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Abstract

Visible light communication (VLC) systems relies on light emitting diodes (LEDs), or-
ganic light emitting diodes (OLEDs) and laser diodes to provide illumination and data
broadcasting, simultaneously. The thesis focuses on utilization of OLEDs for VLC systems.
OLEDs has recently attracted significant attention as offering tremendous advantages
such as transparent displays, environmentally friendly, low power consumption, and large
active areas. Moreover, the potential of manufacturing OLEDs on flexible substrate offers
an attractive feature of having curved OLED panels/displays. The interest into adopting
OLEDs in indoor environments have been growing, which provides us with a significant
potential of facilitate simultaneously illumination, display, and data communication. Since
OLEDs are being producing in different shapes and sizes, the necessity of comprehensive
characterization of a range of rigid and flexible OLEDs is obvious if they are going to be
fully exploited in VLC. Based on OLED characterization the beam pattern of curved OLED
has been derived with a symmetrical and wider than Lambertian characteristic which
follows the three-term Gaussian profile. An experimental test-bed which utilize a number
of those OLEDs transceiver with a multiband carrierless amplitude and phase modulation
(m-CAP) has been developed. In addition, the impact of beam pattern of curved OLED on
the VLC channel characteristics has been derived in terms of optical path loss and RMS
delay spread for the cases when the curved OLED is used as a transmitter in empty and
furnished indoor environments, i.e., shopping mall, office, corridor and semi-open corridor,

with different scenarios.
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Abstrakt

Komunika¢ni systémy ve viditelném svétle (visible light communication, VL.C) zaloZené
na LED diodach, organickych LED (OLED) a laserovych diodach, mohou poskytovat jak
osvétleni tak i prenos dat zaroven. Disertacni prace se zaméruje na vyuziti OLED pro
systémy VLC. OLEDs nedavno prilakaly vyznamnou pozornost, protoZe nabizeji vyhody,
jako jsou prihledné displeje, technologie Setrné k Zivotnimu prostredi, nizkou spotiebu
energie Ci velké aktivni oblasti. Navic, potencial vyroby OLED na pruzném substratu
nabizi atraktivni funkce se zakirivenymi OLED panely/displeji. Zajem o pouziti OLED ve
vnitrnich prostorech roste, coz nam poskytuje zna¢ny potencial pro usnadnéni soucasného
osveétleni, vyuziti disple tak i datové komunikace. Protoze OLED se vyrabéji v ruznych
tvarech a velikostech, je nutna komplexni charakterizace celé rady pevnych a flexibil-
nich/ohebnych OLED pro plné vyuziti v VLC komunikacich. Na zakladé charakterizace
OLED byl odvozena charakteristika vyzarovani ohebného OLED panelu jako symetricka
a §irsi nez Lambertiantv profil s Gaussovym profilem tretiho radu. Byl vyvinut experi-
mentalni spoj s OLED transceivery vyuzivajici m-CAP modulaci. Dale byl odvozen vliv
ohebné OLED na charakteristiky VLC kanalu (ztraty a RMS rozprostieni zpozdéni) pro
pripady, kdy je ohebna OLED pouzita jako vysila¢ v prazdnych a zarizenych vnitinich
prosttredich, zejména pro nakupni centra, kancelare, chodby a pooteviené chodby, a rizné

scénare pokryti.

Klicova Slova

Optické bezdratové komunikace, komunikacni systémy ve viditelném svétle, organické
LED diody.
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1 ‘ Introduction

CHAPTER

ne of a branch of communication is optical wireless communication (OWC) operating
O in both the indoor and outdoor environments; with split into three categories based
on their operating wavelength; ultraviolet (UV), visible light (VL) and infrared (IR), see
Figure 1.1. The invention of the laser by T. H. MainamIn in 1960, caused a new are of
OWC [1]. As the 6328-A helium-neon laser was discovered in 1962, the first OWC link
employing laser to send data through the air channel with span of 30 km was performed by
a Hughes group [1]. The era of indoor free space optics (FSO) communication was initiated
in 1979 by F. R. Gfeller and U. Bapst as they suggested the utilization of diffuse emissions
in the IR band for indoor communications [2]. Following, Kanh and Barry represented a

indoor wireless IR channel characterization in [3].
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Figure 1.1: Electromagnetic spectrum

The next candidate from OWC is VLC, which has gained huge attention among re-
searchers and industrial companies due to the rapid development of solid state light-
ing (SSL). VLC offers advantages over the radio frequency (RF) technologies such as
inherent security, immunity to RF-based electromagnetic interference, license-free spec-
trum, being a green technology, and high scalability [4]. VLC relies conventional silicone
based light emitted diode (LED)s, organic light emitted diode (OLED)s as well as white
laser diodes as a light source to provide illumination and data communication, simultane-
ously [4]. LEDs offer several benefits over existing lighting infrastructures, such as lower
power consumption, longer life expectancy, higher energy efficiency, reduced maintenance,
lower heat generation characteristics and fast switching [4]. VLC systems must provide
illumination for a SSL environment such as a home or office; the light spectrum produced

must encompass the entire visible spectrum to produce white light. LEDs produce white



light with either a package that contains individual red, green, and blue (RGB) LEDs or
a blue LED that has a yellowish phosphor encompassing the photoactive area, known
as WPLEDs. The most common choice represent WPLEDs for two reasons; (i) no colour
balancing is required to achieve a constant white hue and therefore the signal processing
requirements are less, (ii) WPLEDs are cheaper than their RGB counterparts [5]. The
gallium-based LED based VLC systems, which utilize blue light to excite yellowish phos-
phors to synthesize white light, have been extensively investigated in the literature [6-8].
Whereas the RGB and phosphor laser diode (LD)s based VLC require higher thermal
stability of the phosphor due to a much greater optical power density [9]. Compared
with the phosphor-based LD, the RGB LD is safer to the human eye due to low blue
light component [10]. Moreover, VLC has vast untapped potential, given the millions of
LED lamps already installed in streets, private houses, public buildings and offices which
encouraged the VLC development. Thus, VLC has potential applications in a number
of areas including smart lighting, indoor localization [11], vehicles and transportation,
the internet of things (IoT) [12], underwater communication [13] and electromagnetic
interference-sensitive or security-sensitive scenarios [14, 15]. In 1979, F. R. Gfeller and G.
Bapst demonstrated the technical feasibility of indoor OWC using infrared LEDs [16]. In
[17], VLC at low data rates was investigated as built upon fluorescent lamps. The fast
switching feature of LEDs prompted researches on high-speed VLC. A concept of using
the traffic light LED as the optical signal transmitter was proposed by Pang et al. in 1999.
Next, at Keio University in Japan, the use of white LED for access networks were carried
out by S. Haruyama and M. Nakagawa proposed [18]. The effects of light reflection and
shadowing on the system performance were analyzed, and VLC applications at relatively
low rates were explored. The first IEEE standard for visible light communication was pro-
posed in 2011 in the form of IEEE 802.15.7 [19] and one year later standard supplement

for modulation scheme and dimming was published in [20].

In this work, we focus on the use of OLEDs for VLC systems. The emissive electrolumi-
nescent layer in OLED is a film of organic compounds which makes OLEDs lighter, more
flexible, and thinner with small total stack thickness of between 100 and 500 nm than
the crystalline layers in LEDs or liquid crystal display (LCD) devices [21]. OLEDs offer
more attractive advantages, including transparent displays, environmentally friendly,
biodegradable, rich color, low power consumption, large active areas, and bright with no
need for backlight as in LCD. Resulting in growing interest into adopting OLEDs over
the conventional SSL in indoor environments for soft lighting and display applications as
well as using in wearable products (i.e., smart watches and wearable computers). That
leads to providing the potential of infrastructure to device (I2D) and device to device (D2D)

communications.

In the first part of the doctoral thesis, state-of-the-art VLC is presented in chapter 2

focusing on channel characterization, system performance, equalization theory and mod-
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INTRODUCTION

ulation schemes. In chapter 3 the principle of organic devices, and a survey containing
an overview and application of OLEDs in VLC technologies are discussed. The objectives
of the thesis are given in chapter 4. Then, the thesis core is demonstrated in chapter 5
by a collection of journal papers presenting a description of their contributions and rele-
vance to the thesis topic. In the end, the achieved results and future research topics are

summarized.






‘ State-of-the-Art

CHAPTER

typical VLC link transfers data via modulation of LED/OLED through an optical
Achannel towards a receiver. In this chapter, the basic principles of a VLC systems
as well as the theory of modulation schemes, and equalization are outlined. In addition,
characterizing a VLC channel in term of channel impulse response (CIR), channel delay
spread and channel capacity is presented. Finally, the receiver part is discussed with
emphasis on system performance evaluation. The following subsections describe the

state-of-the-art as it relates to the goals of this thesis.

2.1 Optical Channel

The physical indoor VLC channel includes the effects of both components line of sight
(LOS), where the LED is aligned directly with the receiver (Rx), and non line of sight
(NLOS), where the signal is captured via walls and ceiling reflections [4]. Figure 2.1
illustrates a block diagram of a typical (O)VLC link. The desired modulation format can
be created either by MATLAB or by a field programmable gate array (FPGA) using shift
registers. The data generated by a pseudo random binary sequence (PRBS) is modulated
prior to intensity modulation of the light source via the driving circuit. To meet the optical
power constraint a DC bias can be adopted. Following, the optical signal transmitted over
the wireless channel is captured by a photo detector (PD), and the regenerated electrical
signal is given as [4]:

y(@#) =y -x(t) ® h(t) + n(t) 2.1

where x(t) is the emitted optical intensity, y is the PD responsivity in (A/W), A(¢) is the
CIR and ® denotes convolution. n(t) represents the noise, which is modeled as the signal
independent additive white gaussian noise (AWGN) with one-sided power spectral density
N,. If the NLOS component is neglected, the CIR of the indoor channel can be written as
h(t) =nd(t — At) where 6(t) is Dirac delta function, At is the time delay of the LOS path,
and 7 is the LOS path gain [4]. We consider three criteria to quantify the limitation on
the transmission rate through free space; channel gain and corresponding optical path

loss (OPL), channel mean excess delay and root mean square (RMS) delay spread.

¢ Channel DC Gain



Tx Software pre-
equalizer DC
l i
Input Modulation Driving A0
data formating circuit
T
Hardware pre-
equalizer
VLC PD Noise Channel
channel X (O)LED |

yoon(t) h()
W)

> Rx
Demodulation BER
estimation
T
Software post- REF
equalizer

Figure 2.1: A block diagram of a typical (O)VLC link

The essential parameter characterizing an optical propagation channel is the chan-
nel impulse response, which is given as a superposition of LOS and NLOS signal
components at the detector as A(t) = h1,0s(t)+ANLos(?). The channel can be described
either in terms of frequency response as H(f) = [ h(t)e=727ftdt. One of the most
important features of a CIR is channel DC gain which defines the achievable signal

to noise ratio (SNR) and is given as:

H(0)= f h(t)dt (2.2)

The geometry of the transmitter (Tx), Rx, and surface reflectors for a typical indoor
VLC system is shown in Figure 2.2. The LOS link gain, where Tx is considered
to be a monochromatic point source with a Lambertian radiation pattern, can be

expresses according to a model shown in Figure 2.2 is given by [22]:

A0t o (9) cos(VIg(PITs(F) 0= ¥ < Wroy
Hy0s(0)= Teios ©.3)
0 , ¥ > ¥rov

where App is the effective area of the Rx photodiode, di,0s represents the distance
between the Tx and the Rx, 6 stands for the irradiance angle with respect to ng, and
V¥ is the incident angle with respect to n, (see Figure 2.2). Ts(¥) is the optical filter
gain, g(¥) the optical concentrator gain, Yrov is the field of view (FOV) of the Rx



2.1. OPTICAL CHANNEL

and m, represents Lambertian emission, which is given by:

3 In(2)
"L = T nlcos @)l 2.4

Figure 2.2: VLC link configuration for LOS and NLOS

The optical irradiation pattern profile determines the spatial intensity distribution
of light emitted from the light source, which is a key feature to analyze the coverage
of signal distributed in VLC links. A directed LOS link will provide the best signal
quality where luminous intensity is maximized; (i.e., 8 = 0°). Considering power due
to the NLOS paths, the DC channel gain of the reflected path is given by [23]:

A 1
%PdAwau cos™L (B2) cos(a) cos(f)
172

dHNL0s(0) =1 cos(W2)g(V2)T's(Va) ,0<Wy<¥Wpoy (2.5
0 , Wo > Yrov

where f represents the angle of irradiance from the reflective area of the wall, a is
the angle of irradiance to the wall, d; and d2 are the distances between the Tx and
the wall, and the wall and a point on the receiving surface, respectively, and d A yan
is the size of the reflective area with surface reflection coefficient defined as p. If we
consider both multipath propagation and the LOS component, for the more general
case, the total received power Pg is given by:

Pr = PrHi0s(0)+ PrdHNn1,05(0) (2.6)

walls

OPL
The optical signal attenuation caused by reflections and transmission in the free

space is quantified by OPL. The OPL in dB can be given as:



¢ Channel Delay Spread
The RMS delay spread is commonly used to define time dispersion in wireless

channels. The channel mean excess delay 7 and the RMS delay spread trms are

given as [8]:
I = M (2.8)
Jo° h)dt
@12 x h(D)dt
TRMS = \/ IR (2.9)

2.2 System Performance

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

(yPr)* _ (yH(0)Pg)’
RyNo RyNo

where Pr and Pgr are the emitted and received optical power, respectively, and Rj is data

SNR = (2.10)

rate. Considering a channel with non return zero (NRZ)-on-off keying (OOK) and return

zero (RZ)-OOK modulation, bit error rate (BER) is given as, respectively [24]:

1 1

BER = ierfc(mvSNR) (2.11)
1 1

BER = éerfc(gvSNR) (2.12)

The channel capacity B¢ is defined in b/s based on the available bandwidth in the channel
W and SNR (in linear scales) using the Shannon-Hartley theorem [25]:

B¢ =Wlogy(1+SNR) (2.13)

2.3 Equalization in VLC

Equalizers represent one of the most effective techniques to compensate multipath induced
inter symbol interference (ISI) in band-limited communication systems. When data rate
transmission exceeds the system bandwidth leads to ISI. The equalizer employ a linear
transversal filter to inverse the undesirable effects of the system response. Generally,
equalizers can be classified into two categories; analog and digital with different com-
plexity and performance. Although an analog domain equalizer is simple, based on a
high pass resistor capacitor (RC) filter [26] can result in attenuation of low frequency
components, and hence, the baseline wander (BLW) phenomenon. On the other hand, digi-

tal equalizers such as least mean squares (LMS) or recursive least squares (RLS)-based

8



2.3. EQUALIZATION IN VLC

zero-forcing equalizer (ZF), decision feedback equalizer (DFE) and ANN offer significant

system performance improvement at the cost of increased complexity [27].

¢ ZF equalizer with adaptive algorithm
The linear filter most often used for equalization is the transversal filter shown in
Figure 2.3 as it tries to force a flat magnitude response by removing the ISI. The ZF
is a linear equalizer with a number of adjustable tap coefficients w}, as illustrated
in Figure 2.3. Its input is the sequence y, given in Equation 2.1 and its output in
the estimate of the information sequence ¢,. The estimate of the nth symbol may be

expressed as:
K

qn= ) Wn+jYn-j (2.14)
j=0

where w; are the tap weight coefficients of the filter. The delay given by Z “1is
inversely proportional to the filter oversampling rate ¢ and is either selected equal
to the symbol period or at a frequency higher than the symbol rate, typically { = T/2
where T, is symbol period). The estimate g, is quantified to the nearest (in distance)
information symbol. Considerable research has been performed on the criterion for
optimizing the filter coefficients w;. A desirable coefficient is chosen to minimize the
average probability of error. Note, the probability of error as a performance index for
optimizing w; is computationally complex since the probability of error is a highly
non-linear function of w;. An increase in performance can be obtained if an adaptive
algorithm is introduced to find the tap weights as illustrated by Figure 2.3. There

are several adaptive algorithms, most notable are the LMS and RLS.

Vn | 1 1 1
zZ zZ zZ zZ

Wn Wi+l Wiz Wi+3 Wid

qn dy
Z -+

Figure 2.3: The Adaptive linear transversal equalizer

YVYVY

Tap weight adjustment algorithm

e LMS algorithm
In order to find the tap weights the adaptive algorithm requires training against a
header sequence of data symbols that is known at the receiver. The LMS algorithm
is a gradient vector descent (based on the minimum square error criterion) on an

error cost function J(n) = E{e?(n)} and is very simple to implement due to the lack

9
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of matrix inversions or correlation function calculations. The tap weights are given
by:
1
w(n+1):w(n)+§,u[—VJ(n)], O<pu<l1 (2.15)

where p is the step-size parameter that controls the rate of convergence to the
minimum square error and the dell operator V indicates a gradient descent. A
strategy that then can be used is to uses estimates of the auto-correlation matrix
R and the cross correlationen vector p. If instantaneous estimates are chosen
R(n) = x(n)xf(n) and p(n) = x(n)d(n); the resulting method is the LMS algorithm,
see Figure 2.4. The gradient descent is an estimate given by VJ(n) = —2p + 2Rw(n).
The update of the filter weights is given by:

wn+1)=wn)+ ux(n)e(n) (2.16)

where e(n) = d(n)— y(n) and y(n) = x2 (n)w(n).

ld(n)
+
I N ey
A 7

l e(n)=d(n)-y(n)

Figure 2.4: The LMS algorithm

ANN Equalizer

The ANN takes loose inspiration from the human brain, which uses synapses
and neurons to learn and compute. ANNs retain the neurons for computation and
use tapped delay lines (in a transversal configuration) as the inputs. ANNs solve
nonlinear problems via the neurons, which are divided into a parallel structure
where the inputs to each neuron are scaled by an adaptive adjustable contribution
of the synaptic weights of each input. Increasing the number of neurons boosts
the ANN learning capacity while increasing complexity [28]. The structure of the
model, the type of activation function, and the learning algorithm affect neural-
network model implementation [29]. The block diagram in Figure 2.5 illustrates the
fundamental model of a neuron, which forms the basis for designing a large family
of neural network (NN)s [30]. The neural model includes an externally applied bias
by, which has the effect of increasing or lowering the contribution of each weighted
input to the activation function. The output of the £, neuron is given by y;, = ¢(v)
where v = up + by and uyp, is the summed weighted contribution of the inputs defined
as:

Up =) WkjX; (2.17)

n

Jj=1



2.3. EQUALIZATION IN VLC

where x1, x9, ..., X, are the input signals, and w1, wgg, ..., Wi, are the weights of
neuron k. Several activation functions are introduced in [30] including threshold
function, piecewise linear function, and log-sigmoid function, however, any differen-
tiable formulation may be used. In the following, a log-sigmoid function is considered
for the hidden layer output and a linear function at the ANN output as is typical
in the literature. An example of the log-sigmoid function, employed in this work, is
defined by [30]:

1
o) = e— (2.18)

X
. () Output

Vi

Activation
function

Xp

weights

Figure 2.5: The neural network model

In general, there are four fundamentally different network architectures that can
be used as an equalizer (i) feedforward single-layer; (ii) feedforward multilayer;
(ii7) feedback singlelayer; and (iv) feedback multilayer networks. In a multi-layer
configuration, the neurons are organized as follows; an input layer consisting of an
observation vector of incoming samples, a hidden layer where the processing occurs
and an output layer. A recurrent (feedback) ANN is different to a feedforward NN in
that has at least one feedback loop, see [30], which generally results in improvement

in non-linear mapping at the cost of potential error propagation.

