 

III. FEATURES OF THE SIMULATION 

The simulator allows creating an indoor environment or 3D 
scene of an office by including the objects and reflection 
coefficients of the surface materials (i.e., furniture, ceiling, floor, 
and walls), location and specifications of the light sources and 
photodetectors (PDs). Both Monte Carlo and Sobol sampling are 
adopted as the random ray-tracing methods. The number of 
reflections was set such that simulation stops when the 
normalized intensity of ray drops to the value of 10-3 [13]. 
Further processing is done in the Matlab domain and processed 
to yield the CIR expressed as [13]:  

1

( ) ( ),
n

i i
i

h t P tδ τ
=

= −  (1) 

where Pi and 	are power and the propagation time of the ith 
ray, respectively, 	is Dirac delta function and n is the number 
of rays received at the Rx.  

In this paper, an office was considered where a number of 
CAD objects were imported in the software to model furniture 
and objects. Fig. 2(a) shows the proposed system configuration; 
an office with a size of 10×10×3 m3 where a curved OLED is 
mounted on the wall. The OLED (i.e., size of 1×0.5 m2) was 
curved to form a half-circular source with a curvature radius of 
32 cm. The measured properties of OLED (i.e., the illumination 
profile, which was found to be a wider beam pattern than 
Lambertian, and spectrum) are adopted in the simulation, see 
Fig. 3. The Rx is positioned at a height of 1 m above the floor 
(i.e., the desk height, where a mobile phone is placed). Here we 
have considered the case of moving the Rx along a fixed radius 
d of 2 m around the light source, where the incident angle is 0° 
for a furnished office, see Fig. 2(b). The reflectance of materials 
(walls, ceiling, furniture, etc.) for the RGB wavelengths are 
listed in Table I. The type of reflections of surface materials was 
considered purely diffuse. The system performance is 
investigated in terms of the BER for both curved and flat 
OLEDs. Table II shows the input parameters adopted in the 
simulation. 

 

 
Fig. 1. The beam pattern of OLED panel bent in different curvature which 
gives a quadrature, half and three-quadrature-circle of lighting. 

 

(a) (b) 
 

Fig. 2. (a) The three-dimensional indoor environment and (b) proposed scenario which shows the location of curved OLED giving a half-circular lighting. 
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A. Channel Gain 

To quantify the data rate, the channel gain and OPL are 

obtained. The channel DC gain (0) ( )H h t dt
∞

−∞

=   [1, 2]. The 

optical signal attenuation caused by reflections and transmission 
in the free space is quantified by OPL, which is given as [16]:   

10OPL 10log ( (0)).H= −          (dB)  
(2) 

B. System Performance 

For intensity modulation/direct detection (IM/DD) optical 
transmission systems, the electrical SNR is defined as: 

2 2( ) ( (0) )
SNR ,R E

b o b o

P H P

R N R N

γ γ= =  (3) 

where PE and PR are the emitted and received optical power, 
respectively and Rb is the data rate. Considering a link with non-
return-to-zero (NRZ) on-off keying (OOK), the BER is given as 
[17]: 

1 1
BER ( SNR ).

2 2 2
erfc=  (4) 

The channel capacity C is defined in b/s based on the 
available bandwidth in the channel W and SNR (in linear scales) 
using the Shannon-Hartley theorem [18]: 

2log (1 SNR).C W= +  (5) 

IV. RESULTS 

The essential parameter characterizing an optical 
propagation channel is the CIR. As an example, the CIR trends 
obtained through the proposed approach are shown when θ is 0°, 
45° and 60° in Fig. 4. It observed that, by increasing θ the power 
of rays decays, thus resulting in pulse broadening due to 
reflected paths. For θ = 0° when compared with the curved 
OLED, noticeable more power was received in the case of using 
the flat OLED. On the contrary, for θ = 45° and 60°, the 
receiving power using the curved OLED is much higher than 
those values corresponding to flat one, see Figs. 4(b) and (c). 

As the channel OPL determines the achievable SNR for a 
given emitting power of the light source, here we investigate this 
key feature of the channel. Fig. 5 shows the polar plot of the OPL 
distributions for flat and curved OLEDs for the proposed 
scenario. OPL increases with θ reaching a maximum of 60.43 
and 70.24 dB at θ of 90° for curved and flat OLEDs, 
respectively. Note, when the Rx position changes i.e., θ  from 0°  
to 90°, a noticeable drop in the channel gain (i.e., ~14 dB) can 
be seen for the flat OLED, which is considerably higher 
compared with the curved OLED (i.e., ~2 dB). It can be seen 
that, for θ < 30° and for the flat OLED there is an improvement 
in OPL by ~1.8 dB compared with the curved OLED. However, 
for θ > 45°, there is high received power enhancement for the 
curved OLED compared with the flat OLED. E.g., OPL 
penalties of 5 and 10 dB for θ of 75° and 90°, respectively.  

 

 
 

Fig. 3. Emission pattern of light source modeled for a half-circular 
OLED.  

