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Abstract

This thesis provides an in-depth investigation and evaluation of infrared optical
wireless MIMO communication systems to be applied in both indoor and outdoor
environment. The principle objective of the research is to demonstrate both the
advantages and disadvantages of the optical wireless MIMO systems using different

modulation types.

The first part provided analyses of important OW configurations using APD
receivers using WMC model and SISO, MISO, SIMO and MIMO configuration.
Thus, an analytical expression for 2-1 MISO, 1-2 SIMO and MIMO was
successfully developed. This part also illustrates the coding gains possible using
diversity schemes for APD OW systems. In the presence of strong fading, the SISO
approach is rendered virtually useless, whereas diversity offers acceptable BER
values. The results underpin the approach of this thesis, where indoor PIN diode

based experimental measurements confirm the gains offered by diversity.

In the second part of the work, several optical wireless MIMO systems applicable for
the indoor environment are developed for three different modulation types, OOK
modulation, PPM modulation and SIR-RZI modulation. These modulations are used
in optical MIMO systems are studied for which, mathematical models that evaluate
the BER performance of the MIMO system for different axis displacement and for
different distances between transmitters and receivers. Based on the results, the PPM
system has been shown to present the best BER performance, including high
interference-resistance capability. A group of new mathematical models have been

XVI



evaluated, which demonstrates a high level of correlation with the results derived
from empirical models at 93%. Thus, the mathematical models developed and used
for the specified evaluation appear to correspond reasonably well, and can be applied

in future research on these aspects.
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Chapter 1 Introduction

Chapter 1 Introduction

1.1 Overview

Optical wireless (OW) technology presents a potential application in
contemporary communication systems. It also promises to supplement wireless
radio-frequency (RF) technologies, which have been broadly used for commercial
communication applications, such as WLAN and Bluetooth. Most important of all,
the bandwidth of the OW is available worldwide, and the unlicensed OW technology

does not interfere with radio frequency bands.

During the last two decades, OW technology has played the vital role for promoting
high speed indoor communications as a complementary and extended scheme to the
RF indoor wireless systems. The main advantages of OW communications include
cost-effective, broad bandwidth access, high quality data-transmission, no
interference  with RF-based communication signals, and highly-secured

transmissions. Consequently, the OW technology has been developed rapidly. [1]
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1.2 The Indoor Optical Wireless System

Indoor optical wireless communications are mainly associated with visible light

and infra-red technology applications.

1.2.1 Visible Light

White-
Light . Blue
o filter ~Blue-

Oscilloscope

| SEEEESE
R;

—

Figure 1-1 Visible Light Communication System [2]

A typical visible light communication system (VLC) using white LEDs is illustrated in
Figure 1-1. In this figure, both lighting and communication link are provided by the
white LED. As is mentioned in [2], the blue light used as the signal carrier can be
extracted by employing the blue waveband optical filter at the receiver side to enhance the
bandwidth of the system. The most important component in Figure 1-1 is the LED. In
addition to pure colour LEDs, two other white LEDs are also used:

1. Red-green-blue LEDs;

2. Blue LEDs combined with yellow-coloured phosphors.
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In [2], the second option is generally the preferred one for lighting because of the
lower complexity in comparison with the one in three colours. One thing to be
noticed is that the bandwidth of the device is between 1-10MHz, mainly due to the

slow temporal response of the visible LEDs. [3, 4]

1.2.2 Infrared Light

The infrared light wireless communication system offers much higher data
transmission rate than that of the visible light system because of its more powerful
laser source and its wider modulation bandwidth laser source are used. Figure 1-2
shows the optical channel simulation model. In this figure, by using the collated
detector, the modulated signals are received after transmitting in the free space (the
simulated signal noise are added into the free space channel), and then the signals
would be demodulated and output. The data are modulated by specific modulation
technology, and transmitted by the transmitters; secondly, the noises are added into
the channel; thirdly, the modulated signals are detected by the detectors; and finally,

detected signals would be demodulated and exported.

Modulation| I\ | Freespace | I\ Detector_,\ Demodulation
Signal [ channel [/ —1/| and output

Gl

Noise

Figure 1-2 Optical Channel Simulation Model
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References [2] and [5] demonstrate that in free space it is possible to achieve a data
rate at the Gbps level through IR links when communicating over a distance of
several km. However, it is highly recommended that the higher power transmitting

within a very narrow field-of-view (FOV) is applied.

For indoor Infrared communications, there are two basic types of transmission

configuration:-

1. Line of sight (LOS) transmission;

2. Non-Line of sight transmission.

Figure 1-3 illustrates the classification of infrared wireless links according to the
degree of directionality of transmitters and receivers (Line of sight, Non-Line of

sight and Mixed). [6]

Directed Hybrid Nondirected
BN W W . . . . . W . W . W W W W W N S W T TR TR W TR W R T T R W W TR T R WL TR T WL TR W W WAL WD, T 90T R0 W W ¥
N N
\ \ \ \
N N I \ 2 ” N
N I N \ o8 Ba N
N \ \P 2 N
N S N S \' \
N SO \ B N N
N N : ke N Eaet A2 U8 -Soage Jin :
Line-of-Sight | ) N 3 \ N
N N N N
N N N N
N N N N
N N N N
N \ N G AN
N \ \ N
N \ \ \
\\\\\\\:\\\\\l\\\\ \\\\\\\I\\\\\}s\\\\ \\\\\\\\\\\\\}‘\\\
: g (LY N d LN : /I . .‘\
N \ N ’ \
N 2 Sh S\ ’ N
N o \ N . \
N N \ ’ N
N \ N /' \
Dbttty ekttt : ................................ N e :
Non- \ g \ K \ / \
. . e N P 4 3
Line-of-Sight y /- N & \ / (diffuse) \
, N g N N
\y \ ’ ‘4 \
N ‘I : I Til/\ F 4 ~ _— :
N N
T T \ \
LN N N . . W W . . . . . W . U . . . . . W . . . . . . . . . . . . W . . . . . . U . . . . . . .

Figure 1-3 LOS and Diffuse Channel [6]
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Because of the multipath induced inter-symbol interference (ISl1), although more
reflective in comparison with LOS links, non-LOS links offer lower bandwidth but a
wider Field of Views (FOV) and a certain level of mobility (in the wireless channel,
the signal multipath propagation will generate ISI. This is because with the
increasing of data rate, the interval between the symbols will reduce to a certain
extent which can’t be distinguished by the detector, and thus results in ISI. A non-
LOS OW system is discussed in [7] where parallel low speed transmission has been
proposed. Reference [8] describes a high speed parallel optical wireless
communication system. Haykin introduced an artificial neural network in [9] which
could mitigate the multipath induced ISI in indoor OW links. However, different
from non-LOS links, LOS links are capable of achieving higher power and
bandwidth efficiency in high speed applications and at the same time, low signal loss
and pulse dispersion from multipath. However, LOS links are limited in the area
coverage related applications. In [10, 11] beam broadening is considered as an
alternative technology for improving the mobility and coverage of LOS links. In
summary, the infrared light systems can have better performances than the visible

light systems, at the cost of more complicated designs and more compromises.

1.2.3 Challenges of Indoor Optical Wireless

The first challenge comes from the limitation of bandwidth and transmission
speed. In [2], it was reported that by using a blue filter to remove the other
wavelength, it is easy to achieve a high bandwidth from a visible light source. When
the bandwidth is fixed, the multiple input and multiple output (MIMQO) systems can

offer higher data transmission (due to [5] and [6], and the transmission rate may
5
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reach several Gbps) by transmitting data in parallel to achieve multiplexing gain. As
the limiting parameter, the channel matrix can be improved by using an imaging lens

system [12].

Second challenge comes from the dimming of light, mainly for the visible light
system, which affects the link performance. In [3], two approaches were described to
solve the specific problems of:

1. Reducing the amplitude;

2. Using pulse width modulation (PWM).

Both can help to increase the performance of the light system and can deliver desired
output performance. However, the second approach will reduce the average

throughput.

The third challenge comes from infrared communications. The transmission power is
small due to eye safety related considerations. Consequently, infrared wireless
communications are considered to be challenging due to the low power budget. In
addition, it remains difficult to design and produce OW receiver with high-speed,
high sensitivity and high efficiency. In [2], the typical diameter of photo-detectors is
less than 100um for transmitting data at 10Gbps, which may make it extremely

challenging for the receiver to deliver accurate experiment results.
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1.3 Wireless MIMO System

MIMO is broadly applied in the fourth generation mobile communication
standards, such as IEEE 802.16e Worldwide Interoperability for Microwave Access
(WIMAX,), Long Term Evolution (LTE), IEEE 802.11n, and the next-generation
wireless LAN (WLAN) standard. MIMO also refers to spatial diversity as it uses

multi antennas to perform multi-channel transmission and reception of data.

The ground-breaking work of wireless mobile communication systems by using
MIMO technology was initially accomplished by the AT & T Bell laboratory in the
1990s. In 1995, in [12], Teladar demonstrated the MIMO capacity in the path-loss
channel. In 1996, Foshini developed MIMO processing algorithms and revealed in
Angle - Bell Labs Layered Space-Time (D-BLAST). [12] In 1998, Tarokh discussed
MIMO space-time codes, while during the same year, Wolniansky used vertical -
Bell Labs layered Space-Time (V-BLAST) algorithm to develop a MIMO indoor
system, and tested the 20bps/MHz spectral efficiency. [13] These accomplishments
attracted the worldwide attention from academia and industries. According to the
number of transceivers at both ends of the antenna, other systems can be considered
as a special case of MIMO, such as a Single-Input Single-Output (SISO) system, a
MIMO system, a Single-Input Multiple-Output (SIMO) system, and a Multiple-Input
Single-Output (MISO) system. In conclusion, MIMO systems use multiple

transducers to suppress channel fading.
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The development of MIMO technology maximizes the space capacity to improve the
data transmitting performance, and also increases the wireless space coverage of the
system. When a transmitted signal is reflected, it will produce more than one copy,
and each of which is a spatial stream. The SISO system can only send or receive one
spatial stream, whereas the MIMO system uses multiple antennas to send and receive
multiple spatial streams, and therefore is able to distinguish different signals sent
from different “transceivers”. As the application of multi-antenna system allows
more data to be sent, the use of multiple antennas at the transmitter or receiver can
significantly reduce the channel fading effect and minimize the error rate. It is
generally recognized that the diversity gain can be as high as Nt * Nr (the minimum
number of transmitter and receiver). Another interesting MIMO technology is related
to space time coding. The primary application of space time coding is to use space
and time domain encodings to achieve a certain degree of spatial and time diversity

and hence reduces the bit error rate of the system.

Typically, multipath effects cause fading and hence cause undesirable impacts.
However, the experiment results show that in MIMO systems, multipath can
somehow be considered as a positive and desirable factor. After a space-time coding,

a data stream S(k) is divided into N information sub-streams C, (k), where i =1, ..,

N,. The N sub-streams are transmitted out by N antennas and received by M
receiving antennas. The multi-antenna receivers use space time coding technology to
process, separate and decode data sub-streams. In particular, N sub-streams are
simultaneously sent to the channel occupying the same bandwidth to avoid the

increase of bandwidth. If each channel responding between the transmitting and



Chapter 1 Introduction

receiving antenna is independent, the MIMO system can create multiple parallel
spatial channels for the data transmitting through such parallel spatial channels
independently, consequently, it increases data rate. Moreover, the system capacity is
one of the most important parameters to characterize the communication systems,
which represents the maximum transmission data rate of the communication system.
As for a N transmit antennas and a M receive antennas in a MIMO system, and
assuming that the channel is Rayleigh fading channel, and the N and M are large

enough, the channel capacity C can be described approximately as below:

C=min(M,N)Blog,(p/?2) (1.1)

where B is the signal bandwidth, p is the average SNR of the receiving signal, min
(M, N) represents the smaller number between M and N. It is shown that when power
and bandwidth are fixed, the capacity of a MIMO system increases linearly with the
minimum number of antennas. As a result, MIMO has great potential for improving

the capacity of a wireless communication system.

As an example, MIMO has been used in the IEEE 802.11n standard to achieve high
data rate and high reliability. This standard is used to bridge users with the wireless
access of user terminals in office LAN and campus networks, but the data rate can
only reach 2Mbps at present. Because the data rate and transmission distance can’t
meet the growing demand on bandwidth, higher security of data transmission and
more convenient roaming services, the IEEE group has initiated several new

application standards, including the 802.11n standard.
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The bandwidth of 802.11n is 2.4GHz and 5GHz, and the WLAN transmission data
rate varies from 54Mbps (802.11a and 802.11g) to 108Mbps, up to 500Mbps by
applying MIMO and Orthogonal Frequency Division Multiplexing (OFDM)

technology. Moreover, the quality of wireless transmission is greatly enhanced.

The bandwidth of 802.11n will allow a WLAN transmission rate to be increased
more than 10 times in comparison with the current transfer data rate, which can
easily support high-quality music, picture voice and video transmission. Such
improvement offers an opportunity for people in the office with Wi-Fi access to

transmit data and communicate with other people.

The 802.11n standard also uses smart antenna technology, in which the multiple
independent antenna arrays can dynamically adjust the beam to ensure that WLAN
users receive stable signals and minimize interference from other signals.
Consequently, the area coverage can be extended to over 1km?. This makes the
application of mobile receiving instruments develop towards a broader context in the

future.

10
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1.4 Optical Wireless MIMO System

1.4.1 Categories

Due to different application ranges and channels, the optical wireless MIMO
system can be divided into two categories: indoor and outdoor wireless MIMO
systems. The main applications for indoor optical wireless MIMO are the indoor
computer network and communication between office equipment. The indoor
wireless MIMO system channel is affected by indoor room light, as well as
multipath problem caused by the wall reflection, which results in the inter-symbol

interference (ISI).

Outdoor wireless MIMO systems are mainly applied for free space communications
such as airplane and satellite communication, which are affected by the natural
background light (sun, moon, etc.), atmospheric scintillation and turbulence, also the

attenuation caused by the weather (fog, rain, clouds and other natural phenomena).

1.4.2 The advantages and challenges

As having been discussed by many research groups, optical wireless technology
may offer unlimited bandwidth, which has the potential to meet the high market
demand on indoor wireless access applications, such as voice over IP, images, mp3
or other music data transmissions, streaming video, etc. An optical wireless system

could employ both infrared and visible light indoor links by using LEDs and
11
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corresponding photodiodes. Over the past few decades, optical wireless MIMO
technology has been developed rapidly, and succeeded with substantial advantages
such as offering higher data rates within the same bandwidth, license free, low or no
interference as those experienced in a RF-based system (the commercial technology),

and many others with potential application development. [14]

However, the main disadvantage of high data rate in the optical wireless
communication is related to the limitation of transmission distances (normally less
than 10m). When the transmission distances exceeds 10m, a direct light source with
a narrow Angle-of-View (AOV) is highly recommended. In [13], it is explained that
the optical wireless signal channels are significantly affected by large path loss and
background noise such as sunlight, room light and other ambient light sources,
meanwhile, the requirements for a certain signal to noise ratio (SNR) requires a

limitation in bandwidth, resulting in a consequent limitation in data rate.

Comparing the two types of optical wireless transmissions, namely, the visible light
link and the infrared link, the infrared wireless system has demonstrated great
potential as described in [12] due to its high speed transmission and low rate of
interference. Moreover, it is considered to be both cost effective and simply-
designed, and the infrared wireless system provides an easier access for realization
of various applications than those of fibre optic systems and radio wireless systems.
The infrared wireless MIMO system is considered to be highly competitive in

offering higher security, higher data rate, higher capacity and lower bit error rate.

12
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Since 2010, the demand for high capacity data transmission increases substantially,
especially on wireless communication, including optical wireless communications.
As described in Section 1.3, MIMO systems have attracted great attention in the
applications of radio wireless communications. As has been described in many
publications, in comparison with SISO wireless system, an optical wireless MIMO
system employs multiple antennas at both source and receiver end and thus, it may
achieve high speed data transmission without increasing power and bandwidth. [12,

13] A typical optical MIMO system is shown in Figure 1-4: [13]

Channel
> Modulate > LED » Photodiode
Demodul
Data »> Modulate > LED Photodiode ate and
Detector
Modulate »> LED > Photodiode

Figure 1-4 Optical MIMO System adapted from Takase et al. in [13]

As shown in [15], O’Brien et al. built a 4X4 white LED MIMO indoor optical
system, in which the transmitters and receivers were arranged on two 0.2m pitches

separately as shown below:

13
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LED Arays

Ceiling

Room Height =3m

eiver Plane

0.85m Room
Floor Width=5m

Room Length =5m

Figure 1-5 LOS MIMO system (a) Schematic (b) Receiver
(c) Transmitter (d) Schematic of imaging MIMO system adapted [15]
The can be considered as the typical non-imaging indoor wireless system model. In
this system, four white LED sources are used as separate transmitters, each of which
is on a 0.2m pitch. The data streams are transmitted on these 4 channels, and the

resulting signal recorded. Also [15] shows the received data are correctly.

