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ABSTRACT 
 

As Light-Emitting Diode (LED)’s increasingly displace incandescent lighting over the next 

few years, general applications of Indoor Optical Wireless Communications (IOWC) technology 

are expected to include wireless internet access, broadcast from LED signage, and machine-to-

machine communications. This dissertation explores several fundamental research topics of 

IOWC. 

In this dissertation, the author develops a simulation method to generate IOWC channel 

models by tracking light reflections. The method is further optimized by investigating the 

contribution of each order of reflections and proposing a calibration method. Based on the 

channel models, the author reveals that sources’ Half-Power Angles (HPA), receivers’ Field-Of 

Views (FOV), sources layout, and the power distribution among sources are the significant 

factors impacting IOWC system quality.  

The dissertation also investigates the applications of advanced communication techniques to 

improve IOWC performance. The author starts by performing bit-error rate (BER) distributions 

and outage probability estimations using intensity modulation / direct detection (IM/DD) with 

additive white Gaussian noise (AWGN). Next, various orthogonal frequency-division 

multiplexing (OFDM) schemes are applied to mitigate the multipath effect in IOWC and 

decrease clipping noise. Precoding approaches are also used to reduce peak-to-average power 

ratio (PAPR) in OFDM systems. In addition, the multiple-input and multiple-output (MIMO) 

methods are explored to increase system reliability and/or band efficiency. 

Finally, this dissertation extends its topics to specific industrial applications of IOWC. By 

customizing the channel simulation for airplane cabins, the visible light propagation features in 
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this environment are investigated. The results confirmed the effectiveness of applying IOWC to 

airplane cabin wireless communications. An efficient algorithm to apply IOWC to indoor 

navigations is also developed. 
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Chapter 1  
 

Introduction 

1.1 Motivation 

High speed communication has found an important role in people’s daily lives [1]. The 

Wireless Home Link (WHL) is becoming more and more a reality. In the next decades, wireless 

communication will play a significant role in electronic devices interconnections.  

Visible Light Communications (VLC) is an emerging wireless communication technology 

based on white Light-Emitted Diode (LED). The LED is generally considered as the next 

generation light source and may replace the universal incandescent bulb and fluorescent bulb in 

home and work places, because of its advantages such as long lifetime, low power consumption, 

small size and being environment friendly. Moreover, LED has a high response sensitivity to 

support high speed communication. In VLC, LED takes both communication and illumination 

duties. We modulate the LED by user data to create illumination and communication dual 

functional “Base Station Light”, while human can hardly sense the flickers due to high 

modulation speed of hundreds of megabit per second. A typical VLC system is demonstrated by 

Fig. 1-1. 

Comparing with conventional Radio Frequency (RF) wireless communication, the VLC has 

many advantages, such as high data rate, energy saving, secure transmission, and lack of 

electromagnetic interference and most importantly, spectral regulation [1][2][3][4][5][6][7][8]. 

First, by some novel technique, VLC is able to provide 513Mbps transmission, according to [8]. 
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performance. Reference [12] integrated dimming control with VLC. The dimming control made 

users feel psychologically comfortable when they use the VLC.   

Though these investigations have made substantial contribution to VLC, they mostly work 

on the single source scenarios, rather than multiple sources. In order to fill the gap, this work 

focuses on the interference among sources when plural light sources are applied. Since most 

rooms install plural light sources on the ceiling, plural sources produce light coverage areas 

overlapping, introducing Inter-symbol Interference (ISI). The ISI degrades system performance.  

This thesis consists of several fundamental researches of multiple sources VLC. Source 

layout is one of the most important factors that affect light footprints overlapping and thus 

producing ISI. It determines the pattern and extent of the lights overlapping. We will explore the 

VLC performance in several conventional household layouts and investigate the impact of these 

layouts to VLC. Multiple sources increase multipath distortion. As orthogonal frequency-

division multiplexing (OFDM) is proved to be effective in reducing multipath-involved ISI, we 

will investigate this modulation scheme for VLC applications. Multiple-input and multiple-

output (MIMO) techniques will also be included as they provide either reliability improvement 

or bandwidth efficiency increase. Based on these investigations, we will further explore VLC 

performance in real applications, such as aircraft cabin wireless communications and indoor 

navigations. 

1.3 Organization 

In this thesis, the Lambertian emitting pattern of LED and the diffusion features in indoor 

environment are studied. Based on the theory, light pulses are traced to establish a MIMO indoor 
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wireless channel model on a specific sources layout. Next, test data is generated to simulate BER 

distribution in a room and the outage probability is calculated. After that, various OFDM 

modulation schemes are applied to mitigate multipath distortion. Furthermore, the performance 

improvement is expected when MIMO techniques are applied. After that, VLC performances in 

specific applications are investigated, including aircraft onboard wireless communications and 

indoor navigations. An efficient VLC based positioning algorithm is proposed. 

The rest of the thesis is organized as follows. Chapter 2 will describe indoor optical wireless 

channel and modeling method. Chapter 3 will provide detailed analysis of model accuracy and 

propose a calibration method. Chapter 4 will introduce bit-error rate (BER) and outage 

probability simulation results; impact factors to optical wireless communication systems will be 

investigated. Chapter 5 will explore several OFDM approaches to improve VLC performance. 

Chapter 6 will investigate the VLC improvement by applying novel MIMO techniques. Chapter 

7 will validate the VLC solutions to airplane wireless communications. Chapter 8 will propose a 

novel positioning algorithm using VLC. Chapter 9 will provide some thoughts about future work 

and summarize the thesis.  
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Chapter 2  
 

Indoor Optical Wireless Model 

2.1 Introduction 

Modeling indoor wireless channel is fundamentally tracing the light pulse, which 

experiences multiple Lambertian reflections. A light pulse is emitted at the source and 

propagates to all directions, while the directional power distribution obeys Lambertian law. 

When a part of the light beam arrives at a point on room surface, it is reflected in Lambertian 

pattern and this point works as the secondary light source. The process continues until the light 

reaches the receiver / user. Since the successive captured lights at the receiver come from the 

same pulse, but experience different optical paths, the overall receiver response demonstrates the 

impulse response from the source to the receiver. In most cases, there are plural sources and 

receivers; the indoor wireless channel is described by an impulse response matrix. 

2.2 Single Input Single Output (SISO) model 

Indoor optical wireless channel characteristic by computer simulations was first presented 

by Barry [13]. The authors set up a simulation tool to evaluate multipath impulse response of 

optical indoor channel. 

Barry’s room model divides the room surfaces including ceiling and floor into many grid 

elements. Each element is called a reflector and is assigned a reflection coefficient. The light 

pulse travels from a source to all the reflectors in a Line-of-Sight (LOS) Lambertian pattern. 

When light arrives at one of these, light intensity will be decreased by the multiplying reflection 
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where ER is the parameter set of a reflector as a receiver; ES is the parameter set of a reflector as 

a transmitter. The integration carries on all reflectors. As a result, the overall impulse response is 

the infinite sum of the impulse responses undergoing all possible number of reflections. 

     ℎ(ݐ; ܵ, ܴ) = ∑ ℎ(௞)(ݐ; ܵ, ܴ)ஶ௞ୀ଴    (2-3) 

2.3 Multiple Input Multiple Output (MIMO) model 

In most cases, where there are plural light sources and users. It is necessary to extend a 

MIMO indoor wireless channel model from the SISO model. 

Kavehard and Alqudah developed the MIMO indoor optical wireless channel simulation 

based on diffuse-transmission configuration [3]. This method transforms impulse response into a 

matrix form.  

In the MIMO model, considering the transmitter and receiver, the transfer function between 

any two points is divided into four components. Suppose there are J sources, N  surface 

elements and M  receivers, the four components are: the transfer function between a source and 

surface element ( NJF  ), the transfer function between surface elements ( NN ), the transfer 

function between surface element and receiver ( MNG  ), and the direct transfer function between 

source and receiver ( MJD  ). 

2.3.1 Source Profile ( NJF  ) 

NJF   is a J  by N  matrix. 
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Each entry of the matrix skf  is the transfer function between a source s  and element k  as 
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where n is the Lambertian order of the source; sk  is the emitting angle from source s  to 

element k ; sk  is the incident angle from source s  to element k ; skR  is the distance between 

source s  and element k ; kA  is the area of the element; c  is speed of light; ()u  is unit step 

function. 

2.3.2 Environment Matrix ( NN ) 

    NN  is a N  by N  matrix. In matrix format, considering up to n reflections, it is 

expressed as 
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where NNI   is the N  by N  identity matrix, and NN  is given by  
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ik  represents the transfer function between two elements i  and k  as 
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where i  is the reflection coefficient of element i ; ik  is the emitting angle from element i  to 

element k ; ik  is the incident angle from element i  to element k ; ikR  is the distance between 

element i  and element k ; kA  is the area of the element; c  is speed of light. 

2.3.3 Receiver Profile ( MNG  ) 

MNG   is a N  by M matrix. It is represented as 
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The entry irg  is the transfer function from element i  to receiver k  as 
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where i  is the reflection index of element i ; ir  is the emitting angle from element i  to 

receiver r ; ir  is the incident angle from element i  to receiver r ; irR  is the distance between 

element i  and receiver r ; rA  is the area of the receiver; c  is speed of light; rFOV  is the FOV of 

the receiver r . 

2.3.4 Direct Response Matrix ( MJD  ) 

MJD   is a J  by M matrix. It is represented as 
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The entry ird  is the transfer function from element s  to receiver r  as 

)()(
)cos()(cos

2

1
2 srr

sr

sr

rsrsr
n

sr FOVu
c

R
t

R

An
d 







    (2-12) 

where n is the Lambertian order of source s ; sr  is the emitting angle from source s  to receiver 

r ; sr  is the incident angle from source s  to receiver r ; srR  is the distance between element s  

and receiver r ; rA  is the area of the receiver; c  is speed of light; rFOV  is the FOV of the 

receiver r . 
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2.3.5 Total Response ( MJH  ) 

The total impulse response matrix of the MIMO system is given by: 

MNNNNJMJ GFDH        (2-13) 

where   indicates matrix convolution.  

2.4 Typical Impulse Response Distortions 

In most locations, the impulse response has insignificant impulse spread. However, two 

kinds of locations exhibiting considerable impulse distortion are found. The first kind is the room 

corner (0.2, 0.1); the second kind is the overlapping area of light footprints (2.2, 2.4).  

Two typical types of distorted impulse responses from the entries of H  are demonstrated in 

Fig. 2-2. At the room corner, the spread of impulse response comes from multipath effect of light 

reflections. In the corner area, the receiver captures reflected lights, which experience different 

reflection paths, and cause the decreasing tail in impulse response. What is worth mentioning is 

that the tail has much lower power compared with the peak.  

In the overlapping areas, several equally high sharp peaks in the impulse response are 

observed. The reason for the multiple peaks is that lights from different sources enter receiver via 

different LOS paths, the time difference of the arrivals causes the multiple peaks. This is an 

important influencing factor to VLC. 
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Fig. 2-2: (a) multi-path effect (b) inter-source interference 
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2.5 Conclusions 

In this chapter, the approaches to establish indoor optical wireless models are investigated. 

These approaches are based on tracing light reflections in the environment. The most efficient 

method is proposed by Kavehrad and Alquadah. In their method, the entire impulse response 

matrix is divided into several stages. Each stage provides a group of parameters. This method 

substantially saves simulation time when we calculate the impulse response matrix for multiple 

receiver locations is calculated. Once the environmental matrix NN  is obtained at one location, 

it is saved and reused for other locations.  
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Chapter 3  
 

Indoor Optical Wireless Channel Model Error Analyses and 
Calibration 

3.1 Introduction 

This chapter analyzes the impact of high order light reflections on Indoor Optical Wireless 

(IOW) channel models. Based on the authors’ findings, a calibration method is proposed to 

reduce model errors. Channel models are generated by tracing and adding up diffuse light 

reflections and sequential sub-reflections along its traveling path. As computation complexity 

increases significantly with the number of reflection orders considered, researchers 

conventionally take the contribution of a first few orders, most commonly three, to represent the 

complete channel. Discarded high-order reflections bring no significant performance difference 

to low-speed systems; however, major contemporary IOW research institutions focus on high- 

speed Gbps communications where their impact is no longer negligible. Root-Mean-Square 

(RMS) delay-spread, for instance, is severely underestimated by neglecting high-order 

reflections. We simulate an IOW system in an ordinary 6m*6m*3m lab room and calculate the 

contributions of each order of reflections at 841 locations. It shows the RMS delay-spread 

estimation using first three orders is underestimated by 15.3% on the average and 26.6% as the 

maximum. To limit error within half a symbol period, 1Gbps and 10Gbps systems tolerate 

underestimations up to 13.7% and 1.4%, respectively. These must be achieved by applying first 5 

and 9 orders. To keep the computation efficiency of low order reflection models and improve 

their accuracies, we propose a statistical calibration method. It reduces average model error of 
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first three reflection orders from 15.7% to 4.3%. After calibration, numbers of orders required by 

1Gbps and 10Gps systems are individually reduced to 3 and 7. 

3.2 Historical Review of Indoor Optical Wireless Channel Research and Error 
Analyses 

Indoor Optical Wireless Communication (OWC) has been studied extensively in recent 

years. It is recognized as a strong candidate technology for the next generation high-speed 

wireless networks. Comparing with conventional Radio Frequency (RF) wireless 

communications, it offers significant advantages [14][15][16][17]. First, the visible, infrared and 

ultraviolet spectral regions offer virtually unlimited bandwidth and are not regulated. Second, 

light is confined in rooms because it is not able to penetrate opaque barriers, such as walls, 

ceilings and floors. This feature enables band reuse between neighboring rooms and provides 

physical layer communications security. Third, OWC neither generates nor is susceptible to 

electromagnetic interferences. This technology, therefore, can be widely applied to sensitive 

environments including hospitals, aircrafts, mines, power plants and others.  

Realizing the substantial potentials of OWC, many research institutions are being sponsored 

in this area by government and industry. In the United States, the Pennsylvania State University 

and Georgia Institute of Technology lead the NSF Centre on Optical Wireless Applications 

(COWA). They collaborate with industrial leaders to evaluate the potentials of the 

interdisciplinary research center activities, in providing leadership to develop new generation of 

environment-friendly and extremely wideband optical wireless technology applications [18]. The 

Center for Ubiquitous Communication by Light (UC-Light) is established by University of 

California, Riverside. This center focuses on white Light-emitting Diodes (LEDs) for wireless 
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information sharing and retrieving [19]. In Europe, the hOME Giga Access (OMEGA) project 

started on 2008. It will develop a user-friendly home area network capable of delivering high-

bandwidth services and content at a transmission speed of one Gigabit per second [20]. In Japan, 

the Visible Light Communication Consortium (VLCC) was founded in 2003. It is aiming to 

publicize and standardize the visible light communication technology, which has been discussed 

and evaluated in various industry fields [21]. 

