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ABSTRACT

A visible light communication (VLC) is an optical wireless communication technology that
is developed rapidly in recent years, besides radio-frequency~b5.sed wireless communication. The
most common application of it is for indoor communication. Many researchers already conducted
researches in various fields of this technology but only a few researchers conducted researches
based on the standard. Some of them conducted simulation-based but not hardware-based re-
searches. This research proposes a VLC system based on the IEEE 802.15.7 standard PHY 1.
It consists of a pair of transceivers. The transceiver consists of the LED with the lens as the
transmitter and an SFH203P, high-speed photodiode, as the receiver. This research aims to in-
vestigate the performance of the system using PHY I by testing it using some parameters, which
are throughput, distance, bit error rate (BER), and types of files. Based on the performance tests,
the VLC system can send data at the data rate of 100 kbps. The maximum distance reached for
successful data transmission without any missing bit is 40 cm. The lowest bit error rate happens
when the system sends a byte sequence containing numbers from 2! to 230 and the highest bit er-
ror rate happens when the system sends a byte sequence containing number only 2!, The bit error
is starting to occur at the distance of 50 cm. The system cannot send PNG image and it has 30%
probability of successful transmission for the GIF image. In the document file, such as an Excel
file, PDF file, PowerPoint file, and Word file, the highest probability of successful transmission
is PDF file, which is 70% and the lowest probability of successful transmisison is the Excel file,
which is 20%. The system can send the Text file with the probability of 100% for a successful

transmission
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CHAPTER 1

INTRODUCTION

1.1 Introduction

Radio frequency (RF) is the most well-known media for wireless communication. It be-
comes the primary source to send data through the air. In recent years, RF-based wireless com-
munication is facing its big limitations. It is not a low-cost system because to use its certain

bandwidth, users need to obey the bandwidth regulation.

A visible light communication (VLC) is a kind of optical wireless communications that
uses a visible light source as a transmission medium [1]. VLC has many applications, such as
for indoor positioning system, vehicle-to-vehicle communication, and in an area that requires less
or no electromagnetic interference (EMI) like in the hospital [2]. The last application becomes
one of some important reasons why this kind of wireless communication is researched. Another
reason is this kind of wireless communication is a free-to-use bandwidth, so it does not need any

regulation to use it.

In 2011, IEEE already established a standard for VLC network so that users can use the
technology in the same level [3]. Many researchers already conducted research in various fields
using VLC. Sarbazi and Uysal did a research on performance evaluation of IEEE 802.15.7 PHY
layer [4]. They compared each PHY type’s performance. Klaver and Zuniga did a research on a
platform for multi-hop VLC system [5]. They made a platform consisting of 20 transmitters and
4 photo sensors. Che ef al. did a research on VLC transmitter based on IEEE 802.15.7 [6]. Chen
et al. did a research on VLC performance based on LDPC code [7]. Li et al. did a research on
the performance of VLC in weak illumination environment [8]. Han and Lu did a research on the
performance improvement of VLC system using Reed-Solomon code [9]. They did it based on
simulation. Eventhough some researchers including [4-9] already did the research about VLC,
but only a few researchers that conducted a research based on the standard and some of them use

a simulation-based, not yet an experiment-based.
1.2 Objective of the Research

This research aims to do a comprehensive analysis of VLC network by designing hardware

and software based on the established standard and testing the system’s performance.



1.3 Methodology
The methodology consists of the following steps:
Step 1: Design and develop the VLC the system.

The VLC system consists of a pair of transceivers. A transceiver consists of a transmitter
and a receiver. The transmitter utilizes a LED as the transmission source, along with the driver
circuit and the receiver uses a photodiode to capture the light and convert the absence-presence of
light into data. The interface to interact with the hardware is built using Visual C#. The interface

is used to conduct the data transmission and performance test.
Step 2: Parameter decision for the performance test of the system.

In order to know the performance of the system, several tests will be conducted using
several parameters. Those are chosen based on the need of the researcher to know how well the

system perform. The parameters are throughput, distance, bit error rate, and type of files.
Step 3: Hardware experiment and analysis of the result

The experiment will be held in the laboratory. Each parameter for the performance will
have its own experimental setup. The result will be analyzed and compared to the established

standard.
1.4 Thesis Organization

This thesis contains five chapters and is briefly explained as follows.

1. Chapter 1 introduces the background of the research problem, motivation behind the re-

search in performance investigation of VLC system,

2. Chapter 2 contains the literature reviews of this research. The basic theory of VLC and

several theories about hardware’s components are discussed.

3. Chapter 3 describes the methodology used throughout this research. The experimental setup

and how to evaluate the result are also discussed.
4. Chapter 4 contains the results of the experiments and the discussion of the results.

5. Chapter 5 contains the conclusion of the research and the future work.



CHAPTER 2

LITERATURE REVIEW

2.1 Visible Light Communication

Visible light communications (VLC) is the name given to an optical wireless communica-
tion system that carries information by modulating light in the visible spectrum (400-700 nm) that
is principally used for illumination [3, 10, 11]. The signal is carried by the light and encoded on
top of it. The motivation to used the illumination light for communications is to save energy by
exploiting the illumination to carry information and, at the same time to use technology that is
“green” in comparison to radio frequency (RF) technology, while using the existing infrastruc-
ture of the lighting system [12]. The necessity to develop an additional wireless communication
technology is the result of the almost exponential growth in the demand for high-speed wireless

connectivity [12]. Applications of VLC include:

e indoor communication where it augments WiFi and cellular wireless communications [13]

which follow the smart city concept [14];
e communication wireless links for the internet of things (I0T) [15];
e communication systems as part of intelligent transport systems (ITS) [16-23];
e wireless communication systems in hospitals [24-26];
e toys and theme park entertainment [27, 28]; and

e provision of dynamic advertising information through a smart phone camera [29].

The simple principle of VLC is to switch the LED lighting on and off at a speed higher
than is perceptible to the human eye. Eyes are organs that can detect changes in light brightness
and power when these changes occur over a long time scale, but they cannot perceive light that is
switched on and off rapidly. The rule of thumb is eyes cannot perceive the switched light with a
rate of 200 Hz. A photodiode, on the other hand, can easily recognize the rapid on-off modulation.
It is a photodetector that produces an electrical current that is proportional to the optical power
that is incident on the photodetector surface. This simple principle makes possible visible-light
communications technology that supports both illumination and wireless communication using an

LED.



A VLC system consists of a pair of transceivers. The source of transmitter can be from a
flourescence lamp, LED, and another type of source, as long as the wavelength is in the range of
visible light spectrum. The receiver’s sensor can be a photosensor (LDR, photodiode, phototran-

sistor), solar cell, even a camera. The block diagram of VLC is shown in Fig. 2.1.

Data Modulation LED Driver

Data Demodulation Receiver

Figure 2.1: Block diagram of VL.C

Figure 2.1 shows how a VLC works. It will be started from data, then the data through a
process called modulation, It is a process where the original data is superimposed with the carrier
signal. Then the modulated data is sent to the receiver through the light source, in this case, it is
a LED. So, the data will be sent to the receiver-in the bit form (0 and 1). In the receiver side, the
transmitted data is received by the sensor, then it will through a process called demodulation, to
get the original data. A VLC system needs a processor unit to do modulation and/or demodulation

processes. It can be a personal computer (PC) or a microcontroller or other processors.
2.2 VLC Standard: IEEE 802.15.7

This is a standard from IEEE for short-range wireless optical communication using visible
light. It contains a global standard to use VLC as a wireless personal area networks (WPAN).
There are some characteristics found in this standard :

e Star, peer-to-peer, or broadcast operation.

16-bit short or 64-bit extended addresses.

e Scheduled or slotted random access with collision avoidance transmission.

Fully acknowledged protocol for transfer reliability.
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e Wavelength quality indication (WQI).

e Dimming support.

Visibility support.

Color function support.

Color-stabilization support [3].

This standard architecture is defined in terms of a number of layers and sub-layers [3]. A
VPAN device compries of a PHY layer, which contains the light transceiver along with its low-
level control mechanism, and a medium access control (MAC) sub-layer that provides access to

the physical channel for all types of transfers [3]. The architecture is shown in Fig. 2.2.

This standard supports multiple PHY types:

I. PHY I: This PHY type is intended for outdoor usage with low data rate applications. This
mode uses on-off keying (OOK) and variable pulse position modulation (VPPM) with data

rates in the tens to hundreds of kilo bit per second (kbps).

2. PHY II: This PHY type is intended for indoor usage with moderate data rate applications.

This mode uses OOK and VPPM with data rates in the tens of mega bit per second (Mbps).

3. PHY IIL: This PHY type is intended for applications using color-shift keying (CSK) that
have multiple light sources and detectors. This mode uses CSK with data rates in the tens

of Mbps.

The PSDU (PHY Service Data Unit). It is prefixed with a synchronization header (SHR),
containing the preamble sequence field, and a PHY header (PHR), which, among other things,
contains the length of the PSDU in octets. The preamble sequence enables the receiver to achieve
synchronization. The SHR, PHR, and PSDU together form the PHY frame or PHY layer data unit
(PPDU) [3].

