SISO - MIMO Applications and Analysis of Visible Light
Communications Systems

ANIL YESILKAYA

Bachelor of Science in Electronics Engineering, Kadir Has University, 2014

A thesis submitted in partial fulfillment for the
degree of Master of Science
in the

Graduate School of Science and Engineering

Kadir Has University
June, 2016



SISO - MIMO Applications and Analysis of Visible Light Communications
Systems

APPROVED BY:

Prof. Dr. Erdal Panayirci %wfﬂa

(Thesis Supervisor)

Asst. Prof. Dr. Ertugrul Basar

DATE OF APPROVAL: Day.Month.Year

31/05 [2016

ii



11

“I, Anil Yesilkaya, confirm that the work presented in this thesis is my own. Where informa-

tion has been derived from other sources, I confirm that this has been indicated in the thesis.”

Author’s Signature

ANIL YESILKAYA

£ g



v

ABSTRACT

SISO - MIMO Applications and Analysis of Visible Light

Communications Systems

Rapid development in technology and increasing necessity to reach information instanta-
neously saturates RF bands rapidly. Because of that, it can be seen that we are gradually approach-
ing upper limits of the band. It can said that, operating beyond that upper limit would be hard and
unfeasible for Sth generation mobile systems (5G). At this point, it is needed to develop alternative
telecommunication systems to RF technology. VLC could be the most appropriate and appealing
solution for researchers due to its unregulated visible light band. In this context, determination of
the real VLC channel models would play vital role on bit error rate performance of the communica-
tion systems. The main objective of this thesis is to introduce this novel and interesting topic to the
the researchers and investigating performances of SISO and MIMO OFDM based VLC systems
in realistic channel models obtained in Zemax environment. Besides, novel transmission model
is proposed in the thesis and analyzed and simulated in great detail. Obtained performances of
SISO-MIMO OFDM based VLC systems are compared with reference systems and conclusions

are offered about the results.

Keywords: Visible Light Communications (VLC), Orthogonal Frequency Division Multi-
plexing (OFDM), Asymmetrically Clipped Optical OFDM (ACO-OFDM), Indoor Channel Mod-
eling, High Rate Optical OFDM (HRO-OFDM), VLC Indoor Channel Modeling, MIMO systems,
MIMO-OFDM, MAP estimation.



OZET

SISO - MIMO Goriiniir Isikla Haberlesme Sistemlerinin Uygulamalari ve

Analizi

Geligen teknolojiler ve bilgiye olan hizli ve artan gereksinimler nedeniyle kablosuz mo-
bil haberlesmeye tahsis edilen radyo frekans (RF) bantlarinin gittikge ve hizla dolmakta ve bu
nedenle de yavas yavag RF frekans bandinin iist sinirlarina dogru yaklasilmakta oldugu goriilmek-
tedir. Dolayisiyla, 5G icin belirlenebilecek muhtemel frekans bantlarinin 6tesinde daha yiiksek
frekans bantlarinda ¢alismanin son derece gii¢ veya olanaksiz hale gelecegi anlagilmaktadir. Bu du-
rumda RF teknolojisine alternatif olabilecek ve bu teknolojiye paralel optik tabanl bir takim yeni
haberlesme teknolojilerinin gelistirilmesi i¢in arastirma ve gelistirme calismalarina gereksinim
vardir. Bu soruna en uygun ¢oziim olarak, goriiniir 151kla haberlesme (VLC), ¢ok genis ve regiile
edilmemis bir frekans bandina sahip olmasi nedeniyle, ilging bir teknoloji olarak one ¢ikmakta
olup iizerinde yogun arastirma ve gelistirme ¢aligmalar siirdiiriilmektedir. Bu baglamda, VLC sis-
temlerinin kullanilacagi kanal ortamin ger¢ek modelinin ortaya ¢ikarilmasi ve ayrica bu kanal iiz-
erinden yapilan iletisim basariminin belirlenmesi biiyiik 6nem tagimaktadir. Bu tezin temel amaci,
kablosuz mobil haberlesme konusunda odaklanan aragtirmacilara bu giincel ve ilgin¢ alan1 ayrin-
tilariyla tanmitmak ve 6zellikle optik SISO ve MIMO tabanli optik OFDM yo6ntemleri i¢in detayli
bir analiz saglamanin yani sira yiiksek veri hizlarina erigebilen yeni ve 6zgiin bir VLC sistemin
tasartmini sunmaktir. Onerilen sistemlerin bagsarimi Zemax yazilimi yardimiyla modellenen gergek
optik kanallar lizerinden bilgisayar benzetimleri yoluyla incelenerek diger var olan SISO ve MIMO

VLC sistemlerle karsilastirilarak incelenmistir.

Anahtar Kelimeler: Goriiniir Isikla Haberlesme (VLC), Dikey Frekans Bolmeli Cogul-
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lama (OFDM), Asimetrik Kirpilmis Optik OFDM (ACO-OFDM), Kapali Alan Kanal Modelleme,
Yiiksek Hizli Optik Dik Frekans Bolmeli Cogullama (HRO-OFDM), VLC Kapali Alan Kanal
Modelleme, MIMO sistemler, MIMO-OFDM, MAP kestirimi.
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1. Introduction

1.1. History of OWC

OWC is one of the oldest technologies that mankind is still using. It is known that around
800 BC, ancient Romans and Greeks were using reflection of sunlight and fire beacons for sig-
naling purposes. Around 150 BC, American Indians were using smoke patterns to communicate
over long distances. French inventor Claude Chappe invented optical telegraph better known as
semaphore telegraph in 1792. In 1880, Alexander Graham Bell invented photo-phone to transmit
his voice by simply employing vibrating mirrors to modulate the sunlight and selenium cell at the
receiver to demodulate voice signals [1]. Invention of the laser beam in 1960, new area called FSO
emerged and lasers are employed for space communications. Over the last decade 10Gbps data
rate is achieved between satellites using FSO link [2]. Two of the most important vulnerabilities
of the FSO links investigated as atmospheric effects and fog. In 1979, indoor OWM systems are
investigated by Gfeller and Bapst [3]. In 1993, open standard for infrared communications (IrDA)
is developed and used by many devices. 2000’s could be the junction that, almost 2900 years of
technology revives by using modern electronic components. It started with OMEGA project in
2008 and standardized in 2009 by IEEE under the name of 802.15.7 protocol. Rapid development
of opto-electronics devices helped significantly to achieve higher data rates. Today’s OWC sys-
tems with full duplex communications could reach up to 2.5 Gbps by employing WDM techniques.

Historical timeline for OWC systems are given in Fig. 1.1.

1.2. Towards 5G Wireless Cellular Networks

Fortune of the telecommunications systems significantly changed in 1947 after invention of

transistor by Bardeen, Brattain and Shockley. IC’s started to be used in analog/digital signal pro-

cessing areas. OFDM implementation of DFT/IDFT pair allows OFDM to be easy to implement



800BC 1790’s 1960 1979 2003 2009

150BC 1880 1970's 1993 2008

Figure 1.1. OWC Timeline

system in variety of digital signal processing boards (FPGA, DAQ Boards, BeagleBone, Rasberry
etc.). Frequency selective behavior of the wireless channels and as a result ISI pushed researchers
and engineers to combat with multi-path propagation. OFDM became one of the widely applied
scheme among multi-carrier transmission methods. Despite the fact that OFDM has many advan-
tages over frequency selective channels, it also has many disadvantages such as, high PAPR and

vulnerability to phase noise and frequency offset.

After mobile revolution in 2000’s, number of mobile devices are started to increasing ex-
ponentially. Internet of things, wearable technologies, smart cities etc. concepts are emerged.
Rapid development of mobile devices are started to cause a capacity issues in the network. Ac-
cording to Cisco forecasts, global mobile traffic in 2019 would be around 24.3 exabytes (1 EB =
10'® bytes). In spite of the exponential increase of the data demand each year, spectral efficiency
gains are degrading exponentially and converges to one. Potential bottleneck in the spectrum,
pushes researchers to find new mediums to communicate, milimeter-wave technologies is one of
the hottest topics in wireless communications for 5G, 5G+ and 6G systems [4]. TVWS is another
technology which would potentially employ TV white space band for WRANSs [5]. VLC is an-
other new and complimentary wireless transmission candidate for small-cell levels. The optical
APs which named as an attocell, could improve coverage and security while reducing interference
with the macro-cellular network. VLC-RF heterogenous networks, channel models and physical

layer modulation methods are under investigation by researchers under IEEE 802.15.7 standization



groups. Nonetheless, VLC has varios kind of challenges such as, front-end non-linearities, multi-
user communications scenarios, utilization of the optical spectrum, capacity enhancing techniques
and multiple access scenarios. This thesis address physical layer solutions in both theoretical and

practical way while considering realistic VLC channel models in OWC links.

1.3. Thesis Contributions

This thesis has contributions in three main subjects. Firstly, novel VLC channel modeling
approach and obtaining CIRs. Secondly, performing BER vs. SNR analysis of SISO and novel
MIMO systems under realistic CIRs. Lastly, realization of VLC systems by experimental setup in
real life. In Section 2.2, realistic VLC channel modeling approach proposed by our research group
is explained in detail. In Chapter 3, realization process of the VLC systems in experiment setup by
utilizing RZ-O0OK, PAM and OFDM modulation schemes is given with promising BER vs. SNR
results. In Chapter 4, two of the most popular optical OFDM methods for IM/DD system ACO-
OFDM and DCO-OFDM is analyzed in detail and their performances investigated under realistic
channel models obtained in Section 2.2. In Chapter 4, MIMO is proposed for VLC communi-
cations for different modulation techniques. Section 4.2.1 proposes MIMO transmission scheme
for one of state-of-the-art spectral efficient unipolar schemes called eU-OFDM. Realistic concerns
such as cabling delays between luminaries considered to model VLC channel. Eventually, MIMO
frequency selective sparse channel model is obtained and proposed for MIMO VLC transmission.
Finally, in Section 4.2.2, WDM based novel and spectrally efficient transmission scheme called
RGB-OFDM is proposed. Through providing this modulation scheme its performance analysis
has conducted for MIMO frequency selective sparse RGB channel models by employing maxi-
mum a posteriori detector. It is proposed that, by using time-domain half-Gaussian distribution
information of the discrete-time samples gives the optimal detector for such MIMO VLC OFDM

systems.



1.4. Thesis Outline

The rest of this thesis is organized as follows. Chapter 2, indoor optical wireless commu-
nication systems are introduced, including IM/DD structure and non-sequential ray tracing based

VLC channel modeling approach.

In Chapter 3, OFDM based optical wireless communication systems are elaborated. Sec-
tion 3.1 presents mathematical background and performances of two most important OFDM based
SISO communication systems ACO-OFDM and DCO-OFDM under realistic channel models ob-
tained in Chapter 2. Section 3.2 expands same analysis and performance benchmark for one of the
recent invention for unlocking spectral efficiency loss which is called enhanced unipolar OFDM
(eU-OFDM) and proposed novel wavelength division multiplexing (WDM) based red-green-blue
OFDM (RGB-OFDM).

In Chapter 4, real life applications of RZ-OOK, PAM and OFDM systems for optical com-
munication is given. Channel estimation and equalization techniques are introduced for systems

of interest. Experimental BER vs. SNR results are given.

Finally, Chapter 5 concludes the thesis with the crucial findings on this study. The limita-

tions of the work discussed, and future work is presented.



2. Indoor Optical Wireless Communication

2.1. IM/DD Structure

In radio frequency (RF) communication systems we have three fundamental property of
an electromagnetic waves that we can carry information on which are, amplitude, frequency and
phase. In optical systems as long as we are dealing with the light wave as a information carrying
medium, we could only have light intensity to carry information. There is no frequency and phase
information on the light wave. So that, non-coherent detectors are used at the receiver part instead
of coherent detectors. This type of light intensity modulation and non-coherent reception system
called as intensity modulation and direct detection (IM/DD) system. In Fig. 2.1 basic structure of
an IM/DD system is given. Generated electrical signals are converted to optical intensity levels by
electro-optical converter device which could be simple off-the-shelf LED at the transmitter. Optical
intensity levels pass through optical channel where reflection, refraction and noise phenomenons
occur. At the receiver front-end simple photo-diodes are employed in reverse biased way to convert
optical intensity levels to electrical signals back. The information carrying signal at the transmitter
is constrained to be non-negative and real all time, since light intensity levels are inherently positive
and real numbers. Constrains for signal z(t) could be given as, z(t) > 0 and ;) = 0 for V¢. In
consequence of, positiveness and realness of the both transmitted and received signals, effect of the
optical channel must be positive and real in IM/DD systems. One of the most important advantage
of modulating light intensity becomes obvious in high mobility case. In typical RF systems, high
mobility causes variation in carrier frequency which is well known phenomenon called Doppler
shift. Despite of in IM/DD based systems moving source still introduces Doppler shift in the
light’s frequency, it would only effect red shift and blue shift in the color. This inherent difference
of RF and VL bands comes from the fact that, there is no medium required for the propagation of
the light waves. Basic characteristics of non-coherent IM/DD systems and coherent systems are

summarized in the Table 2.1.



Table 2.1. Comparison of RF and VLC systems

) . Electromagnetic Radiation Coherent Detection,
Typical RF System | Complex & Bipolar
Conveys Information Local Oscillator at the Receiver
. . Light Intensity Non-coherent,
Optical System Real & Unipolar
Conveys Information Direct Detection
E]gzctriclal Optical Intensity E!‘Se'Ctﬁ;IaJ
igna Signal 120
(t) y u()
Transmitter » * Aty * Recciver
I(t)
electro-optical opto-electrical
canversion conversion

Figure 2.1. Intensity Modulation / Direct Detection (IM/DD) Structure

2.1.1. LED as a Transmitter

Solid state lighting technologies are developed in last decade very fast. Incandescent light
sources are replaced by LEDs, OLEDs, amoLLEDs etc. Rapid development in the LED technologies
has granted huge chance to OWC systems. Deployment ease and expense would be one of the
major advantage of the VLC system among other candidate systems. In VLC technology, generic
off-the-shelf LEDs operating in the 780-950nm range would be utilized as a transmitter. Modulated
electrical signals at the receiver is directly fed into a typical LED, information could be carried on
either voltage or current. LED acts as a simple converter which would convert voltage/current
values (electrical domain) to optical intensity values (optical domain). Frequency response, non-
linear characteristics and self-heating problems are various problems that VLC will face with in
near the future. Detailed explanation about lighting sources and their real life performances will

be mentioned in next two sections in a great detail.



2.1.2. Photo-diode as a Receiver

Complementary to transmitter device photo-diode device converts optical intensity values to
electrical voltage/current values back. Non-linear characteristics of the PD is still an important
issue at the receiver side. Opto-electrical devices could be utilized at the PD (optical lenses, filters,
retarders etc.). Detailed explanation about photo-diodes and their real life performances will be

mentioned in next two sections in a great detail.

2.2. VLC Channel Impulse Response Modeling

OWC comprises VL (visible light) and IR (infra-red) regions of the spectrum as indoor/outdoor
wireless communications medium. Visible light communications (VLC) is a branch of OWC oper-
ating in the VL (390nm-750nm) band. Intensity Modulation / Direct Detection (IM/DD) method is
accepted as the most applicable modulation technique to transmit data over visible light. In IM/DD
data are coded on the small intensity fluctuations. At the receiver, photo-detectors capture fluctu-
ations and convert them to digital data [6]. A proper channel model is one of the most important
components to have robust, error-free and reliable wireless communications systems. Despite the
ever increasing popularity of the visible light communications, there is a lack of a proper VLC
channel model. Obtaining an analytical expression for the channel is almost impossible due to the

unpredictable changes in the environment.

Reflection and refraction patterns are already well defined for daily life materials however,
dynamic parameters are affecting the VLC channel (e.g. moving objects and people, fluctuations
in noise sources, unknown reflections of mixed type materials etc.) which complicate the deriva-
tion of an analytical expression for the channel model. Obtaining proper channel model ensures
designing reliable and robust communication systems. Yet, in the literature most of the researches
are using infra-red (IR) channel models or simple additive white Gaussian noise (AWGN) channel

to model VLC environment [7, 8]. In [9], IR sources are defined as monochromatic where white



LED’s are considered as wide-band sources (380nm-780nm) intrinsically. It could be seen from

Fig. 2.2 that wavelength dependent VL channel models are required.
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Figure 2.2. Spectral reflectances of various materials for IR and VL bands respectively [10, 9, 11].

For higher data rates VLC channel has frequency selective behavior [10]. Frequency selec-
tivity basically means that channel acts as a simple FIR filter described by coefficients which are
called "channel taps" in the communication literature. Obtaining channel taps brings great control
over distortion cancellation in the received signal. These channel taps are used to model channel

impulse response (CIR) which can be expressed as attenuations and time delays as,

N

h(t)=>_ Pd(t—m) 2.1)

i=1

where P, is the power and 7; is the propagation time of the *” ray, J is the Dirac delta function and

N 1is the number of rays received in the detector.
2.2.1. Sequential Ray-tracing Approach

As aresearch group, we present an extensive study on indoor channel modeling for VLC and
present channel impulse responses (CIRs) and associated characteristics for a number of indoor
environments. This part of the study is based on Zemax; a commercially available optical and

illumination design software [12]. Although the main purpose of such software is optical and



illumination system design, we take advantage of the ray tracing features of this software which
allows an accurate description of the interaction of rays emitted from the lighting source within a

specified and confined space (i.e., room, office, etc).