In OWC, the channel model is one of the most important research subjects, since it indicates 

the transmission capacity and communication performance. The first channel characteristics 

model study for infrared was made by Gfeller and Bapst in 1979 [22]. Later, a recursive 

simulation method for diffusion indoor optical wireless channel was developed by Barry and 

Kahn in 1993 [9]. Not long after, Alqudah and Kavehrad invented the method to simulate 

Multiple-Input and Multiple-Output characteristics of indoor optical wireless link [3]. Though 

these methods substantially increase simulation efficiency, the computation still consumes 

considerable time and the complexity significantly increases with number of reflection orders 

concerned. To make sure the model can be simulated in a reasonable amount of time, researchers 

use channel models considering only first a few bounces, most commonly three, to represent the 

complete model.  This approximation has been generally accepted for decades, because of the 

insignificant performance difference in relatively low speed transmissions at that time. As 

present leading research institutions are moving to Gbps high speed transmissions, this 

approximation no longer holds. Consequently, there is an urgent demand for explorations on 

higher order reflections and involved model errors. This chapter analyzes the impact of high-

order reflections on channel models. Based on our research, we summarize the general rules of 
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    Indoor optical wireless channels are characterized by impulse responses (IRs). In this 

chapter, we consider multiple spots sending data on the ceiling as spatially diverse transmitters. 

The IRs are generated correspondingly when the receiver is placed at different locations in the 

room. Assuming there are	ܯ spots and ܰ receiver locations, the channel characteristic profile of 

this communication system is represented by an IR matrix ܪெ×ே(ݐ) as:  

(ݐ)ெ×ேܪ = ێێۏ
(ݐ)ℎଵଵۍێ ℎଵଶ(ݐ) … … ℎଵே(ݐ)ℎଶଵ(ݐ) ℎଶଶ(ݐ) … … ℎଶே(ݐ)… … … … …… … … … …ℎெଵ(ݐ) ℎெଶ(ݐ) … … ℎெே(ݐ)ۑۑے

 (1-3)     		ېۑ

The element ℎ௜௝(ݐ) indicates the impulse response from the ݅ − ݆ ℎ  spot to theݐ −  ℎݐ

location. As multiple spots are applied for spatial diversity, assuming equal gain combining is 

applied, the total impulse response when the receiver is placed at the ݆ − (ݐ)ℎ location is: ℎ௝ݐ = ∑ ℎ௜௝(ݐ)ெ௜ୀଵ 			     (3-2) 

3.3.2 Channel Model Simulation 

The principle of channel simulation is partitioning a room into numerous reflectors and 

tracing the light diffusive reflections from them. In this simulation, we place the laser transmitter 

in the center of the room, pointing upwards. By dividing the beam, it generates multiple diffusion 

spots on the ceiling. The diffusions follow Lambertian pattern and light travels to all reflectors 

through Line-Of-Sight (LOS) paths.  When light arrives at a reflector, after reflection loss, the 

reflector becomes a secondary diffusion spot and retransmits light to other reflectors in the same 

manner. These diffusions keep repeating in the room, with intensity decrease from propagation 

attenuations and surface absorptions. By collecting the lights from all diffusions at the receiver, 
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we get the total IR through diffusion paths. It is apparent that a diffusion channel is 

fundamentally a combination of a large amount of scaled and delayed LOS channels. 

The LOS impulse response from one transmitter ݅ to receiver ݆  ݃௜௝(଴)(ݐ) is given by [9]: 

݃௜௝(଴)(ݐ) ≈ ଵగ ୡ୭ୱ൫థ೔ೕ൯ ୡ୭ୱ൫ఏ೔ೕ൯஺ೃೕோ೔ೕమ ߜ ቀݐ − ோ೔ೕ௖ ቁ ݐܿ݁ݎ ൬ ఏ೔ೕிை௏ೕ൰     (3-3) 

     

Fig. 3-2: LOS Transmission 

As shown in Fig. 3-2, the superscript (0) indicates that it is a LOS IR, because 0 reflections 

are experienced from ݅ to ݆; ߶௜௝ is the angle between the vector pointing from transmitter to 

receiver and the transmitter normal; ߠ௜௝ is the angle between the vector pointing from receiver to 

transmitter and the receiver normal; ܣோ௝ is the effective receiver area; ܴ௜௝ is the distance between 

the two; ܿ is the speed of light; ܱܨ ௝ܸ is the Field-Of-View (FOV) of the receiver.  

Previous research successfully indicates that the IR from one point ݅ to another ݆ 
experiencing exact	݇ bounces can be calculated from the IRs experiencing exact ݇ − 1 bounces 

and LOS IRs, as 
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                   	݃௜௝(௞)(ݐ) ≈ ∑ ݃௜௟(଴)(ݐ) ⊗ ݃௟௝(௞ିଵ)(ݐ)ொ௟ୀ଴ 																									= ଵగ ∑ ఘ೗ ୡ୭ୱ(థ೔೗) ୡ୭ୱ(ఏ೔೗)஺ೃ೗ோ೔೗మ ݐܿ݁ݎ ቀ ఏ೔೗ிை௏೗ቁ ݃௟௝(௞ିଵ) ቀݐ − ோ೔೗௖ ቁொ௟ୀ଴  ௟ is the reflectivity of reflector ݈; ܳ is the total number of reflectors in the model. By recursivelyߩ (3-4)			

using (3-4), we can generate the IRs experiencing arbitrary number of reflections from LOS IRs.  

In this way, the accumulated IR concerning first ݇ orders reflections ℎ௜௝(௞)(ݐ) is the sum of 

the IRs that experience exact ݈ orders (݈ = 1,2,3, … , ݇). ℎ௜௝(௞)(ݐ) = ∑ ݃௜௝(௟)(ݐ)		௞௟ୀ଴   (3-5) 

In [9], the authors show the runtime to compute ݃௜௝(௞)(ݐ) is roughly exponential in ݇. At that 

time, it required approximately 24 hours to calculate ݇ = 3 bounces of IR with 2776 elements. 

Though in recent decades the simulation method has been optimized and the computation 

capacity has been upgraded, the computational complexity is still considerably high and 

increases significantly with reflection orders. In a practical scenario, people still have to use only 

first a few orders, most often three, to approximate the complete IR ℎ௜௝(ݐ).  
3.3.3 Channel Features  

Signal-to-Noise Ratio (SNR) and Inter-Symbol Interference (ISI) are essential factors 

determining communication performance. The former can be estimated by received power at the 

receiver while the latter can be indicated by average delay and delay-spread. We therefore focus 

our research on power attenuation, average delay and delay-spread. For power issues, we shall 

keep in mind the differences between OWC systems and RF. The received optical power is 

proportional to the IR magnitude. Since optical power is linearly converted to the amplitude of 



21 

 

electrical/signal current, the received electrical/signal power is proportional to the square of IR 

magnitude.   

On the power side, to exclude the influence of ISI, we assume the transmitters are sending a 

unity amplitude square impulse (ݐ)ݔ in a symbol period. For the received optical power at 

location ݆, it is calculated by P୭୨ = ଵ୘ ׬ x(t)*h୧୨୘଴ (t)dt     (3-6)   

For the received signal power at location ݆, it is calculated by Pୱ୨ = ଵ୘ ׬ (x(t)*h୧୨(t))ଶ୘଴ dt     (3-7) 

On the ISI side, the average delay is the first moment of the power delay profile with respect 

to the first arriving path, defined as [25]:  μ୨ = ׬ th୧୨ଶஶ-ஶ (t)/h୧୨ଶ(t)dt     (3-8) 

The Root-Mean-Square (RMS) delay-spread is the square root of the second central moment 

of a power delay profile as: 

s୨ = ට׬ (t-μ୨)ଶh୧୨ଶஶ-ஶ (t)/h୧୨ଶ(t)dt     (3-9) 

Delay-spread is a good measure of multipath distortion and indicates potential ISI. Previous 

research shows maximum transmission rate over a wireless channel is determined by the inverse 

of its delay-spread, given that no diversity or equalization applied [26][27]. 

3.4 Simulation and Results 

We, at first, choose three typical test locations to analyze the contribution of each order of 

reflections to IR. The three locations are (unit: m): A (0, 0, 0.9) representing a point at the room 
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corner, where severe diffusions are experienced; B (0, 3, 0.9) representing a point near a wall but 

away from corners, where medium diffusions are experienced; C (3, 3, 0.9) representing a point 

at the center of the room, where weak diffusions are experienced. Next, we demonstrate the 

estimation accuracy distributions all over the room. The IOW system has 9 transmitting spots 

generated from one laser source for spatially diverse purpose and the simulation parameters are 

given in Table 3-1.  

TABLE 3-1: ROOM MODEL SIMULATION PARAMETERS 
Room size,  

length*width*height (unit: m) 

6m*6m*3m

Laser source location (unit: m) (3, 3, 0.5)

Diffusion  transmitting  spots 

location    (unit: m) 

(1.5, 1.5, 3) (1.5, 3, 3) (1.5, 4.5, 3) 

(3, 1.5, 3) (3, 3, 3) (3, 4.5, 3) 

(4.5, 1.5, 3) (4.5, 3, 3) (4.5, 4.5, 3) 

Transmission power at each spot 

(unit: W) 

1

Reflection coefficients 

(ceiling, wall, floor) 

0.9, 0.7, 0.1

Reflection elements size 

(unit: m*m) 

0.2*0.2

Receiver FOV 

(unit: degrees) 

60

Receiver Aperture Area 

(unit: m
2
) 

1e‐4

Time resolution (unit: ns) 0.66
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3.4.1 High-order Reflection’s Impact to IR 

Fig. 3-3, Fig. 3-4, and Fig. 3-5 show the contributions of each order of reflections to the IRs 

at test locations A, B and C. As given in (3-5), the total IR is the sum. In all three locations, the 

0-th reflection (LOS) contributes the major impulses of the IRs, which contain most of the 

optical power. From the 3-rd order reflections, the shapes of individual order IRs are similar; 

nevertheless, they attenuate and temporally spread out as order increases. Comparing with low 

order reflections, high order reflections contribute less amplitude but more delay to IR. Unlike 

received power which is only related to IR amplitude, delay-spread is jointly determined by IR 

amplitude and delay. High-order reflections, therefore, obviously make more significant impact 

to delay-spread than received power. In other words, delay-spread estimation should converge 

slower than power with reflection orders increase. 

 

Fig. 3-3: Impulse response of each order of reflections at location 1 
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Fig. 3-4: Impulse response of each order of reflections at location 2 

 

Fig. 3-5: Impulse response of each order of reflections at location 3 
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3.4.2 Model Accuracy Analyses 

To further explore the convergence differences, we plot the estimation accuracy of received 

optical power, received signal power, average delay and RMS delay-spread in Fig. 3-6 to Fig. 3-

8. We use the results applying first 20 orders of reflections as references of accurate estimation. 

Accuracy is defined by the ratio of estimated value to referred accurate value. 

 

 

Fig. 3-6: Channel characteristics estimation accuracy at location 1 
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Fig. 3-7: Channel characteristics estimation accuracy at location 2 

 

Fig. 3-8: Channel characteristics estimation accuracy at location 3 
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The figures show that signal power and average delay converge fast and shall not be 

noticeably impacted by truncating them to first two or three orders; however, the received optical 

power and the RMS delay-spread converge substantially slower. For a Gbps high-speed 

transmission system, delay-spread deserves particular attention, because it dominantly 

determines ISI.  The maximum delay-spread we observed all over the room is 3.66ns. To make 

sure any delay-spread model error is smaller than half of a symbol period, we need the delay-

spread estimation accuracy higher than 1 − ଵ௘ିଽଶ×ଷ.଺଺௘ିଽ × 100% = 86.3% for 1Gbps systems and 

1 − ଵ௘ିଵ଴ଶ×ଷ.଺଺௘ିଽ × 100% = 98.6% for 10Gbps systems. As the figures show, estimation accuracies 

for the three locations by first three orders are only 73.4%, 82.9% and 90.7%, respectively. If we 

only use first three orders reflections to create the model, only location C meets the accuracy 

needed for 1Gbps and none of them satisfy 10Gbps. 

3.4.3 Delay-spread Spatial Distributions    

 As IOW projects are to provide full coverage and mobility, it is necessary to extend channel 

model analysis from the three test points to the entire area of the room. Our research shows high-

order reflections make impacts differently at different locations. The spatial distribution is 

explored by simulating 841 channels, representing every piece of 0.2m×0.2m area of a 

6m×6m×3m room. As we demonstrated that delay-spread experiences most severe impact from 

discarded high-order reflections, we utilize delay-spread estimation accuracy to indicate model 

accuracy as the worst case. Its contours for each additional order of reflections considered are 

shown in Fig. 3-9 to Fig. 3-16, respectively. Generally, the shapes of the contours are similar as 

number of reflections increases: high accuracy areas are near the center of the room and the 
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accuracy decreases when approaching the corners of the room, where multi-path effect is much 

richer; we also observe that dense contours exist at the corner of the room, which indicates a 

sharp decrease of model accuracy. We are able to get the required reflection orders for specific 

transmission rate from the contours. For instance, to ensure the accuracy of the entire room is 

above the need for 1Gbps data rate, we need 5 orders (86.3% above accuracy guaranteed) of 

reflections and 9 orders (98.6% above accuracy guaranteed) for 10Gbps.  

 

 

Fig. 3-9: Delay-spread model accuracy contour considering first 2 orders reflections (%) 
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Fig. 3-10: Delay-spread model accuracy contour considering first 3 orders reflections (%) 

 

Fig. 3-11: Delay-spread model accuracy contour considering first 4 orders reflections (%) 
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Fig. 3-12: Delay-spread model accuracy contour considering first 5 orders reflections (%) 

 

Fig. 3-13: Delay-spread model accuracy contour considering first 6 orders reflections (%) 
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Fig. 3-14: Delay-spread model accuracy contour considering first 7 orders reflections (%) 

 

Fig. 3-15: Delay-spread model accuracy contour considering first 8 orders reflections (%) 
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Fig. 3-16: Delay-spread model accuracy contour considering first 9 orders reflections (%) 
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௝(௞)ݏ̃ =  ௝(௞)/ܿ[݇]   (3-10)ݏ

where ̃ݏ௝(௞) and ݏ௝(௞) are the post-calibrated and pre-calibrated delay-spread from first ݇ orders of 

reflections, respectively. 