The PHY types coexist but do not interoperate. PHY I and PHY II occupy different spec-
tral regions in the modulation-domain spectrum, which enables frequency division multiplexing
(FDM) as a coexistence mechanism (shown in Fig. 2.3). PHY I and PHY III also occupy different
spectral regions in the modulation-domain spectrum, with different data rates and different opti-

cal rate support, providing coexistence. However, the optical clock frequencies used for PHY II

5
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and PHY III overlap, causing significant overlap in the frequency domain spectrum. In addition,
not all devices support multiple optical frequency bands needed for PHY III. Hence, all PHY III

devices use a PHY II device for device discovery to support coexistence with PHY II.

amplitude modulation-domain
4 spectrum

PHY I FHY 1L 1

b \ e e

modulation
frequency

ambient hight

mterlercenet

Figure 2.3: FDM separation of the PHY types in the modulation domain [3]

The ways how each modulation works are shown in Fig. 2.4, 2.5, and 2.6.

bitd Outer Thner Manchester QOK
SR R, RS —p Qi L RLL - modulated
encoder encoder code light

Figure 2.4: Block diagram of OOK [3]

N . VPPM
bits il Ff?{(i;('; - 4{?{18 » modulated
o y light

Figure 2.5: Block diagram of VPPM [3]

2.3 Baseband Modulation

Selecting a modulation technique is one of the key technical decisions in the design of any
communication system. Before selection can take place, it is necessary to define the criteria on

which the various modulation techniques are to be assessed. For the optical wireless channel,
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these criteria are listed below in order of decreasing importance [22].

1. Power efficiency: In order to comply with the eye and skin safety regulations, the average
optical power emitted by an optical wireless transceiver is limited. Furthermore, in portable
battery-powered equipment, it is desirable to keep the electrical power consumption to a
minimum, which also imposes limitations on the optical transmit power.. Consequently,
the most important criterion when evaluating the modulation techniques suitable for indoor
optical wireless communication systems is the power efficiency. Each of these modulation
schemes offers a certain optical average power, and therefore they are usually compared in
terms of the average optical power required to achieve a desired bit error ratio (BER) per-
formance or signal-to-noise ratio (SNR). The power efficiency 7, of a modulation scheme
is given by the average power required to achieve a given BER at a given data rate. Mathe-

matically, 7, is defined as

Epuise 2. 1)

p = Eb

where Ei, s is the energy per pulse and Ej, is the average energy per bit.

2. Bandwidth efficiency: Although the optical carrier can be theoretically considered as having
an ‘unlimited bandwidth’, the other constituents (photodetector area, channel capacity) in
the system limit the amount of bandwidth that is practically available for a distortion-free
communication system. Also, the ensuing multipath propagation in diffuse link/nondirected
line-of-sight (LOS) limits the available channel bandwidth. This also makes the bandwidth

efficiency a prime metric. The bandwidth efficiency 7p is defined as

R
ng = Eb (2.2)



where R} is the achievable bit rate and B is the bandwidth of the IR transceiver. The
relationship between bandwidth and power efficiencies depends on the average duty cycle

v given by
Mp = 5, (2.3)

When the shot noise is the dominant noise source, the received SNR is proportional to the
photodetector surface area. Consequently, single-element receivers favour the use of large-
area photodetectors. However, the high capacitance associated with large-area photodetec-
tors has a limiting effect on the receiver bandwidth. In addition to this, for nondirected LOS
and diffuse link configurations, the channel bandwidth is limited by multipath propagation.
Therefore, it follows that modulation schemes which have a high bandwidth requirement are
more susceptible to intersymbol interference (ISI), and consequently incur a greater power
penalty. Thus, the second most important criterion when evaluating modulation techniques

is the bandwidth efficiency.

. Transmission reliability: A modulation technique should be able to offer a minimum accept-
able error rate in adverse conditions as well as show resistance to the multipath-induced IST
and variations in the data signal DC component. A long absence of "0 to 1’ transition may
be problematic as the clock recovery by a digital phase-locked loop (DPLL) might not be
feasible. Moreover, multiple consecutive high pulses should be avoided, since the result-
ing signal would be distorted by the high-pass filter (HPF) in the receiver. In addition, the
modulation technique should be resistant to a number of factors such as the phase jitter due
to variations of the signal power, pulse extensions due to diffusion component larger time

constant and pulse distortion due to near-field signal clipping.

. Other considerations: Optical wireless transceivers intended for mass-market applications
are likely to have tight cost constraints imposed upon them. Consequently, it is highly
desirable that the chosen modulation technique is rather simple to implement. Achieving
excellent power efficiency and/or bandwidth efficiency is of little use if the scheme is so
complex to implement that cost renders it unfeasible. Another consideration when evaluat-
ing modulation techniques is the ability to reject the interference emanating from artificial
sources of ambient light. The simplest method to reduce the power level of the ambient
light is to use electrical high-pass filtering. Consequently, it is desirable that the chosen
modulation technique does not have a significant amount of its power located at DC and

low frequencies, thereby reducing the effect of baseline wander and thus permitting the



use of higher cu-on frequencies. In addition to this, if the chosen modulation technique is
required to operate at medium to high data rates over non directed LOS or diffuse links,
multipath dispersion becomes an issue. Consequently, it is also desirable that the scheme

be resistant to ISI resulting from multipath propagation.

2.4 Universal Asynchronous Receiver/Transmitter (UART)

The Universal Asynchronous Receiver/Transmitter (UART) is a device that converts a se-
rial stream of bits arriving over a single wire into a character that can be read in parallel form by
a microprocessor connected to the UART by a parallel bus [30]. This hardware uses an RS-232C
protocol. It is one of several I/O standards. It contains 8 bits for one data transmission and it is
sent one bit at a time serially. The data format of serial transmission is shown in Fig. 2.7. The
data will be started with a start bit, followed by 8 bits data, then end with stop bit. This kind of
transmission uses a clock signal to clock in and out individual bits serially, and the frequency of
this bit clock is called the serial interface’s baud rate [31]. The baud rate commonly ranées from

300 to 115200 bps.

ASCI "R = 0x50

Mark (1) :

Space (0) :
Start . 0 1 2 3 4 5 6 7 Stop
Bit, =<t Data Bit number I = 11

LSB MSB

Time

Figure 2.7: Data format of serial transmission [31]

2.5 Microcontroller
2.5.1 Arduino Mega 2560 R3

Arduino Mega 2560 R3 is a microcontroller board produced by Arduino®. It is based on
ATmega2560 produced by Atmel®. It has 54 digital input/output pins (of which 15 can be used
as PWM outputs), 16 analog inputs, 4 UARTS (hardware serial ports), a 16 MHz crystal oscillator,
a USB connection, a power jack, an ICSP header, and a reset button [32]. The detail specification
is shown in the Table 2.1. It contains everything needed to support the microcontroller;simply

connect it to a computer with a USB cable or power it with a AC-to-DC adapter or battery to get
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started.

Table 2.1: Arduino Mega 2560 specification [33]

Specification Arduino Mega 2560
Microcontroller ATmega2560
Operating Voltage 5V
Input Voltage (recommended) 7-18V
Input Voltage (limits) 6-20V
Digital I/O Pins 54 (of which 15 provide PWM output)
Analog Input Pins 16
DC Current per I/O Pin 40 mA
DC Current for 3.3V Pin 50 mA
Flash Memory 256 KB
SRAM 8 KB (ATmega2560)
EEPROM 4 KB (ATmega2560)
Clock Speed 16 MHz

2.6 VLC Transmitter
2.6.1 Visible Light

Visible light is a kind of electromagnetic waves that has range of spectrum around 400-700

nm. The detail of the spectrum is shown in Table. 2.2,

Table 2.2: Visible light spectrum [33]

Color | Wavelength (m) | Frequency (Hz)
Purple 13.9-=(4.5x1057 \{ 6.7 £7.7x1014

Blue ) [-4.5=49x10"7 |“61= 6.7x10™%
Green | 4.9 =5.8x10~" [ 5.3 —6.1x10™%
Yellow | 5.8 —6.0x10"" | 5.1 — 5.3x10™4
Orange | 6.0 — 6.2x10=" | 4.8 —5.1x10™

Red O R — 7.7x10~F 3. S-CARx N

2.6.2 Light Emitting Diode (LED)

In VLC, there are two basic source choices, the light emitting diode (LED) and the laser
diode (LD). The choice between LEDs and LDs depends on the application and the configuration
where they are to be used. LEDs are preferred for hybrid LOS or non-LOS short distance indoor
applications that require some degree of mobility. This is because, as they emit a broad beam,
careful alignment of the receiver and the transmitter is not required. Also, LEDs are generally
cheaper and harder to damage than LDs, and they are allowed to emit higher optical powers
without damaging the human eye. Another advantage is LED driver circuits are simpler and

LEDs do not require stabilization against temperature variations, LDs, on the other hand, are
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often preferred for high-speed directed-LOS links in outdoor applications as the emission beam
of these sources is narrow. This means that the optical power per unit area is higher allowing
for longer transmission distances. Also, LDs can be used at higher modulation rates than LEDs,
allowing for high-speed data communication transmission. The major disadvantages from LDs
are the driver circuit of LDs is more complicated and the emitted power is limited due to eye
safety considerations. Furthermore, LDs are sensitive to temperature variations that modify their

spectral emission [10]. All differences between LEDs and LDs are summarized in Table 2.3.

