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ABSTRACT
Optical wireless communications (OWC) is an important research area that
promises to mitigate some problems currently existing in radio frequency based systems,
such as shortage of radio frequency spectrum, interference and necessity of transmission
at very high data rates. Optical wireless communications can be both indoors and
outdoors. The focus of this dissertation is on indoor optical wireless communication
channels and systems.
Indoor optical wireless channels pose some challenges to properly model and
analyze propagation characteristics. Since light signals reflect from wall surfaces,
receivers in an OWC system usually receive many reflections of the transmitted signals.
This results in inter-symbol-interference (ISI) that has detrimental effects to the
achievable performance of the system. Hence, it is necessary to understand reflection
patterns and consequences of multiple bounces of light signals from reflecting surfaces
by properly analyzing the channel impulse response. In this dissertation, methods of
simulating indoor optical wireless channel impulse responses are discussed and an
algorithm is elaborated that have been developed by combining two existing popular
algorithms, namely Barry’s algorithm and Modified Monte Carlo method, thereby
carrying the best features of both.
Channel parameters that affect high speed data transmission such as rms delay
spread is an important topic that has been discussed in details in this dissertation. Channel
impulse responses of several channel conditions are simulated and associated rms delay

iv
spreads are found, thereby relating the results to the locations of the receiver and the
source.
Every data transfer communication system has to be duplex, i.e. requires both a
downlink as well as an uplink channel. Hence, for establishing a high-speed
communication system we have proposed a design of a duplex optical wireless system in
this dissertation. Some considerations related to cost efficiency at the user side have been
taken into account. The system is capable of working in full-duplex mode.
Description of an experimental demonstration is also part of the dissertation
where the demonstration was involved in establishing a bi-directional link that carries 10
Gbps data stream both ways and a uni-directional link that carries analog Cable
Television transmission. The distance between the two ends of the system is 15 m. We
have shown achievability of very low BER (approximately in the range of 10-20) by using
off-the-shelf equipment and hence proposed a direct application of this system in
datacenters to reduce the load of oversubscribed wired links connecting the top-of-therack or aggregate switches.
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Chapter 1
Introduction

1.1 Motivation
Optical wireless communications has become an increasingly important research
area as the potential of solving complicated communications problems such as shortage
of radio frequency spectrum, interference, necessity of transmission at very high data
rates etc. by optical wireless systems is under vast improvement. Optical wireless links
can establish communications channels even millions of miles apart, as evidenced by the
usage of optical links in space exploratory missions by NASA [1]. For shorter terrestrial
distances, optical wireless links in outdoor free space are a good choice for establishing
pointed links couple of miles apart. On much smaller scale, the existence of millions of
remote controls that operate using infrared light-emitting-diodes (LED) is a proof of the
usefulness of optical wireless systems.
Apart from the various applications of optical wireless communications that are
currently in use, probably the main motivating factor to focus on this area is the
possibility of mitigating the increasing spectrum shortage issue. As consumption of high
data rate multimedia materials are increasing day by day and usage of handheld devices
are becoming more and more widespread, the precious radio frequency spectrum range of
about 1.9 GHz that is used for mobility are getting scarcer [2]. Users are encouraged to
shift to the Wi-Fi bands instead of the bands used for cellular services in order to alleviate
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this increasing load of high data rate applications. However, there are places where even
Wi-Fi bands do not operate as expected or is found to be so congested that usage
becomes next to impossible, for e.g. heavily crowded conference halls. Also, supported
data rates of Wi-Fi as well as cellular data services should be considered in this
discussion. Though IEEE 802.11ac and IEEE 802.11ad standards are supposed to support
high bit rates, they are not yet widespread and so the cost issue is involved. LTE and
LTE-Advanced standards are also supposed to support high bit rates but they use the
same precious cellular spectrum band and thus due to congestion cannot provide
satisfactory performance. Hence, alternatives to these radio frequency based solutions
such as optical wireless based systems and technologies are very much desirable to
pursue and research on [3], [4].

1.2 Objectives
Optical wireless communications can be both indoors and outdoors and are
usually broadly divided into two categories based on the type of optical source employed.
Two types of optical sources – LEDs and lasers – are currently in use as transmitters of
optical links. The difference between these two sources lies in their supported bandwidth,
where LEDs have much lower electrical bandwidth than lasers, and hence if very high
data rate transmission in the range of Gbps is required, lasers are the popular choice. In
this dissertation, we will mostly focus on monochromatic light signals in indoor
environments, i.e. light signals that have only one wavelength in it, which is a feature of
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lasers, where LEDs have instead a very broad spectral linewidth. This is also a difference
between these two sources.
The first goal of this dissertation is to establish a proper channel modeling method
to ensure that modeling can be done accurately and fast. Channel modeling is very
important for optical wireless links as optical signals bounce back and forth from the
walls within a room and hence the receiver receives delayed or reflected versions of the
same signal. Since this is the cause of inter-symbol-interference at high data rates and we
want to focus on high data rate applications, modeling the channel to better understand
this multipath phenomena is an important topic.
Our next objective is to analyze various channel properties using the models
obtained from channel modeling techniques. We will discuss different topics related to
indoor optical wireless channels such as rms delay spread and path loss. We will see
effects of additional room furniture on these parameters also compared to an empty room.
Based on the understanding of various channel properties, our next objective will
be to propose a design of a duplex optical wireless system. The system will have some
specific design goals such as cost effectiveness at the user side of the system.
Finally, an experimental demonstration of an indoor optical wireless system will
show real performance that is obtainable and we will also discuss related parameters of
optical components that affect the performance.
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1.3 Organization
The organization of this dissertation follows very closely the steps mentioned in
the previous sub-section where we emphasized the principal objectives that we will
follow. Hence, in chapter 2 we will discuss about some basics and fundamentals related
to indoor optical wireless communication systems. In chapter 3, our focus will be on
channel modeling methods where we will discuss about an algorithm developed as part of
the work related to this dissertation that has excellent performance results in terms of
accuracy and computing time compared to other existing algorithms. In chapter 4, we
will discuss about properties of indoor optical wireless channels. In chapter 5, we will
propose a design of a duplex optical wireless system and elaborate on its operation
principles. In chapter 6, we will describe an experimental demonstration of a bidirectional 10 Gbps pointed optical wireless link and discuss about potential applications.
Finally, in chapter 7, we will draw the conclusion of this dissertation.
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Chapter 2
Fundamentals of Optical Wireless Communications

2.1 Introduction
Optical wireless communications (OWC) involves transmission and reception of
signals where the carrier frequency lies in the optical domain. Whereas in radio frequency
(RF) based communication systems, the carrier frequency can be from 30 MHz – 5 GHz,
and for satellite and other pointed communication systems the carrier frequency can be
up to 100 GHz, optical frequency ranges begin in the THz regime. Because of the very
high frequencies involved, usually in optical communications the carrier is denoted not
by its frequency, but by its wavelength. Thus in RF communication systems the carriers
have

wavelengths

from

kilometer

to

centimeter

range,

whereas

in

optical

communications the carriers have wavelengths in the nanometer range. Figure 2-1, as
reported in [5], shows wavelengths and frequencies of all radio and optical carriers.

