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Abstract: Optical wireless communication (OWC) is an innovative technology that is gaining more attention as the
demand for capacity continues to increase. It is one of the most promising alternative technologies for indoor and
outdoor applications. In this paper, the effect of the inner wall coating material, color and roughness on the performance
of OWC system implementing single-diffuse topology is studied. A new procedure is proposed to generate a rough
surface model with predetermined statistical properties to simulate the matte painting material on the internal walls of a
room. Additionally, a new technique that applies the geometrical theory of diffraction (GTD) in conjunction with a ray
tracing (RT) scenario is developed to evaluate the scattered optical beam due to a primary ray incident on a Lambertian
surface. The performance of the single-diffuse OWC strategy is assessed by investigating some important performance
measurements such as signal strength and the bit error rate (BER) due to unavoidable ambient light which is modeled as
an additive white Gaussian noise. It is shown that the surface roughness of the matte painting on the Lambertian diffuse
surface has a major effect on the indoor OWC system performance.

Index Terms: Indoor OWC, inner wall coating material, single-diffuse topology, GTD-RT procedure, Lambertian
surface, rough surface, color and roughness effects

1. Introduction

Communication and information technologies have been regarded as the key constituents of social and economic
development owing to their ability to create new benefits and conveniences that were not experienced before. Indeed,
communication enters our daily lives in so many different ways that is very easy to overlook the multitude of its facets.
In this regard, modern communication relies deeply on wireless technology. The radio frequency spectrum is considered
as the backbone of this strategy of exchanging information. Day-by-day, the wireless technology is speedily developing.
Actually, the allocation policy of the radio spectrum leans on assigning the communication channels to specific
consumers with licenses for specific wireless technologies and services, which means that the available spectrum is
statically divided into licensed and unlicensed frequency bands. While the use of the first type is restricted to authorized
operators, the bands of the second category are available for use by the public, subject only to transmission constraints

[1].

The measurements around the world have revealed that wide ranges of the spectrum are rarely used most of the
time, while other bands are heavily occupied. Depending on the location, time of the day, and frequency bands, the
spectrum is actually found to be underutilized. However, those unused portions of the spectrum are licensed and thus
cannot be used by systems other than the license owners. Hence, there is a need for a novel technology that can benefit
from these opportunities. The dynamic management of the allowable spectrum represents the best strategy to its issue of
scarcity. This strategy depends upon sharing unoccupied channels with unlicensed users without interfering with the
signals of the licensed consumers. This is the main goal of cognitive radio (CR) which is the most recommended
technique for the problem of spectrum scarcity [2, 3].

Since an abundance of wireless techniques have been developed, and continuously increased capacity is being
requested, a severe problem has emerged. With emerging technologies and with the increasing number of wireless
devices, the radio spectrum is becoming increasingly congested.

As the calling of increasing the capacity of communications is unavoidable circumstance, the optical spectrum can
serve as a good spectrum resource for wideband wireless communications. In other words, optical wireless
communication (OWC) is regarded as one of the most favorable technologies for applications in indoor as well as
outdoor situations. This style of communications constitutes a potential solution for replying the ever-increasing demand
for increased wireless capacity in the conventional radio frequency (RF) band. In other words, OWC can play a significant
role as a complementary technology to the RF systems in future information superhighways. In this regard, it can
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provide flexible networking solutions that exhibit cost-effective, highly secure high-speed license-free wireless
broadband connectivity for a lot of applications, including enterprise connectivity, video and entertainment, voice and
data, disaster recovery, illumination and data communications, along with surveillance [4-6].

Typically, the mechanism of diffuse composes of a transmitter that is directly guided towards the ceiling emitting a
wide optical beam. Since it doesn’t require neither careful alignment of the transmitter and receiver modules, nor a line-
of-sight (LOS) path to be maintained along with its almost immunity to transmission path blockage, the diffuse OWC
indoor topology represents the most appropriate procedure for both infrastructure and LAN adhoc networks. However,
diffuse links experience high path loss for a horizontal separation of several meters. The path loss is increased further if
a temporary impediment conceals the receiver in such a way that the main signal path is blocked. This situation is
referred to as shadowing. Additionally, a photo-detector with a wide field of view (FOV) is normally required to collect
signals that have undergone one or more reflections from ceiling, walls and room objects. Such reflections make the
signal more attenuated. Moreover, the received signal may suffer from severe multipath dispersion, where the
transmitted pulses spread out in time over alternative routes of differing lengths, which in turn results in limiting the
maximum un-equalized bit rate. Because of these factors, a relatively high optical transmitted power is requested. On
the other hand, the average optical power emitted by an IR transceiver is constrained by eye safety regulations along
with electrical power consumption in portable devices Thus, in diffuse systems, the use of power-efficient modulation
mechanisms is desirable. Additionally, the entire room of operation needs to be illuminated by a single or multiple
transmitter. This is naturally accomplished by diffused light propagation after a few reflections but demanding a
relatively huge transmitted optical power [7-10].