ANNSs require a training sequence to adjust the neuron weights in order to map
the input-output sequence of the system under test. For early stopping, algorithms
update the neuron weights until the error between the equalized data and the
target data does not exceed an objective error. It is also possible to allow ANN to
run its training algorithm for objective epochs or seconds. There are a number of
training algorithms (see Table 2.1) that could be used, which are also available
in the Matlab [31, 32]. One of the most popular ones is levenberg-marquardt
back-propagation (LM) [33]. The conventional form of the conjugate-gradient (CG)
training algorithm requires a time-consuming line search but a modified version of
it (i.e., scaled conjugate-gradient (SCG)) introduced by Mgller [34] avoids the use

of a line search. When comparing against other digital equalisation techniques,
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ANNSs offer several advantages: (i) generalization -due to input-output mapping, as
opposed to ISI estimation,complex decision boundaries are created and hence, even
when an error or bit sequence not included in the training sequence can be estimated
[33]; and (ii) evidential response - to reject ambiguous patterns in classification,
where a NN can provide information of particular pattern selected as well as the
confidence in the decision made. ANNs have been palpable in communication
systems as a result of their flexibility and learning capability. There are a large
number of algorithms, which could be used for determining the network parameters
and for training NNs. It is noticeable that the training algorithm and the network
topology affect the performance of the NN. Therefore in this paper, we investigate
the effect of the various network types and number of neurons in the hidden layer on
the learning performance of the NN using LM, SCG, and conjugate gradient back-
propagation (CGP) algorithms for feedforward networks. The training algorithms

and their main features are summarized in Table 2.1 [32].

Table 2.1: The training algorithms [32]

Algorithm Feature - Method used to
update weight and bias values

Levenberg-Marquardt

LM Levenberg-Marquardt optimization
Conjugated gradient descent

CGB Conjugate gradient backpropagation
SCG Scaled conjugate gradient method
CGP Gradient backpropagation

with Polak-Ribiére updates

Resilient backpropagation

RP Resilient backpropagation algorithm
Quasi-Newton algorithm

0SS One-step secant method

BFG BFGS quasi-Newton method

2.4 Modulation Schemes

There are two typical groups of modulation schemes for optical communications: (i) base-
band modulations; and (i) multi-carrier modulations. The most popular baseband schemes
are OOK, pulse position modulation (PPM) or pulse amplitude modulation (PAM) [8]. The
multi-carrier modulations include orthogonal frequency division multiplexing (OFDM)
and carrier-less amplitude and phase modulation (CAP) modulation [35]. Since OVLC
systems are highly bandlimited, a modulation scheme is desirable that can transmit more

symbols-per-bit within a small modulation bandwidth By,q. In addition, since LEDs have
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2.4. MODULATION SCHEMES

dual functionality of illumination and data communications, then modulation schemes
adopted should also offer dimming control. A number of modulation schemes have been
developed with this features such as multiple PPM (MPPM) [36]. Furthermore, analysing
the communications link performance in terms of power requirement and spectral effi-
ciency 15 is essential. The most power efficient scheme is the high order L-PPM, but
requires the largest bandwidth. In [37] it is shown that variable OOK (VOOK) requires
the same power as variable PPM (VPPM) while its 7 is better than VPPM. In addition,
under 50 % brightness, RZ-OOK should require 3 dB less power than VOOK with 7, of 1
b/s/Hz; however, RZ-OOK provides at most 50% brightness. The technique of optical-fast
OFDM (O-FOFDM) reported in [38] aims to improve 71, by using half the bandwidth of
OFDM, with the caveat that it is limited to one dimensional modulation formats. To
achieve optical bandwidth saving, a dense OFDM (DOFDM) is employed by narrowing the
spacing between two optical sub-channels in [39], while [40] proposed a higher number
of sub-channels using Nyquist wavelength division multiplex (WDM) techniques. In [41]
50% electrical bandwidth saving is achieved using a mix of electrical and optical single
sideband signal manipulation techniques. In addition, an optical spectrally efficient fre-
quency division multiplexing (O-SEFDM) system was proposed in [42] to provide higher
1ns relative to O-OFDM, where non-orthogonal and overlapping sub-carriers are employed
so that the performance is the same as O-OFDM for bandwidth saving up to 25%. The
O-SEFDM technique can also increase 7, in both electrical and optical domains. The CAP
scheme was shown to outperform OFDM in terms of R, using the same physical link in
VLC [43]. CAP systems have several advantages over OFDM, a single carrier modulation
is utilized rather than Fourier transform [44, 45]. In multi carrier-less amplitude phase
modulation (m-CAP) the signal bandwidth is split into several subcarriers, where the
attenuation caused by an LED frequency response is decreased. Therefore, VLC links by
allocating different bandwidths for individual subcarriers, with high 7, (i.e., up to 36%
improvement in R for 6-CAP) can be supported [46]. The first VLC experiment utilizing
m-CAP was reported in [45] with Rj of 31.5 Mb/s using 10-CAP; thus resulting in 7, of
4.85 bps/Hz, which offers huge potential for a future research. Since the nonlinearity of
the source degrades the system OVLC performance, therefore transmitting an OFDM
signal results in intermodulation products between the subcarriers. In addition, giving
that OFDM signals have a relatively high dynamic range, which is described often in the
terms of the peak to average power ratio (PAPR), subcarriers can add constructively or
destructively, thus leading to a large variation in the transmit signal power level. High
PAPR means large saturation power for power amplifiers, which results in reduced power
efficiency. To combat this, PAPR reduction techniques of signal scrambling and signal
distortion (i.e., companding, signal clipping, peak windowing, envelope scaling, and peak
reduction carrier) can be adopted. E.g., for OFDM-VLC in [47] an exponential nonlinear

companding transformation techniques and in [48] an advanced A-law companding al-
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gorithm were proposed. Alternative, in [49] a hybrid modulation scheme was proposed
where the OFDM signal is converted to a pulse width modulation format prior to intensity

modulation of the light source in order to mitigate the requirement for higher PAPR.
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‘Organic-based VLC System

CHAPTER

emiconductor is considered organic if the materials are mainly carbon or nitrogen.
Organic materials possess similar characteristics to metallic semiconductors and
polymers concurrently [50]. These features are attractive for the emerging new type
of electronics industry - organic electronics. The most popular devices are OLEDs and

organic solar cells known as organic photovoltaics (OPV).

3.1 Principle of Organic Devices

e OLEDs
OLED display devices use organic carbon-based films, sandwiched together between
two charged electrodes; one is a metallic cathode (aluminum or silver) and the
other is a transparent anode (indium tin oxide (ITO)), see Figure 3.1. The organic
materials can be long-chain polymers (i.e., PLEDs) or small organic molecules
(i.e., SMOLEDSs) in a crystalline phase. The Figure 3.2 shows a PLED structure
along with a top view photograph of a single photoactive area PLED (3.5 mm?)
as an inset, presented in [51]. When polymer semiconductors exposed to oxygen
and water molecules in air undergo severe degradation. That introduce defects in
the polymer acting as charge carrier traps [51]. Based on the PLED processing
presented in [51], after oxygen plasma treatment of the cleaned ITO substrates, a
hole-injection layer of PEDOT:PSS was deposited on top of the ITO. The emissive
layer of poly was deposited from solution in toluene. In order to increase the
inter-molecular interaction through the reorganization of the polymer chains which
results in a higher bandwidth, the samples were annealed for 10 minutes above the
glass transition temperature, at 150°C under nitrogen atmosphere. On top of the
emissive layer a 30 nm of metallic calcium is evaporated as a cathode, covered by
a protective layer of aluminum. PLEDs were encapsulated with a glass cover to

prevent degradation as a result of air exposure.

The potential to be flexible as well as dropping the production cost bring a benefit
of non-rigid OLEDs over LEDs and other lighting technologies. The curved or
rolled OLED panels/displays can be used in wearable products (such as wearable

smart watches and computers), mobile phones, and television (TV)s. OLEDs have a
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Figure 3.2: PLED structure [61]

low-pass filter transfer function with the cut-off frequency given by [4]:

1

- 27nRC, 3.1

fe

where R is the effective resistance of the OLED, and C, is the plate capacitance

expressed by:
Ageoer
C,=
0 dt
where A; is the OLED photoactive area, d; is the OLED thickness, ¢y and ¢, are

the permittivity of free space and relative dielectric constant of the organic layer,

(3.2)

respectively. Several important materials have been used for the electron injection
layer of OLEDs such as LiF, NaCl, NaF and their dielectric constants are 9.036,
5.895 and 5.072, respectively at the temperature of 300 K [52]. Obviously,having a
larger photoactive area decreases achievable modulation bandwidth of OLED and
hence a restriction in Ry is imposed on OVLC systems. Additionally, bandlimited
systems experience degradation in the BER performance due to ISI. The BLW
phenomenon is another challenge in OVLC systems, where the signal randomly
deviates from the DC level due to high pass filtering or capacitive coupling. A number

of methods have been proposed to overcome the small B,,,q and ISI including (i)



3.1. PRINCIPLE OF ORGANIC DEVICES

high-level modulation schemes with no equalization or raised cosine filtering, which
are the most popular methods of mitigating ISI; and (i) equalization such as the
ANN based equalizer to maximize R; by undoing the detrimental effect of the ISI
[563]. In [54] it was experimentally demonstrated that the radiation pattern of a bent
OLED panel is not Lambertian, and an improved analytic mixed Gaussian model
was proposed to describe the rotational radiation asymmetry, where parameters
values were found by using an expectation-maximization algorithm for curve fitting
with the measured data. Compared with Lambertian source, OLED sources are
more flexible in radiation pattern control showing advantages in terms of lower OPL.
In addition, its impact on the VLC channel characteristics is investigated in the

section 5.4 and section 5.5.

Organic Photodiodes

An PD is a semiconductor device that converts light into an electrical current.
PDs may contain optical filters, built-in lenses, amongst other optics. Organic
PDs are particularly well suited for VLC technology as they enable chemically
tailored optoelectronic performance and fabrication by printing techniques on thin
and flexible substrates [55, 56]. In many organic optoelectronic devices, including
OLEDs, OPVs and organic photo detector (OPD)s, a hole injection layer (interlayer)
is usually inserted between the transparent anode and the active layer as electron
blocker. Several strategies are reported in the literature to improve hole extraction
from the photoactive layer. The most popular is incorporation of several different
types of hole extraction layers in the device stack such as conductive polymeric
materials, selfassembled molecules and metal oxides, surface treatment of the
positive electrodes and the conductive polymeric layers. The interlayer at the
negative electrode can improve the OPD performance, transferring electrons more
efficiently and blocking the movement of holes from the active layer to the cathode.
Furthermore, although the local vacuum reference energy level is assumed to be
constant at each interface in the organic device, it seems that the use of an interlayer
can result in a device with interface dipoles at the organic/metal and organic/organic
interfaces, thus resulting in a shift of the vacuum level [56]. This indicates that, the
interlayer plays an important role in the charge injection/extraction control, since it

can set the work function of the electrode.

Due to the aforementioned advantages of OPDs, they have gained attention using
in VLC systems. For instance, in [57] an all-organic flexible VLC system was
shown, where a flexible OPVs manufactured in a roll-to-roll process was used as
a receiver. Adopting an organic bulk heterojunction OPVs based on PBHT:PCBM
as photodetectors in VLLC was investigated in [58]. [55] demonstrated the color
selectivity and high performance of an OPD in a VLC system which is capable

of demultiplexing intermixed optical signals. This work introduces a solution for
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printing bulk-heterojunction photodetectors regarding wavelength selectivity. In this
approach, a narrow and tune the response in the visible range without optical filters
or light-management techniques can be achieved using incorporating nonfullerene
acceptors in a transparent polymer donor matrix. That results in an excellent
charge-carrier dynamics enabling state-of-the-art responsivities > 102 mA W~! and
cut-off frequencies > 1.5 MHz.

There are further works which demonstrate OPDs can be used as fast receivers,
however the OPDs were not used as detectors in VLC data links, yet. For instance,
due to shorter average exciton lifetime in the presence of many donor—acceptor
interfaces at the thin multilayers device, a bandwidth of 430 MHz was achieved [59].
In addition, there are several works reporting OPDs, which operate in the region
of 50-80 MHz [60—-62]. In [63], PDs with 30 MHz bandwidth was reported, taking

advantage of the high vertical carrier mobility.

3.2 Literature Review of OVLC

Figure 3.3 shows the achieved R, in OVLC for different optical components, modulation
schemes and equalizers. A review of OVLC systems shows that using different organic
devices, modulation schemes and digital signal processing techniques the achievable
data rate R; can be increased significantly from 550 kb/s [64] to > 50 Mb/s [65]. In
[64] an experimental OOK-OVLC link using a SMOLED (B,,q of 93 kHz) and a silicon
PIN-PD as the Tx and the Rx, respectively with an ANN equalizer at R of 550 kb/s
was reported. A 1.4 Mb/s OVLC system using an OLED (By,,q of 93 kHz) with discrete
multitone modulation (DMT) was experimentally demonstrated in [66]. In [67] an OVLC
using an OLED with B,,,q of 150 KHz and an RC equalizer Rj; was increased to 2.15 Mb/s.
In [5] it was demonstrated that by isolating the AC data source using a high impedance
NAND gate (i.e., no low frequency restrictions and therefore no BLW effect) R; can be
increased. In addition, the modulation depth was increased from < 10 using a bias-tee up to
~ 100, thus significantly improving the SNR. In [5] it was shown that Rj can be increased
significantly using the multi-layer perceptron (MLP)-ANN to 2.7, 2.2, and 1.25 Mb/s for
4-PPM, OOK, and 2-PPM, respectively compared to the non-equalized system.

Data Rate (Mb/s)

0.55 3.75 2.8 11 1.9 2.15 1.25 27 22 14 3

Equalizer | MLP-ANN ANN ZF RC MLP-ANN | MLP-ANN | MLP-ANN |no izer\no

Modulation| NRZ-00K 4-PPM OFDM NRZ-00K 2-PPM 4-PPM 00K DMT OFDM-16

QAM

PD SiPIN PD OoPD OoPD SiPIN PD Si PIN PD

Si PIN PD SiPIN PD

OLED |SMOLED 93 inorganic-LED OLED OLED 150 OLED 93 kHz PLED 270 kHz
kHz kHz

PLED 350
kHz

Figure 3.3: The evaluation of the achieved data rates in OVLC
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Alternatively, multi-carrier modulation techniques such as OFDM have been adopted
to increase the R;. In [68] it was shown that, 3 Mb/s can be achieved using OFDM-
quadrature amplitude modulation (QAM) based OLED with a 93 kHz bandwidth. In
several recent works, new experimental results on PLED-based VLC have been reported.
For instance, the first notable R of 10 Mb/s was achieved by adopting a PLED with a
Bioq of 270 kHz using OOK in combination with a LMS equalizer [69]. The same R}, was
achieved using OFDM in [53], the system block diagram is shown in Figure 3.4. Next,
through low-temperature thermal annealing and crystallisation of the polymer, a slight
marginal improvement in By,,q (i.e., 350 kHz) was reported, which was used in OVLC in
combination with an ANN to achieve a Ry of 20 Mb/s [561]. Furthermore, in [70] based on
wavelength-division multiplexing (WDM) using three individual RGB pixels of a PLED
and an ANN equalizer R per PLED chips of 27.9, 18.6 and 8.4 Mb/s for the red, blue
and green components, respectively (i.e., an aggregate link capacity of ~ 55 Mb/s) were

reported.

OPDs are adopted in VLC systems, since they can offer superior responsivity in
comparison to Si-PDs in the visible spectrum. E.g., in [71] a VLC system employing
an inorganic-LED, OPD of 160 kHz, and an ANN equalization achieved R; of 2.8 and
3.75 Mb/s for NRZ-OOK and 4-PPM, respectively. In [72], an all-organic-based VLC em-
ploying an ANN equalizer with LM demonstrated a Ry of 1 Mb/s over a short transmission
span. Whereas, in [73] an OFDM-based all-organic VLC link with a bit/power loading
algorithm to combat the system frequency selectivity reported Ry of 1.9 Mb/s. In [74]
it was demonstrated that setting a specific carrier frequency f. can affect the system
performance. The achieved R} of 220, 640 and 260 kb/s for f. of 100, 200 and 300 kHz,
respectively was reported. Also investigated was the angular dependence of the system
performance showing R; of 160 kb/s with a tilt angle up to 48°. Thus, opening up the
possibility of adopting advanced techniques, e.g., the angle diversity. In [57], a fully
organic flexible VLC system using off-the-shelf components, flexible circuits and flexible
commercial OLED and an OPD, manufactured in a roll-to-roll process, was reported. This
all-organic flexible VLC system is capable of transmitting an audio file in real-time. And
their future goal is to design the driving circuits operating over hundreds of MHz, both
in emission and transmission, and to build an OPD that could support this operating

frequency.

Recently, 51.6 Mb/s OLED based VLC employing a monochromic OLED fed by an
OFDM signal with offset QAM (OQAM) has been reported which is the highest single-
wavelength transmission speed reported in OVLC so far [65]. The experimental system
diagram is shown in Figure 3.5. In this work, the bit and power loading technique and
a joint linear minimum mean-square-error (LMMSE) and a DFE were used at the Rx
to combat ISI, and a cyclic prefix (CP) to improve spectral efficiency. The work in [75]

investigated the OLED nonlinearity using Volterra series and a Volterra-based nonlinear
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equalizer in order to mitigate both ISI and nonlinearity more effectively than other
equalizers over a link span of 3 m. Recently, organic solar cells have been used as high-

speed detectors for VLC as well as supplying the power needed for the Rx circuit [76].
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Figure 3.5: The experimental system diagram in [65]
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‘Objectives of the Thesis

CHAPTER

here is a growing interest in utilization of OLEDs for soft lighting and display ap-
Tplications. There will be a high demand on to design VLC transceivers utilizing
OLEDs for communications due to their inherent advantages such as flexible substrates,
low-cost manufacturing, bright and soft light. However, the carrier mobility of organic
semiconductors is much slower than the devices composed of metal alloys, such as gallium
nitride, thus leading to a restriction in the OLED modulation bandwidth. The manu-
facturing processes, materials and the photoactive size of the devices can affect the raw
modulation bandwidth of OLEDs. To increase the transmission bandwidth (i.e., data
throughput), novel approaches have been proposed including equalization techniques,
signalling schemes and the optimum driver circuits which are mentioned in chapter 2 and
chapter 3. Nevertheless, there are still many challenges awaiting theoretical, analytical
and experimental verification. Therefore, the dissertation thesis has the following main

goals:

B To propose equalizations for OLED-based VLC

B To develop analytical and simulation models of OLED-based VLC for different

scenarios
B To develop an experimental test-bed for measurement

B experimentally evaluation of the proposed systems and to compare with the predicted

and simulated systems
To meet the main goals of the thesis, the following specific milestones have been set:

B To characterize OLEDs with different sizes in term of optical and electrical specifi-

cations.
B To experimentally evaluate a number of OLEDs for the VL.C system.