Figure 2-1. Wavelengths and frequencies of radio and optical carriers
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This major difference in the carriers involved between radio and optical
communication systems lead to other dissimilarities in their implementations. For e.g.
antennas used in RF systems for both transmission and reception are completely replaced
in optical systems by sources that emit light and receivers that detect light. Other parts of
the communication systems that are required in RF based systems for transmission, such
as power amplifiers, are replaced by circuits that drive the light sources in optical
communications. These differences have consequences that make radio and optical
propagation channels as well as the whole communication systems quite different from
each other. Of course, there are similarities too, such as baseband modulation schemes
are the same for both of them, though complex baseband modulation schemes, i.e. where
the result of the baseband modulation is complex, cannot be used in optical
communications.
In this chapter we will delve into these aspects of optical wireless
communications and discuss these features in more details. We will discuss optical
wireless channel characteristics along with source types and receiver configurations. We
will show that multipath fading, a property in RF communication channels, is absent for
optical wireless channels. Multipath reflections, on the other hand, are present and the
result is inter-symbol-interference (ISI) in high speed communications. Not all source
types can support all data rates. We will distinguish between two main source types,
namely, lasers and light-emitting-diodes (LED), and discuss their common features and
differences. Receivers in optical communication systems, which are photodetectors, are
also a very integral part in determining many performance metrics. Hence, we will
discuss photodetectors and their related parameters.
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2.2 Communication blocks in an OWC system
A complete block diagram of a communication system that uses optical carriers is
shown in Figure 2-2. Several of the blocks perform in a similar manner as in a RF based
communication system. Bits obtained from a source are first source encoded to compress
the data in order to transmit more efficiently. Examples of source encoding are speech
encoding for real-time audio transmission and reception, audio encoding for offline
storage than includes Mp3, AAC etc. audio formats, encoding of still images such as
JPEG, PNG etc. image formats and encoding of video data such as MPEG or H.264
formats etc. The next block is the channel encoder that adds redundant bits to the data so
that at the receiver end the data can be recovered even if there is corruption due to noise
and channel conditions. Channel encoder is an important part of RF based
communication systems where bit-error-rate (BER) of 10-6 after the demodulator block at
the receiver side is acceptable only because it is assumed that channel encoders and
decoders are present that will correct the errors. Channel encoding and decoding
techniques as Reed-Solomon codes, Low-density parity check (LDPC) codes, Turbo
codes etc. are used nowadays in various RF wireless standards. In an optical wireless
channel these two blocks – source encoder and channel encoder – can be used without
any modification from RF based systems. One other block – the interleaver block – is not
shown in Figure 2-2, but it can be added after the channel encoder block. The purpose of
the interleaver is to prevent the channel decoder to fail from burst errors due to channel
conditions. The corresponding block at the receiver side is the de-interleaver block that
will be placed before the channel decoder block. Interleavers are necessary in RF based
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communication systems and are frequently used. In optical wireless channels, depending
on applications, if burst errors are expected, interleavers and de-interleavers can be
added.

Figure 2-2. An optical wireless communication system block diagram
Differences exist among RF based and optical communication systems in the next
two blocks of both the transmit and the receive chains, which are shaded to point out this
fact. Modulators in RF based systems can work with any modulation scheme that can
produce real or complex baseband signals. However, as we will see later, optical wireless
transmission process can be modeled as baseband transmission, and for the transmitter
and the receiver, a process called Intensity Modulation/Direct Detection (IM/DD) is
employed which prohibits complex signals to be input to the transmitter, and at the
receiver end the output is always real. This means the modulator and the demodulator
blocks work with only real valued signals. This has some advantages in terms of
complexity but it reduces achievable higher spectral efficiency that can be attained with
modulation schemes that produce complex constellations such as M-QAM, M-PSK etc.
Usually in optical communications higher order modulation schemes such as M-PAM or
L-PPM can be employed since they produce real-valued baseband signals. Multi-carrier
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modulation schemes such as OFDM is also used in optical communications, but again
there is a difference that the output of the OFDM modulator has to be real, which forces
the input symbols to the OFDM block to be Hermitian symmetric, reducing spectral
efficiency. Moreover, output of OFDM is bi-polar which has to be converted to a unipolar signal for optical transmission that is either done by DC-biasing or clipping the
negative parts of the signal. All these lead to lower spectral efficiency in optical OFDM
than RF counter-parts.
The transmitter block is completely different in optical wireless systems
compared to RF counterparts as explained earlier. Instead of antennas that radiate
electromagnetic waves in the MHz – GHz range, transmitters in optical wireless systems
emit light. Figure 2-3 shows two types of light emitting sources that are commonly used
for optical wireless communications. Lasers and LEDs produce emissions of light with
very different characteristics and we will discuss their structures and operation principles
in later sub-sections. Both of these devices require a driver circuit that produces the
current proportional to the modulated electrical waveform which in turn, drives lasers or
LEDs and changes the intensity of light emitted from them. This is the basic principle of
Intensity Modulation. We will discuss more about Intensity Modulation shortly.
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Figure 2-3. Transmitters used in optical wireless systems
After the light radiation is emitted to an optical wireless channel, it has to be
detected. Radiation detectors i.e. receivers in an OWC system are usually termed as
photodetectors. Though there are many different kinds of photodetectors available, our
concern in this thesis is to first show that because of the large detector area, multipath
fading does not occur in an optical wireless channel. Secondly, output of a photodetector
is current which is proportional to the intensity of light that radiates on the active
detection area of the photodetector. The value of this current can be higher for some
photodetectors that are termed avalanche photodiodes, though usually cheaper
photodetectors that produce lower amount of current are also in use. We will delve into
more details of photodetectors in this chapter.
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2.3 Intensity Modulation / Direct Detection (IM/DD)
In an Intensity Modulation (IM) transmission system, the intensity of the light
emitting from sources is varied according to some characteristics of the modulating
signal. Usually the amplitude of the modulating signal is taken as the property according
to which the instantaneous optical power output is varied. There are some consequences
to this scheme that are different than RF antenna based transmission systems. Since the
radiant intensity is varied according to the amplitude of the modulating signal, and
intensity is a real-valued physical parameter, the modulating signal also has to be realvalued, i.e. the modulating signal, if it is in baseband, has to be real. It is, of course,
possible to use a complex baseband modulating signal, and in a similar way to RF based
systems, introduce a higher frequency carrier wave so that the end result is real that can
be used to vary the intensity of light. However, it is generally not implemented in optical
wireless transmissions because the high frequency RF carrier will require the light
emitting source to have higher bandwidth for intensity modulation. Similarly, the receiver
photodetector will also require higher bandwidth for detection of this higher frequency
RF carrier. Thus, when intensity modulation is specified, it is usually implied that the
modulating signal is in real baseband form.
Direct Detection (DD) is applicable to all photodetectors in optics, where a
proportional current or voltage is produced to the intensity of light that radiates on the
active detection area of the photodetector. It is non-coherent form of detection where the
frequency or wavelength of the light radiation is not considered in the detection.
Photodetectors have different sensitivities to different wavelengths of light, and hence,
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some dependence on wavelength still exists, but it is unlike coherent detection where a
local oscillator produces a carrier similar to the incident radiation. In optical
communications, coherent detection is possible, though it is expensive and applicable to
very specific applications. For general indoor optical wireless applications, a
photodetector that employs direct detection is used most frequently. Figure 2-4 illustrates
an IM/DD system.

