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Kurzfassung

Die Ausbreitung von Licht durch die Luft kann auf unterschiedliche Weise von
Objekten in der Natur ruck reflektiert (gespiegelt) werden. Die Materialoberfla-
che kann eine Reflexion wie ein Spiegel verursachen, aber auch diffuse Refle-
xion oder eine Kombination von beiden Féllen ist moglich. Fur ,Free Space Op-
tics* (FSO) Anwendungen ist es wichtig, die Wechselwirkung zwischen dem
Lichtstrahl und der reflektierenden Oberflache zu analysieren.

In dieser Masterarbeit werden einige Parameter untersucht, um die Intensitat
des reflektierten Gaul3-verteilten Strahls bei Reflexion an verschiedenen Mate-
rialoberflachen (im Infrarotbereich 850 nm) zu berechnen und zu analysieren.
Die Reflexionskoeffizienten von unterschiedlichen Materialien beeinflussen die
Intensitat der reflektierten Gaul3-Strahlverteilung. Mit Matlab wird zuerst der Fall
der Gaul3-Strahlverteilung untersucht, wenn der Lichtstrahl auf der Zieloberfla-
che und zurick reflektiert wird. Zusétzlich werden andere Strahlverteilungen
und Mehrfachreflexionen betrachtet und als letzter Teil eine Untersuchung mit
mehreren optischen Quellen. Der Schwerpunkt der Arbeit ist die Analyse der
Strahlverteilung und Reflexionen. Als Ergebnis erhalt man analytische Berech-
nungen unter Betrachtung geometrischer Ausdriicke, die fur ,Optical Wireless
Systeme*” Verwendung finden. Bei den untersuchten Strahlformen ist neben der
Gaul3-Verteilung auch die Betrachtung des Lambert Strahlers ein wesentlicher
Faktor der analysierten Lichtintensitaten. Die Entfernung zwischen der verwen-
deten LD-Lichtquelle (Laserdiode, mit Leistung von 6 mW) und der Reflexions-

flache wird dabei mit 15 mm angegeben.



Abstract

Propagation of light through the air could be reflected in different ways from ob-
jects in the nature. The material surfaces may have a reflection as a mirror, dif-
fuse or a combination of both (mirror and diffuse). In indoor Free Space Optics
(FSO) it is important to analyze the interaction between light and reflecting sur-

faces.

In the framework of this research, some specifications are given to calculate the
intensity of reflected Gaussian distribution beam on various material surfaces
(in infrared region 850nm). The reflection coefficient from various materials af-
fects the intensity of reflected Gaussian beam distribution. Using Matlab as a
simulation tool, the Gaussian beam distribution (when the light beam hits the
target surface and reflects back to the source surface) is simulated. Additional
part of experimental work is beam distribution using multiple optical sources.
Distance between the LD-source (6mW) and reflecting surface is 15mm. The
main focus of this research is the analysis of optical beam with its reflections.
As a result of it, analytical and geometrical expressions are presented. Lamber-

tian beam distribution has also been investigated.

Vi
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Chapter 1 — Introduction Krenar Rexhepi

1. Introduction

Over 70% of the wireless voice and data traffic takes place in an indoor envi-
ronment. Indoor wireless optical communication has its advantages, for exam-
ple low-cost and high reliability. Visible light communications (VLC) has such a
promise and exploits the existing illumination infrastructure (i.e., LEDs) for wire-

less communication purposes [27].

1.1. Motivation

Optical fibers have advanced greatly over the last decade and become an im-
portant field of communication technology today. As an alternative to the optical
networks is so called free space optical (FSO) network. In indoor environment
(room, office etc.), optical beam propagates through the air (free space) to the
receiver’s side. Optical wireless link could be a directed one as Line-of-sight
(LOS) or a diffuse (reflected from the walls) one.

The region of operation is in near-infrared (850 nm). Short distance between
optical source and object is 15mm. The divergence angle of the beam is 20 de-
gree. For the optical source, Gaussian and Lambertian beam distribution is
used. Diffusion beam is also part of the experimental tasks.

This work is organized as follow. In chapter 2, introduction of several projects
related to this work are explained. Chapter 3 shows the key theoretical aspects
of the optical reflection in detail (reflection and refraction, Gaussian and diffuse
beam distributions, and optical properties of materials). Chapter 4 demonstrates
the simulation parts of this thesis. For the simulation, MATLAB® has been used.
Experimental part of simulations continues in chapter 5, with beams distribu-
tions using multiple optical sources. Chapter 6 deals with results of the simula-
tion tasks. Finally, chapter 7 gives a conclusion of my work and also the futuris-

tic research possibilities.
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1.2. Related work

Nowadays there are several research projects about optical reflection and its
behavior with various materials. Instrumentation for the measurement of reflec-
tance takes many forms [10]. The characterization of appearance of materials
involves measurements of reflectance, both diffuse and specular. Numerous
procedures and instruments have been devised for goniophotometry, the
measurement of specular gloss with biconical geometry. Also, many papers
have explained the instruments, methods, and procedures. Some of them are

discussed in the next chapter.
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2. Relevance of Reflectance on FSO

There are a lot of investigation projects on propagation of the light beam. The
influence of reflectance on atmosphere is evident. Following sections mention
measurements methods, instruments and also some research projects focusing

on optical reflections.

2.1. Methods for measuring the reflectivity

In recent years, researchers have great interest on FSO using multiple various
methods. The reflectance sensor and Loss Meter metrology instrument are

demonstrated as measurement techniques for reflectivity.

2.1.1 QTR-1A Reflectance Sensor

An important measurement task is the reflection measurements of different sur-
faces using reflective optical object sensor for short distances QTR-1A Sensor.
The reflective optical sensor consists of an invisible infrared light emitting diode
(LED) as a transmitter source that operates with 950nm in continuous wave
(CW) and a phototransistor as receiver. The phototransistor is connected to a
pull-up resistor to form a voltage divider that produces an analog voltage output
between 0 V and Vv (which is typically 5 V) as a function of the reflected IR.

Lower output voltage is an indication of a greater reflection [30].

Fig.1. QTR-1A Reflectance Sensor [30]
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2.1.2. Loss Meter metrology instrument

The Loss Meter metrology instrument was developed for measuring high reflec-
tivity/low loss optical components. The Loss Meter utilizes the cavity ring down
(CRD) technique to measure the total optical loss associated with a test sample,
and enables the total optical loss ranging from 0.001 to 0.000005 (1000 ppm to
5 ppm) to be determined with high precision. The system can be used for de-
termining losses/reflectance in high reflectivity mirrors as well as losses due to
absorption and scatter in thin films and thin/thick optical substrates. The system
has been specifically developed and configured for ease-of-use by technicians,
thus providing a valuable and in-house diagnostic for optics production facilities.
Instruments may be configured as either fixed wavelength systems or tuneable,
scanned systems in spectral regions ranging from the ultraviolet to middle infra-
red. Minimum instrument precision is typically less than 1% of the total meas-
ured loss, resulting in a precision better than 1 ppm for 100 ppm losses
(R=99.99%) and 10 ppm for 1000 ppm losses (R=99.9%). Total optical
loss/reflectance/absorption data of the test optic is updated in real-time at user-

defined intervals [32].

=

2

Fig.2. Loss Meter metrology instrument [32]

The Loss Meter metrology instrument is based on the cavity ring down (CRD)
technique for measuring optical loss. In this technique an optical cavity is
formed between two or more high-reflectivity mirrors. A light source is used to

inject light into the cavity where it bounces back and forth between the high-
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reflectivity end mirrors. Because the cavity mirrors are not 100 % reflective,
some of the light leaks out with each reflection. Measured decay curve of a lin-
ear cavity from a CW-laser based Loss Meter system operating at 1315 nm. A
portion of the pre-trigger signal is shown illustrating the relatively constant signal
seen before the laser is turned off. Once the laser is turned off at t=0, the light

within the cavity decays exponentially (see fig.3).

2800 - Trigger (Laser Off)
| . t=0 )
2600 - :
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E 24004 o, \
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Fig.3. Decay curve of a linear cavity from a CW-laser (1315 nm) [32]

2.2. Reflectivity of light on building materials

Reflectivity of light on building materials describes the diffusion systems as an
alternative to NLOS in indoor FSO. These systems are able to cover a larger
area than NLOS. Reflection values of different samples from different materials
in the 650nm and 850nm region are measured. The laser diode is connected to
ThorLabs LDC 202 (Laser Diode Controller) and ThorLabs TED200 (tempera-
ture controller) for setting a constant optical output of 100 nW. The reflected
optical beam (optical power 100 nW) of the sample is measured at different dis-
tances from the laser diode with an angle of rotation ¢ = 5°. Experimental
measurements are performed in the range 0 - 180°. The position of the laser

diode was 90° and 45° (see Fig.4) at wavelengths of 650 nm and 850 nm [12].
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sample

\a P
¢=5

laser diode
ﬁ laser diode

Fig.4. Block diagram of measuring system of directional characteristics [12]

ThorLabs PM100

For the experimental measurement of the directional characteristics of building
materials, two groups of samples have been created. The first group consist of
coatings which was two-times applied to the plaster. The second group includes

samples of tiling, building and structural materials.

