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Introduction

Visible light communications (VLC) is seen as a viable complementary technology to the radio frequency (RF) wireless communications in mostly indoor environments to meet the growing demands for high-speed wireless data transmission [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]. VLC has the advantages of high energy efficiency (i.e., a green technology), no RF electromagnetic interference, license-free, and has inherent security and privacy compared with the RF technologies [START_REF] Pathak | Visible light communication, networking, and sensing: A survey, potential and challenges[END_REF]. In VLCs, both conventional gallium-based light emitting diodes (LEDs) and organic LEDs (OLEDs) as well as white laser diodes are being used as a light source [START_REF] Ghassemlooy | Visible Light Communications: Theory and Applications[END_REF][START_REF] Haigh | Organic visible light communications: Recent progress[END_REF]. The gallium-based LED based VLC systems, which utilize blue light to excite yellowish phosphors to synthesize white light, have been extensively investigated in the literature [START_REF] Ghassemlooy | Visible Light Communications: Theory and Applications[END_REF][START_REF] Binh | High-speed visible light communications using ZnSe-based white light emitting diode[END_REF]. Whereas the red, green and blue (RGB) and phosphor laser diodes (LDs) based VLC require higher thermal stability of the phosphor due to a much greater optical power density [START_REF] Yang | Highly uniform white light-based visible light communication using red, green, and blue laser diodes[END_REF]. Compared with the phosphor-based LD, the RGB LD is safer to the human eye due to the low illumination level blue light component [START_REF] Wu | Tricolor R/G/B laser diode based eye-safe white lighting communication beyond 8 Gbit/s[END_REF].

OLEDs have interesting features over conventional and mainstream solid-state lighting and flat panel displays such as energy efficiency (i.e., they are environmentally friendly), brightness with no need for backlight as in LCD, sunlight style color-temperature tenability, very high color rendering index, small total stack thickness of an OLED being between 100-500 nm [START_REF] Haigh | Visible light communications using organic light emitting diodes[END_REF] and flexibility (i.e., can be used fabricated on plastics substrates or used in wearable clothes) [START_REF] Haigh | Visible light communications using organic light emitting diodes[END_REF][START_REF] Haigh | Using equalizers to increase data rates in organic photonic devices for visible light communications systems[END_REF][START_REF] Ràfols-Ribé | High-performance organic light-emitting diodes comprising ultrastable glass layers[END_REF][START_REF] Clark | Organic photonics for communications[END_REF].

In addition, OLEDs with large photoactive areas are being used as pixels in smartphones, TVs and wearable devices, which offers the potential of infrastructure-to-device (I2D) and device-todevice (D2D) communications [START_REF] Luo | Undersampled-based modulation schemes for optical camera communications[END_REF]. The latter is performed by transmitting and receiving the information data via the smartphone's OLED-based display pixels [START_REF] Li | A VLC smartphone camera based indoor positioning system[END_REF][START_REF] Boubezari | Smartphone camera based visible light communication[END_REF] and the built-in cameras [START_REF] Lin | An indoor visible light positioning system based on optical camera communications[END_REF][START_REF] Wang | Light positioning: A high-accuracy visible light indoor positioning system based on attitude identification and propagation model[END_REF].