Figure 2-4. Basics of an IM/DD system

2.4 Optical transmitters
As we have mentioned in the previous sub-sections, two main branches of optical
transmitters are in use for optical wireless transmissions – lasers and LEDs. We discuss
in brief their main operation principles below.
i) Lasers: The word LASER is an acronym which stands for Light Amplification
by Stimulated Emission of Radiation. The acronym describes the operational basics of
how lasers are created. Lasers are unique sources that can simultaneously produce both
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coherent, i.e. in-phase radiation and monochromatic wavelengths [6]. The propagation
characteristics of lasers enable them to be applied in various applications that are not
possible with random sources, for e.g. fine definition information transfer as in compact
disk players and laser printers, high energy concentration applications in medical surgery,
metal cutting, and military applications etc. Additionally, laser beams travel long
distances with minimum dispersion which is a very important characteristic and because
of which lasers are used in communications and metrology applications. Measuring the
distance from the earth to the moon by directing a laser beam to the moon and bouncing
it back was possible due to this characteristic. The monochromatic nature of lasers has
made it applicable for optical fibers. Because lasers can produce a single wavelength,
technologies such as dense wavelength division multiplexing (DWDM) has been made
possible. Application of lasers in optical wireless communications, the focus of this
dissertation, is hence important. Since lasers are emitted in a single beam from laser
sources that are coherent and focused (probably by the use of a collimator lens), the
energy emitted from the source becomes an important factor to consider in indoor
wireless communications because high energy laser emissions are harmful to eyes. There
are lasers for different wavelengths, ranging from visible to infrared. For different
wavelengths, the highest energy that a laser source can emit but still be not harmful to
eyes, are also different. Laser safety standards, for e.g. [7] defines exactly the amount of
energy per second, i.e. power that a laser source in free space is permitted to have. There
are classifications on the energy ratings of lasers, such as class I, class II and so on.
According to standards, class I lasers are those that do not pose a hazard to eye-safety at
any condition.
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In this dissertation, in chapters 3 and 4, we will mostly deal with lasers, i.e. we
will assume the emitted light is monochromatic. Chapter 5 describes a design of a system
that uses both lasers and LEDs. Chapter 6 describes an experimental demonstration using
lasers where we will discuss more about safety ratings of lasers.
ii) LEDs: Light-emitting-diodes (LEDs) are definitely one of the most popular
opto-electronics sources. They are inexpensive compared to lasers and consume little
power. The operation principles of how LEDs emit radiation can be described by first
pointing out that LEDs are basically semiconductor junctions. All semiconductor diodes
produce radiation when electrons from the conduction band recombine with the holes in
the valence band. In a normal silicon diode, this radiated wavelength is absorbed by the
surrounding material and cannot escape the junction. An LED is constructed such that the
semiconductor has a high-energy gap and the junction is constructed so that the radiation
from the junction can escape [8]. LEDs for different wavelengths exist, ranging from
visible to infrared. In the early days of optical wireless research, demonstrations usually
employed infrared LEDs. Nowadays when transmitters use infrared wavelength, usually
lasers are employed instead. LEDs are mainly used in the visible wavelength range, i.e.
for visible light communications (VLC). The main difference between a laser and an
LED is that LEDs produce light with a broad spectrum, i.e. LEDs are not monochromatic
as lasers. Also, the emitted light is non-coherent, i.e. the carriers are not in-phase.
Another significant difference is that lasers have a very large bandwidth, i.e. a laser
source can be modulated with very high-speed modulating signals, while LEDs usually
have a bandwidth of about 20 MHz to 100 MHz. The output from a laser source is
usually coupled to an optical fiber, which can be collimated by a lens to emit into free
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space, i.e. the output in free space is a beam. The output of an LED source, on the other
hand, has a specific radiation pattern. We will discuss more in chapter 3 about radiation
patterns from sources such as LEDs and radiation patterns that are created as laser beams
hit a surface and gets reflected.

2.5 Optical receivers
As we discussed earlier, optical receivers are called photodetectors. The purpose
of photodetectors is to produce an output current or voltage that is proportional to the
intensity of incoming light on the active detection area. The most common types of
photodetectors are classified as photoelectric detectors that include photodiodes and
phototransistors where electrons are released as a result of photon radiation on
semiconductor surface, which can be either junction or bulk type. The junction
photodiode is a p- and n-type semiconductor junction similar to the junction used in an
LED. However, the function of a photodiode junction is the exact reverse to that of an
LED junction. In an LED junction, photons are released as a response to the current flow
through the junction whereas in a photodiode junction, the photons are absorbed resulting
in free carriers that become current through the junction [9]. Since these types of
photodetectors are inexpensive, reliable and small, they have become the building blocks
in modern optoelectronics technology. As photodiodes are receivers, it is important to
understand the noise generated as light is radiated on them and absorbed. Photodiodes
also have limited bandwidth, dependent upon several factors. The range of bandwidth can
be from a couple of MHz to a couple of GHz. The larger the bandwidth is, the smaller the
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active detection area becomes. The reason for this is the capacitance introduced by the
detection area, which has to be reduced in order to switch more rapidly. Smaller detection
area signifies the necessity of receiving more optical power to produce the same amount
of current that can be produced by a photodiode with a larger detection area. Hence, there
is a trade-off in the sense that in order to increase the bandwidth of a photodiode, the
required light intensity has to be increased too to produce the same amount of current.
We will now define some important parameters regarding photodiodes, and show
by an example of a photodiode with specifications from its manufacturer, the amount of
optical power needed for it to operate.
The first important characteristic of a photodiode is its quantum efficiency, η. It is
the number of electron-hole pairs that are generated per incident photon of energy hν and
can be given by,
Ip
no. of generated electron-hole pairs
q
η=
=
no. of photons incident on photodiode P0
hν

(2.1)

Where Ip is the average current output from the photodiode and q is the charge of
electron. Hence, I p q gives the number of electron-hole pairs ne that are generated in the
junction since I p =

ne q

t

for some time t. Each photon carries an energy of hν, hence the

average power P0 carried by np photons in time t is P0 =

n p hν

t

. In a practical

photodiode, 100 photons will create between 50 and 95 electron-hole pairs. This gives a
quantum efficiency ranging from 50 to 95%.
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The photodiode responsivity  , which is one of the parameters by which a
photodiode’s performance can be characterized, has a simple relation with quantum
efficiency, given by,
=

Ip
P0

=

ηq
hν

(2.2)

Photodiodes whose junction area is comprised of InGaAs can have a responsivity
as high as 1 A/W or even very slightly higher than that at a wavelength of 1550 nm.
Responsivity varies with wavelength and material used. Figure 2-4 shows a sample
responsivity curve from a photodiode (DET08CFC) manufactured by Thorlabs, Inc. As it
can be seen, at 1550 nm, the responsivity is the highest, 1.05 A/W and it degrades fast as
wavelength becomes smaller. Hence, it is important to select a proper photodiode based
on the wavelength chosen for the communication system that has the highest responsivity
at that wavelength. This is true for monochromatic systems. If an LED is used as the
source, the output current of the photodiode will be dependent on a broad range of
wavelengths, hence it is best to select a photodiode whose responsivity curve is flat over
the wavelengths generated by the LED.

Figure 2-5. Responsivity curve of a photodiode as an example
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For measuring the bandwidth of a photodiode, the rise time and the fall time are
important parameters. The bandwidth of a photodiode puts a limit on the achievable data
rate of a communications system, hence knowledge of bandwidth of a photodiode that is
to be used in the receiver is important. Rise time is the measure of the time response of a
photodiode to a stepped light input, and is defined as the time required for the output to
change from 10% to 90% of steady output level. Fall time is a similar measure, except it
is the time required for the output to change from 90% to 10% of steady output level at
the falling edge of stepped light input. The bandwidth of a photodiode is related to fall
time and rise time. The rise time and the fall time of a photodiode indicate that there is a
gradual drop in the output level beyond a certain frequency. The point at which the output
has dropped to 50% of its low-frequency value is called the 3-dB point. At this point only
half as much optical power is converted to current compared to lower frequencies. The 3dB point defines the receiver bandwidth. If the rise and fall times are equal, the 3-dB
bandwidth can be estimated from the rise time tr by,

f BW =

0.35
tr

(2.3)

There are two types of noise currents at the output of a photodiode – dark current
noise and quantum shot noise. The relatively small current through the photodiode in the
absence of light is called dark current. It is also referred to as reverse bias leakage current
in non-optical devices and is present in all diodes. Dark current is generated due to the
random generation of electrons and holes within the depletion region of the device. Dark
current must be accounted for by calibration if a photodiode is used to make an accurate
optical power measurement. It is also a source of noise when a photodiode is used in an
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optical communication system – either wireless or wired (optical fibers) – since dark
current is always present, even when no photons enter the active detection area. Shot
noise arises from the statistical nature of the production and collection of photoelectrons.
To describe the origin of shot noise a bit more in details, we can denote the classical light
power P0 as the result from an average over a few optical cycles. Fluctuations in P0 are
transferred to the photocurrent Iph. The ideal classical optical signal is assumed to exhibit
a constant amplitude and phase, and thus no fluctuation is expected in the photocurrent.
However, according to quantum mechanics ideal optical signal consists of a sequence of
independent photons that are Poisson distributed in time. Each photon generates an
electron-hole pair with probability η, which is actually the quantum efficiency described
earlier. So, the photocurrent Iph consists of a stream of statistically independent
elementary charges which are Poisson distributed in time. This type of noise is called the
shot noise. Of course, a photodiode must be connected to a resistor which is the source of
thermal noise too. The noise currents are given by,

Shot noise, ishot = 2qI ph B

(2.4)

Noise due to dark current, idark = 2qI d B

(2.5)