Inner wall coating should meet some common requirements such as desired colors, glossy or matte surface, good
appearance and thermal comfort. Actually, the inner wall coatings have significant effects on the indoor OWC
implementing diffuse topology. On the other hand, heat is normally associating with the infrared radiation incident on
or emitted from an object. Off course, this is applicable for infrared radiation falling on the inner walls of a room. The
wavelengths of the infrared radiation producing heat ranging from 700 to 1100 nm. This range of the infrared spectrum
is commonly used in indoor OWC systems. The signal strength and, consequently, the performance parameters
affecting the indoor wireless optical links depend strongly on the infrared reflectance of the inner walls of buildings.
Here, the reflectance means the fraction of the incident optical power that is reflected from the wall surface [11].

Besides their visual properties, the paints on the roofs, outer or inner walls of the building may be prepared to
cause thermal comfort and energy savings [12]. During winter climate, on one hand, it is usually required to warm up
the inner rooms of the building. Paints with high reflectance in the thermal infrared region of the spectrum will cause
most of the incident infrared energy to be reflected back to the room area keeping the room warm. The summer climate,
on the other hand, needs low-reflectance paint materials on the walls of the rooms. Such types of paints absorb most of
the incident infrared energy emitted by sources inside the room and thereby they leak the heat energy to the outside via
heat conduction. This may help in keeping the room cool. Consequently, the inner wall paints are developed to have
suitable level of reflectance in the thermal infrared region. The reflectance of such wall covers depends on the material,
color and roughness of the coating surface. This reflectance is a function of the wavelength of the radiation that is
incident on the walls [13-16]. As a consequence of this wavelength dependence, a dispersion and/or distortion of the
received signal may be occurred especially when multipath phenomenon is encountered during indoor communications.
As the indoor OWC systems commonly operate in the infrared band, the impact of the wall paint material on the
performance of the OWC systems is of importance to be studied. Up to the author’s knowledge, rare literature has
shown interest in such a study. Therefore, the goal of the present research is to perform complete quantitative
investigations about the influence of the commercially available wall paints on the practically operating OWC systems.
The rest of the manuscript is organized as follows. Section 2 is concerned with literature review in the field of the paper.
The basic assumptions of our developing mechanisms are outlined in section 3. Section 4 discusses the characteristics
of the optical wave scattering on the inner wall surface. Performance of OWC systems is evaluated in section 5. Section
6 is devoted to our simulation as well as experimental results. Finally, our concluded remarks are summarized in section
7.

2. Literature Review

An experimental free-space infrared link, of 50Mb/s, for indoor OWC has been established in [17]. In that
experiment, an eye-safe 806 nm transmitter, directed at the ceiling, emits an on-off-keyed (OOK) signal having 475mwW
average power. The receiver employs a 1.0cm? Si p-i-n photodiode coupled to a high-index hemispherical concentrator,
which is covered by an optical bandpass filter of 30 nm bandwidth. A decision-feedback equalizer mitigates the effect
of multipath inter symbol interference (ISI). In the presence of bright skylight, the link achieves a range of 2.9m at 10~
bit error rate (BER).

In [18], the non-directed indoor channels, that use IM/DD of an infrared carrier at A=832nm have been
experimentally characterized. The frequency responses of these channels were measured over the range of 2-300MHz
and the obtained results were used to compute the channel impulse responses, path losses and root means square (RMS)
delay spreads. It was found that un-shadowed LOS configurations have smaller path losses, RMS delay spreads and
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power penalties than their corresponding ones in diffuse counterparts. Shadowed LOS configurations, on the other hand,
exhibited larger values for all the three parameters than the corresponding shadowed diffuse configurations.

The performance of an indoor optical wireless spot-diffusing system is theoretically assessed under the impact of
multipath dispersion and ambient light noise [19]. For the diversity-detection case, a receiver comprising an array of
narrow FOV detectors oriented in different directions was used to maximize the collected signals and minimize noise. A
novel line-strip multi-beam system (LSMS) is investigated with single and diversity receiver configurations. It was
concluded that the performance improvement, obtained through the use of LSMS with a three-direction diversity
receiver, is of about 20dB signal-to-noise ratio (SNR) enhancement over the conventional diffuse system.