Table 2.3: Comparison of LEDs and LDs [10]

Characteristic LED LD

Optical spectral width 25 - 100 nm <10~°-5nm

Directionality Broad (divergence > 15°) | Narrow (< 10°)

Modulation bandwidth ~kHz to ~ MHz ~ kHz to ~ GHz

Special circuitry required | None Threshold and tempera-
ture compensation

Eye safety Considered eye safe May need to be rendered
eye safe

Reliability High Moderate

E/O conversion efficiency | 10-20% 30-70%

Cost Low Moderate to High

2.7 VLC Receiver
2.7.1 Photodiode

Photodiodes are kind of semiconductive optical sensors. In a simple way, the operation
of a photodiode ean be described as follows. If a p-n junction is forward biased (positive side
of a battery is connected to the p side) and is exposed to light of proper frequency, the current
increase will be very small with respect to a dark current [34]. In other words, the bias current is
much greater than the current generated by light. If the junction is reverse biased (Figure 2.8), the
current will increase quite noticeably. Impinging photons create electron -hole pairs on both sides
of the junction. When electrons enter the conduction band, they start flowing toward the positive
side of the battery. Correspondingly, the created holes flow to the negative terminal, meaning
that the photocurrent i, flows in the network. Under dark conditions, the leakage current g is
independent of applied voltage and mainly is the result of thermal generation of charge carriers.
Thus, a reverse-biased photodiode electrical equivalent circuit (Figure 2.9) contains two current

sources and an RC network.

The process of optical detection involves the direct conversion of optical energy (in the form
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of photons) into an electrical signal (in the form of electrons). If the probability that a photon of
energy hv will produce an electron in a detection is 7, then the average rate of production of
electrons (r) for an incident beam of optical power P is given by

_nP

(r) = 1. (2.4)

The production of electrons due to the incident photons at constant rate {r) is randomly distributed
in time and obeys Poisson statistics, so that the probability of the production of 1 electrons in

some measurement interval 7 is given by
m 1 —{r)r
p(m,7) = ((r)7) —e 5 (2.5)

The statistics involved with optical detection are very important in the determination of minimum
detectable signal levels and, hence, the ultimate sensitivity of the sensors. At this point, however,
we just note that the electrical current is proportional to the optical power incident on the detector:

nel

YT (2.6)

= (rPe=
where e is the charge of an electron. A change in input power A P (e.g., due to intensity modula-
tion in a sensor) results in the output current As. Because power is proportional to squared current,
the detector’s electrical power output varies quadratically with input optical power, making it a

“square-law” detector.

The voltage-to-current response of a typical photodiode is shown in Figure 2.9. If we
attach a high-input-impedance voltmeter to the diode (corresponds to the case when i = 0), we
will observe that with increasing optical power, the voltage changes in a quite nonlinear fashion.
In fact, variations are logarithmic. For the short-circuit conditions (V' = 0),[i.e., when the diode
is connected to a current-to-voltage converter], current varies linearly with the optical power. The

current-to-voltage response of the photodiode is given by
EVET . 1) i, 2.7

i =1dg(e

where ig is a reverse “dark current” which is attributed to the thermal generation of electron-hole

pairs, i is the current due to the detected optical signal, k; is Boltzmann constant, and 7" is the
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absolute temperature. Combining Eq. 2.6 and 2.7 yields

eV/kT _ 1} — @ (2.8)

i =1g(e g

which is the overall characteristic of a photodiode.

In general, depending on the function and construction, all photodiodes may be classified

as follows:

1. The PN photodiodes may include a SiOy layer on the outer surface. This yields a low-
level dark current. To fabricate a high-speed version of the diode, the depletion layer is
increased, thus reducing the junction capacitance. To make the diode more sensitive to
ultraviolet (UV) light, a p layer can be made extra thin.- A version of the planar diffusion
type is a pnn™ diode, which has a lower sensitivity to-infrared and higher sensitivity at
shorter wavelengths. This is due primarily to a thick layer of a low-resistance n ™ silicon to

bring the nn™ boundary closer to the depletion layer.

2. The PIN photodiodes are an improved version of low-capacitance planar diffusion diodes.
The diode uses an extra high-resistance / layer between the p and n layers to improve
the response time. These devices work even better with reversed bias, therefore, they are

designed to have low leakage current high breakdown voltage.

3. The Schottky photodiodes have a thin gold coating sputtered onto the n layer to form a
Schottky p-n junction. Because the distance from the outer surface to the junction is small,

the UV sensitivity is high.

4. The avalanche photodiodes are named so because if a reverse bias is applied to the p-n
junction and a high-intensity field is formed with the depletion layer, photon carriers will
be accelerated by the field and collide with the atoms, producing the secondary carriers. In
turn, the new carriers are accelerated again, resulting in the extremely fast avalanche-type
increase in current. Therefore, these diodes work as amplifiers, making them useful for

detecting extremely low levels of light.



CHAPTER 3

VLC SYSTEM AND EXPERIMENTAL SETUP

In this chapter, the VLC system and the experimental setup are discussed. It consists of two
sections, which are the explanation of the VLC system and the explanation of the experimental

setup.
3.1 Transceiver

The transceiver consists of a transmitter and a receiver. As shown in Fig. 3.1, the transmit-
ter circuit consists of a light emitting diode (LED) and a logic buffer. The purpose of using a logic
buffer is to give enough currentto turn on the LED. Also, it gives enough current to drive the LED
when it sends the data using UART. The decision to use the driver circuit is based on [1] and [2].
The previous design used without additional drive? circuit, so when it was tried using UART, the
transmission could not-be done. Another reason is the maximum data rate can be reached using
the circuit design in{1} and [2] is 1 kbps. The receiver circuit, as shown in Fig. 3.2, consists of
a photodiode and a driver circuit. An SFH203P.is a photodiode used as the receiver. It is used
because it has very short rise/fall time, which is 5 ns [35]. Rise/fall time is a time needed for the
sensor to receive the impulse, which is the presence or ahsence of the light. The purpose of using
an operational-amplifier is to buffer the current so there are no data lost. A TSV992AIDT is an
operational amplifier used in the circuit. It is used because it has a moderate slew rate, which is
10 V/ps [36]. Slew rate is'a parameter explains about the maximum rate of an amplifier when it

receives an abrupt change of input level.

Figure 3.1: Schematic of transmitter
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Figure 3.2: Schematic of receiver

The controller used in the system is Arduino Mega 2560. It is used because it has more
than one hardware serial [32]. The data are sent through serial transmission, in which the format
is shown in Fig. 3.3. According to [3] and Fig. 3.4, the system will focus on using the maximum
speed in the on-off keying (OOK) modulation, which is 100 kbps. The system will be tested in a

peer-to-peer network topology.

[Start bit | Bit0 | Bit1 | Bit2" Bit3 Bit4 | Bits | Bit6 | Bit 7 | PautyBit |JSICHEN

Figure 3.3: Serial data format

3.2 Experimental Setup

The experiment is conducted at Wireless Information Network (WIN) Laboratory, Depart-
ment of Computer Engineering, Faculty of Engineering, King Mongkut’s Institute of Technology
Ladkrabang. The experimental setup is set on a white table, as shown in Fig. 3.5. The transmitter
(left black box) will send data to the receiver (right black box). The data is sent using a transmitter
interface, as shown in Fig. 3.6, through the transmitter using UART, the transmitter send the data
wirelessly to the receiver, and it is received using a receiver interface, as shown in Fig. 3.7. The
block diagram of the data transmission is shown in Fig. 3.8. The transmitter interface consists of

several parameters to be set:
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Figure 3.4: Specification of PHY 1 [3]

1. COM Port. It is used to select the right port to be used for the data transmission.

2. TDP. It will define which network topology employed in the data transmission. The choices
are Topology Independent, Peer-to-peer, Star, and Broadcast. This research will use the

Peer-to-peer topology.

3. Channel #. It will define which channel or range of wavelengths used in the data transmis-
sion. The range of the wavelength is around 400 to 700 nm. In this research, any channel

number can be utilized, since the transmitter source is a white light.
4. MCS ID. It will set the data rate of transmission. In this research, 100 kbps is used.
5. Dimmed OOK. It will define whether the light is dimmed or not.

6. Burst Mode. It will define whether the data are in the burst mode or not.

The receiver interface layout is similar to the transmitter interface, but the receiver interface
uses several boxes as read-only boxes. They are TDP box, Channel # box, MCS ID box, Dimmed
OOK checkbox, and Burst Mode checkbox.

The data format used in this experiment is based on [3] and shown in Fig. 3.9. This
format is started by a preamble field. It contains FLP (Fast Locking Pattern), TDP (Topology-
Dependent Pattern), and inverted TDP. FLP is a 64-bits number containing a value of ”10101010
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Receiver

Figure 3.5: The experimental setup

..... 10101010 0r ”170-170 .... 170 170" in decimal. TDP value depends on the topology. This ex-
periment uses the P2 which is peer-to-peer topology and the value of TDP is ”001011101111110”
or 6014 in decimal. Burst mode is a 1-bit value, either 0 or 1. FCS (Frame Check Sequence) is
calculated using 2 octets CRC-16 HCS, which the block diagram is shown in Fig. 3.10. In be-
tween FCS is an optional field, contains compensation length, resync length, and subframe length.
Those have fixed values, which are 128, 15, and 0, respectively. After FCS, it is a data field, con-
tains extension and data. Extension defines what is the file’s extension sent in the transmission,

either .png, .gif, .mp3, .txt, .docx, .xIsx, .pptx, or .pdf.