Thermal noise current, ithermal = 4kTB Rload

(2.6)

where B is the bandwidth of the receiver operation, Id is the average dark current, k is the
Boltzmann’s constant (1.38×10-23 JK-1), T is the absolute temperature and Rload is the
resistor connected to the photodiode. The other terms are the same as explained in
previous equations. The total noise current can be given by,
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2
2
2
2
inoise
= ishot
+ idark
+ ithermal
2
2
2
 inoise = ishot
+ idark
+ ithermal

(2.7)

If we consider only the noise for which the photodiode is directly responsible, we
may omit the thermal noise from (2.7), and the noise current becomes,
inoise = 2 q ( I d + I ph ) B

(2.8)

One important parameter that is directly related to these noise currents just
described is the noise equivalent power (NEP). NEP is defined as the optical signal
power required to generate a photocurrent Iph that is equal to the total noise current inoise
at the photodiode at a given wavelength and within a bandwidth of 1 Hz, i.e. NEP
represents the required optical power to achieve a SNR of 1. NEP is essentially the
minimum detectable power. Since noise levels are proportional to the square root of
bandwidth, NEP is also specified as power per square root of bandwidth (WHz-1/2). We
can derive some simple equations based on this definition such as,
SNR =

2
I ph
2
inoise

=1

(2.9)

 I ph = inoise = 2 q ( I d + I ph ) B

I
PNEP
= ph
B  B
1
=
2q ( I d + I ph )


Thus, NEP =

(2.10)

We can further evaluate the photocurrent by,
I ph = 2q ( I d + I ph ) B
 I ph = Bq + B q + 2 qI d B
2

2

(2.11)
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where we have discarded the solution that yields negative results with practical values.
Hence, NEP becomes,
1
2q ( I d + I ph )

P
1
 NEP =
2q I d + Bq + B 2 q 2 + 2qI d B
B 
NEP =

(

 PNEP =

(

)

B
2q I d + Bq + B 2 q 2 + 2qI d B


(2.12)

)

Let us plot this equation with real parameters from the specification sheet of the
photodiode DET08CFC manufactured by Thorlabs, Inc. The mentioned photodiode has a
rise time and fall time of 70 ps, and thus a bandwidth of about 5 GHz. The peak
responsivity at 1550 nm is 0.9 A/W, and dark current is 1.5 nA. Charge of electron q is
1.6×10-19 C. Hence, by putting these values into (2.12) we can obtain the minimum
required optical power for detection at different bandwidths. The plot is shown in Figure
2-6. It can be seen from the plot that the minimum optical power required for detection at
the highest operating bandwidth of 5 GHz for this photodiode is about 19.5 nW. If we
had started with a photodiode having a larger bandwidth, greater than 5 GHz, we would
find the required minimum optical power to be larger still. Hence, it is important to
ensure that the minimum amount of optical radiation reaches the photodiode active
detection area in an optical communication system for the receiver to work.
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Figure 2-6. Required minimum optical power for detection vs. receiver operating
bandwidth for an example photodiode

2.6 Optical wireless channel propagation characteristics
Now that we have described the basics on optical transmitters and receivers, it is
possible to describe optical wireless channel characteristics in a more detailed fashion.
Let us first describe the phenomenon which we have mentioned earlier that there is no
multipath fading in an optical wireless channel. There is always some multipath effects
present in optical wireless channels due to reflections of light from any reflecting surface
that reaches the receiver. However, unlike RF wireless channels, this does not lead to
multipath fading. In RF wireless channels, due to multipath effects cancellations and
additions of multipath components occur as they reach the receiver antenna which is the
source of multipath fading. Let us assume there is no temporal variation in the channel
and also let us disregard noise for the time being since we want to show how multipath
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fading does not occur in optical wireless channels. The signal transmitted through the
channel is represented as,

{

s(t ) = Re x(t )e jω0t

}

(2.13)

where x(t) is the baseband signal and ω0 is the carrier frequency in radians. The received
signal can be represented as,

{

y(t ) = Re ρ (t )e jω0t

}

(2.14)

where ρ(t) is the sum of all multipath components, and is given by,
N −1

ρ (t ) =  ak x(t − tk )e jθ

k

(2.15)

k =0

where ak, tk and θk are the amplitude, time delay and phase of the k-th multipath
component respectively, and there are N multipath components. If we transmit a constant
envelope signal, we can set x(t) = 1, then the received signal at some point in space
becomes,
 N −1
j ω t +θ 
y (t ) = Re  ak e ( 0 k ) 
 k =0


(2.16)

The resultant envelope and phase of the received signal can be given by,
a=

N −1

a e θ
j

k

k

(2.17)

k =0

N −1

Θ = arg  ak e jθk

(2.18)

k =0

In (2.16), the phase of the received signal θk varies depending on the various path
lengths of the multipath components. Phase changes by 2π for each change of one
wavelength. For this reason, the received signal varies spatially with significant feature
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variations separated by multiples of the wavelength. At frequencies of RF based wireless
communication systems, 800 MHz – 2 GHz, the fluctuations of the signal space are
separated by distances of about 37.5 cm – 15 cm. It is thus very much possible that
antennas used in such systems are situated in a region of weak signal strength frequently.
In contrast, at optical signal frequencies in the THz region, the weak signal strength
regions must be closely spaced in the nanometer range. The photodiodes used in the
receivers of optical wireless systems have detection areas that are much larger than this
distance and span many such fluctuations. That is why these rapid variations are averaged
and are not noticeable at the photodiode output. Figure 2-7 shows this phenomenon
where the wavelengths are much smaller than photodiode detection area.
This is actually a major difference between optical wireless and RF based
communication systems regarding size of the antenna. In RF wireless systems, size of the
antenna is small in comparison with the wavelength. On the other hand, a photodiode
having a detection area of 1 cm2 is much larger than optical wavelengths. The result of
this is that the total received power will remain the same when the detector is moved a
couple of thousand wavelengths apart. This is in sharp contrast with RF based wireless
systems where channel conditions can change a lot if the receiver antenna is moved even
by a fraction of a wavelength. The reflectors are also much larger for optical wavelengths
compared to radio wavelengths.
Another difference between optical wireless receivers and RF receiver antennas is
sensitivity to rotation. Since RF based transmissions are omnidirectional, if the antenna is
rotated, small effects may be observed. However, as optical transmissions are mostly

25

directional, rotating the receiver will result in large decrease in received optical power at
the detector.

Figure 2-7. Detection area of a photodiode much larger than multipath fading fluctuations
We will now show that in an intensity-modulation direct-detection based optical
wireless system, the propagation medium can be replaced by an equivalent baseband
channel. Let us denote the normalized message signal as x(t), i.e. –1 < x(t) ≤ 1. We
convert it to a positive signal that modulates the intensity of the light source. The positive
signal can be given by A [1 + μ x(t ) ] where A is a DC-bias and μ is a constant, 0 < μ ≤ 1.
We can obtain the intensity of the emitted optical signal by,
2

IT ( t ) = fT ( t ) = A 1 + μ x ( t ) 

(2.19)
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where fT(t) is the complex electromagnetic field of optical radiation. We now denote the
complex field of the signal received through the k-th reflection at a point on the
photodiode surface as fk(t), k = 0, 1, … N–1, and obtain the following,
fk (t ) = αk

A 1 + μ x ( t − tk )  e

− jω0 ( t − tk )

(2.20)

where αk is the attenuation factor that considers the inverse square distance-dependent
power path loss, reflection losses etc., ω0 is the optical carrier frequency in radians and tk
is the time delay of the k-th multipath component. The total received signal is given by,
N −1

f R ( t ) =  fk ( t )

(2.21)

k =0

We can find the intensity of the received signal in the following way,
2

I R ( t ) = f R ( t ) = f R ( t ) f R* ( t )
N −1 N −1

=  β kl ( t ) e

jω0 ( tk −tl )

(2.22)

k =0 l =0

where,

β kl ( t ) = α kα l A 1 + μ x ( t − tk )  A 1 + μ x ( t − tl ) 

(2.23)

We can further manipulate (2.22) by dividing the N2 terms into N terms where k =
l and N(N–1) terms where k ≠ l, and obtain the following,
N −1