Zemax is an optical and illumination design software with sequential and non-sequential
ray-tracing capabilities. It allows an accurate description of the interaction of rays emitted from
the LEDs for a user-defined indoor environment. In non-sequential ray-tracing, rays are traced
along a physically realizable path until they intercept an object. The line-of-sight (LOS) response
is straightforward to obtain and depends upon the LOS distance. Besides the LOS component,
there is a large number of reflections between ceiling, walls, and floor as well as any other objects
within the environment. The rays of light hit the other walls and are reflected towards the receiver.
The simulation environment is created in Zemax and enables us to specify the geometry of the
environment, the objects inside, the reflection characteristics of the surface materials as well as the
specifications of the sources (i.e., LEDs) and receivers (i.e., photodiodes). In order to create the
simulation environment in Zemax, we need to specify application scenario, room size, position of

transmitters and receivers, type of materials and type of sources and detectors.

Based on the obtained CIRs, we can further quantify fundamental channel characteristics.
Channel DC gain (H,) is one of the most important features of the VLC channel. It determines the
achievable signal-to-noise ratio (SNR) for fixed transmitter power. The delay profile is composed
of dominant multiple line of sight (LOS) links and less number of non-line of sight (NLOS) delay
taps. The temporal dispersion of a power delay profile can be expressed by the mean excess delay

(70) and the channel root-mean-square (RMS) delay spread (7rpss). These parameters are given

by [10],
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[ h(t)dt = 0.97 [ h(t)dt

_ Joo txh(t)dt
0 = Cr=htod
_ [ Jo @t=m0)2h(t)dt (2.2)
TRMS =\ T =h@ar

Ho = [ h(t)dt

From (2.2) it can be seen that 97 percent of the power of the CIR is contained in the [0,7}.] interval.

2.2.1.1. Selection of materials. The selection of material for wall, ceiling and floor is particularly

important for realistic channel modeling. From NASA database [11] we can choose some realistic
materials and apply to our configuration. In Fig.1-5 reflectivity values of bare red brick, pine wood,
black gloss paint, plate window glass and plaster have been shown respectively and we can see the

reflectivity of each material in VLC band in Fig. 2.3.

2.2.1.2. Selection of light sources. In Zemax, we can select light sources from commercially

available devices [13] and [14] such as Cree Inc., OSRAM AG, OPTO Diode Corp., Philips Light-

ing, Vishay Intertechnology, Panasonic Corporation, StockerYale.

2.2.1.3. Selection of detectors. In Zemax, we can specify different detector parameters (types) in-

cluding detector color, polar, Rectangle, surface and volume. In Fig. 2.4 you can see the geometry

of source and detector with respect to each other.

Main structure of our VL channel modeling methodology is given in Fig. 2.5.
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Figure 2.3. Spectral reflectances of reference materials in VL band [11].

2.3. Numerical Results

In our work, we consider an empty rectangular room with dimensions 3max3maxz3m and
change the position/rotation of detector, see Fig. 2.6. All related simulation parameters are sum-
marized in Table 2.2 and 2.3. CIRs are provided in Fig. 2.8. Channel parameters are calculated

based on CIRs and presented in Tables 2.4 and 2.5. Based on Table 2.4 and 2.5 we can see that:
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Figure 2.5. Inputs and outputs of Zemax environment

* The position of receiver and transmitter with respect to each other has large effect on CIR
and channel parameters. For example by moving the detector to the corner, RMS delay
increases because the detector receive more scatter from corner sides. We can see this effect
in scenario which the detector has rotation. Also by rotation of the detector, the received
power decreases because the detector can not receive scatter from some places (behind the
detector).

* CIR and parameters of channel largely depends on material which has been used in our
configuration. In scenario F we used material with smaller reflectivity compared to scenario
A and we can see the RMS delay decreases because the detector receive less power from

wall, floor and ceiling.



Figure 2.6. Scenarios under consideration
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Figure 2.7. Spectral reflectance of plaster [9].

2.4. Conclusions

In this, section we presented an overview of VLC channel structure and approaches for
channel modeling. It is greatly emphasized that, IR channel models used in literature is not suitable
for visible light communications. Reflectivity is almost constant for IR band for various materials

but it is not the case in VL band. Obtaining one closed form expression for VLC channel is
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Table 2.2. Parameters of given configurations in Fig. 2.6

Configuration Specifications Room size (m®) | Position of Transmitters (m) | Position of Receiver (m) Reflectivity

Wall: Plaster
Empty Room Bottom
A 3x3x3 (0.0.3) (0,0,0) Ceiling: Plaster
1 Illumination
Floor: Pine Wood

‘Wall: Plaster
Empty Room Bottom
B 3x3x3 (0,0,3) (0.75,0.75,0) Ceiling: Plaster
1 Illumination
Floor: Pine Wood

‘Wall: Plaster
Empty Room Bottom
C 3w3w3 0,0.3) (1.3,1.3,0) Ceiling: Plaster
1 Illumination
Floor: Pine Wood

Wall: Plaster
Empty Room Bottom
D ’ 32323 0,0.3) (0.75,0.75.0) Ceiling: Plaster
1 Tllumination (Rotation)
Floor: Pine Wood

Wall: Plaster
Empty Room Bottom
E 3x3x3 (0.0.3) (1.3,1.3,0) Ceiling: Plaster
1 Tlumination (Rotation)

Floor: Pine Wood

Table 2.3. Different material types for empty room

Config. Specifications Room size (m®) | Position of Transmitters (m) | Position of Receiver (m) Reflectivity

Wall: Plaster, Ceiling: Plaster, Floor: Pine Wood

A and F | Different Material Types 3x3x3 (0,0,3) (0,0,0)0
Wall: Plaster, Ceiling: Plaster, Floor: from Fig. 2.7.
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Figure 2.8. CIRs for different configurations, (a) CIR for configuration A, (b) CIR for
configuration B, (c) CIR for configuration C, (d) CIR for configuration D, (e) CIR for

configuration E, (f) CIR for configuration F

not feasible by now. Size of the parameter space and unpredictable behavior of the parameters
makes modeling channel very challenging problem. To obtain appropriate channel model we have

utilized optical design and simulation environment called Zemax. By using sequential ray tracing
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Table 2.4. Channel parameters of scenario-1

Configuration /

Tir(ns) | mo(ns) | Trars(ns) | Ho(ns) Comment
Channel Parameters

A 54 20.48 13.98 6.93e-6

By moving the detector to the corner, RMS delay spread increases and DC gain decreases
55 | 2034 | 1361 | 5896

because the distance between transmitter and detector increases.
60 23.33 15.19 5.54e-6

Also by rotation of detector, DC gain decreases because the detector can not
52 | 217 | 1194 | 1.69-6

=T |o|®

receive scatter from some places(behind the detector).
61 23.51 14.07 1.30e-6

Table 2.5. Channel parameters of scenario-2

Tio(ns) | rlns) | 7ais(ns) | Halns)

A 54 [ 2048 | 1398 [ 6936 | Different materials has effect on C

F a7 [ 1870 1186 |ee2es So the RMS de

capabilities of the software we have modeled typical daily life scenario rooms. CIRs for VLC
are obtained in great detail. Simulations and results are expanded and proposed to 802.15.7r1
IEEE "Short Range Optical Wireless Communications" standardization process. Average delay
spread of the scenarios A-E and F is given as 13.758 ns and 11.86 ns respectively. Therefore,
for signaling rates 8.43 Mbits/sec the VLC channel is behaving as frequency-selective for given
configurations. Since, Gbits/sec data rates are promoted for VLC technology channel appears
frequency selective in our point of view. However, still most of the physical layer papers on VLC
are considering frequency-flat case. In, [15] there is a solid justification for that why %80 of
the total users experiencing frequency flat channel. Consequently, VLC channel model and its

frequency selectivity behaviour is still hot and complicated problem.



3. Analysis of OFDM Based Indoor OWC Systems
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Discrete multitone (DMT) systems are the baseband equivalent of the OFDM method. De-

velopment process of the optical OFDM (O-OFDM) systems are depicted in Fig. 3.1. In [16],

multiple-subcarrier transmission for IR systems is investigated for the first time. Using OFDM

modulation for VLC systems proposed for the first time in [17]. Bipolarity problem in IM/DD

systems solved by adding a DC bias for the first time in also in [17]. However, adding DC bias

had causes power inefficiency. One of the state of the art solutions to bipolarity problem without

adding DC bias called asymetrically clipped optical OFDM (ACO-OFDM) proposed in [18]. An-

other approach to bipolarity by time domain manipulation called Flip-OFDM & Unipolar OFDM

(U-OFDM)) are given in the [19, 20]. Recent modulation methods to obtain same spectral ef-

ficiency as DCO-OFDM without energy efficiency loss are proposed as eU-OFDM in [21] and
for ACO-OFDM in [22]. ACO-OFDM, DCO-OFDM and U-OFDM (Flip OFDM) modulation

schemes and their properties are detailed in the next sections.

On the superposition modulation for

Power efficient optical OFDM OFDM-based optical wireless communication

J. Armstrong and A.J. Lowery
(2006)

M.S. Islim, D. Tsonev, H. Haas
(2015)

Multiple-subcarrier modulation for

Carruthers, J.B. and Kahn, J.M

nondirected wireless infrared communication

Novel Unipolar Orthogonal Frequency Division
Multiplexing (U-OFDM) for Optical Wireless
D.Tsonev, S. Sinanovic and H. Haas

(1994) (2012)
A A
Lo * ® ® o ® o]

v

(2001)

Indoor visible communication utilizing plural
white LEDs as lighting
Y.Tanaka, T. Komine, S. Haruyama, M. Nakagawa

v

A Generalized Solution to the Spectral Efficiency
Loss in Unipolar Optical OFDM-based Systems

M. S. Islim, D. Tsonev and H. Haas
(2015)

Flip-OFDM for optical wireless communications
N. Fernando, Y. Hong, E. Viterbo
(2011)

Figure 3.1. Optical OFDM system’s development

Typical IM/DD based optical OFDM system depicted in Fig. 3.2. Randomly generated
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input bit stream 1s mapped into M-ary signal constellation space. In IM/DD systems, signals are
restricted to be real and positive. Reality satisfied by conjugate symmetry. Than, IFFT imposed on
the parallel stream. Obtained real but bipolar time domain samples are processed such a way that,
result becomes real and unipolar (positive) signal. IM/DD suitable time domain samples are sent
via off-the-shelf LEDs. Optical channel brings multipath fading. At the receiver, received signal
processed in parallel manner and FFT is imposed. Message signal could be obtained by channel

equalization and symbol detection processes at the receiver.

P/s

bit +

Source  |—— n,| MOoAM s/p
Mapping

H; it N N
S : Cyclic Unipolarity E/O
Symmetry o IFFT . pref Ol c )
XIN-1] XIN-1] refix (Positive) onversion
(CP)

Optical

Channel

: + (1)
FFT Remove A/D . +

Figure 3.2. IM/DD OFDM

3.1. SISO Based O-OFDM Systems

3.1.1. ACO-OFDM Based IM/DD OWC Systems

One of the state-of-the-art non DC biased unipolar OFDM method proposed in [ 18] known as
asymetrically clipped optical OFDM (ACO-OFDM). ACO-OFDM has approximately 8dB better
optical power efficiency compared with DC biased optical OFDM (DCO-OFDM). However, it has
half of the spectral efficiency that DCO-OFDM has in return. Spectral efficiency of ACO-OFDM
could be given as, NlogyM bits/Hz. N and M are number of subcarriers in OFDM frame and
number of constellation points respectively. Basic idea behind the ACO-OFDM is given in the
Fig. 3.3.

Accordingly in ACO-OFDM, real number problem solved by applying conjugate symmetry
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Figure 3.3. ACO OFDM Frame Structure

which is better known as Hermitian symmetry. Detailed proof of why Hermitian symmetry gives
real signals given in the Appendix. In the sequel, unipolarity problem is solved by using state-of-
the-art DFT property. As a result of this property, if we modulate only the odd subcarriers and set
even ones to zero we would have, z[n + £'] = —z[n]. Proof of DFT property is detailed in the

Appendix. Transmitter and receiver block diagram for ACO OFDM is given in Fig. 3.4

) PIS "
m M-ary "~ n Add Cyclic X .
Source > QAm > sp Hermitian | pyk IFFT s" zero Ly Prefix DIA »| Optical
" Symmetry Clipping clip °p Converter Modulation
odulator (cP) TPF
A4
n Symbol
m M-ary N Extraction » Rg"“l’.ve siP e
User QAM PIS D + FFT Y vele AID
) » Prefix Channel
Demod Single-tap Converter
Equali (CP)
qualizer

Figure 3.4. ACO OFDM Block Diagram

As it can be seen from Fig.3.4 m information bit stream is mapped onto normalized power
M-QAM constellation where M presents the number of constellation points. Resultant frequency
domain signal real(X) ~ CU(0, %2) and tmag(X) ~ U(0, %2) where CU represent complex uni-
form disribution, variance of the mapped signal is 0 = 1, real(-) and imag(-) shows the real and

imaginary parts of the signal respectively. FFT of the signal X is taken. From central limit the-
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orem (CLT) distribution of the resulting time-domain signal would be Gaussian distribution with
some variance which could be calculated from Parseval’s Theorem. CLT and Parseval’s Theorem

are detailed in the Appendix. Resulting time domain real and bipolar signal is x ~ N (0 "—2)

2N
oy . . . . . VN —Nw?
Probability distribution function (pdf) of x is given as, f,(w) = e o2 .

o2

Along this thesis FFT/IFFT operations are taken as,

DFT: X[k =Y"tane™ " fork=0,..,N—1

j2mkn

3.1)
IDFT: zn]=+ N X[KleTR® forn=0,.,N—1

Basic transformation between X and x could be given as, X = Wx and x = %W_IX where W

and W1 are DFT and inverse DFT matrices respectively.

From (3.1), if we substitute, n = n + N/2

N—

—_

N-1

1 . 1 . .
x[n+ N/2| = ¥ X [k]ed¥rkntN/D/N N Z X [k]e2mkn/N gk (3.2)
k=0 k=0
For odd k’s(subcarriers), /™ = —1 and for even k’s(subcarriers), ¢/™ = 1.If we split (2) to two
parts as even and odd subcarriers.
1 , . 1 , .
_ j2nkn/N _jrk - j2nkn/N _jrk
aln+ N/2 = > X[kle Tt > X[kle e (3.3)
k,even 1 k,odd -1
& S cven X250/ % S oau X[Her2rin/

If we set all even subcarriers to zero, X [k] = 0, if k is even.Then,

z[n+ N/2] = —x[n] for odd k's (3.4)
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Similarly, if set all odd subcarriers to zero X [k] = 0, if k is odd. We have,

x[n+ N/2] = z[n] for even K's (3.5)

From (4) and (5) we can easily see that, some important property occured. If we look at (4)
closely we can easily see that. Each time sample has its negative copy N/2 shifted in discrete-
time domain. It is one of the most important idea behind ACO-OFDM. Each time sample have
its negative sample in same OFDM frame. We can apply zero clipping to the OFDM frame and
recover entire OFDM frame with negative samples without loss of information[?]. For instance
lets assume we have N subcarriers. In that case,

z[Y] = —2[0], z[§ + 1] = —2[1], 2[§ + 2] = —2[2], .., 2[N — 1] = —z[§ — 1.

3.1.1.1. VLC Channel Impulse Response Modeling. Our study is based on Zemax® which is an

optical and illumination design software with sequential and non-sequential ray-tracing capabilities
[12]. It allows accurate description of the interaction of rays emitted from the LED’s for a user
defined environment. In non-sequential ray-tracing, rays are traced along a physically realizable
path until they intercept an object. The line-of-sight (LOS) response depends on the LOS distance.
Besides the LOS component there is a large number of reflections from the ceiling, walls, floor
and as well as objects within the environment. The simulation environments and scenarios created

in Zemax® is then used to simulate the ACO-OFDM systems.

3.1.1.2. Selection of materials. The selection of material for wall, ceiling and floor is particularly

important for realistic channel modeling [23]. NASA optics database [11] has variety of materials
and their reflection coefficients obtained from experiments. In our computer simulations some
realistic materials for the indoor channel models have been chosen and investigated. Particularly,
several curves for the reflection coefficient of the plaster wall - ceiling and floor combination is

given in Fig. 2.7.
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3.1.1.3. Selection of Light Sources and Detectors. Zemax® software includes variety of commer-

cially available devices [13] and [14] such as Cree Inc., OSRAM AG, OPTO Diode Corp., Philips

Lighting, Vishay Intertechnology, Panasonic Corporation, StockerYale.