1.5 Organization of the Thesis

Most of the existed research did not incorporate any experimental results from
optical wireless systems, and all their discussion and conclusion were based on the
analytical models and simulation results. The novelty of this project includes the
design and building of several experimental optical wireless MIMO systems and the
evaluation of the relationships between BER and distance/displacement using

different modulations by using curve-fitting based on BER measurements. Such

14
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experimental systems and fitted mathematical relationships have not been obtained

before.

More specifically, this project furthers studies on OW MIMO by providing three
infrared MIMO experimental systems using different modulations to describe the
detailed process and the experiment methodology in developing the infrared MIMO
systems. On-off keying (OOK), serial infrared protocol — return to zero inverted
(SIR-RZI) and pulse positon modulation (PPM) are considered. The BERs of three
systems are measured and compared, and the advantage and disadvantage of these
systems are illustrated and discussed. To the best of the authors’ knowledge, neither
the built system nor their experimental results have been published in the literature
before. Moreover, using curve fitting, the experimental results of BER are fitted as
functions of system parameters to derive some mathematical models that have not
been studied before. The results obtained from the specified experiments indicate
that the developed system is viable for indoor optical applications as verified by root

mean squared error.

The contributions of this project are three-fold. Firstly, it builds three new optical
wireless MIMO systems with different modulations in metal boxes. Secondly, it
conducts useful experiments on the effects of several important parameters on the
system performance. Thirdly, based on these experimental results, it performs curve-
fitting to provide some mathematical relationships between these parameters and the

performance measure.

15
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The work in this thesis is presented in the following chapters, and each chapter has

own objects and connection with all the others.

Chapter 2 represents the principle and background knowledge of the technology used

in this thesis.

Chapter 3 provides analyses of important OW configurations using APD receivers.
First, the WMC model was employed to analyse the SISO configuration using a
large deviations approach. Then, comparison with a Gaussian approximation showed
that the latter was reasonable for the parameters considered, and made for a more
tractable approach. Thus, an analytical expression for 2-1 MISO was successfully

developed.

Chapter 4 and 5 discuss three different hardware optical wireless MIMO systems. In
the Chapter 4, the theory and design concept of the 4X4 infrared MIMO system
using OOK modulation are discussed that has a working bandwidth is between
100kHz to 10MHz. Also all the designed circuits, the controller boards and

experimental flow will be introduced in Chapter 4.

Chapter 5 provides a 4PPM based 4X4 infrared MIMO system, whose bandwidth is

from 500kHz to 4MHz. Moreover, both SIR and FIR standards with lower working

16
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frequency (10kHz-1MHz) for 4X4 system are built as the reference model. The

design circuits and controller flow will be explained.

In Chapters 6 and 7, all the experiments using different modulation and MIMO

technologies (multiplexing and diversity) are illustrated, and the fitted mathematical

models are obtained using the experiment results. Chapter 8 concludes all of the

work, and is showing the further research which may be investigated.
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Chapter 2 Literature Review

2.1 Infrared Communication Technology

2.1.1 Introduction

The infrared wavelength range varies from 0.70um to 1mm, whereas the region of
300um ~ 1mm is often referred as sub-millimeter. In today’s infrared
communication technology, the major factors affecting the quality of atmospheric

infrared transmission are absorption and scattering. [1]

2.1.2 Characteristic

Infrared communication technology is considered suitable for applications in low-
cost, cross-platform, point-to-point high-speed data connection of embedded systems,
device interconnection, and information gateway systems. As is described in [1],
infrared communication technology is recognized worldwide for its applications in
wireless data transmissions and communications, which is supported by a great
number of hardware and software platforms with primary application features shown

as below: [1]

1. Use mutual conversion between electrical pulse and infrared light pulse for

wireless data transceiver.
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Broadly used to replace point-to-point cable connection.

The newly developed infrared communication standard is compatible with the
existing communication standards.

Small angle (cone angle of 30 degrees or less), short-range, point-to-point
straight line data transmission and high security.

High transfer rate. Fast infrared protocol (FIR) at 4Mbps has been broadly used,
and Very Fast infrared protocol (VFIR) at 16Mbps has been released. A new
“Gigabit-IR” standard is also undergoing trials and validation. [2]

An infrared signal is reflected from non-light-transmissive material, such as
walls, etc. Therefore, the same infrared equipment can be used in different
physical spaces.

Occupying lower channel resources than that of RF technology with higher
security features. Eavesdropping on data within a confined space is not easy
with infrared technology applications.

Infrared communication has excellent inter-changeability and versatility because
of the optical transmission capability and limited transmitting space.

No harmful radiation. It has been scientifically proven that infrared is a spectrum

causing no harm to human in special areas, within well-known eye safety limits.

[3]

In addition, an infrared communication system is recognized to be a system with

simple installation procedures, and easy maintenance.

The disadvantages of the infrared data communications technology are described as

below: [1]
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1. Limited transmission distance because of the line-of-sight feature.
2. The location of the communication devices have to be fixed.
3. Itis not the best choice as a completely wireless network system where mobility

IS required, due to its point-to-point transport connection of signals.

Despite the shortcomings described above, one should not be discouraged on
developing the potential application of infrared free-space communications. It has
been broadly recognized that infrared technology applications have made

tremendous progress in mobile phones and laptops.

2.1.3 Principles

Infrared communication uses 950nm near-infrared as the information transmission
band, which is referred as the communication channel. With regard to the process of
data transmission, the baseband binary signal is first modulated to a series of pulse
train signals before being transmitted via an infrared launch device. With regard to
the process of data reception, the infrared receiver first converts the received light
pulse into an electrical current, which is then converted to a voltage and amplified.
Then it is filtered with other necessary processing before the demodulation circuit is
employed to convert this signal to a binary digital signal output. Generally, pulse
width modulation (PWM) and pulse position modulation (PPM) can be used in such
an infrared communication process. In order to take advantage of the infrared
channel, the primary process of the infrared communication involves binary digital

signal modulation and demodulation.
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2.1.4 Standard

The infrared data association (IrDA) 1.0 standard is generally referred as an SIR,
which is developed as an asynchronous communication mode based on an HP-SIR
system. It uses the system of an asynchronous communication transceiver (Universal
Asynchronous Receiver / Transmitter (UART)), and extends this operation to
achieve the infrared data transmission from the received light signal. The highest
SIR data rate is 115.2kbps. [4] In 1995, the IrDA 1.1 protocol was released, which
initially referred to the FIR, and was capable of adopting 4PPM encoding and
decoding signals. [5] For this, the maximum data transfer rate reached 4Mbps.
During the same time period, the 1.0 standard was employed for low speed
transmitting applications. According to the IrDA 1.1 standards, a higher
communication rate defined in the IrDA specifications can reach 16Mbps, the VFIR
standard. Moreover, the Gigabit infrared standard (Gigi-IR) defines systems which
achieve 1Gbps data rate over a relatively short distance, typically up to 3m at the

current time. [2]

The IrDA standard includes three basic specifications: the infrared physical layer
link specification (IrPHY), the infrared link access protocol (IrLAP) as the infrared
connection access protocol, and the infrared link management protocol (IrLMP) as
the infrared connection management protocol. The IrPHY specification regulates the
infrared communication hardware design objectives and requirements, whereas the
IrLAP and IrLMP specifications are commonly considered as two software systems

responsible to set up, manage and maintain the connections. According to the IrLAP
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and the IrLMP specifications, when certain infrared communication applications are
concerned, the IrDA generally applies on higher-level infrared protocol, such as tiny
transport protocol (TinyTP), infrared object exchange protocol (IrOBEX), and

Infrared Communications Protocol (IrCOMM). [6]

2.2 Mathematical Model

The input-output baseband relationship of the system can be described in a linear

equation as in [7]:

R(x) = S(x)®H(x) + n(x)
(2.1)

Where S(x) is the transmitted signal, R(x) is the received signal, n(x) is an additive
noise, h(x) is the impulse response of the channel, and ® denotes the convolution
operation. If multiple transceivers are employed either at the transmitter and the
receiver, then the spatial dimension may be taken into account by regarding the

channel as a MIMO system. [7]

2.3 Alamouti Space Time Block Coding

2.3.1 Introduction

Alamouti developed a space time code in 1998, which offers a simple approach in

developing a wireless MIMO system with two transmit and two receive antennas. [8]
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Firstly, it is assumed that the transmission data sequence is defined as{x,, X,, X,..., X, } .
Normally, the transmission starts at x, and finishes at x,. However, by using the
Alamouti space time code, two symbols are sent each time, i.e., in the first slot,
X, X, are sent from the first of two antennas, whereas in the second time slot, -x;and
x, are sent from the second of the two antennas, respectively. In the following slots
other symbols are sent in the same fashion, alternately. The aforementioned

approach has been broadly described for use in MIMO systems, described as

Alamouti STBC.

Time g
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L~ g
\\\ _— "E
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Figure 2-1: 2X2 Alamouti STBC: (a) 2X2 wireless MIMO system, and
(b) Alamouti STBC coding map.

Fig 2-1 illustrates how the MIMO system works with two transmit antennas and two
receive antennas. From [9] and [10], the received signal in the first time slot is given

as:

1 M
Y hy hy )L %] [ (2.2)
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The received signal in the second time slot is given as:

{yf} z[hu m){—ﬂ{ﬂ
A hy e )l X n; (2.3)

Yi
Y

2

whereas [
2

2
} is the received information at time slot 1, {yl } represents the data at

time slot 2, h; is the channel from the i receive antenna to the j™ transmit antenna,

1 2
and [nﬂ{nﬂ are the noise in time slot 1 and 2 respectively.
n2 n2

The equations are then combined at both slot 1 and 2 into the following:

A h, hy, ny
Yz _ hy, hy, {Xl}—k n;
Vi h, -hy [ % nS
Yy hy, -hy ny (2.4)
h, by,
The transmitting channel hil hzf is defined as H.
h12 'h11
hzz 'h21
In Alamouti STBC, the estimate of the transmitted symbol is given as:
Vi
1
Es[xl}(H”H)'l 2
X, Vi
o
Y2 (2.5)
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2.3.2 Space-Time Combining

Chapter 1 has given a brief introduction on the transmission scheme of Alamouti
STBC. In this chapter, the detailed of the space-time combiner is given. In [8], a
classical Maximal-Ratio Combining (MRC) scheme was denoted. In this scheme, the

coefficient « is considered as the path gain from transmit antenna i to receive

antenna j.

h, represents the channel between transmitter zero and receiver zero, and the channel
between the transmitter one and receiver one is denoted by h , and & and &, denote

the fading phase angles.

— i6
h, =o€

h, = ae® (2.6)

In [8], d?(x,y)is the squared Euclidean distance between signal x and y, calculated

as:-
d*(x, y) =(x-y)(X -y") (2.7)
During the signal transmission, the two channels are combined as:

§0 = hgro + hl*rl (2.8)
= (0!02 + 0‘12)30 + h;no + hl*nl

Similarly, S, can be received.
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In the receiver decision scheme, s, can be chosen if :-

(@2 +ad)|s|" -85 —5&s < (a2 +a)|s.| —5&s; — 5., Vi£kK. (2.9)

If the communication system uses PSK modulation, the equation is shown below:
s =|s./ =E,, Vi=Kk. (2.10)

Such that s, is selected if d*(§,,s,) <d?(5,.s,),Vi=k. (2.11)

2.3.3 MIMO Cases
In [8], two MIMO cases were introduced. The first one describes the case with

two transmitters and one receiver.

Ina 2 x 1 system, the received signals are expressed as below: [8]

r,=r()=hys,+hs, +n,

A (2.12)
L=rt+T)=-hs, +hs,+n

where r, and r, are the received signals in receiver zero and receiver one,

respectively. Combining the two received signals, one has:

§,=hr,+hr

. . (2.13)
S = her _hOrl

By substituting the equations above:
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§0 = (0'{02 +a12)80 + h;nO + hln; (214)

§ = (Olg +a12)51 + h;no + hlnI

The signals will then be sent to the maximum likelihood detector, and the combining

scheme in 2.3.1 will be used.

In the second case, with two transmitters and two receivers, the received signal is
denoted as below: [8]

I, =hys, + s, +n,

nh= _hOSI + hlsg +n (2 15)
r, =h,s, + hs, +n, '

r,=-h,s, +hs,+n,

where n, (i = 0,1,2,3) are the complex random variables representing receiver noise

and interference. The combining scheme shows that the following two signals are

sent to the maximum likelihood detector:

§,=hr,+hr +hr,+hr

. P . (2.16)
S =hr—hn +hr,—hr
By substituting the equations above:
§, =(af +af +a? +al)s, +hyn, +hn +hn, +hn; (2.17)

§ =(af +af +ai +af)s,—hn +hn,—hn; +hn,

Then, S, and S, are finally sent to the maximum likelihood detector for a data

decision. Similar to the 2x1 case, one may choose s, if:-

d2(5,,s) <d2(§,.s,), Vi£k. (2.18)
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2.4 Optical Communication System Model

The factors affecting the performance of outdoor optical wireless communication
systems include free-space loss, clear-air absorption, noise scattering and
scintillation induced due to atmospheric turbulence, whereas those affecting the
performance of indoor optical wireless communication systems include the reflection
loss and the received signals being dispersed with time due to the multipath
propagation resulting in reduced pulse amplitude, increased delay spread and inter-

symbol interference. [9, 10]

Consider the outdoor communication system first. The power received can be

calculated by using the free-space equation shown below: [11]

1

o7 (2.19)

P =R(AA)

where Ag represents the transmitting effective aperture, Aer represents the receiving
effective aperture, Pt represents the transmitted powers, L represents the distance,
and A represents the wavelengths. The optical attenuation comes from rain, fog and
gas molecules in the air. [11] Consider an indoor communication system. According
to the work conducted in [10], [12] and [13], the indoor channel properties can be
described by the following parameters, including free-space path loss, reflections of
walls, power delay profile (PDP) and incremental angle of departures. The indoor
links are mainly up against shadowing, as the transmission is affected through the
high reflectivity of indoor objects such as walls. Also, due to the path/reflection loss,

a large amount of transmitted power is required. The PDP gives the intensity of a
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signal received through a multipath channel as a function of time delay, which is the
difference in transmitting time between multipath arrivals. Additionally, in order to
insure the coverage of the whole indoor area, the angle of departure has to be

considered. [10]

The noise and signals are received after multiplication, while the additional system
loss of the connectors are not part of the noise budget but might reduce the output
signal level and have to be considered as a required system parameter. [11]
References [14] and [15] give detailed reviews on the algorithms used in optical
channel models, which contains the table of the comparison amongst different

algorithms. The review is considered to be highly helpful in the utilization of

algorithms and the relative merits of algorithms and is given in Table 2-1.

Table 2-1 Algorithms used in the normal optical channel models illustrated by

Hranilovic in [15]

Parameters Recursive Statistical Dustin Monte Iterative
Method Model Algorithm  carlo Site-based
Algorithm  Model
Computational Times Less Less Less with Very less
complexity calculation complex complex respectto  compare
has to than compare to the to
repeated recusive old models classical recursive
algorithm method
Memory 8N? bytes  Less N2 bytes N2 bytes Less
required compare compare
to recusive to recusive
model model
Time taken Nk410-6 Less 0.23 nsec Less About 92
sec compare per time compare to times
to recusive slot less recusive faster than
compare to DUSTIN recursive
recusive method
Max number Maximum Limited no  No limits Maximum  Upto 10
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of reflection 3 bounce of bounces but up to 40 bounces
possible restricted bounce is are
by emitter  possible possible
power
Adaptation No No No Yes Yes
Accuracy Very less Less Moderate  Moderate  Moderate
Published year 1993 1997 1997 1998 2002

A practical optical channel model is described in [16]. The following illustration

shows the basic structure of the model.

Figure 2-2 Infrared Channel Model introduced by Barry in [16]

The above model is considered to be one of the most popular optical channel models.
It takes consideration of the angle between transmitter and receiver, the mode

number and the distance between the source and receiver.
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In the model described above, S represents the transmitter and R represents the

receiver. R(¢) is expressed as below: [16]

R(#) = P cos"(#)

(2.20)

where n is the mode number of the radiation lobe, which specifies the directionality

of the source, (n+1/2m) ensures that integrating R(¢) over the surface of a

hemisphere results in the source power Ps. A mode of n = 1 corresponds to a

traditional Lambertian source. The scalar angle FOV is defined such that a receiver

only detects the light where the angle of incidence is less than FOV. [16]

The impulse response of the system is given below:

hO(t:S, R) =n—+1005 "(#)dQrect(0] FOV)S(t—R/c)

where dQ is the solid angle subtended by the differential area of a receiver:

dQ=cos(9)A, / R’

R is the distance between the transmitter and the receiver where:
R=rs =1

g is the angle between 1 and (fs-1R):

cos(@) = rA1(rS -r)/R

¢ is the angle between nand (i=1):

(2.21)

(2.22)

(2.23)

(2.24)
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cos(0) = rAm(rR -r,)/R (2.25)

The impulse response, h(t), of the model, is as follows:
L

h (t;S;,R;,) =D ;S &F)*h° (1,67, R)) (2.26)
1=1

By substituting all the equations above, one has:

N n
h®(t;S,R) = ”2”2/" cos (R"? €05 rect (201 1)h*D(t—R/c;S, R)AA 2.27)
T a

It denotes the impulse response of the k™ bounce (power distribution). Moreover, the
impulse response of the k™ bounce is only related to the (k-1)™ and the first impulse
responses. Meanwhile, the formula of the time domain can be transferred into that of

the frequency domain, which helps to estimate the frequency response.