In order to know the performance of the system, several parameters are used. Those param-

eters are explained here.
3.2.1 Throughput

The throughput of the system will be compared to the IEEE standard, whether it can reach
the maximum speed of 100 kbps. The data rate will be set for both transmitter and receiver, based

on the choices of baud rate in UART, then the transmitter will send data contains a sequence of
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Figure 3.6: Transmitter interface

Figure 3.7: Receiver interface
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Figure 3.8: Block diagram of the data transmission

ELP |'TDP Inverted TDP Inverted | Burst Cha_zmel MCS Dimmed [ECS Comp |Resync

TDP TDP |mode | # ID Length Subframe (FCS|Ext (Data

Figure 3.9: Data format for data transmission [3]

CRC-16 Generator Polynomial: G(x) = %10+ x12 1554 )

Input

Data Field

s \Urs r{ sSreir We—ta Uo PRV 15 N4 118

Figure 3.10: A 2 octet CRC-16 HCS [3]

numbers to the receiver and it is checked to the reference data sent by the transmitter, whether
there is/are any missing byte(s). This parameter-based performance test will be conducted at the

fixed distance of 10 cm.
3.2.2 Bit Error Rate

The system will be measured the number of errors produced in a single transmission by
sending pseudo random data, which are generated using PRBS31 pattern generator. PRBS31 is
a pseudo random binary sequence that has a formula of 2°° 4-2%® 4+ 1 and the block diagram is
shown in Fig. 3.11. This method is inspired by [37]. The transmitter will send a data package
containing the sequence generated from the pattern generator. The sequence starts from 2!, 2122,
until 21 22...229 230 The sequences chosen for the test are S1 (21), S2 (2! 22), $3 (21 22 23y,
8521 9322 p1 06y g8 (91 92, ,.97 98y, S13(2L 92, .. 912915y 8oy (2t 92... 99 9% and §30
(21 22...229 230). Those sequences are chosen to maintain the randomness of the test data. Every
sequence is repeated 10 times for the fixed distance and 5 times in order to observe the relation-
ship between BER and distance. The interfaces used in this test are shown in Fig. 3.12 and Fig.

3.13.
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Figure 3.13: Receiver interface for BER test

3.2.3 Distance

The purpose of this parameter used in the performance test is to determine the maximum
distance can be reached by the system for the data transmission. The transmitter will send a data
sequence containing 3932139321 39321 39321 39321 39321 39321 39321 21845 21845 21845
21845 21845 2184521845 21845 2791741077 38229 21930 21845 39509 2186523126 21913 to
the receiver and then, it is compared to the reference data sequence sent by the transmitter. Those
numbers are taken from the values of PHY I data format after being encoded using Manchester
code. The distance range starts from 10 cm to the maximum distance can be reached by the system

with an increment of 10 cm.
3.2.4 Types of file

The system will send various type of files, which are MS Word file (.docx), MS Excel file
(.xlsx), MS Powerpoint file (.pptx), PDF file (.pdf), GIF file (.gif), PNG file (.png), audio file
(.mp3), and text file (.txt). The file will be converted into a sequence of bytes before it is sent
to the receiver by using the function in Microsoft Visual Studio. Each file will be repeated 10
times at the fixed distance, which is 10 cm. For GIF and PNG file, the reference image sent by

the transmitter is shown in Fig. 3.14.
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Figure 3.14: Tmage file to be sent by the transmitter

3.2.4.1 Document file

Files considered as a document file are MS Word file (.docx), MS Excel file (.xlsx), MS
Powerpoint file (.pptx), PDF file (.pdf), and text file (.txt). Each of them includes the same sen-
tence, which is "Wireless Information Network Laboratory, Department of Computer Engineer-
ing, Faculty of Engineering, King Mongkut’s Institute of Technology Ladkrabang”. File sizes are

12 kB, 9 kB, 34 kB, 161 kB, and 1 kB, respectively.
3.2.4.2 Image file

Image files used throughout this test are GIF (.gif) and PNG (.png). Those are selected
because those are the two smallest among all types of image extension. The sizes of the image are

5 kB and 7 kB, respectively.
3.2.4.3 Audio file

The audio file used is an MP3 file (.mp3). It is a 2-seconds clip containing bell sound. The
size is 11 kB.
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CHAPTER 4

RESULTS AND DISCUSSIONS

In this chapter, the experimental results are shown and discussed.

4.1 Transceiver

The transceiver is shown in Fig. 4.1. The transmitter uses a lens in order to focus the light.
In the experiment, the transmitter uses the lens in its maximum focus. The sensor is placed inside

the black box, so that another light except transmitter’s light can be eliminated.

Receiver

Fransmitter

(a) Outside the box {(b) Inside the box

Figure 4.1: Transceiver

4.2 Throughput

For the throughput, the system sends the data using the data rate of 115200, in order to
achieve the maximum data rate of the standard with an OOK modulation, which is 100 kbps. The
expected result of the test is whether the system can send data at the desired rate. Figure 4.2 shows
the result of data transmission using a data rate of 115200. It is conducted at the distance of 10
cm. According to the results, only one unwanted character appears in the receiver serial terminal,

so it is considered that the system can send the data in the maximum data rate.

43 BER

The test is conducted inside the controlled area, with the fixed distance of 10 cm. The

summary of BER test is shown in Fig. 4.3.

In Fig. 4.3, S1 is a data sequence contains (2!), S2 is a data sequence contains (2! 22), and
so on, until S30 is a data sequence contains (2! 22. .. 229 230). Every sequence is repeatedly sent
10 times. S1, 82, and S3 are not seen in Fig. 4.3 because it has no bit error. The highest bit error is
produced in S30, which is 10 in repetition 5. The length of the sequence in S30 is 185 characters,
which are equal to 185 bytes. In term of bits, it is 1480 bits long, so the BER of S30 is 6.761073.
On average, S8 has the highest BER, which is 0.773, as shown in Fig. 4.4. The reason why S$30
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has the highest BER is because the data format used to send the data, which is shown in Fig. 4.6a.

S30 contains numbers from 2! to 230 and in each number has a missing bit, e.g. 2 (00000010)

becomes 0 (00000000), so it will increase the probability to have a higher bit error rather than S1.

Average BER

0.4
0.3
0.2
0.1
0
51 52 53 £3 58
Sequenges

Figure 4.4: Average of BER

513 521 S330

Figure 4.5 shows the BER test after changing the data format. It is shown that there is no

missing bit from S1 to S30. The former data format is shown in Fig. 4.6a and latter data format is

shown in Fig. 4.6b. The data format is changed because every time the enter character is used in

the data format, the data after the enter character cannot be received correctly due to the missing

bit occurs in every number. The new result shows that there is no bit error. The procedure is as

same as the former BER test using prior data format.

Figure 4.5: BER result

The relationship between BER and distance is shown in Fig.

74

1
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2

2

2 2996

2 4095 8192

H 1 196 81

2 1824 2048 4296 2768

a 1024 2248 4296 3192 16382 12768 65534

2 2 1024 2248 32768 65536

2 1224 2048 32768

2a 12 1224 2048 4296 3192 16284 32768 §

24 2 1024 2248 4896 8192 16384 32768 63553 4288 1048576

24 2 1924 248 4086 8192 16384 32768 65536 1048576 2097152

24 12 1224 2048 4996 8192 16384 32768 1848576 2097152 4193104

24 512 1024 1048 4996 3192 16384 32768 S 1048576 1097152 4194304 8388608

24 2 1024 2248 4936 8192 156384 12768 1048576 2097152 3194304 £388£28 15777216

24 1824 2048 4096 8192 16384 32768 65 148576 2097152 4191304 388608 167 6 33554432
24 1824 2048 4896 8192 16364 32768 85535 1845576 2097152 4194304 $388508 16777216 33554432 67108864
24 1034 2248 4096 8192 16384 32768 65536 131 § 1048576 1097152 3194304 BIARE08 16777216 33554432 67108864 134217728

4.7 to 4.14. Figure 4.7 shows

the relationship between BER and distance using S1 sequence, containing only | byte, which is 2.
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Figure 4.6: Data format

From the distance of 10 cm to 50 cm, the BER result in each repetition is 0, it means there is no
missing bit or a bit lost in the transmission. Then, from the distance of 60 cm to 80 cm, it is shown
that there is a bit error in each sequence. The error comes from the first byte of the data. It should
be 2 (00000010 in binary), but the result is 0 (00000000 in binary). In that range of distance, it

always has a missing bit in the first byte. The rest bytes.are matched with the reference.

S1

0.1800

0.1600

0.1400

0.1200

P = R epetition §
.E- : _ Repetition 4

— == w= Repetition 3

0.0600 e« Repetition 2

0.049 e Repetition 1

0.0200

0.0000

10 20 in 10 44y 60 0 )
Distance (cm)

Figure 4.7: BER result S1 varied in distance

Figure 4.8 shows the relationship using S2 sequence containing 2 4. In repetition 1 and 2,
the bit error is starting to occur at the distance of 70 em. In repetition 3 until 5, the bit error is
starting to occur at the distance of 60 cm. The error source is similar to the test using S1 sequence,
which comes from the first byte of the data. It should be 2 (00000010 in binary), but the result is
0 (00000000 in binary).

