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Comprehensive Optical and Electrical Characterization and
Evaluation of OLEDs for VLC
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Abstract. In recent years, we have seen an increased use of organic light emitting diodes (OLEDSs) for illumination
in indoor environments due to the softer light compawvéh the conventional inorganic LEDs. In addition, OLEDs
have been reported in visible light communication (VLC) systepegificallyfor applications with lower data rates

such as information boards, camera communications and positioning. However, OLEDextessil/e electrical

and optical characterization if they are going to be fully exploited in VLC. This paper investigates characteristics of
a range of flexible and rigid OLEDs amdmpareghem with inorganic LEDs. Wehow that, OLEIS have highly

linear powercurrent characteristicsand compared withrigid OLEDs with beam patterns closely matching
IDPEHUWLDQ SURILOH WKH |OH]Li& @itkr 2hgr emiedizh L Bagetd RQ the Dndaguied) Q
H[SHULPHQWDO GDWD D QHZ H4r8 pattam/ WRic foldws ivekaim 3gugs\an Pidfile, is
proposed. Moreovewrye show that using larger sigd ED in VLC links offers improvedbit error rate performance
overa wide tilting angleup to 80 andatransmissiorpath lengthup to60 cm

Keywords: organic LEDs; radiation pattern; spectrum; visible light communications
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1 Introduction

Visible light communications (VLC) is seeas a viable complementary technology to the radio
frequency (RF) wireless communications in mostly indoor environments to meet the growing
demands for higispeed wireless data transmissidn 2]. VLC has the advantages of high
energy efficiency (i.e., a green technology) Rieelectromagnetic interferendeensefree,and

has inherent security and privacy comparadth the RF technologie$3]. In VLCs, both
conventional galliurbased light emitting diodes (LEDs) and orgabEDs (OLEDSs) as well as
white laser diodes are being used as a light sdurcé]. The galliumbased LED based VLC

systems, which utilize blue light texcite yellowish phosphors to synthesize white light, have
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been extensively investigated in the literafdre5]. Whereas the red, green and blue (RGB) and
phosphor laser diod€LDs) based VLC require higinthermal stability of the phosphor due to a
muchgreateroptical power densit{6]. Compared with the phosphbased LDtheRGB LD is
safer to the human eye duethe low illumination levelblue light componen].

OLEDs have interesting features over conventional and mainstrearrstsaédighting 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 cealemper&ure tenability, very high color
rendering index, small total stack thickness of an OLED being betweeb000m[8] and
flexibility (i.e., can be used fabricated on plastics substrates or used in wearable {B31ligs)

In addition, OLEDs with large photoactive areas are being used as pixels in smartghéses,
and wearable devices, which offers the potential of infrastrutbadevice (12D) and deviceo-
device (D2D) communicatian[12]. The latter is performed by transmitting and receiving the
information GDWD YLD WKH VP Dbas&u SHOIRyQx&IY 13 A4] and the buikin
cameraglb, 16]

OLEDs work in a similar manner to LEDs and use organic cablased molecules to
generate electrehole pairs but have different characteristics. There are two different types of
OLED based oni) small organic molecules deposited on a glass; ahgdlymer (i.e., large
plastic molecules) to produce lighit7, 18] However, the modulation bandwidBmoeq of OLEDS
is orders of magnitudemallercomparedwith inorganic LEDs (i.e., in th&Hz range compared
with MHz in inorganic LED$. The bandwidth limitation is due tihe carrier lifetime and the
parasitic resistecapacitor (RC) effecishus limiting their use irmedium to high-speed data
communication$19]. However,OLED propertieqi.e., Bmod) havebeenimproved by using new

materials with higher charge mobilif20]. In addition, a number of advanced communication
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and signalingschemes as well agptimum driver circuits have been proposed to increase the
transmission data raf@1, 22] Future OLED applications will be in)(medium to large panels

for use in public places such as airports, shopping centers, train and bus statig2g, &4],