B To investigate the candidate modulation schemes (m-CAP) for a number of OLEDs
in the VLC system.

B To adopt a flexible OLED based VLC system with m-CAP for different angle of

incidence on the PD.
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B To investigate equalization techniques for OVLC.

B To simulate VLC link in an empty room implemented using OpticStudio® to be

confirmed in comparison to the results reported in the literatures.

B To investigate the impact of the symmetry beam pattern of OLED, which is wider
than Lambertian, in VLC systems including by considering reflections from wavelength-
dependent surfaces within the indoor environments. To model the flexible OVLC
system for the shopping mall, office, corridor and semi-open corridor using OpticStu-
dio®. The analytical models is based on the real parameters and statistics of flexible
OLED devices, characterization of OVLC channel in term of optical path loss and

the delay spread as well as system performance.

B To simulate OVLC for D2D communications including by user mobility and rotation

angles.



‘Achieved Results

CHAPTER

he core of this thesis is based on published papers in scientific journals with impact
factor and papers in international conference proceedings. The original papers with

bibliographic citations contributing to the thesis are provided in the following sections.

Section 5.1 provides experimentally investigation of optical and electrical characteris-
tics of a number of rigid and flexible (or curved) OLEDs 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) curves. In addition, the VLC system performance
in terms of the measured BER was evaluated where these OLEDs were adopted as a light

source.

Section 5.2 focuses on evaluation of the exciting feature of OLED panels which is being
curved, rolled or folded light source. The effect of curved OLED radiation pattern, which
is wider than Lambertian, for VLC system were experimentally evaluated. In addition,
investigation of an OVLC system performance using a curved and flat OLEDs with m-CAP
modulation for m = 2. The optical receiver move along a circular path which leads to
variety of incidence angles. The link performance is quantified in terms of BER. It is
shown that curved OLED offers lower BER for the viewing angles greater 40°compared to
the flat OLED.

Section 5.3 presents evaluation of the effect of training algorithms in an ANN equalizer
for a feedforward multi-layer perceptron configuration in VLC systems where a low
bandwidth OLED is used. We tested several algorithms which are the scaled conjugate-
gradient, conjugate-gradient backpropagation and LM algorithms for a range numbers of
neurons. I showed that, LM offers superior BER performance based on the mean square
error in comparison to other training algorithms evaluated in this work.

section 5.4, provides unique characteristics of a flexible OLED-based VLC for coverage
of a shopping mall environment. A number of scenarios of VLC system with flexible OLED
were analyzed. Based on the obtained simulation data, a new expressions of the VLC
channel characteristics in case of full and half-circular OLED based transmitter for both
empty and furnished shopping malls were derived in terms of optical loss and channel
delay spread. In addition, system performance was investigated in terms of BER and

channel capacity.

section 5.5 presents the impact of a symmetry beam pattern of OLED, which is wider
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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 was simulated. Furthermore, I
investigated the use of OLED-based VLC in corridor and semi-open corridor in shopping
malls. We considered two scenarios; (i) where the OLED panel is located on the inner shop
wall behind the glass window and (i7) on the wall or shop window inside the corridor. The
channel characteristics is shown in term Of RMS delay spread and OPL.

As a summary, an experimentally investigation of optical and electrical characteristics
of a number of rigid and flexible OLEDs is carried out. Following, an experimental
test-bed which utilize a number of different OLEDs transceiver with m-CAP modulation
is developed. The effect of curved OLED radiation pattern on the VLC link has been
examined for the first time. Additionally, due to low modulation bandwidth of the OLED,
the ANN equalizer are investigated. A simulation of OLED-based VLC system for indoor
environments are presented in which the results show the channel characteristics and the

BER with respect to spatial parameters to derive a novel methodology.
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5.1 Comprehensive Optical and Electrical
Characterization and Evaluation of Organic
Light-Emitting Diodes for Visible Light

Communication

This chapter is a version of the published manuscript:

Z.N. Chaleshtori, A. Burton, S. Zvanovec, Z. Ghassemlooy, P. Chvojka, “Comprehensive
optical and electrical characterization and evaluation of organic light-emitting diodes for

visible light communication,” Optical Engineering, Vol. 59(4), pp. 046106, 2020.

Connection to my Ph.D. thesis:

Recently, OLEDs have potential of using for (i) illumination or visual displays in public
places and (ii) flexible panel display for use in wearable biomedical devices. Hence, char-
acterization of different types of OLEDs is essential when these used in VLC. Therefore,
optical and electrical characteristics of a number of rigid and flexible OLEDs within the
context of VLC systems have been experimentally investigated. In addition, the use of
OLEDs in VLC is mostly limited to tiny OLEDs, indeed more research utilizing large
OLEDs with much lower bandwidth in VLC needed to be done.
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Abstract In recent years, we have seen an increased use of organic light-emitting diodes
(OLEDs) for illumination in indoor environments due to their softer light compared with the
conventional inorganic LEDs. In addition, OLEDs have been reported in visible light commu-
nication (VLC) systems, specifically for applications with lower data rates, such as information
boards, camera communications, and positioning. However, OLEDs need extensive electrical
and optical characterization if they are going to be fully exploited in VLC. We investigated
characteristics of a range of flexible and rigid OLEDs and compared them with inorganic
LEDs. We show that OLEDs have highly linear power—current characteristics, and compared
with rigid OLEDs with beam patterns closely matching the Lambertian profile, the flexible
OLED’s radiation pattern is wider. Based on the measured experimental data, a new expression
for the OLED’s beam pattern, which follows the three-term Gaussian profile, is proposed.
Moreover, we show that using larger size OLEDs in VLC links offers improved bit error rate
performance over a wide tilting angle of up to 80 deg and a transmission path length of up to
60 cm. © 2020 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOIL: 10.1117/1.0E.59.4
.046106]

Keywords: organic LEDs; radiation pattern; spectrum; visible light communications.

Paper 191065 received Aug. 2, 2019; accepted for publication Apr. 8, 2020; published online
Apr. 21, 2020.

1 Introduction

Visible light communications (VLC) is seen as a viable complementary technology to radio
frequency (RF) wireless communications in mostly indoor environments to meet the growing
demands for high-speed wireless data transmission.'> VLC has the advantages of being high
energy efficiency (i.e., a green technology), having no RF electromagnetic interference, being
license-free, and having inherent security and privacy compared with the RF technologies.’ In
VLCs, both conventional gallium-based light-emitting diodes (LEDs) and organic LEDs
(OLEDs) as well as white laser diodes (LDs) are being used as a light source.'* The gallium-
based LED-based VLC systems, which utilize blue light to excite yellowish phosphors to syn-
thesize white light, have been extensively investigated in the literature.' Whereas the red, green,
and blue (RGB) and phosphor LDs-based VLCs require higher thermal stability of the phosphor
due to a much greater optical power density.® Compared with the phosphor-based LD, the RGB
LD is safer to the human eye due to the low illumination level blue light component.’
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 and 500 nm,?
and flexibility (i.e., can be fabricated on plastics substrates or used in wearable clothes).®!!

*Address all correspondence to Zahra Nazari Chaleshtori, E-mail: nazarzah@fel.cvut.cz
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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-to-
device (D2D) communications.'? The latter is performed by transmitting and receiving the infor-
mation data via the smartphone’s OLED-based display pixels'*!'* and the built-in cameras.'>!®
OLEDs work in a similar manner to LEDs and use organic carbon-based molecules to gen-
erate electron—hole pairs, but they have different characteristics. There are two different types of
OLED:s based on (i) small organic molecules deposited on a glass and (ii) polymer (i.e., large
plastic molecules) to produce light.!”'® However, the modulation bandwidth B,,,.4 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.'” However, OLED properties (i.e., Byq) have been improved using new mate-
rials with higher charge mobility.?’ In addition, a number of advanced communications and sig-
naling schemes as well as optimum driver circuits have been proposed to increase the
transmission data rate.”"*> 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 **** and (ii) flexible
or flat panel display technology for use in wearable biomedical devices in hospitals,> which
provide visual display, data communications, and indoor localization. The devices of nano-
OLEDs and microfluidic OLEDs are promising, providing for new applications.”® However,
very little work has 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 radi-
ation patterns, and output optical power—current—voltage (L—/-V) of a number of rigid and flex-
ible (or curved) OLEDs within the context of VLC systems. In addition, the characterization of
organic devices is mostly limited to L—/-V or the frequency response measurements. In this
work, the focus is also 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 are compared with the conventional inorganic sources. Large OLED panels com-
pared with tiny OLEDs have lower modulation bandwidth, thus supporting a reduced level of
throughputs in VLC.?!?? Therefore, more research utilizing large OLEDs with much lower band-
width needs to be done. A number of schemes, including multicarrier 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 carrierless amplitude
and phase (m-CAP) modulation, which offers similar spectrum efficiency as orthogonal fre-
quency 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 Sec. 2, the structure of a typical OLED is
described. In Sec. 3, the characterization of OLEDs is given, followed by the experimental inves-
tigation of the OLED-based VLC link in Sec. 4, and finally, conclusions are drawn in Sec. 5.

2 Structure of OLEDs

The principal material in an organic semiconductor is either carbon or nitrogen.?” The organic
materials can be long-chain polymers (i.e., PLEDs) or small organic molecules (i.e., SMOLEDs)
in a crystalline phase.'**” 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 as?®

1

2n(ts +7,)° 0

f3-dB =

where 7, is the differential carrier lifetime, which is inversely proportional to the drive current.?®
7. ~ RC, where R is the effective resistance of the OLED and C is the plate capacitance, which is
defined as'

Optical Engineering 046106-2 April 2020 « Vol. 59(4)



Nazari Chaleshtori et al.: Comprehensive optical and electrical characterization and evaluation. ..

VT_/

Anode (ITO)
’ Substrate

Light emission

Fig. 1 The OLED structure.
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where A is the OLED photoactive area, d is the OLED thickness, and ¢, and ¢, are the permit-
tivity of free space and the relative dielectric constant of the organic layer, respectively.

Note that, as in LEDs, B,,q of OLEDs is inversely proportional to A; hence the bandwidth is
much lower than in small area gallium-based LEDs.* In addition, in highly bandlimited organic
VLC systems, the intersymbol interference leads to significant BER degradation. A number of
schemes have been proposed to overcome both lower B,,,q and the ISI including: high-level
modulations,® equalization schemes such as the artificial neural network,?"?? specially
designed receivers,’'™ single-input multiple-output or multiple-input multiple-output configu-
ration,**” bit/power loading,”*** and power pre-emphasis.>**’

3 Characterization of OLEDs

3.1 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. 2. The test-bed includes an arbitrary func-
tion generator AFG Agilent 3252, driving circuits, OLEDs, optical receiver (ORx) Thorlabs
PDA100A2 [consisting of a photodiode (PD) and a transimpedance amplifier], spectrometer
Thorlabs CCS200 with CCSB1 cosine corrector with a diameter of 8.5 mm and the digital
LED lux meter DT-3809.

~ "Optical
Power

e\ Metex

RN

=7 Y

¥ “Bias Tee

Driver

Lux meter

Fig. 2 An experimental test-bed for characterization of OLEDs.
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Fig. 3 Different OLEDs (D1 to D5) under test.

Table 1 The OLEDs under test.

Device Luminous efficiency (Im/W) Luminous flux (Im)
OLED Size (mm) thickness (mm) [bias current Ig (MA)] [l (MA)]
Rigid
D;: N6OA40C 48.7 (radius) 1 55 (230) 75 (230)
D,: N6SC40C 140 x 140 0.88 55 (480) 150 (480)
D3: N6BA40C 200 x 50 1.77 53 (230) 73 (230)
D,: N6SB40 55 x 53 1.97 55 (62) 20 (62)
Flexible
Ds 200 x 50 0.41 53 (230) 75 (230)

Five OLEDs, four different rigid OLEDs from LG (i.e., N6OA40C, N6SC40C, N6BA40C,
and N6SB40 denoted as D; to D,) and a single flexible OLED from UNISAGA (denoted as Ds),
see Fig. 3, were investigated in terms of their optical and electrical characteristics including the
optical spectrum, L—[-V curves, optical radiation pattern, and B,,,q. All experiments were car-
ried out under the same controlled environments (within a dark room), and for each set-up, five
sets of measurements were taken to ensure repeatability and correctness. The main parameters of
the tested OLEDs are given in Table 1.

3.2 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-deg angle was used. The measured normalized optical spectrum (averaged over
five sets of measurements) for a range of I for D; is shown in Fig. 4(a), showing the R, G, and B
components at the peak wavelengths of 613, 555, 450, and 480 nm, respectively. OLEDs D, to 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 the B and G components have lower inten-
sities compared with the rigid OLEDs. This is attributed to the lower conversion efficiency of
B and G materials in D5s. Whereas, for the inorganic LED, the dominant color is B.

Next, we investigate the spectrum (i.e., the color) of D under different dimming levels (i.e.,
10 mA < Iz <300 mA) as shown in Fig. 4(c). Note that 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 Ref. 40.
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Fig. 4 (a) The optical spectrum of D, is normalized to the maximum /g with peak wavelengths
marked where the legend color scale represents /g, (b) all devices outputs and a gallium-based
white LED at their corresponding maximum /g, and (c) the optical spectrum of D4 for a range of /g
where each of the spectral responses were normalized to unity and then superimposed on top
of each other.

3.2.2 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 X the horizontal dimension of
the OLED (as recommended by the lux meter manufacturer). The measured L-I-V curves
of the OLEDs are shown in Fig. 5, showing linear characteristics with sufficient dynamic ranges.
Table 2 summarizes the measured maximum current /g_q,y, threshold voltage Vy,, range of I
in the linear part A/, the range of voltage in the linear part AV, and the slope of the V-I curve
(i.e., inverse of the dynamic resistance for all OLEDs at /). Note that, with a wide linear range,

&
Voltage (V)

Normalized illuminance (-)

o
n

: * + 0
0 200 400 600 800
Current (mA)

Fig. 5 The L-/-V curves for OLEDs where V—/ and L-/ curves are associated to each device
marked as Dy to Ds.

Table 2 The parameters of OLEDs under test.

I 5-Max Vin Slope Dynamic resistance
OLED (mA) (V) (Al/AV) (Q) [Iz (MA)]
D 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)
D, 100 5.0 0.083 12.0 (60)
Ds 300 7.0 0.033 4.3 (180)
Optical Engineering 046106-5 April 2020 « Vol. 59(4)
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Table 3 The parameter of linearity of inorganic LEDs and

OLEDs.

RMSE
OLED RMSE Ga LED R G B
D, 2x10714 RGB 0.004 0.07 0.008
D, 3x 1071 RAGB 0.0036 0.0025 0.0032
Ds 11x107" 5mmRGB 0.0016 0.0027 0.0047
D, 1.3x 1077 COBLED 0.5114
Ds 1.2x 107

the L—I range around I higher signal levels can be used for intensity modulation of the OLED,
thus having a higher signal-to-noise ratio and lower BER. Using linear regression curve-fitting,
the plots in Fig. 5 show a highly linear L—/ relationship. To compare the linearity of inorganic
LEDs with OLEDs, we used root mean square error (RMSE) i.e., RMSE= /(3. P; — Pp.0q)*/1,
where P; and P,y are the measured and linear modelled optical powers, respectively, and » is
the number of measured samples; see Table 3. Note that OLEDs tested in this work show a
considerably lower RMSE compared with the inorganic LEDs [i.e., RGB, 5 mm RGB,
RAGB (RGB + amber LEDENGIN LZ4-00MAO00), and a COBLED (LUSTREON 4W 48led
COBLED Chip)].

3.2.3 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 as'

7mL+l
2

1(6)

1(0) cos™ (@), 0= [—gﬂ , 3)

where 1(0) is the center luminous intensity of an LED and m; is the Lambertian order given as'

In(2)

— ) 4
In[cos (6 »)] @)

mp = —

where 6, is the semiangle at half illuminance.

To empirically derive the beam patterns of rigid OLEDs and determine the Lambertian order
of emission, a lux meter was used to measure the luminance, as shown in Fig. 6(a). As expected,
the profiles are complete hemispheres close to the Lambertian emitter with m; = 1 in contrast to
the intensity profile of a COBLED with m; = 0.66 as shown in Fig. 6(b).

With reference to Fig. 7(a), the irradiance angle @ is given as

.

dpy.T
0 = arccos —> OLED (3)

— ,
|dxl[ToLED|

where 7o gp and 7y, are the norm vectors of the OLED and the ORXx, respectively, and dg, is the
distance between the OLED and ORx. The positions of the OLED and the ORx are considered as
(r, @, x;) and (r’, @', x,) in the cylindrical coordinate, respectively, where r is the OLED cur-
vature radius, 0 < ¢ < 180 deg, and x, refers to the OLED’s width. Thus, we have
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Fig. 6 The polar dimensional radiation patterns for (a) rigid OLEDs for D4, D,, D3, and D, and
(b) a COBLED.

¥’ cos @' cos @ — rcos® g+ r' sin ¢’ sin ¢ — rsin? ¢
cos(0) = .

(6)

r'—r

To investigate the intensity profiles of flexible OLEDs, the device was bent with different
radii of curvature r of 11 and 8 cm to have quadrature and half-circle light sources, as shown in
Fig. 7(a). The measured radiation pattern shows a symmetry about the origin 0 deg not fitting the
Lambertian radiation pattern; see the solid blue line for m; = 1 in Fig. 7(b). Note that the OLED
with a higher r displays a radiation beam profile closer to Lambertian with m; = 1. The radi-
ation angle ranges for 6, , for the flat and 11 and 8 cm curved OLEDs are 58 deg, 65 deg, and
75 deg, respectively.

A numerical fitting method was used to estimate the radiation pattern parameters of flexible
OLED:s. The three-term Gaussian model provided the best fit to describe the radiation patterns of
OLEDs, which is given as

q

10) = ap x exp{=[(0 = by)/ci]*}. 7

k=1

where a;, by, and ¢, are the parameters estimated by the curve fitting tool,  is the order, and q is
the term of the Gaussian model, which is considered to be 3 for the best match with the empirical
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5 06F
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=
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y £
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Fig. 7 (a) OLED panel bent in different curvature radii r of 11 and 8 cm and (b) two-dimensional
intensity pattern.
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Table 4 Three-term Gaussian model parameter for spatial
intensity distribution for curvature with radii of 11 and 8 cm.

k 1 2 3
r=11cm

ay 0.9878 0.3054 0.2875
by —-0.7595 58.1 -59.42
Ck 51.59 32.99 31.94
r=8cm

ay 0.9814 0.3733 0.2721
by 4.832 -63.31 70.73
[ 60.17 42.31 36.66

data. The RMSE analysis has been carried out on the modeled 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.*' The
numerical fitting parameters are shown in Table 4 for OLEDs with an r of 11 and 8 cm. Note that
ay is the peak of the k’th term of the three-term Gaussian (i.e., a; ~ 1) and b, is the angular
position of the peak referred to each Gaussian as b; ~ 0. ¢y, is the standard deviation of the k’th
term of the three-term Gaussian with higher values representing a wider profile.