In Zemax®

, we can specify different detector parameters (types) including detector color,
polar, Rectangle, surface and volume. Figs. 3.1.1.4-3.1.1.4 show different locations of sources and

detectors with respect to each other, described by Configuration A and B.

3.1.1.4. Channel Impulse Response. Channel impulse response (CIR) is expressed as

N
h(t) =Y Pi(t—m) (3.6)
=1

where P, is the power and 7; is the propagation time of the i ray, § is the Dirac delta function
and NN is the number of rays received in the detector. Based on the obtained CIR, we can further
quantify the fundamental channel characteristics. Channel DC gain (Hj) is one of the most im-
portant features of the VLC channel. It determines the achievable signal-to-noise ratio (SNR) for
fixed transmitter power. The delay profile is composed of dominant multiple LOS links and less
number of NLOS delay taps. The temporal dispersion of a power delay profile can be expressed by
the mean excess delay (7y) and the channel root-mean-square (RMS) delay spread (7zpss) . These

parameters are given by [24, 23],

Ty o)
/ h(t)dt = 0.97 / h(t)dt (3.7)
0 0

(3.8)
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Table 3.1. Channel Configurations

Config. | Room size (m?) Positilys Py’ Reflectivity
Transmitter (m) | Receiver (m)
Wall: 0.8
A 5x5x3 0,0,3) (1.7,1.9,0.7) Ceiling: 0.8
Floor: 0.3
Wall: Plaster
B 7x7x3 0,0,3) (3.3,3.3,0) Ceiling: Plaster
Floor: Pine Wood
Ty (ns) To(ns) TrMs(ns) H,
A 67 3443 14.50 1.06e-6
B 87 39.51 20.92 6.97e-7
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(3.9

(3.10)

We are considering the configurations A and B in the Table 3.1.1.4. Configurations are sim-

ply Sm x Sm x 3m and 7m x 7m x 3m sized empty rooms with different reflectivities. Transmitters

are located at the center of the ceiling (0,0,3) and receivers are at the corner with different altitudes.
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Figure 3.5. Structure and CIR of Configuration A

3.1.1.5. ACO-OFDM.

90

In the ACO-OFDM system only the odd subcarriers carry information

bits while the even subcarriers ensure that the transmitted OFDM signal is strictly non-negative.



23

) %107 Channel Impulse Response for Configuration B
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Figure 3.6. Structure and CIR of Configuration B

Random generated source bits are transmitted in the blocks of duration of T,,,, modulated in M-
QAM modulator and processed parallel in further blocks with blocks of duration 7 = T,,,,/N.
N is the total number of actively used subcarriers and for simplicity it has taken as equal to IFFT
block size. The frequency domain modulated input signal of IFFT, X = [ X, X}, X5, -+, Xy 4|7
meets the Hermitian symmetry and comprises only odd subcarriers. The 0'* (DC) and (N/2)"

subcarriers are set to zero to avoid any complex term and satisfy Hermitian symmetry [25, 18]

X[k = 0 , kiseven 31D
X% ., kisodd '

where * denotes the complex conjugation. Throughout this paper, lowercase letters will be used
for time-domain signals and uppercase for discrete frequency-domain signals. The resulting real,

bipolar and anti-symmetric time-domain IFFT signal is given by, z = [zo, z1, -+ ,on_1]7

X[l (3.12)
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where N is the number of points in IFFT and X|[k] is the k" subcarrier of signal X. Due to
Hermitian symmetry and zero insertion process, the number of data symbols carried by subcarriers
in ACO-OFDM is only N /4. A cyclic prefix (CP) is then added to the discrete time samples, where
Ncp is denoted by the length of the CP. [V, must be greater or equal to the maximum delay spread.
In our simulations, N¢p is taken as Nop > L;, where Ly, is the length of the impulse response of
the optical channel. Negative part of the signal clipped to generate real and unipolar signal is given

by

lz[n]]. = B (3.13)

The clipping noise is generated after clipping will fall only on the even subcarriers and will
not affect the transmitted symbols carried by odd subcarriers. There is no need to add a DC bias
to the clipped signal in the conventional system so that, the ACO-OFDM technique is more power
efficient in terms of peak to average power ratio (PAPR) [18]. For a large number of subcarriers,
the amplitude of the unclipped ACO-OFDM signal can be approximated by a Gaussian distribution
[26]. Thus, the amplitude distribution of the clipped signal |z[n]] is the half-Gaussian

Pac(®) = 0.56(z) +

where o, is the standart deviation of the unclipped Gaussian distributed signal, J(.) is the Dirac
delta function and u(.) is the unit step function. The average transmitted power P,,; aco of the

above clipped signal is given by
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o0

o
P, = F{x.} = TPz () dr =
pt.aco = E{x.} /_Oop (2) Ton

(3.14)

It is assumed that D/A converter and optical modulator are ideal so that optical-electrical
conversion constant  and electrical-optical conversion constant R are chosen as ( = R = 1. At
the receiver, optical detector and A/D converter detects and converts the optical signals to elec-
trical signals. Received signal contains amplified/attenuated components as well as inter-symbol

interference (ISI) and AWGN. Received time-domain signal has the form of,

y(t) = z(t) x h(t) + w(t) (3.15)

where x denotes the linear convolution operation, h(t) = [h(0)h(1)...h(L;, — 1)]* is the L-path
impulse response of the optical channel and w(t) is an AWGN that represents sum of the receiver
thermal noise as well as electrical equivalent of optical shot noise. Ambient noise radiation is
modeled as DC and can be filtered out. It is important to notice that the AWGN being added in the
electrical domain and overall noise power is denoted by o,,. In this paper, ideal zero-forcing (ZF)
equalizer is employed at the receiver to mitigate the effect of the channel and the resulting BER

performances are obtained for different signal constellations.

At the receiver, photodetector and A/D converter converts to signal to electrical domain back.
After A/D converter, removing the CP, the discrete-time received signal y is taken the Fast Fourier
Transform (FFT) to convert it back to frequency-domain signal from which the original data is

obtained by a simple one-tap zero forcing equalizer.
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3.1.1.6. Computer Simulation Results. In this section, computer simulation for the bit error rate

(BER) performances of ACO-OFDM systems are investigated in the presence of realistic indoor
optical channel models obtained by Zemax® software and compared with the AWGN channels with
QPSK (4 QAM) and 16 QAM signaling formats. 256 subcarriers and N¢p is equal to the length
of the CIR were used in the simulations. For ACO-OFDM systems, the relationship between the
optical power defined in (3.14) and the electrical power is Pp: aco = \/W. Normalizing
the optical power we have [?],

E, 1B,

opt, ACO elec, ACO (3 16)

NO ™ Ng

Fig.5 is for the case where the realistic channel configuration A is employed in ACO-OFDM
as well as where an AWGN channel is employed. The four plots show the results for QPSK and 16-
QAM constellations on the ACO-OFDM subchannels. The plots show the BER versus Ej, ¢je./No.
From these plots it is observed the the performance results given in the literature for the BER
versus Ej, .../ Np in the presence of only AWGN channels is far being realistic for the real optical
communication channels. Consequently, it is utmost important and necessary to obtain and model
realistic indoor optical channel models for efficient design of VLC systems in real applications.
Similar results were obtained in Fig. 6 for the the realistic channel configuration B except the BER
curves are shifted according to the different properties of the configurations in terms of the room

size, coating material types, locations of transmitter and receiver.

3.1.1.7. Conclusions. In this paper, ACO-OFDM, a recently developed modulation scheme for

IM/DD systems is analyzed in the presence of realistic indoor optical channel models for two
different channel configurations obtained by the Zemax® software. The BER performance of the
ACO-OFDM system is investigated in the presence of the indoor optical channel impulse responses
obtained for these two configurations as well as for different QAM constellations and compared

with that of the AWGN channels. It was concluded that there are substantial performance differ-
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Figure 3.8. BER performance of Configuration B

ences between the cases where an indoor optical channel or an AWGN channel model is used.
Consequently, we also concluded that it is not suitable to use the performance results of these

types of systems solely based on the AWGN channel assumption for the ACO-OFDM scheme in

27
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designing such systems.

3.1.2. DCO-OFDM Based IM/DD OWC Systems

Visible light communication (VLC) involves the dual use of illumination infrastructure for
high speed wireless access. Since indoor optical channels exhibit frequency selectivity, multicar-
rier communication, particularly orthogonal frequency division multiplexing (OFDM)), is used to
handle the resulting intersymbol interference in VLC systems. In optical OFDM, modifications
are made on the conventional OFDM to ensure the non-negativity of optical signals. One of the
commonly used techniques for this purpose is direct-current biased optical OFDM (DCO-OFDM).
In this paper, first two indoor channel models obtained for visible light communications (VLC)
are introduced using non-sequential ray tracing simulation tools of the Zemax® software. Inte-
grating these realistic VLC channel models in our simulations, we then demonstrate the effects
of indoor coating (floor, ceiling, etc) material types and receiver/transmitter locations on the BER

performance.

3.1.2.1. Introduction. Orthogonal frequency division multiplexing (OFDM) is now increasingly

being considered as a modulation technique for optical systems [?, ?] since it has better optical
power efficiency than conventional modulation schemes. In conventional OFDM, the transmitted
signals are bipolar and complex. But bipolar signals cannot be transmitted in an intensity mod-
ulated/direct detection (IM/DD) optical wireless system, because the intensity of light cannot be
negative. OFDM signals designed for IM/DD systems must therefore be real and nonnegative.
Direct-current biased OFDM (DCO-OFDM) is one of the forms of OFDM for IM/DD systems
[27]. In DCO-OFDM, a DC bias is added to the signal to make it positive and all the subcarriers
carry data symbols. Consequently, bandwidth efficiency of the overall DCO-OFDM system is less

efficient than the conventional OFDM system operating in electrical wireless domain.

The performance of the DCO-OFDM has been investigated in [7] where flat channel is as-
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sumed with additive white Gaussian noise (AWGN). The motivation of our work is to investigate
the error rate performance of DCO-OFDM in more realistic settings. For this purpose, we fol-
low the channel modeling approach introduced in [24, 23] where ray-tracing based indoor channel
models are proposed using the commercially available optical and illumination design software
Zemax®. We consider two scenarios involving empty rooms with dimensions of 5m x 5m x 3m and
7m x 7m x 3m for different floor/ceiling coating materials as well as different transmitter/receiver
locations. First, we obtain the channel impulse responses (CIRs) for the indoor scenarios under
consideration, then use these CIRs to determine the performance of the DCO-OFDM scheme with

computer simulations.

3.1.2.2. VLC Channel Impulse Response Modeling. Channel modeling approach is given in ACO-

OFDM, "VLC Channel Impulse Response Modeling" part in great detail.
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Figure 3.9. DCO Block Diagram

3.1.2.3. DCO-OFDM System Structure. The block diagram of the transmitter and receiver parts
of a DCO-OFDM system is shown in Fig. 4. In the DCO-OFDM system, a DC bias is added

to the signal to make it positive and, therefore, all the OFDM subcarriers carry data symbols.
On the other hand the asymmetrically clipped optical OFDM (ACO-OFDM) technique, another
version of the optical OFDM schemes, positivity of the transmitted signal is realized by clipping

the original bipolar OFDM signal at zero and transmitting only the positive parts. Consequently,
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DCO-OFDM is less average optical power efficient than ACO-OFDM while the use of only half
of the subcarriers to carry data in ACO-OFDM makes this scheme less bandwidth efficient than
the DCO-OFDM.

The OFDM system consider here has /N subcarriers. At the transmitter these subcarriers are
assumed to be actively employed to transmit data symbols modulated by either M -level quadrature
amplitude shift keying (M-QAM) or phase shift keying (M-PSK). Frequency domain complex-
valued vector of data symbols X = [X[0], X[1],--- , X[N — 1]]” meets the Hermitian symmetry

and the components at the 0" (DC) and (N/2)"" subcarriers are set to zero as follows.

0 . ifk =0,
X[kl =4 X*[N—k , ifk=12-- ,N/2—1,
0 . ifk = N/2,

where * denotes the complex conjugation. Consequently, time-domain signal samples obtained
at the output of the IFFT become real-valued due to the Hermitian symmetry [?]. Note that,
throughout this paper, lowercase letters will be used for time-domain signals and uppercase for

discrete frequency-domain signals. The resulting real, bipolar and anti-symmetric time-domain

signal vector x = [z[0], z[1],- - ,x[N — 1]]” is denoted as
L V2
- 2mkn
z[n] ==Y X[kle™v (3.17)
Nz

where N is the number of points in IFFT and X [k] is the k' component of X. Due to Hermitian

symmetry and zero insertion process at the subcarriers £ = 0 and £ = N/2, the number of data
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symbols carried by the subcarriers in DCO-OFDM is only N/2 — 1. A cyclic prefix (CP) of length
N, 1s then added to the discrete time samples. N, must be greater or equal to the maximum
channel delay spread. In our simulations, N¢op is taken as Nop > L . After digital-to-analog
conversion the electrical signal, x(¢) is generated in analog form. Note that (¢) can be modeled
approximately as a Gaussian process due to the central limit theorem. It can be easily seen that
its mean is zero and the variance can be determined by 02 = E{z%}. A suitable DC bias is next
added to z(¢) and the residual negative peaks are clipped resulting in a signal denoted by x pco(t).
Note that since the peak to average ratio of the OFDM samples in the time-domain is substantially
high, a large DC bias would be necessary to eliminate the negative part of x(¢). However, this
increases the optical energy per bit, making the scheme quite inefficient in terms of the optical
power. Therefore, instead, a moderate DC bias is employed in real applications and the residual
negative signal components are clipped. But this will inevitably generate a clipping noise and
based on the level of the clipping noise set by the designer, the BER performance of the scheme
will be affected. Usually the DC bias level denoted by V¢ is determined by the standard deviation
of x(t) as follows, [24].

Vbe = pv/ E{z*(t)}, (3.18)

where p is a constant and to be determined from 101og(p® + 1) dB for a given distortion level in

dB.

On the other hand, since the clipping noise, generated after clipping, falls only on the even
subcarriers it does not effect the transmitted symbols carried by odd subcarriers. There is no need
to add a DC bias to the clipped signal in the ACO-OFDM technique. Consequently, ACO-OFDM

is more power efficient in terms of peak to average power ratio (PAPR) [?] than DCO.

For a large number of subcarriers, the amplitude of the unclipped DCO-OFDM signal can be

approximated by a Gaussian distribution [?]. Thus, the amplitude distribution of the clipped signal
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xpco(t) is the half-Gaussian

u(z) = Vpe)? /202
Papeo (@) = Q(Vpe/04)d(x) + Ux\/% e~ (@=Vpc)*/203

where o, is the standard deviation of the unclipped Gaussian distributed signal, u(.) is the unit step
function and Q(z) = 1/v/27 ftoo exp —(t?/2). The average transmitted electrical power P, pco

of the above clipped signal is given by

Pecpco = E{x%co}:/ T Papeo () du

~ (@2 +130)(1- QVoc/on))
+(0.Vpe /V2r) exp(—VEg/202) (3.19)

In our computer simulations, as described in the following section, it is assumed that D/A
converter and photedetector are ideal so that optical-to-electrical conversion constant ¢ and electrical-
to-optical conversion constant R are chosen as ( = R = 1. The received time-domain signal, y(t),
contains amplified/attenuated components as well as inter-symbol interference (ISI) due to the real
optical channel having the impulse response h(t), the AWGN and the additive clipping noise as

follows.

y(t) = x(t) * h(t) + w(t) + nuip(t) (3.20)

where * denotes the linear convolution operation, h(¢) is the L-path impulse response of the optical
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channel and w(¢) is an AWGN and n,;,, represents an electrical equivalent of the optical clipping
noise. Ambient noise radiation is modeled as a DC component and can be filtered out. It is
important to notice that the AWGN being added in the electrical domain and overall noise power

is denoted by o2,
At the receiver, after A/D converter the CP is removed from the discrete-time received signal

y[n] then the Fast Fourier Transform (FFT) is taken to convert it back to frequency-domain signal

from which the original data is detected by a simple one-tap zero forcing equalizer.

3.1.2.4. Computer Simulation Results. In this section, computer simulation for the bit error rate

(BER) performances of DCO-OFDM systems are investigated in the presence of realistic indoor
optical channel models obtained by Zemax software and compared with the AWGN channels with
quadrature phase shift keying (QPSK) and 16 QAM signaling formats. 256 subcarriers and N¢p

is equal to the length of the CIR were used in the simulations. For DCO-OFDM systems, [?],

Ebelec,DCO _ £EQDCO(t) (3.21)
Ny Ry pcoNo

where Rj, pco = log, M /Ty is the bit rate of the DCO-OFDM.