The calibration value for each order of reflections is given in Table 3-2  

 TABLE 3-2: CALIBRATION VALUES FOR CHANNEL MODEL 
Orders  1 2  3 4 5 6 

Calibration 

(%) 

60.53  74.53 84.71 91.77 95.52  97.67

Orders  7 8  9 10 11 12 

Calibration 

(%) 

98.79  99.38 99.69 99.84 99.92  99.96

 

We apply the RMS model error to compare the performance before and after calibration as 

in Fig. 3-17. These are calculated by (3-11) and (3-12), respectively: 

݁(௞) = ଵே ∑ (௦ೕ(ೖ)ି௦ೕ௦ೕ )ଶே௝ୀଵ    (3-11) 

݁̃(௞) = ଵே ∑ (௦̃ೕ(ೖ)ି௦ೕ௦ೕ )ଶே௝ୀଵ    (3-12) 

where ܰ  is the total number of channels tested; ݁(௞) is the pre-calibrated estimation error; ݁̃(௞) is 

the post-calibrated estimation error; ݏ௝ is the reference of accurate estimation. As we can see, 

there is a substantial decrease in delay-spread model error after calibration. In the model 

applying first three orders of reflections, the average RMS error drops from 15.7% to 4.3%. We 

draw the contour for the calibrated model accuracy as in Fig. 3-19 and Fig. 3-20. It can be 

discovered that the order number of reflections needed for 1Gbps systems reduces from 5 to 3 

and from 9 to 7 for 10Gbps systems.  
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Fig. 3-17: Channel estimation accuracies for all 841 locations and average 

 

Fig. 3-18: Comparison of average RMS model error before and after calibration 
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Fig. 3-19: Calibrated delay-spread model accuracy contour considering first 3 orders reflections (%) 

 

Fig. 3-20: Calibrated delay-spread model accuracy contour considering first 7 orders reflections (%) 
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3.6 Conclusions 

This chapter extensively discusses the impact of high-order light reflections on IOW channel 

model error. The results indicate that conventional channel models based on a first few, most 

commonly three, orders of reflections are not able to provide sufficient model accuracy for 

contemporary research over Gbps high speed IOW systems. The spatial distribution of model 

error and the impact of each additional order are explored in details. Based on their findings, the 

authors develop a calibration approach. It successfully mitigates RMS delay-spread error and 

keeps efficiency simultaneously.  
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Chapter 4 Bit Error Rate (BER) Distribution and Outage 

4.1 Introduction 

BER distribution and outage is a critical measure of Optical Wireless Communications 

(OWC) performance. It is impacted by source lay-out, room structure, receivers’ locations and 

other factors. In the communications process, sources continuously emit light pulses in 

Lambertian pattern. Due to the room structure, a transmitted pulse undergoes multiple 

consecutive reflections on the surfaces, until it arrives at the receiver or attenuates to a negligible 

energy. Since plural light sources, in particular layout, are commonly used in a room for 

providing sufficient illumination, the indoor optical wireless channel is a spatially diverse 

channel to a specific user in the room. Due to the multi-path effect by reflections, and the inter-

source interference, the channel causes temporal distortion of the impulse. As the distortion 

strongly relies on the receiver location, the system will exhibit significantly different 

performance (BER) when the receiver is placed at different locations. In this chapter, we 

consider all possible users’ locations in the room and apply MIMO channel model to simulate 

BER distribution and outage. 

4.2 Indoor Visible Light Communication System 

The simulation assumes that there are multiple light sources on the room ceiling in a specific 

layout format. All these sources broadcast the same information. The floor is divided into many 

elements, while each of the elements is a possible receiver location, representing a possible user. 

For a particular receiver location, we generate the impulse response from the sources to the 
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receiver at that location. Then, run a data simulation based on the obtained impulse response to 

calculate BER. The simulation is carried for Intensity Modulation / Direct Detection (IM/DD). 

We repeat the process at other locations and obtain the BER of all possible user locations. Based 

on the BER data collected, we calculate the percentage of the room area that does not meet the 

outage requirement as the outage probability.  

In practice, for mathematical convenience, we change the order slightly by using Kavehrad’s 

method, as referred to in Chapter 2. We gather all the impulse responses at all locations at first in 

a Matrix )(tH as step 1; then we run the data simulations together to get the BERs in a Matrix 

form as step 2; and calculate the BER outage as step 3. The sequential change leads to the same 

result as we desire. 

4.2.1 Indoor Wireless Channel Modeling  

The theories of the modeling method are presented in detail in Chapter 2. We list the 

parameters in our simulation in Table 4-1. 

The parameters are chosen for the following reasons, respectively. For convenience, we set 

the transmission power of each light source to 680lm, which equals to 1 Watt at 555 nm [28]. 

Receiver FOV is set to a large value as 60 degrees to enlarge receiving area as well as reducing 

blocking probability. LED half power angle is set to 60 degrees as the Lambertian mode number 

is equal to 1, which is the common value of most commercial LEDs [4]. Reflection coefficients 

for ceiling, walls and floor are from Kavehrad’s previous research [3]. The room dimension is 

selected as that of an ordinary room. 
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TABLE 4-1: WIRELESS CHANNEL MODEL PARAMETERS 

Transmission power (lm) 680 

FOV (degree) 60 

LED half power angle (degree) 60 

Reflection coefficients  

(ceiling, wall, floor)  

 

0.9, 0.5, 0.1 

Room dimension (m*m*m) 6*6*3 

Reflection element size (m*m) 0.1*0.1 

Time resolution (ns)  0.33 

 

Suppose there are n possible receiver locations. After the modeling, the impulse response 

matrix is obtained as )(1 tHn . )(1 tHn  is an 1n  matrix, for which each entry represents the 

impulse response from the sources to one location.  

4.2.2 Communication Simulation 

The communication arguments used are demonstrated in Table 4-2. Though it is higher than 

the maximum modulation rate of most available commercial LEDs, the computer simulation bit 

rate is set to 600Mbps for two reasons. First, we focus our research on channel and it is 

reasonable to idealize the source; second, by some modern coding and equalization approaches, 

the available transmission rate of commercial LED is approaching the value that we use [8].  
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The layouts of 4, 6, 9 sources are typical. ][md  is the test data sequence. )(ts is the 

transmission waveform, which is generated by OOK modulation of ][md . )(1 trn  is the receiving 

waveform vector, while each entry is the received waveform at a specific location. Each entry of 

)(1 trn  comes from the convolution of )(ts and corresponding entry of )(1 tHn  plus noise. It can 

be presented as  

)()()()( 11 tntstHtr nn         (4-1) 

where   means convolution and )(tn  represents the noise. 

TABLE 4-2: BER SIMULATION PARAMETERS 

Bit rate (Mbps) 600 

noise (dbmW) -105 

Test data length 1e6 

4.2.3 BER Outage Evaluation 

Recovering data ][ˆ
1 mdn  from )(1 trn  by sampling and decision making, we compare it with 

][1 mdn  to obtain error vector ][1 men  

])[],[ˆ(][ 111 mdmdXORme nnn        (4-2) 

where XOR  stands for Exclusive-OR to each pair of entries. Each entry of ][1 men  is a “1-0” 

sequence where a “1” represents an error. Counting the number of “1”s in each entry of ][1 men  

and dividing it by the length of corresponding entry, we obtain the BER vector 1nber . Each entry 

of 1nber is the BER of corresponding location. We set an acceptance threshold for BER for 
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indoor wireless communication, for example, 10-5. When an entry of 1nber   is greater than the 

threshold, it means that the corresponding location is in the outage state. The BER outage 

probability of the room is calculated by: 

n

thresholdberofnumberentries
outage n )( 1         (4-3) 

4.3 Optimal Detection and BER Outage Analysis 

In this section, an analytical method is used to predict VLC BER distribution and outage 

caused by inter-source interference under arbitrary source layout. To the best of the author’s 

knowledge, there have been no research publications on this topic. A few investigations were 

about power distribution of VLC system, among which Wu and Kavian’s work [29] was 

distinguished. Nevertheless, the analytical method to solve BER distribution is significantly 

more complex than power distribution because diffusion and lights overlapping increase BER in 

certain scenarios while decrease BER in other scenarios. Therefore, Barry’s and Kavehrad’s 

methods are generally applied to calculate impulse response from the sources to specific receiver 

location and test data is then used to compute the BER at this location. The process is repeated 

for all locations to obtain BER distribution in a room.  

As mentioned in Chapter 2, the simulation method has a high computational complexity and 

requires a large volume of processing resources, especially for high resolution room model. That 

is because the method considers the Lambertian transmission between any pair of reflectors in 

each tier of diffusion; when room resolution increases by n times, the computational complexity 

increases by 422 nnn   times. The test data may also consume a long time to process when 

high accurate BER is needed. The analytical method proposed in this chapter is based on 

Lambertian transmission, geometrical computing and optimal detection theory.   
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4.3.1 Optimal Detection 

As Lambertian transmission is described in Chapter 2 and the geometrical computing will be 

shown in the next section, we provide a brief introduction of optimal detection. On-Off Keying 

(OOK) is the most popular VLC modulation scheme, which is basically binary amplitude 

modulation; therefore, we take binary antipodal signaling as an example to explain optimal 

detection [30].  

In a binary antipodal signaling scheme )()(1 tsts   and )()(2 tsts  . The probabilities of 

messages 1 and 2 are p  and  p1 , respectively. The vector representations of the two signals 

are just scales with sts )(1  and  sts )(2 , where s  is the energy in each signal. The 

decision region of signal 1 1D  is given as 
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where 
2

0N
 is the variance of Gaussian noise and thr  is the threshold defined as 
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To derive the error probability for this system, we have 
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In the special case where 
2

1
p , we have 0thr  and the error probability simplifies to  

)
2

(
0N

QP s
e


       (4-7) 

Suppose there is an interference signal at next symbol period with energy i , the error 

probability becomes 

))(
2

(
2

1

0
ise N

QP        (4-8) 

where the coefficient 
2

1
 indicates that the interference symbol is different from the transmitted 

symbol by the probability of 
2

1
. 

4.3.2 BER Analysis 

As referred in Chapter 2, there are two kinds of impulse distortions in VLC, which are 

multi-path effect and the inter-source interference. In most room areas, inter-source impulse 

distortion dominates. It can be modeled by multiple LOS Lambertian transmissions from 

different sources. The inter-source impulse distortion model can be further used to determine 

room BER distribution.  

Suppose there are N  sources NSSS ,...,, 21 on the ceiling, streaming data to receiver R . The 

coordinate of source i  is ),...,2,1(),,( Nisss iziyix   and the coordinate of the receiver is 

),,( zyx rrr . We define the distance matrix HD  and the power matrix HP  as 

],...,[ 21 NdddHD       (4-9) 

],...,[ 21 NpppHP       (4-10) 

where id  and ip  indicate the distance and the received power from source ),...,2,1( NiSi   to 

the receiver R , respectively. Applying geometric method, it is straightforward to obtain id  as 

),...,2,1(),,(),,( Nirrrsssd zyxiziyixi        (4-11) 
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Using LOS Lambertian model (2-1), we calculate ip  as 
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    (4-12) 

We consider LOS transmission from source ),...,2,1( NiSi   to receiver R , since ceiling 

plane is parallel to floor plane, we have receiver incident angle i  equals to source transmission 

angle i . Then, )cos( i  can be calculated by trigonometric relation as   

i

ziz
i d

rs )(
)cos(


       (4-13) 

In this chapter, we assume Lambertian pattern order 1n , incident angle i  is always 

smaller than receiver FOV  and all receivers are of the same area RA . As a result, we have  
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     (4-14) 

From HD  and HP , we know that the impulse response )(th  from the sources NSSS ,...,, 21  

to receiver R  consists of N  peaks, with different amplitudes arriving at different times as 
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As in (3-1), suppose transmission signal is )(ts , combining with (4-12), the received signal 

is  
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We define the earliest arrived light impulse as the user impulse and suppose it comes from 

source 0S . It satisfies )(minarg
1

0 i
Ni

dS


 .  
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When the peaks arrive after the user peak no later than a symbol period T , as )(ts  remains 

unchanged, these peaks will enforce the user peak. Therefore, the received user energy is 

 






T

cTdd
i

i

i

zizR
s dt

c

d
ts

d

rsA

i

0

0

2
4

2

0

))(
)(

(


       (4-17) 

We consider the peaks arriving after the user peak between  T  and T2 , and ignore the later 

peaks, since they are significantly weak. The interference optical energy is  
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Since by most optical detection approaches, optical energy will be converted to current for 

processing, the optical energy is proportional to square root of signal energy; therefore, we 

square each term of optical energy to calculate signal energy. Suppose binary antipodal 

modulation is used. By (4-8) the BER at that receiver location is 
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     (4-19) 

The coefficient 
2

1
means the interference symbol is different from user symbol by 

probability of 50%. Repeat the process for all locations and we can calculate the BER 

distribution and outage. 

4.4 Simulation Results (Receiver FOV = 60◦) 

When the light pulse travels in indoor environment, it experiences reflections. When the 

number of these reflections is large, multi-path effect becomes significant and the pulse spreads 

in time domain. If multiple sources are applied, inter-source interference occurs. The interfering 
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sources produce additional delayed pulses to the ideal impulse response. We conduct our 

simulations through the following steps: 

    a. Locate l  sources on the ceiling in specific layout for spatial diversity. 

    b. Generate indoor VLC spatial diversity matrix )(1 tHn  by Kavehrad’s method. 

    c. Receiver plane is uniformly divided into n elements as receiver locations. Each row of 

)(1 tHn  refers to the impulse response from sources to certain receiver. 

    d. Generate test data ][md  and corresponding waveform )(ts  by OOK modulation. 

    e. Calculate received waveform )(1 trn  by )()()()( 11 tntstHtr nn   .   means 

convolution and )(tn  is Gaussian noise. 

    f. Recover data ][ˆ
1 mdn  from )(1 trn  by sampling and decision making, where each 

element of ][ˆ
1 mdn  is the received data at each receiver location. 

    g. Compare each element of ][ˆ
1 mdn  with ][1 mdn  to obtain error vector ][1 men . 

])[],[ˆ(][ 111 mdmdXORme nnn      (4-17) 

    h. Each entry of ][1 men  is a “1-0” sequence where a “1” represents an error. Counting the 

number of “1”s in each entry of ][1 men , we estimate the BER vector 1nber . Each entry of 1nber

is the BER of corresponding location. 

    i. We set an acceptance threshold for BER for indoor wireless communication, for 

example, 10-5. When an entry of 1nber   is greater than the threshold, it means that the 

corresponding location is in an outage state. Computing outage probability by: 

n

thresholdberofnumberentries
outage n )( 1      (4-18) 

    The parameters used are in Table 4-3 below. 
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4.4.1 BER Distribution and Outage 

Fig. 4-1 - Fig. 4-6 show the BER distribution and outage of 4-sources, 6-sources and 9-

sources, respectively. In these figures, X and Y values indicate the position of a receiver on the 

floor; Z value is the corresponding logarithmic BER. The higher BER in a location, the worse 

communication quality is expected for the user located there. X-Y views of the figures clearly 

demonstrate the BER distribution on the floor. Setting a BER threshold, for instance, 10-5 as we 

do, we can easily calculate the BER outage for the room in a specific source layout. 