N −1 N −1

k =0

k =0 l =0
k ≠l k ≠l

I R ( t ) =  α k A 1 + μ x ( t − tk )  +  β kl ( t ) e jθkl

(2.24)

where θkl = ω0(tk – tl) is very sensitive to path length changes. When path length changes
by a wavelength, it changes by 2π. Now the excess path lengths c(tk – tl) are in the order
of centimeters or meters, i.e. tens of thousands of an optical wavelength, where c is the
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speed of light. Hence, θkl can be modeled as a random variable having uniform
distribution in [0, 2π) for any k and l (k ≠ l). Thus, we have,

I ( t ) = E  I R ( t ) 
N −1

N −1 N −1

k =0

k =0 l =0
k ≠l k ≠l

=  α k A 1 + μ x ( t − tk )  + β kl ( t ) E e jθkl 

(2.25)

The expectation operation in (2.25) is equivalent to spatial integration over the
photodiode’s detection surface area. As the photodiode’s surface spans many thousands
of wavelengths, the second term in (2.24) containing the rapidly fluctuating θkl vanishes
in the integration while the first term remains approximately constant. Also, the second
term in (2.25) is equal to zero because of the uniform distribution in [0, 2π). Now, we can
convert the intensity variation to an electric current signal and then remove the DC-bias.
We finally obtain the electric current as,
N −1

y ( t ) =  ak x ( t − tk )

(2.26)

k =0

where ak is a constant. Thus the entire process can be modeled as a baseband
transmission.

2.7 Conclusions
In this chapter we have briefly described some basics of an optical wireless
communications system. We have first elaborated that there are some fundamental
differences between optical wireless systems and RF based communication systems. To
better understand these differences we have first described the transmission and reception
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method of optical wireless systems, namely Intensity-modulation Direct-detection
(IM/DD) where we showed that at the transmitter end, the intensity of the emitted light is
varied according to the characteristics of the modulating signal, most commonly the
amplitude of the modulating signal is taken as the parameter to modulate the intensity of
light with. At the receiver side direct-detection implies averaging the received optical
power and converting it to electrical current or voltage signal. We have discussed briefly
about lasers and LEDs as optical transmitters and we have also pointed out their
differences. Photodiodes act as receivers in optical systems and we have delved into a bit
details on their characteristics, especially showing by use of an example, how much
minimum optical power is required for a photodiode to detect properly. Finally, we have
shown some mathematical analyses on the propagation characteristics of optical wireless
channels, again elaborating the difference among RF based wireless channels and optical
wireless channels that multipath fading is absent in the latter. Optical wireless
transmission, propagation and reception can be completely modeled as a baseband system
and we have shown some basic mathematical analyses to verify it. With the basics of how
optical wireless channels operate, we will delve into more details on channel modeling
methods in the next chapter.
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Chapter 3
Indoor Optical Wireless Channel Impulse Response

3.1 Introduction
In the last chapter we have discussed some basics of transmitters and receivers of
optical wireless communication systems, described intensity-modulation direct-detection
(IM/DD), i.e. the modulation and demodulation scheme used in an indoor optical wireless
channel (OWC) and included analyses that showed indoor OWC does not have multipath
fading and the end-to-end process can be modeled as a baseband transmission system. In
this chapter, we will first show different configurations of indoor OWCs in terms of how
sources and receivers are placed and used, and the results at the receiver ends due to this
difference. We will see that channel impulse response plays a very significant role in the
performance of indoor optical wireless systems, especially when data rates become high.
Therefore, methods of calculating channel impulse responses become an important topic,
as we will discuss and describe the difficulties involved in simulating an impulse
response of an indoor OWC. We have developed an algorithm to calculate channel
impulse response of an indoor OWC that has features making it an excellent contender to
existing algorithms in terms of required computing time and accuracy in the simulated
impulse responses. The main focus of the chapter will be on the features and performance
of this algorithm and its comparison with existing ones. Hence, we will also present a
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literature review on existing algorithms for calculating impulse responses of indoor OWC
and discuss their features including their merits and cons.

3.2 Source and Receiver configurations
Indoor optical wireless channels are broadly categorized as line-of-sight (LOS)
and non-line-of-sight (NLOS) [10], based on whether there is a direct unobstructed
optical path between the transmitter and the receiver. Both channel types can be utilized
for communications depending on different requirements of transmitter and receiver
configurations. Transmitters used for downlink data streams are usually placed at a fixed
location, preferably attached to the ceiling of a room or on some fixture that has been
placed at a height higher than most furniture and equipment in the room. If this is the
case, the receiver can be placed anywhere in the room, and an unobstructed optical path
will then exist between the transmitter and the receiver, and the channel is denoted as
LOS channel. However, due to various room configurations the transmitter may not be
placed at a high ground, or even if it is, the receiver can be mobile depending on
requirements, and an unobstructed optical path may not exist then. The optical channel in
this case is denoted as NLOS channel where the photons from the transmitter are
reflected off the walls of the room before reaching the receiver.
Further classification is possible in terms of whether the transmitter directs its
emission towards the receiver or towards a small area of some reflective surface, for e.g.
the ceiling, to maximize the amount of light that reaches the receiver. These cases are
termed as directed links. On the other hand, if the transmitter does not actively maintain
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its direction of emission towards the receiver or if the transmitter emits towards a broad
surface area instead of a point, the links are said to be non-directed. Links can be further
classified on the type of receiver employed. The receiver may have very small field-ofview (FOV) so that it receives light only from a directed emission towards it, or the
receiver may have large FOV so that it can receive light from a broader emission.
Figure 3-1 shows possible configurations of LOS links. Parts (a) and (b) of Figure
3-1 show directed LOS links where the transmitter is usually a laser beam or a very
pointed LED emitter. There are differences in receiver architecture too, where, in part (a)
the receiver has small FOV and in part (b) the receiver has a large FOV. Parts (c) and (d)
illustrate non-directed LOS links where the transmitter is a diffused source, usually an
LED, or a laser beam passed through a diffuser. Similar to the directed LOS links, part
(c) shows a receiver with a small FOV and part (d) with a large FOV.
Figure 3-2 shows possible configurations of NLOS links. Similar to Figure 3-1,
parts (a) and (b) of Figure 3-2 show directed NLOS links but in this case the transmitter
emits towards a small area of the ceiling so that the receiver can receive light through
reflections. The specific point or small area of the ceiling towards which the transmitter
directs its emission is usually determined beforehand so that maximum amount of light
may reach the receiver compared to other locations on the ceiling. These links are also
termed as quasi-diffuse links. Parts (c) and (d) of Figure 3-2 illustrate non-directed NLOS
links where the transmitter emits towards the ceiling and has a broad emission pattern and
the receiver receives light through reflections. These links are termed as diffuse links.
Parts (a) and (c) show receivers that have a small FOV and parts (b) and (d) show
receivers having a large FOV.
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Figure 3-1. Types of LOS links. (a) and (b) Directed, (c) and (d) Non-directed.
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Figure 3-2. Types of NLOS links. (a) and (b) Directed, (c) and (d) Non-directed.
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For NLOS links, photons emitted from the transmitter do not directly reach the
receiver; rather they travel initially at other directions determined by the emission pattern
of the transmitter. As the photons hit any reflecting surface, they can be absorbed or
reflected with lower energy, which is determined by the reflecting coefficient of the
surface. After experiencing multiple bounces off the surfaces in the indoor OWC
environment, photons reach the aperture of the receiver lens. Figure 3-3 demonstrates this
process by showing a directed NLOS link where the transmitter, in this case a laser, emits
a beam towards a wall where the beam is diffused. The diffused radiation from the
reflection further propagates through the room and after some more reflections reaches
the receiver. The figure shows a single ray, as an example, from the first reflection that
undergoes two more reflections before arriving at the receiver. Of course, the receiver
will also receive light from all these reflections, and thus not all rays that arrive at the
receiver undergoes three reflections; some rays may reach the receiver after one or two
reflections. Also in the figure, only one ray has been shown as an example whereas in
reality, uncountable amount of rays are generated from each reflection.
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Figure 3-3. Multiple bounces of a ray before arriving at the receiver
Hence, in case of NLOS links, the received signal is comprised of delayed and
reflected portions of the transmitted signal, or in other words, the transmitted signal
experiences multipath phenomena where a pulse is broadened as photons appear with
various delays. Multipath reflections can be important in some LOS channels too, where
the transmitter is not a pointed laser beam, rather a wide-beam LED source, and the
receiver, having a finite FOV, will capture photons that are reflected from the walls. The
effect of multipath phenomena is inter-symbol-interference (ISI) because of pulse
broadening and is a limiting factor on the bandwidth of the channel.
Hence, the importance of theoretical and experimental analyses of multipath
phenomena in indoor optical wireless channels is evident. The impulse response of the
channel, and its Fourier transform, i.e. the frequency response of the channel gives the
best estimation of achievable data rates via simulation in an indoor optical wireless
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environment for a specified bit-error-rate (BER) and noise margin. Experimentally, the
frequency response of the channel is determined, usually by employing a network
analyzer, and by applying inverse Fourier transform on the frequency response, the
impulse response is obtained [11]–[13]. The bandwidth of the channel can be found from
the frequency response, while some other important parameters such as average delay
and root-mean-square (RMS) delay spread can be calculated from the impulse response.
Theoretical analyses consist of simulations where the channel is modeled by
approximating the impulse response by different algorithms. The frequency response then
can be obtained by applying Fourier transform directly on the calculated impulse
response. In this chapter, we will focus on the algorithmic side of impulse response
calculation. It should be noted here that the impulse response, and so the frequency
response, of an indoor optical wireless channel is fixed for a specific room configuration
and specific positions and configurations of transmitters and receivers, i.e. when a
particular indoor OWC is specified, it should be understood that the channel consists of a
particular room configuration along with fixed positions and configurations of
transmitters and receivers. If any positions or configurations of transmitters or receivers
are changed, or even a slightly different room configuration is assumed, the channel will
no longer be the same, and a different impulse response and frequency response has to be
obtained. Also, for a specific indoor OWC as just described, the system is linear timeinvariant and the impulse response will completely characterize that channel.
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3.3 Modeling of indoor OWC environment
For modeling indoor optical wireless channels, the first step is to define a
coordinate system for the environment. The coordinate system will be helpful for later
steps, mainly defining positions of sources and receivers as well as any furniture that may
be present in the room. Models that generate rays and propagate rays will also use this
coordinate system extensively to describe the directions of the rays. After defining the
coordinate system, sources and reflections have to be defined or modeled. Point sources
that are diffused can be modeled as a generalized Lambertian emission pattern [14].
Reflections from any reflecting surface can be modeled by Lambertian as well as some
other models which we will mention in later sub-sections. The next step is to calculate
received power from LOS links that may exist between the source and the receiver.
Models that divide all reflecting surfaces of the indoor environment into small reflecting
elements are also heavily dependent on this step, as the small reflecting elements can be
considered as receivers that receive light from the source. The NLOS portion of the
impulse response has to be calculated next, which is where the different models differ in
their methods. In this chapter, we will describe the major algorithms and mention their
variations that can be found in literature.