Actually, since the indoor OWC systems commonly operate in the infrared band, the impact of the wall paint
material on the performance of OWC systems is of great importance to be assessed. Up to the author’s knowledge, rare
literature has shown interest in this field of research. This prompts the necessity to investigate such study. This ability to
study the impact of wall paint material on the performance of OWC strategy is the major contribution of this work.

3. Research Assumptions

A new robust computational strategy, that applies the geometrical theory of diffraction (GTD) in conjunction with
the ray tracing (RT) method, is developed to evaluate the electromagnetic scattering pattern that is generated by an
incident plane wave on a rough surface of quite arbitrary statistical parameters. Experimentally, a primary laser beam is
assumed to be incident on the room’s ceil, which is supposed to be Lambertian rough surface. The Fresnel reflection
model is applied, under the assumption of arbitrary electrical and optical properties of the rough surface material, to
obtain the scattering patterns for both the power reflected to the upper half-space and the power transmitted to the
medium covered by the rough surface. Additionally, the polarization of the plane wave is taken into account and the
correlation function is assumed to be Gaussian for an isotropic rough surface. The developed algorithm accounts for
multiple bounces of an incident ray. Hence, it can be considered as an arbitrary higher-order GTD-RT procedure. The
numerical results of the present work are concerned with investigating the dependence of the scattering pattern on the
surface roughness, refractive index, angle of incidence, and the resolution of the geometric model of the rough surface.

4. Optical Wave Scattering Evaluation on the Inner Wall Surface

The painting material on the inner walls of the buildings may be glossy, semi-glossy or matte. Thus, the surfaces of
such coated walls are considered as random rough surfaces with roughness degree that greatly affects the optical
scattering when subjected to an incident optical beam. The scattering of the optical power incident on a rough surface
can be classified as one of two types: specular reflection and diffuse reflection. In the case of specular reflection, all the
rays making specific angle of incidence with the surface are reflected at the same angle, whereas in the diffuse
reflection case, the scattered light has a wide range of directions constituting a broad beam. Examples of the specular
and diffuse reflections are those caused by glossy and matte paints, respectively. Matte painting materials have mainly
diffuse reflection, whilst glossy painting ones have specular as well as diffuse reflections. In comparison with other
types of links, the optical diffuse communication links are less affected by shadowing and provide more flexibility as
well as availability to mobile units. In contrast to point-to-point OWC, diffuse OWC do not require a LOS.

Ceil Surface C R SR LRI

Diffuse

Specular Reflection

Reflection

Rx Tx %

Rx ﬁ Collimator Detector

Fig.1. Diffuse reflection in indoor OWC system

To receive the diffuse reflections from the surrounding walls and the three-dimensional bodies existing in the room,
the transmitters should be of large beam widths and the receivers must be of large FOVs as Fig.(1) demonstrates. As a
consequence of these constraints along with the phenomenon of path diversity, the diffuse links are unaffected by
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obstacles and miss-alignment errors. However, the received signal is affected by multipath dispersion due to multiple
reflections. Examples of surfaces resulting in efficient diffuse reflection of light are those made of non-absorbing
powder such as plaster, those made from fibers such as paper, or those made from a polycrystalline material such as
white marble. However, many types of painting materials cause both of specular and diffuse reflections simultaneously;
the pattern of the beam scattered from surfaces of such types of materials seems like that presented in Fig.(2).

An ideal “matte” or diffusely reflecting surface has Lambertian reflectance property. In this regard, Lambertian
surface has the same apparent brightness to any observer regardless of the observer's angle of view. In other words, the
Lambertian surface's luminance is isotropic, and the luminous intensity obeys Lambert's cosine law. To evaluate the
optical scattering from random rough surfaces, with arbitrary statistical parameters, the GTD method in conjunction
with RT methodology will be used to assess the optical scattering that is resulting from an incident plane wave on the
rough in arbitrary direction.