 
 

TABLE 4-3: BER DISTRIBUTION AND OUTAGE SIMULATION PARAMETERS 

Transmission power (lm) 680 

FOV(degree) 60 

Data length 1e6 

LED half power angle (degree) 60 

Room dimension (m*m*m) 6*6*3 

Reflection coefficients  

(ceiling, wall, floor)  

 

0.9, 0.5, 0.1 

Bit rate (Mbps) 600 

Shot noise (dbmW) -105 

4 sources locations (m,m,m) (1.5, 1.5, 3), (1.5, 4.5, 3), 

(4.5, 1.5, 3), (4.5, 4.5, 3) 

6 sources locations (m,m,m) (1, 1.5, 3), (3, 1.5, 3), 

(5, 1.5, 3), (1, 4.5, 3), 

(3, 4.5, 3), (5, 4.5, 3) 

9 sources locations (m,m,m) (1, 1, 3), (3, 1, 3),(5, 1, 3), 

(1, 3, 3),(3, 3, 3), (5, 3, 3), 

(1, 5, 3), (3, 5, 3),(5, 5, 3) 
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Comparing Fig. 4-1 through Fig. 4-6, we find that a high BER exists in the sources 

overlapping areas and these areas enlarge as the number of sources increases. The results can be 

explained here. When the number of sources increases, the sources layout becomes denser and 

there are more illumination overlapping areas on the floor; in the overlapping areas, 

communication is subject to inter-source interference, and the impulse response from sources at 

these locations will be distorted more significantly. The distortion of impulse response will cause 

ISI, and thus a high BER. The simulation demonstrates that dense source layout will increase 

BER outage for a VLC system. 

Another interesting observation is that there are less high-BER regions near room corners. 

This holds as layout density increases. The result shows that the interference from multi-path 

effect is insignificant on BER outage. Though multi-path impulse response degrades with 

increasing number of sources, the BER outage is not significantly impacted by multi-path 

impulse response spread. 

4.4.2 Impulse Response Distortion 

    By computer simulations, we may work out the total impulse response from source to any 

possible receiver locations. In most locations, the impulse response has little impulse spread. 

However, we still find that there are two kinds of locations exhibiting considerable impulse 

distortion as shown in Fig. 4-7: the first location is the room corner (location A (0.2, 0.1)); the 

second location is the overlapping area of light footprints (location B (2.1, 2.4)).  
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Fig. 4-1: BER distribution and outage of 4 sources by simulation, FOV = 60◦ 

 

Fig. 4-2: BER distribution and outage of 4 sources by simulation, FOV = 60◦ (Top View) 
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Fig. 4-3: BER distribution and outage of 6 sources by simulation, FOV = 60◦ 

 
Fig. 4-4: BER distribution and outage of 6 sources by simulation, FOV = 60◦ (Top View) 
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Fig. 4-5: BER distribution and outage of 9 sources by simulation, FOV = 60◦ 

 
Fig. 4-6: BER distribution and outage of 9 sources by simulation, FOV = 60◦ (Top View) 
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 At the room corner, the spread of impulse response comes from multi-path effect of light 

reflections. In the corner area, the receiver captures reflected lights, which experience different 

reflection paths, and cause the decreasing tail in impulse response. What is worth mentioning is 

that the tail has much lower power comparing with the peak. It can be shown later that this kind 

of distortion exhibits less significant influence on VLC. 

In the overlapping areas, we can see two high sharp peaks in the impulse response. The 

reason for causing the multiple peaks is that lights from different sources enter receiver via 

different Line-of-Sight (LOS) paths, the time difference of the arrivals causes the multiple peaks. 

This is an important influencing factor for VLC. 
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(a) 

 

(b) 

Fig. 4-7: Impulse response distortion by (a) multi-path effect (b) inter-source interference (FOV = 60◦) 
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4.5 Simulation Results (Receiver FOV = 30◦) 

To further explore the impact of inter-source interference to BER distribution, we repeated 

the simulation with receiver FOV = 30◦. The results are given as Fig. 4-8 – Fig. 4-13. We find 

that the BER outage reduce from 0.4065 to 0.1709 in 6-sources layout and from 0.6346 to 0.3453 

in 9-sources layout, respectively. That is because in many locations, small receiver FOV refuses 

much interference power and reduces BER; therefore, BER outage decreases. This effect can be 

clearly observed by comparing Fig. 4-7 with Fig. 4-14. They are impulse responses at same 

locations, with different FOVs. In Fig. 4-14, most inter-source interference peaks are filtered out. 

An interesting finding is that in 4 sources scenario, BER outage of FOV = 30◦ is higher than that 

of FOV = 60◦. That is because small FOV also decreases total received power. When the amount 

of sources is small and small FOV is applied, the BER may rise due to insufficient Signal-to 

Noise Ratio (SNR), in certain locations. This point should be paid attention to, when we want to 

reduce inter-source interference by utilizing small FOV receivers. 

 
Fig. 4-8: BER distribution and outage of 4 sources by simulation, FOV = 30◦  
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Fig. 4-9: BER distribution and outage of 4 sources by simulation, FOV = 30◦ (Top View) 

 
Fig. 4-10: BER distribution and outage of 6 sources by simulation, FOV = 30◦  
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Fig. 4-11: BER distribution and outage of 6 sources by simulation, FOV = 30◦ (Top View) 

 
Fig. 4-12: BER distribution and outage of 9 sources by simulation, FOV = 30◦  
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Fig. 4-13: BER distribution and outage of 9 sources by simulation, FOV = 30◦ (Top View) 

 

4.6 Analytical Results and Comparisons 
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outage. The results of 4 sources and 6 sources of FOV = 60◦ are shown in Fig. 4-15 - Fig.4-18. 

Comparing with Fig. 4-1 - Fig. 4-4, we can see a good match in BER distribution and outage. 
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(a) 

 

(b) 

Fig. 4-14: Impulse response distortion by (a) multi-path effect (b) inter-source interference (FOV = 30◦) 
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Fig. 4-15: BER distribution and outage 4 sources by analytical method of, FOV = 60◦ 

 
Fig. 4-16: BER distribution and outage of 4 sources by analytical method, FOV = 60◦ (Top View) 
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Fig. 4-17: BER distribution and outage of 6 sources by analytical method, FOV = 60◦ 

 
 Fig. 4-18: BER distribution and outage of 6 sources by analytical method, FOV = 60◦ (Top View) 
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4.7 Conclusions 

In this chapter, we investigate the possibility of VLC. This technology is a high speed, 

energy efficient and secure solution to RF band congestion. In general home environment, the 

major impact factors to VLC are multi-path effect and inter-source interference, which degrade 

communications performance by causing impulse response distortion. To further research these 

factors, at first, we establish the indoor optical wireless model by tracking light pulses 

experiencing reflections. After the channel model is obtained, we use data simulation to 

statistically calculate BER distribution and outage. By observing the results, we find that multi-

path effect exists at room corner locations, and inter-source interference exists at the overlapping 

area of light footprints. Moreover, the influence of inter-source interference is more significant 

than multi-path effect. 

At the beginning of this chapter, we explore the methods to create indoor optical wireless 

channel. Lambertian emitting pattern, pulse tracking, SISO channel model and MIMO channel 

model are described. Next, we develop the simulation method to calculate BER distribution and 

outage on the base of channel model. After that, we propose an analytical method to predict BER 

distribution and outage, by Lambertian transmission theory, geometric method, and optimal 

receiver principle. In the end, we demonstrate the simulation results for BER distribution and 

outage. They are compared with the analytical results.  
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Chapter 5  
 

Orthogonal Frequency-Division Multiplex (OFDM) for Indoor 
Optical Wireless Communications 

5.1 Introduction 

The Wireless Home Link (WHL) is being paid more and more attention nowadays. In next 

decades, wireless communication will play a significant role in electronic devices 

interconnections [31]. Users of WHL can access Internet anywhere. 

Indoor Optical Wireless (IOW) is the technique which applies optical wireless in computer 

networks and/or office equipment communications. It will be a strong candidate of WHL, as it 

satisfies the high speed wireless communication proposed by WHL. Besides, it has other 

advantages: IOW is suitable for non-public networks as no authority is required; it is also 

resistant to spatial interference as light power is spatially constrained; In addition, it doesn’t take 

restricted Radio Frequency (RF) band resources and can be applied in strict RF prohibited areas 

such as hospitals, aircrafts, power stations, mines and other areas. Therefore, IOW is a better 

solution than RF in WHL. 

In recent years, the illumination technology based on Lighting Emitting Diode (LED) is 

developing fast because of its energy saving advantages. LED has features of high light intensity, 

high converting efficiency, and long lifetime. It is generally considered as the next generation 

light source and will in the end replace the universal incandescent bulb and fluorescent bulb in 

home and work places. As LED has a short response time, we can modulate it by user data to 

create illumination and communication dual functional “Base Station Light.” It is a completely 

new access method of optical communications. 
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Visible Light Communications (VLC) is an emerging wireless communication technology 

based on white LED. White LED has many advantages such as long lifetime, low power 

consumption, small size and environment friendliness. LED also has high response sensitivity so 

that it is competent for high speed communications. In VLC, LED can take both communication 

and illumination duties. That is because of its high light intensity as well as high modulation 

speed. Human can hardly sense the flickers. 

The combination of Intensity Modulation/Direct Detection IM/DD system, Manchester 

Code and On-Off-Keying (OOK) modulation is the most popular VLC setup due to its 

simplicity. In IM/DD system, as multiple light sources are applied, every receiver can capture the 

light signal from multiple directions. As a result, blocking on one or several light paths will not 

break down the communication.  

Comparing with RF, VLC has following advantages: 

1). Visible light is safe to human while VLC transmits data via visible light. 

2). VLC is everywhere. Since illumination infrastructures are widely installed. People can 

realize high speed wireless communication conveniently by these infrastructures. 

3). VLC can have high transmitting power. The infrared (IR) has a strict transmitting power 

constrain due to eye safety consideration. The RF signal also has a power constrain considering 

health issues. In VLC, as visible light is utilized, the transmitting power can be high. 

4). No band authorization is needed. As band resource is limited, people are facing band 

shortage problem. 

5). No electromagnetic interference is generated. The VLC can be applied in hospitals, 

aircrafts, power stations, mines and other RF sensitive environments. 
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The OFDM, due to its effectiveness in solving Inter-symbol Interference (ISI) caused by 

dispersive channel, is widely applied in broadband wired and wireless communications [32][33]. 

There are two major advantages of OFDM. First, when conventional serial modulation methods 

are used, equalization complexity rises rapidly as data rate increases. However, the complexity of 

OFDM scales well as data rate and dispersion increase. Second, OFDM transfers the transmitters 

and receivers complexities from analog domain to digital domain. In OFDM, any phase 

variations with frequency can be corrected at little cost in digital parts of the receiver. Upon the 

advantages described above, OFDM can be a good modulation scheme for VLC. However, it is 

only recently that it has been considered.   

5.2 OFDM Overview 

5.2.1 Principle of OFDM 

OFDM is a multi-carrier modulation technique. Suppose ),...,2,1( Nkfk   are frequencies of 

N sub-carriers, the multi-carrier modulated signal in the thi   symbol interval can be expressed 

as [32][33]: 







1

0

)2exp(),()(
N

k
kii tfjtkXts       (5-1) 

),( tkXi  is the data carried in the thi   interval which determines the amplitude and phase 

of )(tsi . When only one symbol interval is considered, the subscripts can be omitted. Also, when 

quadrature amplitude modulation (QAM) or M-phase-shift keying (MPSK) modulation is 
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applied, ),( tkXi  is independent from time t . Therefore, (5-1) can be simplified, without 

ambiguity, as: 







1

0

)2exp()()(
N

k
ktfjkXts      (5-2) 

We want the multi-carrier modulation to be bandwidth efficient and low cost. Normally, it 

requires N oscillation sources and relevant band pass filters, which are expensive. However, the 

multi-carrier modulation and demodulation can be economically and efficiently realized by 

famous fast Fourier transform (FFT). Because of its simplicity and bandwidth efficiency, OFDM 

is paid more and more attention. 

In order to find the frequency intervals of the sub-carriers, we consider the demodulation 

method. Suppose we sample the received signal by sampling frequency sf  and demodulate by 

N  points discrete Fourier transform (DFT), given that no noise or ISI. The thk  frequency 

component is: 







1

0

)/2exp()/()(
N

n
s NnkjfnsfkS       (5-3) 

where )( fkS   is the thk   frequency component;  )1,...,2,1,0()/(  Nnfns s  are the sampled 

signals; Nff s /  is the DFT frequency resolution. To calculate the frequency spectrum 

correctly by DFT, the signal must be periodic with period of N . This can be satisfied when the 

signal contains only harmonics in the DFT. Substitute sfnt /  into (5-2): 







1

0

)/2exp()()/(
N

k
sks fnfjkXfns       (5-4) 

Substitute (5-4) into (5-3),  
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

 


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
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0
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0
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0

1

0

1
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)()(
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)/2exp()/2exp()()(
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k s

k
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k

N

n
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N

n

N

k
sk

N

k

f

f
kX

NnkjfnfjkX

NnkjfnfjkXfkS







     (5-5) 

where 








nm

nm
nm

,1

,0
),(  

From (5-5), we discover that when the frequency of modulated signal is  

N

kf
f s

k       (5-6) 

)()( kCXfkS   holds where C  is a constant. It shows that when the sub-carrier frequency 

kf  is multiple of DFT resolution 
N

fs , we can use DFT for demodulation. In addition, to ensure a 

correct demodulation, )(kX  is necessarily being a constant.  

Specially, if the carrier frequency interval is 
N

fs , by (5-4), we have: 
















1

0

1

0

)/2exp()(

)/)/(2exp()()/(

N

k

N

k
sss

NnjkX

fnNkfjkXfns




   (5-7) 

(5-7) is exactly the inverse discrete Fourier transform (IDFT) of )1,...,2,1,0()(  NkkX . It 

means that when sub-carrier interval is 
N

fs , the time series of multi-carrier modulated signal can 

be generated by IDFT.  

Multi-carrier modulation can be realized by IDFT and demodulation can be realized by 

DFT. They both can be operated via high efficient FFT. 
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5.3 Clipping-noise Resistant OFDM schemes for IOW 

5.3.1 OFDM and IOW 

OFDM converts serial data transmission to parallel data transmission. It is an effective 

mitigation to indoor optical wireless multi-path distortion. When the symbol period of each 

subcarrier is long enough comparing to the channel delay-spread, ISI is significantly reduced 

[34]. IOW, however, uses intensity modulation. The major deficiency of OFDM in IOW is the 

requirement of high direct current (DC) bias to keep signal waveform nonnegative. 

Consequently, researchers in this area are interested in reducing DC bias [35]. 