Fig.5.The samples of coatings [12]
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ROKO - INTERIER SUPER RK 400

HET KLASIK COLOR

PRIMALEX PLUS

PRIMALEX BONUS

HETLINE

HET KLASIK

PRIMALEX STANDARD (tinting)

EXIN EKO

©O©| O N[ o Oof | W| N|

Paste for tinting

=
o

PRIMALEX STANDARD

Table 1.The description of samples of coatings [12]

Fig.6.The samples of building and tiling materials [12]

11 POLYSTYREN

12 wooden board (light brown)
13 wooden board (ochre)
14 wooden board (white)
15 wooden board (dark brown)
16 spruce wood

17 clinker glossy (light brown)
18 clinker glossy (dark brown)
19 steel

20 cork

Table 2.The samples of building and tiling materials [12]
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Examples of the measured values of direction characteristic are shown in fig.7
and fig.8. The measured values of sample no.13 show that the directional char-
acteristic is combined (diffuse and directional diffuse) and in the case of sample

no.6 directional characteristic is diffuse.

250 —
500

200 4
400

150
300

distance d (mm)

100
200

distance d (mm)

50

100

Fig.7.Directional characteristic of a) sample no.13 and b) no.6 (650 nm) [12]

The difference of the measured directional characteristics when using wave-
length of 650 nm and 850 nm range is evident. The higher wavelength the larg-

er covered area of reflected optical radiation (fig.7 and fig.8).

105 ot 75

400 120
350 J angle ¢ (°)
300
250 4
200

1560

distance d (mm)

100 A
a0 o

0o 180

Fig.8.Directional characteristic of sample no.6, wavelength 850 nm [12]
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2.3. Channel Models for Radio on Visible (RoVL)

Communication System

The RoVL project has introduced an innovative alternative for cell phone con-
nectivity in RF restricted or poor signal connectivity regions. This paper pre-
sents a brief theoretical study on the attributes of channel modelling, influencing

mobile signal transmission in an indoor environment.

Transmitter ‘T’

Mobile Receiver ‘M’

Fig.9. Directed line-of-sight (LOS) ray geometry for mobile telephony [23]

In the next figure is shown diffuse reflection inside a room that comes from the

wall or any reflector material.

Transmitter ‘T’
TRACE 1

S3

TRACE 2

Mobile Receiver ‘M’

Fig.10. Diffuse ray geometry for mobile telephony through visible light [23]
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Therefore multiple reflections scattered from surfaces, walls and furniture affect
the channel model in mobile telephony. The received power of optical radiation

varies depending upon the material of the scattering surface and the number of
reflections as shown in fig.10.

- Received Power (Plaster Walls)
- Received Power (Plastic walls)

Received Power (Microwatt)

2

Number Of Bounces (K)

Fig.11. Received optical power for 3 bounces - Infrared case [23]

10
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- Received Power (Plaster Walls)

- Received Power (Plastic walls)

Received Power (Microwatt)

2 3

Number Of Bounces (K)

Fig.12. Received optical power for 3 bounces - Visible light case [23]

The received power is reduced by the reflection coefficient of the surface. It has
been established by previous studies [19], that the reflecting materials have
greater reflectance at infrared wavelengths than in the visible light regions. It
was observed that due to its high reflectance, the optical power received by the
IR receivers is much greater than those of visible light receivers, as can be ob-
served in fig. 11 and fig.12. Therefore it is preferable to operate at higher wave-
lengths (infrared region).

11
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2.4. Other related projects

The other of the related papers is briefly explained in the following:
2.4.1 Model for indoor wireless optical link

In IWOL the laser beam carrying the information is propagated through the
room and reflected on the walls and various objects. An IWOL works in the IR
spectral region. The influence of surface reflectivity on received power is simu-

lated by a relative directional reflectivity of surface (RDR) [13, 14].
2.4.2 Simulation of reflected and scattered laser radiation

This paper presents a computer simulation of reflected and scattered laser radi-
ation for calculating the angle of laser shields performed with Laser Shield
Solver computer program. The authors describe a method of calculating the
shield angle of laser shields which protect workers against reflected and scat-

tered laser radiation and which are made from different materials [26].
2.4.3 The near infrared reflective material’s surfaces

The near infrared signals reflected by different surfaces are studied. The trans-
mitted signals are reflected by different surface obstacles for varied distances
among the receiver, reflector and remote controller [17].

12
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3. Fundamentals

The optical communications technology is also concerned with the transmission
of information with light. Light is an electromagnetic wave. The spectrum of ra-

diation with different wavelength is shown in the table 3.

Wavelength Designation of the radiation
< 100 nm ionizing radiation
100 to 280 nm UV-C
280 to 315 nm UV-B
315 to 380 nm UV-A
380 to 780 nm Visible Light
780 to 1400 nm IR-A
1,4 to 3 um IR-B
3 to 1000 um IR-C

Table 3.Designation of radiation [1]

In theory, the characteristics of light show that it can be treated as electromag-
netic wave. Features of the optics like free space optical propagation, refraction,
reflection, Gaussian beam distribution, diffuse beam distribution and optical

properties of materials will be described [1]

13
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3.1. Indoor Free space optical propagation

This technology becomes today a significant field for the researchers. Indoor
optical wireless link describes the light source’s beam propagation through the
room and beam reflection on the walls or the various objects. In the figure a
scheme of the experimental measuring chain arranged in the room model is
shown in fig.13 [13, 14].

Fig.13. Basic principle of the RDR measurement [13]

So, in indoor FSO there are the direct beams from the optical transmitter and
also the reflected beams from different material surfaces. Two optical wireless

links are shown in the fig.14.

Fig.14. Optical wireless LANSs: a) diffuse link and b) line of sight [6]

14
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As a medium for short-range, indoor communication, infrared radiation offers
several significant advantages over radio. Infrared emitters and detectors capa-
ble of high speed operation are available at low cost. Infrared and visible light
are close together in wavelength, and they exhibit qualitatively similar behavior.
Both are absorbed by dark objects, diffusely reflected by light-colored objects,
and directionally reflected from shiny surfaces [18]. The optical source converts
the electrical signal to an optical signal, while inverse of source is the receiver
or detector (converts optical power into electrical current). As optical sources
are light emitting diodes (LEDs) or laser diodes (LDs), whereas as detectors is
photodiodes (PDs). Optical sources may be divided into two groups: point
sources and surface sources. LDs belong to point sources, while LEDs belong
to surface sources. The beam of LDs may be approximated by a Gaussian
beam. LEDs or incandescent bulbs may have approximately a Lambertian radi-
ation pattern [6, 35].

The surfaces can be a mirror (specular), diffuse or a combination of both. A
special case is an absolute reflection. Variants of reflections are shown in fig.15
[13].

Specular reflection Diffusive reflection

Specular reflection

Diffusive reflection Diffusive reflection

Absolute
C, reflection

e,
Fig.15. Types of reflection [13]

15
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3.2. Reflection and refraction

In the optics special characteristics of the electromagnetic wave are used - re-
flection and refraction. These arise whenever the wave in differently close me-
dia spreads. The following illustration shows geometry of the propagation vec-
tors, and of a diagonally refraction, reflected respectively refracted homogene-

ous plane wave.

’ K X
4 22
kz = kn; Al VJ.
y

/L 91\//\‘]0'
\

ky =k, skn,
AN
;1 i'
K  Kex
Kez

K1z

Fig.16. Geometry of the propagation vectors [1]

The boundary surface conditions for the tangential components of the field
strengths must be fulfilled for all times and for all places. That is, that the phase
lags of the regarded waves must be alike along the boundary surface.

k1z krz I'(22
Tprz = Torz = Tpp, OF w oo w or ki, =k, =Ky,

From this the measure of angle of refraction®, and reflection O, angles in re-
lation to the angle of incidence ©; can be determined:

k, cos@, =k, cos©, =k, cosO,

n, cos®; =n, cos©, =n, cosO,
By the reflection law (with n; = n,):

G, =06, (1.2)

And refraction law:

n, cos®, =n, cosO, (1.2)

(also n,sing, =n, sing, is given)

16
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3.2.1. Reflection factors of an electrically transverse polarized wave
(TE)

We assume that the incident wave comes from the optically thicker medium.
Now the case of the electrically transverse polarized wave is treated ( E; stands

perpendicularly on the plane of incidence and is arranged parallel to the plane
boundary surface). The incident plan wave has the unchanged electrical field

strength E;; = ; [&,, the magnetic field strength goes only with its boundary

surface-parallel componentH,- = H,, &, =H,;sin®, [, to the boundary sur-

face. [1]

sz
X
N2 <Ny, N2
LI/ 7777777 ;J 2
n1 ' 'h
E

Fig.17. Reflection factor with TE polarization [1]

For the field wave resistance, one get

BEE _ 71 _ 7o
H;sn®; sSnO®; nsnO;

710=

The field strengths which are perpendicular to the wave occurring in second

medium:
EZD:EZEéy and HZD:HZZ[éZ:stinez[éz

The appropriate field resistance reads therefore:

17
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P N2 __1No
20 sn®, n,sinG,

Thus the reflection factor can be written down with transverse electrical polari-
zation (TE) as follows:

1 p~Nyy _NnsSnG,-n,snO, _
- 7 20t 10 nlsinel+nzsin92

~lore (1.3)

gl g ... magnetic reflection factor

If one extends the break with k, then arises also with: k;, =knsin®; and

k2X = kn2 sin @2

r k1x_k2x_
g =X <X =

@jPIE
—  ky, +k E
X 2X

T

With the help of refraction law:

2
CosQ, = %cos@l or Sn©, = \/1— [n& cos@lJ
2 2

Arises also for reflection factor:

. L Sin®, —ynZ —n? cos? @,
e =

nSinG, +ynZ —n?cos? @,

The reflection factor depends thus only on the angle of incidence and on the

two refractive indices [1].