3.4 Models of the room and other reflecting surfaces
An indoor optical wireless environment must consist of a room, along with
furniture inside the room, if necessary. Generally, a room is defined to have six reflecting
surfaces, each of them perpendicular to four others. Other furniture and reflecting
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surfaces within the room may be modeled as boxes that have surfaces all perpendicular to
each other. This property of perpendicularity is not necessary in the models and slanted
reflecting surfaces can also be incorporated in the calculations. However, to keep the
description of the algorithms clear and to the point, we assume there are no other
reflecting surfaces than the walls, the ceiling and the floor within the room, and they are
perpendicular to each other. Later we will show how to incorporate slanted surfaces in
the algorithms.
The convention of coordinate system will be important as described in the
previous sub-section. Hence, to clarify the notion, Figure 3-4 shows exactly where the
origin of the coordinate system is located. The figure also shows the convention followed
for defining the length, the width and the height of the room. The wall at the far end of
the room in the positive x-direction is termed as the north wall. Hence, the wall opposite
to it is the south wall. The rightmost wall is the east wall while the leftmost wall is the
west wall. The ceiling and the floor are self-explanatory. Thus, all points on both the
north and the south walls are on the yz plane, in addition to having x = 0 for the south
wall and x = room length for the north wall. Similarly, all points on both the east and the
west walls are on the xz plane, in addition to having y = 0 for the east wall and y = room
width for the west wall. Points on the ceiling and the floor are defined similarly, i.e. all
points on both the ceiling and the floor are on the xy plane, in addition to having z = 0 for
the floor and z = room height for the ceiling.
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Figure 3-4. Conventions of coordinate system for a room

3.5 Radiation patterns
The source or sources that are used in different modeling algorithms are
considered to be point sources. Point sources are formed when the beams of laser emitters
hit a surface. Since the diameter of the beam is small, the impact area where that beam
meets a surface can be considered as a point source. Generally, LED sources are not point
sources as they have a finite area, however for smaller LED sources, for e.g. LEDs that
are used at homes to replace incandescent light bulbs, this finite area is ignored, and they
are considered as point sources. Hence, there should be some errors when considering
impulse response calculations simulating LED lights as point sources. In the algorithm
described in this chapter, we only consider the source to be a monochromatic point
source, i.e. either the source is the impact point where a laser beam has hit the surface or
the source is manufactured from a laser which has been diffused by a diffuser.
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3.5.1 Radiation patterns of point sources
The angular distribution of radiant output power of a point source is best modeled
by a generalized Lambertian pattern [14] having uniaxial symmetry,
n +1
PS cos n (θ ) d Ω
2π
n +1
 dPS (θ , ϕ ) =
PS cos n (θ ) d ϕ dθ
2π
dPS (Ω) =

(3.1)

where PS is the total optical power emitted from the source, dPS is the optical power
emitted into the solid angle dΩ, the Lambertian mode number n defines the directivity of
the radiation pattern, where higher values of n indicate more pointed radiation pattern and
n > 0, θ is the angle between the normal of the source and the direction of the emitted
radiation and θ ∈ 0, π  , φ is the angle between the plane formed by the normal of the
2

source and the direction of the emitted radiation and the plane formed by the normal of
the source and a reference axis on the surface plane of the source, ϕ ∈ [ 0, 2π ] . The term

n +1
appears in (3.1) so that the total power of the source when integrated through all
2π
π

possible values of θ and φ equates to PS, i.e. PS =

2 2π

θ ϕ dP (θ ,ϕ ) . Figure 3-5 shows a
S

=0 =0

generalized Lambertian pattern of a point source having Lambertian mode number n = 3.
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Figure 3-5. Generalized Lambertian pattern of a point source having Lambertian mode
number n = 3
Generalized Lambertian radiation pattern becomes more pointed as n increases.
Usually for point sources, n is taken to be equal to 1. For other sources that are more
pointed, n can be higher as necessary.

3.5.2 Radiation patterns of reflections
When a ray hits a reflecting surface, a point source is generated at the impact
point of the ray and the surface. This source is used to model the reflection of the
incoming ray from the surface. Reflections can contain both specular and diffuse
components. The characteristics of reflections from any surface depend on factors such as
the material of the surface, the wavelength of the incoming ray and the angle of incidence
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of the ray. The roughness of the surface relative to the wavelength is an important factor
that determines the shape of the reflected radiation pattern. A surface which is smooth
can act as a mirror, i.e. it can reflect the incident ray in a single direction, and this
direction can be calculated simply by the incident angle. A rough surface relative to the
wavelength of the incoming ray reflects the ray in several directions, or in other words,
there exists a radiation pattern for a rough surface. The Rayleigh criterion can be used to
determine the roughness of a surface relative to the wavelength of incident radiation [15].
According to this criterion, a surface can be considered smooth if,

ζ<

λ
8sin θ

(3.2)

where ζ is the maximum height of surface irregularities, λ is the wavelength of the
incident radiation and θ is the angle of incidence. Assuming the incident ray is normal to
the surface, i.e. θ = 90°, and the radiation is infrared at wavelength λ = 800 nm, we have a
rough surface if ζ > 0.1 μm. The conclusion from this analysis is that indoor surfaces that
have irregularities with height greater than 0.1 μm are rough for infrared radiation, and
hence the reflection patterns from these surfaces should have some diffuse components.
Based on these, two models are broadly applicable to estimate the reflection pattern from
indoor surfaces – i) Lambertian reflection pattern and ii) Phong’s model [16].