3.2.4 OLED bandwidth

To measure B,,,q of the OLEDs, the devices were biased in the linear region of respective L—I
curves; see Fig. 5. The measured frequency responses for D;—D5 over a range of I are as shown
in Fig. 8, where U is the peak-to-peak received voltage and U, is the peak-to-peak voltage of the
first sample. For comparison, the maximum and minimum bandwidth values as well as the differ-
ence between them (i.e., AB) are given in Table 5. The results for the devices tested show that
B4 increases with 7 as in agreement with Eq. (1). We also investigated the effect of bending
the flexible OLED on B,,,q and observed no changes in B,,,. This is because the cut-off fre-
quency 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.

(=1

' '
wn W

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

20 i ] !
10° 10! 102 10° 10! 10?
Frequency (kHz) Frequency (kHz)

(@) (b)

Fig. 8 The measured By, 0f (@) D13 and (b) Dy 4.
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Table 5 Bandwidth of OLEDs.

Bmod-min (kHz) Bimod-max (kHz) AB
Device [/g-min (MA)] [/g-Max (MA)] (kHz)
D, 15 (40) 38 (250) 23
D, 20 (100) 40 (600) 20
Ds 20 (100) 42 (280) 22
D. 34 (30) 54 (60) 20
Ds 15 (40) 42 (250) 27

4 Experimental OVLC Link Results

4.1 Experimental Test-Bed for OVLC Link with m-CAP

OLEDs with both high linearity and dynamic range can be used to support higher-order multi-
level and multicarrier 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 an m-CAP modulation scheme due to
its ability to (i) reduce the effect of the highly bandlimited frequency response of OLEDs acting
as a low-pass filter,*>* (ii) be used as a multiuser scheme (e.g., personalized advertising),45 and
(iii) be implemented more simply compared with the OFDM.

A block diagram of the experimental m-CAP OVLC link is shown in Fig. 9. First, m inde-
pendent pseudorandom data streams d,,(¢) of length 12,000 bits (memory depth limitation of the
AFG) are generated and mapped onto the M-QAM (quadrature amplitude modulation) constel-
lation where M is the order of the QAM. Note that M and m are selected as 16 and 2, respec-
tively, in this work. During the experiment, a sufficient number of bits were transmitted to allow
for the measurement of the BER at 107°. The linearity of OLEDs and their high dynamic range
offer the potential for choosing a number of carriers. Following upsampling, the real and the
imaginary parts of the signal a; and b;, respectively, are applied to the in-phase and quadrature
pulse shaping transmit filters, and their 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 in-
phase part of the signal, respectively. The carrier frequencies given by the transmit filters are set
to 10 and 30 kHz for first and second subcarriers (s; and s,), respectively, in this work. The roll-
off factor f used for the transmit pulse shapes is chosen as 0.15, given that the minimum band-
width requirement is proportional to 1 + f. Note that higher § leads to more protection against
ISI for consistency with the literature.*® 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 an ORx Thorlabs PDA100A2. Subsequently, the output of ORXx is captured using
a digital storage oscilloscope Keysight DS09254 A with the sampling frequency of 400 kS/s for

d(t) i | In-phase Tx
filter (f7)
Quadrature Tx
filter (fp)
In-phase Rx
filter (g
Quadrature Rx
filter (go)

Fig. 9 The block diagram of the proposed OVLC system with m-CAP modulation.
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Table 6 The system parameters.

OLED Ig (MA) Bmod (kHZz) Luminous flux (Im) Area (cm?)
D, 160 28 58.5 745
D, 450 30 115.0 196.0
D3 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 mm?
Bandwidth 1.4 MHz at a 10 dB gain
Output voltage Oto10V
Noise of amplifier 195 uV (RMS)
NEP 6.75x 1012 (W/v/Hz) at 2 = 960 nm
Responsivity 0.2 (A/W) at A = 400 nm

0.5 (A/W) at 2 =700 nm

further off-line data processing. The regenerated electrical signal is given as y(¢) = ()x’ ®
h(t) 4+ n(t), where h(t) is the channel impulse response, the ® symbol denotes convolution,
and the noise n(r) is mainly due to the ambient light and in the form of shot noise. y(r) is
resampled to the transmitted signal by original sampling frequency prior to being applied to
two time-reversed filters g; and g, matched to the transmit filters. The combined filter output
z(r) followed downsampling is applied to the M-QAM demapper to regenerate the estimated
transmitted data d,,(¢). All of the key system parameters are shown in Table 6.

4.2 Experimental Results

In this section, we evaluate the LoS OLED VLC link based on the BER for a range of trans-
mission spans from 10 to 60 cm and the OLED tilt angles a from —90 deg to 90 deg. The BER
results versus the path length for the OLED VLC for s; and s, are shown in Figs. 10(a) and
10(b), respectively, along with the 7% forward error correction (FEC) BER limit of 3.8 x 1073,
Examples of measured constellation diagrams are shown as insets for D, with two distances d of
40 and 50 cm and 30 and 50 cm for s; and s,, respectively. At the FEC BER limit, the trans-
mission path lengths for s, are 36, 50, and ~60 cm for D4, D, 3 and D, 5, respectively, which are
sufficient for D2D communications. In the case of s,, we observe a small decrease in the trans-
mission spans by 2, 15, and 10 cm for Dy, D;; and D, s, respectively, compared with s;.
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
Bioa?®¥ 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 areas (note decreased 3 dB bandwidth) or an
array of OLEDs can be utilized to follow these requirements. For instance, an OLED panel with a
Iuminous flux of ~3000 Im can support data transmission for distances of up to 3 m.

For D,, the BER plots in polar formats against @ are shown in Fig. 11 for s; and s,. Also
shown for comparison is the plot for the FEC BER limit. Note that the path length is fixed at
30 cm [i.e., a BER <107 when @ = 0 deg; see Fig. 10(a)]. Note that the BER profiles display a
symmetry about the origin (i.e., the ORx is facing the OLED at a of 0 deg) offering improved
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Fig. 10 The BER versus the path length for OLEDs with m-CAP for (a) s; with the consolation
diagrams for two distances of 40 and 50 cm for D, and (b) s, with the consolation diagrams for two
distances of 30 and 50 cm for D,.

BER

Fig. 11 The polar plot of BER for tilted OLED (D,) with m-CAP for s; and s,.

performance over a wide tilting angle. To meet the FEC limit, D, can operate with a of up to
+80 deg and £70 deg for s; and s,, respectively.

5 Conclusions and Future Outlook

In this paper, we carried out a 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
a stable illumination profile regardless of the bias current and a highly linear power—current
characteristic compared with the inorganic LEDs. We also showed that the rigid OLEDs beam
pattern closely matches Lambertian with m; = 1, whereas for curved OLED, the radiation pat-
tern displays a symmetry that is wider than Lambertian for curved OLED with a curvature radius
of 8 cm and a radiation angle of 75 deg. Based on the measured experimental data for the curved
OLED, we showed a new expression for the OLED’s beam pattern, which follows the three-term
Gaussian profile with an 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 that the BER results of a 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 deg, which is considerably large for
D2D communications) and a longer transmission length (i.e., up to 60 cm).
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5.2 A Flexible OLED based VLC Link with m-cap

Modulation

This chapter is a version of the published manuscript:

Z.N. Chaleshtori, A. Burton, Z. Ghassemlooy, S. Zvanovec, “A Flexible OLED based VLC
Link with m-cap Modulation,” In 2019 15th International Conference on Telecommunica-
tions (ConTEL), pp. 1-6, 2019, IEEE.

Connection to my Ph.D. thesis:

CAP modulation has been the focus of increasing research in recent years due to a number
of advantages including high spectral efficiency. The m-CAP modulation scheme is adopted
in this research due to (i) its ability to reduce the effect of the highly bandlimited frequency
response of OLEDs acting as a low-pass filter; (ii) be used as a multiuser scheme (e.g.,
personalized advertising); and (iii) be implemented more simply compared with the OFDM.
Therefore, a flexible OLED is proposed as a light source for m-CAP VLC, where the effect

of the beam pattern of curved OLED is investigated experimentally as well.
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Abstract—In recent years there has been a growing interest in
using organic light emitting diodes (OLEDs) for illumination in
indoor environments. They offer attractive features such as
flexibility and large active areas at a low cost; they are energy
efficient and have higher illumination levels compared to silicone
based LEDs. In addition, the utilization of OLEDs have increased
in devices such as smart mobile phones and TVs because of their
low thickness. This paper investigates the performance of an
OLED based visible light communications (OVLC) system, using
a curved and flat OLED with multiband carrierless amplitude and
phase (m-CAP) modulation for m = 2 at different angles of
incidence on the optical receiver. It is shown that the BER
performance is improved (i.e., below the forward error correction
(FEC) limit of 3.8x10-%) with the curved OLED when the optical
receiver moving along a circular path for the viewing angles
greater 40° compared to the flat OLED, which is advantageous in
device to device communications.

Keywords- flexible organic LEDs; m-CAP modulation; visible
light communications.

I. INTRODUCTION

Visible light communications (VLC) simultaneously
provides illumination and wireless data transmission using the
visible spectrum of 380 nm to 750 nm [1, 2]. VLC is a green
technology and can offer advantages over the radio frequency
(RF) communication systems such as immunity to RF
electromagnetic interference, a license-free spectrum, inherent
security, and lower power consumption [1, 3]. VLC systems
employ either conventional silicone based light emitting diodes
(LEDs), organic based LEDs (OLEDs) or even white laser
diodes (LDs) as light sources [4]. The applications of VLC has
been increasing due to the widespread use of LEDs as the light
sources in indoor and outdoor environments. For example,
indoor positioning systems [5], aviation [6], underwater
communications [6], intelligent transportation systems [7],
internet of things (IoT) [8] and camera communications [9].

There has been a growing interest into adopting OLEDs over
the conventional solid-state lights. Flat panel OLED displays are
attractive due to properties such as the possibility of fabricating
the device on flexible substrates, achieving larger active areas
using low-cost solution processing techniques and
environmentally friendly (i.e., a green technology) [4]. Organic
electronics are able to use plastics as the substrates, hence can
be made to be mechanically flexible and with arbitrary shapes.
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This allows for the production of curved or rolled OLED
panels/displays, which can also be employed in wearable
products (i.e., smart watches and wearable computers). In
addition, the maximum thickness of an OLED is 500 nm [4],
which is ideal for thin film devices (such as mobile phones,
computers, and TVs), thus providing the potential of
infrastructure-to-device (I2D) and device-to-device (D2D)
communications [9]. In D2D communications, the data can be
transmitted via pixels of the mobile phones display [10] and is
captured using the camera(s) in smartphones [11].

However, the reported modulation bandwidth Bmoa of
OLEDs is lower than silicone LEDs (i.e., kHz compared to
MHz), which is limited by the carrier lifetime [12]. Recent
improvements of the OLEDs properties are showing that with
new materials increased charge mobility can be achieved [13].
The performance of organic devices is dependent on the charge
mobility, i.e., as charge carrier mobility determines how fast the
device can be turned on and off. Recently, a number of advanced
communication techniques and signalling schemes have been
proposed to increase the transmission data rates R». A significant
enhancement in R; from 550 kb/s [14] to more than 50 Mb/s was
reported for OLED-based visible light communication (OVLC)
[15]. An almost 55 Mb/s OLED link was reported in [16] where
wavelength-division multiplexing (WDM) (using red/orange,
blue and green wavelengths) and an artificial neural network
(ANN) equalizer was used. In [17], a 51.6 Mb/s experimental
monochromic OLED based VLC system was demonstrated,
where the OLED modulated by offset-quadrature amplitude
modulation-based orthogonal frequency division multiplexing
(OFDM) was employed with a joint linear minimum mean-
square-error (LMMSE) based decision feedback equalizer
(DFE). Furthermore, employing polymer LEDs (PLEDs) in the
VLC systems has shown a notable enhancement in Rj, as
reported in [18]. For instance, 10 Mb/s was achieved using
PLED (having Bmod of 270 kHz) and on-off keying (OOK) in
combination with a least mean square (LMS) equalizer [19],
reaching the same R as OFDM organic VLC system [20]. Next,
through low-temperature thermal annealing and crystallisation
of the polymer, a marginal improvement in Bmoq up to 350 kHz
has been reported in [18] with R, of 20 Mb/s using an ANN
equalizer. In [21], a fully organic flexible VLC system using off-
the-shelf components, flexible circuits and flexible commercial
OLED and an organic photodiode (PD) - manufactured in a roll-
to-roll process - was reported. This all-organic flexible VLC



system is capable of transmitting an audio file in real-time. And
their future goal is to design the driving circuits operating over
hundreds of MHz, both in emission and transmission, and to
build an OPD that could support this operating frequency.

The use of advanced modulation schemes to improve the
spectral efficiency of bandlimited VLC systems are being
investigated [20]. OFDM has the potential for supporting high
order modulation formats such as quadrature amplitude
modulation (QAM), where both amplitude and phase
components were used to achieve spectrum efficiency [22].
Multiband carrierless amplitude and phase (m-CAP) also
employs QAM, and is based on a combination of two pulse
amplitude modulation (PAM) signals to form a QAM signal and
their impulse responses form a Hilbert pair. CAP modulation has
been the focus of increasing research in recent years due to a
number of advantages including high spectral efficiency. In this
paper a flexible OLED is proposed as a light source for m-CAP
VLC, which can be used in short range device to device
communications in a number of indoor applications. We
characterize the OLED to determine the illumination profile and
power current relationship. The link performance is quantified
in terms of the bit error rate (BER).

The rest of the paper is organized as follows. In Section II,
the structure of OLEDs is described. Section III discusses the
experimental set-up. Section IV experimental results. Finally,
conclusions are given in Section I'V.

II. THE STRUCTURE OF OLEDS

The structure of an OLED consists of a substrate (glass,
metal or plastic) to which all other layers are deposited, metal
cathodes and anode, the organic photoactive layers and an
external light extraction film, see Fig. 1 [1]. The organic layers
are sandwiched between a transparent anode (indium tin oxide
(ITO)) and a metal cathode (aluminium or silver) [1]. The
organic materials can be long-chain polymers (i.e., PLEDs) or
small organic molecules (i.e., SMOLEDs) in a crystalline phase
[12]. Using flexible substrates, such as polyethylene
terephthalate, provides OLED panels or displays that can be
curved or rolled. These are used in wearable products, mobile
phones, and TVs. As the production cost drops, non-rigid OLED
lighting products begin to offer a competitive advantage over
LED and other lighting technologies.

OLEDs have a low-pass filter transfer function with the cut-
off frequency given by [1]:

1
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where R is the effective resistance of the OLED and C is the
plate capacitance expressed by [1]:

_ Aege,
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where A4 is the OLED photoactive area, d is the OLED thickness,
and & and ¢ are the permittivity of free space and relative
dielectric constant of the organic layer, respectively.

According to (1) and (2), f is inversely proportional to the
photoactive area; consequently, a larger photoactive area
decreases the achievable Bmoq and a restriction in R; is imposed

on OVLC systems. Moreover, in bandlimited systems, inter-
symbol interference (ISI) leads to BER degradation. In addition,
high pass filtering or capacitive coupling leads to deviating the
signal randomly from the DC level called the baseline wander
(BLW), which is another challenge in OVLC systems. A number
of techniques have been proposed to improve OVLC systems
performance. For instance, high-level modulation schemes [20]
and equalization using ANN [18].

Light Emission

External Light Extraction Film

v Anode (ITO) |
Organic Layer
Metal Cathode ‘

Cover Glass

Fig. 1. An OLED structure

III. EXPERIMENTAL SET-UP

A block diagram of a m-CAP OVLC link is shown in Fig. 2.
First, m independent pseudo-random data streams d,(f) (where
m = 2) with the length of 12,000 bits are generated and mapped
onto the QAM constellation. Note, in this work 16-QAM is
considered. The real R(a;) and imaginary 3(b;) components of
the upsampled data are applied to their corresponding filters.
Here we use square root raised cosine (SRRC) filters with carrier
frequencies of 10 kHz (s; the first subcarrier) and 30 kHz (s> the
second subcarrier) with the corresponding in-phase and
quadrature components modulated onto the sine and cosine
waves, respectively. The roll-off factor used for for the root-
raised the sine and cosine pulses is 0.15, as to stay with the
literature. The filters outputs are summed, which represent the
m-CAP signal x(¢) and is used for intensity modulation of the
OLED via the output driver. At the receiver, following optical
detection and amplification the regenerated electrical signal y(7)
is applied to the bit and frame synchronization module, and the
output of the module is applied to two filters of g; and gp which
are the time-reversed SRRC filters used at the transmitter. The
summed filters output signal z(f) is downsampled and is fed to
the M-QAM demapper to obtain the estimates transmitted data

dn(0).

The experimental test-bed for the proposed link uses a
flexible OLED, which is depicted in Fig. 3. The m-CAP signal
was supplied using an Agilent arbitrary function generator (AFG
3252). The m-CAP signal was generated in the Matlab domain.
The required sampling frequency and a number of samples per
symbol can be determined following the procedures outlined in
[23] and the references within. The optical receiver (ORx)
consists of a PD and a transimpedance amplifier (TIA) (Thorlabs
PDA100A2). The flexible OLED panel has been bent with a
curvature radius 7 of 11 cm, see Fig 4. Here we considered two
cases for system evaluation: (i) the ORx moving along a fixed
radius of =30 cm around the light source, (casel) see Fig. 4(a);
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Fig. 2. The block diagram of the proposed system with m-CAP modulation.

Curved
OLED Tx :

Fig. 3. An OVLC experimental test-bed with a curved OLED

and (i7) the Rx was placed on the axis in parallel to the light
source, (case2) see Fig. 4(b). We measured the BER for both
curved and flat OLEDs over the two scenarios. All the key
system parameters are shown in Table I.

IV. EXPERIMENTAL RESULTS

A. Characterization of flexible OLED

The measured normalized optical spectrum (normalized to
the maximum achieved intensity associated with the highest /)
of the OLED at different bias currents /5 is depicted in Fig. 5(a),
which shows the individual red, green and blue (RGB)
components at the peak wavelengths of 620 nm (R), 555 nm (G),
450 nm and 480 nm (B). Next, we normalised the intensity plots
shown in Fig. 5(a) to unity and then superimposed on top of each
other with the result shown in Fig. 5(b). The plot reveals that the
OLED has the same spectral distribution over a wide range of /g
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Fig. 4. The block diagram of the experimental set-up with the ORx moving
along; (a) a circular path (casel) and (b) a staight path (case2).

TABLE L THE SYSTEM PARAMETERS
Equipment Parameter Value
OLED Dimension 200 x50 mm?