Under the condition n, >n,, know the following cases are differentiated:

18
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1. ©; =90°(perpendicular incidence): Amplitude und Phase of Reflections fac-
tor are:

e = AL
N +n,

A phase pure partial reflection arises.

respectively. prg =0 (real value)

2. O, <O <90° (diagonal incidence): Likewise a phase pure partial reflection

arises. In addition comes a regular refraction. With increasing diagonal of the
incidence the reflection factor increases.

3. ©; =0, (critical incidence): The reflection factor Iz =1 and the phase
P1e =0. It occurs thus a phase pure total reflection (as with an open-circuited

load conduction)

4. 0<0O; <04 (over critical incidence): A total reflection with rapid phase
change occurs. The broken wave fades away exponentially, since koy is imagi-

nary. The reflection factor is:

ko +ig . _ cos® ©; - cos® @
e = 192x — RITE ith p 1= 2arctan 72X = 2arctan \/ L =
T S~ @ Ky sn©,

This situation is comparably with a conduction with more decreasing, purely

inductive terminating impedance.

5. ©; - O(touching incidence): In this case the reflection factor is e =-1. 1t

comes to a total reflection with rapid phase change (as with a short circuit con-

duction).

19
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dImirr)
+J
0,=0 0,=90° B4
— e
-1 0 1 Re (ITE)

Fig.18. Electrical reflection factor with TE-polarization with incident angle [1]

Fig.18 shows representation of the electrical reflection factor with transverse
electrical polarization of an incident homogeneous plan wave as a function of
the angle ©; of the incidence on a dielectric boundary surface. The incident

wave comes from the optically thicker medium.

3.2.2. Reflection factors of an incident magnetically transverse po-

larized wave (TM)

In principle a same situation as in the previous chapter, with the difference that
the magnetic field vector of the incident plan wave stands now perpendicularly
on the plane of incidence (the paper plane). That is called we sets for transver-

sal magnetic polarization ahead (index TM) [1].

n;

n,

Fig.19. Reflection factor with TM polarization [1]
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The partial plan waves have the following characteristic wave impedances in

this case:

E, _EsSnO, . sno,
=22 =" "1=pn.5n0G. =
I]ll] Hl Hl I]l 1 ,70 nl
E, E,sino, . sn®
= = =1,sin0, = :
120 H, H, 72 2=1o n

Thus follows for the reflection factor ry,, as ratio of tangential components:

Moo =N _NSNO, -n,SNO, _ n12k2x _nzzklx
™ = =

= =r,, @™ 1.4
M S e nSn©,+nsn®, ik, +ndk, ™ (1-4)

The following cases result also here in dependence of the angle of incidence:

1. ©; =90° and ©, =90° (perpendicular incidence): It occurs phase pure partial
reflection. The reflection factor is:

:nl_nZ >O

I
n +n,

2. 90° > @, > O, > O, (diagonal incidence): With decreasing ©; reflection factor
becomes more smaller. In this interval it comes to a feature which is known as

Brewster effect. With the case 1, =0 and the angle of incidence ©1g it comes

to a total transmission with that the wave is reflection-free and refracted.
For this reflection factor one receives:

SNO;g _ M

nzgnelB :nls.nGZB or -
Sn@,g Ny

: : n :
According to the refraction law cos©,pg :—1cos(915 and thus it follows
n2
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2
) tan“a 1
sna=—""2"_ and coszcr:—2

1+tan“a 1+tan“a

the relationship for the Brewster angle results

2 t 2 o) n
(l _ an” O and with this tan O = 1

N, 2 ny
1+ tan2 @15 - (nlj

©O1p is greater than 45 with the transition from the thicker to the thinner medium

By the Brewster effect the refracted beam is perpendicular to the direction of the
virtual reflected beam. According to the refraction law (see previous page) fol-

lows:

tanG)lB E:OSG)J_B = COS@ZB or SinG)lB = COS@lB and with it
Op +0,; =90°
Through this effect, a breakdown into different polarizations (TE or TM-Waves)

is possible.
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n2< Ny 28
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Fig.20. Interpretation of the Brewster effect [1]

This identity is valid for all ratios of ; /n, . As an explanation of this effect it may

be considered that the refracted beam, load carriers of the medium n, to Di-

pole radiation stimulates. In vibration direction (the direction of the electric field
strength = direction of the considered reflected beam) a dipole does not radiate.

Therefore no reflected wave appears.

3. ©; =0y (Critical incidence under the boundary condition of total reflection):

In this case refraction angle ©, disappears, so the reflection factor becomes

rrm = —1. Total reflection appears with phase shift of ( o1 =180°).

4. ©,,<0O; <0 (Over critical incidence): Total reflection comes with phase
jump. As in the previous chapter, the x-coordinate of the propagation vector in
the second medium is imaginary:

With k,, =—ja,y , a,y, >0 follows:

2 Y
n,k, +jna : .
gy == J L2 therefore |rpy | =y =1 With the associated phase
N Ky, = jnia,,
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2
Pmm = 2arctan%kzx + 7 (The additive 77 derived from the negative sign)
N2 Kix

The phase angle moves in the area < pry <2, for the incidence angle
0,20, 20. This corresponds to an electrical cable with purely capacitive im-
pedance.
O, - 0 (touching incidence): It yields ry =1 and ppy =0. It means pure
phase total reflection. [1,5]
‘ Im (rym)

-1 919 1 Re (.rm)
—
8,=90°

=)

Fig.21. Electrical reflection factor with TM polarization with incident angle [1]

These two expressions (1.3) and (1.4), which are completely general state-
ments applying to any linear, isotropic, homogeneous media, are known as the
Fresnel Equations [8] . Figure plots show a reflection and transmission coeffi-

cients for incident fields with electric and magnetic polarization as a function of

incident angle ©, for an air-glass interface (n, =1,n, =1.5) [5].
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Real part of coefficients

120

20

incident angle

Fig.22. Reflection and transmission coefficients (real part) [5]

Magnitude of coefficients
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Fig.23. Magnitude of coefficients vs. incident angle [5]
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Phase angle of coefficients
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Fig.24. Phase angle of coefficients vs. incident angle [5]

3.2.3. Reflectance and transmittance

The incident power is I; Acos 6;; this is the energy per unit time flowing in the
incident beam and it’s therefore the power arriving on surface over A. Similarly,
I Acos 6,. is the power in the reflected beam and I, Acos 6, is the power being
transmitted through A [8]. We define the reflectance R to be the ratio of the

reflected power to the incident power:

__ Iy Acos 6,
I; Acos ©;

R (1.5)

We define also the transmittance T as the ratio of the transmitted to the inci-

dent power and is given by:

__ It AcosB;

- I; Acos 6; (1.6)
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The common form of these equations (1.5) and (1.6) is simply:
R+T=1
If 8, =6; ,then reflectance is given by:

_ I, Acos 0, I
B IiACOS 01' B Il'

This gives us a new equation that describes the intensity of reflected beam:
L. = RI; a.7)
where [; is intensity of incident beam and R is reflectance

Most of the times, reflectance is known also as reflectivity [8, 23].

3.3. Gaussian beam

Optical radiation emitted from a laser diode can be described by means of the
Gaussian beam theory. It will be introduced a Gaussian beam as an approxima-
tion of a real optical source (laser diode). Under ideal conditions, the light from a
laser takes the form of Gaussian beam. Using geometrical optics it is able to
analyze the Gaussian intensity distribution. In the following, beam spreading
and intensity are shown [20, 21]. Unfortunately, the output from real-life lasers
Is not truly Gaussian (although helium neon lasers and argon-ion lasers are a

very close approximation) [26].

3.3.1. Beam spreading

Now we are going to discuss some important aspects of the Gaussian beam.
We require and set the origin (z=0) of a Gaussian beam in a position where the

phase front at the origin having a radius of curvature from infinity i.e. the wave is
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like a plane wave at the origin. And at the origin, the spot size of the Gaussian
beam is called beam waist w(0) = w,. Therefore the beam waist w, is a special
case of the spot size where the radius of curvature is equal to infinity [29]. In
addition, when R=owe have a so called the Rayleigh length (or Rayleigh
range):

_ W
Zn = 1
0

(2.1)

Where n is the material refractive index, A, is the wavelength of the beam.

Spot size

w(z)

D B ——

Beam Waist _ R\(z)
Radius of curvature

Fig.25. Beam waist radius and radius of curvature [29]

The spot size and wave front radius can be shown to vary with propagation dis-

tance z as

2
W2 (2) = WP 1+[i] 2.2)

Since the relation between w and z becomes linear, a beam spreading angle

can define as :

w(z) W, W, A
——==2= —=—2_=tand 06
z zy nmy, /A, Ny
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The beam spreading angle is:

8= Ao

N7,
N — |
Z

Fig.26. Beam spreading angle [29]

Radius of curvature is:
7 2
R(z) = z{1+(—Rj } (2.3)
z

When z=17,,

The size of Gaussian beam has expanded by a factor of V2 as measured by a

1/e point of the field. Therefore z; is a parameter that measure of how far the
beam is collimated, and z, is called the Rayleigh range. Also it is common to

denote b=2z;as the confocal parameter.

Note that the smaller the beam waist, the shorter the Rayleigh range [2, 8, 9,
11, 28].