Specular
Direction,

. M 4’ ! ’ -
Incident SN #
Ray \ '

R — '. / ..... - '}‘{ough Surface

Fig.2. Scattering of an incident ray on a rough surface of high degree of roughness

The numerical assessment of the optical scattering on the inner surface of the walls requires the implementation of
a geometric model to represent the random surface made by the painting layer on such walls of a room. It is proposed to
use the spatial-domain procedure introduced in [13] to generate a random rough surface with arbitrary statistical
properties. The most important ones of these properties of such type of random surfaces are the mean value of the
surface height (hpean), the root-mean-squared-height (h.,), and the correlation length between the heights of the
neighboring points on the surface (L.). Owing to the well-known statistical characteristics of Gaussian surfaces, a great
deal of research has been conducted to treat such type of rough surfaces. From the statistical point of view, Gaussian
rough surfaces are completely defined by the correlation length L. and the root-mean-squared height h,,s. In the present
analysis, it is assumed that, for isotropic rough surface, the correlation function is of the form of Gaussian and can be
expressed as:

C(@) = hims exp (— ) )

Where d denotes the horizontal distance between two correlated points on the rough surface. The slope of the
surface can be calculated as the second moment of the power spectrum. A rough surface with Gaussian correlation

function is known to have a slope of s = V2h /LC and the roughness of which is defined as:

rms

RD=é\/2_S=2% )

c

For an optically rough surface model representing a matte wall painting surface, the following conditions must be
practically satisfied:

Pomean = 0,4 <& Ryms & A & L, 3)

The geometric model of the random rough surface is discretized to a number of interconnected vertices in such a
way that the distance between any connected vertices is not greater than A. To get accurate numerical assessment of the
optical wave scattering on such a surface using GTD with RT evaluation algorithm, the condition of A << A must be
verified. If the previous conditions are fulfilled, the GTD-RT procedure can be applied to evaluate the scattering of an
optical ray (or beam of rays) incident on such rough surface model and, hence, the diffuse pattern of light can be
obtained. In order to achieve such evaluation resulting from an application of a plane wave illuminating a rough surface,
the incident plane wave is represented by a number of parallel rays; each ray is associated with an amount of power that
is to be calculated, so as a uniform power distribution over the transverse plane of the incident wave is established. The
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phase of each one of the scattered rays can be evaluated by computing its total distance travelled during ray tracing. On
the other hand, the rough surface absorption or reflectance can be assessed by calculating the Fresnel coefficients at the
point of incidence. Finally, an algorithm is proposed to construct the scattering pattern over the upper half space. Both
first and higher orders of ray tracing are described through systematic scenario of form that can be easily applied as a
simulation tool for optical and electromagnetic scattering evaluation on rough surface.

5. Performance Assessment of OWC System

The behavior of the diffuse OWC system can be assessed by investigating some important performance measures
that metric its reaction against different operating conditions. Signal strength and bit error rate (BER) are the two
interesting parameters that translate this reaction. For calculating the BER, the signal-to-noise ratio (SNR) should be
firstly computed. It is assumed that the unavoidable ambient light interfering with the signal carried by the diffused

optical beam is modeled as an additive white Gaussian noise (AWGN) with power spectral density No/2 (W/Hz). By
assuming that the optical line-width is B,, (Hz), the noise power becomes:

1
Py = 3 Ny By (4)

The angular distribution of the optical signal strength (power) due to the single diffuse mechanism, as was
previously described, can be evaluated as:

P(0pm, dn) = Pry SO, dn) (5)

Hence, the computation of the SNR takes the form:

SNR — ﬁ — PRES(GmJ(I)n) (6)
PN ZNOBW

In terms of E,/N,, the formulation of the SNR tends to:

EpRp

Ps
SNR == = Tveny ()
In dB scale, Eq. (7) has a new form as:
(Ep/No)as = SNRyg — (Ry/Bw)ag — 3 €))

The calculation of the BER is strongly dependent upon the modulation technique implemented in the OWC system.
The Mary-PSK is used here to assess the underlined optical diffuse topology. A reference curve, that depicts the relation
between the BER and the SNR for Mary-PSK, is generated to get the assessed value of the BER.

6. Results and Discussions

Paints prepared for high reflectivity in the infrared region of the electromagnetic spectrum may be made of
inorganic complexes which reflect the infrared radiation and selectively reflect visible radiation. The reflectivity and
absorptivity are dependent upon the paint material. An infrared-reflective paint may be colored and can be synthesized
as mixtures of oxides, nitrates, acetates or metal oxide. In the present work, three types of wall paints are considered:
the standard yellow, cool yellow, and cool brown as are introduced in [4].