Figure 4.9 shows the relationship using S3 sequence containing 2 4 8. In repetition 1 and
2, the bit error is starting to occur at the distance of 70 cm. In repetition 3 and 4, the bit error
is starting to occur at the distance of 60 cm. In repetition 5, the bit error is starting to occur at
the distance of 50 cm. The error source comes from the first byte of the data. It should be 2

(00000010 in binary), but the result is 0 (00000000 in binary).

Figure 4.10 shows the relationship using S5 sequence containing 2 4 8 16 32. Tn all repe-
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Figure 4.8: BER result S2 varied in distance

S3
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Figure 4.9: BER result S3 varied in distance
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tition, the bit error is starting to occur at the distance of 60 cm. The error source comes from the

first byte of the data. It should be 2 (00000010 in binary), but the result is 0 (00000000 in binary).

Figure 4.11 shows the relationship using S8 sequence containing 2 4 8 16 32 64 128 256.

In repetition 2, the bit error is starting to occur at the distance of 70 cm. The rest repetitions, the

bit error is starting to occur at the distance of 60 cm. The error source comes from the first byte

of the data. It should be 2 (00000010 in binary), but the result is 0 (00000000 in binary).

Figure 4.12 shows the relationship using S13 sequence containing 2 4 8 16 32 64 128 256

512 1024 2048 4096 8192. In all repetition, the bit error is starting to occur at the distance of 60

cm. The error source comes from the first byte of the data, It should be 2 (00000010 in binary),
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Figure 4.11: BER result S8 varied in distance

but the result is 0 (00000000 in binary).

Figure 4.13 shows the relationship using S21 sequence containing 2 4 8 16 32 64 128 256
512 1024 2048 4096 8192 16384 32768 65536 131072 262144 524288 1048576 2097152. In
repetition 1, 3, and 5, the bit error is starting to occur at the distance of 50 cm. In repetition 2 and
4, it is starting to occur at the distance of 60 cm. The error source comes from the first byte of the

data. It should be 2 (00000010 in binary), but the result is 0 (00000000 in binary).

Figure 4.14 shows the relationship using S30 sequence containing 2 4 8 16 32 64
128 256 512 1024 2048 4096 8192 16384 32768 65536 131072 262144 524288 1048576
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Figure 4.13: BER result S21 varied in distance

2097152 4194304 8388608 16777216 33554432 67108864 134217728 268435456 536870912
1073741824. In repetition 1 and 2, the bit error is starting to occur at the distance of 60 cm. In
repetition 3 to 5, it is starting to occur at the distance of 50 cm. The error source comes from the

first byte of the data. It should be 2 (00000010 in binary), but the result is 0 (00000000 in binary).

The summary of the relationship between BER and distance is shown in Fig. 4.15. It is
shown that the biggest BER is in the S1 and the lowest BER is in the S30. The BER value is not
zero when the distance is above 40 cm. The source of bit error in every data sequence comes from
the first byte of the data, because there is a missing bit in it.In practical, the system can send data

in any length.
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Figure 4.15: Summary of relationship between BER and distance

4.4 Distance

The results of a performance test based on the distance are shown in Fig. 4.16, Fig. 4.17,
and Fig. 4.18. Figure 4.16 shows the result of successfully received data from the distance of
10 cm to the distance of 30 cm, which all values are exactly the same with the data from the

transmitter.

Figure 4.17 shows the result of received data in the distance from 40 c¢cm to 80 cm. It is
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Figure 4.16: Result of the successful character

shown that the first character is missing, while the other characters match with the data from the
transmitter. It is happened every time the data is sent in that range of distance. If it is observed by
the light intensity according to the Fig. 4.19, the light intensity for distance of 40 cm, 50 cm, 60
cm, 70 cm, and 80 cm are 5700 Lux, 4010 Lux, 3010 Lux, 1801 Lux, and 1457 Lux, respectively.
Those intensity values are much more than the environment light intensity which is around 200

Lux, so it can be coneluded that the system can send data even though there is a missing bit.

| file1_result_40_te_80_cni.tt - Notepad N O X

9321 /39321 398321 393231~39321 39321 3“32' ;luﬁS 21845 21845.21845 21845 21845
21845 2791741877 38229 21930 21845 39589 213865 23126 21913

Edit Format View Help

39
I b

Figure 4.17: Result of the one character missed received data

Figure 4.18 shows the result of failed received data in the distance more than 80 cm. One
of the several causes of why the system cannot transmit the data at a far distance is the insufficient
light intensity. According to Fig. 4.19, the light intensity at the distance of 80 cm is around 1500

Lux. It is much more than the environment light intensity, which is around 200 Lux.
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Figure 4.18: Result of the fail received data

Based on Fig. 4.19, it is shown that the lowest light intensity is around 500 Lux, so theoret-
ically, the system is able to transmit the data because the experiment is conducted under the room
lighting with an intensity around 200 Lux. Another reasonable cause is from the sensor circuit

- design, because it cannot get a small light under 8000 Lux.

Figure 4.20 shows the relationship between distance and optical power. The highest optical

power produced by the transmitter is only around 300 mW. It happens when the distance is 10
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Figure 4.19: Distance vs illumination

cm. In the distance of 80 cm, which is the maximum distance of the system can send the data,
the optical power is 40.37 mW. Based on that figure, it can be considered that the system needs
only a low optical power to do a data transmission. If we compare Fig. 4.20 with Fig. 4.19, it
is shown that the change of optical power according to the distance is linear with the change of
illumination according to the distance. This relationship is also shown in Eq. 4.1. Popticq is the
optical power with the unit of Watt, I is the illumination with the unit of Lux, A is the receiving

area with the unit of m2, and 7 1s the efficacy value of the sensor.

1A
POptim{ S ?, 4.1)

4.5 Types of file

The result of the first test data transmission is shown in Fig. 4.21. Figure 4.21a shows
the reference data in the transmitter and Fig. 4.21b shows the result of data transmission. Those
figures show there is a difference in the number of bytes in the receiver and the number of bytes in
the transmitter. In the receiver side, the number of bytes is 1272, while on the transmitter side, the
number of bytes is 4804. That problem is caused by the mechanism to send data. The transmitter
sends the data without separation, which means the transmitter does not care about whether the
data are in a small size or a large size. Then, that mechanism is changed by splitting the data into
several parts, each part containing a maximum of 100 bytes, due to the maximum serial buffer of

the microcontroller which is 64 bytes. The result after mechanism changes is shown in the next

paragraph.
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Figure 4.21: Result of data transmission

4.5.1 Audio file

The result of audio file transmission is shown in Fig. 4.22. The blue bar is the number of

data received by the receiver, the orange bar represents the number of correct data received by the

receiver after compared with the reference file, and the grey bar represents the reference file. The

number of bytes from the reference file along with the header is 11004 bytes. It is shown in Fig.

4.22 that only repetition 2 that has a big difference between the number of data received and the

number of correct data received. All files can be opened through the media player even though all

of them have noise.
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Audio File Transmission
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Figure 4.22: Result of audio file transmission

Fig. A.1to A.10 show the results of audio file transmission after compare with the reference

file. All of them contain noise and the least noise is contained in repetition 3.

4.5.2 TImage file

The result of image file transmission is shown in Fig. 4.23 and Fig. 4.24. The number
of bytes from the GIF reference file and PNG reference file are 4803 bytes and 6725 bytes, re-
spectively. Figure 4.23 shows that all received correct data in every repetition, but only the file

received in the repetition 2, 6, and 8 that similar to the reference file.

GIT File Transmission
_'8” a 9 & » 1N LT “s1BW § - | il
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Figure 4.23: Result of GIF file transmission

The comparison results for the GIF image in every repetition are shown in Fig. B.1 to B.10.
But, for PNG file transmission, all files are noisy and no one that similar to the reference file, as

shown in Fig. B.11 to B.20. All repetitions except repetition 10 have similar amount between the
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PNG File Transmission
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Figure 4.24: Result of PNG file transmission

received correct data and-the reference file, but the final image is not as same as the reference
file. Although the received correct data has the same amount with the reference file, but it is not a
guarantee that the final result will be the same as the reference file.
4.5.3 Document file

The results of document file consists of the result of Excel file, Word file, PDF file, Power-
point file, and Text file. Each file will be explained in the separate section.
4.5.3.1 Excel file

Figure 4.25 shows the result of Excel file transmission in each repetition. Based on the size
comparison, all repetitions except repetition 8 show that the size of received correct data is similar

to the size of the reference file: But, if it is analyzed based on the file, the result will be different.

Excel File Transmission
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Figure 4.25: Result of MS Excel file transmission
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The results of Excel file transmission are shown in Fig. C.1 to C.20. Only the file in the
repetition 2 and 4 that can be opened after through the recovery process. Other files cannot be
opened, even after through the recovery process. Those files that can be opened are exactly the

same with the reference file.
4.5.3.2 Word file

Figure 4.26 shows the result of Word file transmission in each repetition based on the size.
All repetitions except repetition 3 show that the size of received correct data is similar to the size

of the reference file. But, the result based on the file is different with the result based on the size

comparison.
Word File Transmission
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Figure 4.26: Result of MS Word file transmission

The results of Word file transmission are shown in Fig. C.21 to C.40. From those figures,
the file in the repetition 4, 6, 8, and 9 that.can be opened after through the recovery process. Those

files that can be opened are exactly the same with the reference file.
4.5.3.3 PDF file

Figure 4.27 shows the result of PDF file transmission in all repetition based on the size. All
repetitions show that no size of received correct data that similar to the size of reference file. The

result based on the file is different from the result based on the size.