and (i) flexible or flat panel display technology for use in wearable biomedical devices in
hospitals[25], which provide visual display, data communications and indoor localization. The
novel devices of nar®LEDs and microfluic OLEDs are promising opening up new
applications[26]. However,very little works have been reported on the tgal and electrical
characterizapn of different types of standard OLEDs used for illumination, wisinh essential
whenthese devices are usedVLC. In this paper, wdirst 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 pouwezntvoltage(L-1-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 6V or the frequency
response measurements. In this work, the focus also is onfedieres 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 §irOLEDs have lower modulation bandwidth, thus supporting a
reduce level of throughputs in VL{21, 22] Therefore, more researctilizing large OLEDs

with much lower bandwidth needs to be done. A number of sch@mbksling multicarrier and
multi-level modulation schemgbave been proposed to increase the data throughput. Here, we
demonstrate the use of large size OLEDs asreitndter in VLC systems employing a multi

band carriedess amplitude and phaserCAP) modulation, which offer similar spectrum

efficiency as the orthogonal frequency division multiplexing (OFDM) but at much reduced
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implementation complexityHence we evaluate the system performance in terofs the
measured bit error ra{8ER).

The rest of the paper is organized as follows. In Se&idme structure of a typical OLED is
described. In SectioB, the characterization of OLEDs is given followed by thepesmental
investigation of OLEDBbased VLC link in Sectiot, and finally, onclusions are drawn in

Sectionb.

2 The Structure of OLEDs

The principalmaterial in an organic semiconductor is either carbon or nitriy@nThe organic
materials can be loaghain polymers (i.e., PLEDs) or small organic molecules (i.e., SMOLEDS)
in a crystalline phasfl9, 27] The organic devices are based on the-filim technology (see
Fig. 1), where the general structure consists of two or more organic Geaictor materials
sandwiched between oppositely polarized electrodes. OLEDs have-pagswiilter transfer
function with the cubff frequency given by28]:

oot
o T W ®

where Wis the differential carrier lifetime, which is inversely proportional to the drive current

[28]. W RC, whereR is the effective resistance of the OLED d&nds the plate capacitance,

which is defined afl]:

Td @

where A is the OLED photoactive ared, is the OLED thickness, and4 and A 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 t&, hence mucHower

bandwidththan small area galliushased LED44]. In addition,in highly bandlimited organic
4



105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

VLC systemsthe inter-symbol interference (ISI) leads to the significant BER degradation. A
number of schemes have been propasedvercomeboth lowerBmod and the ISI including
high-level malulatiors [29, 30] equalizationschemessuch as the artificial neural network
(ANN) [21, 22] specially designed receivef31-35], singleinput multipleoutput (SIMO) or
multiple-input multipleoutput (MIMO) configuration[36, 37] bit/power loading22, 38] and

powerpre-emphasig$30, 39]

<
|

Light Emission

Fig. 1 The OLED structure.

3 Characterization of OLEDs

3.1Experimental Tedbed

To carry out comprehensive tests and measurementbdoacteriation of the OLEDs, we have
developedan experimental tedted as shown in Fig2. The tesbed includes @ arbitrary
function generator AFG Agilent 325driving circuits, OLEDs, optical receiver (ORx) Thorlabs
PDA100A2 (consisting of a photodiode (PD) and a transimpedance amplifier )(TIA)
spectrometer Thorlabs CCS2@@th CCSB1 cosine coector witha diameterof 8.5 mmand the
digital LED lux meter DF3809.