However, the research contains several pending issues to be verified, such as the
shadowing, path loss and interference, etc. Meanwhile the number of source being
employed is the only one, which implies that the MIMO system is not considered in
this model. Finally, the power attenuation is defined as the multipath-induced power

penalty of three bounces from one source.

2.5 Optical Wireless MIMO System

As one of the broadly-known alternative applications, indoor optical wireless

systems appear to demonstrate promising potential in wireless communications,
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especially those presented as the next generation communication due to the high
speed and high security assurance in data transmission, facilitated by a MIMO
system, which enjoys unregulated bandwidth. This section provides an in-depth
discussion and analysis on the design and performance of MIMO system based on a
2X2 infrared OOK modulation and regulated bandwidth at 100kHz, 1MHz and

10MHz.

As having been described by Koonen in [17], the fibre-to-home technology may
facilitate the data transmission rate up to 1Gbps at the home gateway, and has
therefore attracted worldwide attention. However, as further illustrated by Ntogari et
al. in [18], the application access to allocate the high rate data from fibre to customer
device is considered challenging, unless the IR-based communication is of presence

to proceed through the last mile. [19]

The next generation wireless communication system includes a large group of
mutually-complementary technologies. As one of the important compositions, the
indoor infrared communication technology may deliver the expected performance in
the range of 780 — 950nm, and demonstrates many advantages for short distance
transmissions, i.e., infrared emitters and detectors may accomplish high speed
transmissions at much lower costs in comparison with those by radio antenna and
visible light communications; in comparison with the region of radio spectrum, the
infrared spectral region is much broader, and there is no need for licensing approval.
However, infrared light is capable of penetrating through glass materials, but not
walls or other opaque blocks. Consequently, such infrared communication can only

be performed indoors. The coding and modulation of infrared transmissions can be
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easily analysed by the bandwidth characteristics, as well as the coding circuit, etc.
Due to the high rate and ensured security in data transmission, the new optical
wireless MIMO technology based on the infrared transmitter and receiver has been
previously discussed. However, it is worth noticing that the MIMO technology based

on LOS has several unsettled issues to be further explored. [13, 20]

A review on various MIMO communication technologies is given below:

1. Spatial multiplexing: in comparison with SISO systems, the MIMO antenna
configurations make it possible to enhance the data rate without having to
increase the bandwidth, and therefore be capable of considerably enhancing the
utilization of spectra. As far as transmitting is concerned, the high-rate data
streams are divided into a plurality of lower rate sub-streams; whereas different
sub-data streams can be transmitted on different transmit antennas in the same

frequency. [21, 22, 23]

If the antenna array of both transmitters and receivers are considerably different,
I.e. providing an additional dimension of airspace outside the time domain and
frequency domain, hence the transmitted signals from different transmit antennas
can be distinguished from one another, and the receivers are able to distinguish
the parallel sub-data streams without having to consume additional frequency or
time resources. The spatial multiplexing can significantly improve the channel
capacity under high SNR conditions. The Bell Labs Layered Space-Time
(BLAST) is a typical example of applications from spatial multiplexing MIMO

technology. Figure 2-5 illustrates a simple 2X2 MIMO spatial multiplexing
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system, where the x axis is the time line, and the y axis defines the position of

two transmitters and receivers.

Time >

/Transmitter 1 Receiver 1

Data 1

Space
Data

Data 2

\Transmitter 2 Receiver 2
v

Figure 2-3 Spatial multiplexing

2. Spatial diversity: offers the opportunity to use multiple antennas to transmit or

receive the same information in order to improve the quality of data significantly.

[23, 24, 25]
Time >
/Transmitter 1 Receiver 1
Data 1
Space
Data
Data 1
\Transmitter 2 Receiver 2
v

Figure 2-4 Spatial diversity
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Figure 2-4 illustrates the 2X2 MIMO diversity system. The difference is two

transmitters transmit same signals at the same time.

3. Beam formation: it is capable of generating a directive beam, in which the energy

is concentrated in the desired direction to improve the signal quality, and

minimize the impact of interference with other users. [23, 24, 26]

Space Data

Data 1

Data 1

Time

»y Transmitter 1

A Transmitter 2

Receiver 1

Figure 2-5 Beam formation

v

In Figure 2-5 Beam formation, a 2X1 MIMO system is illustrated, where beams

from two transmitters are got together to improve the signal quality and reduce

the interference to other users.

All the MIMO-related technologies described above are not exclusive, and can be

complemented collectively with each other, i.e., a MIMO system can be integrated

with the application of spatial multiplexing and diversity technology.
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2.6 Optical MIMO Network

In [27], an optical MIMO network is presented, which is considered as an

application for optical wireless MIMO communications.

The system provides an opportunity to establish a MIMO network by constructing
repetition sensors. The Figure 2-6 describes the structure of this network, which
exhibits both a fully-connected group and a partially-connected group. The
illustration shows that each point (begin with point-1, and point-15 is the last point)
denotes one sensor (which represents a transceiver), which receives or transmits
signals.

Fully Connected Group
Partially Connected Group

Figure 2-6 Optical MIMO Network illustrated in [27]

The Figure 2-7 describes the nodes which formulate each group. The number of 1
stands for the connected, whereas 0 represents the unconnected. For example, value

between row sensor 1 and column sensor 2 is 1 means sensor 1 and 2 are connected.
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[ Sensorl Sensor2 Sensor3 Sensor4 ...Sensorl5 |
Sensorl 1 1 1 1
. . Sensor?2 1 1 0 1
TransmittingMatrix =
Sensor3 1 0 1 1
Sensor4 1 1 1 1
| ---Sensorls 0 0 0 0 1

Figure 2-7 Optical MIMO Network Transmitting Matrix adapted from [27]

The advantage of this model is that every node can change the power when it
transmits different signals, and provides a promising solution to improve the data
transmission quality, which could be used as the optical wireless MIMO multilayer

simulation model in future research.

However, it is only an analytical model based on the Matlab simulation, and the
simulation region is the radio of MIMO. More research work on lab tests needs to be
carried out: firstly, difference between optical signals and radio signals should be
further explored; secondly, only connections of different transceivers are
demonstrated in this paper. As a result, the whole simulation channel model need to
be developed, which includes the background noise, path loss and other influence
factors. Thirdly, as is mentioned, this network is an analytical model, and hence

further experiments using hardware optical MIMO system should be considered.

40



Chapter 3 Wireless MIMO System Based on APD Receiver

2.7 Summary

This chapter has reviewed the necessary background knowledge used in this thesis,
such as infrared technology and standards for infrared communications, Alamouti
space time coding for 2X2 MIMO systems, the multiplexing, diversity and beam
formation technology for wireless MIMO systems, introduction of p-i-n diode based
optical wireless system, and an application of optical wireless MIMO technology -
optical MIMO network. Most of these aspects are used in this project, and the optical

MIMO network is considered in the following research work.
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Chapter 3 Optical MIMO System Based on

APD Receiver

3.1 Introduction

During the last two decades, optical wireless (OW) technology has been
considered as strong candidate in applications for high speed free-space
communications [1]. Its highly recognized advantages include cost-effectiveness,
fast bandwidth access, high quality data transmission, no interference with RF-based
communication systems and highly-secured transmissions. The development of OW
technology has shown a rapid growth due to the increasing demand on systems
offering high data rate and high security assurance [2]. Recently, due to high
bandwidth requirements from consumers using high speed data transmission
applications, multiple-input multiple-output (MIMO) systems have become
established [3]. OW is no exception, with interest increasing and promising results

obtained for both outdoor [4] and indoor systems [5].

Based on the specific configuration and application requirement, an OW receiver is
normally designed by choosing one of two photodiodes, namely a positive intrinsic
negative (P-1-N) diode or an avalanche photodiode (APD). Although the two types
of receivers have similarities, the internal gain of APDs may offer benefits when
correctly deployed and therefore is used for the following study [6]. In general, the

noise statistics of an OW configuration utilizing an APD are intractable so here the
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Webb, Mcintyre and Conradi (WMC) distribution [7] is used to approximate the

APD receiver output.

In this chapter, an APD receiver-based OW MIMO system model is introduced, and
the numerical analysis focusing on the performance of the system is reviewed and
discussed. Instead of using visible light LEDs, infrared LEDs are used to transmit
optical signals so as to minimize the effect of sunlight and other possible background
light. Under some special circumstances [8], however, visible light LEDs remain
preferred due to the fact that they can be used for both lighting and communications,
and at the same time the system can be of maximum simplicity, as desired. Visible
light LEDs are considered particularly interesting because the typical bandwidth of
such devices ranges between 2-8 MHz [9] , [10], and they may offer bit rates of tens
of Mbps for some particular applications [11]. Their bandwidth is set by their slow
temporal response, especially those using the secondary emission phosphor to cover
the orange and red portion of the visible spectrum [12]. As far as the receiver is
concerned, an APD photodiode-receiver can be considered because it has higher
capability for longer distance transmission without having to increase the transmitter

power for protecting a human eye from potential harm.

3.2 Optical MIMO

Free space optical (FSO) links offer the prospect of high speed, long distance
line-of-sight transmission but suffer from atmospheric turbulence [13]. Overcoming
this limitation motivates this study of MIMO FSO systems with avalanche

photodiodes (APDs) in the receiver array. The key idea is that FSO MIMO
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techniques can improve performance in a manner similar to RF MIMO systems [3],
in this case via spatial diversity [14], while APDs help approach shot-noise-limited
operation. Here, to address both challenges consideration is given to the use of
(noncoherent) optical arrays, analogous to the use of antenna-array technology for

microwave systems, as a means of combatting fading.

The approach here is to employ intensity-modulated separate lasers together with
photodetectors assumed to be ideal noncoherent (direct-detection) receivers. The
sources and detectors are in a physical arrangement so that the fading experienced
between source—detector pairs is statistically independent, which delivers diversity
benefits the resulting multiple-input multiple-output (MIMO) channel. Such methods
have been applied with great effect in RF communications by means of transmit and
receive antenna arrays combined with space-time coding [3]. Although the
philosophy is the same, there are several important differences when considering
optical MIMO. The MIMO channel inputs and outputs are not complex numbers but
nonnegative, real intensities. Furthermore, the noise mechanisms are different since
in contrast to the additive complex Gaussian noise of RF, signal-dependent shot

noise becomes the limiting factor.

3.3 Noise in APDs

3.3.1 Introduction of APD Noise
The exact form of the statistics of the random gain introduced by APDs is known

[15],[16] but too complicated to produce tractable analyses. An approximate analysis
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of the APD receiver statistics, the Webb, Mcintyre, Conradi (WMC) approach [7],
yields more useable results. The fact that the WMC distribution may be obtained
from the Inverse Gaussian distribution [17] delivers both its moment generating
function (MGF) and cumulant generating function (CGF) that may be used in several
computational methods. Following Tang and Ben Letaief [18], details of the WMC
distribution and its CGF will now be presented, followed by the BER expression
resulting from a large deviations approach [19] that leads to a simpler form of
equation than some of the alternative possibilities such as the Modified Chernoff

Bound (MCB) [20].

The primary electrons produced in the APD follow a Poisson distribution for a fixed
light intensity with parameter A; when a “one” is sent and Ao when a “zero” is sent.
These Poisson rates include a dark current element A4, which is present in both cases.
The number of secondary electrons produced in the APD, denoted by the random

variable R, has WMC density:

1 r— M\ 32 —(r — M)?
0=l Gl e o

where &, = /A F/(F — 1) is the mean number of primary electrons when a one is
received (k = 1) or a zero is received (k = 0), F = kG + (2—-1/G)(1 — k) is the
excess noise factor for an ionization ratio of k and APD gain of G, M;, = A,G is the

mean of R and 67 = A, G2F is the variance of R. The CGF is given by:

48



Chapter 3 Wireless MIMO System Based on APD Receiver

(o)
pp(s) = 62 1+ ’1 - 26—ks + (M, — 6,,6,)s (3.2)
k

3.3.2 Large Deviations Theory Approach
Following Tang and Ben Letaief [18], the probability of error for a zero (k =0) or

aone (k=1) is given by:

-1
Py = ——— (33)

|aiel 2707 (i)

In (3.3), I, is the large deviations rate function defined as I, £ ya;, — uz(aj), where
tz(s) = pur(s) + py, (s) with uy (s) = ofs*/2 being the CGF of the receiver

thermal noise and «a;; being the real root of the equation u;(s) =y.

3.4 SISO System

Firstly, a SISO free-space OW system is considered with an IR-LED and APD
photodiode detector. Initially, the channel is described as in ideal conditions without

fading, and the diagram of the process flow is shown in Figure 3-1 below:

IR Transmitter #==———=Non Fading Channe|=————3 Receiver

Figure 3-1 OW SISO System
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The theoretical channel model can be expressed via [21]:

R(x) = S(x)®H(x) + n(x) (3.4)

where R(x) is the received signal, S(x) is the transmitted signal, H(x) is the channel
response, and @ represents the convolution operator; n(x) denotes the total channel
noise. Although the type of noise associated with OW communication is commonly
recognized as shot noise, the thermal noise cannot be ignored and is accounted for in
the large deviations approach above so n(x) is defined as the sum of both shot noise

and thermal noise.

3.4.1 Results using the Parameters in [18]

A program was developed to ascertain the BER performance of the SISO link
without fading and thus form a baseline case. The parameters from [18] Figure 1
were used, viz. 15 = 5;k = 0.5;G = 10; ¢ = 40000; initially, the extinction ratio
was assumed to be infinitive so that no photons arrived for a zero to compare with
[18] but for subsequent calculations a more realistic value of 10 dB was employed
meaning that, using a mean number A of primary electrons, ; = A+ 141, = el +
Aq with € being equal to the inverse of the numerical value of the extinction ratio.
Figure 3-2 shows the BER as a function of the mean number of primary photons for

the cases described.
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Figure 3-2 BER of SISO APD system for ideal conditions and an extinction ratio of

10 dB

3.4.2 Gaussian Approximation without Fading

For subsequent analysis, a Gaussian approximation to determine the BER was
investigated. Although this may well be unsuitable in many applications of APDs
[22], it has proved accurate in the modelling of FSO links when the APD gain is
large (particularly for high received powers) [23]. To make the approximation, the
means and variances of the APD given for the WMC distribution are taken to be the
means and variances of Gaussian distributions. The total variance employed in the
approximation is that of the variable Z defined for (3.3) above which includes the

effect of thermal noise.
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The Gaussian approximation requires a suitable decision level to distinguish between
zeros and ones. The Bayesian decision rule is commonly employed in digital
communication systems [24] and operates by considering the costs of information
lost when a one is interpreted as a zero and vice versa. This approach leads to a ratio

of the conditional probabilities for the received signal r thus:

1
A(T) — p(r|0) Co P(l)

p(r|1) 3 C1 P(0) (3.5)

where P(0) and P(1) are the probabilities that the receiver transmits a zero and a one
respectively, and the respective costs are Cy and C;. For a general treatment here, it
Is assumed that symbols are equally likely as are the costs of their loss. This reduces
the receiver likelihood criterion to one of maximum likelihood, which also coincides

here with maximum a posteriori probability (MAP) thus:

1
A(r) =209 <4 (3.6)
P

This is commonly used in a logarithmic form which becomes, for the assumptions

above:

1
p(r|0) s p(r[1) (3.7)
0

The above approach may be applied to the SISO case using the Gaussian
approximation, when the conditional probabilities, for means and variances of M,

and M,, and oZ and a7 for zeros and ones respectively, are:

p(riMy) = —exp {— 505 (r — My)?] (38)
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1 1
P(riMy) = Zoexp{~ 503 (r — My)?} (39)
So:
o 1 1 1
A(r) = G—(l)exp {E (r—M;)? - 207 (r— MO)Z} % 1 (3.10)

As it stands, this expression is not tractable but the approach commonly taken in the
case of signal dependent noise in optical amplifiers [25] may be employed here.
Taking logarithms, the logarithmic ratio between the variances for ones and zeros
does not vary much from zero compared to the range of the squared terms and so

may be neglected. Hence,

0
o5 (r — Mp)? s of (r — My)? (3.11)
1

Now, consider a decision level My < d < M;. At the point of decision between a one
and a zero, the two sides are equal but care must be taken to make the brackets on

both sides positive when taking the square root to obtain d thus:

oo(M; — d) = 01(d — My)
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Mean number of primary electrans

Figure 3-3 BER using large deviations and the Gaussian approximation for a 10 dB

extinction ratio

_ (ogMy+01Mp)
0'1+O'0

o4 (3.12)

By substituting this into the standard Gaussian integral for the probability of error for
a one or a zero which are both equal for this threshold, a BER expression for a given

signal strength results thus:
_1 £
Pesiso = > erfc [\/7] (3.13)

where the ratio p is given by (M; — M,)/(o; + 0,) and the means and variances of

the signals for the one and zero pulses are those obtained from the WMC distribution.