The results of PDF file transmission are shown in Fig. C.41 to C.50. The file in the repetition
1,3,4,5,6,7, and 10 that can be opened after through the recovery process. But, only the file in
the repetition 4 and 6 that are exactly the same with the reference file. The file in the repetition 10

is almost similar to the reference file because the letter "k is missing from the file.
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PDF File Transmission
180000

160000
w 140000
23
+ 120000
100000
® Data amount
8000
u Correct data
6000 Correct
4000 B Reference
o 0 I | I |
0 - - -
| 2 3 4 s 6 7 8 9 10

Repetition

=]

Number of byt
[—]

=]

Figure 4.27; Result of PDF file transmission

4.5.34 Powerpoint file

Figure 4.28 shows the result of Powerpoint file transmission in all repetition based on the
size. All repetitions except repetition 7, 8, and 9 have the similar size between the size of received
correct data and the size of the reference file. But, the result based on the file is different from the

result based on the size.

Powerpoint File Transmission
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g 15000 . ] : 2 18 & B Correct data
7. 10000 / 4 % ® Reference

0 4 - [ . -
1 2 3 4 H] 6 7 8 9 10

Repetition
Figure 4.28: Result of MS PowerPoint file transmission
The results of Powerpoint file transmission are shown in Fig. C.51 to C.70. From those
figures, the file in the repetition 2, 3, 4, 5, 6, and 8 that can be opened after through the recovery

process, eventhough only the file in the repetition 4, 5, and 6 that exactly the same with the

reference file.
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4.5.3.5 Text file

Figure 4.29 shows the result of Text file transmission in all repetitions based on the size.
All repetitions show that the size of received correct data is exactly the same with the size of the

reference file.

Text File Transmission
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The results of Text file transmission are shown in Fig. C.71 to C.80. All files in the repeti-
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Figure 4.29: Result of Text file transmission

tion can be opened and they are exactly the same with the reference file.

The system is also checked to know the maximum file size of received data without any
data lost in a single transmission. From the observation by sending a text file, the maximum file
size is 1.20 kilo bytes containing numbers from 1 to 325, When the system wants to send a bigger
file than 1.20 kilo bytes, there are lots of missing data. The summary of the types of file test is
shown in Table 4.1. The plain cell indicates the file is in the good condition, means that can be
opened normally without any recovery or noise for the audio file. While the gray cell indicates the
file can be opened with a recovery or the file-is noisy for the audio file. The black cell indicates the
file cannot be completely opened. One of the reasons why other files cannot be opened completely
is because there is/are a missing bit(s) during the transmission of each file due to the limitation of

the serial buffer size of the microcontroller.
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Table 4.1:

Result of various types of file transmission

File type Reference i 2 3 i g RESmit 3 5 3 9 10
Audio (.mp3) 100% 99.80%..| 25.65% | 99.91% | 99.83% | 99.89% | 99.87% | 9995% | 99.92% 99.90% | 99.96%
Excel (.xlsx) 100% PRNYM 99.95% | 99.96% | 99.96% 9.9 6 99.93% 6 00.82%  99.8
Image (.gif) 100% PR 99.98% 9 99.98 99.94 100% 09.98 100% 0096% 99.9
Image(‘png) 100% 0Q O 00 O Q .. Q 0 0 O Q 00 Q D 0Q I. 00 Q 00 0 Q 6
PDF (.pdf) 100% 56.99% 1:22% 1 123.29% | 23/29% 1.66% 2.05% 6 W 23.22%
Powerpoint (.pptx) 100% PRV 99.93% | 99.99% | 99.99% | 99.99% | 99.99% D78 88.92% 04%

Text (.txt) 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100%
Word (.docx) 100% 99.9 99.88% 40 99.98% LR 99.93% EEERS 99.97% | 99.97% EEER




CHAPTER 5

CONCLUSION AND FUTURE WORKS

The performance investigation of the VLC system based on the IEEE 802.15.7 PHY I has
been conducted. It is performed based on four parameters, which are throughput, distance, bit
error rate, and types of file. The system is composed of a pair of transceivers and the transceiver
utilizes a LED as the transmitter source and a high-speed photodiode as the receiver. For the
throughput, the system can send data with the data rate of 100 kbps with a presence of an unwanted
character in a short distance. For the distance, the system can send data successfully without any
missing bit at the maximum distance of 40 cm. For the range distance of 40 c¢cm to 80 cm, the
system can send data with a missing bit in the beginning of the bit sequence. For the distance of
more than 80 cm, the system completely cannot send data. For the bit error rate, the biggest error
rate is when the system send a short data (S1) in the range distance of 50 cm to 80 cm, and the
lowest error rate is when the system send a long data (S30) in the same range distance. About
the types of files, only the PNG image file cannot be opened successfully after being sent. The
audio file can be open but it contains noise. The GIF file has a 30% probability of successfully
transmitted. The Excel file, PDF file, Powerpoint file, and Word file have a probability to be
successfully transmitted in a percentage of 20%, 70%, 60%, and 40%, respectively and all files
should through a recovery process when the files wants to be opened. Only the Text file that has

a 100% probability of successfully transmitted.

The future work for this research is to develop this system to be able to comply with the
IEEE 802.15.7 standard, not only the PHY I but also the PHY II, because both physical layers has
the same type of modulations, so no need to use different circuit design. Also, the system needs
more test to make sure that it can comply with the IEEE 802.15.7 standard, especially for the data
rate and another type of modulation, because this research is only done for the highest data rate

of PHY I with an OOK modulation.
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APPENDIX A

AUDIO FILE RESULTS

Figure A.1: Result of audio file transmission in repetition 1
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Figure A 4: Result of audio file transmission in repetition 4
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Figure A.5: Result of audio file transmission in repetition 5
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Figure A.6: Result of audio file transmission in repetition 6
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Figure A.7: Result of audio file transmission in repetition 7
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Figure A.10: Result of audio file transmission in repetition 10
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APPENDIX B

IMAGE FILE RESULTS
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Figure B.1: GIF file transmission result in repetition 1
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Figure B.2: GIF file transmission result in repetition 2
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Figure B.3: GIF file transmission result in repetition 3
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Figure B.4: GIF file transmission result in repetition 4
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Figure B.5: GIF file transmission result in repetition 5
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Figure B.6: GIF file transmission result in repetition 6
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Figure B.7: GIF file transmission result in repetition 7
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Figure B.8: GIF file transmission result in repetition 8
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Figure B.9: GIF file transmission result in repetition 9
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Figure B.10: GIF file transmission result in repetition 10
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Figure B.11: PNG file transmission result in repetition 1
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Figure B.12: PNG file transmission result in repetition 2
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Figure B.13: PNG file transmission result in repetition 3
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Figure B.14: PNG file transmission result in repetition 4
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Figure B.15: PNG file transmission result in repetition 5

54



WIN LABN DN WIN LAB

s g Wireless Information Network La hr\r atory

(a) Received image (b) Reference image

Figure B.16: PNG file transmission result in repetition 6
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Figure B.17: PNG file transmission result in repetition 7
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Figure B.18: PNG file transmission result in repetition 8
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Figure B.19: PNG file transmission result in repetition 9
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Figure B.20: PNG file transmission result in repetition 10
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APPENDIX C

DOCUMENT FILE RESULTS

C.1 Excel File Results

o We found a problem with some content in ‘result_excel_1xlsx’. Do you want us to try to recover as much as we can? If you trust the source of this workbook,
click Yes.

Yes No

Figure C.1: Resultof Excel file in repetition 1 thatneeds a recovery process

Excel cannotopen the file “resultBxcel_ 1xdsx’ because the file format or file exteasion s nat valid, Verify that the file-has not been corrupted and that the file
I extension matghes the format of the file:

- AR At e mr wmep wWrrEe oy - — ottt -

Figure C.2: Result of Excel file in repetition 1 after the recovery process

We found & problem with some tontentin ‘result_excel_2.115%. Do you want us to bry to recover as much as we can? i you trust the sourge of this workbook,
click Yes,

Yes ! No

- v AN TR e e rre i err W - oy -

Figure C.3: Result of Excel file in repetition 2 that needs a recovery process
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Faculty of Engineering

King Mongkut's Institute of Technology Ladkrabang

I
4 ﬂ Excel was able to open the file by repairing or removing the unreadable
content.
Excel completed file level validation and repair. Some parts of this workbook may have been
repaired or discarded.

11 | Removed Records: Document Theme from /xl/workbookxml part (Workbook)

12
13

14

15
16
17
18

an !

1

Click to view log file listing repairs: Cabsers\WAKUBE <A AnpDatastocal rr 3560 01.xml

We found a problem with same contentin resuit-excel_ 3 Do you want s 1o try it recover-as much as we.can? If you trust the source of this workbook, |
click Yes. |

)
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Figure C.5: Result of Excel file in repetition 3 that needs a recovery process
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Excel cannot open the file ‘resultexcel 3 xlsx" Because the file format or file extensioniis notvalid Verify that the file has not been corrupted and that the file |
extension matches the format of the'file

Figure C.6: Result of Excel file in repetition 3 after the recovery process

We found a problem with some content in ‘result_excel_4.xdsx’. Do you want us 1o try 1o recover as much as we can? If you trust the source of this workbook,
click Yes.