OLEDs work in a similar manner to LEDs and use organic carbon-based molecules to generate electron-hole pairs but have different characteristics. There are two different types of OLED based on (i) small organic molecules deposited on a glass; and (ii) polymer (i.e., large plastic molecules) to produce light [START_REF] Burroughes | Light-emitting diodes based on conjugated polymers[END_REF][START_REF] Tang | Organic electroluminescent diodes[END_REF]. However, the modulation bandwidth Bmod of OLEDs is orders of magnitude smaller compared with inorganic LEDs (i.e., in the kHz range compared with MHz in inorganic LEDs). The bandwidth limitation is due to the carrier lifetime and the parasitic resistor-capacitor (RC) effects, thus limiting their use in medium-to high-speed data communications [START_REF] Kafafi | Organic electroluminescence[END_REF]. However, OLED properties (i.e., Bmod) have been improved by using new materials with higher charge mobility [START_REF] Zhu | Graphene radio frequency devices on flexible substrate[END_REF]. In addition, a number of advanced communications and signaling schemes as well as optimum driver circuits have been proposed to increase the transmission data rate [START_REF] Haigh | A 20-Mb/s VLC link with a polymer LED and a multilayer perceptron equalizer[END_REF][START_REF] Chen | A 51.6 Mb/s Experimental VLC System Using a Monochromic Organic LED[END_REF]. Future OLED applications will be in (i) medium to large panels for use in public places such as airports, shopping centers, train and bus stations, etc., [START_REF] Yamada | Latest Development of Soluble-OLED Material and its Application to Mid-to largesized Panel Production[END_REF][START_REF] Shin | Ultra-High-Image-Density, Large-Size Organic Light-Emitting Device Panels Based on Highly Reliable Gate Driver Circuits Integrated by Using InGaZnO Thin-Film Transistors[END_REF]; and (ii) flexible or flat panel display technology for use in wearable biomedical devices in hospitals [START_REF] Smith | Application of flexible flat panel display technology to wearable biomedical devices[END_REF], which provide visual display, data communications and indoor localization. The novel devices of nano-OLEDs and microfluidic OLEDs are promising opening up new applications [START_REF] Kasahara | New Era of Device Science[END_REF]. However, very little works have been reported on the optical and electrical characterization of different types of standard OLEDs used for illumination, which are essential when these devices are used in VLC. In this paper, we first experimentally investigate optical and electrical characteristics in terms of the threshold voltage, bias current, linear dynamic range, optical spectrum, optical radiation patterns and output optical power-current-voltage (L-I-V) of a number of rigid and flexible (or curved) OLEDs within the context of VLC systems.

Additionally, the characterization of organic devices is mostly limited to L-I-V or the frequency response measurements. In this work, the focus also is on other features of OLEDs (particularly large area flexible and rigid devices) such as dynamic resistance, linearity and radiation patterns, which are important in VLC, and compared them with the conventional inorganic sources. Large OLED panels compared with tiny OLEDs have lower modulation bandwidth, thus supporting a reduce level of throughputs in VLC [START_REF] Haigh | A 20-Mb/s VLC link with a polymer LED and a multilayer perceptron equalizer[END_REF][START_REF] Chen | A 51.6 Mb/s Experimental VLC System Using a Monochromic Organic LED[END_REF]. Therefore, more research utilizing large OLEDs with much lower bandwidth needs to be done. A number of schemes, including multi-carrier and multi-level modulation schemes, have been proposed to increase the data throughput. Here, we demonstrate the use of large size OLEDs as a transmitter in VLC systems employing a multiband carrier-less amplitude and phase (m-CAP) modulation, which offers similar spectrum efficiency as the orthogonal frequency division multiplexing (OFDM) but at much reduced implementation complexity. Hence, we evaluate the system performance in terms of the measured bit error rate (BER).

The rest of the paper is organized as follows. In Section 2, the structure of a typical OLED is described. In Section 3, the characterization of OLEDs is given followed by the experimental investigation of OLED-based VLC link in Section 4, and finally, conclusions are drawn in Section 5.

The Structure of OLEDs

The principal material in an organic semiconductor is either carbon or nitrogen [START_REF] Kalinowski | Organic Light-Emitting Diodes: Principles, Characteristics & Processes[END_REF]. The organic materials can be long-chain polymers (i.e., PLEDs) or small organic molecules (i.e., SMOLEDs) in a crystalline phase [START_REF] Kafafi | Organic electroluminescence[END_REF][START_REF] Kalinowski | Organic Light-Emitting Diodes: Principles, Characteristics & Processes[END_REF]. The organic devices are based on the thin-film technology (see Fig. 1), where the general structure consists of two or more organic semiconductor materials sandwiched between oppositely polarized electrodes. OLEDs have a low-pass filter transfer function with the cut-off frequency given by [START_REF] Deng | Nonlinear modulation characteristics of white LEDs in visible light communications[END_REF]:
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where s is the differential carrier lifetime, which is inversely proportional to the drive current [START_REF] Deng | Nonlinear modulation characteristics of white LEDs in visible light communications[END_REF]. c ~ RC, where R is the effective resistance of the OLED and C is the plate capacitance, which is defined as [START_REF] Ghassemlooy | Visible Light Communications: Theory and Applications[END_REF]:
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where A is the OLED photoactive area, d is the OLED thickness, and  0 and  𝑟 are the permittivity of free space and relative dielectric constant of the organic layer, respectively.