Recently, several approaches have been proposed. The most straightforward method is DC-

clipped OFDM (DC-OFDM). It applies hard-clipping on a portion of the negative part of the 

signal waveform to reduce required DC bias level [36][37]. By this method, system performance 

is degraded because of the clipping noise. The second approach is named asymmetrically clipped 

optical OFDM (ACO-OFDM). It clips off the entire negative part of the waveform. By 

modulating only the odd subcarriers, the clipping noise can be avoided [38]. The third method is 

pulse-amplitude-modulated discrete multitone (PAM-DMT). This method also clips off the 

entire negative part; however, the clipping noise is avoided by modulating only the imaginary 

parts of the subcarriers [39]. Neither ACO-OFDM nor PAM-DMT degrades system 

performance. As, nevertheless, only half of the spectrum is utilized, the spectrum efficiencies of 

them are reduced to 50% of normal OFDM schemes. 
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To guarantee a real waveform, as in other IM OFDM schemes, ACO-OFDM subcarriers 

should have Hermitian symmetry. Since ACO-OFDM encodes only odd subcarriers, it has 50% 

spectrum efficiency of regular IM OFDM methods. After D/A conversion, electrical signal is 

clipped at zero and then modulated onto an optical carrier. 

For large number subcarriers, we can also use a Gaussian random variable to represent the 

electrical signal (ݐ)ݔ. As ACO-OFDM clips DC bias to zero, the Gaussian variable has zero 

mean. In [40], the authors showed that the mean and variance of the waveform are 
ఙ√ଶగ and 

ఙమଶ , 

respectively. As a result, the mean of optical power is proportional to the square-root of the 

electrical power as 

஺ܲ஼ைିைி஽ெ = ఙ√ଶగ      (5-10) 

5.3.4 PAM-Modulated Discrete Multitone 

Lee and Koonen proposed PAM-DMT in [39]. In this paper, they demonstrated that 

impairment from clipping noise can be avoided by applying PAM modulation only on the 

imaginary components of subcarriers. The reason is that clipping noise is real, thus is orthogonal 

to the data. Similar to ACO-OFDM, PAM-DMT is able to reduce DC bias to zero. PAM-DMT 

block diagram is given by Fig. 5-4. 
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PAPR. These techniques include discrete Fourier transform (DFT), Zadoff-Chu matrix transform 

(ZCT) and discrete cosine transform (DCT) [41][42]. 

A. DFT-OFDM 

IDFT and DFT are used for digital modulation and demodulation, respectively in OFDM 

systems [43]. Assuming there are ௦ܰ subcarriers in the modulator, input data is grouped into a 

group of ܰ bits, where ܰ = ௦ܰ × ݉௡ with ݉௡ as the number of bits for a symbol in one 

subcarrier. Subcarriers are spaced by an integer multiple of the subcarrier symbol rate ܴ௦ to 

ensure the orthogonality between subcarriers. Subcarrier symbol rate ܴ௦ can be calculated from 

the transmission bit rate ܴ஼ by ܴ௦ = ܴ஼/ܰ [41]. Consequently, the overall output OFDM signal 

can be expressed as: 

(ݐ)ܺ = ∑ ௞݁ଶగ௝ቀ௡ିಿೄమܥ ቁ௧/்ೄேೄିଵ௡ୀ଴      (5-12) 

where ܥ௞ are complex values representing subcarrier symbols and ௌܶ is the symbol period [44]. 

B. Zadoff-Chu Sequence and ZCT-OFDM 

Zadoff-Chu (ZC) sequences are class of poly phase sequences with optimal correlation 

properties. They have ideal periodic autocorrelation and constant magnitude. The ZC sequences 

of length ܰ can be expressed as [42]: 

ܽ௡ = ൝݁మഏೝೕಿ (ೖమమ ା௤௞)																																		ܰ	݅ݏ	݁݊݁ݒ݁మഏೝೕಿ (ೖ(ೖశభ)మ ା௤௞)																											ܰ	݅ݏ	݀݀݋	      (5-13) 
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Fig. 5-5 demonstrates the block diagram of ZCT precoded OFDM systems [42]. Assuming 

the parallel input data is ܺ = [ܺ଴, ଵܺ, ܺଶ, … , ܺ௅ିଵ]், each data block is multiplied by ܸ different 

phase factor with length ܤ ,ܮ(௩) = [ܾ௩,଴, ܾ௩,ଵ, ܾ௩,ଶ, … , ܾ௩,௅ିଵ]்			(ݒ = 1,2, … , ܸ). As a result, the ݒ-th phase sequence is ܺ(௩) = [ܺ଴ܾ௩,଴, ଵܾܺ௩,ଵ, ܺଶܾ௩,ଶ, … , ܺ௅ିଵܾ௩,௅ିଵ]்			(ݒ = 1,2, … , ܸ). 
C. DCT-OFDM 

In DCT-OFDM, a single set of cosinusoidal function is used as the orthogonal basis instead 

of the complex exponential functions set. The multi-carrier modulation can be implemented by 

DCT [45]. The output signal of DCT-OFDM is 

(ݐ)ܺ = ට ଶேೄ ∑ ݀௡ߚ௡cos	(௡గ௧்ೄ )ேೄିଵ௡ୀ଴      (5-15) 

where ݀௡	(݊ = 1,2, … , ௌܰ − 1) are independent data symbols in a modulation constellation, and ߚ௡ is defined as 

௡ߚ = ቊ ଵ√ଶ 														݊ = 0				1												݊ =  (16-5)     				ݏݎℎ݁ݐ݋

5.4 Simulation of General OFDM Schemes for IOW 

5.4.1 Simulation Setup 

We place the receiver at 3 different locations, representing different levels of multipath 

distortions. OFDM performance is simulated and compared with OOK performance. The 

simulation parameters are given in Table 5-1. 
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Suppose )(td  is the Binary Phase-Shift Keying (BPSK) modulated user data sent at the 

transmitters, the transmitted signal )(ts  can be expressed as: 






OFDMtdIFFT

OOKtd
ts

))((

)(
)(      (5-17) 

The transmission model is: 

)3,2,1()()()()(  itnthtstr ii       (5-18) 

where )(tri  is the received signal at location i ; )(ts  is the transmitted signal; )(thi  is the multi-

path impulse response from sources to receiver at location i ; )(tn  is the additive white Gaussian 

noise (AWGN). 

TABLE 5-1: SIMULATION PARAMETERS 

Room length (m)  6 

Room width (m)  6 

Room height (m)  3 

Light source locations (m, m, m)  (1, 1.5, 3), (3, 1.5, 3), (5, 1.5, 3), 

(1, 4.5, 3), (3, 4.5, 3), (5, 4.5, 3), 

Receiver locations (m, m, m)  A(0.1, 0.1, 0.2), B(3, 0.1, 0.2), 

C(3,3,0.2) 

Bit rate (Mbps)  200 

Length of test bits   4.8*106 

AWGN SNR (db)  1~15 

OFDM carrier number  200 

OFDM frequency bin number  1000 
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According to the method demonstrated in Chapter 2, the multi-path impulse responses )(thi  

at location A, B, C are given in Fig. 5-6: 

 

 

 

Fig. 5-6: Impulse response at location A, B and C 

We can see that location A, room corner, has the most significant multi-path spread; 

therefore, experiences the most severe ISI. Location C, room center, has the least significant 

multi-path spread so that it experiences the least severe ISI. Location B, wall side, has the 

medium multi-path spread, thus experiences the medium severe ISI.   
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




OFDMtrFFT

OOKtr
tr

i

i
i ))((

)(
)(ˆ      (5-19) 

The received user data can be obtained by  









thresholddecisiontrwhen

thresholddecisiontrwhen
td

i

i
i )(ˆ0

)(ˆ1
)(ˆ      (5-20) 

5.4.2 Simulation Results of General OFDM Schemes in IOW 

Fig. 5-7 shows the performance of OFDM and OOK modulation at location A, B and C 

respectively on bit rate of 200Mbps. 

 

Fig. 5-7: Comparison of OFDM and OOK BER performance 
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In each location, OFDM gives much lower BER than OOK. In the severe multi-path 

scenario as location A, OOK modulation cannot provide with BER less than 10-2 as far as Eb/N0 

reaches 15dB. However, OFDM can still provide with BER of 10-5 when Eb/N0 is 15dB.  

Comparing BER performance in three locations, both OFDM and OOK experience BER 

increase when multipath spread increases. However, OFDM is much less affected. Fig. 5-8 

shows the spectrum of OFDM and OOK at location B. We can make following two observations 

from the figure. First, OFDM makes more efficient use of the spectrum by allowing overlap. 

Second, OFDM divides the channel into small narrowband flat fading sub-channels. Therefore, it 

is resistant to frequency selective distortion, which comes from multipath effect. In addition, 

OFDM can effectively mitigate ISI through using CP. The only substantial drawback is that 

OFDM signal has a noise-like amplitude with large dynamic range, thus has a high PAPR.  

 

Fig. 5-8: Received signal spectrum of OFDM and OOK at location B 
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TABLE 5-2: MULTIPATH INDOOR OPTICAL WIRELESS CHANNEL PARAMETERS 

Room dimensions  6m × 5m × 3m 

Surface reflectance (ceiling, walls, floor)   0.8, 0.8, 0.3 

Source location for:  
low multipath distortion channel (x, y, z) 
medium multipath distortion channel (x, y, z) 
high multipath distortion channel (x, y, z) 

 
(1.0m, 2.0m, 3.0m) 
(0.1m, 0.2m, 3.0m) 
(0.1m, 0.1m, 3.0m) 

Receiver aperture area  1cm2 

Receiver field‐of‐view  85o 

Receiver location (x, y, z)  (2.5m, 2.5m, 1.0m) 
In this table, h1(t), h2(t) and h3(t) represent channel with high, medium and low delay-spread 

(multipath distortion), respectively. Their impulse responses are given in Fig. 5-10. 

 

Fig. 5-10: Impulse responses of low, medium and high delay-spread channels  

5.5.2 Simulation Results of Clipping-noise Resistant OFDM in AWGN Channel 

Fig. 5-11 compares the BER performance versus signal-to-noise ratio (SNR) between ACO-

OFDM without pre-coding (a), with DCT precoding (b), with DFT precoding (c) and with ZC 
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Shown in the figures, there is no significant difference in simulation results of the four precoding 

approaches. It indicates that though DCT, DFT and ZC precoding are able to reduce signal 

PAPR, they do not degrade bit-error rate (BER) performance.   

Similar observations can be made from the BER comparison between PAM-DMT without 

precoding and with DCT precoding. The results are demonstrated in Fig. 5-12. 

(a) (b) 

(c) (d) 

Fig. 5-11: BER versus SNR of ACO-OFDM without precoding (a), with DCT precoding (b),DFT precoding (c) and ZC 
predocing (d)   
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(a) (b) 
Fig. 5-12: BER versus SNR of PAM-DMT without precoding (a), with DCT precoding (b) 

5.5.3 Simulation Results of Clipping-noise Resistant OFDM in Multipath Indoor 
Optical Wireless Channel 

We extend our research from AWGN channel to multipath IOW channel. Fig. 5-13 – Fig. 5-
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5-17. The probability of PAPR being greater than the threshold PAPR0 without clipping, with 

3dB, 6dB and 9dB clipping are shown. We observe a point where the probability of PAPR ≥ 

PAPR0 significantly drops. This point shifts 2.5dB for each 3dB more clipping, with probability 

of PAPR ≥ PAPR0 = 10-3. 

(a) (b) 

(c) (d) 
Fig. 5-13: BER versus SNR of ACO-OFDM without precoding in low multipath distortion channel without equalization 

(a), low multipath distortion channel with ZF FDE (b), high multipath distortion channel with ZF FDE (c), high multipath 
distortion channel with ZF FDE (d) 
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(a) (b) 

(c) (d) 
Fig. 5-14: BER versus SNR of ACO-OFDM with DCT precoding in low multipath distortion channel without equalization 

(a), low multipath distortion channel with ZF FDE (b), high multipath distortion channel with ZF FDE (c), high multipath 
distortion channel with ZF FDE (d) 
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(a) (b) 

(c) (d) 
Fig. 5-15: BER versus SNR of ACO-OFDM with DFT precoding in low multipath distortion channel without equalization 

(a), low multipath distortion channel with ZF FDE (b), high multipath distortion channel with ZF FDE (c), high multipath 
distortion channel with ZF FDE (d) 
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(a) (b) 

(c) (d) 
Fig. 5-16: BER versus SNR of PAM-DMT in low multipath distortion channel without equalization (a), low multipath 

distortion channel with ZF FDE (b), high multipath distortion channel with ZF FDE (c), high multipath distortion channel with 
ZF FDE (d) 

(a) (b) 
Fig. 5-17: PAPR with Clipping and Filtering 
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5.6 Conclusions 

This chapter investigates OFDM for indoor optical wireless communications. It is divided 

into two parts. 

The first part of this chapter compares regular OFDM and OOK performance in indoor 

optical wireless communications. The simulation is carried at three different locations where 

different levels of multipath effect exist. The results indicate that OFDM has significantly better 

performance than OOK in all locations. In the worst case, when the receiver is placed at the 

corner of a room, OOK can hardly work, but OFDM maintains acceptable performance. OFDM 

is a much better choice than prevalent OOK for indoor optical wireless communications due to 

its high resistance to multipath spread. The reasons are: first, OFDM makes more efficient use of 

the spectrum by allowing overlap; second, OFDM divides the channel into small narrowband flat 

fading sub-channels; third, OFDM can effectively mitigate ISI through using CP. 

The second part explores specific OFDM schemes for IOW applications, which are resistant 

to clipping noise. As OFDM signals are carried by non-negative optical carriers in IOW systems, 

we have to clip off the negative components of regular OFDM signals. We successfully 

demonstrated that ACO-OFDM and PAM-DMT are immune to clipping noise. In addition, 

combining with precoding methods, such as DFT-OFDM, ZCT-OFDM and DCT-OFDM, they 

can effectively reduce PAPR. 
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Chapter 6  
 

MIMO Technology for Optical Wireless Communications using 
LED Arrays and Fly-eye Receivers 

6.1 Introduction 

In radio, multiple-input and multiple-output (MIMO) is defined as applying multiple 

antennas at both the transmitter and receiver to improve communication performance [47]. 

MIMO is one form of the smart antenna technologies. The input and output here indicate 

communication channels rather than transmitting and receiving devices. Consequently, in indoor 

optical wireless communications (IOWC), MIMO systems refer to the systems with multiple 

optical channels between the source and the receiver. 