Figure 3-3 shows the Gaussian approximation obtained from (3.13) and the large
deviations results plotted for both the ideal case and for the 10 dB extinction ratio

with the other parameters as before. It may be observed that the agreement is
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generally good and leads to a tractable analysis for the later work for a small
accuracy penalty. It is more conventional to display the results using a dB x-axis
based on the mean transmitted energy employed (dBJ) [23]. This is obtained for a

carrier frequency f and including Planck’s constant thus:

dBJ = 1010g,{0.5(1 + £)Ahf} (3.14)

The results of this axis change using a wavelength of 1550 nm are shown in Figure
3-4 below, where it may be observed that useful performance (significantly falling

BER) begins at approximately -170 dBJ, which is in line with the work in [23].

1|:| 3 T T T T T T T
F — — —exact

Gaussian [

BER

1 1 1 1 1 1 |
172 -171 -170 -169 -168 -167 -166 -165 -164
hean transmitted energy (dBJ)

Figure 3-4 Figure 3-3 plotted using a dBJ x-axis
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3.4.2 Gaussian Approximation with Fading

A similar analysis to that for SISO above begins with

Prll, My) = S—exp{— 515 (r — IMy)?] (3.15)

p(rll, M) = Zexp { = 50 (r — [Mo)?) (3.16)

where | is the intensity of the fade; for simplicity strong fading is assumed [26],

having a PDF of:

p(D=el,0<I< (3.17)
Thus the BER conditioned on | becomes:

Pesiso() = erfc [ ﬁ] (3.18)
To obtain the mean BER, the expectation over all /must be taken:

P.gis0 = %fom erfc [Q—;] e ldl (3.19)

This is amenable to integration by parts to give:

1
Pesiso = %[1 - eﬁ] erfc [\/_%p] (3.20)

Plotting the results for transmission with and without fading in Figure 3-5 shows that
there is substantial power penalty incurred. In fact, an error floor appears at a BER

value in excess of 10 making the system essentially unusable.
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Figure 3-5 The BER results with and without fading.

3.5 OW Diversity

When using coherent receivers, the transmission of the same optical signal from
multiple antennas (known as repetition coding or RC) is similar to RF in that it does
not produce any diversity gain [27]. However, if the separation of the transmitters is
such that they may effectively be considered as independent repetition coding, this
will produce diversity gain [28], [29]. Indeed it may outperform the employment of
space time (ST) codes [30] such as a modified Alamouti scheme [31]. Thus in this
chapter RC is employed both because of its performance and also since it is less

complex than ST coding.
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3.6 Transmitter Diversity MISO (Multiple input single output)

System

IR Transmitter

1
Channel
IR Transmitter . .
> Channel Receiver
Channel

IR Transmitter
N (N=1,2,3...)

Figure 3-6 OW MISO System

The diagram flow of MISO system was shown above. Using M transmitters means
that the results of transmission over M fading paths with gains I, arrive at the
receiver. Taking the transmitted signals here as s; for one and s; for zero, the

conditional probabilities become:

1 1

P(rlsiIn) = e exp {— 50z (r — 1 Ty 1n)?) (3:21)
1 1

P(rlso, In) = oo exp {50z (7 = 5o Tty In)?] (3.22)

The same arguments as in the previous section may be applied to the ratio of the

variances and thus (3.11) for this case becomes:

0
0'02 (r—s; Z%zl Im)z S 0'12 (r —sg Z%zl Im)z (3.23)
1

Continuing with the same logic produces a threshold:

d — Z%:llm(aﬂsl+olso) (324)

o1+0g
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The actual values of s; and s, must be scaled by M so that the total power of the
diversity system is the same as that of the original SISO link, i.e. s; = M;/M ;s, =
M,/M . Here, substitution into the standard Gaussian integral and taking the

expectation delivers:

1 Sm=1lm _
Pemiso = Efl erfc {(\/E;M)p} M_e mdl (3.25)

In general, this multidimensional integral will be intractable but for two transmitters

it becomes:
Poyiso = %fooo fooo erfc {(11 + 1) 2%} e e 2dl dl, (3.26)

This may again be tackled by parts and becomes, after some algebraic manipulation:

10
@
10'2 1 1 1 1 1 1 1 1 1
180 78 V6 174 172 170D 168 166 164 162 -1BD
Mean transmitted energy (dBJ)
Figure 3-7 BER for SISO and 2-1 MISO
1 2 |2 1 = V2 4
PeMISO = > [1 - ;\/:I - EePZerfc ?] [1 - F] (327)
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The results of the 2-1 MISO system are shown in Figure 3-xx with the SISO fading
curve for comparison. It may easily be seen that the MISO approach delivers a gain

of some 3-4 dB.

In general, the analytical process is too cumbersome for all but the smallest systems
and so another approach to the multidimensional integral is needed. In some cases,
analytical reductions to one dimension may be found [29] but in general, purely

numerical approaches are needed.

3.6.1 Monte Carlo Integration

In the absence of a tractable analytical solution, it is commonplace to utilize
deterministic quadrature rules (e.g. trapezoidal, Simpson’s) [32] to produce a
numerical approximation to the required integral. There is, however, another
approach based on random samples, the Monte Carlo approach [33]. Considering the

integral:
G =] gx)dx (3.28)

This can be considered as the expectation E[g(U)], where U is a random variable
that is uniformly distributed [a, b]. An approximation to the expectation may be
found by considering a sequence of random numbers U, U,, ..., Uy drawn from the

uniform distribution when:

¢~ 23N g(U) (3.29)
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Although this method does not compete in terms of efficiency with deterministic
quadrature rules, offering slow convergence needing many samples, it does come
into its own for multi-dimensional integrals since the number of samples required to
achieve a given accuracy is independent of the dimension of the integral. This is
markedly different from deterministic quadrature rules, where the number of

integration points typically increases exponentially with the dimension.

Nevertheless, the choice of randomly placed samples is not efficient since it is very
likely that the majority of the contribution to a multidimensional integral is
concentrated in a small region of the state space [34]. Fortunately, there is a way to

speed up the process and this will now be described.

3.6.2 Importance Sampling

The problem with plain MC is that it does not sample the solution space
intelligently so many of the trials will not add to the knowledge already gained
(nothing interesting happens). To sharpen the tool of numerical simulation,
Importance Sampling (IS) may be employed [33]. This approach may be explained

beginning with an integral of the form

P, = [ f(DdI (3.30)

This may be rewritten as:

P, = | [%]p(l)dl (3.31)
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where the function p(I) is the joint probability distribution of the vector I. The
integral can then be evaluated by sampling according using p(I) and forming the

sum:

N A AU
PeK - KZn:l P(lk)] (332)

The function p(I) should be chosen so that the chance of producing values making a
large contribution to the integral is increased, and hence the variance of the estimate
is reduced. In the case of (MISO) above, the form of the integral immediately

suggests that p(I) = [1%_, e~'m. This results in:

M
Py = 12521 erfc {—(Zm=1lmk)p} (3.33)

2K V2ZM

with the I values drawn from identical unit mean exponential distributions. To
illustrate the effectiveness of IS in comparison with straight MC, the MISO results
from (3.27) above were simulated using MC with 10° sampling points and IS using
just 2x10* points. The results are shown along with the analytical solution in Figure
3-8 below. It is apparent that IS achieves the same level of accuracy with far fewer
points. In fact, the number of points could probably be reduced but was left at the
value of 2x10* for all subsequent simulations since the running time was not

prohibitive (1 second to produce the curve shown compared to in excess of 40

seconds for straight MC).
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Figure 3-8 Comparison of analytical, MC and IS BER results for MISO Systems

Employing IS also facilitates extension to cases where the analytical solution would
be difficult or impossible. To illustrate this, results using IS for a 4-1 MISO system
are presented in Figure 3-9 along with the previous 2-1 MISO results. It may be seen

that several extra dBs of gain result from the extension to more transmitters.

10'4 1 1 1 1 1
-185 -180 -175 -170 -165 -160 -155
Mean transmitted energy (dBJ)

Figure 3-9 BER results for 4-1 and 2-1 MISO obtained using IS
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3.7 Receiver Diversity SIMO (single input multiple output) System

It is also possible to introduce diversity at the receiver as forming a single input

multiple output or SIMO system as shown in Figure 3-10.

Receiver 1
Channel

IR Transmitter Channe =i Receiver 2
Channel

\ Receiver N

(N=1,2,3...)

Figure 3.10 OW SIMO System

Using N transmitters means that the results of transmission over N fading paths with
gains I,, arrive at the receiver. Taking the transmitted signals again as s; for one and

s, for zero, the conditional probabilities become:

prlsu D) = o exp {= 27 B O — 1)) (3:34
1 1

prlso D) = s exp { = 3z Xl — s0h)?) (3.35)
0

This time, there is a vector of r values and the presence of the summation over N
means that the approach taken above will not work since there is now a sum of
squared terms. To produce a tractable and straightforward solution one may consider
the cause of the problem, i.e. the different variances that occur for zeros and ones.

This suggests a bounding approach where an upper bound on the BER may be
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obtained by setting the variance to o, in both (3.34) and (3.35), taking the likelihood

ratio and cancelling the common terms thus:

0
71\1’=1(7”n - slln)z S Zg=1(7”n - Soln)z (3.36)
1

By multiplying out the squares and tidying up the expression, the condition becomes:

0
1Tl S 5 (51 + 50) Ti—y 12 (3.37)
1

Thus, for an error to occur when a zero arrives with a noise sample v, drawn from

the Gaussian distribution present for ones:

N N
1
PeSIMO (0, UB”) =D (Z rnln > E(sl + SO) Z Ir% Th = SOIn + Vn)
n=1 n=1
= p (ENos lnva > 5 (51— 50) Ty 1) (3.38)

The sum YN_, I, v, represents a Gaussian random variable with zero mean and

variance Y N_, I2 of. Substituting this into the integral to obtain the BER produces:

Pesino (0, UBID) = Jerfe |2 /T 7| (3.39)

This time, the scaling factor of N is present to ensure that the sum of the N receiver
aperture areas is the same as that of the SISO link. Repeating the process produces

an identical expression for P,¢;0(1, UB|I,,) and so for equiprobable ones and zeros:

Pesino(UB,T) =  erfc |22 T I (3.40)

Taking the variance of the zero bits, will produce
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Pesino (LB, 1) = _erfc[z\/ﬁv V=1 12] (3.41)

Finally, the upper and lower bound integrals to remove the conditioning on | are:

Pesimo(UB) =1 |, erfc{zj_NMow/ZN T e~ dl (3.42)
Pesio(LB) =2 |, erfc{2 T X Ty e~ (3.43)

These are intractable and so may be evaluated using Importance Sampling as in the
case of MISO. Performing the IS simulation produces results as shown in Figure 3-

11

BER

—&— SIS0

—&—1-2 SIMO UB ]
1|:|'5 | —B8—1-2 5IM0O LB E

—+—1-4 SIMO UB 3
—+—1-4 SIMO LB

1 1 1 1 1
-185 -180 175 -170 -165 -160 -155
Mean transmitted energy (dBJ)

Figure 3-11 BER results for 4-1 and 2-1 SIMO obtained using IS
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BER

—&—SI30

5 —B—4-1 MISO
e —+—1-4 SIMO LB
—&—1-4 SIMO LB ]

) I I I I I
-185 -180 -1745 -170 -165 -160 -1585
Mean transmitted energy (dBJ)

Figure 3-12 BER results for 1-4 SIMO and 4-1 MISO

It may be clearly seen in Figure 3-11 that the SIMO system offers significant gains
over SISO in the fading channel. An interesting question is how SIMO compares
with MISO and this is shown in Figure 3-12. It may be seen that SIMO offers a
better BER performance because the transmit power is not split so the single link

BER is better and there is a diversity combining gain at the receiver.

3.8 Transmitter and Receiver Diversity (MIMO System)

This case combines the previous two sections and so the analysis is much as in the

case of SIMO but starting from the conditional probabilities:

p(rls;, 1) = exXp{~ 507 ZN=1( = 51 Tt Inn)?) (3.44)

1
(Vamoy)"
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It is also possible to introduce diversity at the receiver as forming a MIMO system as

shown in Figure 3-13.

Ji Tranlsmltter Channel Receiver 1
Channel
IR Transmitter .
5 Channel Receiver 2
Channel
IR Transmitter Channel Receiver N
N (N=1,2,3...) (N=1,2,3...)

Figure 3-13 OW MIMO System
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—&— 22 MIMO LB
—+—2:2 MIMO UB
- 1 1 1 1 1
e 180 175 70 -165 160 -155
Mean transmitted energy (dBJ)
Figure 3-14 BER results for 1-2 SIMO and 2-2 MIMO
N M
p(rlso, ) = ——gexp{— = T, (5 — So oy Lun)?) (3.45)
(w/_ %) %
To produce:

Pewino(UB) =3 J, erfe {7t TN (T Tyn)?} TT8hos 1oy € 'mn 1 (3.46)
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M;1—My
2vZMNa,

1 -
Pemimo(LB) = ;f] er‘fc{ \/2%:1(2%4 Imn)z} m=111n=1€"mn dl (3.45)

The form of these equations is similar to those derived previously and so they fit into
the same framework for IS evaluation. The results for 2 by 2 and 4 by 4 MIMO are
shown in Figures 3-14 and 3-15 compared with 1-2 and 1-4 SIMO since these have
been established above as superior to the corresponding MISO options. It may be
seen that substantial gain are provided by MIMO, particularly when employing a 4
by 4 system. The error floor is effectively removed and a gain of approximately 6 dB
over SIMO results at a BER of 10™. Although the experimental results will most

likely offer less than this, the promise of OW MIMO is confirmed.

BER

—&— SIS0
—&—1-4 SIMO LB
—+—1-4 SIMO UB
—G—4-4 MIMO LB
—+—4-4 MIMO UB

10 ) .
-170 -165 -160 -155
Mean transmitted energy (dBJ)

10

Figure 3-15 BER results for 1-4 SIMO and 4-4 MIMO
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3.9 Summary

Since the WMC distribution was first introduced some 40 years ago, OW
technology using APD receivers has come into existence. Looking further into long-
term and sustainable applications, OW MIMO communications are a highly
promising option to present a viable supplemental technology to radio frequency
wireless MIMO systems. The technology is considered cost-effective; it delivers
substantial bandwidth access and high quality data transmission with no interference

to RF based communication signals and highly-secured transmission assurance.

This chapter has provided analyses of important OW configurations using APD
receivers. First, the WMC model was employed to analyse the SISO configuration
using a large deviations approach. Then, comparison with a Gaussian approximation
showed that the latter was reasonable for the parameters considered, and made for a
more tractable approach. Thus, an analytical expression for 2-1 MISO was
successfully developed. To progress further, simulation was needed and this was
implemented via using importance sampling and successfully compared to the
analytical results. To complete the results for SIMO and MIMO, upper and lower
bounds were introduced and the corresponding BER curves obtained from
importance sampling. The chapter illustrates the coding gains possible using
diversity schemes for APD OW systems. In the presence of strong fading, the SISO
approach is rendered virtually useless, whereas diversity offers acceptable BER
values. The results underpin the approach of this thesis, where indoor PIN diode

based experimental measurements confirm the gains offered by diversity.
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Chapter 4 Optical Wireless MIMO System

Based on OOK Modulation

4.1 Introduction

In Chapter 3, it was concluded that the avalanche photodiode demonstrates
multiple advantages in long distance transmissions. However, it proves not to be
desirable as an indoor optical wireless MIMO system (the noise power increases
faster than the signal power due to the gain of APDs). Consequently, under the
conditions of low bandwidth and high signal power, the PIN diode is recommended
as the receiver of indoor optical wireless system. This chapter describes the process
of designing an infrared MIMO system using OOK modulation performing data

transmission at various distances.

4.2 System Model

In the system model used to design the lab experiments, two primary parameters,
namely, the diversity gain and the multiplexing gain, are considered. Initially, a
typical switching criterion designed to enhance channel quality is set at 20bits, and

the testing symbols are sent as pilots to each transmitter. The controller is designed
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to evaluate the BER performance, and the principle data symbols (i.e. 500bits) are
transmitted to those evaluated with better performance. The process is designed to
generate multiplexing gains. The data rate is then doubled by using two transmitters
at the same time, whereas each transmitter transmits the same data, when diversity

gain can be generated.
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Figure 4-1 (a) Transmitter circuit; (b) Receiver circuit; (c) Indoor infrared 2X2

MIMO system schematic.
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In Figure 4-1(a) and (b), the illustrations show the process of the transmitter and
receiver circuit in which the receiver is only shown with the photodiode driver
circuit. The receiver is designed with an amplifier and comparator to improve the
performance of the data rate at 1Mbps and 10Mbps. In Figure 1(c), the schematic of
the LOS system shows the configuration of the infrared LED transmitters and
detectors. The infrared LEDs and photodiode are fixed at the same height, and the
distance of the two LEDs is designed at 20cm apart, as are the photodiodes. The
experiments are conducted under indoor lighting conditions and an ambient

temperature of 25°C. The major parameters of the LOS system are given below:

Table 4-1 Parameters of LOS System

LED Response Time 12ns
Single LED Power 320mW

Emission Angle +13

FOV of Photodiode +60°
Physical area of Photodiode 7.5mm’?