Five OLEDs- four different rigid OLEDs from LG (i.e., N6OA40C, N6SC40C, N6BA40C

and N6SB40 denoted as [ D4) and a single flexible OLED from UNISAGA (denoted ag,D



122 see Fig3, were investigated in terms of their optical and electrical characteristicsling the
123 optical spectruml-I-V curves, optical radiation pattern aBglos. All experiments were carried
124  out undetthe sameontrolled environments (within a dark room) and for eaclugetive sets of
125 measurements were carried to ensure repeayahititt correctness. The main parameters of

126 tested OLEDs are given in Talle

127 Table 1 The OLEDSs under test
OLED Size Device thickness Luminous efficiency (Im/W) Luminous flux (Im)
(mm) (mm) (Biascurrent Is (mA)) (Is (mA))
Rigid
Di: N6BOA40C  48.7 (Radius) 1 55 (230) 75 (230)
D2 N6SC40C 140 HL40 0.88 55 (480) 150 (480)
Ds: N6BA40C 200 H50 1.77 53 (230) 73 (230)
Da4: N6SB40 55 H53 1.97 55 (62) 20 (62)
Flexible
Ds 200 H50 041 53 (230) 75 (230)
128

~ 'Optical

——— : Power
4 2

“Bias Tee

Driver

129

130 Fig. 2 An experimental tesbed forcharacteriationof OLEDs
131

132 Fig. 3 Different OLEDs(D: to Ds) under test

6
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3.2 Optical and ElectricalCharacterizaion

3212/("TV VSHFEWUXP

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 (aveeafjee
sets ofmeasurements) for a range lgffor D is depicted in Figd(@) showing R, G and B
components ahe peak wavelengths of 613, 555 and 450 andt@Qrespectively. OLEDs P
Ds and an inorganic white LED (LUXEON cool white rebel star LED (5650K)19rdisplay
broadspectrum profiles with RGB components, see &{f). For the flexible OLED, the R
component is at a slightly higher wavelength of 68§ whereas B and G components have
lower intensities comparedith the rigid OLEDs. This is attributed to the lower conversion
efficiency of B and G materials insDNVhereasfor the inorganic LED the dominant color is B.
Next, we investigate the spectrum (i.e., the color) of theubder different dimming levels
(i.e., 10mA < Ig < 300mA) as shown in Figd(c). Note, the normalized intensity profiles are
almost the ame with low intensity variation of the peak intensities. Thus, indicating no

significantchanges in the color of OLEDSs in contrast to the inorganic Liepsrted in40].

1

—D
260 D | |
- 0.8 |:.‘ i | I‘

613 nm

)

T 0.8

o

D it A
& ‘ i \ ‘
& D i (W
5 0.6 s i Ll
LED| i

555 nm

Bias Current (mA)

0.4 480 nm
450nm 4 f

Normalized Intensity (-)

>
b
B 04
<)
=]
5

Normalized Intensity (

400 600 00 200 300 400 500 600 700 00 400 500 600 700 8OO
Wavelength (nm) Wavelength (nm) Wavelength (nm)

(@) (b) (©)

Fig. 4 (a) The optical spectrum of fare normalizedo themaximumlg with peak wavelengths marked where

the legend color scale represeltgb) all devices outputs and a gallithasedvhite LED attheir
correspondingnaximumlg, and (c) theoptical spectrunof D, for a range ofg where @ch of the spectral

responses were normalized to unity and then superimposed on top of each other

7
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3.2.20LED L-I-V curves

The I-V curves ofthe 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 x the horizontal dimension of the
OLED (as recommended by lux meter manufacturer). The meaktir&ticurves of the OLEDs

are illustrated in Figh showing linear characteristics with fcient dynamic ranges. Tabk
summarizes the measured maximum curretx, threshold voltag&, rangeof Ig in the linear

part ¢+ range of voltage in the linear pag8 and slope othe V-I curve (i.e., inverse of the
dynamic resistance for all OLEDs k). Note, with a wide linear range-l range arounds

higher signal level can be used for intensity modulatioh the OLED thus higher signal to

noise ratio and lower BER Using linear regression curfigting, the plots in Figh showa

highly linearL-I relationship.To compare the linearity of inorganic LEDs with OLE®s have

usedroot mean square error (RMSE)., 4/5' L ¥:A24F 21,623, whereP; andPmog are

the measured and linear modelled optical powers, respectively iarithe number of measured
samples, see Tabl8. Note, OLEDs tested in this work show a considerably lower RMSE
comparedwith theinorganicLEDs (i.e., RGB, 5 mm RGB, RAGB (RGB + amber LEDENGIN

LZ4-00MAOO) and a COBLED (LUSTREON 4W 48led COBLED Chip)).