TABLE I.  THE REFLECTANCE OF VARIOUS MATERIALS IN % FOR 
INDIVIDUAL RGB COMPONENTS ADOPTED FOR SUBSEQUENT STUDIES ON 

CHANNEL CHARACTERISTICS IN OUR SIMULATION  [12] 

Surface Material R G B 

M1 - Ceiling 
M2 - Floor 
M3 - Wall 
M4 - Chair, sofa 
M5 - Coffee cup 
M6 - Human clothes 
M7 - Plant 
M8 - Desk, book, 
book shelf 
M9 - Laptop, PC, 
printer, and telephone 

Plaster 
Floor 
Plaster 
Leather 
Ceramics 
Cotton 
Leaf 
Pine wood 
 
Black gloss paint 

42 
63 
82.6 
24 
97.1 
67 
14 
70 
 
3.4 

38 
63.2 
77.9 
18.8 
96.2 
58 
5.9 
51 
 
3.2 

35 
58.8 
66.5 
16.3 
92.3 
45.6 
8.2 
33.1 
 
3.2 

 

TABLE II.  THE SYSTEM PARAMETERS  

Item Parameter Value 

Room Size 
Type of materials reflections 
Maximum reflection order  

10×10×3 m3 
Purely diffuse  
4 

Tx 
 

Dimension 
Type 
Bandwidth 
Power of lighting 
Number of OLED panels 
Number of chip per each panel 
Power of each chip 
Location 

1×0.5 m2 
Flexible 
50 (kHz) 
10 W 
19 
64 
8.2 mW  
Fixed on the wall 

Channel Length d   
Time resolution 

2 m 
0.2 (ns) 

Rx Active area of PD 
No  
Responsivity 
FOV 
Incident angle 

1 cm2 

10-19 (W/Hz) 
0.4 (A/W)  
90° 
0° 
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In addition, for both cases OPL is given by the 2-term power 
series models as: 

 

 

OPL ,ob
o oa cθ= +  (6) 

where the parameters ao, bo and co are shown in Table III. Note, 
the empirical parameters can vary based on the number of 
objects in the room and the size of specified confined space. 

 

The BER performance of the proposed system with respect 
to Rb for curved (solid lines) and flat (dashed lines) OLEDs is 
shown in Fig. 6. It can be seen that, for curved and flat OLEDs, 
Rb of 10 Mb/s can be achieved for θ up to 30° and 45°, 
respectively. Using a curved OLED in VLC brings noticeable 
merit. For instance, Rb values are 7.2, 5.8, and 4.6 Mb/s for θ  of 
60°, 75° and 90°, respectively, which is significantly higher 
compared with the flat OLED (i.e., 3.3, 0.6, 0.05 Mb/s). Note, 
the OLED bandwidth restrictions can affect this result in 
practical measurements. 

 

 
(a) 

 
(b) 

 
(c) 

 
Fig. 4. The CIR obtained through the proposed approach when; (a) θ = 

0°, (b) θ = 45° and (c) θ = 60°, for both flat and curved OLEDs. 

 
Fig. 5. Comparison of a flat and curved OLEDs employed in the office 

in term of OPL.  

TABLE III.  NUMERICAL MODELING PARAMETERS 
FOR OPL IN THE CASE OF USING FLAT AND CURVED OLEDS. 

Scenario ao bo co 

Curved 
OLED 

0.2964×10-2 1.465 58.26 

Flat 
OLED 

9.315×10-5 2.646 56.42 

 
Fig. 6. The BER versus Rb for flat (dashed red lines) and curved (solid 

blue lines) OLEDs. 
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Fig. 7 shows the channel capacity for a range of optical 
power and θ at Rb of 4 Mb/s and Bmod of 50 kHz. It is obvious 
that, C decreases with increasing θ. In contrary to the curved 
OLED, for θ > 60°, a huge drop in C is observed for the flat 
OLED. E.g., at PE of 15 W and θ of 60° and 90°, C reaches 0.87 
and 0.057 Mb/s for the flat OLED and 1.92 and 1.23 Mb/s for 
the curved OLED. 

 

V. CONCLUSION AND FUTURE OUTLOOK 

In this paper, we represented the coverage of an office using 
a flexible OLED-based VLC system. Our approach was capable 
of obtaining CIRs for non-Lambertian sources as the beam 
pattern of curved OLED showed a symmetry about the origin 
while it is wider than Lambertian. To evaluate the system, the 
Rx position changed along a fixed radius (i.e, θ  changes from 
0° to 90°). This paper showed that there is considerable potential 
to drive a flexible OLED-based system since the radiation 
pattern emanates uniformly over a given transmission radius. 
We noticed that when OLED was flat, channel gain dropped 
approximately 14 dB with increasing θ, however, the channel 
gain drop was ~2 dB when OLED is bent. We showed that 
flexible OLEDs are proper propositions for replacing 
Lambertian sources for VLC systems as they provide a 
significant increase in Rb over wider angles. E.g., for flat and 
curved OLED at a given PE of 15 W and θ of 60°, the achievable 
C was 0.87 Mb/s and 1.92 Mb/s, respectively. 
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