4.3 Transmitter and Receiver design

As illustrated in Figure 4-1, the theory of the system circuit design has been
developed by the research conducted in [1] and [2]. In the experimental process, the
value of the resisters and capacitors are changed by taking considerations of the
transmission distance and quality in the MHz area.
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According to the research conducted in [1] and [2], the basic digital transmitter
and receiver circuit used in the SISO system is shown in Figure 4-2. The value of R3
used for the receiver design is corresponding to the value of bandwidth used during
the experiment. By taking the case of 1MHz as an example, the equation used for the
calculation is shown below:

B:1
27RC

(4.1)

Where B is the bandwidth response as required for the experiment, R refers to the

value of R3 in the receiver circuit in Figure 4-2 bellow, and C represents the

capacitance of the photodiode.

Figure 4-2 (a) Transmitter 100kHz (b) Transmitter IMHz

In Figure 4-2, it shows the test transmitters which are designed to use a bandwidth of
100kHz and 1MHz bandwidth, first of which can transmit and receive signals of 50-

500kHz clearly (these transmitters and receivers are used for test only, the formal
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experiment would use PCB board system shown later in this chapter). However, the
experiments are limited in using the bandwidth varied from 1MHz to 10MHz, which
can’t use the designed circuit directly due to the limitation of the high frequency

attenuation and shot noise resulting from the configured system.

Figure 4-3 illustrates the performance of the system tested which uses the
bandwidths of 100kHz or 1IMHz when the transmission distance is 2m. By changing
the distance and displacements of the light in the lab, the testing square wave is
retained with the shape easily to be identified, hence the performance confirms on
the reliability of the designed system of 100kHz. However, when 1 MHz bandwidth
is used, unlike those at the lower frequency, the falling edge is unable to return at a
low level current. Moreover, by increasing the transmission distance versus angle,

the testing square wave declines in intensity.
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 AARRARRRRN!
—

- Input Signal S in Figure 4-1

Output Signal R in Figure 4-1

Figure 4-3 Transmitted and Received Tested Signals of 1IMHz MIMO System
(Distance in 1m)

In order to solve the problem mentioned above, a new design approach is considered,
in which the new values of the resister and the capacitor are estimated and used in
the experiments. The results show that the infrared light decays considerably when

the transmission, amplifier and comparator of a higher frequency are performed.
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During the experiments at the high frequency which varies from 1MHz up to 10MHz,

the transmitter is of the following design configuration:

The system shown in Figure 4-4 is capable of working at a frequency up to 1IMHz
bandwidth. However, as the frequency rises, the performance becomes clearly
weaker. On an overall level, the system described above enables the experiments

meet the objectives of the research.
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Figure 4-4 1MHz Transmitter Design
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Annotations:

J1 is the power supply module used in the transmitters and receivers, where port 1
and 2 is connected with the cathode in order to stablize the voltage. Port 4 is
connected to the signal controller. The transmitter at high frequency uses the
Darlington circuit to increase the transmission power, whereas the gain changes
within an acceptable limit, are consequently, the transmission distance will be

increased.

In Figure 4-5, 4-6 and 4-7, the illustrated configurations show the high frequency
receiver circuit integrated with AD8055-based amplifiers and comparator. In Figure
4-5, when the signal passes through the first amplifier, the signal voltage will be
increased significantly. As shown in Figure 4-6, in order to avoid the noise being
amplified, the second amplifier is equipped into the system. A 3 order Sallen-Key
low pass filer is used to connect the two amplifiers, and the amplified noise is

filtered out in-between the first and the second amplifier.
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Figure 4-5 Receiver and First Amplifier

J5 is the experimental module used in the lab tests to verify the behaviour of

amplifiers and comparator.
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Figure 4-6 Second Amplifier
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Figure 4-7 100kHz Receiver Comparator

J2 is the power supply module in the amplifiers and comparator which requires a

regulated negative voltage.

The voltage of the amplified output signal from amplifier 2 is high enough to be
detected by the oscilloscope. However, in order to satisfy the quality as required for
the transmission, the comparator, as shown in Figure 4-8, is carried out. As can be
seen, the output signal from the experiment demonstrated a square wave when the
bandwidth varied from 1MHz to 10MHz. The performance of the signals during the

experiments is shown in Figure 4-8(a). A random signal was generated by a signal
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generator, and the output is shown as the top waveform, whereas the output
waveform of the comparator is shown on the bottom. The bandwidth used to perform

the experiment was 1MHz.

Figure 4-8 illustrates the 1MHz receiver with amplifiers and comparator.

Output RXD in Figure 4-7

(a) (b)

Figure 4-8 (a) Performance before and after comparator (b) 1IMHz receiver with

amplifier and comparator model
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Figure 4-9 1-10MHz Transmitter Circuit

Figure 4-9 illustrates the transmitter with a designed circuit for high frequency over

1MHz. The DR is output of Schmidt trigger and is connected with two types of

transistors. Due to the output performance of the transmitter, the ZTX320 is finally

chosen.
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Figure 4-10 1-10MHz Receiver Circuit

Annotations of 4-10:

In order to make comparison with the transmitter designed with a lower bandwidth,
two inverters designated as SN74AC04D are added to the transmitter circuit for a
greater load capability. TTL_IN is the input signal sent by the 1/O board from the PC.
The signal voltage was 5V and drives the transistor through the two U1 inverters.
Transistors Q1 and Q2 compose a Darlington circuit, and drive the LED D1. The
parallel connection of resistors R1 and R3 serves to avoid the damage of the LED in

the case of a long duration output.
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In Figure 4-10, it shows that an infrared-received and photodiode-combined module
was selected to stabilize the experiment results conducted at the frequency of 10MHz.

C4 represents the external filter capacitor. According to the equation described by
f =25/(27xx6x10*C) , where the f is the filtered bandwidth, and C is the

corresponding capaciter, the photoelectric signal and noise below 200kHz can be
filtered. C1 represents the filter capacitor at the low-speed mode. When PIN 7
(MODE) shows at a high value, LT1328 can be connected to ground, whereas C1
and C4 are arranged in a parallel connection, and the attenuation frequency falls
from 200kHz to a level of 6.6kHz. The Schmitt trigger circuit is added into the

system wave shaping.

Figure 4-11 Receiver 100kHz (Left) & 1-10MHz (Right)

Figure 4-11 illustrates the receiver with 100kHz and high frequency (1-10MHz), and
the system was designed according to the OOK modulation of the infrared 2X2

MIMO system. Figure 4-11 also shows the corresponding receiver circuit.
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(b)

Figure 4-12 (a) Four 1-10MHz transmitters; (b) Four 1-10MHz receivers

Figure 4-12 illustrates 4 different circuits with transmitters and receivers used in

experiments conducted at the frequency varied from 1 to 10MHz.

The values of the components are showed in Appendix IlI.

90



Chapter 4 Optical Wireless MIMO System Based on OOK Modulation

4.4 System Controller

Figure 4-13 (a) PCI 7200; (b) The PCl-installed Computer connected the transmitters

and receivers

Because the system is designed to work at the frequency varying from 100kHz to

10MHz, the PCI 7200 digital board with the transmission speed reaching at 12Mbps
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is used as the signal generator and the received signal analyser. The BER
performance was analysed by making comparisons of the transmitted and received

signals in a binary system.

4.5 Research Method

4.5.1 Geometry Model

Dth

Figure 4-14 Infrared MIMO System Geometric Model
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In this and the following chapters, three different systems using different
modulations (OOK based, 4PPM based and SIR-RZI based) and MIMO
(Multiplexing and Diversity) technologies are fully presented and illustrated. It is
worth noticing that all three systems have one thing in common, that is, they have
the same geometric model, as shown in Figure 4-14. As having been displayed in
various diagrams, the model is designed to have transmitters and receivers fixed in
two metal boxes set on a stand with a track, which allows the changes between
transmitters and receivers uniformly and stably. Figure 4-14 illustrates the
relationship between transmitters and receivers in the geometrical model, which has
been used to perform the key experiments for delivery of the primary objectives of
this research, whereas D represents the total length of the transmitter and receiver
box (green coloured line represents the distance between central points of transmitter
and receiver box). There are four transmitters/receivers placed uniformly in the metal
boxes, which implies that the LEDs are placed with the same lateral and vertical
distances to the edge of each box, whereas Dthl=Dth2=Dth3=Dth4,
Drh1=Drh2=Drh3=Drh4, and DthX/DrhX represents the distance between the
corresponding LED and the edge of the boxes. Dx (x = 1, 2, 3, 4) represents the
distance between the corresponding LEDs and photodiodes, and Dt/Dr stands for the
distance between Transmitter/Receiver 1-2, 1-3, 2-4 and 3-4. It should be noticed
that the effects of both distance and background lighting conditions (switching on/off

the room light) are addressed in the model.

Based on the environment for conducting the experiments as displayed in Figure 4-
14, in addition to the distance and the background lighting conditions, another

parameter, the angle between transmitters and receivers, is also included, with which
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the geometric model is shown in Figure 4-15, whereas the transmitter array is fixed
on the track, and the receiver array can be moved in parallel. As a result of this, the
angle of incidence is kept changing. In the experiments with changing the angles, the
effect of background lighting condition is taken into consideration for comparison
references. The BER performance is evaluated in all experiments, and the
differences resulted from changing distances and angles are analysed in the

following sections.
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Figure 4-15 Infrared MIMO System Geometric Model Considering Displacement
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Figure 4-17 SIR/PPM Modulation Transceiver Geometric Diagram

In Figure 4-16 and 4-17, the geometric diagrams of the transmitters/receivers boxes
are illustrated, which are used for experiments conducted in accordance with OOK,
PPM and SIR-RZI modulations. It is worth noticing that, due to the specific
requirements in the experiment of OOK modulation, and also the fact that the
experiment uses the same box and box stand, the effect of height of transmitter and
receiver has to be taken into consideration as well, and the same approach applies

with those conducted by using the PPM and RZI modulations. In conclusion, this
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research only focuses on the effect of variations in lateral distances and angles

between boxes.

4.5.2 Introduction of research instruments

According to the research conducted by previous chapters, the optical
transmission channel of an Alamouti Space Time Coding in a MIMO system can be
analysed, whereas the distance and the angle between transmitters and receivers are
considered as variable in the experiment model. Finally, the effectiveness of these
variables to describe the quality of transmission performance (power attenuation,

Bit-Error Rate) can be verified.

Figure 4-18 Receivers of Infrared OOK MIMO system
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According to the findings from the literature review, an Infrared communication
system with 4 transmitters and 4 receivers was built, and each of which was fixed on
the track, whereas displacement of the receiver and transmitter stand could change
from -10cm to 10cm (for the experiments of displacement). The maximum distance
between the transmitter and the receiver stand can reach 2.4m (due to the signal
transmission distance of the transmitters). In the experiment, four transmitters and
receivers were built. Based on the results from the experiment, the transmission
distance between the single transmitter-receiver pair could reach 2.4m. Figure 4-18
shows the receiver stand used in the experiment, Figure 4-19 shows the transmitter

stand, and Fig 4-20 shows the completely-built transmission system.

Figure 4-19 (Up) OOK MIMO Transmitters; (Bottom) 4PPM MIMO Tranceivers
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The experimental apparatus included two steel boxes which were used to fix the
circuits on the stand, and the holes for installation of LEDs and photodiodes were
drilled. The diameter of the holes were designed in accordance to the emission angle
of LEDs and the receive range of photodiodes (diameter of the transmitter holes was
designed as 1.2cm, and the diameter of receiver holes was designed as 1.7cm, which
are considered by the dimensions of LEDs and photodiodes). Through the holes on
the boxes, all the LEDs and photodiodes are fixed on the surface of the boxes, and

hence theoretically, the optical signals can’t be blocked out by the boxes placed in a

distance between 0.2 to 2.4m as having demonstrated in the experiments.

Figure 4-20 Experiment for Infrared 4x4 OOK System
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A digital 1/0 board (PCI-7200 Multiple Input and Output) was used to control the
transmitters and receivers, and the OOK signals can be coded and decode by this
controller. The board generates digital signals at a specific frequency (1024kHz in
this experiment), and transmits signals to the transmitters through the cable (due to
the diversity gain and multiplexing gain, two different type of signals are produced,
one of which allows the same signals to be transmitted to all transmitters at the same
time, and in the other case the signal beam can be divided into several parts and

transmitted by transmitters separately at different times).

Finally, the detected signals can be sent back to the board, and the bit-error-rate
performance of each case can be analysed by making comparisons between the

output and input signals that are both known in the experiments.

4.5.3 Experiment progress

When the Optical MIMO experiments are conducted according to the OOK

modulation, the flow process is described below:
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Figure 4-21 Experimental Progress

Firstly, the transmitted data can be produced and sent to the control board. Secondly,
the data can be coded into OOK signals and sent to the transmitters. Thirdly, under
the specific transmitting scheme, the LEDs transmit the optical signals to the

receivers, and the received optical signals can be transferred into the electronic
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signals and decoded by the control board. Finally, the control board analyses the
decoded signals and exports the output data. In order to conduct analysis and
research on the effectiveness of the transmission distance, the impact resulted from
various angle and other factor on the optical data transmission, the bit-error-rate
(BER) performance can be consider as an indicator. The data can be divided into
several streams, and each of which can be sent separately by one of the transmitters.
The following described experiments are used to conduct tests and research on the

multiplexing gain of the optical MIMO.

Experiment 1: The OOK Modulation-based experiment scheme 1 is shown in Figure

4-22, where two transmitters and one receiver are applied,
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Figure 4-22 Experiment 1
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The experiment process can be described as the following: At time 1, after being
modulated, the first stream is assigned to Transmitter 1, which can be sent and
detected; at time 2, the second stream can be progressed by Transmitter 2, and more
processes follow the same fashion. The receiver can collect all of the streams, and all
of which can be assembled by the control board. Finally, the PCI board decodes and

exports the data. The performance of the experiments can then be analysed.

Experiment 2 uses similar approach to in Experiment 1, except that experiment 2
uses two transmitters and one receiver. However, the data are not divided, and are
sent by both transmitter 1 and transmitter 2 (two transmitters can send the same data

at the same time). This experiment is designed to test the diversity gain.
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Figure 4-23 Experiment 2
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In the above described experiment, from time 1 to time N+1 (the last time slot), both
transmitters are used to send the same data streams, and the received signal is
compared with the input data. By changing the distance, the background light

intensity and the angle, different results are received and comparisons are made.

Experiment 3: The flow diagram of experiment 3 is shown in Figure 4-24. Two
transmitters and two receivers are used. During this group of experiments, in order to
conduct in-depth research on multiplexing gain of optical MIMO, the same

experiment arrangement as used in experiment 1 is applied.
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During the experiments, the data are divided into multiple data streams, followed by
having the OOK signal transmitted by different transmitters. At time slot 1, the data
string 1 is allocated to transmitter 1 before being transmitted. Both receiver 1 and
receiver 2 will detect the signals (in some specific area, only the receiver which is
located in front of the transmitter can detect the signal due to the emitting angle
problem). At time slot 2, the data string 2 is sent by transmitter 2 and detected. The

subsequent data streams are sent in the similar fashion.

Once the PCI board collects all the received data streams, the Bit-Error-Rate
calculation will start and the performance results of both receivers can be displayed.
In this experiment, the performance amongst difference receivers can be analysed,
and based on these, an optimized receiver is selected according to the performance
evaluation. By changing the process arrangement, a new round evaluation process

starts again.

Experiment 4: designed differently from experiment 3, experiment 4 is conducted to
analyse the diversity gain of Optical MIMO system with two transmitters and two

receivers. The flow process of the experiment is illustrated in Figure Experiment 4.

In the experiment, the data was divided into multiple streams. At time slot 1, the
stream 1 is sent to both transmitters, by which the signals can be transmitted and

detected. During the experiment, different frequencies are applied to test on
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transmitted signal, distance, angle and background

performance evaluation on both receivers are compared.

light. The results from
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Figure 4-25 Experiment 4

Reference test: In order to make comparisons between different MIMO antenna

selection systems and SISO system, a SISO (single transmitter and receiver with

different distance and angle are considered) system is built and the BER (bit error

rate) performance is recorded for evaluations. The flow diagram of SISO

experiments is shown in Figure 4-26, where the OOK modulated signal is

transmitted by the transmitter, and detected before making comparisons with the
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original signals. During this experiment, the BER performance resulted from
different distance, angle, background light and frequency of transmitted signals are

recorded for evaluations.
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Figure 4-26 SISO Experiment

4.6 Summary

As presented in [1, 2 and 3], infrared MIMO technology has attracted worldwide
attention. As far as the future indoor high speed applications are concerned, infrared
MIMO technology presents a practical solution. This chapter describes the

advantages of an OOK based infrared MIMO system, and making comparisons with
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the SISO system, the diversity and multiplexing gain processes. It can be concluded
that further research is necessary on infrared MIMO technology applications in
association with issues concerning interference and background lighting. Moreover,
the research method used in this thesis was introduced in detail. The whole
experiment tests were concentrated on the advance of multiplexing and diversity
technology, the distance, angle and background light effective were considered and
the influence factors. All the theoretical and empirical results, systems designs and

estimated mathematical models would be presented on the following chapters.
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Chapter 5 Optical Wireless MIMO System

Based on PPM Modulation

5.1 Introduction

An infrared MIMO system has been discussed using OOK modulation, in Chapter
4. OOK modulation is considered as a simple but classical process of implementing
the system. However, the power efficiency of the system proves to be low. In
comparison with the OOK modulation, PPM modulation, another commonly-applied
modulation, not only is be capable of reducing the power consumption at a
considerable level, but it also increases the bandwidth. However, in the PPM

modulation, the time slot and symbol synchronization becomes more difficult.