Fig.5 is for the case where the realistic channel configuration A is employed in the DCO-
OFDM scheme in the presence of an additive Gaussian noise. The plots show the BER versus
Ey c1ec/No for QPSK with bias levels chosen as 7 dB and 13 dB. From these plots it is observed
that the performance results given in the literature for the BER versus Ej, .../ Ny in the presence of
only AWGN channels is far being realistic for the real optical communication channels [28]. For
comparison purpose, the BER performances of the asymmetrically clipped OFDM scheme with
the same channel configuration, obtained in [29], is also included in Fig. 5. We conclude from
all these curves presented in Fig. 5 that it is utmost important and necessary to obtain and model

realistic indoor optical channel models for efficient design of VLC systems in real applications.
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Similar results were obtained in Fig. 6 for the the realistic channel configuration B except the BER

curves are shifted according to the different properties of the configurations in terms of the room
size, coating material types, locations of transmitter and receiver.

10°

.—"—*'

LA
"
e
-
-~

-%-ACO AWGN

-©-ACO Conf.A

—#— DCO 7dB AWGN

—9—DCO 13dB AWGN
—— DCO 7dB Conf.A
—&—DCO 13dB Conf.A

15 20 25 30

b(elec)/NO (dB)

—

10

E

Figure 3.10. BER performance of Configuration A

10° r
DCO |
[.X.
v‘. .......  —— .
, 1 \ \L ' \ \ \
NG N VR
< o G X
AVl 1) N\
4o \ R
ACO |\ \S \ \
& 10 b Q \
om > ‘\ N
\ \
\ by \
;. | WA \
A \ \
x \oi® .\
1 AY
\ \
-3 \ \ 3 \
10 X \ Ao\
\ X X
. \ A+ -%-ACO AWGN
\ \ \| ~©-ACO Conf.B
3 y| =%—DCO 7dB AWGN
v —9—DCO 13dB AWGN
" -~ DCO 7dB Conf.B
. | —&—DCO 13dB Conf.B
10"
0 5 10 15 20 25 30
Eb(elec)/NO (dB)

Figure 3.11. BER performance of Configuration B



35

3.1.2.5. Conclusions. In this paper, DCO-OFDM, a recently developed modulation scheme for

IM/DD systems is analyzed in the presence of realistic indoor optical channel models for two dif-
ferent channel configurations obtained by the Zemax software. The BER performance of the ACO-
OFDM system was investigated in the presence of the indoor optical channel impulse responses
obtained for these two configurations as well as for different bias levels and compared with that of
the AWGN channels. It was concluded that there are substantial performance differences between
the cases where an indoor optical channel or an AWGN channel model is used. Consequently, we
also concluded that it is not suitable to use the performance results of these types of systems solely

based on the AWGN channel assumption for the DCO-OFDM scheme in designing such systems.

3.2. MIMO Based Optical OFDM Systems

3.2.1. Enhanced Unipolar OFDM (eU-OFDM)

Visible light communication (VLC) involves the dual use of illumination infrastructure for
high speed wireless access. Designing such optical based communication systems, realistic in-
door optical channel modeling becomes an important issue to be handled. In this paper, first we
obtain new realistic indoor VL channel characterizations and models, in a multiple-input multiple-
output (MIMO) transmission scenario, using non-sequential ray tracing approach for the channel
impulse responses (CIRs). Practical issues such as number of light emitting diode (LED) chips
per luminary, spacing between LED chips, objects inside the room and cabling topology are also
investigated. On the other hand, since indoor optical channels exhibit frequency selectivity, multi-
carrier communication systems, particularly orthogonal frequency division multiplexing (OFDM)
is used to handle the resulting inter-symbol interference in VLC systems. Hence, we propose a new
MIMO-OFDM based VLC system, called MIMO enhanced unipolar OFDM (MIMO-eU-OFDM)
by combining MIMO transmission techniques with the recently proposed eU-OFDM scheme. The
bit error rate (BER) performance of the proposed system is investigated in the presence of the 2 x 2

and 4 x 4 realistic MIMO VLC channels and its BER performance is compared with the reference
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optical MIMO-OFDM systems.

3.2.1.1. Introduction. Optical wireless communications (OWC) is an up and coming technology

to complement wireless radio frequency (RF) systems. OWC comprises VL (visible light) and
IR (infra red) regions of the spectrum as indoor/outdoor wireless communications medium. Vis-
ible light communications (VLC) is a branch of OWC operating in the (390-750nm) band and
providing number of advantages over RF and millimeter wave communications. VLC is a not
complex, expensive or scarce technology. It offers almost 10.000 times larger unregulated and
RF non-interfering spectrum with improved data security [30]. Moreover, it could be realized
by off-the-shelf components which allow to reuse of the existing lightning infrastructure. There-
fore, VLC enables secure and free of health concern transmission where RF and millimeter wave
communications are physically impossible or prohibited. Recent developments in light emitting
diode (LED) manufacturing technologies are leading innovations in solid state lighting (SSL) as a
source of illumination while LED’s are starting to replace the incandescent and fluorescent light-
ing. LED’s can be modulated at rates several hundred times that of incandescent and fluorescent
light sources in such a power efficient way [31]. Intensity Modulation/Direct Detection (IM/DD)
is the most practical modulation technique to use in indoor VLC. In IM/DD technique, information
is carried by the intensity of the light. Then at the receiver, fluctuations in the intensity converted
to electrical signal. Therefore, the signal carrying information by the IM/DD system should be
real and non-negative valued. Implementation of the orthogonal division multiplexing (OFDM)
signaling employed in IM/DD systems has showed great promise in terms of spectral efficiency

and robustness against inter-symbol interference (ISI) [32].

Many of the recent works about optical OFDM (O-OFDM) systems have revealed the fact
that each scheme has strengths and weaknesses in different metrics. DC-biased optical OFDM
(DCO-OFDM) suffers from poor average optical efficiency. Power efficient asymetrically clipped
optical OFDM (ACO-OFDM) suffers from loss of half degrees of freedom (e.g., spectral effi-
ciency) [33]. Unipolar OFDM, which neither requires DC biasing nor asymmetrically clipping, has
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been proposed as an alternative to DCO-OFDM and ACO-OFDM techniques [34]. However, the
spectral efficiency of U-OFDM is half of DCO-OFDM, which makes the U-OFDM scheme power
inefficient for higher order modulations. Recently, enhanced U-OFDM (eU-OFDM) scheme has
been proposed in [35], which utilizes the positive and negative separated frame structure of the U-
OFDM and allows multiple U-OFDM information streams superimposed on top of each other in
order to not sacrifice from the spectral efficiency. Due to its advantages in terms of power and spec-
tral efficiency, eU-OFDM appears as a strong alternative for future OWC standards. On the other
hand, considering the advantages of inherently available multiple-input-multiple-output (MIMO)
optical wireless systems, the combination of the aforementioned optical OFDM techniques with

MIMO transmission is inevitable [36].

Despite the recent surge of interest in VLC mentioned above, a lot of research problems re-
lated modeling of the VLC channel model and performance of the optical modulations schemes in
various models still remain open. This work first presents realistic channel models for MIMO VLC
systems by considering geometry of the environment, objects inside, the reflection characteristics
of the materials as well as the specifications of the sources and receivers by using non-sequential
ray tracing approach. The obtained channel impulse responses (CIR’s) for MIMO scenario com-
prises practical issues such as number of LED chips per luminary, spacing between LED chips,
objects inside the room and wiring topology. Second, by combining MIMO and eU-OFDM tech-
niques, a new optical OFDM scheme, called MIMO-eU-OFDM, is proposed in this study. The
bit error rate (BER) performance of MIMO-eU-OFDM is studied by computer simulations in the
presence of 2 x 2 and 4 x 4 realistic MIMO VLC channel models and its BER performance is
compared with the reference optical MIMO-OFDM systems.

3.2.1.2. Realistic VLC Channel Modeling. We now present a novel and realistic channel model-

ing approach for VLC that overcomes the limitations of previous works. Our study is based on
Zemax® which is an optical illumination design software with sequential and non-sequential ray-

tracing capabilities [12]. With an accurate description of interactions among rays emitted from the
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Figure 3.12. Configuration A (receivers located in center), B (receivers located in corners) and C

(receivers at the left corner, chair and laptop exists)

LEDs in a user defined environment, the non-sequential ray-tracing is based on tracing the rays
along physically realizable paths until they intercept an object. Wavelength dependency, effect of
realistic light sources as well as different types of reflections are taken into consideration. Non-
sequential ray tracing algorithms allow us to calculate the detected power and path lengths from
source to detector for each ray. These are then processed to yield the channel impulse responses
(CIRs) for various indoor environments. The line-of-sight (LOS) response depends on the LOS
distance. Besides the LOS component, there is a large number of reflections from the ceiling,

walls, floor and as well as objects within the environment.

In this work, we particularly focus on a specific MIMO scenario where four luminaries and
four detectors are placed on the ceiling and on the table (besides the laptop e.g., USB device)
respectively. We present the channel modeling with practical considerations such as number of
LED chips per luminary, objects inside the room and cabling topology. After the evaluation of
CIRs, we also investigate the effect of the propagation delay of cables on the CIRs. We show
that a sparse channel model is obtained as a result of wiring topology of communication access
point to luminaries. This type of channel model arises in indoor VLC systems such as homes and
offices normally using multiple LED luminaries. Two important issues to modeling of the channel
for these environments are number of LED chips and distance between them in each luminary.
In fact, the number of LEDs and spacing between them affect the channel parameters such as
channel DC gain, root mean square (RMS) delay spread and mean excess delay spread which are

used in MIMO systems. However, the only channel models for MIMO VLC systems presented
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in literature [32, 33] are obtained by unrealistic conditions such as fixed reflectance for materials,

ideal Lambertian pattern for LEDs and by considering empty room.

Table 3.2. Channel Configurations

Parameters Values

Size of room (m) 5x5x3

Number of luminaries 4

Number of chips per luminary 9
Model of each chip Cree Xlamp® MC-E
Power of each chip SW

(1.3,0.7,3)(13,-1.3,3)
(-0.7,-1.3,3) (-0.7,0.7, 3)
(-0.14,-0.5, 0.8) (-0.14,-0.4, 0.8)
(-0.14,-0.5,0.8) (-0.14, -0.4, 0.8)

Luminary positions (m)

Photodetector (PD) positions

View angle of luminary 120°

FOV of PD 85°

Area of PD 1 cm?

Walls: Plaster, Ceiling: Plaster
Materials
Floor: Pine wood, Desk: Pine wood
(Wavelength dependent
Chair: Black gloss paint
reflectance)

Laptop: Black gloss paint

We now investigate some realistic indoor channel models and generate their CIRs for MIMO
VLC systems consisting of 4 transmit and 4 receive units. The CIRs obtained with the ray tracing
method of Zemax® software also enables us to specify the objects located in and the geometry
of an indoor as well as the reflection characteristics of the surface materials, specifications of the
sources (i.e., LEDs) and receivers (i.e., photodiodes) [24, 23, 37]. We consider a room size of
5 x b x 3 meters (see Fig. 1) with single user - 4 transmit and 4 receive units. In [38], an ideal
case has been considered in which 100 LED chips per each luminary were employed. However, by
a simplifying technique, we can put lesser number of LED chips in each luminary to achieve the
same channel parameters [39]. We place four luminaries on the ceiling, each consisting of 9 LED
chips with spacing of 30 cm. Each LED chip radiates 5 W with a view angle of 120°. The field of
view (FOV) and the area of the detector are 85°and 1 cm?, respectively. Four detectors placed on
the desk at a height of 80 cm (standard desk height) with equal distances between them (10 cm).
The materials of the walls, ceiling, floor, desk, chair and laptop are plaster, plaster, pine wood, pine
wood, black gloss paint and black gloss paint [23]. The user is located in a symmetrical position
with respect to the transmit units. Additionally, the locations of receiver units placed on the table

are randomly selected. In Table I, different parameters of our configuration are given for a MIMO
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VLC system.
Table 3.3. Channel parameters for configurations A, B and C
Configuration A Configuration B Configuration C
(receivers located in center, (receivers located at corners, (receivers at the left corner,
drx = 0.1) drx = 0.8) chair and laptop exists)
Ti To | TRMS Ty | To | TRMS Ty | To | TRMS
Channel H, H, H,
[ns] | [ns] | [ns] [ns] | [ns] | [ns] [ns] | [ns] | [ns]
hiy 40 | 14.22 | 10.18 | 2.17x107* | 37 | 1240 | 8.98 |2.94x107*| 39 | 1327 | 9.48 | 2.46x10~*
hia 40 | 14.44 | 9.79 | 2.19x107* | 40 | 1522 | 1040 | 1.78x107* | 40 | 13.83| 9.90 | 2.04x107*
his 40 | 14.52 | 9.84 |2.04x107* | 42 | 17.28 | 11.23 | 1.38x107* | 38 | 13.23 | 9.27 | 2.28x10~*
hia 40 | 14.44 | 9.79 | 2.19x107* | 40 | 1522 | 1040 | 1.78x107* | 39 | 14.07 | 9.77 | 2.02x10~*
han 40 | 14.44 | 9.79 | 2.19x107* | 40 | 15.22 | 10.40 | 1.78x107* | 41 16.56 | 10.73 | 1.52x10~*
hao 40 | 14.22 | 10.18 | 2.17x10"* | 37 | 1240 | 8.98 |2.94x107* | 41 17.20 | 11.04 | 1.33x107*
has 40 | 14.44 | 979 | 2.19x107* | 40 | 1522 | 1040 | 1.78x10~* | 40 | 15.67 | 10.28 | 1.55x10~*
ha.4 40 | 14.52 | 9.84 |2.04x107* | 42 | 17.28 | 11.23 | 1.38x107* | 42 | 17.99 | 11.44 | 1.12x10~*
hsa 40 | 14.52 | 9.84 |2.04x107* | 42 | 17.28 | 11.23 | 1.38x107* | 40 | 14.51| 9.96 | 1.92x10~*
h3o 40 | 14.44 | 979 | 2.19x107*| 40 | 15.22 | 10.40 | 1.78x10~* | 41 15.64 | 10.63 | 1.60x10~*
hss 40 | 14.22 | 10.18 | 2.17x107* | 37 | 1240 | 8.98 |2.94x107* | 40 | 15.15]| 10.52 | 1.64x10~*
h3.4 40 | 14.44 | 9.79 | 2.19x107* | 40 | 1522 | 1040 | 1.78x107* | 40 | 14.91 | 10.25 | 1.74x10~*
hya 40 | 14.44 | 9.79 | 2.19x107* | 40 | 1522 | 1040 | 1.78x107* | 37 | 11.73| 8.64 | 3.32x107*
ha 40 | 14.52 | 9.84 |2.04x107* | 42 | 17.28 | 11.23 | 1.38x10~* | 37 | 12.01 | 8.56 | 3.29x10~*
hag 40 | 14.44 | 979 | 2.19x107* | 40 | 15.22 | 10.40 | 1.78x10~* | 37 | 11.79| 8.56 | 3.10x10~*
D 40 | 1422 10.18 | 2.17x10™* | 37 | 12.40 | 898 |2.94x10™*| 38 | 11.99 | 8.85 |2.90x10~*
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Figure 3.13. The PDP’s for configuration C

The three different indoor MIMO-VLC configurations considered in this paper for channel

modeling are shown in Fig. 1. Power delay profiles of each channel (totally 16 channels exist)
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Figure 3.14. Channel frequency responses for configuration C

and their frequency responses are presented in Figs. 2 and 3, respectively. Table II presents the
channel parameters of the CIRs between each luminary and each detector. The entire luminaries
are assumed to emit light simultaneously. Obviously, all luminaries may not emit light at the
same instant because of the difference of wiring topology. Therefore, this fact should be taken
into consideration while a channel model is constructed in its general form. As shown in Fig. 4,
the signal travels from communication access point to the luminary (array of LED chips) through
a wired connection. Based on the simulation parameters, we used four luminaries on top of the
ceiling where the dimensions of room is 5 X 5 x 3 meters. Fig. 5 illustrates the wiring topology
for our indoor environment model where a CAT-5 cable by length of 2 m between each luminary
is employed [40]. This cable introduces a propagation delay of 5 nsecs per meter. Fig. 6 depicts
the artificial multipath CIR as seen at the receiver (D1) taking into account the delays caused by
cabling (see Fig. 5). Fig. 6 shows the CIR including the delays caused by cabling. We observe
that the CIR, obtained in Fig. 6 exhibits a sparse channel model as a result of the wiring between

luminaries in indoor VLC.
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Figure 3.16. Cabling topology in configuration C via CAT-5

3.2.1.3. MIMO Enhanced Unipolar OFDM (MIMO-eU-OFDM) System. U-OFDM [34] has been

proposed as an alternative to ACO-OFDM and DCO-OFDM techniques and it neither requires AC
nor DC biasing for the operation of optical OFDM. U-OFDM scheme provides an unique solution
for the transformation of bipolar OFDM signals obtained after IFFT operation to unipolar signals
for their transmission over optical wireless links. In U-OFDM scheme, each bipolar frame is split
into two unipolar frames (one positive and one negative frame), and these frames are transmitted

one by one. According to U-OFDM principle a bipolar frame as

Xx=|-12 42 35 —2.3] (3.22)
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Figure 3.17. Channel impulse response for configuration C including the delays caused by cabling

can be transformed into

X = [xp xU] = [0 42 35 0 1.2 0 0 2.3 (3.23)

where xp and xy denote the corresponding positive and negative frame, respectively. At the
receiver side, the original bipolar frame can be obtained by subtracting the negative frame from
the positive frame. The major drawback of the U-OFDM scheme is its reduced spectral efficiency

given as,

_ logy(M)(Nepr —2) _ logy(M)

.24
ANppr 4 (3:24)

which is the half of the DCO-OFDM. In (3), M is the size of the considered M -QAM constellation,
and Nppr is the FFT size. The factor of 1/4 comes from the combined effects of Hermitian

symmetry and doubling the frame size with positive/negative frames.

eU-OFDM scheme [35, 41] is obtained by the modification of the U-OFDM scheme to
achieve a higher spectral efficiency. eU-OFDM scheme doubles the spectral efficiency of U-OFDM
and obtains the same spectral efficiency as that of DCO-OFDM by combining several U-OFDM
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Figure 3.18. eU-OFDM signal generation for L = 3 layers

frames in a clever way. Fig. 7 shows the signal generation of eU-OFDM for L. = 3 layers. As
seen from Fig. 7, for the implementation of eU-OFDM scheme, 2”~! bipolar OFDM frames are
generated for each layer [ = 1,2, ..., L. Then, these frames are transformed into unipolar frames
by U-OFDM principle, where P, ;, and IV;;, denote the kth positive and negative frame at layer [,
respectively. In other words, P, ;, and N, ;, are generated from the kth bipolar OFDM frame of the
corresponding layer. At the first layer (I = 1), 2l~! U-OFDM frames are generated and concate-
nated to obtain the main frame of layer 1. At the second layer, 2~2 U-OFDM frames are generated
but positive and negative frames are replicated twice before forming the main frame of this layer.
A similar procedure is applied at layer 3 but the corresponding frames are replicated four times for
this layer. For the /th layer, each unipolar frame is replicated 2!~! times according to eU-OFDM
principle. After the formation of L main frames, these frames are added and used to modulate the

intensity of an LED.