Note that, as in LEDs, Bmod of OLEDs is inversely proportional to A, hence much lower bandwidth than small area gallium-based LEDs [START_REF] Haigh | Organic visible light communications: Recent progress[END_REF]. In addition, in highly bandlimited organic VLC systems the inter-symbol interference (ISI) leads to the significant BER degradation. A number of schemes have been proposed to overcome both lower Bmod and the ISI including:

high-level modulations [START_REF] Haigh | Wavelength-multiplexed polymer LEDs: Towards 55 Mb/s organic visible light communications[END_REF][START_REF] Le | 10 Mb/s visible light transmission system using a polymer light-emitting diode with orthogonal frequency division multiplexing[END_REF], equalization schemes such as the artificial neural network (ANN) [START_REF] Haigh | A 20-Mb/s VLC link with a polymer LED and a multilayer perceptron equalizer[END_REF][START_REF] Chen | A 51.6 Mb/s Experimental VLC System Using a Monochromic Organic LED[END_REF], specially designed receivers [START_REF] Burton | Optoelectronic Modelling, Circuit Design and Modulation for Polymer-Light Emitting Diodes for Visible Light Communication Systems[END_REF][START_REF] Burton | Smart receiver for visible light communications: Design and analysis[END_REF][START_REF] Zeng | Angle Diversity Receiver in LiFi Cellular Networks[END_REF][START_REF] Chen | An omnidirectional user equipment configuration to support mobility in LiFi networks[END_REF][START_REF] Soltani | Bidirectional Optical Spatial Modulation for Mobile Users: Toward a Practical Design for LiFi Systems[END_REF], single-input multiple-output (SIMO) or multiple-input multiple-output (MIMO) configuration [START_REF] Khanh | Investigation on MIMO OLED VLC System Performance[END_REF][START_REF] Haigh | A MIMO-ANN system for increasing data rates in organic visible light communications systems[END_REF], bit/power loading [START_REF] Chen | A 51.6 Mb/s Experimental VLC System Using a Monochromic Organic LED[END_REF][START_REF] Chen | A 1.9 Mbps OFDM-based all-organic visible light communication system[END_REF] and power pre-emphasis [START_REF] Le | 10 Mb/s visible light transmission system using a polymer light-emitting diode with orthogonal frequency division multiplexing[END_REF][START_REF] Haigh | Organic visible light communications: Methods to achieve 10 Mb/s[END_REF].

Characterization of OLEDs

Experimental Test-bed

To carry out comprehensive tests and measurements for characterization of the OLEDs, we have developed an experimental test-bed, as shown in Fig. see Fig. 3, were investigated in terms of their optical and electrical characteristics including the optical spectrum, L-I-V curves, optical radiation pattern and Bmod. All experiments were carried out under the same controlled environments (within a dark room) and for each set-up, five sets of measurements were carried to ensure repeatability and correctness. The main parameters of tested OLEDs are given in Table 1.

Table 1 The OLEDs under test. 

OLED

Optical and Electrical Characterization 3.2.1 OLED's spectrum

To measure the spectrum profiles of OLEDs, a spectrometer with a cosine corrector capturing light over a 180° angle was used. The measured normalized optical spectrum (averaged over five sets of measurements) for a range of IB for D1 is depicted in Fig. 4 