People have paid considerable attention to MIMO technology, since it significantly 

improves data throughput and link range without increasing bandwidth or transmission power. It 

spreads the power over multiple antennas to improve bandwidth efficiency or/and achieve 

diversity gain. Due to the advantages of this technique, it has been extensively applied in modern 

wireless standards, such as 802.11n(Wi-FI), LTE, WiMAX and HSPA+.  
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6.2 MIMO Configurations 

6.2.1 MIMO System Model 

The difference between a MIMO and non-MIMO IOWC system is the MIMO system 

consists of multiple transmitters and receivers. Assuming there are  ௧ܰ light sources on the 

ceiling and ௥ܰ photo detectors at the receiving device, the received signal vector is [48] (ݐ)ݕ = (ݐ)ܪ ⊗ (ݐ)ݏ +  (1-6)     (ݐ)݊

where  (ݐ)ݕ is the received vector; (ݐ)ܪ is the channel characteristics matrix, which is described 

in details in Chapter 2; ⊗ stands for convolution; (ݐ)ݏ is the transmitted signal vector as (ݐ)ݏ = ,(ݐ)ଵݏ] ,(ݐ)ଶݏ … ,  represents the total (ݐ)݊ ;where [·]் is the transpose operator ,்[(ݐ)ே೟ݏ

noise, including ambient shot light noise and thermal noise. We assume the noise ݊(ݐ) is 

independent of the transmitted signal and is a real Gaussian random process. It has a zero mean 

with a variance (ݐ)ߪଶ = ଶ(ݐ)௦௛௢௧ߪ +  ଶ are the(ݐ)௧௛௘௥௠௔௟ߪ ଶ and(ݐ)௦௛௢௧ߪ  ଶ, where(ݐ)௧௛௘௥௠௔௟ߪ

variances of shot noise and thermal noise, respectively. In practice, the multiple sources are 

generally implemented by LED arrays. As the LED sources are in close proximity and can be 

driven by same driver, we suppose they are perfectly synchronized.  

6.2.2 Spatial Diversity 

Spatial diversity, also called repetition coding (RC), is the most basic application of MIMO 

technology [49]. Diversity is one very effective remedy. It exploits the principle of providing the 

receiver with multiple distorted replicas of the same information bearing signal. Spatial diversity 

has been extensively studied in conventional wireless systems. Fig. 6-1 demonstrates the receiver 
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B. Maximal Ratio Combining 

In a typical MRC diversity system, branches are weighted by their respective complex 

fading gains and added together. MRC realizes a maximum-likelihood (ML) receiver. 

C. Equal Gain Combining 

EGC and MRC are similar in that their diversity branches are co-phased. The difference 

between the two is that EGC does not weight its diversity branches. For a practical consideration, 

EGC is useful for modulation schemes with equal energy symbols, such as M-phase-shift keying 

(M-PSK).  

D. Switched Combining 

The switched combining receivers scan through all the diversity branches until one, which 

reaches a specific SNR threshold, is found. This branch is chosen and used until its SNR drops 

below the threshold. After this, the receiver will rescan all the branches and choose the next one, 

whose SNR exceeds the threshold. The most conspicuous advantage of SSC is that only one 

detector is needed in this approach. 

6.2.3 Spatial Multiplexing 

Spatial multiplexing (SMP) is another well-known MIMO technique and it has been 

described in details in [48]. In this configuration, independent data streams are transmitted from 
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all transmitters at the same time. SMP provides substantial enhanced bandwidth efficiency as  

௧݈ܰ݃݋ଶ(ܯ) bit/s/Hz. 

The signal vector ݏ has  ௧ܰ elements, which are independently modulated signals. In order to 

keep the total transmission power, the emitting intensity of each source is divided by ௧ܰ. 
Suppose ML detection is performed at the SMP MIMO receiver, the pairwise error probability 

(PEP) is defined as the probability that the receiver mistakes one transmitted signal for another, 

while the channel characteristics matrix (ݐ)ܪ is known. As a result, the PEP for SMP can be 

calculated as 

ܧܲ ௌܲெ௉ = (ݐ)௠ଵݏ൫ܲܧܲ → ൯(ݐ)ܪห(ݐ)௠ଶݏ = ܳ(ට௥మ ೞ்ସேబ (ݐ)௠ଵݏ‖ −  ிଶ)     (6-3)‖(ݐ)௠ଶݏ

6.2.4 Spatial Modulation 

Spatial modulation (SM) is the combination of MIMO and digital modulation. It was first 

proposed at [50] and further explored at [51][52][53]. This modulation scheme extends the signal 

constellation to spatial dimension, which carries additional bits. Each light source has an unique 

binary sequence defined as spatial symbol. A source is activated only when the corresponding 

spatial symbol is being sent. Only one source is therefore transmitting in a symbol period. Fig. 6-

2 demonstrates the structure of SM system. 
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6.3 Angle-diversity Receivers 

6.3.1 Angle-diversity Receiver Overview 

In IOWC systems, substantial performance promotion can be obtained through applying an 

angle-diversity receiver. It consists of multiple branches covering different directions 

[54][55][56][57]. Each branch is followed by its own photo detector and amplifier, which 

convert the received optical power of this branch into amplified electrical current for further 

signal processing. Angle-diversity receivers provide many advantages: first, they reduce ambient 

light by pointing directly to the desired light source; also, they reduce ISIs and multi-path 

distortions, as most unwanted sources interferences and diffusions are rejected from the branch; 

finally, the receivers provide wide total field-of-view (FOV). 

 As in [57], a typical angle-diversity receiver is implemented using multiple nonimaging 

elements oriented to different directions. The authors systematically studied the theoretical gain 

of this kind of receiver and demonstrated an optical wireless communication system achieving 

70Mbps. Fig. 6-3 depicts the setup of an angle diversity receiver. Multiple narrow FOV branches 

collaboratively cover a wide FOV. Ambient light and diffusion light that do not coincide with the 

signal light are blocked out.  



 

 

 

 

 

Fig. 66-3: A typical coonfiguration of anngle-diversity reeceiver 
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6.3.2 Fly-eye Receiver Design 

Yun and Kavehrad proposed several designs of fly-eye receiver. Alignment and focusing are 

major challenges to fly-eye receiver design [58]. A fly-eye receiver includes multiple 

independent branches pointing at different directions. Each branch, as a result, is expected to be 

aligned independently to achieve optimal MIMO gain. In addition, when users roam around in a 

typical indoor environment, the distance from a light source to the corresponding receiving 

branch varies from a few meters to tens of meters.  

The general solution to adjust focusing is changing the relative position between the receiver 

lens and photo detectors. This method, however, requires much adaptive mechanisms and will 

make the receiver costly and bulky. The authors of [59] explored the attempt of fixing the 

detectors at one focal length behind the lens and compared its performance with adaptive 

configurations. We call the design with fixed detectors as a far-sighted eye and that with adaptive 

detectors as a perfect eye. In Fig. 6-4, the curves of received power with respect to source 

distance are demonstrated. They indicate that the far-sighted eye performs very closely to the 

perfect eye when working distance is long, and it provides a flat response when working distance 

is short. From the results, we conclude that the far-sighted eye is a prudent replacement for the 

perfect eye, given that the photo detectors are sufficiently sensitive. Significant simplicity is 

obtained from the absence of adaptive focusing mechanisms. It results from the constant 

response at dynamic range and the performance similarity of two kinds of eyes at long distance.    
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6.4 Simulation Results and Discussions 

6.4.1 Simulation Parameters 

The communication environment is assumed as an ordinary office room. Room dimensions 

and the reflectance of each surface are reasonably chosen by referring engineering conventions. 

The source array consists of 7 sources. They form a hexagon on the ceiling with one in the center 

and six around. The fly-eye receiver consists of 7 branches. One branch is placed in the center 

facing vertically upwards and the other six are evenly distributed around the center one with 30 

degree tilt. The fly-eye receiver is located at 841 locations, covering the whole room, for 

performance test. More details of the source, the fly-eye receiver, environment, and 

communication parameters are given in Table 6-1 – Table 6-4, respectively 

 

TABLE 6-1: SIMULATION PARAMETERS OF THE MIMO IOWC SYSTEM – SOURCE ARRAY 

Number of sources  7 

Source location (m)   Source 1: (1.2379   3.0000   3.0000) 
Source 2: (2.1190   1.4740   3.0000) 
Source 3: (3.8810   1.4740   3.0000) 
Source 4: (4.7621   3.0000   3.0000) 
Source 5: (3.8810   4.5260   3.0000) 
Source 6: (2.1190   4.5261   3.0000) 
Source 7: (3.0000   3.0000   3.0000) 

Source direction  (0    0   ‐1) for each source 

Transmitting power (W)  1 for each source 

Source half‐power angle (degree)  60 for each source 
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TABLE 6-2: SIMULATION PARAMETERS OF THE MIMO IOWC SYSTEM - RECEIVER 

Number of receiver branches  7 

Branch direction   Branch 1:  (0.0000   0.0000   1.0000) 
Branch 2:  (0.6428   0.0000   0.7660) 

         Branch 3:  (0.3214   0.5567   0.7660) 
Branch 4: (‐0.3214   0.5567   0.7660) 
Branch 5: (‐0.6428   0.0000   0.7660) 
 Branch 6: (‐0.3214   ‐0.5567   0.7660) 
Branch 7:  (0.3214   ‐0.5567   0.7660) 

Branch responsivity (A / W)  1 for each branch 

Branch field‐of‐view (degree)  20 for each branch 

Branch aperture area (cm2)  1 for each branch 
 

TABLE 6-3: SIMULATION PARAMETERS OF THE MIMO IOWC SYSTEM - ENVIRONMENT 

Room dimensions (m) 
 

Length: 6 
Width: 6 
Height: 3 

Room surface reflectance  Ceiling: 0.9 
WallEast: 0.7 
WallWest: 0.7 
WallNouth: 0.7 
WallSouth: 0.7 
Floor: 0.1 

Spatial resolution (m)  0.02 

Number of reflections traced  3 
 

TABLE 6-4: SIMULATION PARAMETERS OF THE MIMO IOWC SYSTEM - COMMUNICATION SYSTEM 

Test data length  1e6 

Test data rate range (Mbps)  3000 ~ 20 

Test data rate change  Data rate reduced by half for each simulation 

Test noise level range (dBmW)  ‐120 ~ ‐70 

Test noise increment (dBmW)   1 
 

A single branch non-MIMO receiver model is created for reference. In order to make a fair 

comparison between MIMO and non-MIMO systems, its aperture area equals the total area of all 

MIMO receiver branches, and its FOV equals the total FOV of the MIMO receiver. All 

simulations on the MIMO receivers will be repeated on the non-MIMO receiver. 
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6.4.2 BER Spatial Distributions for MIMO IOWC Systems 

The BER distributions of the non-MIMO system, the MIMO EGC system, and the MIMO 

MRC system of 600Mbps data rate and -105dBmW noise are given in Fig 6-7 to Fig. 6-12. The 

noise level is a reasonable estimation for a regular office environment [84]. The results show that 

the MIMO systems provide very low outage probabilities. They indicate that the MIMO methods 

guarantee most areas in the room satisfactory communications. 

 

Fig. 6-7: Non-MIMO system BER performance of 600Mbps data rate, -105dBmW noise  
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Fig. 6-8: Non-MIMO system BER performance of 600Mbps data rate, -105dBmW noise (top view) 

 

Fig. 6-9: MIMO EGC system BER performance of 600Mbps data rate, -105dBmW noise  
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Fig. 6-10: MIMO EGC system BER performance of 600Mbps data rate, -105dBmW noise (top view) 

 

Fig. 6-11: MIMO MRC system BER performance of 600Mbps data rate, -105dBmW noise  
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Fig. 6-12: MIMO EGC system BER performance of 600Mbps data rate, -105dBmW noise (top view)  

 

In order to make a clearer observation of the BER spatial distributions, we increase the noise 

level to -90dBmW, which represents a tough IOWC environment involving direct sunlight 

exposure. The results are shown in Fig. 6-13 to Fig. 6-18. In this section, we focus on the BER 

distributions; the impact of noise level to BER performance will be discussed in details in next 

section. 
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Fig. 6-13: Non-MIMO system BER performance of 600Mbps data rate, -90dBmW noise  

 

Fig. 6-14: Non-MIMO system BER performance of 600Mbps data rate, -90dBmW noise (top view) 
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Fig. 6-15: MIMO EGC system BER performance of 600Mbps data rate, -90dBmW noise  

 

Fig. 6-16: MIMO EGC system BER performance of 600Mbps data rate, -90dBmW noise (top view) 
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Fig. 6-17: MIMO MRC system BER performance of 600Mbps data rate, -90dBmW noise  

 

Fig. 6-18: MIMO MRC system BER performance of 600Mbps data rate, -90dBmW noise (top view) 
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The following observations can be made from these figures. Generally, the BER 

distributions are closely related to the sources array’s lay-out. We name the source in the array 

center as the center source and the other six around as the peripheral sources. The areas in 

peripheral sources’ footprints have low BER. That is because these areas have line-of-sight 

(LOS) transmission paths with small emitting angles and receiving angles. Those factors provide 

high SNR. Regarding the areas in the footprint of the center source, the situation is more 

complex. On one hand, in the non-MIMO system, though these areas receive strong signal power 

from LOS paths from the center source, they also receive LOS signal power from the peripheral 

sources. Since these LOS signals arrive at different times, they cause inter-source interference. 

The inter-source interference produces ISI in the communication system, which significantly 

increases BER. As a result, the areas in the center source footprint in the non-MIMO system 

have high BER. On the other hand, in MIMO EGC and MIMO MRC systems, the areas in the 

center source footprint also have LOS links from the center source and the peripheral sources. 

The MIMO angle diversity mechanism, however, distinguishes the signal power from different 

sources. By applying different combining algorithms, the ISI is significantly reduced. The areas 

in the center source footprint, therefore, have low BER in the MIMO systems. For the areas 

outside the sources footprints, they have high BER in both MIMO and non-MIMO systems due 

to low SNR.  

6.4.3 Impact of Ambient Noise 

In order to explore the impact of ambient noise to system performance, we observe the BER 

distributions from -75dBmW to -114dBmW with 600Mbps data rate. The results for the non-
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MIMO system, the MIMO EGC system, and the MIMO MRC system are shown in Fig. 6-19 to 

Fig. 6-27. In these figures, the blue elements indicate that the corresponding areas have low BER 

and the red ones indicate that the corresponding areas have high BER. 

 

Fig. 6-19: BER distributions and outage probabilities of the non-MIMO system (noise from -75dBmW to -84dBmW)  
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located in the center of the room, never have low BER. That is because the inter-source 

interference from neighbor sources increases channel delay-spread, thus increases BER. 

Fig. 6-20: BER distributions and outage probabilities of the non-MIMO system (noise from -87dBmW to -102dBmW)  
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Fig. 6-21: BER distributions and outage probabilities of the non-MIMO system (noise from -105dBmW to -120dBmW)  
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extend with noise decrease, other low BER areas emerge under the peripheral sources’ 

footprints. They extend with the center low BER areas as noise decreases. The outage probability 

converges to 0 at -114dBmW noise level. An interesting observation is that there are several high 

BER “islands” surrounded by low BER areas. The reason is that in these locations, multiple 

sources send light into the most efficient receiver branch through LOS paths and produce inter-

source interference.  