Figure C.7: Result of Excel file in repetition 4 that needs a recovery process
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Figure C.9: Result.of Excel file in repetition 5 that needs a recovery process

| The workbook cannot be opened or repaired by Microsoft Excel because it is corrupt. |

OK

Figure C.10: Result of Excel file in repetition 5 after the recovery process
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We found a problem with some content in ‘result_excel_6.xlsx’. Do you want us to try to recover as much as we can? If you trust the source of this workbook,
click Yes.

Figure C.11: Result of Excel file in repetition 6 that needs a recovery process

Excel cannot open the file ‘result_excel_6.xisx’ because the file format or file extension is not valid. Verify that the file has not been corrupted and that the file
extension matches the format of the file.

oK

——— S s e ~— -

Figure C.12: Result of Excel file in repetition 6 after the recovery process

We found a problem with'sonte contentwn ‘resull_excel 7xlsx: Do you want us totry to recover as much aswe can? if you trust the-source of this workbook,
click Yes.

L WATRAR.
|
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) . { ™ rrrrre=<—v = "o

Figure C.13: Result of Excel file in repetition 7 that needs a recovery process

F
o

The workbeack.canngt be opened or repaired by Migrosoft Excel because it is corrupt

, oK

Figure C.14: Result of Excel file in repetition 7 after the recovery process

We found a problem with some content in ‘result_excel_8xlsx’. Do you want us to try to recover as much as we can? H you trust the source of this workbook, |
dlick Yes.

Figure C.15: Result of Excel file in repetition 8 that needs a recovery process
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Excel cannot open the file ‘result_excel_8.xdsx’ because the file format or file extension is not valid. Verify that the file has not been corrupted and that the file |
! extension matches the format of the file.

Figure C.16: Result of Excel file in repetition 8 after the recovery process

We found a problem with some content in ‘result_excel_S.xisx’. Do you want us to try to recover as much as we can? If you trust the source of this workbook,
click Yes.

Yes No
_— e - ~

Figure C.17: Result of Excel file in repetition 9 that needs a recovery process

i Excel cannot open the file “tesult_excal 9305 because the file format or file extengion i notvalid Verily that the file has not been cormupted and that the file
extension matches the format of the file.

2

- e— - R S T R A Y o
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Figure C.18: Result of Excel file in repetition 9 after the recovery process

We found a problem with same content in “resultsexcel | 10xisx). Do you want us 1o try 18 recover as much as we can? fyol trust the source of this workbook,
click Yes. |

Yes No

Figure C.19: Result of Excel file in repetition 10 that needs a recovery process

The workbook cannot be opened or repaired by Microsoft Excel because it is corrupt.

oK

Figure C.20: Result of Excel file in repetition 10 after the recovery process
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C.2 Word File Results

| Word found unreadable content in result_word_ 1. Do you want to recover the contents of this document? If you trust the source of this document, click Yes.

Yes No

Figure C.21: Result of Word file in repetition 1 that needs a recovery process

We're sorry. We can't openresult_word_1 because we found'a problem with its contents.

OK Details << <

|

Details

The file is corrupt and.cannot be opened,

— 1 TR Y e AT et SRR - —!

Figure C.22: Result of Word file in repetition 1-after the recovery process

I Word found unreadable content in result_word_2. D6.yolwant 1o recover the contents of this docurnent? If you trust the sourte-of this document, click Yes.

Figure C.23: Result of Word file in repetition 2 that needs a recovery process

We're sorry. We can’t open result_word.2 because'we found a problem with its contents.

0K Details << <

Details

The file is corrupt and cannot be opened.

Figure C.24: Result of Word file in repetition 2 after the recovery process
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1 Word found unreadable content in result_word_3. Do you want to recover the contents of this document? f you trust the source of this document. click Yes.

Yes No

Figure C.25: Result of Word file in repetition 3 that needs a recovery process

- We're sorry. We can't open result-Word.3-because we found a problem with its contents.

oK Details <<<

Details

The file is corpupt and €annot be opened.

- - ooy = R o T L R — -

Figure C.26: Result of Word file in repetition 3 after the recovery process

3

|  Wordfound unreadable contentin.result word_4. Do you want tojTecover the contents of this document? If you'trust the source of this document, dick Yes.

ves No

Figure C.27: Result of Word file in repetition 4 that needs a recovery process

Wireless Information Network Laboratory
Department of Computer Engineering

Faculty of Engineering

King Mongkut’s Institute of Technology Ladkrabang

Figure C.28: Result of Word file in repetition 4 after the recovery process
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] Word found unreadable content in result_word_5. Do you want to recover the contents of this document? If you trust the source of this document, dlick Yes.

Yes No

Figure C.29: Result of Word file in repetition 5 that needs a recovery process

We're sorry. We can’t open result_word_5 because we found a problem with its contents.

oK Details << <

Details

Xml parsing error

Location: Part: /word/stylesxml, Line: 2, Coluron; 11014

- a— g - .- Mo mim e g perage 4w g e — P ———— -

Figure C.30: Result of Word file in repetition 5 after the recovery process

e

]  Wordfound unneadable contentin result werd 6. DO you want to recover the ¢antents of this documment? If you trust the source of this document, dlick Yes.

Yes s No

Figure C.31: Result of Word file in repetition 6 that needs a recovery process

Wireless Information Network Laboratory
Department of Computer Engineering
Faculty of Engineering

King Mongkut’s Institute of Technology Ladkrabang

Figure C.32: Result of Word file in repetition 6 after the recovery process
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i Word found unreadable content in result_word_7. Do you want to recover the contents of this document? If you trust the source of this document, click Yes.

Yes No

Figure C.33: Result of Word file in repetition 7 that needs a recovery process

We're sorry. We can’t open result_word-7 because we found a problem with its contents.

oK Details << <

Details

Microsoft Office cannot open this file because same parts are missing or invalid.

g 4 ey A O g . R W B | —- | " -

Figure C.34: Result of Word file in repetition 7 after the recovery process

Wl

]  Weordfound unreadable content I result_word_8.Do yau want to recover the coments of this document? 1fyou trust the solirce of this document, dick Yes.

m | l, M 4

Figure C.35: Result of Word file in repetition 8 that needs a recovery process

bNireiess Information Network Laboratory
Department of Computer Engineering
Faculty of Engineering

King Mongkut's Institute of Technology Ladkrabang

Figure C.36: Result of Word file in repetition 8 after the recovery process
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Word found unreadable content in result_word_9. Do you want to recover the contents of this document? If you trust the source of this document, click Yes.
1 yo

Yes No

Figure C.37: Result of Word file in repetition 9 that needs a recovery process

Mireiess Information Network Laboratory
Department of Computer Engineering

Faculty of Engineering

King Mongkut's Institute of Technology Ladkrabang

SEvaidep fir? \

Errors were detected in this file, but Word was able to open the file by making the
repairs listed below, Save the file to make the repairs permanent.

Go To

Sort By: (®) Error Description
O Location

j Close

Figure C.38: Result of Word file in repetition 9 after the recovery process
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Micrasoft Word

| l Word found unreadable content in result, word_ 10. Do you want to recover the contents of this document? If you trust the source of this document, dick Yes.

Details << <

Details

Xml parsing error

Location: Part: /word/styles.xml, Line: 0, Column: 0

Figure C.40: Result of Word file in repetition 10 after the recovery process

This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content,ﬁa’FHd cite the document when use.



C.3 PDF File Results

Figure C.41: Result of PDF file in repetition 1 after through the recovery process

Error opening file

This PDF has been damaged:Xode.tried to repair it but could not; soit cannét be épened. Sorry!

Figure C.42: Result of PDF file in repetition 2 after through the recovery process
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Figure C:43: Result of PDF file in repetition 3 after throngh the recovery process

WirEz ik faformanion Sctwork Lahatsiany
D5 paIment widomputes Eapmesong
Facoly olEAgmcinag

Kamg Monghut s lastitste of Technokogy Ladkrabang

Figure C.44: Result of PDF file in repetition 4 after through the recovery process
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Figure C.45: Result of PDF filedin repetition 5 after through the recovery process

Wirdlens Infs pmagion Ne1work Lsbarstony
Departmient of Compiter Engincering
Facukty of Enpmecnng

Kmg Manghnt's imstimee of Technalogy I58kouhany

Figure C.46: Result of PDF file in repetition 6 after through the recovery process
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Figure C.47: Result of PDF file in repetition 7 after through the recovery process

Error opening file

This PDF has-been damaged. Xodo tried tolrepair it but could net, se.it cannot be dpened. Sorry!

Figure C.48: Result of PDF filein repetition 8 after through the recovery process

Error opening file

This PDF has been damaged. Xodo tried to repair it but could not, so it cannot be opened. Sorry!

Figure C.49: Result of PDF file in repetition 9 after through the recovery process
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Figure C.50: Result of PDF file-in repetition 10 after through the recovery process
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C.4 PowerPoint File Results

PowerPoint found a problem with content in httpsy//ddocs live net/91e09 1defe2ed52f/Research Topic OD/Thesis document/file result/repetition 10
times/result_powerpoint_1.ppbc

PowerPoint can attempt to repair the presentation.