At the receiver side, due to the appropriate replication of the U-OFDM frames of the lower
layers, the interference of the U-OFDM frames at the lower layers to the U-OFDM frames at a
higher layer is eliminated. As an example, for layer 1, each negative frame is subtracted from each
positive frame, and the corresponding bipolar frame is obtained. Please note that the structure of
eU-OFDM eliminates the interference from lower layers to layer 1 as seen from Fig. 7. After
demodulation of the information bits, these bits are modulated again to obtain the main frame of
layer 1 and this frame is subtracted from the overall received signal to remove the interference
of the signals of these layer to the lower layers. This iterative demodulation procedure continues

for other layers [35]. Due to its improved spectral and energy efficiencies, eU-OFDM appears as
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a strong alternative to DCO-OFDM. It is shown in [41] that by considering L = 5, the spectral
efficiency of eU-OFDM reaches 96.8% as that of DCO-OFDM (7, = log,(M)/2).

Due to the advantages of MIMO transmission techniques, the combination of MIMO and
eU-OFDM appears as a promising optical OFDM solution. In Fig. 8, the block diagram of the
proposed MIMO-eU-OFDM scheme is presented. In this scheme, eU-OFDM is combined with
V-BLAST technique, and considering an optical MIMO system of 7' LEDs and R PDs, each LED
transmits its own eU-OFDM signals to improve the overall throughput of the system. Therefore,
the spectral efficiency of the proposed scheme becomes

T'logy (M
Nnew = % (325)

Denoting the vector of transmitted signals in a time instance by x € RI*!, the received

signals y € Rf*! can be given as
y=Hx+n (3.26)

where H € R®*T is the channel matrix whose elements are shown in Table I for 7 = R = 4, and

n is the noise vector.

At the receiver side, the interference between the signals transmitted from different LEDs
is eliminated by a zero-forcing (ZF) detector, i.e., z = H™ 'y, and each eU-OFDM frame is de-
modulated in a successive interference cancellation way as in [35]. For the evaluation of the error

performance, we consider the average received electrical signal-to-noise ratio (SNR) as [42]

n r=1 t=1

PE 1 (1T i
SNR="5= 3 T2 el (3.27)
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Figure 3.19. MIMO-eU-OFDM system model for 7' x R Optical MIMO System

where PF_ is the average received electrical power, o2 is the power of the Gaussian noise samples,

I is the mean optical intensity (average optical power of eU-OFDM), which is calculated as

L

1 1
I = 3.28
V2o ; V211 ( )

where unit-energy time-domain signals are considered and the amplitude of the frames at layer [ is

scaled by 1/v/2!-1.

3.2.1.4. Computer Simulation Results. In this section, we provide computer simulation results

for the proposed MIMO-eU-OFDM scheme for realistic indoor optical wireless channels. The
BER performance of the proposed scheme is compared with V-BLAST-DCO-OFDM scheme
which extends the concept of DCO-OFDM to MIMO systems [36]. For the considered signal
constellation, the DC bias value [33] is set as 7 dB for DCO-OFDM. Two MIMO setups are con-
sidered: 2 x 2 and 4 x 4. Three different configurations (configurations A, B and C) given in
Table I are considered. For 4 x 4 MIMO channel, the channel coefficients of Table I are used,
while for 2 x 2 MIMO case, we considered the elements correspond to first and third columns
and rows of the channel matrix of the 4 x 4 case. The number of OFDM subcarriers is taken as
Nppr = 128 and 4-QAM constellation is considered. Number of layers are selected as L = 5
for the MIMO-eU-OFDM scheme and ZF detector is used at the receiver. In Fig. 9, the BER
performance of the MIMO-eU-OFDM and V-BLAST-DCO-OFDM schemes are given for a 2 x 2

MIMO system with configurations A, B and C where 2 bits/sec/Hz of spectral efficiency is ob-



47

tained for both systems. As seen from Fig. 9, the proposed MIMO-eU-OFDM scheme achieves
a better BER performance than the V-BLAST-DCO scheme for all considered configurations. In
Fig. 10, we compare the BER performance of the MIMO-eU-OFDM and V-BLAST-DCO-OFDM
schemes for a 4 x 4 MIMO setup with configurations A, B and C where 4 bits/sec/Hz of spectral

efficiency is obtained for both systems. Similar to 2 x 2 case, the proposed scheme outperforms

the reference scheme for all configurations.

It is interesting to note that due to the structure of the channel matrix with highly correlated
elements, the performance of the considered schemes get worse for the 4 x 4 MIMO system as
well as the BER performances of the systems for configurations A and C are worse than the BER
performance for configuration B. However, the spectral efficiency is doubled without increasing
the constellation size for the 4 x 4 MIMO system. On the other hand, the results of Figs. 9-10
give insight for the design of future OWC setups, which requires channel matrices with lower

correlation among their elements to obtain better BER performance.

3
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Figure 3.20. Performance of MIMO-eU-OFDM and V-BLAST-DCO-OFDM for 2 x 2 MIMO

system

3.2.1.5. Conclusions. In this work, first, realistic indoor MIMO-VLC channel characterization

and modeling were investigated by a non-sequential ray tracing approach. Indoor VLC CIRs for
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Figure 3.21. Performance of MIMO-eU-OFDM and V-BLAST-DCO-OFDM for 4 x 4 MIMO

system

different MIMO configurations and scenarios were considered by taking some practical challenges
into account such as number of LED chips per luminary, spacing between LED chips, objects

inside the room and cabling topology. In particular, our results have demonstrated that the wiring

topology should be taken into consideration to evaluate the CIRs. Our results have further shown

that the CIR in an indoor environment including the propagation delays caused by wiring leads to
a frequency selective sparse channel structure.

Second, by combining the eU-OFDM scheme and MIMO transmission techniques, a new

VLC system, called MIMO-eU-OFDM was proposed and its BER performance was investigated

in the presence of 2 x 2 and 4 x 4 realistic indoor MIMO-VLC channels. It was concluded that
due to the structure of the channel matrix with highly correlated elements, the performance of the
considered schemes has gotten worse for the 4 x 4 MIMO system. Particularly, we concluded
that the BER performances of the systems for configurations A and C are worse than that of the
configuration B. However, the spectral efficiency was doubled without increasing the constellation
size for the 4 x 4 MIMO system. Consequently, the performance results obtained in the paper have

given insight for the design of future OWC setups, which requires channel matrices with lower

correlation among their elements to obtain better BER performance.

48
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3.2.2. Red-Green-Blue OFDM (RGB-OFDM)

In this work, we propose a wavelength division multiplexing (WDM) based new modulation
scheme for frequency selective multiple-input-multiple-output (MIMO) optical wireless commu-
nication (OWC) channels. The proposed scheme uses red, green, blue LEDs to transmit complex-
bipolar valued time domain signal through diagonal channel matrix while preserving the illumi-
nation aims by emitting white light. The maximum a posteriori (MAP) estimator of the proposed
scheme relies on DFT based eigen decomposition algorithm. It is shown in computer simulti-
ons that, proposed scheme achieves better bit-error-rate (BER) performance than existing VLC-

MIMO-OFDM schemes due to diagonal channel matrix structure.

3.2.2.1. Introduction. Spectral efficiency for fixed power level is increased by using multiple an-

tenna units in RF communication systems. Capacity of the wireless link is multiplied and spatial
channels emerged by multiple transmit antennas (MISO), multiple receive antennas (SIMO) or
both (MIMO). Forecasts for near future show that, more than 24 exabytes of mobile data traffic is
expected in 2020’s. Smart vehicles, drugs, robots and wearable technologies are going to be main
challenges for mobile networks. Potential spectrum shortage is pushing researchers and engineer-
ing towards finding new and interference-free communication mediums to compensate higher data
bandwidth demand. Millimeter wave communications taken into consideration in 5G research and
development acts[43]. Optical wireless communications (OWC) especially visible light commu-
nications (VLC) offers very practical infrastructure for both communication and illumination in
5G and 5G+ technologies. Occupation of the electromagnetic spectrum up to 300GHz band (mil-
limeter wave) left only bit of spectrum which is innocuous for human body around in the 430-770
THz region (visible light). Using existing lighting structure also for communications could reduce
deployment cost significantly. So that, VLC would be one of the hot topics in next 10-15 years for

both network access and backhaul levels.

In VLC systems, information carried on the light intensity as small fluctuations and it can be
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detected at the transmitter (IM/DD). Since intensity of the light could not be negative and complex
valued VLC systems have two main challenges. Conjugate symmetry or better known as Hermi-
tian symmetry one powerful tool to have real output after IFFT operation in exchange for half of
the spectral efficiency[44]. Positiveness (unipolarity) of the signal is obtained by different method
in different modulation schemes. Simplest and easiest method is called DC biased optical OFDM
(DCO-OFDM) uses appropriate level of DC bias to obtain unipolar real signal[45]. Despite the
simplicity and broad application of this method, appropriate DC bias level for any modulation or-
der is one of the most important issues. Clearly, larger DC bias reduces the clipping noise however,
it is also increases the transmitted signal power which causes DC bias penalty[46]. Since OFDM
has high peak-to-average-ratio (PAPR) state-of-the-art technique developed to obtain unipolar sig-
nal without using DC bias is called asymmetrically clipped optical OFDM (ACO-OFDM)[18].
In ACO-OFDM, Discrete Fourier Transform (DFT) property used to obtain unipolar and anti-
symmetric time domain samples in time by only employing odd numbered subcarriers while even
ones are set to zero. Anti-symmetric bipolar signal could be clipped without loss of information
while all clipping noise is falling into even subcarriers. Approximately 7dB of gain is obtained by
this method however, clipping process in time domain causes half of the spectral efficiency loss
compared with DCO-OFDM and 3dB of the penalty at the receiver[28]. Flip OFDM and Unipolar
OFDM (U-OFDM) are inspired from non-DC bias idea non-3dB penalty idea [47, 20]. In both
methods, obtained bipolar real signal after DFT is split into two frames as, "positive" and "nega-
tive" frames. Positive signals are transmitted in the first frame whilst negative ones are set to zero.
Absolute value of the negative samples are sent in the second frame while positive ones set to zero.

At the receiver, to obtain original bipolar signal, negative frame is subtracted from positive frame.

Recently, both spectral efficiency loss and 3dB penalty solved by using “time-domain super-
position”. The idea stems from well-known medium access layer concept called as “successive
interference cancellation (SIC)” [48]. Accordingly, positive and negative parts of the real bipolar
signal are extracted. In the squel, polarity of the negative part is inverted and signal is transmit-

ted as two OFDM symbols called "positive" and "negative" frames. Spectral efficiencies of the
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methods mentioned above is given in Table 3.4.

Table 3.4. Spectral Efficiencies of various modulation methods

Transmission | Spectral Efficiency, 7
Method (bits/sec/Hz)
DCO-OFDM (5 = Dlog.M
ACO-OFDM logaM
Flip-OFDM
P %logzﬁ/f
U-OFDM
eU-OFDM ~ (% — 1)loga M

As it can be seen clearly from Table 3.4, optical modulation schemes could only reached
half of the spectral efficiency of the RF systems. In this paper, we propose a simple red-green-
blue (RGB) wavelength-division-multiplexing (WDM) based VLC unit to reach spectral efficiency
equal to RF systems while keeping illumination purpose of the system by obtaining white light
from combination of the RGB colors. To the best of the authors’ knowledge it is the first application

of non-Hermitian symmetry non-time domain process OFDM structure by using only 3 LEDs.
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Figure 3.22. RGB OFDM Block Diagram
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3.2.2.2. System Structure. The block diagram of RGB OFDM transmitter/receiver structure is

given in Fig.3.22. Let u be the binary information stream. Xg is obtained by simply perform-
ing M-QAM constellation mapping where N is the FFT size and M is the QAM constellation
size. The input to the IFFT is the complex vector Xg = [XoX; - -+ Xy_;]7 where Oth and N/2th

subcarriers are not employed. Xy requires no Hermitian symmetry unlike the other modulation
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schemes. Resulting complex and bipolar valued discrete time domain samples x, cannot be trans-
mitted through LEDs directly since the IM/DD signals constrained to be real and positive. & —
separator separates the R(x) and (x) parts into two real and positive streams by taking absolute
value of them. Resulting discrete time domain signals, zg and z; follows Nz(0,1/2) for unit
power M-QAM constellation where Nz represents folded Gaussian distribution. Sign information
of xr and x; streams coded into a xg vector as 4 level PAM symbols to obtain third stream. Simple
look-up table to obtain z, x; and xg is given in Table 3.5.

Table 3.5. RGB OFDM Signal Generation Rule

Re | Im XR Xs X1
+ |+ [IR@)] | a | [S(a)]
+ | - |[Ro)l | b | [S()]
+ | Rl | e | [S(aw)]
[R(ze) | d | ISl

As it can be easily seen that from the Table 3.5, probability distributions of xr and z; are

symmetric and both will follow folded Gaussian given as,

2,
Jorg () = ﬁe‘” u(v) (3.29)

where f,, and f,, represents the probability density functions of xy and z;. Sign information xg
is simply following uniform distributed 4-PAM symbols. Lastly, obtained real and positive discrete
time domain samples are fed to red, green and blue LEDs simultaneously. Positive and real discrete
time domain samples are transmitted over 3 x 3 diagonal MIMO channel. Independence of the
RGB channels comes from wavelength-division-multiplexing (WDM) provided by RGB filters on
photodiodes (PD) at the receiver part. WDM separates each stream from each other while ensuring

that white illumination is obtained for illumination purposes.
At the receiver, RGB filtered PDs capture received vector which could be given as,

y=Hx+n (3.30)
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where y € R3?! is received electrical signal vector as y = [yr1 k2 Yr3)’ and n € R33! is
real valued additive white Gaussian noise (AWGN) vector. n follows, N (0, c2) where N (i, 0%)
denotes the normal distribution with mean p and variance 2. Transmitted vector, x € R3*! is in

the form of,

X = [Trr Tks askjl]T. (3.31)

3 x 3 diagonal MIMO optical channel could be represented as,

hiy 0 0
H=|0 hys 0 (3.32)
0 0 hss

h receiver and t*

where h,.; denotes the channel impulse response of the optical channel between 7*
transmitter. In this work, for simplicity non-linear effect of LEDs not considered. LEDs assumed

working in their dynamic ranges.

In detection process, sign information Zj, g is estimated in the first place, from green LED by

employing maximum likelihood (ML) estimator,

Ty,5 = argmin [|ysp — hay - wps” (3.33)

where z, s € {a,b,c,d}. In the sequel, amplitude values for real and imaginary parts, T and z;
are estimated from red and blue LEDs by using a priori information that, xr and x; have clipped

Gaussian distributions in the time domain. MAP estimates of zr and x; obtained as,

Tr,r = argmaxg, , P(Tk,r|Yk1) , (3.34)

jk,[ - arg mank’I p(xk,f|yk73) .