Table 2 The parameters of OLEDs under test

OLED  lg-Max(MA) ,wk) Slope( ¢u ¢,) Dynamic resistance ()
(I (MA))
D1 300 4.6 0.263 3.8 (160
D- 800 4.8 0.400 2.5 (400)
D3 350 4.8 0.225 4.4 (160)
Da 100 5.0 0.083 12.0 (60)
Ds 300 7.0 0.033 4.3 (19)
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Table 3 The parameter ofinearity ofinorganic LEDs and OLEDs

OLED RMSE Ga LED RMSE
R G B
D: 2x10% RGB 0.004 0.07 0.008
D2 3x10% RAGB 0.0036 0.0025 0.0032
D3 1.1x10% 5mmRGB  0.0016 0.0027 0.0047
D4 1.3x107 COBLED 0.5114
Ds 1.2x10%

o
\F
Qo
Jc
o0

O
=]
JG
Volt 1ge (V)

Normalized Illuminance (-)

(]

0

400 600 800

Current (mA)

0 200

Fig. 5ThelL-1-V curves for OLEDs wherev-l andL-1 curvesareassodited to each device marked@sto Ds.

3.2.30ptical radiation pattern

The optical radiation pattern describes the spatial intensity distribution of light emitted from the
OLEDs whichis important especiallywhen analyiang the coverage and signal distribution in
VLC links. The light intensity of LEDs defined in terms of the angle of irradiafisegiven by

[1, 2]

m 1 _S
() 25'(0)00&?‘1), 715 ?3)

wherel(0) is thecenteduminous intensity of an LED and._ is Lambertian order given §%|:

In(2)
In[cos(7,, )] “)



180 where 1p2is the semiangle at half illuminance.

181 In order to empirically derive the beam patterns of rigid OLEDs and determine Lambertian
182 order of emission, a lux meter was used to measure the lumjrenskown in Fige(a). As

183 expected, the profiles are compldtemispheres close to Lambertian emitter with= 1 in

184 contrast to the intensity profile of a COBLED with = 0.66 as shown in Fig(b).

m[*l
o O COBLED
0 T Ancl ( ) 0 --- —mI:]
Angle (°) s D, ngle (* O —oem =066
30 “**s\\‘ -30 D, 30 g-@ etﬂ\ 230 iy
/ \ D, ,0’ \\o‘
4 1“; (? K e}
60 i %} -60 0 4 o 60
‘\.\w ‘;' ‘O\\ :‘Cj
e _,3' Yoy w
\\_\ﬂ\%; Q\\ },’,0
- VO y _ - ~O+ =0 - _
P9 0806 04 02" %0 %01 08 0.6 04 02 %0
Normalised Intensity (-) Normalised Intensity (-)

(a) (b)
185 Fig. 6 The polar dimensional radiation patterns f@) rigid OLEDs for 3, D2, Ds, and D and (b) a COBLED.

186

187 With reference to Figi(a), the irradiance angleis given as
T arcco drx. FoLed
188 ﬂ ‘, S
dry||roLeD

189 where & p,4and &, are the norm vectors of the OLED and iex, respectivelyanddryxis a
190 distance of OLED an®Rx. The position of OLEDandthe ORx can be considered a$\(T, x1)
191 and(N' 1 %x) in the cylindrical coordinatgespectivelywhere Ns the OLED curvature radius,

192 0<71<180°ankt UHIHUV WR WKHTHusSWE WaveéL G W K

rcosMaos Mk cos M <in 8 r Msin

193 cos(7) e . (6)
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To investigate the intensity profiles of flexible OLED, the device was bent with the different
radius of curvatures of 11cm and &m to have quadrature and halfcle light sourcs, as
shown in Fig.7(a). The measured radiation pattern showsymmetryabout the origir0° not
fitting Lambertian radiation pattern, see thalid blueline for m. = 1 in Fig.7(b). Note, the
OLED with higherr displays a radiation beam profile closettimbertian with m. = 1. The
radiation angle ranges fory, for the flat 11 and 8 cm curved OLEDare 58°, 65°, 75°,

respectively.