3.5.2.1 Lambertian reflection pattern
The same Lambertian pattern that we discussed in the previous sub-section is
applicable to model diffuse reflections. Equation (3.1) shows the generalized Lambertian
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radiation pattern, where for diffuse reflections, n is equal to 1. Figure 3-6 illustrates a
Lambertian pattern with n = 1. Usually when a Lambertian pattern is discussed without
specifying any other parameters, it is understood to be a generalized Lambertian pattern
with Lambertian mode number n = 1.

Figure 3-6. Lambertian pattern with n = 1 modeling a diffuse reflection
When n = 1, the observed radiance is the same from all directions for a surface.
This can be shown as follows. In Figure 3-7, the radiance emitted the source, in our case,
a diffuse reflection, can be seen at the normal to the plane of the surface and at an angle θ
to the normal. If the radiance at the normal is I Wsr-1m-2, the radiance at an angle θ will
be Icos(θ) Wsr-1m-2. Hence the optical flux, or optical power emitted from the surface of
area dA at a solid angle dΩ is IdAdΩ W at the normal of the surface and Icos(θ)dAdΩ W
at an angle θ to the normal of the surface.
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Figure 3-7. Emitted radiance from a diffuse reflection
Figure 3-8 illustrates the radiance received by an observer at the normal to the
surface and at an angle θ to the normal. The observer at the normal of the surface sees
through an aperture of area dA0 and the surface of area dA subtends a solid angle dΩ0
towards the observer. We assume that the aperture of area dA0 subtends a solid angle dΩ
when viewed from the surface element of area dA. Hence, the radiance observed by the
user at the normal of the surface area is given by,
I0 =

I dA d Ω
d Ω 0 dA0

Wsr −1m −2

(3.3)
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Figure 3-8. Observed radiation from a diffuse reflection
The emitted flux from the surface element of area dA at an angle θ to its normal to
a solid angle dΩ subtended by the aperture of the observer is Icos(θ)dAdΩ W and the
solid angle subtended by the surface element towards the aperture of this observer is
dΩ0cos(θ). Hence, the radiance observed by the user at an angle θ to the normal of the
surface area is given by,

I0 =

I cos (θ ) dAd Ω I dAd Ω
=
d Ω0 cos (θ ) dA0 d Ω0 dA0

Wsr −1m−2

(3.4)

Thus, the radiance observed from a diffuse reflection is the same at all directions,
and hence the brightness of a surface that reflects diffusely appears to be the same when
viewed from different directions. Reflections from some surfaces contain specular
components as well, for which we will discuss Phong’s model next, however, as
measured in [14], reflections from surfaces made from commonly used materials such as

46

paints, wood panels, textiles, and plasters are mostly diffusive, while the specular
components become significant for very large angles of incidence of incoming rays. In
the simulations of this chapter, the reflections are considered to be purely diffusive,
which is a close approximation. However, if specular components are required to be
taken into account, Phong’s model [16] can be used with relatively simple change in the
calculation steps of our algorithm.

3.5.2.2 Phong’s model
Surfaces such as varnished wood and formica radiates a strong specular
component in their reflection pattern which has been verified experimentally in [17]. The
direction of the specular component follows the same law as in a mirror, i.e. it is
dependent on the incidence angle of the incoming ray. There is also a diffuse component
in the radiation pattern as well. Such a radiation pattern can be modeled very well by
Phong’s model [16], which can be described by,
n +1 n
r

R (θ , θ i ) = ρ Pi  d cos (θ ) + (1 − rd )
cos (θ − θ i ) 
2π
π


(3.5)

where ρ is the reflection coefficient of the surface, Pi is the power of the incident ray, θ is
the observation angle, i.e. the angle between the normal to the surface and the observer,
rd is the percentage amount of the radiation that is reflected diffusely, n is a parameter
that indicates how directive the specular component is, which is similar to a generalized
Lambertian pattern, i.e. the greater the value of n the stronger the directivity of the
specular component is, and θi is the incident angle of the incoming ray to the surface.
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Figure 3-9 shows an example of a radiation pattern generated using Phong’s model where
rd is taken to be 40% and n = 30. It can be observed from the figure that the specular
component is radiated at a direction dependent on the incidence angle of the incoming
ray.

Figure 3-9. Example of a radiation pattern generated using Phong’s model

3.6 Received power from LOS links
In a LOS link optical power from a source can be received either by the receiver
of the system or a small element on any reflecting surface, if the reflecting surface is
assumed to be a summation of many small reflecting elements. In this case, the element
acts as a point source after it has received optical power. The emitted power of the point
source is the received power of the element multiplied by the reflecting coefficient of the
surface. The emission pattern of the point source from reflections is assumed to be
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Lambertian, or if necessary, Phong’s model can be assumed, and has been described in
the previous sub-section.
When a LOS link exists between a source and a receiver, the received optical
power can be expressed by,

h(0) ( t ;  ,  ) ≈

(

)(

n +1
δ t −d c
PS cos n (θ ) d Ω rect ψ
FOV
2π

)

(3.6)

where  and  denote that the impulse response is defined for a specific configuration of
sources and receivers, respectively, n is the Lambertian mode number of the source, PS is
the emitted power from the source, θ is the angle between the normal of the source nˆ S
and the direction of the emitted ray to the receiver, ψ is the angle between the normal of
the receiver nˆ R and the direction of the incoming ray from the source, FOV is the fieldof-view of the receiver, defined as an angle such that only when ψ is less than FOV, the
receiver detects light, d is the distance between the source and the receiver, c is the speed
of light, dΩ is the solid angle subtended by the receiver’s area AR, i.e.
d Ω ≈ cos(ψ )

AR

d2

, AR  d 2 , and rect(.) is the rectangular function defined by,

 1 for x ≤ 1
rect ( x ) = 
. Additionally, the point source  is further specified as
0
for
x
>
1


 = {rS , nˆ S , n} where rS is the position vector of the source; and the receiver  is further
specified as  = {rR , nˆ R , AR , FOV} where rR is the position vector of the receiver. Figure
3-10 shows these parameters more clearly.
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Figure 3-10. Source and receiver, along with their related parameters
The unit vectors nˆ S and nˆ R should be specified in terms of conventions followed
for room coordinates. The source and the receiver can have elevation and azimuth
properties which have to be converted to unit vectors nˆ S and nˆ R . Elevation of the source
is the angle that nˆ S makes with the xy plane, so if a source is directly pointed
downwards, elevation will be –90° and if it is directly pointed upwards, elevation will be
+90°. Azimuth of the source is defined as the angle that the projection of nˆ S on the xy
plane makes with positive x-axis, with a sign such that positive y-axis has an azimuth of
+90°. Hence the conversions of elevation and azimuth angles of the source to nˆ S can be
given by,
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nˆ S _ x = cos ( elevation ) × cos ( azimuth )
nˆ S _ y = cos ( elevation ) × sin ( azimuth )

(3.7)

nˆ S _ z = sin ( elevation )

The definitions of elevation and azimuth of the receiver is similar to that of the
source, except that nˆ R is used in the definitions instead of nˆ S , and the calculations for

nˆ R for the conversions are exactly similar to (3.7).

3.7 Received power from NLOS links
Not all channels will have LOS link with the transmitter and the receiver.
Regardless of whether a LOS link exists, which should have been determined by the
previous step described, the next step is to calculate received power from reflections.
This is the NLOS link. The total impulse response of the channel is the sum of responses
from LOS and all reflections from NLOS links, given by,
∞

h ( t;  ,  ) =  h( k ) ( t;  ,  )

(3.8)

k =0

where h(0) is the LOS response that is calculated using (3.6) and h(k), k > 1 are the
responses of the k-th reflections.
Currently in literature the major variations in modeling algorithms of NLOS links
that are available can be broadly divided into two categories – deterministic and
probabilistic methods. We will next describe the two major algorithms and their
variations to illustrate their usefulness in modeling NLOS OWC channels.