Type flexible

Bandwidth 43 (kHz)

Maximum current | 300 (mA)

Bias current 160 (mA)

Voltage amplitude | 600 (mV)

Threshold voltage | 7 (V)

Flux 75 (Im)

Luminous efficacy | 50 to 55 (Im/W)
Channel Length 30 cm
ORx Active area 75.4 mm?

Bandwidth 1.4 MHz at a 10 dB gain

Output voltage 0to10V

Noise of amplifier
NEP

195 uV (RMS)
6.75x10"? (W/+/Hz) at A= 960 nm




(i.e., 10-300 mA), thus, the emitted spectrum is independent of
I and the dimming levels.

The measured L-I-V curve of OLED is shown in Fig. 6, and
the optical power displays a highly linear response over a wide
current dynamic range of 22 dB (between 10-300 mA). Using
linear curve-fitting the power Py = 2.4 Iz + 20, which gives
optical power (mW) associated with each Iz (mA), is defined.
To measure the output optical power of OLED, an optical power
meter (PM100D Thorlabs, S120VC 200-1100 nm 50 mW) with
a narrow band optical blue filter with a transmissivity of > 0.96,
which was positioned at a distance 15 times greater than the
OLED length in order to ensure a point source light at the far
field was used. To determine the optical power P; at specific
values of 7z, we used P;= a.P,,, where P, is the measured power
and a can be given by @ = P,/P,. P, and P, are the total arca
under the spectrum profile associated to /3 and area under the
blue component, respectively. In Fig. 6, the inset shows a
uniform illumination profile for the OLED along its length.
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Fig. 5. (a) The optical spectrum of the flexible OLED under test with peak
wavelengths marked where the legend color scale represents /g, and (b) the
spectrum of the OLED at different /5 corresponding to different dimming
levels. Each of the spectral responses were normalized to unity and then
superimposed on top of each other.
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Fig. 6. The L-I-V curves for flexible OLED. The illumination profile
along the OLED length is shown in inset.

B. M-CAP modulation for OVLC link with flexible OLED

Fig. 7 demonstrates the polar plots of the BER for the
proposed m-CAP OVLC system for s; and s, for both the flexible
and flat OLEDs and for the circular path (see Fig. 4(a)). Also
shown for reference is the forward error correction (FEC) BER
limit of 3.8x107. As illustrated, the BER display a symmetry
about the origin (i.e., The ORx is facing the OLED at 6 of 0°)
due to uniform illumination profile of OLED referred to the inset
plot in Fig. 6 (i.e., the same signal to noise ratio (SNR) across
the entire face of OLED). As can be seen, the BER for the curved
OLED is improved over a wider 8 compared to the flat OLED
because of fixed transmission range between the ORx and the
OLED. Note, for the circular path the BER remains just below
the FEC limit for € within the range of +78° and £50° for the
curved and flat OLEDs, respectively and for s;. However, for s,
@drops by 17° and 8° for the curved and flat OLED, respectively.

—e— Curved OLED,sT
—u— Curved OLED,32
- - —FlatOLED,s, 0
= = =Flat OLED‘S2

30 330

60 300

-log, (BER)

90 270

Fig. 7. The polar curve of BER for m-CAP with s, and s, for casel (i.e.,
when the circular paths of ORx with respect to the OLED) for curved and
flat OLED.
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The BER versus the angle & for the straight path for 51 and s>
are shown in Fig. 8. In this case, & are 30° and 42° to meet the
FEC limit for the curved and flat OLEDs, respectively for s;.
Note that, for the straight path the transmission distance between
the ORx and the transmitter increase by A/ when moving away
from the centre point (i.e., @ =0). To consider this, Fig. 9 depicts
the BER versus A/ for curved and flat OLED (note, Ak = 0
corresponds to the centre point of OLED). As shown, for the flat
OLED and for s;, the BER remains below the FEC limit for -7
cm < Ak < 10 cm, while for the curved OLED the distance of
ORx is in the range of -5 cm <Ah <5 cm. The results show that,
the potential of using the flexible OLEDs in D2D
communications, display-based communications, etc., where the
viewing position is not problematic.

BER

10

—o—Curved OLED,s, |
—s—Curved OLED;s, b P LB
10—6 | \ ” LR N
- ©- -Flat OLED,s, b - PR
- - -Flat OLED.S£| L
-60 -40 -20 0 20 40 60
Angle (6)(°)

Fig. 8. The BER versus the angle @ for the case2 for curved and flat OLED
with m-CAP and for s, and s,. Note, the straight paths of ORx with respect
to the OLED are referred to as case2.
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-30 -20 -10 0 10 20 30
Ah (cm)

Fig. 9. The BER versus the Ak for m-CAP with s, and s»; for curved and
flat OLED for the case2. Note, the straight path of ORx with respect to the
OLED is referred to as case2.
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V. CONCLUSION AND FUTURE OUTLOOK

In this paper, we proposed m-CAP VLC using a flexible
OLED as the transmitter. We carried out the characterization of
the OLED and showed that, it has a highly linear power-current
relationship and there were no changes in the colour as a
function of the current over a wide range (i.e., 10-300 mA). The
link BER performance was measured and compared with a flat
OLED based m-CAP VLC. It was shown that the curved OLED
with the optical receiver moving along a circular path offered
improved BER performance (i.e., below the FEC limit) over a
wide viewing angle for a single subcarrier based m-CAP VLC.
This work demonstrated the potential of utilizing flexible OLED
based VLC in short range device to device communications.
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5.3 Performance Evaluation of Various Training
Algorithms for ANN Equalization in Visible Light

Communications with an Organic LED

This chapter is a version of the published manuscript:

Z.N. Chaleshtori, P.A. Haigh, P. Chvojka, S. Zvanovec, and Z. Ghassemlooy, “Perfor-
mance Evaluation of Various Training Algorithms for ANN Equalization in Visible Light
Communications with an Organic LED,” In 2019 2nd West Asian Colloquium on Optical
Wireless Communications (WACOWC), pp. 11-15, 2019, IEEE.

Connection to my Ph.D. thesis:

As mentioned in chapter 3 due to slow charge transport characteristics, which is depends
upon the manufacturing process, materials and the physical dimensions, the OLEDs
Bio4 limited in range of a few kHz. Thus, resulting in a bandwidth bottleneck in optical
transmission systems and reduced data throughput. In the literature, equalization
techniques have been presented to overcome the bandwidth bottleneck in OVLC systems.
The working principle of an ANN is based on mapping the input-output sequence from
the received data and a known dataset, and by checking the system’s success using a test
data. Since the learning algorithm significantly affects the ANN performance, the effect
of various learning algorithms and a number of neurons in the hidden layer and quantify

the link performance are investigated.
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Abstract—This paper evaluates the effect of training
algorithms in an artificial neural network (ANN) equalizer for a
feedforward multi-layer perceptron configuration in visible light
communication systems using a low bandwidth organic light
source. We test the scaled conjugate-gradient, conjugate-gradient
backpropagation and Levenberg-Marquardt back propagation
(LM) algorithms with 5, 10, 20, 30, and 40 neurons. We show that,
LM offers superior bit error rate performance in comparison to
other training algorithms based on the mean square error. The
training methods can be selected based on the trade-off between
complexity and performance.

Keywords-Artificial neural network equalizer; Equalization;
Organic LEDs; Visible light communications

I. INTRODUCTION

Recently, visible light communications (VLC) have attracted
significant attention as a complementary access network to the
radio frequency (RF) based wireless systems in order to meet the
growing demand for mobile data. In VLC systems, which
utilizes the visible wavelength band (i.e., 370-780 nm) for
transmission of data, both inorganic white light emitting diodes
(LEDs) and organic LEDs (OLEDs) can be used [1, 2]. OLEDs
offer several advantages over the conventional LEDs, such as
large and arbitrarily shaped photoactive areas, mechanical
flexibility, and ultra-low-cost wet processing methods but at the
cost of much reduced modulation bandwidth Bmea (i.€., a few
hundred kHz) [1-3]. As such, there is a growing interest in
OLED-based VLC (OVLC) in certain applications such as
display technologies, infrastructure-to-device (12D) and device-
to-device (D2D) communications, smart televisions, etc. [4].

In smart devices with OLED displays [5] pixels can be
individually intensity modulated for data transmission, which
can be received using the built-in camera of another smartphone
(i.e., D2D communications) [6, 7]. A great deal of attention on
the implementation of OLEDs in high-resolution displays and
applications in low-cost future solid-state lighting are good
reasons to extend the use of OVLC technology [8].

The optoelectronics devices (i.e., in this case OLED), with a
typical luminous efficiency of 40-60 Im/W (120 Im/W in
inorganic LEDs [9]) the low Bmod due to slow charge transport
characteristics, depending upon the manufacturing process,

978-1-7281-3767-4/19/$31.00 ©2019 IEEE

materials and the physical dimensions [10], leads to a bandwidth
bottleneck in optical transmission systems (i.e., much reduced
data throughput) [1]. To overcome the bandwidth bottleneck in
OVLC, a number of techniques have been investigated including
equalization, signalling schemes and the optimum driver circuits

[11].

A review of OVLC systems is provided in [12] which shows
that using different organic devices, modulation schemes and
digital signal processing techniques the achievable data rate Ry
can be increased significantly from 550 kb/s [9] to > 50 Mb/s
[13]. For instance, the first notable R, of 10 Mb/s was achieved
by adopting a polymer LED (PLED) with a Bmea of 270 kHz
using on-off keying (OOK) in combination with a least mean
square (LMS) equalizer [14]. The same R, was achieved using
orthogonal frequency-division multiplexing (OFDM) in [15].
Next, through low-temperature thermal annealing and
crystallisation of the polymer, a slight marginal improvement in
Bioa (i-e., 350 kHz) was reported, which was used in OVLC in
combination with an artificial neural network (ANN) to achieve
a R, of 20 Mb/s [16]. In [4], using wavelength-division
multiplexing (WDM) (i.e., red/orange, blue and green devices)
and an ANN equalizer an aggregated link capacity of ~55 Mb/s
was reported. Recently, a 51.6 Mb/s VLC link employing a
monochromic OLED modulated by an offset-quadrature
amplitude modulation (QAM)-based OFDM signal with bit- and
power-loading and a joint linear minimum mean-square-error
(LMMSE) based decision feedback equalizer (DFE) was
reported [13], which is the highest single-wavelength
transmission speed reported in OVLC so far.

In the literature, ANN equalization has been reported as an
effective method to compensate for the limitation in R, due to
limited Bmod of OLEDs [17-19]. Note that, the working principle
of an ANN is based on mapping the input-output sequence from
the received data and a known dataset, and by checking the
system’s success using a test data [20]. Since the learning
algorithm significantly affects the ANN performance, in this
paper we investigate the effect of various learning algorithms
and a number of neurons in the hidden layer and quantify the
link performance in terms of the bit error rate (BER).
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The rest of the paper is organized as follows. In Section I,
ANN equalization is introduced. In Section III the results are
discussed. Finally, conclusions are given in Section IV.

II. EQUALIZATION

Equalizers represent one of the most effective techniques to
compensate multipath induced inter-symbol interference (ISI) in
band-limited communication systems. Generally, equalizers can
be classified into two categories; analog and digital with
different complexity and performance [11]. Although an analog
domain equalizer is simple, based on a high pass resistor-
capacitor (RC) filter [21] can result in attenuation of low-
frequency components, and hence, the baseline wander (BLW)
phenomenon [1]. In [22], an OVLC using an OLED with Bmod
of 150 kHz and an RC equalizer at a R, of 2.15 Mb/s was
reported.

On the other hand, digital equalizers such as LMS or
recursive least squares (RLS)-based feedforward and DFE and
ANN offer significant system performance improvement at the
cost of increased complexity [1, 2]. The ANN takes loose
inspiration from the human brain, which uses synapses and
neurons to learn and compute. ANNs retain the neurons for
computation and use tapped delay lines (in a transversal
configuration) as the inputs. ANNSs solve nonlinear problems via
the neurons, which are divided into a parallel structure where the
inputs to each neuron are scaled by an adaptive adjustable
contribution of the synaptic weights of each input. Increasing the
number of neurons boosts the ANN learning capacity while
increasing complexity [23].

The structure of the model, the type of activation function,
and the learning algorithm affect neural-network model
implementation [20, 23]. The block diagram in Fig. 1 illustrates
the fundamental model of a neuron, which forms the basis for
designing a large family of NNs [24]. The neural model includes
an externally applied bias bx, which has the effect of increasing
or lowering the contribution of each weighted input to the
activation function. The output of the " neuron is given by [24,
25]:

Ve =o), M

where v = u + by and uy is the summed weighted contribution of
the inputs defined as:

Ue = Z;kaxj ’ 2

where xi, X2, ..., X, are the input signals, and wx, Wi, ..., Wi, are
the weights of neuron k. Several activation functions are
introduced in [24] including threshold function, piecewise linear
function, and log-sigmoid function, however, any differentiable
formulation may be used. In the following, a log-sigmoid
function is considered for the hidden layer output and a linear
function at the ANN output as is typical in the literature [3]. An
example of the log-sigmoid function, employed in this work, is
defined by [24]:
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where a is the slope parameter of the log-sigmoid function.

In general, there are four fundamentally different network
architectures that can be used as an equalizer (i) feedforward
single-layer; (ii) feedforward multilayer; (iii) feedback single-
layer; and (iv) feedback multilayer networks. In a multi-layer
configuration, the neurons are organized as follows; an input-
layer consisting of an observation vector of incoming samples,
a hidden layer where the processing occurs and an output layer.
A recurrent (feedback) ANN is different to a feedforward NN in
that has at least one feedback loop, see [24], which generally
results in improvement in non-linear mapping at the cost of
potential error propagation.

—Ge)

(/)() |~ Output
Yk

Activation
function

weights

Fig. 1. The neural network model

For channel equalization, the multilayer perceptron (MLP),
the functional link ANN (FLANN) and radial basis function
(RBF) ANN are known as the popular choice of ANN [25, 26].
RBF and FLANN provide greater error performance, at the cost
of increased computational complexity [25].

ANNSs require a training sequence to adjust the neuron
weights in order to map the input-output sequence of the system
under test. For early stopping, algorithms update the neuron
weights until the error between the equalized data and the target
data does not exceed an objective error. It is also possible to
allow ANN to run its training algorithm for objective epochs or
seconds [3]. There are a number of training algorithms (see
Table 1) that could be used, which are also available in the
Matlab™ [27, 28]. One of the most popular ones is Levenberg-
Marquardt back-propagation (LM) [25]. The conventional form
of the conjugate-gradient (CG) training algorithm requires a
time-consuming line search but a modified version of it (i.e.,
conjugate-gradient (SCQG)) introduced by Mgller [29] avoids the
use of a line search [24].

When comparing against other digital equalisation
techniques, ANNSs offer several advantages: (i) generalization -
due to input-output mapping, as opposed to ISI estimation,
complex decision boundaries are created and hence, even when
an error or bit sequence not included in the training sequence can
be estimated [25]; and (ii) evidential response - to reject
ambiguous patterns in classification, where a NN can provide
information of particular pattern selected as well as the
confidence in the decision made [24]. ANNs have been palpable
in communication systems as a result of their flexibility and
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learning capability. There are a large number of algorithms,
which could be used for determining the network parameters and
for training NNss. It is noticeable that the training algorithm and
the network topology affect the performance of the NN [28].
Therefore, in this paper, we investigate the effect of the various
network types and number of neurons in the hidden layer on the
learning performance of the NN using LMBP, SCG, and
conjugate gradient backpropagation (CGP) algorithms for
feedforward networks.

The training algorithms and their main features are
summarized in Table I [27, 28].

TABLE L THE TRAINING ALGORITHMS [27, 28]

Algorithm Feature - Method used to update

weight and bias values

Levenberg—Marquardt
LM Levenberg-Marquardt optimization.

Conjugated gradient descent
CGB Conjugate gradient backpropagation
with Powell-Beale restarts.

SCG Scaled conjugate gradient method.

CGP Gradient backpropagation with
Polak-Ribiére updates.

Resilient backpropagation
RP Resilient backpropagation
algorithm.

Quasi-Newton algorithm
0SS One-step secant method.

BFG BFGS quasi-Newton method.

III. EQUALIZATION RESULTS

In this work, a feed-forward multi-layer NN equalizer for an
OOK-OVLC link is investigated. The schematic system block
diagram is shown in Fig. 2. At the transmitter (Tx), a pseudo
binary data pattern with a length of 10°is used for intensity
modulation of the OLED. Note, OLED is modelled as a low pass
filter with Bmoea of 100 kHz. The optical signal propagating along
the channel of 0.15 m long is converted back into an electrical
signal using an optical receiver which consists of the
photodetector and a trans-amplifier, and processing was carried
out in the Matlab domain. The matched filter used as the
detection type and synchronization with the transmitted data is
carried out before being passed through a low pass filter (LPF)
then downsampling the signal is applied to ANN equalizer in
order to overcome the bandwidth limitation of OLED. The
output of ANN passed through the threshold detector for
comparison with the transmitted signal as shown in Fig. 2. The
inclusion of a low pass filter is to perform the combined
functions of noise, and anti-alias filtering, whereas

downsampling is used to reduce the number of sample points
passed to the NN. Note, the procedure for training algorithms in
multilayer perceptron NN is classified according to following
steps (i) define the network structure - the network, activation
functions is selected and the network parameters are initialized,
(i1) define parameters associated with the training algorithm
such as error goal, maximum number of epochs (iterations); and
(#7i) the training algorithm. The key system parameters adopted
in this work are listed in Table II.

Tx

Bit Sequence 1

. 7 | — o O+
| : H i
pet : |

Foanny O
\—[l{bl- r
-@BERTL_:J:,F \

Artificial Neural Network

Fig. 2. The scheme of the OVLC with the post-detection ANN equalizer

Figs. 3(a)-(d) show the BER as a function of the energy/bit
to noise ratio E,/Ny for training algorithms of LM, SCG, and
CGP for MLP-ANN adopted in this work. Note, we have used a
single hidden layer and a training length of 1000 bits for a range
of number of neurons (i.e., 10, 20, 30, and 40). As in Fig. 3, for
all cases, the LM algorithm offers the best BER performance
compared to CGP and SCG. E.g., for 40 neurons and a BER of
10* , which is below the 7% forward error correction (FEC)
limit of 3.8x 107, the E»/Ny penalties are much higher than 10
dB for SCG and CGP compared to the LM. Despite the storage
requirement for LM and its long processing time compared to
SCG and CGP it offers lower mean square errors (MSE), e.g.,
the MSE values are 7x10'%, 3x10 and 5.3x10°° for LM, SCG
and CGP, respectively with enhanced performance as the
number of neurons increases.