3.3.2. Intensity

For a Gaussian beam the optical intensity distribution I(x,y) in the plane perpen-

dicular to the direction of a propagation is generally elliptical and described as:

Yy 2y4(r2) 2
1(X,y,2) =1(0,0,z)e " "M@ (2.4)
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where w,and w, are beam half width of Gaussian beam in x and y direction
and 1(0,0,z) is on-axis (x=y=0) optical intensity of the beam in the distance z.
Note, the central beam intensity 1(0,0,z) and beam half width w, and w,

change as beam propagates in case of the divergent beam (common for optical
wireless links). This change is in the far-field given by the beam divergence an-

gle @ according to:

w, ,(2) = ztan(6, ,) (2.5)

Optical intensity is a property of the beam itself, but detected is always the opti-

cal power P integrated on a photodiode. This power P is given as:

P(2) = jl (x,y,2)dS

where S — is active area of the photodiode. The total power B, transmitted by
the beam is given by:
T
P« (2 =1(0,0, Z)EWX(Z)WY(Z) (2.6)
However, in many practical applications the transmitted beam can be approxi-
mated by the circularly symmetrical intensity distribution, where 8, = Hy =g and

also w, =w, =w [20].

-
-

R(z) > w(z) \
| . > /—/ >

Fig.27. Gaussian beam profile [24]
The beam power is principally concentrated within a small cylinder surrounding

the beam axis. The intensity distribution in any transverse plane is a circularly
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symmetric Gaussian function centered about the beam axis [11]. The width of
this function is minimal at the beam waist and grows gradually in both direc-
tions. The wavefronts are approximately planar near the beam waist, but they
gradually curve and become approximately spherical far from the waist. The
angular divergence of the wavefront normal is the minimum permitted by the

wave equation for a given beam width [2, 4, 8]. If r=w (beam half-width), the

beam’s irradiance which depends on the square of the amplitude, is then 1,/¢e?
which is only 14%l,. Andl =1,e7, as it's supposed to, at r=w, where

r =+/x* + y? is radial distance from z-axis, and z-axis is the distance along the

direction of propagation. As the beam spreads out, the curvature of the wave-

fronts also changes as shown in Fig.28 [2].

I (w) - Intensity of radial distance r=w

l,- maximum intensity at z=0

| A
T

] { /_l\-

|
O Wy fa 0 LA P 1] Wy i
a) (b) (c)

Fig.28. Intensity of Gaussian beam distribution [2]
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3.4. Diffuse beam

There are two cases of diffuse beam distribution. One is using Gaussian beam
with a help of LSD (Light Shaping Diffuser) and it distributes diffusely, and sec-

ond case is using Lambertian beam distribution.

3.4.1. Gaussian beam with a Light Shaping Diffuser (LSD)

The irradiance distribution of fundamental Gaussian TEMoo laser beam at dis-

tance L is given by :

—2r2

2P 212
I(r,L) = I,exp (wZ(L)) = ) &P (— WZ_(L)) (3.1)

Where I, is the axial intensity, P is total optical power of the beam, r? = x2 + y?
is the position at the terminal plane, and function w(L) describes the evolution

of the optical beam along the propagation direction L given by:

a2
W(L) = Wy [1 + (T[—WO) ] (32)
where A is the wavelength of light, w, is the spot size radius (i.e. the radius
where the field amplitude value drops to e~! of the centre value) at the propaga-
tion distance L=0. From equation above we can perceive that the irradiance
intensity, at a given point, is dependent only on the beam waist radius w(L)
[15].
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Laser Diode  Diffuser Rx plancT

Fig.29. Gaussian beam distribution through a diffuser [15]

For a non-directed link covering a much wider area, the laser beam should be
passed through an optical diffuser as shown in fig.29. By doing so the beam

waist radius will enlarge with a diffused angle ¢4;¢¢(L) which is given by:

Gaifr(L) = \/¢2dw(L) + @2 Lsp

where ¢4;,, (L) is the full width at half maximum (FWHM) divergence angle of
laser diode (LD) and ¢,p is the FWHM angle of LSD. Assuming the divergence
angle of the LD is very small, i.e. ¢4, (L) < ¢;5p , the diffused beam waist radi-

us based on FWHM angle is given by:

1
Wewyy (L) = Ltan > brLsp (3.3)

To calculate the irradiance distribution of diffuse beam with a diffused FWHM

angle, we need to convert the beam waist radius of FHWM angle to the one of

full width at 1/e maximum angle w1 (L).
e

From equation (3.1), we have:
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1(0,L) = 2I(Wpypun (L), L)

From equation (3.3) wq /. is given by:

2

wi(l) = |—

—Weyum (L)

(3.4)

Therefore, for a diffused FWHM angle ¢;sp , the extended irradiance distribu-

tion of diffuse beam is given by:

_ @y
I(r,L) = Iy exp <L2tan2(%¢’LSD)>
0.0,0) n-thTx (S,)

First /
reflector| >~

Photodiod\

........... 1

(3.5)

(k-1)th

reflector

Fig.30. Gaussian beam distribution through a diffuser in a room [15]

Fig.30 illustrates a typical example of diffuse beam reflection inside the room.
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3.4.2. Lambertian beam

The emitted beam of a basic LED source can be modeled as Lambertian distri-
bution, and the radiation intensity distribution for a LOS path at the horizontal
plane is given by [3, 6, 15, 16, 18]:

I(¢) =

m+1
2md?

Pcos™(¢)cos(0) (3.6)

where m is the Lambertian order of radiation, ¢ is irradiance angle, 6 is incident
angle, and d is the transmission distance between source and receiver. For a

given half power angle ¢, ,, the Lambertian radiant order is:
In(2)
ln(cos(d)l))
2

For example, ¢,,, = 60° (Lambertian transmitter) corresponds to m =1, while

m=— (3.7)

¢1/2 = 15° (typical directed transmitter) corresponds to m = 20. A simulation

program for indoor visible light communication environment based on MATLAB
is presented in [25]. In this paper, a simulation program calculates the illumina-
tion distribution and received signal waveform considering the positions of the
transmitters and the reflections on walls. It is assumed that the source of emis-

sion and the reflected points on wall have a Lambertian radiation pattern.

700
600

500

400

llluminance (Ix)
N
o
o

300

200

100

Fig.31. Distribution of illuminance in case of one transmitter [25]
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Fig.32. llluminance distribution with 4 transmitters and semi angle of 30° [25]
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Fig.33. llluminance distribution with 4 transmitters and semiangle of 70° [25]

The program considers the positions of the transmitters and the reflections at
each wall. For visible light communication environment, the illumination light-
emitting diode is used not only as a lighting device, but also as a communica-
tion device [25].
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3.5. Optical properties of materials

Several optical properties of materials affect the radiation beam. Some of the
optical properties are: surface roughness, color, reflection coefficient, index of
refraction etc. Therefor there are kinds of materials (glasses, metals, plasters,
crystals etc.) with different reflectance [3, 7].

‘Mn mm ‘ Aluminum ‘ Silber ‘ Gold ‘ Copper ‘ Platinum ‘
300 0,923 0,176 0,377 0,336 0,576
400 0,924 0,956 0,387 0,475 0,663
500 0,918 0,979 0,477 0,6 0,714
600 0,911 0,986 0,919 0,933 0,752
700 0,897 0,989 0,97 0,975 0,772
800 0,867 0,992 0,98 0,981 0,785
900 0,891 0,993 0,984 0,984 0,805
1000 0,94 0,994 0,986 0,985 0,807
5000 0,984 0,995 0,994 0,964 0,949
10000 0,987 0,995 0,994 0,989 0,962

Table.4. Reflectance of the mirror metals [3]

For mirror reflection, glasses materials are used. A wide variety of common
building materials are efficient diffuse infrared reflectors. In the 800-900-nm
range, typical plaster walls and acoustical ceiling tiles have diffuse reflectivities
in the range of 0.6-0.9, while darker materials often exhibit lower values of p
[18]. Most of materials (with the notable exception of glass) are approximately
Lambertian reflectors i.e., they scatter light with a power per unit solid angle
proportional to the cosine of the angle with respect to the surface normal, inde-

pendent of the angle of incidence [17, 33]. Lambert cosine law is defined as:
I = Iycos(0) (3.7)
where:
I - Intensity of light scattered from a point on a reflecting surface
I, - Incident light intensity at the maximum

6 - angle of the scattered light.

37



Chapter 4 — Reflection-Analysis on Types of Light-Beams using MATLAB® Krenar Rexhepi

4. Reflection-Analysis on Types of
Light-Beam s using MATLAB®

MATLAB® provides tools to acquire, analyze, and visualize data. It also enable
to document and to share your results through plots and reports or as published
MATLAB code [34]. This chapter consists of two parts: simulation of Gaussian
beam distribution and simulation of diffuse beam distribution. First part shows
the case when reflective object surface is specular (mirror) with different reflec-
tion coefficients. We analyze also the Gaussian beam distribution from reflected
side, when the incidence angle varies. Second part indicates the diffuse beam
distribution. Taking in consider an optical source as Gaussian beam that propa-
gates in the air, hits the object surface and reflects to a receiver as diffuse
beam. Another simulation’s example is when the source has a Lambertian

beam in order to analyze the beam intensity in function of the irradiance angle.

4.1. Simulation of Gaussian beam distribution and

mirror surface

In this simulation part are investigated:

« The reflected irradiance distribution (single and multiple reflections
beam) including the reflectivity

e The reflected beam distribution when the optical source rotates with a

certain angle
» The circular beam distribution transforming in an elliptical beam

For this simulation part, the parameters are given in table 5.
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Specifications and constants Symbol
Full divergence angle e=20°
Wavelength A =850nm
Distance z=15mm
Total power of a source P_tot =6mW

Table.5. Specifications for simulation of the optical beam

4.1.1. Direct beam with single and multiple reflections

First, there is the optical source that propagates the light beam direct on the
mirror object’s surface and it reflects back to the source’s side. Incident and

reflected beam distribution are analyzed.

target surface

¥ photodetector
/- light source

Fig.34. Gaussian beam distribution and reflection from mirror surface.