OLED L-I-V curves

The I-V curves of the OLED panels under test were measured using a source meter (Keithley SourceMeter Series 2400) and their illuminance was measured using a lux meter, where the distance between the OLED and the lux meter was fixed at 15 × the horizontal dimension of the OLED (as recommended by lux meter manufacturer). The measured L-I-V curves of the OLEDs are illustrated in Fig. 5 showing linear characteristics with sufficient dynamic ranges. Table 2 summarizes the measured maximum current IB-Max, threshold voltage Vth, range of IB in the linear part ∆𝐼, range of voltage in the linear part ∆𝑉 and slope of the V-I curve (i.e., inverse of the dynamic resistance for all OLEDs at IB). Note, with a wide linear range L-I range around IB higher signal levels can be used for intensity modulation of the OLED, thus higher signal to noise ratio and lower BER). Using linear regression curve-fitting, the plots in Fig. 5 show a highly linear L-I relationship. To compare the linearity of inorganic LEDs with OLEDs we have used root mean square error (RMSE) i.e., 𝑅𝑀𝑆𝐸 = √(∑ 𝑃 𝐼 -𝑃 mod ) 2 

Optical radiation pattern

The optical radiation pattern describes the spatial intensity distribution of light emitted from the OLEDs, which is important, especially when analyzing the coverage and signal distribution in VLC links. The light intensity of LEDs defined in terms of the angle of irradiance  is given by
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where I(0) is the center luminous intensity of an LED and mL is Lambertian order given as [START_REF] Ghassemlooy | Visible Light Communications: Theory and Applications[END_REF]: where 1/2 is the semi-angle at half illuminance.

1/ 2 ln(2) ln[cos( )] L m   , (4) 
In order to empirically derive the beam patterns of rigid OLEDs and determine Lambertian order of emission, a lux meter was used to measure the luminance, as shown in Fig. 6 

where 𝑟 ⃗ OLED and 𝑟 ⃗ Rx are the norm vectors of the OLED and the ORx, respectively, and dRx is a distance of OLED and ORx. The position of OLED and the ORx can be considered as (𝑟, 𝜑, x1)

and (𝑟′, 𝜑′, x2) in the cylindrical coordinate, respectively, where 𝑟 is the OLED curvature radius, 0 < 𝜑 < 180° and x1 refers to the OLED's width. Thus, we have: 

                 . ( 6 
)
To investigate the intensity profiles of flexible OLED, the device was bent with the different radius of curvatures r of 11 cm and 8 cm to have quadrature and half-circle light sources, as shown in Fig. 7 A numerical fitting method was used to estimate the radiation pattern parameters of flexible OLEDs. The 3-term Gaussian model provided the best fit to describe the radiation patterns of OLEDs, which is given by:
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where ak, bk, ck, are parameters estimated by the curve fitting tool, k is the order and q is the term of Gaussian model, which is considered to be 3 for the best match with the empirical data. The RMSE analysis has been carried out on the modelled and measured intensity profiles to assess the accuracy of the model. For the curved OLED, the RMSE values are 0.016 and 0.018 for r of 11 and 8 cm, respectively, which are less than the standard error limit of 0.05 [START_REF] Gorman | Selection of variables for fitting equations to data[END_REF]. The numerical fitting parameters are shown in Table 4 for OLEDs with r of 11 and 8 cm. Note, ak is the peak of the k th term of 3-term Gaussian (i.e., a1 ~ 1), and bk is the angular position of peak referred to the each Gaussian as b1 ~ 0. ck is the standard deviation of the k th term of the 3-term Gaussian with higher values representing a wider profile. 

OLED bandwidth

To measure Bmod of the OLEDs, the devices were biased in the linear region of respective L-I curves, see Fig. 5. The measured frequency responses for D1-D5 over a range of IB are as shown in Fig. 8, where U is the peak-to-peak received voltage and U0 is the peak-to-peak voltage of the first sample. For comparison, the maximum and minimum bandwidth values as well as the difference between them (i.e., B) are given in Table 5. The results for the devices tested show that, Bmod increases with IB as in agreement with [START_REF] Ghassemlooy | Visible Light Communications: Theory and Applications[END_REF]. We also investigated the effect of bending the flexible OLED on Bmod and observed no changes in Bmod. This is because the cut-off frequency of OLED is defined by its physical parameters. This feature makes the OLED a perfect optical antenna, where the same SNR is maintained over a given transmission radius. 4 Experimental OVLC Link Results