54

where p(zy g|yr1) and p(xy r|yx3) are the p.d.f s of the xy p and x4 ; conditioned on received
signals at the antennas 1, y; 1 and 3, y;, 3 respectively. (3.34) could be written by using Bayes’

theorem as,

Tp,r = argmaxy, , P(Yk1|Trr)P(TkR)

(3.35)
Tg,r = argmaxy, ; P3| Trr)p(@k,1) -
If we plug the p.d.fs in (3.35),
Tp,r = arg maXg, o
\/;r_age—<yk,1—h1,wm>2/2aﬁ : %eﬂiﬂu(% b 536

Some algebra and dropping constant terms give MAP estimation metrics, 274p™ and z374p"

can be defined as,

“MAP __ (yk,1+h1,1 >+ and

3;' =
k,R h2 4202
L1 (3.37)
FMAP _ (yk,3+h3,3)+
kil h§’3+20%

where ()™ operator and ai denote positive estimation and variances of the ny 1, ng2 and ny 3

respectively.

3.2.2.3. MIMO Channel Model. In this work, we have proposing realistic indoor VLC channel

modeling approach to overcome the limitations in [27]. We have employed powerful ray tracing
features of the optical design and illuminations software environment. Accordingly, we could

model the indoor environment with daily life objects inside (including wavelength dependency
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of all materials) by employing real sources (i.e. LEDs) and receivers (i.e. photodiodes). Along
with ray tracing approach, we obtained channel impulse responses (CIRs) for non-ideal sources
and purely diffuse, specular and mixed type of reflections. Realistic scenario environment selected
from IEEE802.15.7r standardization group for the sake of accuracy [49]. Simulation scenario with

human bodies and furniture is given in Fig. 3.23. Commercial Cree Xlamp XP-C blue, green, red

Figure 3.23. Office room scenario

and white LEDs used as a transmitter with viewing angle 120°. By taking, total power emitted
per LED chip is 1 Watt we can associate channel DC gain with the average received power at
the receiver [?]. Three detectors with red, green and blue filter located in the on the desk surface
with the field of view (FOV) and detector area with 85°and 1cm? respectively. Relative spectral

distributions of the RGB and white LEDs are given in Fig. 3.24. Parameters for simulation scenario

Figure 3.24. Simulated relative spectral distributions of the RGB and white LEDs respectively

given in Table 3.6. CIRs obtained between each transmitter and its corresponding receiver given in
Table 3.7. It can be said that channel DC gain and RMS delay spread in scenario with human and
furniture are smaller than scenario without human and furniture. This effect is stemmed by change

of reflection characteristics of the room by human bodies and furniture [?].
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Table 3.6. Simulation Parameters

Room size Smx5mx3m

Materials Walls: Plaster, Ceiling: Plaster, Floor: Pinewood

1 desk and a chair paired with desk
R 1 laptop on the desk, 1 desk light on the desk,
Objects
1 library 1 cage, 1 couch,

1 coffee table, window, 2 human bodies

Desk: Pinewood (Typical height of 0.88m)

Chair: Black gloss paint, Laptop: Black gloss paint
Cage: Pinewood, Couch: Cotton, Coffee table: Pinewood
Objects specifications

Human body:
Shoes: Black gloss paint, Head & Hands: Absorbing

Clothes: Cotton

LED specifications Brand: Cree XLamp XP-C-blue-green-red-white

Receiver area and FOV 1 cm2, 85
Blue (-0.005,0.01,3) Green (0,0,3)
Red (-0.01,0,3) White (0,0,3)
DBlue (-1.2,1.28,0.88) DGreen (-1.2,1.38,0.88)
DRed (-1.3,1.33,0.88) DWhite (-1.25,1.33,0.88)

Location of LEDs (m)

Location of detectors (m)

Table 3.7. Channel Parameters for Office room with secondary light scenario including human

body and furniture

“Office room with secondary light” scenario
Configuration

with human and furniture

Channel Parameters | Ttr | tau0 | tauRMS HO
Red LED 39 | 14.84 | 9.07 2.80x107¢
Green LED 32 1 12.29 6.28 2.78x1076
Blue LED 29 | 11.44 4.99 2.83x107¢
White LED 35 | 1340 7.77 2.58x107¢

3.2.2.4. Frequency Selective MIMO Channel Model. Ever increasing mobile data demand forces

new generation communication systems to achieve higher data rates. Higher data rates causes to
channel to be frequency selective. In this part, we have considered frequency selective MIMO
channels and equalizers for time domain processed optical wireless communications systems. We
assume that proposed system uses cyclic prefix, L., > L; where L., and L; are cyclic prefix
length and number of channel taps respectively. Frequency selective MIMO channel matrix can be

expressed as,
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hyy 0 0
ﬂ == 0 h272 0 (338)
0 0 hys

where hy 1, hy 2 and hg g are Ly, 1, L2 2 and Lys 3 tap channel vectors obtained for empty room
by using sequential ray tracing software. Wavelength characteristics of red, green and blue LEDs

are considered for ray tracing approach. At the receiver, received signals can be modeled as,

yi=hi1®xg+n (3.39)
y2=hoo®xs+n (3.40)
ys =hss®x1+n (3.41)

where ® denotes circular convolution operation. It is well known that, circular convolution can be

represented by matrix multiplication given as,

y1=Giixgr +n (3.42)
y2 = G22Xs +n (3.43)
Y3 = G3’3XI +n (344)

where G171, G2 2 and Gg 3 denotes N x N circulant channel matrices of frequency selective

channel vectors, h; 1, hs 2 and hg 3 respectively.

3.2.2.5. Design of a MAP Estimator. For frequency selective MIMO systems, estimates are vec-

tor and matrices. ZF and MAP estimators in Section 2.1.1 are updated to deal with vectoral esti-

mates. At the receiver, again we estimate sign vector as a first step by using simple ZF estimator

given as X2¥ = G} - y2. After equalization, ML detector applied to X5¥ to detect Xs.
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If we modify (4) and (5) to vectoral form to obtain MAP estimators for Xg and xj. After

some matrix algebra we

From (3.45) we can get,

obtained,

<MAP
X = arg maxy 1|x X and
R g r P(Y1|xr)p(XR) (3.45)
KMAP — arg max,, p(y3|x1)p(x1).
}_CIP\{/IAP —
L —(y1—-G1,1xr)T (y1—G1,1XR)/202
arg MaXyy \/ﬁe : :
2 ,—(xr)T(xRr) d
e an
A (3.46)
X%LAP::
arg max,, —A—e~(¥3~Gs3x1)" (ys~Ga,ax1)/207

2
2woZ

%e—(XI)T(XI)_

After some matrix algebra and dropping constant terms,

IMAP — (KGy 1 y1)™ and

AP = (MGss'ys)"

where (3.47)
K=1[1/2(G11" G114+ G11G11") + 20217

M =[1/2(G33"Gs3+ G33Gs3") + 2021

It can be easily seen from (3.47) that, multiplication of two circulant matrices gives also circu-

lant matrix. Moreover,

addition operation is not disturbing the circularity of the matrix. So that,

matrices K and M remain as circulant matrices.

3.2.2.6. Eigenvalue decomposition for circulant matrices. It is well studied in mathematics that,

circulant matrices are special case of general Toeplitz matrices. We already know that, Hy; and
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H3s are circulant matrices. Moreover, [0?(Hf,Hyy + Hy1HY,) + 20,,] and [0?(H33Hss +
H33H3;) + 20,,] parts in (13) and (14) are also circulant matrices. If we apply basic DFT based

eigen decomposition,
A1=F.A1.FH (3.48)
where A = diag(A\i, A1, ..., \n), \;’s are eigenvalues of the vector A and F called unitary Fourier

matrix. We can easily see that, only first row of Hy; and Hz3 is enough to construct all, Hy4, H3s,

Hllil and ]:_]:3371
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Figure 3.25. BER vs. SNR Results for ZF and MAP Estimators with L=1 and L=2 tap channels

3.2.2.7. Simulations and Results. SNR vs. BER and MSE vs. BER graphs for both ZF and MAP

estimator are given in Figs. 3.25 - 3.26.

3.2.2.8. Conclusions. In this paper, we have proposed novel WDM using RGB-OFDM for optical

wireless communications systems for both frequency flat and frequency selective MIMO channels.
Computer simulations showed that, using a priori information that folded Gaussian distributed

structure of time domain signals gives remarkable performance augmentation for both frequency
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—©— ZF Estimator, L=2, M=4
MAP Estimator, L=2, M=4
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104
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Figure 3.26. MSE vs. BER Result for ZF and MAP Estimator with L=2 tap channel

flat and frequency selective MIMO channels. Also, new approach proposed to overcome matrix
inversion complexity of vectoral MAP estimator. As a future study, we are planning to extend time
domain MAP estimator for U-OFDM and eU-OFDM systems while they are operating in both

frequency flat and frequency selective MIMO channels.
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4. Realization of Indoor Optical Wireless Communication Systems

During 3 years of research & development process we have built three progressive versions of
OWC link technology between transmitter and receiver parts which are named as "Generations". In
the 1** Generation (1G) system simple return-zero on-off keying (RZ-OOK) scheme is employed.
In 1G, RS-232 serial communication protocol is taken as guideline to the design process. Full-
duplex operation of the system provided up to 64K bits/sec data rate. At the receiver, op-amp
circuitry compensated the channel fading effect and simple comparator transformed received signal
to RS-232 formatted signal back at the receiver without further symbol detection process. Achieved

communication range of interval measured as [9cm, 15¢m].

« Data Rate = 64 Kbits/s
» Range = [9-15cm]
+ RS-232 Standard
« Opamps at the
transmitter/receiver
« No channel equalizer
« Threshold symbol detection « Threshold symbol dete

Figure 4.1. 1°¢, 2"¢ and 3"¢ Generation OWC Systems

In the 2G system, OWC link quality and spectral efficiency is raised by utilizing 4 level PAM
system with time domain raised cosine filtering. Synchronization and packet transfer protocols of
the 2G is implemented in the DAQ boards. At the receiver, channel equalizetion, symbol extraction

and detection algorithms are executed. 2G communications range is measured as, [50cm, 80cm].
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Lastly, 3G OWC system with ACO-OFDM is implemented for real life scenario with the 165 cm
of seperation between receiver and receiver units. 3G used one of non-DC bias required power
efficient ACO-OFDM to transmit data. Moreover, system used frequency domain channel estima-
tion symbol detection. Complexity of the system is dramatically increased while DAQ boards and
computer were same. Thus, performance of the O-OFDM highly dependent on the hardware for
this generation. Same synchronization and packet transfer protocol used in 2G is also kept. System

is operated in 150 000 bits/sec data rate for fixed transmitter and receiver unit seperation as 165cm.

4.1. 1st Generation (1G) RZ-OOK Based VLC System

In the first generation, objective was realization of the OWC link between transmitter and
receiver parts by using simplest digital modulation scheme. Accordingly digital communications
literature is reviewed and ASK, FSK and PSK are taken as candidates. Since VLC systems are
based on IM/DD technique and it is not possible to carry information on carrier frequency and
phase. That is why particularly binary ASK (OOK) became best option for simplest transmission.
OOK systems rely on a basic idea that information is carried on two different amplitude values
such as, 0’ and ’1°. This binary returning to zero scheme called "Return Zero On-Off Keying
(RZ-O0OK)". Since the amplitude of the signal is not taking any negative values, electrical signal
could be directly fed to an LED without further modification. Typical RZ-OOK scheme has shown
in the Figs. 4.2 and 4.4.

RZ-OOK is widely used technique in optical systems. It has serious advantage among other
modulation methods when moderate data rate is sufficient for designed system. Main advantages

of RZ-OOK could be explained as,

* Non-coherent reception at the receiver side.
* Less computational complexity in signal processing and detection at the receiver.

* Noise immunity.
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* Compatibility with TTL logic.

4.1.1. Transmitter

Transmitter structure designed for RZ-OOK! (RZ-OOK!) transmission is given in Fig. 4.2.

MATLAB
PC Modlgatlon
Coding
L J
RS Y Comparator LED
Software Interface Digital Interface

Figure 4.2. RZ-OOK Transmitter Structure

User generated information bits are processed in MATLAB environment to obtain time do-
main signals which are suitable for IM/DD transmission. CP2102 USB TO UART Bridge used
as a D/A converter by converting information in the MATLAB environment to digital data by the
means of time domain pulses. Flowchart of the MATLAB audio transmission algorithm is given

in Fig. 4.3

[ Recording Audio ]
[ Coding in "UINT8" ]
Send Data ]

While (1)

Figure 4.3. Flowchart of RZ-OOK MATLAB audio transmission algorithm
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CP2102 is using RS-232 serial communications protocol for communications. Accordingly,
one start bit and one stop bit added to each packet to provide frame synchronization. System data
rate is optimally kept in 64k bits/sec within LED and photodiode’s frequency response interval.
4.1.2. Optical Channel

For this particular design of system received signal modeled as,

r(t) = h-x(t) + n(t) 4.1)
where r, h, x and n shows received signal, time-invariant optical channel fading coefficient and
AWGN respectively. There is no channel equalization algorithm utilized for this system simple
comparator op-amp circuit is used to compensate the effects of both optical channel and AWGN.

4.1.3. Receiver

Receiver part is designed to compensate channel fading as well as AWGN. Receiver structure

of the system is given in Fig. 4.4. BPW34 Silicon PIN Photodiode captures the OOK signals at the

4, e a
MATLAB
USBto TTL Demodulation N
Bridge & PC
Decoding
A\ 4
: L J
Photo-diode Op-amp & %—J ~
Comparator Digital Interface Software Interface

Figure 4.4. RZ-OOK Receiver Structure

receivers. BPW34 converts data carrying optical signal to electrical current between [35uA, 451 A]
range. To extract symbols back received signal is amplified compared with 2.5 threshold voltage
by LTC6244HMS8 Dual 50Mhz, Low Noise, CMOS operational amplifier. Comparator part dis-
cards the effect of AWGN and shapes time domain signal for A/D conversion process which is

compatible to RS-232 protocol. Photograph of receiver circuitry is given in Fig. 4.5. After all time
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Figure 4.5. Photograph of receiver circuitry

domain processes, CP2102 USB TO UART Bridge decodes received frames and detects symbols
consecutively. Detected values are further processed to obtain original data in MATLAB environ-

ment. Flowchart of the data reconstruction algorithm for audio in MATLAB is given in Fig. 4.6.

[ Wait for TransmissionStart h

9]
=

[ Start recording ] o
=
3
(TR

[ If recording safe =1 ]

YES l NO
[ Decode ]

PLAY \

Figure 4.6. Flowchart of RZ-OOK MATLAB receiver algorithm for audio

BER vs SNR analysis utilized to measure system performance for various distance and noise

values by transmitting text, voice and image. Photograph of CP2102 USB TO UART Bridge is
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given in Fig. 4.7.