The OOK modulation scheme is considered to be the simplest optical modulation, in
which 1 represents the situation when an optical transmitter sends light pulses,
whereas 0 represents the situation when no light pulses are identified. In a PPM
modulation scheme, an M-bit binary data group is mapped to a 2" - slot period,

where a single-pulse signal is located on one time slot, and the symbol interval is

divided into the 2" slots. If the M-bit data group is defined as K=(m,m,.....Mmy)
where the slot position is denoted as K, the PPM modulated mapping relationship

can be expressed as:
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p.=m +2m,+..2"*m, €{0,1,2....2" -1} (5.1)

where p, is the pulse in kth time slot.

Symhble Walug—

Symhble Wallg--mm

0.5

0.4

The symbaol structure diagram of OOK Modulation

2 3 4 5 B 7 8 8 10 11 12

Time Slot-———-- =
The symbal structure diagram of PPM Modulation

2 3 4 5 B 7 & 9 10 11 12
Time Slat---------- =

Figure 5-1 The Symbol Structure of OOK and PPM Modulation

Figure 5-1 indicates the symbol structure of both OOK and PPM modulation.

By taking consideration of the power of the two modulation schemes when

transmitting the same data under the same condition, and, by assuming that the

transmitting power of OOK is POOK, the transmitting power of PPM modulation

P

Popn =

2

2M

I:)OOK

PPM can be defined as:

(5.2)
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Where the M represents the number of data symbols.

In the OOK system, assume its bandwidth B, . In a PPM system, the bandwidth is

M
increased to B, = ZV Book » for the same bit rate. [1]

5.2 Modulation Defined by IrDA

As is introduced in Chapter 2, the data rate range in the modulation of IrDA 1.0
and IrDA 1.1 varies from 2.4kbps to 4Mbps. At the beginning of the link connection,
the data rate is fixed. The IrDA 1.0 standard requires a link always initiating at
9.6kbps data rate, and, if both the transmitting and receiving parties support either
higher or lower speed, the data rate can be changed as mutually agreed upon. The
modulation of IrDA 1.0 uses a Return to Zero Inverted (RZI) 3/16 modulation,
whereas the modulation of IrDA 1.1 uses a 4PPM. In the RZI 3/16 modulation, the
IrDA links are connected with the UART, whereas the data are encoded as infrared
pulses before transmitting. The reason for encoding the data before transmitting it to
the UART is based on the fact that the UART and serial port uses Non-Return to
Zero (NRZ) modulation, the output of NRZ modulation is maintained at the same
magnitude, which results in a continuous bit stream to drive the light-emitting diodes
(LEDs) arbitrarily for a long time, and a significant power consumption, which
would shorten the lifetime of LEDs. On the contrary, the RZI pulse modulation can
improve the situation for LEDs, by increasing the peak/average power ratio.
Consequently, the RZI pulse modulation is considered to be the optimized
technology for the IrDA standard. The maximum pulse width of IrDA 1.0
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modulation is defined as a 3/16 bit slot. As the 16-clock divider requested by the
3/16 can be easily obtained in a number of UART modules, it is recommended that
one uses the 3-clock period to encode ore receive data, and the 16- clock period to

decode data.

When the IrDA 1.0 link is connected at a higher data rate (up to 4Mbps), it uses
4PPM modulation rather than a 3/16 modulation scheme at a low data rate. In 4PPM
modulation, the information is obtained from the specially-positioned pulses during
the transmission. In effect, the encoding scheme includes a two-digit data bits pair
(DBP), which is divided into 125ns timeslots. The two-bit code is described by four
statuses, namely, 00, 01, 10, and 11, to represent different positions when the pulse
are placed in the 1%, 2" 3" and 4" position of the 125ns time slots. Consequently,
after having locked the phase at the incoming bit stream, the decoder shall determine
and select the relevant digital module by detecting the pulse position of the 500ns

slots.
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5.3 System Module

Figure 5-2 FIR-4PPM Module — Single circuit and 2X2 Module

In Figure 5-2, the circuits used for a 4PPM Module are shown. Both of the
transmitter and the receiver are integrated into one circuit. 1t’s worth noticing that
due to the limitation of the IrDA 1.1 standard, the working bandwidth designed for
the particular system varies from 500kHz to 1.67MHz. The bandwidth of 1MHz is
used for analysing the results of the experiments. When designing the system, the
cover with filter was considered for comparing the performance with/without filter,
but it should be noticed that finally the transparent cover (the filter) was removed
from the transceiver boxes because of the influence to the performance — the BER
performance decreased significantly (over 1000 times higher than the BER without

filter) and the transmission distance was shortened as well when the filter are used.
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Figure 5-3 4PPM and SIR Transmitters and Receivers (4X4 Transceivers)

Figure 5-3 and Figure 5-4 illustrate the transmitters, receivers and the entire system
for the SIR Model. In this particularly designed system, the working bandwidth
varies from 10kHz to 115.2kHz in the experiments. The bandwidth of 100kHz is

selected to comparing the 4PPM system and OOK system.
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Figure 5-4 4PPM and SIR 4X4 Infrared MIMO System (same boxes)
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Figure 5-5 SIR System Flow
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Figure 5-5 illustrates the flow diagram of the experiments. The experiment starts
with the controller, or a PC. By using a program and coding (C++) system developed
for the experiment, the PC sends a command to the transmitters through an USB hub
port. After having assigned by the hub, the data is transmitted through the USB —
RS232 bridge, and received by the MCP2120 SIR encoder, in which the data can be
further ‘translated’ to the code in accordance to the IrDA 1.0 standard, and
transmitted by the 4X4 transmitters. At the end of the experiment, by taking the
considerations of the distance, the displacement and other factors, the data is
detected by the transceiver module positioned on the other side. Finally, by making
comparisons of the received data with the input data, the bit error rate is calculated

and displayed.

Annotations:

Due to the limitation on the size of the transceiver model, the SIR experiment can
not use the same track as shown in the OOK and 4PPM experiment. Consequently,
the new measure method is configured. The transceiver modules were fixed on the
experimental desk, where the distance, the width and the height were measured and

labelled.
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5.4 Transmitter and Receiver Design

5.4.1 IrDA Higher speed (1.1-1.3, FIR-4PPM)

The 4PPM system uses the STIR4200 as the main controller, which is defined as a
high-speed (FIR) USB transfer infrared transceiver, and complied with the IrDA

protocol. The system circuits were shown in Appendix IV.

Figure 5-6 4PPM Infrared System

Figure 5-6 shows the circuit diagram of the 4PPM system. The STIR4200 module
requires an external 12MHZ transistor which provides the clock source for sending
and receiving signals. The DPOS and DNEG are defined as the USB data signals
which are connected with the USB port. The TX_DATA and RX_FAST are defined
as the infrared transceiver signals, and the signals from TX_DATA are modulated as
the 4PPM codes in accordance in the STIR4200. The TFDUG6300 is defined as the
infrared transceiver. The U1 converts the supply power at the varied voltage from 5V

to 3.3V to the STIR4200. The R5 and C8 compose a power-on reset circuit.
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5.4.2 IrDA 1.0 (SIR-Pulse Modulation)

As the core model designed in the SIR system, the MCP2120 encoder/decoder is
recognized with the following characteristic: (1) the micro-powered high-speed
CMOS technology is used in the encoder/decoder; (2) it is designed to comply with
the IrDA physical layer standard; (3) it may use any UART model and is consistent
with all of the transceivers designed in accordance with the IrDA standard; (4) the
baud rate rage varies from 9600bps to 115.2kbps, and reaches at 312.5kbps
(maximum) when the clock frequency is set at 20MHz; (5) it can only transmit or
receive data once at a time, indicating that the transmitting and receiving process will

not occur asynchronously.

Figure 5-7 shows the device circuit used for the infrared transceiver modules which
support the high speed FIR model. This module is also compatible with the SIR
module. The reset default mode is set at the SIR mode. Moreover, when the data rate

is below 115.2k, the mode is set at the SIR mode.
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By using the first channel as an example, the Ul (FT232R) is defined as the USB-
UART conversion module, and the sent and received signal are transmitted to the U5
MCP2120 coding module through two resistors, R1 and R2. The modulations of
TXLED and RXLED are employed to display the status of data transmission when
the LEDs are switched on with data being transmitted. The signals ports, BDO, BD1
and BD2 transmit data through six resistors, when three 10K-ohm resistors are
connected with a power supply of 3.3V. When each signal port is only connected
with the 10K-resistor, the signal status is defined as 1, otherwise the signal indicates
a 0. For example, the configuration of the image above can be described as BD2:
BDO = 100. TXIR and RXIR are defined as infrared transceiver signals, which are

corresponding to the serial ports of TX and RX, respectively.

The TXIR signal is encoded directly and drives an infrared transceiver module of

TFDUG300, whereas the coded waveform is shown below:

erreux__ (I A,
—» lm—i—? (rLK

)

|
TXIR | | | l
Lo [ \ [ \ [
| ¥ <4—12Tosc | [ [ | | [ |
[ — O‘.‘IH 1"\‘70_’”—0_’[‘_1 "“—U 4’I

Figure 5-8 Clock

The BITCLK is defined as the clock. The TX represents signals from the serial port
for which the baud rate could reach up to 312,500 (maximum 312500), and TXIR is

defined as the infrared signal with its baud rate calculated by using the equation of
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(312500x16)/3 = 1.67Mbps (each TX signal corresponds to 16 BITCLK, the

frequency of BITCLK is 312500x16Hz  and the TXIR pulse width is three times to
the BITCLK pulse width. In conclusion, the frequency of TXIR is 1.67Mpbs. More

accurately, the 1.67Mbps is the peak data rate of TXIR.

5.5 Summary

Using same geometry model as the Infrared MIMO system based on OOK
modulation, this chapter has described the theoretical approach and the circuit design
of the infrared MIMO system based on a 4PPM modulation, and also a MIMO
system based on the SIR pulse modulation. The comparisons are made on the SISO
system, including 1X4, 2X4 and 4X4 MIMO system. Moreover, the experiment
methodology is described in detail, and the experimental results and the performance

analysis on various bit error rates shall be further discussed in the next chapter.
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Chapter 6 Performance Analysis

6.1 Introduction

Using the settings and the systems designed in the previous chapters, the varying

performance of different systems is analysed.

Three different systems using OOK, SIR-RZI and PPM modulations with MIMO
technologies are illustrated in this chapter. It is worth mentioning that all the systems
have one thing in common, that is, they have the same geometric model as shown in
Chapter 4. As having been displayed in Section 4.5, this model is designed to have
transmitters and receivers fixed in two metal boxes set on a stand with a track, which
makes the changes of the distances between transmitters and receivers uniform and
stable. There are four transmitters/receivers placed uniformly in the metal boxes,
where the LEDs are placed with the same lateral and vertical distances to the edge of
each box, In the later sections, the effects of both distance and background lighting

conditions (switching on/off the room light) will be examined using this model.

Based on the geometrical model in Section 4.5, in addition to the distances and the
background lighting conditions, another important parameter, the displacement
between transmitters and receivers, is also included as shown. The transmitters are

fixed on the track, while the receivers can move in parallel. As a result, the
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displacement of incidence keeps changing. The bit error rate (BER) performance is
evaluated in all experiments, and the differences due to changing distances and

displacements are analysed in the following sections.

In all three systems, transmitters and receivers were built, each of which was fixed
on the track, whereas displacement of the receiver and transmitter stand could
change from -10cm to 10cm (for the experiments on displacement). The maximum
distance between the transmitter and the receiver stand can reach 2.4m (due to the

transmission range of the transmitters).

6.2 Experiment Performance Analysis

6.2.1 OOK Modulation 100kHz

It is worth noticing that experimental progress has been achieved by varying the
distance between transmitters and receivers from 20cm to 140cm with a step size of
10cm, but only 20cm, 50cm, 70cm, 100cm and 140cm have been illustrated in this

thesis.
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LOS Infrared MIMO System BER Performance
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Figure 6-1 Distance = 20cm

In Figure 6-1, the result of BER-Displacement performance for distance = 20cm in
the OOK 2X2 MIMO system is illustrated. The lateral coordinate is defined as
displacement values, or defined as the displacement from the centre axis of the

Receiver boxes, whereas the vertical coordinate is defined as the BER values.
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LOS Infrared MIMO System BER Performance
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Figure 6-2 Distance = 50cm

Figure 6-2 shows the BER performance received from the experiments for distance =
50cm. In this case, the BER values received from the middle-ranged distances
declines more sharply than those from the closer distances because of the increased
coverage and lower power densities. The BER value of the Receiver 2 (R2) shows a
gradual decline, mainly because that the transmitter box is moved to the middle

where the coverage of R2 is greater.
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BER

LOS Infrared MIMO System BER Performance
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In Figures of 6-3 and 6-4, it illustrates the BER values of the two receivers in the
long-ranged distances, whereas the BER value of R1 increases while the BER value
of R2 decreases when the receiver box is moved with changing distances. It can be
observed that the BER performance of the two receivers is presented with symmetric
features due to different angle values, but they function in the same fashion, and

share the same circuit design.

LOS Infrared MIMO System BER Performance
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Figure 6-5 Distance = 140cm

The distance represents the lateral length measured between LEDs and photodiodes,
and the displacement represents the movement from the centre axis of the Receiver
boxes. The diagrams above illustrate the BER-Displacement correlations. It is worth
noticing that displacement 3 is considered as the middle displacement of the receiver
box. The reason for choosing 3 as the middle angle, instead of 0, is that the circuit of

the receivers is so designed to avoid having the photodiodes placed in the middle of
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the box. According to the diagrams illustrating the results from the experiments, the
BER performance of the two receivers crosses with each other at the lower value
sections with the variations in angles. When the receiver box is moved with its
position from one side to the middle, Receiver R1, which was fully covered,
demonstrates a highly accurate BER value, whereas the BER value of Receiver R2 is
a 100 times higher than that of R1. However, the BER value of R1 becomes higher
with the changes in the angle. Moreover, it is observed that the BER of R2 reduces
considerably when the displacement approaches at the central axis. It is also worth
noticing that, when the distances increase, the BER value is improved with increased
coverage. When the distance becomes greater than 100cm, the BER value shows a

decline due to the path loss.

6.2.2 O0OK Modulation 1MHz

It is worth noticing that experimental progress has been achieved by varying the
distance between transmitters and receivers from 20cm to 140cm with a step size of

10cm, but only 20cm, 60cm, 140cm were illustrated in this thesis.
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In Figures of 6-6 to 6-8, the BER performance of the OOK system is shown when

the bandwidth is of 1MHz, whereas the distance varies from 20cm to 140cm.

It is noticed that Receiver R1 and R2 demonstrates different distribution patterns,
which have resulted from the differences in the receiver soldering angles, and the
errors occurred during the installation and measurement process, which is considered

to be acceptable from the viewpoint of the circuit designs.

It is clearly shown that the general performance trend of BER values received from
1MHz and 100kHz bandwidth are similar. However, the error rate occurred at R1

increases when the angle is moved into the middle ranges, whereas the error rate of
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R2 shows exactly the opposite behaviour. It is also worth noticing that the
interference from the background lighting conditions and path loss from the system
at 1 MHz is more significant than that from the system of 100kHz. This is probably
due to the differing noise bandwidths implied by the differing signal bandwidths

necessary.

6.2.3 OOK Modulation in the Dark at 100kHz

It is worth noticing that experimental progress has been achieved by varying
displacement from central axis of receivers each 1cm from Ocm to 11cm, but only

Ocm, 3cm, 7cm and 10cm were illustrated in this thesis.

LOS Infrared MIMO System BER Performance
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In Figure 6-9, the BER values of R1 declines more sharply than those of R2, because

the distance between Receiver 1 and the centre axis of the transmitter box is shorter.

When the displacement increases, the effect of the displacement values becomes

weaker, consequently, the BER values from both R1 and R2 decline less.

The range with the angle value of 0-3cm is considered as the centre area, where the

infrared power is considered to be most concentrated. The x-axis represents the

distance apart, whereas the y axis represents the BER performance of the two

receivers.
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In this section, discussions and analysis are focused on the experiments conducted in
a darkroom when all room lights are kept turned off, and the experiments are
performed during the night time. It is concluded that the outcomes of the system
performed in the darkroom are better than those conducted under normal daylight
conditions, when the error rate is 3 times lower than the level of the latter, because of

the reduced noise and other interferences.