1
______ -30.8
|T.x Z2
| 506}
=
| :
| 204}
[
| |oe g
| Q y Z0.2
| LA WA
| 2150 <100 -50 0 50 100 150

Angle (°)
X (b)
Fig. 7 (a) OLED parel bent in different curvatunediusr of 11 and 8 cnand (b)two-dimensional intensy pattern.

A numerical fittingmethod was used to estimate the radiation pattern parameters of flexible
OLEDs. The &erm Gaussian model provided the best fit to describe the radiation patterns of

OLEDs whichis given by:
q
(7 'auvep ThiIg", (7)
k1

whereay, b, ck, are paranters estimated by the curve fitting tokls the order and is the term
of Gaussian model, which is considered to be 3 for the best match with the empiricdhdata.

RMSE analysis has been carried out on the modelled and measieresity profiles to assess
11
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the accuracy ofhe model. For the cwed OLED, the RMSE values are 0.016 and 8fot r of
11 and &m, respectively, which are less thahe standard error limit of 0.0Bl1]. The
numerical fittingparameters are shown in Tadléor OLEDswith r of 11 and &m. Note, ais
the peak of thé" term of 3term Gaussian (i.ea1 1 1), andby is the angular position of peak
referred to the each Gaussianbasl 0. ¢ is the standard deviation of th# term ofthe 3-term

Gaussian with higheralues representing a wider profile.

Table 4 3-term Gaussian model parameter for spatial intensity distributiorufeature witha radiusof 11and 8 cm

k 1 2 3
r=11cm

K 0.9878 0.3054 0.2875

b -0.7595 58.1 -59.42

Ck 51.59 32.99 31.94
r=8cm

ak 0.9814 0.3733 0.2721

b 4.832 -63.31 70.73

Ck 60.17 42.31 36.66

3.2.40LED bandwidth

To measuréBmod Of the OLEDS, the devicesere biased in the linear region of respective
curves, see Figh. The measured frequency respafee D1-Ds over a range offs are as show

in Fig. 8, whereU is the peako-peak received voltage ahdh is thepeakto-peakvoltage ofthe

first sample.For comparison, the maximum and minimum bandwidth values as well as the
difference between them (i.€.B) aregiven in Tables. The results for the devices tested show
that, Bmod increases withg as in agreement with (1). We also investigated the effect of bending

the flexible OLED onBmod and observed no changes Baos This is because the eaff

12
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234

frequencyof OLED is defined by its physical parameters. This feature makes the OLED a

perfect optical antenna, where the same SNR is maintained over drgiv@mnission radius.

20log, (U/U,) (dB)
20log, (U/U,) (dB)

10° 10! 10 o0 10! 10
Frequency (kHz) Frequency (kHz)

(@) (b)

Fig. 8 The measureBmoq0f: () D1,3and (b) B 4.5

Table 5 Bandwidth ofOLEDs

Device Bmoa-min (kHZ) Bmog-max (kHz) 'B (kHz)
(I's-min (MA)) (I's-max (MA))
D1 15 (40) 38 (250) 23
D2 20 (100) 40 (600) 20
D3 20 (100) 42 (280) 22
Da 34 (30) 54 (60) 20
Ds 15 (40) 42 (250) 27

4 Experimental OVLC Link Results

4.1 Experimentatestbed for OVLC link with RCAP

OLEDs with both highlinearity and dynamic rangean be used to suppdrigherorder multt
level and multicarrier modulation schemeddowever, in this work to simply demonstrate the
potential of the OLEDs as the transtaitin a VLC systenwe have developed axperimental

testbedto assess the link performant®e have adopted+CAP modulation scheme due (0

13



235 reducing the effect ahe highly bandlimitel frequency response of OLEDs acting as apass

236 filter [42-44]; (i) can be used as a multiuser scheme (e.g., personalixeditising)[45]; and

237  (iii) implementation simplicity comparedth the OFDM.