The effect of varying the number of neurons on the BER
performance for LM algorithm is depicted in Fig. 4, which
shows that 40 neurons in the hidden layer offer the best
performance. E.g., at a BER of 1073 the E,/N, penalties are 12.5,
17.5,18.5,and 19.5 dB for 30, 20, 10 and 5 neurons, respectively
compared with 40 neurons. Note, that the BER performance of
SCG and CGP also improved with increasing number of
neurons.
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TABLE II. THE SYSTEM PARAMETERS 10° ¥ T T T T T T
Parameter Value {
107 1
Link
OLED bandwidth 100 kHz 102k E
Propagation length 0.15m
Photodetector active area diameter ¢ 1 mm

ANN Equalizer

Bit Error Rate
=)
(4]

-
S
S
T
i

Network structure MLP —&—neuron=5

Activation functions log-sigmoid —*—neuron=10

Training algorithms LM, SCG, CGP 105 H —&—neuron=20 |
Error goal 1020 —»— neuron=30

Number of epochs 100 —%—neuron=40

Training length 1000 bits 10 - - L - L %

Number of neurons 5, 10, 20, 30, and 40 5 0 15 20 25 30 35 40 45

E, /NO (dB)

Fig. 4. BER as a function of E,/N, for a range number of neurons (5, 10,
20, 30, 40) for LM training algorithm

10° T r v T r v T 10° T r v T r v T
——LM —v—LM
b —o—CGP s —o—CGP
107 —+—SCG |1 107 E —+—SCG |3
P b
2 2
g1 ] 10 §
i &
8 10%k : 5 107 :
w o
@ @
104k 4 10 E
10 4 107 1
10-5 3 i ] | i i | 10.5 1 1 1 1 1 1 1
5 10 15 20 25 30 35 40 45 5 10 15 20 25 30 35 40 45
E, /N, (dB) E, /N, (dB)
() (b)
10° T T T T T T T 10° T T T T T T
—F—LM —7—LM
2 o
¢ @
5 5
m &
@ @
10.6 1 1 1 1 1 1 & 10-5 1 L L 1 1 & 1
5 10 15 20 25 30 35 40 45 5 10 15 20 25 30 35 40 45
E, /N, (dB) E, /N, (dB)
(© ()

Fig. 3. BER performance against E,/N, for LM, CGP and SCG training algorithms used in MLP-ANN equalizer with one hidden layer. The training length
is 1000 bits, and the number of neurons used are (a) 10, (b) 20, (c) 30, and (d) 40.
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IV. CONCLUSION AND FUTURE OUTLOOK

The widespread use of OLED-based devices in mobile
devices, televisions and cameras with OLED pixels offers a
tremendous benefit in modern technology that comes from
OLED merits including very less stack thickness (100-500 nm),
having large photoactive areas at a low cost, and low power
consumption. It is a strong incentive to device-to-device
communication growth. ANN equalizer has been popular to
overcome OLED bandwidth restriction. In this paper, the effect
of various learning algorithms, activation functions and numbers
of neurons in the hidden layer were investigated. The structure
of architectures and the training methods were selected based on
the trade-off between complexity and performance. We
investigated a range of training algorithms of LM, SCG and
CGP as a part of the ANN equalization for OVLC systems, and
showed that for a range of neurons the LM algorithm offered the
best BER performance compared to CGP and SCG. In addition,
LM algorithm offered the lowest mean square errors. In general,
for networks with many neurons we showed that between the
CG algorithms, SCG performed the best since it uses a low
memory space and therefore performing faster than LM.
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Connection to my Ph.D. thesis:

Organic electronics can be mechanically flexible providing a potential of curved OLED
panels/displays production. The use of such OLED devices is being growing in public
places such as shopping malls, which provides us with a significant potential of facilitate
simultaneously illumination, display, and data communication. In addition, the use of
curved OLED in VLC for different indoor scenarios has not been reported in the literature
yet, showing the necessity of channel modeling of the flexible OLED-based VLC. Therefore,
the flexible OLED-based VLC channel is modelled by considering the reflectance properties
of the materials and objects in the room with respect to the visible range. Numerical
models for the channel have been developed in this work, which followed a 2-term power
series model. The results showed that, in an empty room the average optical path losses
are lower by 5 and 4 dB compared with the furnished room, where the full and half-
circular OLEDs were used, respectively. In addition, for an empty room with full and
half-circular OLEDs, R} of 10 and 3.7 Mb/s were achieved at distance of 6 m, respectively.
In a furnished room with full and half-circular OLEDs, R; of 1.02 and 0.46 Mb/s were

recorded for a distance of 6 m, respectively.

54



i) Research Article Vol. 28, No. 7/30 March 2020/ Optics Express 10015 |

Check for OptiCS EXPRESS

updates

Coverage of a shopping mall with flexible
OLED-based visible light communications

ZAHRA NAZARI CHALESHTORI,!"" STANISLAV ZVANOVEC,! ZABIH
GHASSEMLOOY,2 ® HossIEN B. ELDEEB,3 AND MURAT UysaL?

! Deparmment of Electromagnetic Field, Faculty of Electrical Engineering, Czech Technical University in
Prague, Prague 16627, Czech Republic

2Optical Communications Research Group, Faculty of Engineering and Environment, Northumbria
University, Newcastle-upon-Tyne NE1 8ST, UK

3 Department of Electrical and Electronics Engineering, Ozyegin University, Istanbul 34794, Turkey
“nazarzah@fel.cvut.cz

Abstract: Visible light communications (VLC) can utilize light-emitting diodes (LEDs) to
provide illumination and a safe and low-cost broadcasting network simultaneously. In the past
decade, there has been a growing interest in using organic LEDs (OLEDs) for soft lighting and
display applications in public places. Organic electronics can be mechanically flexible, thus the
potential of curved OLED panels/displays devices. This paper provides unique characteristics
of a flexible OLED-based VLC link in a shopping mall. We show that, for curved OLED the
radiation pattern displays a symmetry, which is wider than Lambertian. A number of scenarios
of VLC system with flexible OLED are analyzed. Numerical models for the delay spread and
optical path loss are derived, which followed a 2-term power series model for both empty and
furnished rooms. We show that using a full-circular OLED for both empty and furnished rooms
offers a uniform distribution of emitted power for the same transmission link spans. The link
performance using full and half-circular OLED in an empty room shows that the average optical
path losses are lower by 5 and 4 dB, compared with the furnished room.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Visible light communications (VLC) provide illumination and wireless data transmission through
the free space at the same time via intensity modulation of the light source [1,2]. In VLC, both
the conventional silicon-based light-emitting diodes (LEDs) and organic-based LEDs (OLEDs),
which are widely used as lamps and panels in homes, public places and offices, can be adopted
[3,4]. In this work, we only consider OLEDs, where the emissive electroluminescent layer is
a film of organic compounds, are thinner, lighter and more flexible than the crystalline layers
in LEDs or liquid crystal display (LCD) devices [5]. With improved technologies and reduced
fabrication and manufacturing costs, OLEDs offer an advantage over the conventional LEDs and
other lighting technologies including self-emission, brighter with rich colors, biodegradable,
wide beam angle, simple and flexible structure, with no need for backlighting and large active
areas [6,7]. However, OLEDs are costly to produce with shorter lifetimes (in particular blue
organics) and can be damaged by water. In addition, OLEDs have a low modulation bandwidth
Bmod of hundreds of kHz compared with solid-state LEDs (a few MHz), which are due to the
carrier lifetime and the parasitic resistor-capacitor (RC) effects [8]. An exciting feature of OLED
panels is the potential of using flexible substrates to make lights that can be curved, rolled or
folded.

Note, in VLC wavelength-dependence channel modeling, it is important to consider the
reflectance properties of the materials and objects within the indoor environments. To determine
channel impulse response (CIR) of VLC systems, a number of research activities have been
reported, which emphasize the use of inorganic LEDs. For instance, in [9], to find CIR of the

#389814 https://doi.org/10.1364/OE.389814
Journal © 2020 Received 5 Feb 2020; revised 11 Mar 2020; accepted 11 Mar 2020; published 23 Mar 2020
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VLC system in an empty room, Monte Carlo ray-tracing method was adopted considering up to 3
reflections. However, the majority of published works do not consider the wavelength dependency
of the channel. Works in [10,11] used recursive calculation methods [12] to determine CIR of an
empty room without considering wavelength dependency. In [13], Barry’s model by including
wavelength-dependent white LED characteristics and spectral reflectance of indoor reflectors
was generalized and up to 4 reflections are considered to model indoor multipath dispersion
characteristics for VLC. Next, in [14], Barry’s model was compared with channel modeling
results obtained using a commercial optical and illumination design software Zemax [15] and
the approach yielded the same CIR as in [13]. In this approach, a larger number of reflections
and the wavelength-dependency of the materials can be included and it has been endorsed as
a reference channel model for upcoming standards such as IEEE 802.15.7r1 [16]. In [17], for
VLC a three-dimensional (3D) simulation environment using a CAD software was model based
on Monte Carlo algorithm. In [18], flexible OLED lighting panel radiation pattern and its
impact on the VLC channel were investigated. It was shown that, compared with Lambertian
source, OLEDs are more flexible in terms of the radiation pattern control offering reduced root
mean square (RMS) delay spread and the average optical path loss (OPL) of 8.8% and 3 dB,
respectively.

The use of curved OLED with a wider beam pattern than Lambertian for VLC for different
indoor scenarios has not been reported in the literature yet. Additionally, as the development of
organic technology is being increased at applications of large display panels and pixels used in
mobile devices, there is a significant potential to facilitate simultaneously illumination, display
with text message on it, and data communication via the display of screens provided in shopping
malls. In this paper, a flexible OLED used in a shopping mall is investigated by the means of
characterizing its illumination profile, spectrum and Bp,q. For simulating the channel-specific
features, we have adopted ray tracing. The specific channel models in terms of OPL and RMS
delay spread are derived for four scenarios within the shopping mall. A full and half-circular
OLED are placed around the pillar in an empty and a furnished room with different size of
a transmitter (Tx) and varied locations of a receiver (Rx). In addition, the performance of
an OLED-based VLC link is investigated in terms of the bit error rate (BER). Using full and
half-circular OLEDs in an empty room, data rates R, of 10 Mb/s and 3.7 Mb/s are achieved over
a line of sight (LOS) path of 6 m, respectively. The data rate is dropped to 1.02 Mb/s and 0.46
Mb/s in a furnished room, respectively.

The rest of the paper is organized as follows. In Section 2, the principle of the VLC channel
and OLED specifics are described. Section 3 represents the main features of the simulation and
Section 4 discusses the results. Finally, conclusions are given in Section 5.

2. Principle of VLC
2.1. Channel characterization

The physical indoor VLC channel includes the effects of both LOS, where the LED is aligned
directly with the Rx, and non-LOS (NLOS), where the signal is captured via reflections from
walls, ceiling, etc., [19]. The regenerated electrical signal at the output of the optical Rx is given
as [1]:

Y1) =y - x(1) ® h(1) + (1), O

where x(¢) is the emitted optical intensity, vy is the photodetector (PD) responsivity in (A/W), h(¢)
is the CIR and ® denotes convolution. n(f) represents the noise, which includes the quantum noise
from the optical signal, background radiation noise caused by the photons reception from ambient
light and noise from the Rx such as the dark current noise and the thermal noise. The background
radiation noise can be modeled as the signal independent additive white Gaussian noise (AWGN)
with one-sided power spectral density Ny due to its high intensity. The background radiation
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induced noise limits the received signal-to-noise ratio (SNR) since it is the dominant noise source
[20]. The CIR of the indoor channel can be written as Zﬁ\; | mi6(t — 7;), where 6(¢) is Dirac delta
function, 7; is the time delay of the i ray, 7; is the gain path of the i ray and N is the number of
received rays [1]. We consider three criteria to quantify the limitation on the transmission rate

through the free space channel; channel gain and corresponding OPL = —101og, ( f h(t)dt) in

dB, channel mean excess delay 7 and the RMS delay spread trms, which are given as [14]:

_ . :o x h(t)dt o
Jy h(ar
“(t = 1)2 x h(t)dt
TRMS = /O t-o © . 3)

J h(rydr

The optical radiation pattern profile determines the spatial intensity distribution of light emitted
from the light source. The luminous intensity defined in terms of the angle of irradiance 6 is
given as [1]:

mp + 1 V.4

1(0)cos™(0) 6= l -, =

1(0) = “

22

where 1(0) is the center luminous intensity of the LED and m;, is Lambertian order, which is
defined in terms of the Tx semi-angle 6, as [1]:

In(2)

ML= T [cos(B1/2)]

(&)

2.2. OLEDs
2.2.1. Structure of OLEDs

OLED display devices use organic carbon-based films, sandwiched together between two charged
electrodes; one is a metallic cathode (aluminum or silver) and the other is a transparent anode
(indium tin oxide (ITO)), see Fig. 1 [21]. The organic materials can be long-chain polymers (i.e.,
PLEDs) or small organic molecules (i.e., SMOLEDs) in a crystalline phase. Note, OLEDs have
a low-pass filter transfer function with the cut-off frequency given by [1]:

1

Je= 27RC,’

(©)

where R is the effective resistance of the OLED and C, ’3’6’ is the plate capacitance, A; is the
OLED photoactive area, d is the OLED thickness, and € and ¢, are the permittivities of free
space and relative dielectric constant of the organic layer, respectively. Evidently, a larger area
photoactive will have a lower Bp,oq and hence a limitation on the maximum R; in OVLC systems.
Flexibility and lower production cost of non-rigid OLEDs make them the light source for future
applications. The curved or rolled OLED panels/displays can be used in wearable products (such
as wearable smart watches and computers), mobile phones, TVs, vehicles, trains, etc.

2.2.2. Characterization of a flexible OLED

A flexible OLED (UNISAGA, the size of 200 x 50 mm?) was characterized in terms of the beam
pattern and the spectrum profile, which were then used as the inputs for further simulations.
Figure 2(a) illustrates the measured normalized optical spectrum of a flexible OLED at different
bias currents Ip [22], which shows the peak wavelengths of 620 nm (Red), 553 nm (Green), 454
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Fig. 1. OLED structure

nm and 480 nm (Blue). The intensity profiles of a flexible OLED for three different configurations
are depicted in Fig. 2(b), showing symmetry around 0° but not fitting Lambertian radiation pattern
(the solid blue line for m;, = 1). Note, the radiation angle 1, ranges are 58°, 65°, 75°, and 90°
for the flat, quadrature-circle, half-circle and three quadrature-circle of light panels, respectively.
Note that, non-Lambertian emitters can also be considered by Monte Carlo approaches [23].
Instead of a typical Lambertian profile, in the simulation we have used the measured radiation
pattern for the curved OLED, which is wider than Lambertian pattern.
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Fig. 2. Characteristics of the flexible OLED adopted in the work: (a) the normalized optical
spectrum of the flexible OLED. The peak wavelengths is marked and the legend color scale
represents /g [22]. (b) The intensity pattern of OLED panel bent in different curvature such
that we have a quadrature, half and three-quadrature-circle of lighting.

3. Modeling flexible OLED-based VLC within the mall scenario

Figure 3 illustrates the steps adopted in this work for channel modeling. First, an indoor
environment or a 3D scene such as office, hospital, store, etc., with specified geometry, shape and
with objects is created. This is followed by including the main system parameters for reflection
coefficients of different surfaces, and location of light sources and detectors. We have adopted
the non-sequential ray tracing feature of Zemax to specify the number of rays, the detected power
and the path lengths for each ray. The output data are then imported to Matlab for processing to
determine the CIR.

The organic light sources are being widely used in large area including shopping malls, airport,
etc, because of flexibility, smooth lighting, etc. Thus the reason why a shopping mall is being
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Fig. 3. The major steps followed in the channel modeling methodology.

considered in this work, which can be adopted in other application areas. Figure 4(a) shows
a 10 x 10 x 3 m? size store with a number of objects. Note, the use of curved OLED on the
pillar, which is composed of 38 OLED panels 64-chip and with a chip radiating power of 4.1
mW and a total power of 10 W. The size of OLED was set as 2 x 0.5 m?2. In the model, we
adopted measured beam patterns for the curved OLED, see Fig. 5. The reflectance values as a
function of the wavelength for a range of surfaces, materials, etc., are shown in Fig. 6, which
is adopted from [13,24]. Note that, the specular reflection case is used when materials have
specified regular surfaces, which reflect the rays in particular directions and hence the use of
Phong model [17,25]. Although specular reflections can occur from shiny objects, in nature
(e.g., shopping mall area), where materials have irregular surfaces and rays are reflected in all
directions, the resultant reflection pattern is mostly diffuse in nature that can be modeled as
Lambertian [13,26,27]. Therefore, the reflections from materials are assumed to be purely diffuse.
The Rx is positioned at the height of 1.3 m above the floor level (i.e., the holding position of
mobile by people) while the user is facing OLED and its location is varied on the diagonal, which
stretches from the corner to the middle of the room. The distance between the Tx and the Rx
can be within the range of 0.5 m < dpos < 6 m. Note, the dimension of the user considered is
25 x 50 x 180 cm?.

We have considered 4 scenarios of (i) a full-circular OLED panel around the pillar in an
empty (S1) and a furnished room (S,), see Fig. 4(b); and (ii) a half-circular OLED panel (size
of 1 x0.5 m?) in an empty room (S3) and in a furnished room (S4), see Fig. 4(c). Here, we
have adopted Monte Carlo analysis and Sobol sampling as the random ray-tracing methods. The
number of reflections was set based on the simulation of particular ray propagation, where the
normalized intensity dropped to 1073, All other key system parameters are given in Table 1.
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| (b) (©)

Fig. 4. (a) The three-dimensional indoor environment in Zemax and proposed scenarios;
showing the location of curved OLED giving (b) a full-circular lighting and (c) a half-circular
lighting.

Fig. 5. Emission pattern of the light source used in simulation for: (a) a half-circular OLED
and (b) a full-circular OLED.
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Fig. 6. Spectral reflectance of various materials used in simulation [13,24].

Table 1. System and Simulation Parameters

Item Parameter Value

Room Size 10 x 10 x 3m?
Radius of pillar 33 cm

Reflections specifications Type of reflections Purely diffuse
Number of reflections 4

Material reflectance

Wavelength-dependent

Coating material Walls and pillar Plaster
Desks and chair Pine wood
Couch, shoes, and bags Leather
Laptop Black gloss paint
Coffee cup Ceramics
Clothes Cotton
Tx Dimension 2 x 0.5m?
Type Flexible OLED
Bandwidth 50 kHz
Power of lighting 10W
Number of OLED panels 38
Number of chip per each panel 64
Power of each chip 4.1 mW
Location on pillar Fixed (Middle of store)
Channel Length di os Imto6m
Resolution time 0.2 ns
Rx Active area of PD 1 cm?
FOV angle 90°
Responsivity 04 A/W
No 1072 W/Hz
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4. Results

The results from analyzes are discussed in this section.