In Figures of 6-10 to 6-12, the BER values are displayed with the plotted curves
when both angle and distance are changed. The first group of experiments are
conducted with results plotted with the varied distances as the abscissa. With the
distance varied within the short and middle ranges, the BER value decreases when
the receiving angle increases, which is observed for both Receiver R1 and R2.
However, the BER value shows a stabilized flat shoulder when the displacement
exceeds 8cm, and the performance of R1 is much worse than that of R2 due to a

longer placed distance, which results an error rate nearly 100 times higher.

6.2.4 OOK Modulation in the Dark at 1MHz

It is worth noticing that experimental progress has been achieved by varying the
displacement from central axis of receivers each 1cm from Ocm to 11cm, but only

Ocm, 2cm, 4cm, 6cm 8cm and 10cm were illustrated in this thesis.

133



Chapter 6 Performance Analysis

LOS Infrared MIMO System BER Performance
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X LOS Infrared MIMO System BER Performance
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Unlike the smooth curve as having demonstrated from the experiment results by
using the OOK modulation with a bandwidth of 100kHz, and which are conducted in
a darkroom, the results of these particular experiments show severe fluctuations in
the plotted curves. There are several reasons contributed to such behaviours,

including:-

1. In comparison with those conducted with 100kHz bandwidth signals, the
experiments performed at a higher frequency are more susceptible to errors
because the BER value of 1MHz system are higher and easier to be affected by
background light and other noise sources. In Figure 6-15, the BER value dips
when the distance varies from 20cm to 60cm, and climbs back when the distance
exceeds 60cm. Such behaviour can be best explained when the coverage
increases with the distance, the BER values decline, however, when the distance
reaches at a certain point, the path loss become more dominant than the other
factors, which leads to the increases of BER values with distances, consequently.
In Figures 6-16, the BER of R1 increases when the distance increases from 20cm
to 30cm, due to the low coverage at 30cm and high interference due to

background lighting within the corresponding range.

2. When the horizontal displacement is over 7cm, the receiver placed at the far side,
R1, moves out of the coverage, which results in the BER tending to become a

constant value.
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6.2.5 SIR-RZI Modulation

The following section focuses mainly on the review and evaluation of the
correlation and differences between the SISO and MIMO approaches. Three groups
of independent experiments have been conducted, including the SISO, the 2X4
MIMO, and the 4X4 MIMO SIR-DZI systems. The X-coordinate represents the

displacement and the Y-coordinate represents the BER value.

1. SISO SIR-RZI Modulation based system

It is worth noticing that experimental progress has been achieved by varying the
distance between transmitters and receivers each 10cm from 20cm to 150cm, but

only 20cm, 80cm and 150cm were illustrated in this thesis.

2. 2X4 SIR-RIZ Modulation based system:

It is worth noticing that experimental progress has been achieved by varying the
distance between transmitters and receivers each 10cm from 20cm to 150cm, but

only 20cm, 80cm and 150cm were illustrated in this thesis.
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3. 4X4 SIR-RZI Modulation based system:

It is worth noticing that experimental progress has been achieved by varying the
distance between transmitters and receivers each 10cm from 20cm to 150cm, but

only 20cm, 80cm and 150cm were illustrated in this thesis.
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This section covers the review and discussion on three groups of empirical data,
amongst which two groups come from the application of MIMO technology, and one
comes from the reference data of a SISO system. All of the experiments are

conducted by using SIR-RZI modulation in accordance with the MIMO system.

It can be clearly observed that, within the effective range of the coverage and
distance, both the 2X4 and the 4X4 MIMO systems present superior results in
comparison with those from the SISO system. However, within the middle
displacement values (0 — 20cm), the 2X4 MIMO system demonstrate better
performance than that of the 4X4 system, which results from more concentration and
faster signal allocation and transmission. In the 2X4 system, the controller only

needs to allocate the transmitting signal between two LEDs, which functions as the
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switch to be turned on and off. However, in the 4X4 system, the controller has to
allocate the data into 4 channels, which results in a longer response time and higher
possibility of data error. On the other hand, the 4X4 system has demonstrated far
better performance in the displacement coverage, whereas the system proves to work

effectively when the displacement exceeds 30cm.

It is well recognized that in the 4X4 MIMO system, the effect of displacement plays
a more important role than in SISO-based 2X4 MIMO systems. It is also recognized
that the BER performance illustrated in this section shows that the SIR-RZI system
has better stability, broader coverage and has increased resistance to interferences,

but however, it is more difficult to implement for application purposes.

6.2.6 PPM Modulation 1MHz

It may be seen that the experimental proceeded by varying the displacement from
central axis of receivers each 5¢cm from Ocm to 60cm, but only Ocm, 25¢cm, 40cm and
60cm were illustrated in this thesis. SISO experimental result of displacement Ocm

was used as the reference data.
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The distance between the transmitter box and receiver box is the lateral coordinate,

and the vertical coordinate is the BER performance value.

In the 4PPM MIMO system with a frequency of 1 MHz, one group of SISO data was
recorded for reference only. In comparison with the SISO system, it is clearly
observed that the BER performance based on the MIMO system is 10 times better
(as shown in Figure 6-25). By taking the same emitter angle and radiant intensity of
LEDs, and also by choosing a similar sensitivity of photodiode at 20MHz and
30MHz respectively, the PPM system shows better performance in comparison with
the OOK system, which shows a broader coverage, i.e., the PPM transceiver box is
1.235 times larger in size than the OOK Transmitter box, but the displacement is
capable of reaching 60cm. Moreover, the signals with lower bit errors can be

transmitted along the same transmission distance.

6.3 Summary

Chapter 6 covers the comprehensive analyses on the experimental results obtained
from three measuring systems have been presented. The results from the SISO
system designed with the OOK modulation has also been used for comparison. In
comparison with the LIMHz OOK MIMO system, the PPM system has been shown to

demonstrate superior performances, although it requires a more complex design.
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The next chapter presents the extension of this chapter, in which the experimental
results are further fitted by curve-fitting. In the next chapter, part of the experimental
results are selected as training data for the curve fitting, and then the rest are selected
for verification of the accuracy of the model. Their matching indicates a sufficient
accuracy of the fitted model, which could be considered in the following research.
The function f(A,D) is used in the following chapter, where f(A,D) are the BER
values. As is introduced in Chapter 4, A is the displacement, D is the distance. These
functions are generated by using displacement/distance values and corresponding
measured BER values in the Matlab curve fitting model. Each section would

introduce different fitted model by using different modulations.
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Chapter 7 BER Curve-Fitting

7.1 Introduction

In Chapter 6, a comprehensive review and discussion has been accomplished
about the experiments conducted using MIMO modulations, and the data received
from the experiments were plotted for analysis purposes. Chapter 7 is presented as
the extension of the previous chapter, in which the empirical results are further
analysed not only by using graphic displays, but also by curve-fitting. Curve fitting
IS a mathematical approximation using continuous functions to describe a set of
discrete points. It is an approximate analytical expression method with discrete data.
Many engineering problems can only get a number of discrete data by sampling or
experimental methods. Based on these data, one can find a continuous function/curve,
which makes the experimental data coincide with the equations and which can be
calculated based on the fitted equation to analyze and estimate the experimental

results.

Based on the BER value in association with the defined Distance / Displacement, the
mathematical model of BER in relation to the Distance / Displacement is developed.
The evaluated model is verified by making comparative matches between the
empirical and the evaluated results, which leads to the finalization of the evaluated

model. Some empirical data points are randomly selected to match with the
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evaluated plot for verification purposes only, and the matching indicates a sufficient

accuracy for the fitted model.

As discussed, the main objective of this chapter is to find out the correlation between
the BER, distance and displacement, then conclude the evaluated models which help
calculating the BER value by given distance and displacement in the following
research. In this chapter, using curve fitting tool in Matlab, the experimental results

are evaluated.

Firstly, A represents displacement and D represents distance. Fixing displacement /
distance, and changing distance/displacement would generate BER-distance /

displacement curve in Matlab.

Secondly, using curve fitting tool to evaluate the fitting equation of BER-
distance/displacement, then choosing the one with the highest overlapping rate by

considering the real correlation between BER and distance/displacement.

Thirdly, in order to derivate the final equations for the relationship between distance
/ displacement of specific BER and the corresponding displacement / distance, the
parameters of the evaluated equations on last step are considered. For example,

assuming f(D)=aexp(bD)is the evaluated BER-distance equation, in the view of

the fact that parameters a and b are in changed behaviour with displacement A, the
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correlation equation between parameters and displacement A could be generate by
curve fitting. Similarly, if the f(A)=aexp(bA) is the evaluated BER-displacement
equation, in the view of the fact that parameters a and b are in changed behaviour
with distance, the correlation equation between parameters and distance D could be

generate by curve fitting.

Finally, the parameters in BER-distance equations are substituted by displacement
using parameter-displacement equations. In each part of the following sections,
different functions were generated, because for different modulations, displacement,
distance, and background light the BER will change in different ways, which lead to

the different relationships between parameters and BER values.

7.2 00K Modulation

7.2.1 OOK 100kHz 70 - 140cm Distance

In an OOK 100kHz MIMO system, the relationship between the distance of a
specific BER value and the corresponding displacement can be described by the

equation shown as f (A) =aexp(bA), in which f(A) is BER and A represents the

displacement, from the central axis of the Receivers. When the distance varies from
70 to 140 cm, the BER value of OOK 100kHz at 1 cm of Displacement is plotted to

verify the evaluated model.
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Figure 7-1 Fitting Distance 70cm — 140cm

Figure 7-1 illustrates the graphical coordination of the BER versus Displacement at
various distances between transmitters and receivers, in which the plotted curve
represents the theoretical results, and the scattered data points are the results received
from the measurements. It can be clearly observed that the theoretical projection

follows the same trends as the experimental data. It is clearly shown the BER value
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at the displacement of 1cm matches closely with the plotted curve of the empirical
model. In order to find the values of a and b in this case, curve-fitting is performed
to fit the data using the logarithm of BER. As is explained in Section 7.1,
considering a and b are in changed behaviour with distance D, the fitted equations

were given as:

a = -0.0005851- 0.0009876 cos(2.992D) +9.492 x10°* sin(2.992D)
-0.004654c0s(5.984D) +8.232 x10° 5in(5.984D) (7.1)
+0.0001072cos(8.976D) + 2.979x10° sin(8.976 D)

b=-0.9517 eXp(‘(w-))2 -0.3056 exp(-(w

2 7.2
0.7695 0.1058 ) (7:2)

In Figure 7-2, the values of a and b at a distance of 120cm are randomly selected as
the verification data point, which are used to evaluate the accuracy of the model. The
matching of the empirical data and mathematical model appear to correspond

reasonably well.

* avs, Distance
OOK 100kHz 70 - 140cm a

1 1 | 1 l l I
07 08 09 1 1.1 152 1.3 1.4
Distance
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Figure 7-2 Estimated values of a and b

7.2.2 O0K 1MHz 70 - 110cm Distance

When the distance varies between 70cm and 110cm, the following mathematical
model can be used to describe the behaviour of the data as required,
f (A) =a, +a, cos(Aw) +b, sin(Aw) , in which f(A) is BER and A represents the
displacement as shown in the previous section. The BER value at the displacement
of 7cm is selected to verify the empirical model, whereas the values of a0, al and bl

at a distance of 100cm are used to verify the empirical projections.
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Figure 7-3 Fitting Distance 70cm — 110cm

In the above illustrated model, similarly with Section 7.2.1, D stands for the distance
as defined, and in order to find the values of a0, al and bl in this case, curve-fitting

is performed to fit the data using the logarithm of BER. This gives:

a, = 10—6.53304+23.97 D*-32.7D%+19.66 D-8.322 (7_3)
a = 1,Q4-206-0.002532005(22.44 D)-0.003079sin(22.44D) (7.4)
b = 1,0-3:954-0.005228005(12.38 D) +0.001202sin(12.33D) (7.5)
w=0.7854 (7.6)
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Figure 7-4 Estimated values of a0, al and b1l

Figure 7-3 and 7-4 confirm that the mathematical model shows a fairly good match
with the empirical data, and therefore can be used for the data analysis in the

research following.
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7.2.3 O0OK 1MHz 120 - 140cm Distance
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Figure 7-5 Fitting Distance 120cm — 140cm

Between the distance of 120cm and 140cm, the evaluated model can be described

as f(A)=p,A+p, , in which A represents the displacement. In order to find the

values of pl and p2 in this case, similarly with Section 7.2.1, curve-fitting is

performed to fit the data using the logarithm of BER. This gives:

D-1.312,,

pl =1o—4.61exp(—( 1075 )9) (77)
-1.296,,
p2 :10—3.744fsxp(—(Dl;21 )%) (78)
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D represents the distance as defined in the experiments. The BER at a displacement
of 5cm is selected to verify the empirical model. It should be stated that due to
insufficient data available from the experiments, no matching comparison was

completed.

T T T T T T T T T T T
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Figure 7-6 Estimated values of p1 and p2

It is clearly shown that the BER values and other relevant parameters show a fairly
good agreement with the mathematical projection, and the deviation of the two

appears to correspond reasonably.
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7.2.4 00K 100kHz Darkroom 0-9cm Displacement

When the experiments by using the OOK 100kHz system are performed in a

darkroom, the mathematical model can be modified as: f (D) =aexp(bD)in which

f(D) is BER and D represents the distance between the receivers and the transmitters.

The BER value at the distance of 80cm is selected to verify the empirical model, and

values of a and b at the displacement of 5¢cm are selected to verify the parameters

fitted from the model.

8ER1DDkHzT1T3R

BER100kHz 173,
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Figure 7-7 Fitting 0 — 9cm Displacement

It is worth noticing that in the darkroom, the differences between the theoretical
model and the experimental results are less obvious than those obtained under
normal lab conditions, which can be interpreted as the system having experienced
less interference from other signals and background lighting conditions. In order to
find the values of a and b in this case, considering a and b are in changed behaviour
with displacement A, curve-fitting is performed to fit the data using the logarithm of

BER. This gives:

a= 104.162><1010-5.549><1010 0s(0.001005A)-2.576x10° sin(0.001005 A)+1.387x10'° cos(0.00201A)+1.288x10° sin(0.00201A) (7 9)

b =-6.161x10" +8.214x10" cos(0.001252 A) + 4.826 x10'" sin(0.001252 A)

7.10
-2.053x 10" c0s(0.002504A) - 2.413x10° sin(0.002504 A) (7.10)

A stands for the Displacement.

Figure 7-8 illustrates the comparison of the empirical results and the logarithm value
of evaluated results. By making comparison with the data selected for verification,

the fitted model appears to correspond reasonably clearly.
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1MHz Darkroom 0 - 6¢cm Displacement

Between the displacement range of 0 and 6cm, the model can be described as

f (D) =10%*ac(®)*uen®) - in which D represents the distance between the

transmitters and the receivers. The BER value at the distance of 0.5m and 0.9m is

selected to verify the empirical projection, and the values of a0, al, bl and w at the

displacement of 5 cm are selected to verify the evaluated model as fitted.
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Figure 7-9 Fitting Angle Ocm — 6¢cm

In order to find the values of a0, al, bl and w in this case, similarly with Section

7.2.4, curve-fitting is performed to fit the data using the logarithm of BER. This

gives
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a, =-4.071+0.06375c0s(0.7085A) +0.1687sin(0.7085A)

+0.06411cos(1.417A) +0.02181sin(1.417 A) (74D
a, =0.952-1.305c0s(0.3862 A) - 0.9249sin(0.3862 A)

+0.1038c0s(0.7724 A) +0.4067sin(0.7724 A) (7.12)
b, =0.2782-0.09799c0s(0.938A) - 0.1547sin(0.938A) (7.13)
W =2.763+0.7336 c0s(0.5569 A) + 2.143sin(0.5569 A) (7.14)

+0.5149¢cos(1.1138A) - 0.1613sin(1.1138A)

A stands for the Displacement.