A primary laser beam is assumed to be incident on the room’s ceil, which is supposed to be Lambertian rough
surface and, thereby, causing diffuse reflection of the incident beam. This results in almost uniform scattering of the
optical power in different directions throughout the room space. Off course, such a matte surface roughness has the
major effect on the scattered optical beam width. For the following investigations, the rough surface model of the
room’s ceil is assumed to have a correlation length of L.=2.4mm and a roughness degree of Rp=0.225. The angle of
incidence of the primary optical beam on the room’s ceil affects the shape of the scattered optical beam and this in turn
impacts the signal strength over the interior of the room. It should be noted that the primary beam is almost normal to
the rough surface of the room’s ceil (6, = 1 and, hence, the scattered beam is omnidirectional. The room dimensions
are: L,=6m, L,=5m, and L,=3m.
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6.1 Dependence of the Wall Coating Reflectance on the Wavelength

For each type of the three considered paints that can be used to coat the inner walls, the reflectance is plotted, as a
function of the wavelength, in Fig. (3). In this figure, it is shown that the near-infrared spectra have considerable
differences in the variation of the reflectance as the paint material as well as color varies. For the infrared region of the
spectrum defined by 1000 < A < 1700nm, the cool brown paint is more reflective than the standard yellow. For the
entire range of the examined wavelengths (infrared and visible), the cool yellow paint presents higher reflectance than
both the standard yellow and the cool brown. Off course, such disperssive behavior of the reflectance has a great effect
on the optical signal strength in indoor OW links. Therefore, the paint material and color can greatly change the
performance of this type of OWC systems.

1
0.8F |
>
@ ‘
% 0.6 - . B
© p ':. ”7....
Q 4 -m-"-..
(' : .:l. "44- .: %
j_.-"' “u.x" [ Wall Paint Color
0.2 ' : ---m-- Cool Brown
H —e—Cool Yellow
0'" ._,-': ‘ —— Standard Yellow
40 600 800 1000 1200 1400 1600
A (nm)

Fig.3. Reflectance dependence on wavelength of some cool and standard paint materials

6.2 Experimental Assessment of Optical Scattering

As previously mentioned, in OW links that employ diffuse topology, a primary optical beam of either visible or
infrared radiation is subjected to diffuse reflection on the room walls. In this subsection, the effects of the material and
color of wall coatings (thin sheets are used as alternatives for experimental assessment) on the scattering of an optical
beam are experimentally investigated. Two experimental setups are arranged, as shown in Fig.(4), for the indicated
purpose to be achieved. The first experimental setup is established to measure the radiation patterns of the visible and
infrared emitting sources. The second practical setup uses these sources to measure the directional patterns of the
optical scattering on sample of thin sheets identical to the coatings used in conventional painting of the room wall.

(a) Measurement of the LED beam (b) Measurement of the optical scattering from the rough sheet

Fig.4. Experimental setup for measuring the beam of the light source and the scattering pattern excited by an optical beam incident on the rough sheet

In these experiments, the light source of the incident plane wave is of A=635nm. A rough sheet subjected to the
incident beam is placed on a vertical wall. The light source is oriented in such a way that the incident beam makes an
angle of 45° with the normal to the sheet. An optical sensor connected to the power meter normally, with respect to the
sheet, rotates from -90° to 90° to read the intensity of the light scattered from the flat sheet under test. Two white sheets
of different roughness degrees, a glossy white sheet of roughness Rp=0.09 and a matte white sheet of roughness,
Rp=0.225, are employed for assessment of the proposed numerical procedure.

The radiation patterns of the light sources generating beams in infrared and visible regions of electromagnetic
spectrum are displayed in Fig.(5). These patterns of radiation are measured by an optical power meter of model

6 Volume 11 (2021), Issue 1



Impact of Wall Coating on the Behavior of Indoor OWC under Diffuse Topology

Thorlabs® PM100 with the optical sensor S120B. The half-power beam width (HPBW) of the visible light beam is
about 10< whereas that of the infrared beam is about 60< The beams of these light sources are chosen for experimental
measurements to obtain a variety of experimental results that can help in studying the effects that are encountered in the
practical OW links employing diffuse topologies.