238 A block diagram of the experimentatCAP OVLC link is shown in Fig9. Firstly, m

239 independent pseudandom data streanai(t) of length 12,000 bitsnjemory depthimitation of

240 the AFG) are generated and mapped onto WM& QAM (quadrature amplitude modulation)
241 constellation whereM is the order ofthe QAM. Note, M and m are selected as 16 and 2,
242  respectivelyin this work During the experiment, a sufficient number of bits were transmitted to
243  allow the measurement tfe BER at 10°. The linearity of OLEDs and their high dynamic range
244  offer the potential to cbosea number & carriers. Following upsampling, the real and the
245 imaginary parts of the signal andbi, respectively, are applied to thephase and quadrature
246 pulse shaping transmit filters, whose impulse responses form a Hilbert paith@g.are
247 orthogonal in the time domain). The transmit filters are formed as a product of the square root
248 raised cosine (SRRC) filter pulse shapesthedine and cosine waves for the quadrature and in
249 phase part of the signal, respectively. The carregguencies given by the transmit filters are set
250 to 10 and 3&Hz for I and 29 subcarriers¢ ands;), respectively, in this work. The reiff

251 factor used for the transmit pulse shapes is ch@s€nl5 given thatthe minimum bandwidth
252 requirementis proportional to 1 +. Note, higher leads to more protection against ISI for
253 consistency with the literatufd6]. The combined output from filters, i,@+CAP signalx(t), is

254 applied to AFG and used via a driver for intensity modulation of the GLH®Ilowing

255 transmission over a short free spdae to 60cm) line of sight(LoS) channel, the signal is
256 detected using ORx Thorlabs PDA100A2. Subsequently, the output of ORX is captured using

257 digital storage oscilloscope Keysight DSO9254A with the samgrequency of 408S/s for

14
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further offline data processing.he regenerated electrical sigmalgiven asy(t) = x¢t) T h(t) +

n(t) whereh(t) is the channel impulse respone T symbol denotes convolution, and the noise

n(t) is mainly due to thembient light and in the form of shot naisgt) is resampledto

transmitted signaby original sampling frequencprior to being applied to two timeeversed

filters g andgo matched to the transmit filter$he combinedilter outputz(t) followed down

samplingare applied to theM-QAM demapper to rgenerate the estimates transmitted data
dm(t). All the key systenparameters are shown in Table
dn(®) & | In-phase Tx
Re{ .} filter (f;)
Input M-QAM - VLC
data =l mapper Quadrature T OLED Channel PD TIA
b, |_filter (fo) % % | J—§|
d'm(t) In-phase Rx h(t) n(t) "
Outpu_ [ M-QAM — A filter (g) Bit and frame | Y
C;Jag: N derr?appe 0 Quadrature R synchronizatior]
filter (gg) |
Fig. 9 The block diagram of the propos@¥/LC system withm-CAP modulation.
Table 6 The system parameters
OLED Is (MA) Bmod (kHZ) luminous flux (Im) Area (cnm)
D, 160 28 58.5 74.5
D2 450 30 115.0 196.0
Ds 160 32 52.0 100.0
Dy 60 54 19.4 29.2
Ds 180 34 68.4 100.0
ORX Parameter Value
Type of PD Si-PIN
Active area of PD 75.4 mnd
Bandwidth 1.4 MHz at a 10 dB gain
Output voltage Oto 10V
Noise of amplifier 195 pVv (RMS)
NEP 6.75x102(W/% ce DW QP
Responsivity $: DW QP
$: DW QP
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4.2 Experimental results