1f you trust the source of this presentation, click Repair.

Repair Cancel

Figure C.51: Result of PowerPoint file in repetition 1 that needs a recovery process

oK

-~ 2 7Y L & Shalih W S/ ki B | TR ™Y .

| PowerPoint can't open this file because its file extension has changed. Make sure the format ofthe file matches the file extension. J

Figure C.52: Result of PowerPoint file in repetition 1 after the recovery process

PowerPoint found a problem with content in httpsy//d.docs livenet/3 1609 1defe2ed52t/Research Topic OD/Thesis document/file result/repetition 10
times/result_powerpoint, 2 ppix,
PowerPoint can attempt to repair the presentation:
If you trust the source of this presentation, dick Regair;
hepaic || Canal )

- —TOR —— AN M el h e N = AR

Figure C.53: Result of PowerPoint file in repetition 2 that needs a recovery process

Wirertesst mferpHatiesr i e@ework Laboratory

* Faculty of Engineering
* King Mongkut’s Institute of Technology Ladkrabang

o PowerPoint couldn't read some content in result_powerpoint_2 [Repaired] and removed it.
Please check your presentation to see if the rest of it looks ok.

oK

Figure C.54: Result of PowerPoint file in repetition 2 after the recovery process
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|
PowerPoint found a problem with content in httpsy//d docs live net/91e091defe2ed52f/Research Topic OD/Thesis document/file result/repetition 10 |
times/result_powerpoint_3 pptx.

PowerPoint can attempt to repair the presentation.

If you trust the source of this presentation, dick Repair.

Repair Cancel

Figure C.55: Result of PowerPoint file in repetition 3 that needs a recovery process

\Wipastesst ph ferpriatfosndd @B ork Laboratory

* Faculty of Engineering
* King Mongkut’s Institute of Technology Ladkrabang

8 b
o PowerPoint couldn't read some content in result_powerpoint, 3 [Repaired| and removed it
Please eheck your presentation to seef therest of it looks ok
4 OK ?

W - {NANEY P-N — Yrar -taY. > iy ¥

Figure C.56: Result of PowerPoint file in repetition 3 after the recovery process

PowerPoint found a problem with content in https//d docs live.net/91e09 1defe2ed52{/Research Topic OD/Thesis document/file result/repetition 10 |

times/result_powerpoint_4.pptx. |
o PowerPoint can attempt to repair the presentation.

If you trust the source of this presentation, click Repair.

Repair Cancel

Figure C.57: Result of PowerPoint file in repetition 4 that needs a recovery process
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V' "“formation

Press the ESC key to cancel opening the document.

M« 3boratory

Department of Computer Engineering
Faculty of Engineering
King Mongkut’s-Institute of Technology Ladkrabang

PowerPoint couldn't read some content inresult powerpoint_4 [Repaired] and removed it.

0
Please check your presentation to see if the rest of it loaks ok.

oK

Figure C.58: Result of PowerPoint file in repetition 4 after the recovery.process

PowerPoint found a problem with content in hitps//d.docs.live.net/91e091defe2ed52f/Research Topic OD/Thesis document/file result/repetition 10

times/result_powerpoint_S.pptx.
o PawerPoint can attempt to repair the presentation.

If you trust the source of this presentation, dick Repair,

Repair Cancel

Figure C.59: Result of PowerPoint file in repetition 5 that needs a recovery process
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V' "“formation

Press the ESC key to cancel opening the document.

M~ 3boratory

'Department of Computer Engineering
Faculty of Engineering
King Mongkut’s Institute of Technology Ladkrabang

yf 1P 3 [ ket

o PowerPaint couldn’t read some content in result_powerpoint=5 [Repaired] and removed it.

Please check your presentation to see if the rest of it looks ok

Figure C:60: Result of PowerPoint file in repetition 5 after thewrecovery process

i
PowerPoint found a problem with content in https//d docs Jive.net/91e091defe2ed521/Research Topic OD/Thesis document/file result/repetition 10 |
times/result_powerpoint_6.ppoc
o PowerPoint can attempt to repair the presentation.

1f you trust the source of this presentation, click Repair.

Repair Cancel

Figure C.61: Result of PowerPoint file in repetition 6 that needs a recovery process

76



V' "~formation

Press the ESC key to cancel opening the document.

) = aboratory

Department of Computer Engineering
Faculty of Engineering
King Mongkut’sinstitute of Technelogy Ladkrabang

o

401 Lf

o PowerPoint couldn’t read some content in-result_powerpoint_6 [Repaired] and removed it.

Please check your presentation to see if the rest of it looks ok
OK

Figure C.62: Result of PowerPoint file in repetition 6 after the recovery process

A\ |

e

|
PowerPoint found a problem with contentin hitps://d docs ivenet/91e09 1defe2ed521/Research Topic OD/Thesis document/file result/repetition 10

o times/result_powerpaint. 7.pptc

PowerPoint can altempt 1o repair the presentation,

If you trust the source of this piesentation, dick Repair. ‘

Repair Cancel

s - o " R —

Figure C.63: Result of PowerPoint file in repetition 7 that needs a recovery process

| Sorry, PowerPoint can't read httpsy//d docslive.net/91e091defe2ed52f/Research Topic OD/Thesis document/file result/repetition 10
H times/result_powerpoint_7.pptx.

Show Help >>

OK

Figure C.64: Result of PowerPoint file in repetition 7 after the recovery process
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PowerPoint found a problem with content in https://d.docs live.net/91e09 1defe2ed52f/Research Topic OD/Thesis document/file result/repetition 10 g
times/result_powerpoint_8 ppte.
PowerPoint can attempt to repair the presentation.
If you trust the source of this presentation, dlick Repair.
Repair Cancel

Figure C.65: Result of PowerPoint file in repetition 8 that needs a recovery process

Vospertmsst i Fempriatforrid@Bwark Laborato ry

* Faculty of Engineering
* King Mongkut’s Institute of Technology Ladkrabang

o st

'

o PowerPoint couldn’t read some content in result_powerpoint_8 (Repaired] and removed it

Please check your presentation to-seeif the rest of it looks ok. '

PowerPoint found a problem with content in htipsyyd docs live.net/91e09 1defe2ed S2f/Research Topic OD/Thesis docufment/file result/repetition 10
times/result_powerpoinis9 pptc. i
o PowerPoint can attempt ta repair the presentation.
|
If you trust the sourceiaf this presentation, dick Repair.

Repair Cancel

. S L -y - A

Figure C.67: Result of PowerPoint file in repetition 9 that needs a recovery process

I Sorry, PowerPoint can't read https//d.docslive.net/91e091defe2ed52f/Research Topic OD/Thesis document/file result/repetition 10
: times/result_powerpoint_9.pptx.

Show Help >>

OK

Figure C.68: Result of PowerPoint file in repetition 9 after the recovery process
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Mictosoft PowerPoint

PowerPoint found a problem with content in httpsy/d.docs live.net/91¢091defe2edS2f/Research Topic OD/Thesis document/file result/repetition 10
0 — :

A IECOVETY Process

(SN
SEEESSAGHIDD

Figure C.70: Result of PowerPoint file in repetition 10 after the recovery process

This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.
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C.5 Text File Results

Wireless Information Network Laboratory
Department of Computer Engineering

Faculty of Engineering

King Mongkut's Institute of Technology Ladkrabang

Figure C.71: Result of Text file in repetition |

Wireless Infonmation Network Laboratory
Depantment .of .Computer Engineering

Faculty of JEngineering

King Mongkut's Institute of \Technology Ladkrabang

Figure C.72: Result of Text file in repetition 2

Wireless Information Network Laboratory
Department of-Computer-Engineering

Faculty of Engineering

King Mongkut's Institute of Technology Ladkrabang

Figure C.73: Result of Text file in repetition 3
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Wireless Information Network Laboratory
Department of Computer Engineering

Faculty of Engineering

King Mongkut's Institute of Technology Ladkrabang

Figure C.74: Result of Text file in repetition 4

Wireless /Information (Network taboratory
Department of Computer Engineering
Faculty of Engineering

King Mongkut's Institute of Technology Ladkrabang

Figure C.75: Result of Text file in repetition 5

{

Wireless ‘Information Network Laboratory
Department ‘of Computer Engineering

Faculty of Engineering

King Mongkut's Institute of Technology Ladkrabang

Figure C.76: Result of Text file in repetition 6

i

Wireless Information Network Laboratory
Department of Computer Engineering

Faculty of Engineering

King Mongkut's Institute of Technology Ladkrabang

Figure C.77: Result of Text file in repetition 7
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Wireless Information Network Laboratory
Department of Computer Engineering
Faculty of Engineering

King Mongkut's Institute of Technology Ladkrabang

Figure C.78: Result of Text file in repetition 8

f( = ol sl \Fely
Wireless Information Network ‘Llaboratory
Department of Computer Engineening
Faculty-of Engineering
King Mongkut's Institute of Technology Ladkrabang

Figure C.79: Result of Text file in repetition 9

Wireless Information Network Laboratory
Department of Computer Engineering

Faculty of Engineering

King Mongkut's Institute of Technology Ladkrabang

Figure C.80: Result of Text file in repetition 10
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