Fig. 6-22: BER distributions and outage probabilities of the MIMO EGC system (noise from -75dBmW to -84dBmW)  
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Fig. 6-23: BER distributions and outage probabilities of the MIMO EGC system (noise from -87dBmW to -102dBmW)  
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Fig. 6-24: BER distributions and outage probabilities of the MIMO EGC system (noise from -105dBmW to -120dBmW)  
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probability converges much faster. It decreases to 0 at the noise level of -102dBmW. That is 

because MIMO EGC receivers weight different branches according to their SNRs. High SNR 

paths are emphasized in the combining. The MIMO MRC, therefore, has a better BER 

performance than MIMO EGC at the same noise level. 

Fig. 6-25: BER distributions and outage probabilities of the MIMO MRC system (noise from -75dBmW to -84dBmW)  
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Fig. 6-26: BER distributions and outage probabilities of the MIMO MRC system (noise from -87dBmW to -102dBmW)  

0 1 2 3 4 5 6
0

1

2

3

4

5

6

X direction (m)

600Mbps IOW BER performance,7X7 MIMO using MRC (-87dBmW noise), BER outage:0.52438
Y

 d
ire

ct
io

n 
(m

)

0 1 2 3 4 5 6
0

1

2

3

4

5

6

X direction (m)

600Mbps IOW BER performance,7X7 MIMO using MRC (-90dBmW noise), BER outage:0.3246

Y
 d

ire
ct

io
n 

(m
)

0 1 2 3 4 5 6
0

1

2

3

4

5

6

X direction (m)

600Mbps IOW BER performance,7X7 MIMO using MRC (-93dBmW noise), BER outage:0.12723

Y
 d

ire
ct

io
n 

(m
)

0 1 2 3 4 5 6
0

1

2

3

4

5

6

X direction (m)

600Mbps IOW BER performance,7X7 MIMO using MRC (-96dBmW noise), BER outage:0.06302

Y
 d

ire
ct

io
n 

(m
)

0 1 2 3 4 5 6
0

1

2

3

4

5

6

X direction (m)

600Mbps IOW BER performance,7X7 MIMO using MRC (-99dBmW noise), BER outage:0.05231

Y
 d

ire
ct

io
n 

(m
)

0 1 2 3 4 5 6
0

1

2

3

4

5

6

X direction (m)

600Mbps IOW BER performance,7X7 MIMO using MRC (-102dBmW noise), BER outage:0.03567

Y
 d

ire
ct

io
n 

(m
)



119 

 

Fig. 6-27: BER distributions and outage probabilities of the MIMO MRC system (noise from -105dBmW to -120dBmW)  

 

0 1 2 3 4 5 6
0

1

2

3

4

5

6

X direction (m)

600Mbps IOW BER performance,7X7 MIMO using MRC (-105dBmW noise), BER outage:0.01545
Y

 d
ire

ct
io

n 
(m

)

0 1 2 3 4 5 6
0

1

2

3

4

5

6

X direction (m)

600Mbps IOW BER performance,7X7 MIMO using MRC (-108dBmW noise), BER outage:0.00713

Y
 d

ire
ct

io
n 

(m
)

0 1 2 3 4 5 6
0

1

2

3

4

5

6

X direction (m)

600Mbps IOW BER performance,7X7 MIMO using MRC (-111dBmW noise), BER outage:0.00475

Y
 d

ire
ct

io
n 

(m
)

0 1 2 3 4 5 6
0

1

2

3

4

5

6

X direction (m)

Y
 d

ire
ct

io
n 

(m
)

600Mbps IOW BER performance,7X7 MIMO using MRC (-114dBmW noise), BER outage:0

0 1 2 3 4 5 6
0

1

2

3

4

5

6

X direction (m)

Y
 d

ire
ct

io
n 

(m
)

600Mbps IOW BER performance,7X7 MIMO using MRC (-117dBmW noise), BER outage:0

0 1 2 3 4 5 6
0

1

2

3

4

5

6

X direction (m)

Y
 d

ire
ct

io
n 

(m
)

600Mbps IOW BER performance,7X7 MIMO using MRC (-120dBmW noise), BER outage:0



120 

 

 

Fig. 6-28: Outage probability versus noise level 

Fig. 6-28 demonstrates the outage probability change with noise. An important observation 
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system, and the MRC method is always better than the EGC method. The outage probabilities of 

both MIMO systems converge to zero. The outage probability of the non-MIMO system, 

however, doesn’t converge to zero. That is because severe ISI remains in the footprint of the 

center source.     

6.5 Conclusions 

This chapter investigates the application of MIMO technology for IOWC. MIMO 

approaches can improve IOWC performance through two mechanisms: one is sending same data 

on all MIMO channels to improve communication reliability and we call this method diversity; 

the other is sending different data on different MIMO channels to increase channel capacity and 

this method is called multiplexing.  

In this chapter, we simulate the BER performance of the MIMO EGC and the MIMO MRC 

spatial diversity system, and compare them with the non-MIMO system. The performance is 

evaluated by BER outage probability. The results indicate that in regular indoor environments, 

MIMO systems outperform non-MIMO systems. MIMO MRC systems are more efficient than 

MIMO EGC systems. The reason is that multiple small FOV and aperture branches of MIMO 

receivers separate the light from different sources, thus mitigate ISI. Nevertheless, when the 

noise level is high, non-MIMO systems may outperform MIMO systems because non-MIMO 

systems have larger aperture size, which become the dominant factor to system performance. But 

in this environment, both MIMO and non-MIMO systems have limited mobilities and can only 

work in a small area.   
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Chapter 7  
 

Wireless Solutions for Aircrafts based on Optical Wireless 
Communications and Power Line Communications 

7.1 Introduction 

To implement wireless communications in aircrafts, the most important concern is the 

interference of wireless devices to aircraft navigation and communication systems [60]. Personal 

electronic devices (PED) generate two kinds of microwave radiations: intentional and spurious. 

Intentional radiations usually come from the PEDs of wireless communication function. They are 

generated when the devices transmit data via radio frequency (RF) wireless links. Spurious 

radiations are unintentional, but increase the RF noise level. Though they widely exist in all 

PEDs, spurious radiations are much more significant in wireless PEDs. Intentional radiations are 

not commonly considered as an interference, because of the strict band limitations as given in 

Table 7-1 [61]. The accumulated spurious radiations, however, can be very high in a frequency 

for aircraft navigation and communication systems; thus cause considerable impacts to 

operations. Studies pointed out that laptop computers are most frequently suspected as sources of 

interference. In 40 PED related reports collected by the International Air Transport Association 

(IATA), laptop computers contribute 40% of them. The IATA reports also indicate that 

navigation system is the most frequently affected system. 68% of the cases in the reports happen 

in navigation system [62]. Another study on Aviation Safety Reporting System (ASRS) database 

confirmed that navigation system is most vulnerable to PED interference; cellphones and laptops 

are the most common causes [63]. 
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7.3 Optical Wireless Communications 

7.3.1 Simulation Configurations  

Using our OWC simulation methods described in previous chapters, we can analyze OWC 

performances in most environments by carefully customizing environment parameters. With the 

support from Boeing Company and Airbus SAS through National Science Foundation (NSF) 

Industry/University Cooperative Research Center on Optical Wireless Applications (COWA), we 

explored the visible light propagation features and OWC performance in airplane cabin. Based 

on our findings, we validated the possibility of applying LED Visible Light Communications 

(VLC) in airplane cabins for high speed wireless transmissions. Our work focused on the 

received power and delay-spread distribution in the cabin when using existing overhead LED 

reading lights as VLC transmitters. We simulated the environment of one passenger seating row 

in a typical Boeing 737-900 airplane. The interior dimensions we referred are shown in Fig. 7-2. 

 
TABLE 7-2: MATERIAL SAMPLES AND REFLECTANCE FOR SURFACES IN THE CABIN 

SURFACE SAMPLE REFLECTANCE 

Seatback sample 4 – rough plastic 0.5 

Upholsteries sample 44 – linen 0.3 

Floor sample 18 – rug 0.1 

Ceiling sample 4 – rough plastic 0.5 

Cabin interior wall sample 4 – rough plastic 0.5 
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TABLE 7-3: SOURCES PROFILES 

MODEL 2LA455953 

Light Color Warm White 

Beam Angle 150 

Operating Current 700mA max 

Power Consumption 3.2W max 

 

Source Locations 

(10, 7, 45) 

(29, 7, 45) 

(48, 7, 45) 

 
TABLE 7-4: RECEIVERS PROFILES 

FIELD-OF-VIEW 600 

Responsivity 1A/W 

Aperture Area 1cm2 

Photo current from background noise 1e-5 uA 

By tracing the bounces of lights, we simulated the impulse response from the light sources 

to all locations in the seating area. Received power and delay-spread for each location are further 

computed based on individual impulse response. They are demonstrated as their spatial 

distributions in Fig. 7-4 and Fig. 7-5. 

7.3.2 Illuminance Distribution Results 

In photometry, illuminance, formly brightness, is the total luminous flux incident on a 

surface, per unit area. The unit of illuminance is lux (lx), or lumen per square meter. Photometric 

and radiometric parameters are listed in Table 7-5 and Table 7-6, respectively.  
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From illumination considerations, specific illuminance level should be maintained for 

different applications [68]. From communication considerations, sufficient illuminace should be 

guaranteed for high signal-to-noise ratio (SNR) [69].  

Fig. 7-4 is the illuminace distribution of OWC in airplane cabins. The environment model is 

established by using interior dimensions in Fig. 7-2 and material samples in Table 7-2. The color 

of each element in the figure indicates illuminance level of the corresponding area. To unify our 

results, in all following figures of this chapter, we use blue for the areas where relatively better 

communication is performed and red for the areas where relatively worse communication is 

performed.  

 

Fig. 7-4: Power Distribution of LED Reading Lights in a Typical Cabin Environment on Boeing 737-900 

We can make following observations from the figure. First, center area has highest 

illuminance and it decreases in peripheral area. Second, optical wireless is able to provide 
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sufficient illuminance for illumination. Illuminance requirement for using computer monitor is 

30lx, for reading is 300lx [68]. 100.00% of seating area satisfies monitor operation requirement, 

with the minimum illuminance of 44.08lx; 100.00% of reading area satisfies reading 

requirement, with the minimum of 470.27lx. Third, optical wireless is able to provide sufficient 

SNR for communications. 10dB SNR is required to provide 10-5 bit-error-rate (BER) for basic 

on-off keying (OOK) modulation in additive white Gaussian noise (AWGN) channel [69]. 

100.00% of seating area satisfies the illuminance requirement, with the minimum SNR of 

15.11dB. 

7.3.3 Delay-spread Distribution Results 

Delay-spread is the difference between the time of arrival of the earliest significant 

multipath component and that of the latest. It is a measure of the multipath richness of a 

communication channel and indicates the channel bandwidth. 

Delay-spread is most commonly quantified through rooted-mean-square (RMS) delay-

spread, as [25] 

ݏ = 	ට׬ ݐ) − ஶିஶݐ݀(ݐ)ଶℎଶ(ߤ / ׬ ℎଶ(ݐ)݀ݐஶିஶ    (7-4) 

where ℎ(ݐ) is the impulse response and ߤ is average delay defined by  

ߤ = 	ට׬ ஶିஶݐ݀(ݐ)ℎଶݐ / ׬ ℎଶ(ݐ)݀ݐஶିஶ    (7-5)  

Previous research shows the maximum transmission rate over a wireless channel is one to 

several times of the inverse of its delay-spread, given that no diversity or equalization applied 

[26][27]. 
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Fig. 7-5 is the delay-spread distribution in aircraft VLC system. Like illuminance 

distribution, center area has the lowest delay-spread and it increases in peripheral area. Defining 

bandwidth as the inverse of delay-spread, 100% of the seating area is able to provide hundreds 

MHz bandwidth.  

 

Fig. 7-5: Delay-spread Distribution of LED VLC System on Boeing 737-900 

Commercial LEDs provide bandwidth from a few MHz to tens of MHz; advanced LEDs is 

able to provide a few hundreds MHz to GHz [70][71]. Commercial photodiodes have reached 

hundreds of MHz [72]. The overall bandwidth of a communication system is jointly determined 

by source, channel and receiver. Our research shows that channel is not the bandwidth bottleneck 

in cabin environment. 
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Fig. 7-7: BER distribution and probability for 3Gbps transmission 

 

Fig. 7-8: BER distribution and probability for 1.5Gbps transmission 
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Fig. 7-9: BER distribution and probability for 750Mbps transmission 

 

Fig. 7-10: BER distribution and probability for 375Mbps transmission 
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TABLE 7-7: DEMONSTRATES THE BITRATE REQUIREMENTS FOR COMMON MULTIMEDIA SERVICES [75]. 

SERVICE BITRATE REQUIREMENT 

Blu-ray Disc 40 Mbps 

HDV 720p MPEG2 19 Mbps 

DVD MPEG2 9.8 Mbps 

Mp3 music services Up to 320 kbps 

Phone services 8 kbps 

Teleconference services 384 kbps 

  

From these results, we observe that BER outage decreases with bitrate decrease. It reduces 

to less than 4% at 200Mbps. The little high BER area only remains in peripheral area, due to low 

SNR. We therefore confidently believe that optical wireless is able to support high speed       

multimedia service in aircraft cabin environment. 

7.4 Wireless Applications for Commercial Airplanes 

Our core research partner, Boeing Company discussed several emerging wireless 

applications in commercial airplanes in [76]. The PLC-OWC solution is a strong candidate to 

implement these ideas for its merits in size, weight, power consumption, EMI safety and labor 

cost. 

A. Reading light passenger service units (PSUs) 

The existing reading lights above passenger sitting area provide two services. One is general 

illumination and the other is data, voice and video communications. 
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B. Passenger infotainment 

Passenger infotainment system is interconnected by visible light between seats to form a 

high speed mesh network. It projects to offer in-flight entertainment (IFE). Our research shows 

PLC-OWC can provide sufficient bandwidth for this application in a commercial airplane cabin 

which may have 400 or more passengers. 

C. Cabin interphones 

The lighting LED can transmit low bandwidth voice signal to flight attendants’ head phones.   

D. Interconnection of line-replaceable-units (LRUs) over environmental barrier 

It is not possible to interconnect the LRUs through enclosed areas with fiber. OWC provides 

optical transmission through these barriers without routing long distance. 

7.5 Conclusions 

This chapter investigates the PLC-OWC solution for wireless communications in airplane 

cabin. At first, we discussed the PLC channel model and the estimated capacity. Next, we 

investigate the OWC performance in airplane cabin, when LED is used as transmitter. The cabin 

environment model is established by the interior dimensions of a typical Boeing 737-900 

commercial plane. Using this model, we simulate the visible light propagation characteristics, 

and calculate power and delay-spread distributions. In addition, based on the impulse response 

matrix obtained, we simulate BER distribution and explore BER outage probabilities versus 

bitrates.   