Experimental test-bed for OVLC link with m-CAP

OLEDs with both high linearity and dynamic range can be used to support higher-order multilevel and multi-carrier modulation schemes. However, in this work to simply demonstrate the potential of the OLEDs as the transmitter in a VLC system, we have developed an experimental test-bed to assess the link performance. We have adopted m-CAP modulation scheme due to (i) reducing the effect of the highly bandlimited frequency response of OLEDs acting as a low-pass filter [START_REF] Haigh | Multi-band carrier-less amplitude and phase modulation for bandlimited visible light communications systems[END_REF][START_REF] Haigh | A multi-CAP visible-light communications system with 4.85-b/s/Hz spectral efficiency[END_REF][START_REF] Chvojka | On the m-CAP performance with different pulse shaping filters parameters for visible light communications[END_REF]; (ii) can be used as a multiuser scheme (e.g., personalized advertising) [START_REF] Merah | Experimental Multi-User Visible Light Communication Attocell Using Multiband Carrierless Amplitude and Phase Modulation[END_REF]; and

(iii) implementation simplicity compared with the OFDM.

A block diagram of the experimental m-CAP OVLC link is shown in Fig. 9. Firstly, m independent pseudo-random data streams dm(t) of length 12,000 bits (memory depth limitation of the AFG) are generated and mapped onto the M-QAM (quadrature amplitude modulation) constellation where M is the order of the QAM. Note, M and m are selected as 16 and 2, respectively, in this work. During the experiment, a sufficient number of bits were transmitted to allow the measurement of the BER at 10 -6 . The linearity of OLEDs and their high dynamic range offer the potential to choose a number of carriers. Following upsampling, the real and the imaginary parts of the signal ai and bi, respectively, are applied to the in-phase and quadrature pulse shaping transmit filters, whose impulse responses form a Hilbert pair (i.e., they are orthogonal in the time domain). The transmit filters are formed as a product of the square root raised cosine (SRRC) filter pulse shapes and the sine and cosine waves for the quadrature and inphase part of the signal, respectively. The carrier frequencies given by the transmit filters are set to 10 and 30 kHz for 1 st and 2 nd subcarriers (s1 and s2), respectively, in this work. The roll-off factor β used for the transmit pulse shapes is chosen as 0.15, given that the minimum bandwidth requirement is proportional to 1 + β. Note, higher β leads to more protection against ISI for consistency with the literature [START_REF] Olmedo | Multiband carrierless amplitude phase modulation for high capacity optical data links[END_REF]. The combined output from filters, i.e., m-CAP signal x(t), is applied to AFG and used via a driver for intensity modulation of the OLEDs. Following transmission over a short free space (up to 60 cm) line of sight (LoS) channel, the signal is detected using ORx Thorlabs PDA100A2. Subsequently, the output of ORx is captured using digital storage oscilloscope Keysight DSO9254A with the sampling frequency of 400 kS/s for further off-line data processing. 

a i b i x(t) d m (t) PD OLED y(t) z(t) d' m (t) x' (t) × + h(t) n(t)
Fig. 9 The block diagram of the proposed OVLC system with m-CAP modulation. 50 cm and 30 and 50 cm for s1 and s2, respectively. At the FEC BER limit, the transmission path lengths for s1 are 36, 50, and ~60 cm for D4, D1,3 and D2,5, respectively, which are sufficient for D2D communications. In the case of s2, we observe a small decrease in the transmission spans by 2, 15, and 10 cm for D4, D1,3 and D2,5, respectively compared with s1. Although the path length of 60 cm was obtained from our experiment, even longer distances can be achieved using OLED panels made of materials with higher charge mobility giving higher Bmod [START_REF] Zhu | Graphene radio frequency devices on flexible substrate[END_REF][START_REF] Yoshida | 245 MHz bandwidth organic light-emitting diodes used in a gigabit optical wireless data link[END_REF] or larger panels with higher output optical power. To meet a given BER target and increase the transmission span, the same SNR at a receiver and thus higher output optical power are required. Therefore, organic devices with larger area (note decreased 3 dB bandwidth) or an array of OLEDs can be utilized to follow these requirements. For instance, an OLED panel with a luminous flux of ~3000 lm can support data transmission for distances up to 3 m.