4.1. CIR characteristics

The channel OPL can be used to specify the required emitting power of light source to meet the
BER target. At first we make a comparison of inorganic LED and OLED sources with the results
shown in Fig. 7. As can be seen, for the LED, OPL is increased by ~ 5 dB compared with S4.
In addition, Tr\ms for S4 in considerably lower than LED-based VLC. Note, the main purpose,
however, was to provide comparison of the utilization of curved OLEDs.

x LED x LED
80F| v S, v S,

5¢

TRMS(I'IS)

65

OPL (dB)

60

551

50 2

zILOS(m) ‘IL()S““)

(@) (®)

Fig. 7. Comparison of inorganic LED with half-circular OLED (i.e., S4) in the furnished
room in term of: (a) OPL and (b) Trums-

Figure 8(a) shows OPL distributions of the curved OLED sources for S| and S,. The OPL
increases with the LOS path reaching maximum values of 69 and 74 dB at d;os of 6 m for S; and
S,, respectively. For Sy, OPL is higher compared with S; due to the lower reflection coefficients
of the objects within the room. It can be seen that, for dios > 4 m, there is a huge difference in
the received power between the empty and furnished rooms. E.g., the OPL penalties are 2.6, 3.8

74

72+

70+
68 F
266
A

64t
(-9

6t

60

58

561

54

LII‘()S(m) dLOS(

(a) (b)

m)

Fig. 8. Comparison of empty and furnished room where a full-circular OLED is employed
(i.e., Sy and Sy) in term of: (a) OPL and (b) Trms. The CIR plots for distance of 2 m and 4
m are shown in inset.
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and 4.9 dB for di ps of 4, 5 and 6 m, respectively. As an example, CIR plots for d og of 2 and
4 m are shown in insets of Fig. 8(b) depicting Trms as a function of dy og for S; and S,. Note,
TrMS increases with dp os reaching maximum values of 13.55 and 12.85 ns at the corner for S;
and Sy, respectively.

Figure 9 shows OPL and the delay spread as a function of di os for S3 and S5 when using a
half-circular OLED in empty and furnished rooms, which are higher and lower, respectively,
compared with Fig. 8 for a given dips. In an empty room, OPL reaches the maximum of 71
dB, which is lower than the value corresponding to S4 (75 dB). As a result of the comparison
between scenarios of S, and S4 OPL decreases at the cost of increasing Tryms, Where a full-circular
OLED is employed in a furnished room compared with a half-circular OLED. The OPL penalty
improvement is approximately 1.6 dB.

80 . . . ' r 12

75

TRMS(nS)
(=2}

60

55

d

Los™)

(b)

Fig. 9. Comparison of empty and furnished room where a half-circular OLED is employed
(i.e., S3 and Sy) in term of: (a) OPL and (b) Trms. The CIR plots for distance of 1 m and
4.5 m are shown in inset.

Based on numerical modeling, we have derived empirical models for dy os and Trpms. For all
cases the delay spread is obtained by fitting a 2-term power series model, which is given as:

T,
TRMS = Hd g + 135 @)

where t1, > and t3 for the scenarios considered here are summarized in Table 2. In addition, for
all cases using the 2-term power series models we have:

OPL = OldlizOS + 03, (8)

where the parameters o1, 0, and 03 are given in Table 3. Note, the main aim of this paper is to
investigate the behavior/trends of OPL and tryms and show that the empirical parameters, which
are valid for the specific room size, can vary based on the number of objects in the room and the
room-size.

Table 2. Numerical modeling parameters for rgyis in all proposed scenarios (S1, Sz, S3, Sg)-

Scenario 1 t 2}
S1 6.2500 0.4381 1.156 x 1072
S, 5.1972 0.5017 7.462 % 107°
S3 4.5961 0.5481 1.468 x 10712
Sy 0.6643 1.3132 3.0756
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Table 3. Numerical modeling parameters for OPL in all proposed scenarios (S1, Sa, S3, Sg)-

Scenario 01 0y 03
Si 29.59 0.1618 29.13
Ss 9.568 0.5378 48.59
S3 29.07 0.1905 30.00
Sy 13.43 0.4414 45.56

4.2. System performance

The BER performance of the proposed system with non-return-to-zero (NRZ) on-off keying
(OOK) is shown in Fig. 10. Also shown is the 7% forward error correction (FEC) BER limit
of 3.8 x 1073. For Sy, the BER plots are below the FEC limit for dj os up to 6 m with R}, of 10
Mb/s. For S,, BER values lower than the FEC are achieved at d og of < 4 m with R, of up to
10 Mb/s. In addition, R, values are 3.04 and 1.02 Mb/s for drps of 5 and 6 m, respectively for
S,. Figure 10(b) depicts the BER for S3 and S4, where S3 shows improved performance over a
longer distance compared with S4. It can be seen that, for S3 the BER remains just below the
FEC limit for di os < 4 m and at dj os of 5 and 6 m the achieved R, values are 7.05 and 3.7 Mb/s,
respectively. For S4, the BER is also below the FEC limit for di os of < 3 m with R;, of 10 Mb/s.
Additionally, Rj, values are 4.82, 1.48 and 0.46 Mb/s for dos of 4, 5 and 6 m, respectively.

10° = T T T 10°

G-V V-V
al _V,V--V“VVV &-@-E-8-8 0 0]
10 va _E_g.o—ﬂ'

-[)‘—E

R, (b/s) %10° R, (b5) x10°
(a) (b)

Fig. 10. The BER performance versus R, for different dy g in cases of: (a) Sy (solid blue
line), S, (dashed red line) and (b) S3 (solid blue line), S4 (dashed red line).

Figure 11 illustrates the channel capacity C versus the transmit optical power Pg for a range of
dros at Ry, of 4 Mb/s and Bp,oq of 50 kHz for S;-S4. It can be seen that, C increases with respect
to Pg. E.g., for Sy, at d os of 3 m we observe C of 4.46 and 17.83 Mb/s at Pg of 10 and 20 W,
respectively. Obviously, for the same Pg a significant drop in C can be seen with increased di os;
e.g., for Sy, at Pg of 10 W, C drops from 23.78 to 1.23 Mb/s for d og of 2 and 6 m, respectively.
For Sy, it is observed that for dos < 3 m and Pr > 20 W, C is higher than 100 Mb/s. For S3 and
S4, we observe the same trend for C as in Fig. 11(a), see Fig. 11(b). It can be seen that, for the
same dj os, almost similar channel capacity can be achieved with lower emitted optical power in
the case of S, compared with S4 as the light source dimension increases. E.g., at di os of 3 m,
C of 10 Mb/s can be achieved for power levels of 15 and 22 W for S, and S4, respectively. As
a result of the comparison between all scenarios; e.g., at a given Pr of 20 W and dj os of 4 m,
we have C of 15.58, 4.71, 7.11 and 2.28 Mb/s for S; to Sy, respectively. Therefore, there is a
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significant drop in C for the case of furnished room compared with an empty room, regardless of
using a full or a half-circular OLED.
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Fig. 11. The channel capacity versus P for different d g at R, of 4 Mb/s and Bpy,oq of 50
kHz for: (a) S; (solid blue line), S, (dashed red line) and (b) S3 (solid blue line), S4 (dashed
red line).

5. Conclusion

In this paper, we proposed a flexible OLED as the Tx in a VLC system to cover the shopping
mall. We carried out the characterization of the OLED in terms of the spectrum profile and
optical irradiation pattern as part of the simulation modeling of the light source. The beam
pattern of a curved OLED was found to be symmetrical about the origin while being wider
than Lambertian radiation pattern. This feature offers the benefit of maintaining the same SNR
over a given transmission radius of curved OLED. The increasing use of flexible OLED in
thin-film devices (such as wearable devices, mobile phones, TVs) acts as a good motivator to
investigate the performance of a VLC system based on these devices. The results of utilizing a
full-circular OLED for both empty and furnished rooms showed a uniform distribution of emitted
power for the same transmission link spans. We showed that for full and half-circular OLEDs
adopted in an empty room, the link performance improved with the average OPL penalties of 5
and 4 dB compare with the corner of a furnished room. The numerical models of Trys were
derived, which followed a 2-term power series model for both the empty and furnished rooms.
In addition, the OPL profile models were derived for all proposed scenarios. Furthermore, the
link’s BER performance and the channel capacity were investigated. For an empty room with
full and half-circular OLEDs, R, of 10 and 3.7 Mb/s were achieved at d og of 6 m, respectively.
In addition, in a furnished room with a full-circular OLED, R;, of 10, 3.04 and 1.02 Mb/s were
recorded for dy ps of 4, 5 and 6 m, respectively, which are two times higher than the values when
using a half-circular OLED (i.e., 4.82, 1.48 and 0.46 Mb/s). As a result, for a given dy os the
same channel capacity can be obtained with lower emitted optical power using a full-circular
light source compared with a half-circular OLED.
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5.5 Utilization of an OLED-Based VLC System in
Office, Corridor, and Semi-Open Corridor

Environments

This chapter is a version of the published manuscript:

textbfZ.N. Chaleshtori, Z. Ghassemlooy, H.B. Eldeeb, M. Uysal, and S. Zvanovec, “Uti-
lization of an OLED-Based VLC System in office, Corridor, and Semi-Open Corridor
Environments,” 2020, IEEE.

Connection to my Ph.D. thesis:

This work emphasizes on the evaluation of an attractive feature of OLEDs, which is
the mechanically flexible potential for utilizing in VL.C system. Here the use of flexible
substrate-based OLED for VLC system in a furnished office and the impact of the beam
pattern of curved OLED, which is symmetrical and wider than Lambertian, are investi-
gated. New results are presented for the VLC system performance in terms of RMS delay
spread and BER for the link using both flat and half-circular OLEDs. We demonstrated a
data rate of 4 Mb/s using both the curved and flat OLEDs for the transmitter’s half-angle
within the range of + 90°and + 53°, respectively, with a BER below the FEC. Moreover,
since OLEDs are being producing in different shapes and sizes, we decided to investigate
VLC channel characteristics when large OLED panels are used as Tx in corridor and
semi-open corridors when the user is moving on a straight path along the corridor. It was
shown that, OPL in the empty corridor and semi-open corridor are lower compared with
the furnished rooms, e.g., for empty corridor and semi-open corridor there was a drop in
OPL by 4.4 and 6.1 dB for a link span of 10 m when OLED is positioned on outer-wall of
shops. We showed that, when OLED is positioned on the outer wall of shops, the channel
gain enhanced in contrast to them being located on inner shop wall, e.g., the channel
gain enhanced by 5.2 and 4.8 dB at 10 m for furnished corridor and furnished semi-open
corridor, respectively. Additionally, channel gain was enhanced for the furnished corridor
in comparison with semi-open corridor, e.g., there was a channel gain enhancement for
the furnished corridor by 1.7 and 2.4 dB at distances of 10 and 15 m in comparison with

the furnished semi-open corridor.
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Abstract: Organic light emitting diodes (OLEDs) have recently received growing interest for their
merits as soft light and large panels at a low cost for the use in public places such as airports,
shopping centers, offices, and train or bus stations. Moreover, the flexible substrate-based OLEDs
provide an attractive feature of having curved or rolled lighting sources for the use in wearable
devices and display panels. This technology can be implemented in visible light communications
(VLC) for several applications such as visual display, data communications, and indoor localization.
This article aims to investigate the use of flexible OLED-based VLC in indoor environments (i.e., office,
corridor and semi-open corridor in shopping malls). We derive a two-term power series model to be
match with the root-mean-square delay spread and optical path loss (OPL). We show that, for OLED
positioned on outer-wall of shops, the channel gain is enhanced in contrast to them being positioned
on the inner-wall. Moreover, the channel gain in empty environments is higher compare with the
furnished rooms. We show that, the OPL for a 10 m link span are lower by 4.4 and 6.1 dB for the empty
and semi-open corridors compared with the furnished rooms, when OLED is positioned on outer-wall
of shops. Moreover, the channel gain in the corridor is higher compared with the semi-open corridor.
We also show that, in furnished and semi-open corridors the OPL values are 55.6 and 57.2 dB at the
center of corridor increasing to 87.6 and 90.7 dB at 20 m, respectively, when OLED is positioned on
outer-wall of shops.

Keywords: flexible OLED; visible light communications; optical path loss; delay spread

1. Introduction

Visible light communications (VLC) with its huge available bandwidth [1] and its dual functionality,
i.e., illumination and safe and low-cost communications [2], has a great potential for different high data
rate fixed and mobile applications [3]. The VLC technology has many advantages include inherent
security, energy efficiency, healthy for human, and unregulated bandwidth [4,5]. These features
make it attractive for numerous applications in different fields including indoor networking [6],
vehicular communication [7], medical applications [8], Internet access for vehicles and in airplane
cabins [9], and positioning systems [10].

At the receiver (Rx) side, a single photodetector (PD) is usually used, which converts the incident
optical power to the electrical power. To enhance the performance, the single PD can be replaced by an
angle diversity Rx, which contains multiple PDs oriented in different directions as reported in [11].

8 Sensors 2020, 20, 6869; d0i:10.3390/s20236869 www.mdpi.com/journal/sensors
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For further improvement, the field of view angles of these PDs can be optimized to increase the received
signal-to-noise-ratio (SNR) as reported in [12,13]. Optical cameras have been recently introduced to
capture data [14,15], resulting in interesting VLC systems applications. It is also possible to utilize the
organic PDs with more synthetic flexibility [16], however the limited spectral responsivity range is the
drawback. VLC relies on the use of light-emitting diodes (LEDs), organic LEDs (OLEDs) as well as
white laser diodes (LDs) as the light source [17]. Owing to OLEDs attractive advantages, including
transparent displays, rich color, low power consumption and large active areas [18,19], there has been
a growing interest in using OLEDs for soft lighting and display applications in public places [20].
The main differences between OLEDs and the LEDs are (i) the modulation bandwidth of OLEDs,
which increases linearly with the drive current, is lower than silicone LEDs (i.e., kHz compared to MHz);
and (ii) OLEDs have wider radiation patterns compared with non-organic LEDs, which influences
the optical path loss (OPL). This work emphasizes on utilizing OLEDs for VLC systems, where is the
potential of flexible light sources could be used in office and public indoor environments.

Numerous efforts have been made in modeling VLC channel in order to determine the channel
impulse response (CIR) and its characteristics in terms of the average OPL and the root-mean-square
(RMS) delay spread. The achievable SNR for a given transmit power can be calculated by OPL obtained
from CIR [21]. In addition, the RMS delay spread provides a good estimate of how susceptible the
channel is to inter-symbol interference (ISI), thus leading to transmission data rate R;, restriction [18,21].
That is why quantifying channel characteristics is vital; hence, a number of studies have been done so
far. For instance, in [22], the CIR of an empty room was evaluated using Monte Carlo (MC) ray tracing
at the visible wavelength range where the surface materials reflectance were not wavelength-dependent.
However, in [23] the VLC channel was investigated including wavelength-dependent reflectance of
materials. In [24], the modified MC ray tracing approach was used for analyzing the CIR as a function
of the wavelength using a simplified matrix model. In [25], a three-dimensional (3D) model based on
MC algorithm using a CAD software was presented for the VLC system. A simulation of VLC channel
by the use of OpticStudio® simulator produced by Zemax [26] was reported in [27,28], which was
endorsed by the TEEE 802.15.7r1 Task Group. In addition, the use of OpticStudio® for validation of
the channel modelling was reported in [29]. Recently, utilizing OLEDs in VLC systems has captured
attention. In [30], it is claimed that the use of curved OLED in VLC system for an empty room offers
lower RMS delay spread and the average OPL values of 8.8% and 3 dB, respectively compared with
Lambertian source. The impact of reflections using flat and half-circular OLEDs in a furnished office
was investigated [31]. The recorded results in [31] reveals the ability of OLED based VLC system to
achieve R; of 4 Mb/s with a bit-error-rate (BER) below the forward error correction BER limit. In [32],
investigating of a flexible OLED-based VLC link in a shopping mall was reported, in both empty and
furnished rooms using both full and half-circular OLEDs. The results indicated that, the OPL in an
empty room is about 5 dB less than the furnished room.

Currently OLED panels are more costly than LEDs; however, with advances made in fabrication
and manufacturing as well as the wider use of OLED-based lights the cost will be reduced as was the
case with the non-organic LEDs a few years ago. Since, OLEDs come in different shapes and size,
we have decided to investigate their characteristics when used as a transmitter (Tx) in VLC systems.
This work emphasizes on the evaluation of an attractive feature of OLEDs, which is the mechanically
flexible potential for utilizing in VLC system. The simulation was carried out to determine the impact
of the symmetrical beam pattern of curved OLEDs, which is wider than Lambertian, on the VLC
channel. In this work, we consider a VLC system in a typical office, corridor, and semi-open corridor
environments with and without furniture. In the office environment, the user (i.e., the Rx), is moving
along a circular path while holding a mobile phone. In corridor and semi-open corridors, the user is
then moving on a straight path along the corridor. We investigate the proposed system optical features
and show a new numerical model for the RMS delay-spread and OPL for the channel. We provide
statistics for the BER performance and compared it for curved and flat OLED-based VLC systems.
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The rest of the paper is organized as follows. In Section 2, the features of simulation and scenarios
are described. Section 3 discusses the results. Finally, conclusions are given in Section 4.

2. Simulation

2.1. Simulation Features

To determine the detected optical power and path lengths from the Tx to the Rx, non-sequential
ray-tracing approach was used in the 3D environment. It evolves the specification and location of the
Tx and the Rx, features of the CAD models of objects, wavelength-dependent reflectance of surfaces
(wall, ceiling, floor, and objects), and transmission/reflection coefficient of glass windows. Next,
the captured output data of the OpticStudio® is processed in MATLAB to obtain the CIR expressed as
given by [27,32]:

h(t) = Pié(t—’fi), 1)

=

i=1
where P; and t; are the power and the propagation time of the ith ray, respectively. 6 is Dirac delta
function and N is the number of rays received at the Rx. Note, a number of reflections from the floor,
ceiling, walls, and other objects are considered until the normalized intensity of rays after intercepting
an object drops to 1073.
The spatial intensity distribution of light emitted from the light source is determined by the optical
radiation pattern profile. The luminous intensity defined in terms of the angle of irradiance ¢ is given

as [1]:
_omp+1 T T

- mr = | —— =
1(9) = "E21(0) cos™ (9), ¢ = [-5, 7] @
where 1(0) is the center luminous intensity of the OLED and m is Lambertian order, which is defined
in terms of the Tx semi-angle ¢y, as [1]:

In(2) 3)
mp = ———————.
In[cos(¢1/2)]

As inputs of the simulator, the measured characteristics of a flexible OLED from UNISAGA with
a size of 200 x 50 mm?, see Figure 1a, were used. The measured beam pattern of the flexible OLED for
flat and a half-circular configuration is depicted in Figure 1b, showing symmetry but not fitting with
Lambertian radiation pattern (the solid line for m = 1). A close match between the simulated and the
measured beam patterns can be seen in Figure 1b. The measured spectrum profile of the flexible OLED
is presented in Figure 1c, showing the red, green, and two blue components at 620, 553 and 454 and

480 nm, respectively.