In comparison with the experimental results received under normal lighting
conditions, the model developed to describe the experimental data received under
darkroom conditions demonstrates closer correspondence. In addition, the results
from the OOK 100kHz systems prove to show better stability, and better resistance
to interference. Moreover, the continuity and the level of engagement also shows

better performance than those conducted at a higher frequency.
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Figure 7-10 Estimated values of a0, al, b1 and w
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7.2.6 00K 1MHz Darkroom 7 - 10cm Displacement

When the angle is increased to 7cm, the following model can be used

f (D) =aexp(bD), in which f(D) is BER and D represents the distance. The value

BER at the distance of 0.6m and 0.8m are selected to verify the empirical model,

however, due to insufficient experimental data, the verification of the evaluated

model was not completed. Unlike the BER in displacement 7cm, 8cm and 9cm,

when the distance increase, the BER in displacement 10cm continues to grow.
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Figure 7-11 Fitting Displacement 7cm — 10cm

In order to find the values of a and b in this case, similarly with Section 7.2.4, curve-

fitting is performed to fit the data using the logarithm of BER. This gives:
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a=2.357x10"° —4.275x107° c0s(2.094 A) — 2.781x107° sin(2.094 A) (7.15)

b=1.458A° —33.78 A% + 259.6 A—659.4 (7.16)

A represents the Displacement.
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Figure 7-12 Estimated values of a and b

As shown in Figure 7-11 and 7-12, both BER values received from the experiments
and the empirical results demonstrate a fairly good match. However, due to the
limitations of the displacement when the receivers can’t receive any signals at the
distance exceeding 11cm, the data received from the distance ranging from 7 cm to
10 cm can only be derived with three empirical points, which is considered to be

insufficient for making comparisons.
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7.3 PPM and SZI Modulation

7.3.1 PPM 1MHz 0 - 25cm Displacement

When the displacement ranges from 0 to 25cm, the model can be described by

f (D) = p,D+ p, in which D represents the distance.
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Figure 7-13 Fitting 0 — 25cm Displacement

In order to find the values of pl and p2 in this case, similarly with section 7.2.4,

curve-fitting is performed to fit the data using the logarithm of BER. This gives

—4.768-0.031! .4546 A)—0. 1sin(0.4546 A
_ 1 (4 768-0.03139¢05(0.4546 A)~0.053915in(0.4546 A) (7.17)

P

, = 10—5.464+0.1697cos(0.3703A)+O.25025|n(0.3703A) (7 18)

P

A represents the Displacement. In the above described model, the BER value at the
distance of 0.7 m and 1.1 m are selected to verify the empirical model, and p1 and p2

at the displacement of 5 cm are used for verifications.
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Figure 7-14 Estimated values of p1 and p2

Figure 7-13 shows the comparison between the empirical results and evaluated BER
value, whereas Figure 7-14 illustrates the comparisons between parameters derived
from the model and the evaluated values. It has been clearly demonstrated that the
empirical results match with the data distribution of the experiments when the

distance varies between 0.5 to 1.5m.
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7.3.2 PPM 1MHz 30 - 60cm Displacement

When the displacement is increased to 30cm, the model can be described by

f (D) =aexp(bD) in which D represents the distance between the transmitters and

the receivers. It should be noticed that when distance increases, the BER comes

down and up because when distance is close, the coverage is quite low. Increasing

distance improves the coverage, and as a result, the BER performance becomes

better. But as the distance continues to grow over 1.4m, the signal power decays, the

SNR becomes the primary factor and BER performance becomes worse even

coverage is improved,; this is the reason BER increases when distance is over 1.4m.
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Figure 7-15 Fitting 30 — 60cm
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In order to find the values of a and b in this case, similarly with section 7.2.4, curve-

fitting is performed to fit the data using the logarithm of BER. This gives:

0.1091-0.1929c0s(0.1549 A)+0.66775sin(0.1549 A)+0.2653c0s(0.3098 A)+0.03859sin(0.3098 A
a=10 (0.15494) (0.15494) (0:30084) (0:30084) (7.19)

b =-0.0001502A* +0.02689A° —1.75A% + 49.01A—504.6 (7.20)

A represents the Displacement between 30 and 60cm. The BER value at the distance
of 0.5m and 0.7m are selected to verify the empirical model, and a and b at the

displacement of 35cm are used for verifications.
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Figure 7-16 Estimated values of aand b
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As shown in Figure 7-15 and 7-16, both BER values and the data distribution
derived from the empirical model demonstrate fluctuations. However, from the view
point of the curve fitting approach, the percentage of overlapped data is over 95%,
which confirms the fact that the experiment results are in good correlation with the

theoretical projections.

7.3.3 SIR-RZI 100kHz 2X4 50 - 130cm Distance

In the SIR-RZI 2X4 MIMO system, the data shows a high level of continuity,

which can be described with the same distribution: f(A)=a exp(- ( Iol))

whereas the distance varies between 50 and 130cm, in which A represents the
displacement, and in order to find the values of al, b1, and c1 in this case, curve-

fitting is performed to fit the data using the logarithm of BER. This gives:

a, =—0.2944+0.003317 c0s(5.236 D) + 0.0083245in(5.236 D) — 0.01036 cos(10.472D)
+0.004108sin(10.472D) — 6.58110°° cos(15.708D) — 0.01099sin(15.708D)

(7.21)

b, =1.787 +0.00398 cos(8.49D) — 0.0021255in(8.49D) +0.002417 cos(16.98D)
~0.0017065in(16.98D) — 0.0003012 cos(25.47 D) — 0.0026825in(25.47D)

(7.22)

¢, =13.95— 2.055c0s(4.245D) + 2.554sin(4.245D) (7.23)

D represents the distance.
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Figure 7-17 Fitting 50 — 130cm Distance

It is worth noticing that when the displacement increases, the empirical BER value
becomes unchanged at 1 , which indicates the fact that the receivers are moved out of
the coverage range. However, due to the high level of overlapping percentage at

94.6%, the model is considered as valid with acceptable deviations. In Figure 7-17
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and 7-18, it illustrates the theoretical data distribution derived from the model are in
fairly good match with the experiment data. The BER value at the angle of 30cm and
50cm are selected to verify the empirical model, and a1, b1 and c1 at the distances of

0.8m and 1m are used for respective verifications.
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Figure 7-18 Estimated values of al, b1 and c1
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7.3.4 SIR-RZI 100kHz 4X4 20 -60cm Distance
The model of 4X4 RZI system can be described by f (A) =10***®¥in which A

represents the displacement between 20 and 60cm. In order to find the values of a

and b in this case, curve-fitting is performed to fit the data using the logarithm of

BER. This gives:

D -0.6687

a=-4.906 exp(—(w)z) (7.24)

D -0.3466

b =-0.07002exp(—(—————)° 7.25
xp(—(—5 o)) (7.25)

LogBER

e LogBER vs. Displacement
Transmitter / Receiver Distance - 20cm
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LogBER

7. S .............. ............... ....... L] LogBER VS, Disp|acement H
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Displacement

Figure 7-19 Fitting 20 — 60cm Distance

D represents the distance between the transmitter and the receiver box. As shown in

Figure 7-19, the curve reflects the theoretical result whereas the scattered data points
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represent the empirical results of BER value. In comparison with those received
from the experiments using the 2X4 system, the percentage of overlapping is at

93.41%, although lower that expectations but may be considered as acceptable.
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Figure 7-20 Estimated values of a and b

The BER values at the displacement 15cm and 30cm are selected to verify the

empirical model, and al, b1 and c1 at the distance of 0.5m are used for verifications.
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7.3.5 SIR-RZI 100kHz 4X4 70 - 150cm Distance

The model for distance between 70 cm and 150 cm can be described by

f(A) = alexp(—(A;bl)Z) , iIn which A represents the displacement,
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Figure 7-21 Fitting 70 — 150cm Distance
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In order to find the values of al, bl and cl in this case, curve-fitting is performed to

fit the data using the logarithm of BER. This gives:

a, = 0.5031+0.003371c0s(6.052D) + 0.01245in(6.052D) (7.26)

b, =61.64+0.8606cos(14.15D) —0.7794sin(14.15D) —0.2057 cos(28.3D)

7.27
—0.19545sin(28.3D) —0.339cos(52.45D) +1.32sin(52.45D) (7.27)

¢, =15.75+3.128¢0s(6.518D) — 5.406 5in(6.518D) —1.429 cos(13.036 D)

7.28
—2.15sin(13.036D) — 0.2845c0s(19.554 D) —1.3445in(19.554D) (7.28)

D represents the distance between the transmitter box and the receiver box. The BER
value at the displacement 40cm and 50cm are selected to verify the empirical model,

and the a1, b1l and c1 at the distance of 1.1m are used for verifications.
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Figure 7-22 Estimated value of al, bl and c1

It can be clearly observed that when the distance increases, the overlapping

percentage of the data from the BER value and those derived from the empirical

model increases.
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7.4 Summary

Chapter 7 covered the theoretical approach in evaluated models used in
describing BER values in correlation with the distances and displacements applied to
the MIMO systems, which were verified by a high level of matching with data
distribution fitted from the empirical results. It is worth noticing that, although some
points were observed with clear fitted from the evaluated projected data distributions,
such evaluation may be considered acceptable by making comparison with the
results obtained experimentally. Moreover, the percentage of the overlapped data
between the empirical results and evaluated projections is considered at a fairly high
level of 93%. It can be concluded that the evaluated models developed from this
research can be applied for future development, including the performance
evaluations of the BER value in multi-dimensions, or a wireless MIMO system with

more transmitters and receivers.
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Chapter 8 Conclusion

8.1 Summary

This research proposes that optical wireless MIMO systems can be considered as
one of the alternative technologies that can be applied in high-speed wireless
communications, and the work covers a comprehensive review and evaluation of
experimental observations, and theoretical analysis of both optical wireless and
MIMO technology. As described in Chapter 1, a SISO system can only send or
receive a single signal-stream, whereas, by using appropriate processing, a MIMO
system is capable of sending and receiving multiple signals, and hence is able to
differentiate signals sent from various transceivers. Due to the fact that the MIMO
system allows more data to be transmitted, it is possible to be able to solve problems
associated with channel fading, therefore minimizing the occurrence of errors. In a
MIMO system, the diversity gain can reach a high magnitude, which increases both
transmission distances and the coverage of transmitter arrays. Another MIMO
technology as proposed is the multiplexing technology, which uses space and time
coding to achieve signals with a much lower bit error rate in the entire system. It is
confirmed that, by using optical wireless MIMO technology, it can benefit from cost
saving, unrestricted bandwidths, high quality data-transmissions, zero interference

with RF-based communication signals, and highly-secure transmissions.
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Chapter 2 covers a review of previous research conducted by using optical wireless
and MIMO technology. In this chapter, the Alamouti space time coding, background
knowledge of infrared communication technology, receivers for optical wireless
communication systems, and MIMO antenna/transceiver selection technology were
all presented, in order to be able to build experimental optical wireless MIMO

systems.

In Chapter 3, it has provided analyses of important OW configurations using APD
receivers. First, the WMC model was employed to analyse the SISO configuration
using a large deviations approach. Second, in the comparison with a Gaussian
approximation showed that the latter was reasonable for the parameters considered,
and made for a more tractable approach. Thus, an analytical expression for 2-1
MISO was successfully developed. Third, simulation was used, which was
implemented via using importance sampling and successfully compared to the
analytical results. To complete the results for SIMO and MIMO, upper and lower
bounds were introduced and the corresponding BER curves obtained from
importance sampling. This chapter also illustrates the coding gains possible using
diversity schemes for APD OW systems. In the presence of strong fading, the SISO
approach is rendered virtually useless, whereas diversity offers acceptable BER
values. The results underpin the approach of this thesis, where indoor PIN diode

based experimental measurements confirm the gains offered by diversity.

Chapter 4 and 5 describe a detailed process and experimental methodology for
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developing circuit designs for three infrared MIMO systems using different
modulation, including OOK PPM, and SIR-DZI modulation. A detailed description
on the research methodology is also presented within Chapter 4. A group of
experiments were systematically designed and performed for evaluating the technical
features and application potential of multiplexing and diversity technology. Three
infrared MIMO systems were designed for the purpose of laboratory experiments,
including a 100kHz -10MHz OOK modulation system, an SIR-DZI system, and a
1MHz PPM modulation system. During the experiments, several factors were taken
into consideration as causing interference and degradation in evaluations, including
the distance between the transmitter and receiver boxes, the distance of the angle
opening stretched between the receiving point and the centre axis of the Transmitter-
Receiver boxes, and the background lighting conditions when the experiments using
the OOK system were conducted in a darkroom during the night time. It was also
included in Chapter 2 that the BER is considered to be a standard indicator to
evaluate the physical performance of the experimental work. The results received
from the specified experiments indicate that the systems prove to be viable for
conducting the designed experiments, as the agreement between them and

measurements seems relatively acceptable, i.e., the bit error rate of a square wave

modulation is lower than10°.

Chapter 6 presents comprehensive analyses on the experimental results received
from the above-mentioned three systems. The results from the SISO system designed
using OOK modulation and SIR-DZI modulation were presented for comparison
references. In comparison with the 1MHz/ OOK/ MIMO system, the PPM system

was shown to provide superior characteristics, even if the design was more complex.
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In comparison with the OOK 100kHz system, the SIR-DZI system was able to
perform better over a greater distance, but shows poorer ability in minimizing the

effect of interference.

Chapter 7 describes the process of curve fitting used for evaluating the BER
performance of the MIMO system versus the variations in specified distances (the
distance between the transmitter and receiver boxes), and the specified
displacements, which is defined as the displacement from the central axis of the
receiver boxes. The results demonstrate that a high level of matching between the
results derived from the evaluated model, and the results derived from the empirical
data distribution were verified at 93%. It is worth noticing that, although some points
are observed with obvious deviations from the evaluated data distributions, such
deviations are considered acceptable, as the agreement between them and result
seems relatively good. It can be further concluded that the fitted models used for the
specified evaluation appear to correspond reasonably well, and so therefore can be

applied in the future research development.

8.2 Recommendations for future research.

Firstly, several mathematical models have been evaluated in this research, based
on which further research and experiments can be conducted to evaluate the BER
performance in multi-dimensional systems, and to verify the matching level of the
theoretical and empirical results for a wireless MIMO system by using more
transmitters and receivers, including for {4 x 4}, {4 x 8}, {8 x 8} and even for {16 x
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16} MIMO modulation. Different modulations, such as DPPM and others, could also

be considered in future work.

Secondly, based on the same methodology and experiment process, further research
and experiments can be carried out on the MIMO system integrated with an APD
receiver. Although the system is not desirable to be considered as a potential indoor
optical system because of the eye safety concerns due to the high infrared power, and
the high noise gain, it has clearly been demonstrated that such a system could be

considered as a potential application for outdoor communications.

Thirdly, in this thesis, mathematical models have been evaluated based on the
experimental results, and the theoretical models could be considered as a comparison
method for empirical results, which should refer to existing optical wireless MIMO
theory and be derived from the corresponding MIMO system model. Moreover, the
experimental environment (background noise and other parameters) should be
considered. Using these theoretical models, the accuracy of empirical models could

be evaluated fully.

Fourthly, new optical wireless MIMO systems could be designed to operate in
different experimental environments, such as rainfall/snowfall, underwater, and other
situations, where more parameters which complicate impact factors should be
considered. Meanwhile, numerical analysis and empirical analysis could be

conducted in corresponding situations.
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Finally, as is mentioned in Chapter 2, Section 5, a candidate application of optical
wireless MIMO technology — the Optical Wireless Network (OWN) - was
introduced, and using existing research results, an optical wireless network with

multiple layers could be conducted.
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Appendix I: Circuit Component Value of

OOK based MIMO System

Comment Description Designator Footprint LibRef Quantity
47pF Capacitor Co,C7 R38 Cap 2
0.1uF Capacitor C1,C4,C6 R38 Cap 3
10uf Capacitor C2,C3,C5 CAPPR5-5x5 Cap2 3
220nF Capacitor C10 R38 CAP 1
10u Capacitor g;i C13, €21, €23, CAPPR5-5x5 CAP 5
0.1u Capacitor C12,C14, C22, C24, R38 CAP 5
C32
302pF Capacitor C25 R38 CAP 1
177pF Capacitor C26 R38 CAP 1
33pF Capacitor c27 R38 CAP 1
20pF Capacitor C33 R38 CAP 1
SFH4350 Typical RED GaAs |, LED-1 LED1 1
LED
S1223 Photosensitive D1 CAPPR5-5x5 Photo Sen 1
Diode
Photo Sen Photosensitive D2 CAPPR5-5x5 Photo Sen 1
Diode
Diode 1N4149 Computer Diode D3 DO-35A Diode 1N4149 1
rl?;)lwer&ControI_Slg Header, 4-Pin i HDR1X4 Header 4 1
POWER Header, 4-Pin J2 HDR1X4 Header4 1]
Header6 Header, 6-Pin J3 HDR1X6 Header6 1
Header 2 Header, 2-Pin J5 HDR1X2 Header2 1
NPN Bipolar
ZT X320 Transistor Q0,Q1 TO-226 NPN 2
NPN NPN Bipolar Q2 T0-226 NPN 1
Transistor
R00, R3, R4, R10,
1k R11, R31 AXIAL-0.3 MINIRES2 6
33 R1 AXIAL-0.3 MINIRES2 1]
100 RO1 AXIAL-0.3 MINIRES2 1]
5.6k R2 AXIAL-0.3 MINIRES2 1
10k R02, R12 AXIAL-0.3 MINIRES2 2
330 R21,R22,R23,R24 |AXIAL-0.3 MINIRES2 4
297K R25 AXIAL-0.3 MINIRES2 1
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5k R32,R33, R34, R3S, AXIAL-0.3 MINIRES2

R36
AD8055 Ul DIP-8 OP193ES-REEL7
ADB8055 u2 DIP8 OP193ES-REEL7
AD8561 Ultrafast TTL CompaU3 Q-8 AD9696TQ

Table A-1 System Components
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Appendix II: Circuit Design for PPM/RZI

based MIMO System

1. IrDA Higher speed (1.1-1.3, FIR-4PPM)
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TFDU6300

Infrared Transceiver

Table A-2 Device in SIR System
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