0 0

90 90 8 - 8 90
-30dB  -20 -10 0dB -10 -5 0dB
(a) Visible light beam (A = 635nm) (b) Infrared beam (A = 940nm)

Fig.5. Experimental measurement of radiation patterns of the examined light sources

As a demonstrative experiment to show the effect of the surface roughness on the characteristics of the optical
power scattering, the practical setup illustrated in Fig.(4-b) is used to measure the optical scattering from white sheets of
different degrees of roughness. The measured directional pattern of the optical power scattering due to an incidence
light beam of A=635nm on a glossy white sheet of roughness Rp=0.09 and a matte white sheet of roughness Rp=0.225
are drawn in Fig.(6). It is shown that for smooth surfaces with relatively low degree of roughness, the scattering pattern
includes both specular and diffuse features. On the other side, the directional pattern of scattering obtained from matte
white sheet shows completely diffuse characteristics due to the relatively higher degree of roughness. However, the
scattering in the specular direction is still slightly higher than the backscattering as the roughness degree is not enough
to satisfy the Lambertian property of the rough surface.

—o— Glossy
-o- Matte |

90

-20dB-15 -10 -5 0dB

Fig.6. Measured scattering patterns of a visible light beam (A=635nm) incident at angle of 45<0on matte and glossy white sheets

In the next experimental work, three samples of colored matte sheets, with optical and thermal properties similar to
those of the paint materials used for numerical investigations in the present work, are subjected to a normally incident
infrared beam of A=940nm. The surface of each sheet is undergone the infrared beam in a manner similar to that applied
in indoor OW links. The beam width is selected to illuminate a wide area on the reflecting walls so as to get good signal
distribution over the room space. The measured directional patterns of the scattered optical power are displayed in Fig.
(7). In this plot, it is noted that the cool yellow sheet has the maximum reflectance due to its infrared-reflective material
along with its light color. In comparison with the cool yellow sheet, the standard yellow sheet has a considerably low
reflectance as its material is not designed to highly reflect the infrared radiation. In spite of its material, which is
designed to highly reflect the infrared radiation, the cool brown sheet has a considerably low reflectance, in comparison
with the cool yellow sheet, which can be attributed to its darker color. Due to its material which is designed for high
infrared reflectance, the cool brown sheet has higher level of infrared reflectance than that of the standard yellow sheet
in spite of being of lighter color. This can be interpreted as that the impact of the infrared-reflective material of the cool
brown sheet has a greater effect on the infrared reflectance than the lighter color of the standard yellow sheet.
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|- Standard Yellow| '
-0- Cool Brown
“|=0—=Cool Yellow
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Fig.7. Measured scattering patterns of a normally incident infrared beam (A=940nm) on rough sheets of different materials and colors

6.3 Wavelength Performance Dependence of the Indoor OWC System

In indoor OWC systems, white Gaussian noise may be encountered due to the existence of ambient visible and
invisible light within the room space. The signal strength expresses the quality of an infrared OW link under the
encountered noise due to the ambient radiation found thorough the room area. In the present analysis, the signal strength
is defined as the optical power density expressed in nW/cm? Fig. (8) is devoted to illustrate the dependence of the
infrared signal strength and the corresponding SNR, at the central point on the room floor, on the operating wavelength
for the three types of wall paint materials. Throughout this text, the parameter values are taken as: Rp=0.225, L.=2.4mm,
Pr=1W, No=10""W/cm?/Hz. The highest level of the signal strength and, hence, the SNR (over the entire range of the
wavelength under investigation) are achieved when the room ceil is coated with the cool yellow paint due to its high
reflectivity. For A>1000nm, the cool brown paint results in higher values of both signal strength and the corresponding
SNR than those obtained in the case of standard yellow paint. On the other hand, for 400<A<1000nm, the signal
strength as well as its SNR obtained when the room ceil is coated with a standard yellow paint exceeds those that are
achieved when the cool brown paint is used.

% ‘ ‘ v_m ?
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c 25
0 -,
% 207 ~ - h.."-. s
~ ’ u,
£ .-.."'.,
215 - A -
2 LA
& S i H .
— 10+ - o Wall Paint Color
@© i Wall Paint Color s --m--Cool Brown
c [ g
2 51 ~-m-Cool Brown 0or~ —e—Cool Yellow
2 —e— Cool Yellow —e— Standard Yellow
) H —— Standard Yellow
400 600 800 1000 1200 1400 1600 400 600 800 1000 1200 1400 1600

A (nm)

A (nm)

(a) Signal strength at the central point of the room floor (b) SNR in single diffuse OW link

Fig.8. Wavelength dependence of the signal strength and the corresponding SNR in single diffuse OW link for the three types of the inner wall
coating