For the simulation, the equations (2.4) and (2.5) of Gaussian beam distribution
are used. Fig.34. illustrates an optical beam from source to the material surface
and reflected beam to the photodetector. In fig.35 the Gaussian beam has a
narrow beam compare to the reflected beam. It is also evident that the intensity
of reflected beam is lower compare to the incident beam. The intensity of
Gaussian beam is 546 W/m”2, whereas for reflected beam it is 136.5 W/m”2.
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In case of multiple reflections beam (the beam continually reflects multiple
times), the Gaussian beam gets wider. As result of the multiple reflections

beam, the intensity reduces.

¥ Ssingle Reflection

" Multiple Reflections

Fig.37. An illustration of multiple reflections

Fig.37 gives an illustration of multiple reflections beam. The purple color indi-
cates the directed light beam, whereas the green indicates the same beam that
reflects two times and the orange one reflects three times. From the simulation
results, the intensities of second and third cases of reflection beam are 60.67
W/m? and 34.12 W/m?.
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Reflected Gaussian beam
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Fig.38. Intensity distribution after second reflection (green)
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Fig.39. Intensity distribution after third reflection (orange)
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4.1.2. Reflected beam and incident angle

We focus deeper in geometrical aspect for an explanation. Changing the inci-
dent angle ¢ affects the distance from an optical source to the surface and also,

the beam is not symmetrical anymore as it illustrates in fig.37. The new distance

Z4 is expressed by:

.z
~ cos(¢)

41

where the incident angle varies ¢ ~ (=90° to 90°) .

7 4
Q—a
"t @
~ @ +a

- Yright

Fig.40. An illustration of light beam with an incident angle ¢

We know how to calculate the beam radius with right triangle, but, now we try to
find the unsymmetrical beam in a mathematical form. The beam radius with an
angle at full width at half maximum 6 = 20°and an incident angle ¢ is expressed
by:

y = ztan(p)

In order to find the distance where the beam hits the object’s surface, we sepa-

rate y beam radius into two parts.
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Vieft = Ztan(@ — a)

Yright = ztan(p + a)

where « is the half of the 6 is 10.

A right triangle is triangle with an angle of 90 degrees (11/2 radians). The sides

a, b, and c of such a triangle satisfy the Pythagorean Theorem [31].

In fig.37 two distances are given:

a; = /Zz + Vieft?
a; = /ZZ + yright2

Now, to express the beam radius of unsymmetrical beam, we get a vector of

distances from the minimal distance Z;,,;, and the maximal distance Z;,:
Zymin = Q1 * cos( @)
Zymax = Az * cos(a)

The distance vector:

Zy = (Zomin - Z2max) - ---VECtOr
Then we get the beam width radius w, as a vector from distance vector z,.
w, = z, tan(a)
Expression of the beam radius w with z-distance and a — semi angle at a half

maximum is:

w = ztan(a)
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Whereas the beam radius wj is given:

wy = z; tan(a)
In this situation the equations with the same parameters are used. The distance
of the reflected beam is the two times of the incident beam’s distance, for ex-

ample if the beam travels to the target in distance from z=15mm, the reflected

beam back to source side is z=30mm.

light
source beam

z=15mm

J mirror surface

detector ' Leﬂected
eam

incident angle=reflected angle

Fig.41. lllustration of reflection with an incident angle ¢

Now, the Matlab plots show beam distribution with various values of incident
angle ¢. Where the black line is Gaussian beam on the surface and blue line is
reflected beam back to the source side. Intensity of reflected beam starts to de-
crease on dependence of the incident angle see figures below. Fig.42, fig.43,
and fig.44 indicate beam in function of incident angle. It is the same situation
when the light beam propagates continually and reflects multiple times. Fig.45
shows multiple beam reflections (green line — for two bounces and red one — for

three bounces).
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Gaussian beam with angle 30°
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Fig.42.Gaussian beam distribution with an incident angle 30°

Gaussian beam with angle 60°
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Fig.43.Gaussian beam distribution with an incident angle 60°
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Gaussian beam with angle 70°
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Fig.44.Gaussian beam distribution with an incident angle 70°

As shown in figures the higher incident angle the lower intensity.

Fig.45.

Reflected Gaussian beam with angle 30°
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4.1.3. Direct reflected beam and reflection coefficient

As it described before in chapter 2, there are several optical properties that af-
fect the radiation beam. Adding the reflectivity of various object surfaces on the
light beam, will affect immediately the irradiance intensity.

Specifications and constants Symbol

Full divergence angle 6=20°

Wavelength A =850nm

Distance z=15mm

Total power of LD source P_tot=6mW
Reflectivity (reflection coefficients) f,=(0.2,0.4,0.6,0.8,1)

Table.6. Specifications for simulation of the optical beam adding reflectivity r,

From equation (1.7), depending on different values of reflectivity, the intensity of
reflected beam is varied. The lower reflectivity, also the intensity of reflected

beam decreases.

Reflected Gaussian beam and different ro
140

120 4]

200 4

[0}
o

60 -

RGB distribution intensity

40 -

20/ -

0 —~ 1
-0.01 -0.008 -0.006 -0.004 -0.002 0
Distance in m

Fig.46. Gaussian beam with reflectivity (r,=0.2, 0.4, 0.6, 0.8, 1)
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4.1.4.Reflected beam and beam width angles in x and y direction

From previous chapter, the equation (2.4) for intensity of Guassian beam distri-

bution is described as:

| (X Yy Z) = | (0 0 Z)e_z((rz/Wx(Z)2)+(r2/Wy(Z)2))

1(0,0,2) - intensity of the beam in direction z.

r — radial distance

And equation (2.5) of the beam waist radius in direction x and y is:
w,,(2) = ztan(6, )

6, ,- beam waist angle in direction x and y.

If 6, = 6,, the beam waist radius has circular form as shown in fig.47.

Reflected Gaussian beam x 10° Reflected Gaussian beam

Intesity in W/m?

Distance in m
A I S N U S - S = S U N S

Distance in m 5 ° 5

Fig.47. Circular form of reflected Gaussian beam distribution (6, = 6,)
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If 6, # 8,, the beam waist radius has elliptical form as shown in fig.48.

x10° Reflected Gaussian beam x 10° Reflected Gaussian beam

Distance in m
Distance inm

R I S N U S~ N =S U~ N S|

&

0 5
Distance in m x10° Distance in m X 10°

a) b)

Fig.48 Elliptical reflected beam when a) &, =15°,6, =5°and b) 6, =5°, 6, =15°

4.2. Simulation of diffuse beam distribution

This is the situation when the material surface has diffuse reflection. From

equations (3.4) and (3.5), the diffuse reflected beam distribution is described as:

—2r?
wi(2L)?

e

I(r,2L) = I, exp

The reflected diffuse beam waist radius of full width at 1/e maximum angle is:

w1(2L) = /2/In(2) Wrwym(2L)
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Fig.49. An illustration of diffuse beam distribution

4.2.1. Comparison of the beam waist radii

As mentioned before, from the equations, the beam width radius differs whether

the surface is specular or diffuse. Fig.50 shows the comparison of the beam

width radius. In the following table beam radii in function of distance are com-

pared. It is evident from fig.50 and from table.7 the diffuse beam radius

(w_diffuse) is wider compared to the two other beam radii - the linear and

Gaussian beam radii (w_normal and w_gaussian).
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Distance in m

x 10

Fig.50. Comparison of the beam waist radii

o

Because of similarity between linear and Gaussian radius values, we assume

the radius to be approximately equal.

Distance z in mm
0 1 2 3 4
w_normal 0 0,176 0,35 0,52 0,7
w_gaussian 0,017 0,17 0,35 0,52 0,69
w_diffuse 0 1,4 2,9 4,3 57
Table.7. Beam width radii in function of distances (in mm)
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4.2.2. Simulation of relative directional reflectivity (RDR)

The surface reflectivity includes both diffusive and specular components and
the directional properties of the surface reflectivity are characterized by the
RDR [13, 14]. The RDR is given by the equation:

RDR = 4, (—“C‘;Sm)n

where An is measure coefficient of the dispersed power on surface, n is meas-
ure coefficient of the directional characteristics of dispersed power on surface.

Note that if n=1, then it is ideal Lambertian surface with unit reflectance, RDR =
1; If n changes and An is fix, for example n=1, 5, 10 and An = 1(scattering angle

is y = 0), then we can simulate the RDR in function of angle.
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Fig.51. RDR in function of scattering angle

Fig.51 shows that in case of full diffusive surface the coefficient of directivity n is

smaller.
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4.2.3. Reflected diffuse beam distribution and scattering angle

For diffuse beam distribution, the beam width radius of full width at half maxi-
mum (FWHM) divergence angle of the optical source has to be smaller than the
one of full width at maximum angle (¢,.(L) = 60°,120°). Considering this, the
intensity of reflected diffuse beam distribution presents very low values depend-

ing on scattering angle for short distance as shown in fig.52 and fig.53.

Specifications and constants Symbol

Full divergence angle 6=20°
Wavelength A =850nm
Distance z=15mm
Total power of a source P_tot=6mW
Reflected full width angle $=60°,120°

Table.8. Specifications for reflected diffuse beam distribution

Reflected Diffuse beam
e 4.4

IN

3.5

Intensity in wim?