For D2, the BER plots in polar formats against 𝛼 are shown in Fig. 11 for s1 and s2. Also shown for comparison is the plot for the FEC BER limit. Note, the path length is fixed at 30 cm (i.e., a BER < 10 -6 when 𝛼 = 0° see Fig. 10(a)). Note, the BER profiles display a symmetry about the origin (i.e., the ORx is facing the OLED at 𝛼 of 0 o ) offering improved performance over a wide tilting angle. To meet the FEC limit, D2 can operate with 𝛼 up to ±80° and ±70° for s1 and s2, respectively. 

Conclusions and Future Outlook

In this paper, we carried out characterization for a range of fixed and flexible OLEDs in terms of their optical spectrum, power-current and illumination profiles. We showed that, OLEDs offer stable illumination profile regardless of the bias current and a highly linear powercurrent characteristic compared with the inorganic LEDs. We also showed that, the rigid OLEDs beam pattern closely matches Lambertian with mL = 1, whereas for curved OLED, the radiation pattern displays a symmetry, which is wider than Lambertian as for curved OLED with a curvature radius of 8 cm and a radiation angle of 75°. Based on the measured experimental data for the curved OLED, we showed a new expression for the OLED's beam pattern, which follows the 3-term Gaussian profile with RMSE value of less than a standard error limit of 0.05 to assess the accuracy of the model. In addition, we evaluated OLED-based VLC systems for low data rate transmissions as in D2D communications. We showed the BER results of tilting OLED displayed a symmetry about the origin, with larger size OLEDs showing improved BER (i.e., below the FEC limit) over a wider tilting angle (up to 80°, which is considerably large for D2D communications) and a longer transmission length (i.e., up to 60 cm).
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 2 Fig. 2 An experimental test-bed for characterization of OLEDs.
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 3 Fig. 3 Different OLEDs (D1 to D5) under test.

  (a) showing R, G and B components at the peak wavelengths of 613, 555 and 450 and 480 nm, respectively. OLEDs D1-D5 and an inorganic white LED (LUXEON cool white rebel star LED (5650K) sr-01) display broad-spectrum profiles with RGB components, see Fig.4(b). For the flexible OLED, the R component is at a slightly higher wavelength of 620 nm, whereas B and G components have lower intensities compared with the rigid OLEDs. This is attributed to the lower conversion efficiency of B and G materials in D5. Whereas, for the inorganic LED the dominant color is B.Next, we investigate the spectrum (i.e., the color) of the D1 under different dimming levels (i.e., 10 mA < IB < 300 mA) as shown in Fig.4(c). Note, the normalized intensity profiles are almost the same with low intensity variation of the peak intensities. Thus, indicating no significant changes in the color of OLEDs in contrast to the inorganic LEDs reported in[START_REF] Dyble | Impact of dimming white LEDs: Chromaticity shifts due to different dimming methods[END_REF].

  Fig. 4 (a) The optical spectrum of D1 are normalized to the maximum IB with peak wavelengths marked where the legend color scale represents IB, (b) all devices outputs and a gallium-based white LED at their corresponding maximum IB, and (c) the optical spectrum of D1 for a range of IB where each of the spectral responses were normalized to unity and then superimposed on top of each other.

Fig. 5

 5 Fig. 5 The L-I-V curves for OLEDs where V-I and L-I curves are associated to each device marked as D1 to D5.

  (a). As expected, the profiles are complete hemispheres close to Lambertian emitter with mL = 1 in contrast to the intensity profile of a COBLED with mL = 0.66 as shown in Fig. 6(b).