Figure 4.7. Photograph of CP2102 USB TO UART Bridge

Table 4.1. Results for audio transmission with white power LED

TYPE OF DATA SIZE SAMPLING RATE | TYPE OF LED | LOS | LENS | DISTANCE | TIME (SEC) | SUCCESS
1 Audio 73.3 kbyte 12000 White power LED | Yes No 8 cm ~9.4 Not Detectable
2 Audio 73.3 kbyte 12000 White power LED | Yes No 9cm ~9.4 Success
3 Audio 73.3 kbyte 12000 White power LED | Yes No 10 cm ~9.4 Success
4 Audio 73.3 kbyte 12000 White power LED | Yes No 12,5cm ~9.4 Success
5 Audio 73.3 kbyte 12000 White power LED | Yes No 14,5 cm ~9.4 Partial Success
6 Audio 73.3 kbyte 12000 White power LED | Yes No 16,5 cm ~9.4 Not Detectable
7 Audio 73.3 kbyte 12000 White power LED | Yes No 21 cm ~9.4 Not Detectable
8 Audio 73.3 kbyte 12000 White power LED | Yes No 28 cm ~9.4 Not Detectable

4.1.4. Experimental Results

Experimental results obtained for different parameters and conditions are given in Tables
4.1, 4.2 and 4.3. Success range is between 9cm and 14 cm for first 8 experiments, 24cm — 41 cm
for experiments numbered 9 to 17 and 8cm — 11cm for experiments numbered 21 to 25. Signal

shapes sent from transmitter and detected at the receiver for various distances given in Fig. 4.9.
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Table 4.2. Results for image transmission with white power LED

TYPE OF DATA SIZE DIMENSION | TYPE OF LED | LOS | LENS | DISTANCE | TIME (SEC) SUCCESS
1 Image 169,2kbyte | [215 x 215 x 3] | White Power LED | Yes Yes 37,5cm ~21,6 Success
2 Image 169,2kbyte | [215 x 215 x 3] | White Power LED | Yes Yes 27cm ~21,6 Success
3 Image 169,2kbyte | [215 x 215 x 3] | White Power LED | Yes Yes 2lcm ~21,6 Not Detectable
4 Image 169,2kbyte | [215 x 215 x 3] | White Power LED | Yes Yes 23,5cm ~21,6 Not Detectable
5 Image 169,2kbyte | [215 x 215 x 3] | White Power LED | Yes Yes 26cm ~21,6 Success
6 Image 169,2kbyte | [215 x 215 x 3] | White Power LED | Yes Yes 25cm ~21,6 Success
7 Image 169,2kbyte | [215 x 215 x 3] | White Power LED | Yes Yes 24cm ~21,6 Success
8 Image 169,2kbyte | [215 x 215 x 3] | White Power LED | Yes Yes 40cm ~21,6 Success
9 Image 169,2kbyte | [215 x 215 x 3] | White Power LED | Yes Yes 45cm ~21,6 Data Corrupted

Table 4.3. Results for image transmission with blue power LED

TYPE OF DATA SIZE SAMPLING RATE | TYPE OF LED | LOS | LENS | DISTANCE | TIME (SEC) | SUCCESS
1 Audio 73.3 kbyte 12000 Blue Power LED | Yes No 6 cm ~9.4 Not Detectable
2 Audio 73.3 kbyte 12000 Blue Power LED | Yes No 7cm ~9.4 Not Detectable
3 Audio 73.3 kbyte 12000 Blue Power LED | Yes No 8 cm ~9.4 Success
4 Audio 73.3 kbyte 12000 Blue Power LED | Yes No 9cm ~9.4 Success
5 Audio 73.3 kbyte 12000 Blue Power LED | Yes No 10 cm ~9.4 Success
6 Audio 73.3 kbyte 12000 Blue Power LED | Yes No 11cm ~9.4 Success
7 Audio 73.3 kbyte 12000 Blue Power LED | Yes No 12,5cm ~9.4 Partial Success
8 Audio 73.3 kbyte 12000 Blue Power LED | Yes No 14,5 cm ~9.4 Not Detectable

4.1.5. Conclusions

In conclusion, we were able to transfer data such as text, audio and picture by using VLC
between two computers for the first time. Data could be transmitted up to 1 Mbits/sec but frequency
response of our non-ideal components obstructs speed of transmission. Photo-diode has the lowest
response and it was weakest chain of the designed system. So that, photo-diode (BPW34) assigned
our speed of transmission for this design. We used Schmitt trigger and OP-AMP circuitry to
increase quality of both transmitted and received data. We observed that color of the light, distance

between light and receiver, line of sight or non line of sight, SNR level and BER directly affects
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Oistance ()

Figure 4.8. Distance vs BER graphs for; 64K white LED w/o lens (upper left), 64K blue LED w/

lens (upper right), 64k white LED w/ lens (lower left) and BER vs SNR graph for 64K white LED
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w/ lens (lower right).
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Figure 4.9. Sent and received signal shapes for various distances (yellow is sent signal and blue is

received signal)

the quality of transmission. As given in experimental results, we measured quality and speed of

data transmission with different colors, distance etc. As a result that we achieved 64,000 bits/sec

speed in for an indoor visible light communications application. If components that have better

frequency response would increase the speed of data transmission up to 1 Mbits/sec. Multi-path

systems can be used to make non-line of side communication in the VLC systems and not just first

one but second and more ordered reflections could be considered as a channel impulse response.
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4.2. 2nd Generation (2G) 4-PAM Based VLC System

The first generation of the system was based on RS-232 serial communications and OOK
signal shape. Conversely, in 2nd generation we have used multilevel PAM modulation rather than
ON-OFF Keying modulation. Both systems are still single carrier based and operating in baseband
region. Spectral efficiency of 1G was not high enough for realistic transmission cases. So that,
we have used multilevel transmission scheme and we have created our own hybrid protocol to be
able to synchronize transmitter and receiver part. System structure for 2nd generation PAM based

communication system is given in Fig. 4.10.

Image, audio, text, random bits, ete.

|

Process via
MATLAB

Figure 4.10. PAM based VLC System Schematic

Like OOK modulation, the data is carried on the amplitude but in this particular modulation

there are several intensity levels. We have 4 different levels: +1V, +2V, +3V and +4V. Each symbol



corresponds to 2 bits of information.

4.2.1. Transmitter

The system which is designed with transmitter and receiver parts, is firstly used for text trans-
mission. Texts are mostly the information that carries lesser bits than other type of transmission
information. Therefore, it is likely to complete the transmission without error. In the transmitter,
the string or text processed and turned into blocks that contains 1024 bits inside. Then, the blocks

are sent one by one through optic channel. Photograph of the transmitter antenna (LED) for 2nd

generation PAM based VLC system is given in Fig. 4.11.

Figure 4.11. Transmitter part of the 2nd generation PAM based VLC system

Simple transmitter encoding look-up table is given in Table 4.4. After the conversion, voltage

Table 4.4. Transmitter loop-up table for 2G system

.| Correspondent
Bits
Voltage
00 v
01 2V
11 v
10 4V

values are transferred to digital to analog converter and transferred the analog signal to LED Driver.
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The LED Driver drives the current to LEDs in order to succeed the transmission. Discrete-time

domain signal after 4-PAM encoding according to table given above is plotted in Fig. 4.12.

200 250

Figure 4.12. String that converted voltage values.

4.2.1.1. DAQ (Data Acquisition) Board. DAQ boards are used in the both sides, transmitter and

receiver. General characteristics of the device are as follows. DAQ board is digital converter. After
converting the digital datum to analog datum PC sends the modulated datum to LED drive [50]. In
the project, we used the ADLINK USB-1902 Data Acquisition Board.

4.2.1.2. LED Current Driver. This device basically transfers the data as numerical value we cre-

ated in MATLAB and sends to the LED driver. So, to modulate the data we should give the data
as an input to LED Driver. The output of the LED Driver fed to the LED. Thus, data modulated
is applied to the LED with the help of cables. The brand and model we use as a LED driver is
Newport 560b Laser Diode Driver.

4.2.1.3. Power LED. LED driven data is detected from photo-diode LED on the receiver side by

flashing at different levels. For example, if the LED flashes at 3 volts, photo-diode that detects the
light with particular DC level (e.g. 3.5 volts). LUMINUS SST-50 LEDs are used in the system as

a light source [51]. In previous generation VLC system, an ordinary LED utilized. By using power
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LED, the distance between the received photo diode and LED could be increased.

4.2.2. Optical Channel

In ideal channel modeling, all the environmental effects could be ignored. In that case, the
signal that goes through the channel assumed frequency flat. Moreover, AWGN has no affect on
the signal. Due to low noise and Line of Sight (LOS) structure of the system , decision algorithm
was simple. In addition to this we had small amount of DC effect that coming from laboratories
additional light bulbs. With a simple algorithm, it can be eliminated easily. On the other hand,
with the help of our colleagues from Ozyegin University (OZU), we had chance to test our design
with their realistic channel model. On that channel model we had 5x5x3 m?2 sized room and we
have a transmitter on the ceiling and a receiver at the front left side. Room specifications, position

of the receiver, transmitter and channel impulse response are given below 4.13.

<107 Channel Impulse Response for Configuration A
1.5 T T T T T T

Power (Watts)

i
0 10 20 30 40 50 60 70 80 90
Time (nsec)

Figure 4.13. CIR obtained by optical illumination software environment

For such a distorted signal that conveyed through channel, equalization would be required
to make decisions. Due to large amount of distortions, decision would be nearly impossible if an
equalizer would not be used. The type of the equalizer we have used is Zero Forcing and this
equalizer have been designed specifically for this simulation. The results of this application will

be deeply explained in the following section.
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4.2.3. Receiver

On the receiver side, photodiode detects the intensity differences and convert them to cur-
rents. Then analog to digital converter, converts the signal do digital values. Sends them to MAT-
LAB and it process the data and recover original information with appropriate codes. Photograph
of the receiver antenna (photo-diode) for 2nd generation PAM based VLC system is given in Fig.

4.15. Sequence of the receiver algorithm is following;

* Firstly, we eliminated first 2 and last 2 samples. These are plot samples for starting triggering
condition.

» After we obtained raw eliminated”0” data, we extracted DC bias from this signal. Firstly, we
found data which are greater than 4.Take mean of them and extracted from 4 to figure out
DC level.

* Scaling is very important concept for detection. We determine max and min values of re-
ceived data (a =min, b= max). Then as we decided our transmitted data includes information
1V, 2V, 3V and 4V. We sent our data from transmitted with pulse amplitude modulation. iv.
On the detection process, after max and min value of received data, it is divided 4 parts.

Later, we obtained threshold value is (b-a)/3. Decision algorithm is visualized in Fig. 4.14.
th = (b-a)/3

7

dix
o

Numerical Axis

Figure 4.14. Decision algorithm at the receiver

4.2.4. Experimental Results

In this part, we have examined 3 scenarios;
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Figure 4.15. Receiver part of the 2nd generation PAM based VLC system

4.2.4.1. SER Graph of 4 level system (Ideal Channel). Here we have SER graph of 4 level sys-

tem that operates through ideal optic channel. The graph explains the symbol error rate (SER) in
different SNR ratios and in different distances. While obtaining this graph, main steps and SER

Graph are given below;

After data is received, noise is generated and added to data.

Then, data detection process is again implemented.
* Symbol error rate is calculated.

* Moreover, this process is done for different distances which are 50, 60, 70, 80 cm.

4.2.4.2. Comparison of SER Graph in 4 Level System with Realistic Channel and Ideal Channel.

In this case the system operates in two different channel, one is ideal the other one is realistic
channel. The graph explains symbol error rate in different SNR ratios and through different optic

channels. As clearly seen, there are less errors in ideal channel according to realistic channel.
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Figure 4.16. 4 Level SER vs. SNR in different distances

4.2.4.3. SER Graph of 8 level system (Ideal Channel). Here we have SER graph of 8 level sys-

tem that operates through ideal optic channel. The graph explains the symbol error rate (SER) in
different SNR ratios and in different distances. While obtaining this graph, main steps and SER

Graph are given below;

After data is received, noise is generated and added to data.

Then, data detection process is again implemented.
* Symbol error rate is calculated.

* Moreover, this process is done for different distances which are 60, 70, 80 cm.

4.2.5. Conclusions

In this project, technical background information is gathered from lots of relevant papers
this technology is examined in deeply. Optical communication system is constructed by using
DAQ Cards, Power LED, Led Driver, Photodiode and PCs. After trial and error process, hardware
section is completed, then the appropriate software part is written via MATLAB. We have tested

our system design with three types of document: Text, audio, and image.
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Figure 4.17. 4-Level SER vs. SNR, Ideal vs. Realistic Channel

Figure 4.18. 8 Level SER vs. SNR in different distances

According to optical communication concept, it is succeed for sending 3 different documents
which are text, audio and image respectively from one computer and all data was received properly
from the second computer. Moreover, the first version of this system has been also constructed last
year as bachelor project as we call VLC 1st generation. 1st generation was based on RS-232 serial
communication. In the system, baseband communication is used as we did in our system, we
called that 2nd generation. In the 1st generation, it has been used ON-OFF Keying modulation
by using USB protocol between two computers. Conversely, in 2nd generation we have used
PAM modulation along with ON-OFF Keying Modulation. The efficiency with ON-OFF Keying

Modulation was not enough for transmission so we have used PAM. In addition to this, with “1”’s
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and “0”’s we have added to each column and trigger condition we have used, we have created our
own hybrid protocol to be able to synchronize transmitter and receiver part. Finally, it is built a
primitive prototype of a simple visible light communication system. In applications such as traffic
management, indoor areas, visible light communication is desirable for security and it provides
high data rates. Although there are technical challenges to be solve, quick technical development

can make this technology low cost, high data rate and efficient version [52].

4.3. 3rd Generation (3G) OFDM Based Optical Wireless Communication System

In the earlier Bachelor of Science (BS) projects done in the Electric and Electronic depart-
ment of Kadir Has University, the other teams have used “On-Off Keying” and “Phase Amplitude
Modulation” techniques. Text data and images have been sent with these techniques with the
help of Matlab, current source, led, diode, oscillator and etc. The main objective of our project
is to implement a new version of a visible light communication system (Called 3rd generation
VLC), employing orthogonal frequency division multiplex (OFDM) with “Quadrature Amplitude
Modulation (QAM)” technique to make the process faster, to increase data rate, to decrease the
bandwidth waste and to solve inter symbol interference (ISI) problems. In addition to the technical
improvements, we have reset the transmission environment which was on the horizontal position,

to vertical position to apply the experimental structure for real life applications [53, 54].

Indoor VLC systems is one of the applications of optical communication systems. In this
system the communication is provided in a short range with a high energy efficiency. In comparison
with the other systems, indoor VLC system is not affected by the channel noise caused by the sun
light, which is a very important advantage of indoor VLC. The working principles of indoor VLC

systems is shown below in Fig. 4.19.

RF communication is the most popular one because it has good coverage. However we need

more bandwidth due to the rapidly increasing traffic volume in wireless network and also we are
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Figure 4.19. Basic Indoor VLC System Working Principle

running out of bandwidth in RF spectrum. Where the RF communication is limited or not enough,
VLC provides both communication and illumination. Table 2.2 shown differences between VLC
and RF communication. VLC systems use the IEEE 802.15.7 standard, with high data rates up to
96 Mbits/second.

4.3.1. Optical OFDM for VLC in IM/DD Systems

Orthogonal frequency division multiplexing (OFDM) is used extensively in wired and wire-
less broadband communication systems to bring a solution to intersymbol interference (ISI) caused
by dispersive channel. OFDM signals are designed for intensity modulation/direct detection (IM/DD)
systems which must be real and non-negative. There are several different forms of OFDM for
IM/DD systems such as: asymmetrically clipped optical OFDM (ACO OFDM), DC biased opti-
cal OFDM (DCO-OFDM), and other forms based on ACO-OFDM and DCO-OFDM [6]. Block
diagram of the designed ACO-OFDM system is given in Fig. 4.20.

4.3.2. Implementation of the Optical OFDM System

The VLC systems implemented in previous projects carried on at the Kadir Has University

were designed in such a way that data communication was established by using the same physical

structure. However, they were set up in a horizontal position where the LED and the photodiode
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Figure 4.20. Block diagram of receiver-transmitter parts of an ACO-OFDM system

used for the transmission of data were located much closed to each other. Also the illumina-
tion which is one of the main purposes of the system were not properly demonstrated due to the
horizontal working area. So that the previous projects does not seem to be suitable for real life
application. In addition, the position of the system was causing some differences in the channel

estimation and in signal to noise ratio (SNR). The general views of the previous projects are shown

below in the Figure 4.21.

Figure 4.21. 1G (left) and 2G (right) VLC Systems

In the 3rd generation system’s setup we have made some modifications in order to provide

better communication performance and high data speeds. The setup process is explained step by

step in the following sections.
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4.3.3. Transmitter

The project setup is basically consist of 3 parts: signal generation, transmission of data, and

receiver. The project area, including the setup can be seen in the Fig. 4.22.

Transmitter Transmitter
White LED | Blue LED

=
@ | —

Receiver
DAQ Board & Receiver
O-scope Photo-diode

a

Figure 4.22. The general view of third generation VLC system

4.3.3.1. Choosing the LED Positions. To determine the LED positions, we have taken into ac-

count the height and power level which would be suitable to maintain a daily life. In this project
there are two Power LEDS used, which provides white and blue light. LEDs are located on the
ceiling in place of a normal light source, and the essential connections were made with the power

source. The final forms of the LEDs are shown in the Fig. 4.23.
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Figure 4.23. LED light sources

4.3.3.2. Amplifier and Use of Current Source as Bias. Since the LEDs used in this project are
Power LEDs, they require more power than the normal LEDs. The signals transmitted from the sys-
tem cannot provide enough power. In order to solve this problem, 560B LASER DIODE DRIVER
current source model was used as an amplifier. Moreover, in the cases where a fixed direct current
value is required to provide communication via light with that fixed direct current value, this cur-
rent source allows us to determine a Bias value as digital or analog conversion. The current source

is shown in Fig. 4.24.

Figure 4.24. 560B Laser Diode Driver as a current source

4.3.3.3. ADLINK DAQ Board. It is not possible to transmit digital data directly to the light

source or receive an analog information directly from the digital system. Hence a converting de-
vice is required. In this project ADLINK USB-1902 which has the property of converting analog

to digital and digital to analog, is used. The speed of transmitting symbols via ADLINK is limited
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to 250K symbols per second. The connections and the ADLINK converting device is shown in

Fig. 4.25.

Figure 4.25. ADLINK USB-1902 device and input/output connections

34 generation VLC system, has similar blocks that RF OFDM has. The main block diagram

of the setup is shown in the Fig. 4.26.
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Figure 4.26. Demonstration of how the system works

* In the system, firstly the signals are generated bu using MATLAB environment.

A/D and D/A hardwares are serving as bridges between MATLAB and real life domains.
* For having reliable output current is used as a medium to loading information on the LEDs

rather than voltage. So that, “Newport 560B Laser Diode Driver” current source is utilized.