-0.005

-0.005

Distance in m
-0.01 g1 Distance in m

Fig.52. Reflected diffuse beam distribution (¢=60°)
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Reflected Diffuse beam
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0. 0.47
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Fig.53. Reflected diffuse beam distribution (¢=120°)

4.2.4. Reflected diffuse beam distribution and reflection coefficient

Reflectivity affects the intensity of reflected beam. If reflectivity is 100% or r,=1,
the maximal value of intensity is achieved. While for small value of reflectivity,
the intensity achieves minimal value. Fig.54 shows the influence of reflectivity in

the reflected diffuse beam.
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Fig.54. Reflected diffuse beam distribution and reflection coefficient

4.2.5. Intensity of Lambertian beam distribution

As in chapter 2 is already elaborated, intensity of Lambertian beam distribution

stands as:

m+1

I(p) = Pcos™(¢)cos(0)

2172

where m is the Lambertian order of radiation, ¢ is irradiance angle, 6 is incident
angle, and z is the transmission distance between source and receiver. For a

given half power angle ¢, ,,, the Lambertian radiant order is:

B In(2)
In(cos (gb%))

m =
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Considering the Lambertian beam as a part of diffuse beam, it is clear that the
beam radius has a wide width. Suppose that the optical source has the Lamber-
tian beam, in order to calculate the intensity of beam with its reflection. The in-
tensity of Lambertian beam varies depending on the irradiance angle ¢ as an
example fig.55 and fig.56 are shown. The intensity is in function of incident an-

gle.
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Fig.55. Reflected Lambertian beam distribution if $=60°
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Fig.56. Reflected Lambertian beam distribution if ¢
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5. Reflection-Analysis on Multiple

Gaussian Beams

Until now the light beam (e.g. Gaussian and Lambertian beam) with single
source has been demonstrated .But if the beam distribution has more than one
optical source then light beam would be completely different. Again the equa-
tions of Gaussian distribution for each source are used. The beam intensity
starts to increase using multiple sources. In other side the beam width radius
becomes wider. Depending on number and positions of sources the beam takes
a various form. In order to show the beam using four and eight optical sources,

several examples are given in following sections.

5.1. Beam distribution and multiple sources in 3D

For this simulation task same parameters as before (in chapter 4) are used. In
fig.57 an illustrated example of beam distribution with four sources as an array

is given.

‘ LD source

@ Photodetector

.i —0
o -0
& =0

Fig.57. An illustration of beam distribution with multiple sources

Array of four transmitters (position coordinates in x-and y-direction (1,12),

(12,1), (12,12), (1,1)) with a divergence angle 12.5° are clearly shown in fig.58.
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By changing divergence angle to 20° a combination of four beams is given as
shown in fig.59 (x- and y-coordinates (1,10), (10,1), (10,10), (1,1)). Variations of
beams array and its reflection are demonstrated. Intensity of array varies with
dependence of source coordination see fig.60 with x- and y-coordinates (6,12),
(12,6), (3,6), (12,12).

Beam distribution

1500\
1000y o

Intensity in Wm?2

0.01
0.005

-0.005

0 0

Distance in m -0.005

-0.01
-0.01 Distance in m

Fig.58. Beam distribution with 4 sources and divergence angle 12.5°

Beam distribution

Intensity in Wm?2

0.01

-0.005 0
Distance in m -0.005
001 o

Distance in m

Fig.59. Beam distribution with 4 sources and divergence angle 20°
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Beam distribution
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Fig.60. Beam distribution with 4 sources — case one

In the next two figures the reflected beam distributions are presented. Of
course, the reflected beams indicate the lower value (fig.61 transmitters coordi-
nates (1,10), (10,1), (10,10), (1,1) and fig.62 (6,12), (12,6), (3,6), (12,12)).

Beam distribution
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Fig.61. Reflected beam distribution with 4 sources — case one
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Fig.62. Reflected beam distribution with 4 sources — case two
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5.2. Beam distribution with four transmitters

It is clear that changing of transmitters positions gives various intensity values.
But, what if the LDs have a position in x or y line and each of them propagate
light beams to the surface? Considering the positions of LDs, Gaussian beam
takes various forms. It is also evident that when Gaussian beams multiple with

each other than it is not Gaussian any more as shown in following.

5.2.1. Beam distribution with four transmitters in y-axis

Instead of one optical transmitter we use four transmitters. Positions of optical
sources (LDs) are laying in y-axis see fig.63. There is a combination of four
beam distributions or an array of beams.

transmitters surface
line

Z=15mm

O optical transmitter

Fig.63. An illustration of beam distributions with 4 sources

In following figures examples we can see the difference between the beam distribu-
tions. For a single Gaussian beam the maximal intensity is 546 W/m?, but the values of
intensity increase using four optical beams. These values vary approximately from
600W/m?* to 2200W/m?. Fig.64 and Fig. 65 show beam distribution with position of
sources in y direction (x- and y-coordinates (1,10), (1,8), (1,4), (1,2)) and (1,10),
(1,8), (1,4), x(1,12)).
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Fig.64. Beam distribution with 4 sources — first case
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Fig.65. Beam distribution with 4 sources — second case
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Fig.66. Other beam distributions with 4 sources laying in y-axis
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5.2.2. Beam distribution with four transmitters and angle of inci-

dence

Suppose that array of sources (in y-line) propagates the beam with an angle
(e.g. 30 or 60 degree), the beam takes different forms considering the position
of optical sources. The intensity decreases or increases in function of angle.
Fig.67 shows array of beams shifted by an angle of 30 degree, where intensity
reaches the value up to 800W/m? (x- and y-coordinates are (1,1), (1,2), (1,8),
(1,12)). While for an angle of 60 degree, beam intensity reaches lower values
(up to 300W/m?) as shown in fig.68 (x- and y-coordinates are (1,1), (1,2), (1,8),
(1,12)).
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Fig.67. Beam distribution with 4 sources and incident angle 30°
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Fig.70. Beam distribution with 4 sources and incident angle 60°

Fig.69 and fig.70 show array of beam distributions shifted by the angles 30 and
60 degree with positions of sources and x- and y-coordinates (1,10), (1,2),
(1,12), (1,2).

5.3. Beam distribution with eight transmitters

In case of eight sources (y-line) the beam has also various distributions consid-
ering the positions of sources. The beam intensity shows higher values com-
pare to the beam with four transmitters. The values of beam intensity vary de-
pending on positions of transmitters. The examples of the beam distributions
with eight optical sources are shown in following figures (see fig.71 positions
coordinates (x- and y-coordinates are (1,1), (1,2), (1,4), (1,6), (1,8), (1,9), (1,10),
(1,12), fig.72 other beam distribution and fig.73 beam distribution in 3D).
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6. Results

This chapter shows final simulation results considering the types of reflection’s
beam. The intensity of beam distribution using several methods and mathemati-
cal equations is calculated. Therefor the equations of Gaussian, diffuse and
Lambertian beam distribution are expressed.

* First, the Gaussian beam distribution orthogonal to the mirror surface is
simulated. It is clearly, a difference of the intensities and beam widths be-
tween incident beam and reflected beam. Second, different values of in-
tensity are given, by varying the incident angle. Third, the influence of re-
flection coefficient is evident. Fourth, by varying the beam radius angle in

x and y direction, elliptical Gaussian beam is formed.

» Reflected diffuse beam distribution is investigated. When the optical
beam is perpendicular to the reflecting surface, the reflected diffuse
beam is wider than in case of mirror surface. Assuming that scattering
angle after reflection is higher than incident angle, the intensity would be

lower.

* Beam distributions with multiple sources are analyzed. Each source is
Gaussian distributed. The combination of more than one source gives
various values of intensity. Examples of these beam distributions (2D

and 3D) has been in chapter 5 presented.

In the table 8 the results of the reflected beam intensities (mirror I,y and diffuse

I.q) using reflection coefficients (r,) are compared.

r,=0.2 r,=0.4 I,=0.6 1,=0.8 r=1
liab (W/m?) 0,0916789 0,183357  0,275036 0,3667156 0,4583946
ligo (W/m?) 27,301173 54,60234  81,90352 109,20469 136,50586

Table.9. Comparison of reflected intensities
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Comparison of incident and reflected beams
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Fig.74. Intensities of incident and reflected beams

Fig.74 shows comparison between incident and reflected beams in function of
an incident angle. It is seen that whenever the angle has great value, the beams

intensities get lower values.

The situation of the beam distribution with multiple sources is different. Intensity
of the beam distribution was higher compared to the one with single source. We
saw in chapter 5 several variants of beam distributions. The values vary de-
pending on number of sources, positions of sources and also in angle of inci-

dence (as an array of sources).
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7. Conclusion

In continuation with previous research papers on finding the methods and tech-
niques to measure reflectivity in indoor environment, the focus of this work has
addressed the attributes of the interaction between light and surface in short-
range. Nowadays, there is a focus of researchers on connecting two devices
through optical wireless link (high-speed data link). It is evident from simulation
results, the importance of the optical beam reflections for application in optical
link technology especially for High-Speed short distance optical wireless link.

In Chapter 4 the light beam (near IR) using mathematical and geometrical de-
scriptions were demonstrated. The intensity of reflected beam varied depending
on material surfaces and also on scattering angle. It is demonstrated that the
presence of the various material surfaces (material with various refractive index)
affects the light beam. The diversity of beams distributions plays a significant
role for a direct and non-direct wireless link application. An example of this,
Gaussian and diffuse beam distributions were presented. Chapter 5 indicated
also a simulation method with multiple transmitters. The light beam using four

and eight optical transmitters was demonstrated.