138 

 

PLC-OWC provides an economical, lightweight, high-speed, energy saving and EMI free 

solution. The results consolidate the possibility of applying this technology for high-speed in-

cabin wireless services.  

   

 

  



139 

 

Chapter 8  
 

Indoor Positioning Methods based on Light-Emitting Diodes Visible 
Light Communications 

8.1 Introduction 

This chapter proposes a novel indoor positioning algorithm using Visible Light 

Communications (VLC). The algorithm is implemented by pre-installed Light-Emitting Diode 

(LED) illumination systems. It recovers the VLC channel features from illuminating visible light 

and estimates receiver locations by analytically solving Lambertian transmission equation group. 

According to our research, the algorithm is able to provide positioning resolution higher than 0.5 

millimeters, in practical indoor environment. The performance significantly exceeds 

conventional indoor positioning approaches using microwaves. 

8.2 LED and Indoor Navigation Methods  

Due to concerns over energy efficiency, it is being realized for some time now that LED will 

be the future desired lighting source. Compared to traditional light sources, LED offers many 

advantages such as long life expectancy, brightness efficiency and environmental friendliness. 

Moreover, as a semiconductor light emitting device, LED is easy to modulate at relatively high 

rates for other than lighting applications [2][77]. Global Positioning System (GPS) is the most 

popular positioning system in the world; however, its performance is substantially limited in 

indoor environments, because of the significant power attenuation when Electromagnetic (EM) 
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waves pass through ceilings and walls. Consequently, most existing indoor positioning 

approaches are based on short-range indoor wireless communication techniques. 

There are two categories of indoor positioning methods [78][79][80][81]. The first kind is 

based on microwaves, including Wireless Local Area Network (WLAN), Blue-Tooth (BT), 

Radio Frequency Identification (RFID) and Ultra-Wide Band (UWB). Because of the impacts of 

EM interference, noise, stability and other factors, these methods could only provide positioning 

accuracy of tens of centimeters [82]. The other kind is based on optical tracking and imaging. 

This method can provide good positioning accuracy of a few millimeters; however, it costs more 

in infrastructure and involves complex image processing.  

This chapter proposes a method of indoor positioning leveraging pre-installed LED 

illumination systems. The method recovers channel characteristics from the incident light and 

estimates receiver location by analytically solving Lambertian equation group. On one hand, as 

visible light is free from EM interferences, this method provides much higher resolution than 

microwave systems, to 0.5 millimeters. On the other hand, it works on existing illumination 

infrastructures and requires no image processing technique; thus the cost is lower compared with 

the imaging method. To sum up, this method will be a strong candidate for indoor localization 

for its performance and cost advantages. 

The rest of the paper is organized in the following way: we introduce the algorithm and the 

corresponding system in section 8.3; demonstrate and discuss our research results in section 8.4; 

draw conclusions in section 8.5.  
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when the four lights are modulated by  )4,3,2,1()( itsi , respectively, the signal received by 

the MT is 

)()()()(
4

1
0 tnthtsPtr

i
iiMT  



    (8-2) 

where  is the mode number of the radiation lobe that specifies the source directionality;  i  is 

the angle between source orientation vector and the vector pointing from source to receiver;  i  

is the angle between receiver orientation vector and the vector pointing from receiver to source; 

  is receiver area; FoV is the Field-of-View of the receiver;  iR  is the distance between the 

source and receiver;   is the speed of light;   0P  is the power emitted by each LED.  

In this chapter, we consider that the LEDs are of first order Lambertian pattern, which is the 

most common case of general illumination LEDs; the receiving angle is always smaller than 

FoV; ignore the difference of impulse delay, as it is of nanosecond scale while the system is 

designed to work at tens of kbps. The received signal becomes 
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8.3.2 Channel Features Recovery 

The lights are individually modulated by their location information, as positioning 

references to the MT. The signals, however, sent from different sources are mixed in the air 

interface. We need to retrieve individual signal and the corresponding channel features. The 

Time Division Multiplexing (TDM) method is developed to achieve this goal. All sources 

transmit synchronized frames periodically. In one frame period, the thi   LED is assigned a 

n

RA

c
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specific time slot between 1iT  and iT , in which it sends its encoded location information. We 

encode X, Y, Z coordinates of the LED into three 16 bits RZ codes, respectively as )(ts   and 

OOK modulation is applied. In this slot, since high and low light intensity is emitted with equal 

probability, the average power is 
2
0P

. In other slots, the source emits constant high light intensity 

for only illumination purpose. The average powers of these slots are 0P . The frame structure is 

given by Fig. 8-2. 

 

Fig. 8-2: Frame Structure of the Positioning System (One Period) 

Based on the mixed signal )(trMT , )(tsi  can be straightforwardly obtained by sampling in 

the specific slot. To retrieve ih  is more challenging, due to power mix up. For this reason, we 

intentionally design the frame structure to keep transmission power stable, regardless of the 

content of the location codes. By this method, we develop an algorithm to calculate the channel 

features as: 
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8.3.3 Positioning Algorithm 

Based on the ih and )(tsi  obtained from section 8.3.2, we can derive the MT location. We 

decode the X, Y, Z coordinates of LEDi from )(tsi  and define them as ),,( iziyix LLL . The 

coordinates of the MT are unknown and are notated by ),,( zyx MMM . Placing these into (8-1), 

we obtain: 
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For computation convenience, we rewrite (5) as 
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where K  is a constant defined as 


RA
K  . Since izL  is always greater than zM , we can remove 

the absolute symbol of ziz ML  .  

For values 4 ,3 ,2 ,1i , we obtain an equation group about user locations.  Solving the 

equation group by matrix operation, we have: 
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The solution ),,( zyx MMM  is the estimated 3D user location coordinates. Error is defined 

by the Eucleadian distance between the estimated position and the real, as: 

222 )()()( realzestzrealyestyrealxestx MMMMMM   . Since three coordinates are considered, this 

error is called 3D positioning error. In most cases, users are more concerned about their 2D 

locations ),( yx MM  and the 2D estimation error 22 )()( realyestyrealxestx MMMM   . We, 

therefore, refer estimation to 2D estimation by default. 3D estimation will be analyzed later in 

the chapter. 

8.4 Results and Discussion 

8.4.1 Test Parameters 

The environment is assumed as a 3m tall large indoor plaza. LED lights are installed in a 

rectangular grid shape layout, with neighboring distance of identically 3m. The elementary 

positioning unit becomes a 3m×3m×3m cuboid, with four LEDs on the ceiling corners. 
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All LEDs have identical half-power angl of 60o and emitting light intensity of 680 lm. The 

floor is divided into a 30×30 grid, while each element of the grid indicates a test spot. We 

assume the MT is at 1m height on each test spot. Camera area is 1cm2 and its sensitivity is 1A/W. 

The receiver is facing vertically upward and FoV is 70o.  

The frame structure is described in section 8.3.2. To sum up, there are 16×3×4 = 192 bits in 

a frame. We want to average the received waveforms to mitigate the noise impact. Suppose 

frames repeat 50 times in a second for one test, the bit rate of the system shall be 192×50 = 9600 

(bps), which is applicable to most commercial LEDs [83]. 

We evaluate the system performance under different noise levels. For large-area optical 

receivers, thermal noise is often negligible comparing to shot noise. The shot noise is associated 

with the background light induced current bgI . It can be modeled as Gaussian with Power 

Spectrum Density (PSD) of bgqIN 20  , where q  is an electron charge. With Wolf’s research 

[84], in a 10kbps system as we use, the shot noise ranges from -137.96dbmW when the receiver 

is exposed to direct sunlight, to -180.97dbmW when only artificial light is applied. For 

convenience, we assume that the noise power in practical environment is between -140dbmW to 

-180dbmW.     

8.4.2 Positioning Error and Distribution  

Fig. 8-3, Fig. 8-4 and Fig. 8-5 show the 2D positioning error distribution of this algorithm 

under the noise level of -140dbmW (strong noise, direct sunlight exposure), -160dbmW 

(moderate noise) and -180dbmW (weak noise, artificial light exposure only), respectively. As we 

can see, in all cases, the large estimation errors exist at the near-corner areas of the unit and the 
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error decreases as it approaches to the room center. That is because of the directionality of 

Lambertian transmission. When the user is near the corner, the received intensity from the 

diagonal source can be significantly degraded and it is vulnerable to noise interferences. This 

will cause substantial positioning error when it is placed into matrix computation. We also notice 

that the positioning error at the same location decreases 10 times as the noise decreases by 

20dbmW. 

 

Fig. 8-3: Spatial Distribution of Positioning Error at Noise Power of -140dbmW (Strong Noise, Direct Sunlight) 

Fig. 8-6, Fig. 8-7, and Fig. 8-8 exhibit the positioning error distribution by histograms, at the 

three noise levels. When noise is strong, the positioning errors are widely spread from 0mm to 

30mm. This distribution tends to concentrate to zero, as noise reduces. The histograms are good 

explanations to the error spatial distributions. Based on the results, we believe that this algorithm 

is able to provide 0.5 millimeters positioning accuracy in weak noise environment; even in 

strong noise, the accuracy can be guaranteed to tens of millimeters. 
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Fig. 8-4: Spatial Distribution of Positioning Error at Noise Power of -160dbmW (Moderate Noise) 

 

Fig. 8-5: Spatial Distribution of Positioning Error at Noise Power of -180dbmW (Weak Noise, Artificial Light Only) 
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Fig. 8-6: Histogram of Positioning Error at Noise Power of -140dbmW 

 

Fig. 8-7: Histogram of Positioning Error at Noise Power of -160dbmW 
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Fig. 8-8: Histogram of Positioning Error at Noise Power of -180dbmW 

 

Fig. 8-9: Mean of Positioning Error 
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Mean of positioning error is another measure of the approach. Fig. 8-9 depicts the average 

2D positioning error in the unit at different noise levels. From the figure, we observed a dramatic 

drop of average positioning error. In a practical environment (noise power starting from -

140dbmW to -180dbmW), the average error is below 7.3mm and it decreases to below 0.5 mm at 

-163dbmW. 

 

Fig. 8-10: Outage probability of positioning error     
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decreasing noise power. Thresholds are from 0.5mm to 500mm. As we can see, the outage 

decreases with noise power and converges to zero. In the worst practical environment, where the 

receiver is directly exposed to sunlight, the probability of positioning error greater than 50mm is 

nearly 0 percent. That means all of the room area provides positioning resolution of 50mm. If we 

track other curves in the figure, we will find that the outage probability of 25mm, 10mm, 5mm 

and 0.5mm reaches zero at -148dbmW, -155dbmW, -163dbmW and -180dbmW, respectively.  

 

Fig. 8-11 Impact of receiver height on positioning error 
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threshold, we observe excellent match of the curves representing different receiver heights. The 

result indicates that positioning error is unsubstantially impacted by receiver height.  

 

 

Fig. 8-12 Comparison of mean of 2D and 3D positioning error 

8.4.5 Comparison of 2D and 3D Positioning 
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significant than in horizontal. Fig. 8-13 is the comparison of 2D and 3D positioning outages. We 

find offset between each pair of curves. For each pair, the maximum shift can reach 7db. It 

means that, 3D positioning requires 7db more Signal-to-Noise Ratio SNR to reach the same 

resolution as 2D.      

 

Fig. 8-13: Comparison of outage probability of 2D and 3D positioning error 
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not only conventional 2D position information, but also 3D information.  There is 80% increase 

in the mean of positioning error and 7dB less noise tolerance, when 3D is applied instead of 2D 

positioning. 
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Chapter 9 Conclusions and Future Work 

9.1 Conclusions 

In this dissertation, several fundamental topics in IOWC have been investigated. This 

technology is a high speed, energy efficient and secure solution to RF band congestion.  

The research starts with developing an efficient method to establish indoor optical wireless 

models by tracking light pulses experiencing reflections and diffusions. When a general channel 

model is obtained, data simulation is applied to statistically calculate BER distribution and 

outage. By observing the results, the author finds that multi-path effect significantly exists at 

room corner locations, and inter-source interference significantly exists at the overlapping area 

of light footprints. Moreover, the influence of inter-source interference is more considerable than 

multipath effect to communication performance. Based on the observations, the author concludes 

that the major impact factors to VLC are multi-path effect and inter-source interference in 

general indoor environment. They degrade communications performance by causing impulse 

response distortion.  

Based on the investigation of IOWC channel model and the impact factors, the author 

explores OFDM and MIMO techniques to increase IOWC capacity. For the OFDM approaches, 

ACO-OFDM and PAM-DMT are successfully demonstrated to be immune to clipping noise. In 

addition, precoding methods, such as DFT-OFDM, ZCT-OFDM, and DCT-OFDM, can 

effectively reduce PAPR. For the MIMO approaches, BER performance of the MIMO EGC and 

the MIMO MRC spatial diversity systems are simulated and compared with the non-MIMO 

system. The results indicate that in regular indoor environments, MIMO systems outperform 

non-MIMO systems because the multiple-branch receivers separate the light from different 
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sources, thus mitigate ISI. Nevertheless, when the noise level is high, non-MIMO systems may 

outperform MIMO systems because non-MIMO systems have larger aperture size, which 

become the dominant factor to system performance in high noise environment.   

The dissertation also covers specific industrial applications of IOWC. For the investigation 

of IOWC in airplane cabin, the light propagation features, power, delay-spread, BER, and outage 

probability analyses are performed according to the interior dimensions of a typical Boeing 737-

900 commercial plane. The results confirm that PLC-IOWC provides an economical, 

lightweight, high-speed, energy saving and EMI free solution to airplane onboard wireless 

access. For using IOWC for indoor navigations, a novel positioning algorithm is proposed by 

solving the Lambertian transmission equation group. According to the results, this method 

theoretically reduces positioning error to less than 0.5 millimeters, as the state-of-the-art 

microwave indoor positioning can only reduce the error to tens of centimeters.    

9.2 Future Work 

IOWC is a promising technology, which is developing with an incredible speed. Nowadays, 

complex algorithms and modulations can be incorporated into efficient and small embedded 

systems.  

One interesting topic for future research is spatial multiplexing for IOWC. Spatial 

multiplexing provides wireless access to multiple users simultaneously. It will significantly 

increase the bandwidth efficiency. With the widely installation of LED arrays and reduced cost 

of manufacturing multiple branch receivers, increasingly more attention will be paid to this 

technique.   
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There is also a clear roadmap to implement spatial coding. In spatial coding, the 

uncorrelated MIMO channels carry different signals to represent the transmitted symbol. 

Combining with error-correct coding theories, this technique will increase bandwidth efficiency, 

and provide additional protection to blocking. 
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