The LED light sources, where the wavelengths of the sources change according to their

colors, adds the signals generated up on the light with bias.

4.3.4. Visible Light Communications Channel

Channel Estimation is one of the most important part of the Optical Wireless Communica-

tions (OWC). Data is transmitted between the LED (transmitter) and the photo-diode (receiver) on
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light intensity 1n IM/DD systems, in the presence of an optical channel as shown in Figure 4.27.

LED

ACO OFDM OFTICAL ACO OFDM
L L A CHANNEL D RECEIVER

Figure 4.27. ACO OFDM Block Diagram for channel estimation

There are several ways of channel estimation, and in this project Least Square (LS) method
was used. In order to detect the transmitted data we should know the channel parameters. Since
the data might be distorted due to some effects on the channel such as: reflection and refraction,
caused from the objects in the transmission area, fading of the signal, (Additive White Gaussian
Noise) AWGN and etc[27, 25]. The Estimation of channel will allow us to apply demodulation
and decoding to receive data properly. The LED is being used during this project is a white LED
which is considered as a wide-band source, where the Infrared Sources (IR) are monochromatic.
Thanks to the frequency selective behavior of VLC channel, we can obtain higher data rates [9, 24].
The FIR filter effect described by ‘““channel taps™ of the channel gives us the ability of frequency
selectivity. Channel taps enable us to have a control over the distortion removing of the received

signal. Channel estimation in VLC will be detailed in following chapters.

4.3.5. Receiver

* The lights beams coming from the light source, reaches the receiving part by passing through
an optical channel. The channel has reflection and refraction effects plus Additive White
Gaussian Noise (AWGN). Power of the AWGN depends on thermal effects, extrinsic light
sources and front end amplifications.

* Received signal is the form of y = Hx + n where y, H, x and n represents received signal

at the receiver, channel impulse response matrix, transmitted signals at the transmitter and
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AWGN respectively.

* In order to process received signal, signals are detected by the photo detector and A/D con-
verter converts time domain signals from analog to digital domain. The both A/D and D/A
processes are provided by ADLINK USB — 1902 hardware.

* Digital signals are further processed to obtain information conveying stream back. Procedure

is detailed in the following sections.

4.3.6. ACO-OFDM Modulation and Demodulation Processes

We now examine the physical stages of the designed system. In this project, ACO-OFDM is
used for transmission link. User bits are projected onto M-QAM symbol space by taking Hermitian
symmetry and odd subcarrier utilization into consideration. IFFT results real and anti symmetric
discrete time-domain samples by courtesy of state-of-the-art DFT property. Obtained time domain
anti-symmetric symbol could be clipped without a information loss. All the process could be
reverted and transmitted symbols could be obtained back at the receiver. Basic block diagram of

the system is given in Fig. 4.28.
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Optical
Channel
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Figure 4.28. Block diagram of ACO-OFDM system

Time domain clipping process is investigated in Fig. 4.29.
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Figure 4.29. Block diagram of ACO-OFDM system

Destructive effect of the channel compansaed in the frequency domain with simple one-
tap equalizer. However, before that procedure channel needs to be estimated in the frequency
domain by inserting known pilots to the data stream. That pilots are extracted and used for channel
estimation procedure. Both channel estimation and equalization are executed in the frequency

domain.
4.3.7. VLC System Based on LTE Standard

Our system is designed according to current Long Term Evaluation (LTE) Standard. System

parameters are chosen as,
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N = Useful Symbols
Fyampling = Sampling rate of A/D Link Devices

Af = Sub — carrier spacing

Sampling Rate : fsampling = N x Af ~ Bandwidth 4.2)
mazx(fsampling) = 250000
min(N) = 256

max(df) =976 Hz

First and last 4 symbols of the OFDM frame are used as both synchronization and cyclic prefix.

Remained 1016 symbols are used for data transmission.

4.3.8. Experimental Results

In the project test stage is implemented by the Monte Carlo method. The number of Monte

Carlo runs in our simulations is chosen as 10. So that we averaged our results for 10 trials. Trans-

mitted and received data are depicted in Fig. 4.30.

Figure 4.30. Message signal and received message signal

We have observed symbol errors which is proving that system is working well. It is observed

from the results that, channel impulse response has dominant effect on the SER. Experimental



results for various parameters are given in the Tables below.

Table 4.5. Results for, DC Bias: 280mA, sample rate: 150K, N: 2048

Test # | SubCarrier | Pause(sec) | Modulation | # ofSysmbol Loses | % of Sysmbol Loses | Time
TEST 1 2048 0,033 QPSK 1100 1,719 47
TEST 2 2048 0,032 QPSK 1147 1,792 47
TEST 3 2048 0,03 QPSK 1168 1,825 47
TEST 4 2048 0,034 QPSK 1119 1,748 47
TEST 5 2048 0,029 QPSK 1152 1,8 39
TEST 6 2048 0,028 QPSK 1190 1,859 39
TEST 7 2048 0,035 QPSK 961 1,502 47
TEST 8 2048 0,036 QPSK 1241 1,939 47
TEST 9 2048 0,037 QPSK 1020 1,594 47
TEST 10 2048 0,039 QPSK 997 1,558 47
TEST 11 2048 0,035 QPSK 934 1,459 47
Table 4.6. Results for, DC Bias: 280mA, sample rate: 100K, N: 2048
Test # | SubCarrier | Pause(sec) | Modulation | # ofSysmbol Loses | % of Sysmbol Loses | Time
TEST 12 2048 0,021 QPSK 2816 4.4 39
TEST 13 2048 0,018 QPSK 2703 4,223 39
TEST 14 2048 0,019 QPSK 2389 3,733 39
TEST 15 2048 0,02 QPSK 3468 5,419 39
TEST 16 2048 0,028 QPSK 3456 5,4 39
TEST 17 2048 0,029 QPSK 3154 4,928 39
TEST 18 2048 0,03 QPSK 3059 4,78 39
TEST 19 2048 0,031 QPSK 3279 5,123 39
TEST 20 2048 0,032 QPSK 2926 4,572 39
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Tests are conducted for two DC bias levels as, 280mA and 500mA. It has observed that,

500mA DC bias gives better symbol error rate (SER). More power at the receiver decreases SER

for given SNR level.

In Table 4.10 64 QAM is investigated. For 64 QAM symbol error rate increases dramatically.

In Table 4.12 experiments are conducted for N=1024. This configuration gave the most

reliable communication link in terms of symbol error.

For the sake of capturing system limits, test are also conducted without front-end devices



Table 4.7. Results for, DC Bias: 280mA, sample rate: 100K, N: 4096

Test # | SubCarrier | Pause(sec) | Modulation | # ofSysmbol Loses | % of Sysmbol Loses Time
TEST 21 4096 0,028 QPSK 3315 5,18 27,95
TEST 22 4096 0,032 QPSK 3083 4,817 30
TEST 23 4096 0,034 QPSK 2762 4,316 31,95
TEST 24 4096 0,035 QPSK 3148 4,919 31,9534
TEST 25 4096 0,037 QPSK 2367 3,698 31,959878
TEST 26 4096 0,037 QPSK 2578 4,028 31,8
TEST 27 4096 0,038 QPSK 2801 4,377 31,95
TEST 28 4096 0,039 QPSK 2948 4,606 31,952381
TEST 29 4096 0,04 QPSK 3103 4,848 31,959
TEST 30 4096 0,03 QPSK 2632 4,113 30,29
TEST 31 4096 0,029 QPSK 2808 4,388 29,8
TEST 32 4096 0,028 QPSK 3071 4,798 28

Table 4.8. Results for, DC Bias: 500mA, sample rate: 150K, N: 2048, M: 4

Test # | SubCarrier | Pause(sec) | Modulation | # of Symbol Loses | % of Symbol Loses | Time
TEST 1 2048 0,039 QPSK 868 1,357 47
TEST 2 2048 0,036 QPSK 748 1,17 45
TEST 3 2048 0,035 QPSK 823 1,286 48
TEST 4 2048 0,034 QPSK 775 1,28 42
TEST 5 2048 0,032 QPSK 765 1,196 40
TEST 6 2048 0,031 QPSK 747 1,167 39
TEST 7 2048 0,03 QPSK 749 1,17 38

Table 4.9. Results for, DC Bias: 500mA, sample rate: 150K, N: 2048, M: 16
Test # | SubCarrier | Pause(sec) | Modulation | # of Symbol Loses | % of Symbol Loses | Time

TEST 8 2048 0,03 16QAM 6763 10,56 19,97
TEST 9 2048 0,036 16QAM 7069 11,045 19,97
TEST 10 2048 0,028 16QAM 6607 10,3 19,97
TEST 11 2048 0,024 16QAM 7062 11,03 19,97
TEST 12 2048 0,024 16QAM 5903 9,223 19,97
TEST 13 2048 0,026 16QAM 6340 9,906 19,97

Table 4.10. Results for, DC Bias: 500mA, sample rate: 150K, N: 2048, M: 64

Test # | SubCarrier | Pause(sec) | Modulation | # of Symbol Loses | % of Symbol Loses | Time
TEST 14 2048 0,026 64QAM 16182 25 9
TEST 15 2048 0,03 64QAM 13086 20 8
TEST 16 2048 0,03 64QAM 14627 22 8,5

(LEDs and photo-diodes). Results are given in Table 4.13.
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Table 4.11. Results for, DC Bias: 500mA, sample rate: 150K, N: 4096, M: 4

Test # | SubCarrier | Pause(sec) | Modulation | # of Symbol Loses | % of Symbol Loses | Time
TEST 18 4096 0,03 QPSK 1320 2,062 19,99
TEST 19 4096 0,032 QPSK 1391 2,174 23
TEST 20 4096 0,029 QPSK 1196 1,86 20
TEST 21 4096 0,027 QPSK 1431 2,35 18
TEST 22 4096 0,024 QPSK 1513 2,36 17

Table 4.12. Results for, DC Bias: 500mA, sample rate: 150K, N: 1024, M: 4

Test # | SubCarrier | Pause(sec) | Modulation | # of Symbol Loses | % of Symbol Loses | Time
TEST26 1024 0,03 QPSK 418 0,653125 80
TEST27 1024 0,03 QPSK 305 0,4765625 81
TEST28 1024 0,03 QPSK 235 0,3671875 81
TEST29 1024 0,03 QPSK 256 04 80
TEST30 1024 0,03 QPSK 333 0,5203125 80
TEST31 1024 0,03 QPSK 266 0,415625 80
TEST32 1024 0,2 QPSK 301 0,4703125 80

Table 4.13. QPSK wire modulation with various subcarriers

Test # | SubCarrier | Pause(sec) | Modulation | # ofSymbol Loses | % of Symbol Loses | Time
TEST 1 2048 0,02 QPSK 741 1,15 0,22
TEST 2 2048 0,018 QPSK 563 0,879 0,22
TEST 3 4096 0,026 QPSK 893 1,39 0,22
TEST 4 1024 0,3 QPSK 96 0,15 0,22
TEST 5 1024 0,32 QPSK 49 0,076 0,22
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We have completed all the tests given above successfully. It is proven that the system works

fine with ACO-OFDM technique. The tests shows that the best quality is obtained with 1024

subcarriers but the transmission duration was too long. The duration can be made as short as

possible by increasing the number of subcarrier, but in such case the quality decreases.

4.3.9. Conclusions & Future Works

In this project OFDM is investigated in very wide sense. OFDM transmission algorithm and

suitable hardware changes are done during preparation phase. Audio and text data are success-

fully transmitted in realistic real life scenario by employing ACO-OFDM with frequency domain
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channel estimation & symbol detection. It has been observed that, channel consisting of free-space
optics and front-end non-linearity is most dominant error source in the entire system. Especially,
non-linear front-end characteristics needs special care in the future works. Unlike 1% and 2"¢ gen-
eration systems multi-carrier system is employed to increase spectral efficiency. It is shown that,
as a proof-of-the-concept ACO-OFDM could be realized in real life scenario in the laboratory with

150 Kbits/sec data rate with high reliability [55].

Developments in solid state lighting technologies have given great opportunity to VLC sys-
tems. Gigabits of data rates are achieved in the laboratory environments. Novel OFDM techniques
are developed to carry information on the light intensity while combating ISI in the channel. This
new technology could be used in wide variety of the cases such as in aircraft cabins, smartphones,
shopping malls, chemical plants, hospitals etc. It is already known that, biggest part of the data
traffic is occurring in indoor environment. As a result, VLC has great chance to survive in the

future technology market.
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5. Conclusions

VLC is up and coming technology for 5G+ and further generations. It is predicted that we
could see full-duplex connected LiFi network in the near future. Necessity to complementary
technology to existing RF structure would be more crucial in next 10 years of period. In this
thesis, it has shown that VLC is feasible, reliable and cheap technology and biggest candidate
for new generation wireless communications. Besides, practical applications proofs the concept
of VLC-OFDM applications in real life. All these promising results pushes all the researchers to

make VLC real in next generations.
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APPENDIX A:

* Hermitian Symmetry Property
OWC systems are using LEDs or lasers to transmit information. As long as information is
carried on the light intensity we have two main restrictions. Transmitted signal must be both
real and positive valued (unipolar). We want to obtain completely real signal after IDFT
operation in OFDM. We can simply deduce that, discrete time domain signal z[n] must be

real. Accordingly, DFT/IFDT pair is defined as,

DFT: X[k = Zf:olx[n]e—ﬂ”k"/’v wherek=0,1--- , N —1

. (A.1)
IDFT: x[n]= % iv:_olX[k]eﬂ’Tk”/N wheren =0,1--- ,N —1
We can easily see that,
X[N — k] = 30 an]e2rN=Rn/N — SOV ) g*j27ivn/1\£§*j2ﬂtk)n/1\i
e—J2mn—1 ej2mkn /N
(A.2)

where k =0,1--- /N —1
X[N — k] = S0 a[n]es2mhn/N

Since z[n] is real. Then, z*[n] = x[n] where * denotes complex conjugation operation. So

that,
(X[K])* = (X2, wln]ea2mhn/Nyx —
Y (@l (e ) = N e e = S et (A3)
wherek=0,1--- , N —1

As a result,

X[k] = X*[N — K] (A.4)
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¢ Folded Gaussian Distribution

Normal distribution is defined as,

flz) = e 20 (A.5)

where var(x) = E{(x — p)?} = [(x — (z)dx and
mean(x) = E{x} = fa:f r)d

One part of the Normal distribution folded on the other,

f ( ) 1 —(z—;)z A 1 —(z+2m2 (A6)
Ty, 0) = e 2 e 2o .
b V 2w o2 V 2w o2

Vv vV
Shifted to z=p Shifted to z=—p

We are looking for special case of Folded-Normal distribution (¢ = 0) is Half-Normal dis-

tribution. If X follows an ordinary normal distribution, ¥ = | X| follows half normal dis-

tribution. So, if Z folllows a Normal distribution than Clipped-Normal distribution will be
= LXJ Y

e 202 : (for x > 0) (A7)

where E{Z} = nuz = "‘fand var(Z)

¢ Parseval’s Theorem for DFT

N-1

S felnll? = 2 3 XA

n=0 0

2

B
Il

NP, = Pxp

N(time-domain power) = (frequency-domain power)

¢ Jacobian Transformation
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For a given integral of the form,

/ /R = f(x,y)dxdy (A.8)

For a continuos 1-to-1 transformation from (x,y) to (u,v) as * = z(u,v) and y = y(u,v).

Where region R (in the xy plane) mapped onto region R’ (in the uv plane) by,

//R = f(x,y)dzedy = /// = f(z(u,v),y(u,v)) J(u,v)dudv (A.9)

where J(u, v) named as Jacobian determinant and defined as,

o oo
J(U,’U): ou  Ov
o ox
ou  Ov

Fundamental integrals required in power calculations

* Definite Gaussian Integral,

1= ffooo e dx
PP = ([ e dr)([7 e dr) = ([°_ e~ dx) ([, e ¥ dy) (A.10)
I’ = ffooo f_oooo e~ @) drdy [z =rcosh , y = rsinb)]

If we apply Jacobian Transformation to map (X,y) plane to (u,v) plane,

or Ox .
oz oz cost) —rsind

J(u,v) = ZT = = rcos*) — (—rsin*0) = r(cos®0 + sin*0) =r
8—3{ g—g sinf  rcosf
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= [ ST e dady = [ [T e rdrdd = [T e = [P i

—2a
r=I= J=,/T

. f xe‘O‘IQdJL‘,
We already know that, ¢“*) = [ u/( et @) d

(A.11)

Lo’ 4o (A12)

[re=o*dy = —

Definite integral [*°_22e~%%"dz,
Which could be obtained from, ——J Where, J = [~ OOOO e~ equals to simple Gaussian

integral.

So that, — - (,/T)|, = YT
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f r3e=? dy

1 —az?

Integration by parts, [u = 2%, dv = e dy = du = 2zdx, v = —55€
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