Infrared region is an attractive choice for many short-range applications (e.g.
optical sensors for measurement, short-distance link applications etc.). One of
the simulation’s tasks that could challenge other simulation techniques is simu-
lation of reflections with multiple sources. In this case, the simulation program
would be able to calculate the irradiance distribution considering the position of
transmitters and the reflecting points on the surface. The simulation programs
or experimentally methods that would be also important for the short-range ap-
plications, is the simulation technique when the transmitter has different kinds of

radiation beam.
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Appendix A: Gaussian beam with re-

flections

%% Gaussian beam distribution

%

%

% Date: 2013/12/17

% Author: Krenar Rexhepi

% Research Group: Master's thesis

% Institute: Institute for microwaves and photonics
% University: Graz university of technology

%

%% ----------===mmmm--- BEGIN CODE ----------------
clear all

close all

clc

%% Specifications and constants

Theta = 20; % Full divergence angle in grad
lambda = 850e-9; % Wavelength in m

z = 15*10"-3; % Distance in m

P_t=0.006; % Total power in Watt of a light source

%% General calculations

alpha = Theta * pi / (180 *2); % Half divergence angle in
rad
betta = (90-Theta/2)*pi/(180); % Angle calculated from sum

of 90° and alpha (Theta/2)

% Calculate angle from re-
flection's law
gamma = (180*pi/(180)-2*betta); % Full reflected divergence
angle in radius

%% 1) Linear beam radius

w_z = z * tan(alpha); % Constant beam radius in m

%% 2) Total intensity of gaussian distribution in W /m"2

[X, Y] = meshgrid(-0.01:.0001:0.01, -0.01:.0001:0.0 1)
|_0=2*P_t/(pi*(w_2)"2); % Maxi-
mal intensity of gaussian in distribution in W/m»2

I_gauss = |_0*exp((-X.2-Y.~2)/(w_z"2)); % Total

intensity of gaussian distribution in W/m”2
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%% 3) Reflected beam radius
z1 = z+15*10"-3;
w_zr = z1*tan(alpha);

flected beam width radius in m

%% 4) Total Intensity of reflected gaussian distrib

% Re-

ution in W/m~2

[X, Y] = meshgrid(-0.01:.0001:0.01, -0.01:.0001:0.0 1)

I_Or = 2*P_t/(pi*(w_zr)"2); % Maxi-
mal intensity of reflected gaussian distribution in W/mn2

I_ref = _Or*exp((-X."2-Y.~2)/(w_zr"2)); % Total
intensity of reflected gaussian distribution in W/m N2

%% Graph

figure

surf(X,Y,l_ref);

view (-25,50)

shading interp ;

title(  'Reflected Gaussian beam' , 'Fontsize' , 12, 'FontWeight' ,'bold" );
xlabel(  'Distance in m' , '"FontWeight' |, 'bold" );

ylabel( 'Distance in m' , 'FontWeight' |, 'bold" );

zlabel( 'Reflected Gaussian distribtion intensi-

ty' , 'FontWeight' |, 'bold" );

figure

surf ( X,Y,l_gauss);

shading interp ;

view (-25,50)

title(  'Gaussian beam' , 'Fontsize' , 12, 'FontWeight' ,'bold" );

xlabel( 'Distance in m' , '"FontWeight' |, 'bold" );

ylabel( 'Distance in m' , 'FontWeight' |, 'bold" );

zlabel( 'Gaussian distribution intensity' , 'FontWeight' |, 'bold" );

%% Gaussian beam propagation and reflection

%

%

% Date: 2013/05/17

%

% Author: Krenar Rexhepi

% Research Group: Master's thesis

% Institute: Institute for microwaves and photonics
% University: Graz University of Technology

%

L ———— BEGIN CODE ----------------
clear all

close all

clc

%% Specifications and constants
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Theta = 20; % Full divergence angle in grad
lambda = 850e-9; % Wavelength in m

z = 15*10"-3; % Distance in m

P_t=0.006; % Total power in Watt of a light source

%% General calculations

alpha = Theta * pi / (180 *2);
rad

phi = -60*pi / (180);

ymin = z*tan(phi-alpha);
ym=z*tan(phi);
ymax=z*tan(phi+alpha);

al = sqrt(z"2+ymin”"2);
a2 = sqrt(z*2+ymax”2);

z1 = z/cos(phi);
z2_min = al*cos(alpha);
z2_max = a2*cos(alpha);

z2 = linspace(z2_min,z2_max,201);

%% 1) Linear beam radius
w_z =z * tan(alpha);

w_z0 = z1*tan(alpha);
spreading beam in m
w_z1 = 2*z1*tan(alpha);
reflected beam in m

w_z2 = z2.*tan(alpha);
dius of spreading beam
w_z3 = 2*z2 *tan(alpha);
dius of reflected beam

%% 2) Total intesity of gaussian distribution in W/

P_t = 0.006*ones(size(z2));
% Total power in Watt of a light source

r = linspace(-0.01,0.01,201);

I_0 = 2*P_t./(pi*(w_z2)."2);

% Maximal intesity of Phase-shifted Gaussian distri
I_gauss = I_0.*exp((-2*(r.~2)/(w_z0"2)));

% Total intesity of Phase-shifted Gaussian distribu

% Half divergence angle in

% Rotated angle in rad

% Constant beam radius in m
% new beam width radius of

% new beam width radius of
% vector of beam width ra-

% vector of beam width ra-

mn2

bution in W/m”"2

tion in W/m”"2
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I_00 = 2*P_t./(pi*(w_z3)."2);

% Maximal intesity of Phase-shifted Reflected Gauss
tion in W/m”"2

I_gaussl = 1_00.*exp((-2*(r.*2)/(w_z1"2)));

% Total intesity of Phase-shifted Reflected Gaussi

%% Graph

figure

subplot(2,1,1)

plot(r,l_gauss, 'k." , 'MarkerSize' ,10);
title(  'Gaussian beam with angle 60°'

xlabel( 'Distance in m' );

ylabel( 'GB distribtion intensity’ );
legend ( 'Intensity in W/m»2' );

grid on

subplot(2,1,2)

plot(r,|_gauss1, k", 'MarkerSize' ,10, 'Color'
title(  'Reflected Gaussian beam with angle 60°'
xlabel( 'Distance in m' );

ylabel( 'RGB distribtion intensity’ );
legend ( 'Intensity in W/m”2' );

grid on

, 'FontWeight'

ian beam distribu-

an beam in W/m”2

, 'bold" );

);

, '"FontWeight' , 'bold" );

%% Reflected Gaussian beam propagation with reflect
%

%

% Date: 2013/05/17

%

%

% Author: Krenar Rexhepi

% Research Group: Master’s thesis

% Institute: Institute for microwaves and photonics
% University: Graz university of technology

%

L ——— BEGIN CODE -----------————
clear all

close all

clc

%% Specifications and constants

ion coefficients

Theta = 20; % Full divergence angle in grad
lambda = 850e-9; % Wavelength in m

z = 15*10"-3; % Distance in m

P_t = 0.006;

ro=[0.20.40.6 0.8 1];
%% General calculations

alpha = Theta * pi / (180 *2);
rad

gama = 60*pi/180;

% Total power of optical source
% Reflectivity

% Half divergence angle in

86




Krenar Rexhepi

%% 1) Reflected beam radius

w_z =z * tan(alpha);

% Reflected beam radius in m

%% 2) Total intesity of gaussian distribution in W/ m”2
r =(-0.01:0.0001:0.01);
N = length(r);
M = length(ro)
for i=1:N;
for j=1:M;
I_0 = 2*P_t*ro(j)/(pi*(w_2z)"2); % max-
imal Intensity I_0 in W/m”2
I(i,j) = I_O*exp(-2* ( (r(i)"2 /iw_z")2)); % In-
tensity of Gaussian distribution in W/m”2
end
end
%% Graph
figure
plot(r,1);
title(  'Reflected Gaussian beam with angle 60° and differe nt
ro' , 'FontWeight' , 'bold" );
xlabel( 'Distance in m' );
ylabel( 'RGB distribution intensity' );
legend ( 'ro=0.2" , 'ro=0.4" ,'ro=0.6" ,'r0=0.8" ,'ro=1" );

grid on
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Appendix B : Diffuse beam distribu-

tion

%% Diffuse beam distribution

%

% Date: 2014/05/17

% Author: Krenar Rexhepi

% Research: Master's thesis

% Based on jurnal paper: Improvement of Transmissio n bandwidth for
IOWC systems using diffused Gaussian beam

% Institute: Institute for microwaves and photonics

% University: Graz university of technology

L BEGIN CODE --------------—--
clear all

close all

clc

%% Specifications and constants

Theta = 20; % Full divergence angle in grad

lambda = 850e-9; % Wavelength in m

z = 15*10"-3; % Distance in m

Phi = 120; % Reflected diffuse angle

P_tx = 0.006;

%% General calculations

alpha = Theta * pi / (180 *2); % Half divergence angle in rad
beta = Phi * pi / (180 *2); % Half reflected diffuse angle
in rad

%% 1) beam radius

w_z = z*tan(alpha); % Constant beam radius in m
w_z1 = 2*sqrt(2/log(2))*z*tan(beta); % Diffused beam radius in m
(from Digital Object Identifier: 10.1109/LCOMM.2012 .060812.120803

equation (6))
%% 2) intensity of gaussian beam distribution in W/ m”2

[X,Y]=meshgrid(-0.01:0.0001:0.01,-0.01:0.0001:0.01) ;

=2*P_tx/(pi *w_z"2);
b=1_0*exp(-2*(X."2+Y .~2)/(w_z"2))