Fig. 6

 6 Fig. 6 The polar dimensional radiation patterns for: (a) rigid OLEDs for D1, D2, D3, and D4 and (b) a COBLED.

Fig. 7

 7 Fig. 7 (a) OLED panel bent in different curvature radius r of 11 and 8 cm and (b) two-dimensional intensity pattern.

Fig. 8

 8 Fig. 8 The measured Bmod of: (a) D1, 3 and (b) D2, 4, 5.
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 2 Experimental resultsIn this section, we evaluate the LoS OLED VLC link based on the BER for a range of transmission span 10 to 60 cm and the OLED tilt angles 𝛼 from -90 o to 90 o . The BER results versus the path length for the OLED VLC and for s1 and s2 are shown in Figs.10(a) and (b), respectively along with the 7% forward error correction (FEC) BER limit of 3.8×10 -3 . Examples of measured constellation diagrams are shown as insets for D2 with two distance d of 40 and

Fig. 10

 10 Fig. 10 The BER versus the path length for OLEDs with m-CAP for (a) s1 with the consolation diagrams for two distance of 40 and 50 cm for D2 and (b) s2 with the consolation diagrams for two distances of 30 and 50 cm for D2.

Fig. 11

 11 Fig. 11 The polar plot of BER for tilted OLED (D2) with m-CAP for s1 and s2.

Table 2

 2 The parameters of OLEDs under test

	OLED	IB-Max (mA)	𝑽 th (V) Slope ( 𝚫𝑰/𝚫𝑽) Dynamic resistance (Ω)
					( IB (mA))
	D1	300	4.6	0.263	3.8 (160)
	D2	800	4.8	0.400	2.5 (400)
	D3	350	4.8	0.225	4.4 (160)
	D4	100	5.0	0.083	12.0 (60)
	D5	300	7.0	0.033	4.3 (180)

Table 3

 3 The parameter of linearity of inorganic LEDs and OLEDs

	OLED	RMSE	Ga LED		RMSE	
				R	G	B
	D1	2×10 -14	RGB	0.004	0.07	0.008
	D2	3×10 -14	RAGB	0.0036 0.0025 0.0032
	D3	1.1×10 -14	5 mm RGB	0.0016 0.0027 0.0047
	D4	1.3×10 -7	COBLED		0.5114	
	D5	1.2×10 -14				

Table 4 3

 4 -term Gaussian model parameter for spatial intensity distribution for curvature with a radius of 11and 8 cm

	k	1	2	3
		r = 11 cm	
	ak	0.9878	0.3054	0.2875
	bk	-0.7595	58.1	-59.42
	ck	51.59	32.99	31.94
		r = 8 cm	
	ak	0.9814	0.3733	0.2721
	bk	4.832	-63.31	70.73
	ck	60.17	42.31	36.66

Table 5

 5 Bandwidth of OLEDs

	B (kHz)

Device

Bmod-Min (kHz) (IB-Min (mA))

Bmod-Max (kHz) (IB-Max (mA))

  The regenerated electrical signal is given as y(t) = x′(t) ⊗ h(t) + n(t) where h(t) is the channel impulse response, the ⊗ symbol denotes convolution, and the noise n(t) is mainly due to the ambient light and in the form of shot noise. y(t) is resampled to transmitted signal by original sampling frequency prior to being applied to two time-reversed filters gI and gQ matched to the transmit filters. The combined filter output z(t) followed downsampling are applied to the M-QAM demapper to re-generate the estimates transmitted data d′m (t). All the key system parameters are shown in Table6.

					In-phase Tx	DC		
	Input data	M-QAM mapper	Upsampling	Re{.} Im{.}	filter (f I ) Quadrature Tx	Driver	VLC Channel	TIA
					filter (f Q )			
					In-phase Rx			
	Output data	M-QAM demapper	Downsampling		filter (g I ) Quadrature Rx	Bit and frame synchronization		
					filter (g Q )			

Table 6 The system parameters OLED IB (mA) Bmod (kHz) luminous flux (lm) Area (cm 2 )

 6 

	D1	160	28	58.5	74.5
	D2	450	30	115.0	196.0
	D3	160	32	52.0	100.0
	D4	60	54	19.4	29.2
	D5	180	34	68.4	100.0
	ORx	Parameter	Value		
		Type of PD	Si-PIN		
		Active area of PD	75.4 mm 2		
		Bandwidth	1.4 MHz at a 10 dB gain		
		Output voltage	0 to 10 V		
		Noise of amplifier	195 µV (RMS)		
		NEP	6.75×10 -12 (W/√Hz) at λ= 960 nm	
		Responsivity	0.2 (A/W) at λ= 400 nm		
			0.5 (A/W) at λ= 700 nm		
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