Radiation 620 nm/{\
Angle (°)
& 08 | \
60 300 2 | |
206
f 553 nm~ |
90 A 270 E /\ /
2675 oo So4 V
0.4 |——Simulated Curved OLED ,E_ 480 nm A/
0.6 |~=—Measured Curved OLED| = ()2 Y
120 08 - <~ Simulated Flat OLED L N
A ~ - @--Measured Flat OLED /
— M

150 L
180

0
200 300 400 500 600 700
Wavelength (nm)

(a) (b) ()

Figure 1. The flexible organic light emitting diodes (OLED) panel and its characteristics adopted in
the simulation: (a) photograph, (b) the emission pattern of light source modeled for a flat and curved
OLED, which is closely matched with the measured data, and (c) the normalized optical spectrum
where the peak wavelengths are marked.
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2.2. Scenarios

Figure 2 shows the analyzed example of an office environment designed with the size of
10 X 10 X 3 m® and a number of objects within. Here, a curved OLED with the size 1 x 0.5 m? is
mounted on the wall with a curvature radius of 32 cm. In the office environment, the scenario is
to move the Rx over a semi-circular path, where the radius d is 2 m. An angle of radiation 6 with
respect to the normal from the center point of OLED (i.e., —=90° < 0 < 90°) is given, see Figure 3. The Rx
height is assumed to be 1 m above the floor to represent people holding mobile phones while sitting
at their desks. In simulation, we have not considered the synchronization. However, in real time
systems synchronization protocols defined by the standards will be adopted, which does not affect the
transmission characteristics of the proposed system.

A

)
!
Figure 3. The proposed scenario which shows the location of receiver (Rx) and transmitter (Tx) giving
a half-circular lighting.
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Figures 4a and 5a then show the 3D corridor and semi-open corridor environments inside a
shopping mall, respectively, in which OLED acts as a light source. The semi-open corridor is typical
especially for upper floors of the shopping mall, so we have chosen an example when the user walks
on the first floor, having shop windows on one side and an open space on the other side. The user is
moving on the straight path along the corridor (show by the red dashed-lines in Figures 4b,c and 5b,c).
The Rx is positioned at the height of 1.3 m above the floor level (i.e., the holding position of mobile
by people). The user is moving along the shop windows at a distance of 2 m on the path donated
as dy from —20 to 20 m, where Tx is placed at 0 m position. For both empty and furnished corridor
and semi-open environments, we have considered two scenarios of (casel), where the OLED panel
is located on the inner shop wall behind the glass window and (case2) on the wall or shop window
inside the corridor, see Figures 4b,c and 5b,c. All the key system parameters adopted in this work,
including the reflectance values of surfaces and the transmission coefficient of the glass windows,
are given in Table 1.
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Figure 4. (a) The three-dimensional corridor environment and proposed scenarios which show the
location of Rx and Tx, (b) casel where Tx is located on inner shop wall behind window, and (c) case2
on wall or shop window inside the corridor.
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Figure 5. (a) The three-dimensional semi-open corridor environment and proposed scenarios which
show the location of Rx and Tx, (b) where Tx is located on inner shop wall behind window (casel), and
(c) on wall or shop window inside the corridor (case2).
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Table 1. The system parameters.

Item Parameter Value
Chair, sofa (leather) 24 18.8 16.3
Coffee cup (ceramics) 97.1 96.2 92.3
Surface material Human clothes (cotton) 67 58 45.6
refractivity in % (RGB) Plant (leaf) 14 59 8.2
Desk, book shelf, book (pine wood) 70 51 33.1
Laptop, PC, printer, and telephone (black gloss paint) 3.4 3.2 3.2
Transmission .
coefficient in % (RGB) Glass windows 88 %0 87
Office 10 x 10 x 3 m3
Room size Corridor 18 x 40 x 3 m°>
Semi-open corridor 26 x 40 x 3 m>
Dimension 1% 0.5 m?
Type Flexible
Bandwidth 50 kHz
Power of lighting 10W
Number of OLED panels 19
Tx Number of chip/LED panel 64
Power of each chip 8.2 mW
Curvature radius 32 cm
Location in office (4,0.33,1.5) m
Lo . . . casel: (0.1,20, 1.5) m
Location in corridor and semi-open corridor case2: (4.9, 20,1.5) m
Channel Time resolution 0.2ns
Active area of PD 1 cm?
Responsivity 04 A/W
Rx FOV 90°
Incident angle 0°
One sided noise power spectral density N 1071 W/Hz
3. Results

3.1. Comparison of Flat and Curved OLED Based System Performance

For intensity modulation/direct detection (IM/DD) optical transmission systems, the electrical

SNR is defined as

_ (yPr)> _ (yH(0)Pg)
SNR = R (4)

where y is the photodetector’s responsivity in (A/W), Pr and Py are the emitted and received optical

power, respectively, and Ny/2 is double-sided power spectral density. Considering a link with
non-return-to-zero (NRZ) on-off keying (OOK), the BER is given as [33]:

1 [SNR

Figure 6 shows the plots of the BER for flat and curved OLEDs at Rj, of 4 and 6 Mb/s along with
the 7% forward error correction (FEC) BER limit of 3.8 x 1073 [1] for an office. Note, for 4 Mb/s the
BER is below the FEC limit for curved OLED. As illustrated, the BER plot displays a symmetry about
the origin (i.e., at 0 of 0°) because of the same achievable SNR that is maintained across the entire
face of OLED. It is obvious that, for the curved OLED the BER is improved over a wider 6 compared
with the flat OLED. Note, for the flat OLED with —30° < 6 < 30° the BER values are <107°. At R}, of
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4 Mb/s, the BER remains below the FEC limit for 6 within the range of +90° and +53° for the curved
and flat OLEDs, respectively. However, for R;, of 6 Mb/s, 0 drops by 15° and 4° for the curved and flat
OLEDs, respectively.

102 E -
~
[Sa}
m
10 E -
—a—Flat OLED
—o— Curved OLED
LN 2 - FEC
10—6 . 5 o . ]
-100 -50 0 50 100
(%)
(a)
10° ; . .
107 ¢ :
o~
5]
m
107 3
—a— Flat OLED
—o— Curved OLED
----- FEC
10-6 1 . 1 - 1 I
-100 -50 0 50 100

0(°)
(b)

Figure 6. The bit-error-rate (BER) for flat and curved OLEDs at R, of: (a) 4 Mb/s, and (b) 6 Mb/s for
an office.

3.2. Channel Charactristics

The channel gain H(0) defines the achievable SNR for a given incident power. To quantify the
data rate, H(0) and the optical signal attenuation OPL = —10log9(H(0)) caused by reflections and
transmission in the free space are obtained [21,34]. The RMS delay spread is commonly used to define
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the time dispersion along the propagation path. The channel mean excess delay 7 and the RMS delay
spread TRms are given as [27,31].
[ txh(t)at
T=t—— ©)

TRMS = - . (7)

Figure 7 depicts the Tryis plot for the flat and curved OLEDs in an office. The angle 0 is shown in
Figure 7 to identify the Rx’s location on the semi-circular path with the radius d. Tryms increases with 6
reaching the maximum value of 5 and 10.7 ns at 0 of 90° for the curved and flat OLEDs, respectively.
It is obvious that, for the curved OLED, there is a slight change in Tryms by about 0.8 ns with respect to
0. However, Tryms has changed about 7.3 ns for the flat OLED. Note, there is a significant increase in
TrMs for 0 > 40° for the flat OLED.

].2 T T T T T T T
o Flat OLED
o Curved OLED
10+ .
£ st :
5
2
~
6L |
41 Q\S\S‘ s—e—6—6—=¢ ‘e/e/o _

-100 -75  -50  -25 0 25 50 75 100
0()
Figure 7. Comparison of a flat and curved OLEDs employed in the office in term of Tgry;s.

Using a non-linear approximation algorithm for both cases, a two-term power series model can be
derived from simulations for 7 rums as a function of 6 given by

TRMS = P10F2 + p3, (8)

where p1, p and p3 are summarized in Table 2. Note, the empirical parameters can vary based on the
number of objects in the room and the size of the specified confined space.

Table 2. Numerical modeling parameters for Tgps in the case of using flat and curved OLED:s in office.

OLED Type P p2 p3
Curved 8.707 x 10710 4.589 4172
Flat 1.765 x 107> 2.875 3.312
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Figure 8 shows the azimuthal dependence of the OPL distributions for flat and curved OLEDs for
the proposed scenario in an office. OPL increases with 6 reaching a maximum of 60.4 and 70.2 dB at 6
of 90° for curved and flat OLEDs, respectively. Note, up to ~14 dB drop in the channel gain can be
seen for the flat OLED when 6 changes from 0° to 90°, which is considerably higher compared with
the reduced ~2 dB channel gain for curved OLED. It can be seen that, for the flat OLED and 0 < 30°
there is an improvement in OPL by ~1.8 dB compared with the curved OLED. However, for 6 > 45°,
there is high received power enhancement for the curved OLED compared with the flat OLED, e.g.,
OPL penalties for flat OLED are 5 and 10 dB for 0 of 75° and 90°, respectively. In addition, for both
cases OPLs can be determined as the 2-term power series models as

OPL = 016" + a3, 9)

where the derived parameters a1, a; and a3 are shown in Table 3.

75 T T T T T T T
o Flat OLED
o Curved OLED
70 1
)
)
S 651 .
o9
O
60 ]
55 1 1 1 1 ! ! 1
-100 75  -50  -25 0 25 50 75 100
0(°)
Figure 8. Comparison of a flat and curved OLEDs employed in the office in term of optical path

loss (OPL).

Table 3. Numerical modeling parameters for OPL in the case of using flat and curved OLEDs in office.

OLED Type a1 as as
Curved 0.2964 x 1072 1.465 58.26
Flat 9.315x 10™° 2.646 56.42

Figures 9 and 10 illustrate the channel characteristics for both open and semi-open corridor when
OLED are mounted on the inner shop wall behind the glass window and on the wall or shop window
inside the corridor while the user is moving along the corridor in terms of OPL and 7grpms. As can
be seen, both OPL and 7rys plots show symmetry about the center of the indoor environment with
minimum values at the center. Note, Trys for furnished rooms is lower than the empty room for both
corridor and semi open-corridor; e.g., in a semi-open corridor and casel, the Trys values are 42.5 and
52.7 ns at 8 m and 52.2, 66.6 ns at 12 m for furnished and empty, respectively.
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Figure 9. Channel characteristics in term of 7rys for both: (a) corridor, and (b) semi-open corridor
environment; when OLED are mounted on the inner shop wall behind the glass window (casel) and

on the wall or shop window inside the corridor (case2) while the user is moving along the corridor.
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Figure 10. Channel characteristics in term of OPL for both: (a) corridor, and (b) semi-open corridor
environment; when OLED are mounted on the inner shop wall behind the glass window (casel) and
on the wall or shop window inside the corridor (case2) while the user is moving along the corridor.

In furnished environments, TRy increases with the distance reaching the maximum value of 40 and
60 ns at a distance of 16 m for the corridor and semi-open corridor, respectively. In all environments,
TrMs drop significantly for case2 compared with casel. Note, in both furnished environments, there is
a huge drop in Trys for case2 compared with casel for dy up to 10 m; however, for dy > 10 m Tryvs for
case2 reaches the corresponding value of casel. E.g., in a furnished corridor, for case2, Tryms values are
lower than casel by 13, 6 and 2 ns at dy = 0, 8 and 14 m, respectively. However, in an empty corridor
TrMs for case2 drop by 11, 5 and 5 ns at dy = 0, 8 and 14 m, respectively.

Note, positioning OLEDs behind the window will result in decreased received optical power
compare with when located on the outer-wall of shops inside the corridor; i.e., OPL for case2 is lower
than casel in all empty and furnished indoor environments. For instance, in a furnished semi-open
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corridor for casel, OPL penalties of 6.5, 4.8, 3.4, and 1.6 dB at 5, 10, 15, and 20 m, respectively, can be
seen in comparison to case2. Additionally, for both cases, OPL in the corridor is lower compared
with the semi-open corridor. e.g., in furnished environments and case2, OPL in the corridor reaches
the maximum of 87.6 dB, which is lower than the value corresponding to the semi-open corridor
(i-e.,90.7 dB). Note, the channel gain for both cases in furnished environments for dy <4 m remains
the same; however, for casel and dy > 4 m, the OPL penalty of the furnished semi-open corridor is
~1 dB in contrary with the furnished corridor. For case2, there is a drop in OPL for the furnished
corridor by 1.7 and 2.4 dB at dy of longer distances of 10 and 15 m in comparison with the furnished
semi-open corridor.

In addition, the channel gain enhancement in an empty corridor in contrary with furnished one is
5 dB at 5 m reaching 7 dB at 15 m for casel. However, for case2 it remains around 4 dB for dy > 4 m.
In addition, the channel gain enhancement in an empty semi-open corridor in contrary with furnished
one are 7.2 and 5 dB at 5 m increasing to 9.1 and 7 dB at 15 m for casel and case2, respectively.

Using a non-linear approximation algorithm for both cases in all environment, a two-term power
series model have been derived from simulations for Tryms and OPL as a function of dy given by

TRMS = T1dy'? + 13, (10)

OPL = ldy"2 + 1, (11)

where the derived values of 71, 75, 3, [1, I, and I3 are summarized in Tables 4 and 5.

Table 4. Numerical modeling parameters for Trys in both corridor and semi-open corridor.

Environment 21 1 r3

casel empty-corridor 5.32 0.7519 16.83

case2 empty-corridor 11.26 0.5358 2.446

casel furnished-corridor 0.409 1.424 19.79
case? furnished-corridor 0.890 1.296 7.947

casel empty-semi-open corridor 9.777 0.7035 10.5
case2 empty-semi-open corridor 11.9 0.5637 8.267
casel furnished-semi-open corridor 3.860 0.864 19.214
case2 furnished-semi-open corridor 2.020 1.143 14.513

Table 5. Numerical modeling parameters for OPL in both corridor and semi-open corridor.

Environment I 153 I3
casel empty-corridor 1.160 0.852 69.95
case2 empty-corridor 7.893 0.446 53.01
casel furnished-corridor 6.379 0.469 65.823
case2 furnished-corridor 10.010 0.403 54.130
casel empty-semi-open corridor 1.265 0.838 68.190
case2 empty-semi-open corridor 6.946 0.480 53.670
casel furnished-semi-open corridor 6.453 0.470 66.451
case2 furnished-semi-open corridor 8.039 0.485 56.180

4. Conclusions

In this paper, we investigated the performance of OLED-based VLC system and the channel
characteristics in office, corridor, and semi-open environments. The measured beam pattern profile
of the curved OLED was closely matched with the simulation result. We showed that, when a flat
OLED was used in an office, Tryms increased significantly by 7.3 ns compared with 1 ns for the curved
OLED. In the office, contrary to the flat OLED, the curved OLED showed improved BER performance
over a wider range of 0. A data rate of 4 Mb/s was achieved using both the curved and flat OLEDs
for 0 within the range of £90° and +53°, respectively. A two-term power series model was found to
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7

match Tryms and OPL as a function of 6 and dy for the office and corridors, respectively and models
parameters for all three environments with and without furniture were derived. We showed that,
when OLED is positioned on the outer wall of shops inside the corridor, the channel gain enhanced in
contrast to them being located on inner shop wall, e.g., the channel gain enhanced by 5.2 and 4.8 dB
at 10 m for furnished corridor and semi-open corridor, respectively. Moreover, the channel gain in
the corridor was higher compared with the semi-open corridor. As a result, for case2, there was an
enhancement in the channel gain for the furnished corridor by 1.7 and 2.4 dB at dy of 10 and 15 m in
comparison with the furnished semi-open corridor.
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‘Conclusion and Future Work

CHAPTER

This thesis provided theoretical, analytical and experimental analyses of utilization of
OLEDs for VLC systems. The state-of-the-art was presented with an emphasis on the
advantages and limitations of OLED devices and their utilization for VLC systems. The
thesis is divided into three main parts. The first part proposes measurement setups for
optical and electrical characterization of different types of OLEDs within the context
of VLC systems. Based on publication [J1], the results showed that, the beam pattern
of curved OLED is symmetrical and wider than Lambertian. I derived a numerical
model for the beam pattern of curved OLED which follows the three-term Gaussian
profile. Following, the use of those OLEDs in VLC system with m-CAP modulation was
investigated experimentally. In which, the effect of curved OLED radiation pattern on the
VLC link has been examined for the first time. The results published in [C3] showed that,
the BER performance improved for the curved OLED with the viewing angles greater
40°when the optical receiver moving along a circular path compared to the flat OLED,

which is advantageous in D2D communications.

The second part of the thesis was focused on the analysis of the ANN equalizer for
the OVLC system. Since the learning algorithm of ANN significantly affects the ANN
performance, the effect of various learning algorithms and a number of neurons in the

hidden layer and quantify the link performance were investigated [C2].

Finally, the use of flexible OLED in a VLC system in furnished indoor environments (ie.,
shopping mall, office, corridor and semi-open corridor) was analyzed and showed the merits
of adopting curved OLEDs in indoor VLC systems. The simulation was accomplished
considering by the reflectance properties of the materials and objects in the room with
respect to the visible range. Numerical models for RMS delay spread and OPL were

derived, which followed a 2-term power series model.

The results for the shopping mall environment reported in [J2] showed that, in an
empty room the average optical path losses are lower by 5 and 4 dB compared with
the furnished room, where the full and half-circular OLEDs were used, respectively. In
addition, for an empty room with full and half-circular OLEDs, R} of 10 and 3.7 Mb/s were
achieved at a distance of 6 m, respectively. In a furnished room with full and half-circular
OLEDs, Ry of 1.02 and 0.46 Mb/s were recorded for a distance of 6 m, respectively. The
results published in [C4], [C5] for a furnished office demonstrated a data rate of 4 Mb/s
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using both the curved and flat OLEDs for the transmitter’s half-angle within the range
of + 90°and + 53°, respectively.

[J3] showed the results achieved from VLC channel characteristics when large OLED
panels are used as Tx in corridor and semi-open corridors while the user is then moving
on a straight path along the corridor. It was shown that, for empty corridor and semi-open
corridor there was a drop in OPL by 4.4 and 6.1 dB compared with furnished rooms for a
link span of 10 m when OLED is positioned on outer-wall of shops. For OLED positioned
on the outer wall of shops, it was shown that the channel gain enhanced in contrast to
them being located on inner shop wall, e.g., the channel gain enhanced by 5.2 and 4.8 dB
at 10 m for furnished corridor and semi-open corridor, respectively. Additionally, there
was a channel gain enhancement for the corridor in comparison with a semi-open corridor,
e.g., for the furnished corridor the channel gain enhancements were recorded as 1.7 and

2.4 dB at distances of 10 and 15 m in comparison with the semi-open corridor.

The main suggestions of the author for the future works are as follows:

¢ At the final stage of the development of OVLC systems, the upcoming work would
be focused on D2D communication performed by transmitting and receiving the
information data via the smartphone’s OLED-based display pixels and the built-in

cameras including by user movement and orientation.

* Another work can be analyzing of shadowing impact for D2D communication while
one of users is consider as a source of shadowing in the indoor environment. In
addition, compensating shadowing impacts on such scenarios can be investigated,

for instance PDs with different viewing angles can be operated.

* Considering that the interest in using OLED panels/displays in wearable products
such as wearable smart watches/clothes is increasing. Hence, analyzing of D2D com-
munication when Tx is OLED pixel used in wearable products would demonstrate

an intention to move towards smart homes.

* The use of OPDs with different specifications in OVLC systems, particularly for
single input multiple output (SIMO) and multiple input multiple output (MIMO)
systems, would be an important development for OVLC systems. Massively MIMO
systems could be implemented to offer D2D communications in the context of smart

homes.
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