In order to assess the performance of indoor OWC system, employing M-ary phase shift keying modulation
technique, the dependence of the ratio of the data bit energy to the white noise power spectral density (Ep/No) is plotted,
as a function of the wavelength, in Fig.(9-a). The corresponding BER is calculated and drawn, versus A, in Fig.(9-b) for
the underlined types of the wall paints. It is clear that the cool yellow paint has the lowest, relative to the considered
three paint materials, BER. Within the wavelength range 800-1400nm, the cool yellow paint results in the best value of
the BER which is less than 10° (for transmitted power of 1W ). For the cool brown paint, on the other hand, the BER is
less than 10™* within the wavelength range 1100-1300nm. The standard yellow paint results in a BER below 10 within
the wavelength range 550-1250nm.
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Fig.9. Wavelength dependence of the ratio E,/No and the corresponding BER, in single diffuse OW link, for the three types of inner wall coating

6.4 Transmitted Power Performance characteristics of the Indoor OWC System
A. Visible-Light-Based OWC Link

Here, we are interested in studying the effect of the transmitted optical power on the performance of a single-
diffuse OW link operating in the visible range (A=550nm) of electromagnetic spectrum. To attain this objective, the
signal strength at the central point of the room floor is evaluated and the result of this evaluation is plotted, versus the
power of the primary optical beam for the three considered types of the inner wall coating, as Fig.(10-a) displays. As the
signal strength is expressed in terms of the optical power intensity (n\W/cm?), it is linearly increased with the transmitted
power. On the other side, as the SNR is calculated in dB, it exhibits a log-function dependence on the transmitted power
as shown in Fig.(10-b). The displayed results of these plots demonstrate that the cool yellow paint gives the best signal
strength and, hence, the best SNR for all the power levels. Also, it is clear that, within the spectrum of visible light, the
signal strength and SNR obtained in the case where the room ceil is coated with a standard yellow paint are higher than
those obtained when the cool brown paint is employed.

To assess the performance of indoor OWC system employing M-ary phase shift keying modulation scheme (M=8),
the data bit energy to the power spectral density, of the white noise, ratio (Ey/No) is computed and traced, versus the
power of the primary beam, for the tested three types of the inner wall coating, as Fig.(11-a) shows. The corresponding
BER is evaluated and plotted, against the transmitted power, in Fig.(11-b) for the same types of the wall paints. It is
clear that the BER decreases linearly with the transmitted power. Irrespective of the power level, the cool yellow paint
presents the lowest, relative to the other under examination paint materials, BER. Additionally, it is noted that within
the spectrum of the visible light, the standard yellow paint exhibits a BER which is significantly lower than that
obtained in the case of the cool brown paint.
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Fig.10. Power dependence of the signal strength and the corresponding SNR, in single diffuse OW link, on the power of the primary beam for the
three types of the inner wall coating
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Fig.11. Power dependence of the ratio Ex/Npand the corresponding BER in single diffuse OW link on the power of the primary beam for the three
types of the inner wall coating

B. Infrared-Based OWC Link

Here, we are going to investigate the performance, of single-diffuse OW link operating at A=1550nm, dependence
on the power of the primary beam. Firstly, we calculate the signal strength, at the central point of the room floor, for
numerous values of the transmitted power for each one of the three types of the inner wall coatings and the obtained
results are plotted as visualized in Fig.(12-a). The behavior of the curves of this plot demonstrates that as the signal
strength is expressed in terms of the optical power intensity (n"\W/cm?), it increases linearly, with a slope dependent on
the light color, as a function of the transmitted power of the light beam. To show to what extent the background noise
can affect the behavior of the system, the SNR, corresponding to each signal strength, is evaluated as Fig.(12-b) depicts.
As the SNR is expressed in dB, it exhibits a log-function dependence on the transmitted power. The displayed results
show that the cool yellow paint yields the best signal strength and, consequently, the best SNR. Unlike the case of
visible light, it is noted that, within the infrared spectrum, the signal strength and SNR obtained when the ceil of the
room is coated with a cool brown paint are higher than those attained when the ceil is coated with the standard yellow
paint.