In this section, we evaluate tHeS OLED VLC link based on the BER for a range of
transmission span 10 to 60 cm and the OLED tiljles Ufrom -90° to 9C¢°. The BER results
versus the path length for the OLED VLC and $pands; are shown in FigslO(a) and (b),
respectivelyalongwith the 7% forward error correction (FEBER limit of 3.8x103. Examples

of measured constellation diagrams are shown as insets, faitiDtwo distanced of 40 and

50 cm and 30and50 cm for sy ands,, respectivelyAt the FEC BER limit, the transmission path
lengths fors; are &, 50, and~60 cm for Dy, D1,3 andD2 s, respectively, which are sufficient for
D2D communications. Ithecase of,, we observe a small decrease in the transmission spans by
2, 15, and10cm for D4, D13 andD2 5, respectively comparedith s;. Althoughthe path length

of 60cm was obtained from our experiment, even longer distances can be achieved using OLED
panels made ahaterials with higher charge mobiliggving higherBmod [20, 47]or larger panels

with higher output optical powefTo meet a given BER target and increase the transmission

span, the same SNR at a receiver and thus higher output quweit are required. Therefore,

o Dl“‘l
) * D:* 5
10~ + Dys FEC
v D4,.¥] ——————————————————

]0_3 o Dj, 5 =
= |
LE. |

107 kb

-5 # "'e« & ,:
10~ & @ 8 ¥
¥ B A |

]0—(! & = i & & W B

20 30 40 50 60

Path Length (cm)

(@) (b)
Fig. 10The BER versus the path lendtr OLEDswith m-CAP for (a) s1 with the consolation diagrams for two

distanceof 40 and 50 cmdr D, and (b)s; with the consolation diagrams for two distasicg 30 and 50 cnof Ds,.
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303

organic devices with larger area (note decreas#l Bandwidth) or an array of OLEDs can be
utilized to follow these requirements. For instance, an OLED panel avitiminous flux of
~3000Ilm can support data transmission for distances upo 3

For D, the BER plots in polar formats againsiare shownin Fig.11 for s; and s. Also
shown for comparison ige plot for theFEC BER limit. Note, the path length is fixed at 30 cm
(i.e.,aBER < 10° when U= 0° see K. 10(9). Note, he BERprofiles displaya symmetryabout
the origin(i.e., the ORXx is facing the OLED altJof 0°) offering improvedperformanceover a
wide tilting angle. To meet the FEC limit,.[2an operate withJup to+80° and+70° fors; and

S, respectively.

Fig. 11 The polar plot of BERor tilted OLED (Dy) with m-CAP for s; ands,.

5 Conclusiorns and Future Outlook

In this paper, we carried out characterization for a range of fixed and flexible OLEDs in
terms of their optical spectrum, poweaurrent and illumination profiles. We showed that
OLEDs offer stable illumin@on profile regardless of tha@iascurrent and a highly linear power
current characteristicomparedwith the inorganic LEDsWe also showed thahe rigid OLEDs
beam pattern closely matches Lambertiath m. = 1, whereas for curved OLEDRhe radiation
pattern displaysa symmetry, which is wider than Lambertian as for curved OLED \aith

curvature radius of 8m and aradiation angleof 75°. Based on the measured experimental data
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for the curved OLEDwe showed new expression for the OLEPV EHDP S D W Wdivl Q
the 3term Gaussian profilerith RMSE value of less thaamstandard error limit of 0.0® assess
theaccuracy othemodel In addition, we evaluated OLEDased VLC systentsr low datarate
transmissions as ilD2D communicions. We showed he BER results of tilting OLED
displayeda symmetryabout the originwith larger size OLEB showng improved BER (i.e.,
below the FEC limit) ovea wider tilting angle (up to 8Qwhich is considerably large for D2D

communicéions)anda longer transmissidength(i.e., up to60 cm).
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