I_0
l_g
%% 3) intensity of diffused beam distribution in W/ m”"2
[X,Y]=meshgrid(-0.01:0.0001:0.01,-0.01:0.0001:0.01) ;
I_01=2*P_tx/ (pi * w_z1"2);

I_db =1_01*exp(-2*(X.2+Y."2)/(w_z1"2))

%% graph
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figure

surf(X,Y,l_gb);

title(  'Gaussian beam' , 'FontWeight' , 'bold" );
xlabel( 'Distance in m' );

ylabel( 'Distance in m' );

zlabel( ‘'Intensity in W/m”2' );

shading interp ;

view(-30,46)

colorbar;

figure

surf(X,Y,l_db);

title(  'Reflected Diffuse beam' , '"FontWeight' |, 'bold" );
xlabel( 'Distance in m' );

ylabel( 'Distance in m' );

zlabel( ‘'Intensity in W/m”2' );

shading interp

view(-30,46)

colorbar
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Appendix C : Lambertian beam dis-

tribution

%% Lambertian beam

%

%

% Date: 2014/05/17

% Author: Krenar Rexhepi

% Research Group: Master's thesis

% Institute: Institute for microwaves and photonics
% University: Graz university of technology

L —— BEGIN CODE -----------————
clear all

close all

clc

%% Specifications and constants

lambda = 850e-9; % Wavelength in m

z = 15*10"-3; % Distance in m

P_t=0.006; % Total power of optical source

ro=1[0.2 0.4 0.6 0.8 1]; % Reflectivity

Phi = 120; % Full width divergence angle of a Lam-

bertian optical source in grad

%% General calculations

beta = Phi * pi / (180 *2); % Half divergence angle in rad
= -log(2)*ones(size(beta));

m=a./log(cos(beta)); % Lambertian order of emission

gama = 90*pi/180;

%% 1) Reflected-Diffused beam radius

w_z1 = 2*z*tan(beta); % Reflected Lambertian beam
waist radius (from Digital Object Identifier: 10.11 09/LPT.2012.2227304
equation (4))

%% 2) Intensity of reflected Lambertian beam distr ibution in W/m”2

[r] = (-gama:0.02:gama)

I_0 = P_t*((m+1)/(2*pi*(2*z)"2))*cos(beta)"m; % Maximum in-
tensity of Lambertian beam distribution

| = I_0*cos(r); % Intensity

of Lambertian beam distribution in W/m”2(from Digit al Object Identifi-

er: 10.1109/LPT.2012.2227304 equation (1))
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%% Graph

figure

plot(r,I, k", 'MarkerSize' ,10, 'Color'
title(  'Reflected Lambertian beam distribution '
xlabel( 'incident angle in grad' );
ylabel( 'RLB distribution intensity in W/m~2'
legend ( 'intensity’' );

grid on

, 'blue’

);

, 'FontWeight'

, 'bold'

);
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Appendix D : Beam distribution with

multiple sources

%% Beam distribution with multiple sources

%

%

% Date: 2014/09/17

% Version: 1.0

%

% Author: Krenar Rexhepi

% Research Group: Master's thesis

% Institute: Institute for microwaves and photonics
% University: Graz university of technology

L ——— BEGIN CODE ------zzzzzemn-
clear all

close all

clc

%% Specifications and constants

Theta = 20; % Full divergence angle in grad
lambda = 850e-9; % Wavelength in m

z = 15*10"-3; % Distance in m

P_tx = 0.006;

%% General calculations

alpha = Theta * pi / (180 *2); % Half divergence angle in
rad

phi = -0*pi / (180); % LEDSource-incident angle in
rad

yleft = z*tan(phi-alpha); % beam radius with angle phi-
alpha

ym = z*tan(phi); % beam radius with angle phi
yright = z*tan(phi+alpha); % beam radius with angle
phi+alpha

al = sqrt(z"2+yleft"2); % al and a2 - distances from

Pitagora theorm
a2 = sqrt(z*2+yright*2);

z1 = z/cos(phi); % new distance with cosine of
rotated angle phi

z2_min = al*cos(alpha); % minimal distance of beam
z2_max = a2*cos(alpha); % maximal distance of beam

z2 = linspace(z2_min,z2_max,201);

%% 1) Linear beam radius
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w_z =z * tan(alpha);

w_z1 = z1*tan(alpha);
w_z2 = z2.*tan(alpha);

%% 2) Total intensity of gaussian distribution in W

P_t = 0.006*ones(size(z2));
% Total power in Watt of a light source

r = linspace(-0.01,0.01,201);
x=linspace(-0.003, 0.003,12);

I_0 = 2*P_tx/(pi*(w_z)"2);

% Maximal intensity of gaussian in distribution in
I_gauss = |_0*exp((-2*(r.*2)/(w_z"2)));

% Total intensity of normal gaussian distribution i

I_00 = 2*P_t./(pi*(w_z2)."2);
% Maximal intensity of phase shifted gaussian in di

%% First example

% Constant beam radius in m

% new beam width radius in m
% vector of beam width radius

/m”2

W/mn2

n W/m”"2

stribution in W/m”2

I_gaussl =1_00.*exp((-2*(r- X(1,3))."2)/(w_z1"2));

% Total intensity of gaussian distribution in W/m» 2
I_gauss2 =1_00.*exp((-2*(r-x(1,10)).2)/(w_z1"2));

I_gauss3 =1_00.*exp((-2*(r-x(1,10)).2)/(w_z1"2));

|_gauss4 =1_00.*exp((-2*(r-x(1,3)).*2)/(w_z1"2));

I_gauss5 =1_00.*exp((-2*(r-x(1,4))."2)/(w_z1"2));

I_gauss6 =1_00.*exp((-2*(r-x(1,2)).*2)/(w_z1"2));

I_gauss7 =1_00.*exp((-2*(r-x(1,1)).*2)/(w_z1"2));

I_gauss8 =1_00.*exp((-2*(r-x(1,12)).2)/(w_z1"2));

gl =

|_gaussl+l_gauss2+l_gauss3+l_gauss4+l_gauss5+l_gaus s6+|_gauss7+l_gauss
8;

%% Second example

I_gaussl =1_00.*exp((-2*(r- X(1,12)).72)/(w_z1"2));

% Total intensity of gaussian distribution in W/m» 2
I_gauss2 =1_00.*exp((-2*(r-x(1,8)).*2)/(w_z1"2));

I_gauss3 =1_00.*exp((-2*(r-x(1,6)).*2)/(w_z1"2));

|_gauss4 =1_00.*exp((-2*(r-x(1,2)).*2)/(w_z1"2));

I_gauss5 =1_00.*exp((-2*(r-x(1,4))."2)/(w_z1"2));

I_gauss6 =1_00.*exp((-2*(r-x(1,12))."2)/(w_z1"2));

I_gauss7 =1_00.*exp((-2*(r-x(1,12)).2)/(w_z1"2));

I_gauss8 = 1_00.*exp((-2*(r-x(1,12)).2)/(w_z1"2));

g2 =

|_gaussl+l_gauss2+l_gauss3+l_gauss4+l_gauss5+l_gaus s6+l_gauss7+l_gauss

8;

%% Third example
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I_gaussl =1_00.*exp((-2*(r-x(1,3)).*2)/(w_z1"2));

% Total intensity of gaussian distribution in W/m» 2
I_gauss2 =1_00.*exp((-2*(r-x(1,9))."2)/(w_z1"2));

I_gauss3 =1_00.*exp((-2*(r-x(1,12)).72)/(w_z1"2));

I_gauss4 =1_00.*exp((-2*(r-x(1,4))."2)/(w_z1"2));

I_gauss5 =1_00.*exp((-2*(r-x(1,6)).*2)/(w_z1"2));

I_gauss6 =1_00.*exp((-2*(r-x(1,2)).*2)/(w_z1"2));

I_gauss7 =1_00.*exp((-2*(r-x(1,10)).2)/(w_z1"2));

I_gauss8 = 1_00.*exp((-2*(r-x(1,12)).2)/(w_z1"2));

193 =

|_gaussl+l_gauss2+l_gauss3+l_gauss4+l_gauss5+l_gaus s6+|_gauss7+l_gauss
8;

%% Graph

figure

subplot(4,1,1)

plot(r,l_gauss, 'k." , 'MarkerSize' ,10);

title(  'Normal Gaussian beam' , 'FontWeight' |, 'bold" );
xlabel( 'Distance in m' );

ylabel( 'GB distribtion intensity’ );

legend ( 'Intensity in W/m»2' );

grid on

subplot(4,1,2)

plot(r,lg1, k", 'MarkerSize' ,10, 'Color* | 'red" );
title( '‘Beam distribution with 8 optical

sources' , 'FontWeight | 'bold" );

xlabel( 'Distance in m' );

ylabel( 'Beam distribtion intensity' );

legend ( 'Intensity in W/m”2' );

grid on

subplot(4,1,3)

plot(r,l1g2, k", 'MarkerSize' ,10, 'Color' , 'blue’ );
title( ‘Beam distribution with 8 optical

sources' , 'FontWeight' , 'bold" );

xlabel( 'Distance in m' );

ylabel( 'Beam distribtion intensity' );

legend ( 'Intensity in W/m»2' );

grid on

subplot(4,1,4)

plot(r,lg3, 'k." , 'MarkerSize' ,10, 'Color' |, 'green' );
title( '‘Beam distribution with 8 optical

sources' , 'FontWeight | 'bold" );

xlabel( 'Distance in m' );

ylabel( 'Beam distribtion intensity' );

legend ( 'Intensity in W/m»2' );

grid on
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