For M-ary phase shift keying modulation scenario, the performance of the indoor OWC system can be assessed by
calculating the ratio of the data bit energy to the power spectral density of the white noise (E,/No) and plotting it as a
function of the power of the primary beam for each one of the under examination types of the inner wall coating when
A=1550nm. Fig.(13-a) illustrates the trace of the obtained results. Fig.(13-b) shows the corresponding BER as a function
of the transmitted power for the same types of wall paints. It is observed that the BER decreases linearly with the
transmitted power. Additionally, the cool yellow paint is the only one, amongst the considered wall paint materials, that
gives the lowest BER regardless of the power level. It should be noted also that, within the spectrum of the infrared, the
cool brown paint has a BER which is significantly lower than that achieved in the case of the standard yellow paint.
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Fig.12. Power dependence of the signal strength and the corresponding SNR in single diffuse OW link on the power of the primary beam for the three
types of the inner wall coating
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Fig.13. Power dependence of the ratio Ex/No and the corresponding BER in single diffuse OW link on the power of the primary beam for the three
types of the inner wall coating

C. Effect of Wall Coating on the Signal Coverage of Indoor OW Links

In the diffuse OW link under consideration, it is assumed that the primary beam is normally incident on a
Lambertian rough surface mounted at the center of the room ceil, as Fig. (1) reveals. The operating wavelength lies
within the infrared spectrum (A=1000nm). The room is assumed to be of the same dimensions as previously taken and
the Lambertian surface roughness has the same value as previously given in our practical measurements. Under these
conditions, the distribution of the signal strength over the different locations within the cuboidal room is calculated for
the three types of paint materials that may be considered as the coat of the Lambertian surface. It should be noted that
the signal strength is expressed in terms of the optical power intensity (n\W/cm?). Other operating parameters are of the
same values as previously supposed and the bit rate is taken as R,=10Mbps. The signal strength distribution is presented
in Fig. (14) over the area of the room floor. Fig. (15) shows the corresponding distribution of the SNR over the floor
area of the same room. Also, the distribution of the ratio E,/N,, the BER and the symbol error rate (SER) over the same
area are drawn in Figs. (16-18), respectively. It is clear that, for the three types of wall paint, the signal strength, the
SNR, and the ratio E,/Ny have much lower values at the room corners than their values at the central area of the room.
Consequently, the BER and the SER have much lower levels at the central area of the room than their levels at the room
corners for the three types of wall paints. It should also be noted that the cool yellow paint gives the best performance
regarding the level of the signal strength, the SNR, and the ratio E,/Ny. As a consequence of this action, the cool yellow
painting of the Lambertian surface gives the lowest BER and SER with respect to the other paint materials. At the
operating wavelength (A=1000nm) cool brown paint donates the better values of the signal strength, SNR, the ratio
Eu/Ng, BER, and the SER than those obtained with the standard yellow paint.
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Fig.14. Signal strength distribution over the room floor area in the single-diffuse infrared OW link for different paint materials A = 1000 nm,
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Fig.15. SNR distribution over the room floor area in single-diffuse infrared OW link for different paint materials A = 1000 nm.
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Fig.17. BER distribution over the room floor area in single-diffuse infrared OW link for different paint materials
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Fig.18. SER distribution over the room floor area in single-diffuse infrared OW link for different paint materials,
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7. Conclusions

This paper investigates the performance of the indoor OWC systems with single-diffuse topology. The GTD-RT
procedure is proposed to evaluate the electromagnetic scattering from a rough surface of quite arbitrary statistical
parameters. The algorithm developed in this research can be considered as a higher order GTD-RT that accounts for
multiple bounces of an incident ray. The accuracy of the obtained results is verified through the comparison with the
experimental measurements of the scattering pattern of a light beam incident on samples of rough sheets with specific
statistical properties. The proposed GTD-RT strategy can be considered more accurate than the geometrical optics (GO)
approximation and Kirchhoff approximation (KA) procedures and more computationally efficient than Monte Carlo
averaging scenario.

The dependency of the indoor OWC system performance on the statistical properties of the Lambertian rough
surface of the inner walls is analyzed. The optical signal strength distribution over the receiving area inside the room
and the resulting BER due to unavoidable ambient light sources causing unwanted interference were evaluated and used
as metrics for system performance goodness. Experimentally, it is shown that the infrared-reflective material of the wall
coatings has a greater effect on the infrared reflectance than the lighter color of the standard materials. This means that a
cool dark coating on the room walls has a higher infrared-reflectance than a conventional light coating, which in turn
leads to increase the performance of the indoor OW links. Additionally, it is observed that the surface roughness of the
matte painting on the Lambertian diffuse surface has a major effect on the indoor OWC system performance. Higher
degree of roughness improves the BER at the central area of the room whereas it causes relatively higher BER at the
corner points. Finally, it may be concluded that a matter of compromise is to select the optimum degree of roughness of
the Lambertian diffuse surface to get high performance over the most active areas inside the room in OWC systems that
implement single-diffuse topology.
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