51

3.7.1 Barry’s algorithm
The first modeling algorithm for NLOS channels was reported by Gfeller and
Bapst [14] where the idea of calculating the total power at the receiver by numerically
integrating over all the reflecting walls of the room was first presented. However,
simulations reported using this method were limited to first reflections only. Impulse
responses obtained by considering only the first reflections of the traveling photons can
be used for rough approximations of the total power at the receiver which may be
sufficient for link budget analyses, but such impulse responses will not be adequate for
precise calculation of delay spread and bandwidth of the channel. Barry et al. [18] first
reported an algorithm that was able to calculate impulse responses considering multiple
reflections. The total impulse response that includes all reflections in an indoor
environment can be described by the following equation,

( {

h ( k ) ( t ;  ,  ) =  h (0) t ;  , r , nˆ , π , dr 2
2
S

}) ∗ h

( k −1)

( t ; {r, nˆ ,1} ,  )

(3.9)

where the integration is performed over all surfaces of the room, and the operator * is the
convolution operator. The main idea to realize this integration is to perform a summation
instead of integration, as follows,
N

( {

h ( k ) ( t ;  ,  ) ≈  h (0) t ;  , ri , nˆ i , π , dri2
2
i =1

}) ∗ h

( k −1)

( t;{r , nˆ ,1} ,  )
i

i

(3.10)

where the reflecting surfaces of the room, i.e. walls, ceiling, floor, and furniture, are
divided into N small reflecting elements. For the first reflections, each element is
considered as a receiver that receives light in a LOS direction from the primary
transmitter of the channel. Hence, the receivers have a FOV of π

2

as shown in (3.9) and
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(3.10). Then each element is considered as separate transmitters, where they are
considered as having Lambertian emission pattern with mode number n = 1, and the
received optical power at the primary receiver of the channel in LOS direction with the
elements can be calculated. This gives the approximate contribution of first reflections to
the total impulse response of the channel. It is approximate because the accuracy will get
better as the reflecting elements get smaller, which also increases the computing time.
For the second reflections, a different set of data is generated where, for each of the small
reflecting elements being considered as a receiver, the rest of the elements are considered
as transmitters, excluding the primary transmitter of the channel. Then similar to the case
of first reflections, the received optical power at the primary receiver of the channel in
LOS direction with the small reflecting elements can be calculated. This gives the
approximate contribution of second reflections to the total impulse response of the
channel. More reflections can be considered exactly in the same way. This method is thus
a recursive one, and takes a considerable amount of computing time. Three reflections
have been considered in [18] because of the amount of computing time needed, which
may be sufficient for lower data rate communication systems. But as shown in [19], for
high data rate communication systems, more orders of reflections should be considered
and hence improvement over Barry’s algorithm to reduce computing time is essential.
Improvements over Barry’s method that have been reported in the literature hence
primarily aim to decrease the computation time. The method in [20] is such an attempt
where the simulations are not sliced into reflections but into time steps, and techniques
such as storing some intermediate results in a disk file and reusing those results for later
calculations lead to speed increase. One of the principal reasons for requiring large
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amount of computing time by Barry’s method is the recursive nature of the algorithm.
Hence, a big speed boost is to be expected if the algorithm is modified to make it an
iterative one. This is precisely the modification reported in [21]. In [22], the iterative
approach is further modified to include multiple transmitters and receivers. It should be
mentioned that originally Barry’s simulations in [18] did not include furniture or other
reflecting materials than the walls, the ceiling, and the floor in the room, rather the
simulations were considered for empty rooms only. References [21]–[23] include
simulations considering furniture, thus showing some effects of shadowing. Including
other reflecting materials in simulations is actually a straight-forward extension of the
algorithm and does not require any modification of the method. Simulations in [23] are
conducted utilizing the unmodified version of Barry’s algorithm. A small improvement is
reported in [24] that describes a method of saving some calculations by disregarding
reflecting elements as transmitters that are on the same surface as the element that is
being considered as a receiver, since Lambertian pattern will result in zero intensity at
directions that are in the same plane of the source. An important application in terms of
multiple transmitters and receivers as a multiple-input multiple-output (MIMO) system is
considered in [25] where intermediate calculations are saved in disk files and reused
when a different transmitter or receiver position is assumed, thus avoiding the restart of
the whole process of calculation by only considering the changed position. This allows
generating a profile of a whole room where the receiver may be placed at many locations,
and by relatively quick generation of impulse responses of all the receiver locations,
delay spreads and received power contour plots can be obtained for the whole room. The
way this is conducted is by dividing the transfer function between a transmitter and a
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receiver into four components where the first component represents the transfer function
between a source and the surface elements, the second component contains the transfer
function between the surface elements, the third has the transfer function from the surface
elements to a receiver and the last component accounts for the direct response between a
source and a receiver. These components are calculated separately, thus reusing previous
results and calculating only the component that is required, and finally they can be
combined together using matrix algebra.

3.7.2 Modified Monte Carlo Algorithm and variations
An alternative method for calculating impulse responses using Monte Carlo raytracing techniques is shown in [26]. The Lambertian pattern is considered as a probability
density function (pdf), and rays are traced carrying equal optical power from the source
by generating their directions using this pdf. As the rays hit reflecting surfaces, new rays
are generated by the same pdf while their carried power is reduced by the reflectivities of
those surfaces. Thus by generating random directions using the pdf, rays are traced
throughout the room, and as they reach the receiver an impulse response can be found.
There is no limitation on the number of reflections that can be considered in this method.
However, the probability that the rays will reach the receiver is not high, and so a very
large number of rays needs to be traced. To remedy this, a modified version of the
method, coined as the Modified Monte Carlo (MMC) algorithm is described in [27]–[29],
where each reflection of the rays is used to calculate a LOS contribution to the receiver
from the reflecting point, thus utilizing each ray multiple times instead of only once. This
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leads to a lower number of generated rays from the source to calculate an impulse
response. The algorithm is purely sequential and iterative, and hence this method is very
fast. However, the impulse responses obtained in this way contain some variance, or in
other words, they are not temporally smooth because of the random nature of the
direction of the rays. This variance decreases as the number of rays is increased. An error
analysis of this method of calculating impulse responses appears in [30]. It should be
noted that there is provision in the algorithm to consider specular reflections off the
surfaces too instead of only Lambertian, i.e. deterministic directions can be considered by
utilizing Phong’s model as required instead of random directions, however this does not
change the basic work-flow of the algorithm. A versatile tool is reported in [31] that
employs the MMC algorithm for calculating impulse responses for any environment. The
environment description is specified as a 3D computer aided design (CAD) model, and
hence the tool supports environment geometries having any shape, size, area, and number
of obstacles including their material properties such as reflectivity. The MMC algorithm
is especially suitable for parallelization leading to further reduction of the total execution
time. Results are reported in [31] that show computational speed-up proportional to the
number of processors used in the simulation.
A slightly different approach to the MMC algorithm is reported in [32] where the
power of the rays are not reduced after a reflection, rather whether the rays will be
propagated further or not after hitting a reflecting surface is determined by the reflecting
coefficients. Thus the number of rays decreases as more reflections are considered, and
hence it is a faster version of the MMC method. However, even more variance is
introduced by this procedure, and as reported in [33], the MMC algorithm generates
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impulse responses with a smaller amount of relative estimated errors compared to it.
Another algorithm similar to these is reported in [34] where individual photons are
traced, and their propagations after hitting a surface are determined by the bidirectional
reflectance distribution function (BRDF) of that surface, which is a general function
describing reflectance of a surface that can be simplified to other forms, such as
Lambertian pattern for perfectly diffuse surfaces or Phong’s model for a combination of
diffuse and specular reflections.

3.7.3 Other approaches for impulse response calculation
Apart from the two main branches of algorithms for calculating impulse
responses, i.e. Barry’s deterministic method and Monte Carlo ray-tracing, some other
algorithms exist. A statistical approach is taken in [35] where the RMS delay spread and
average delay are estimated from room parameters, and based on them, Rayleigh or
Gamma distributions are used to fit the shape of the impulse response. However, it is not
very accurate and significant differences between the estimated and the real impulse
responses are observed. An interesting method is presented in [36] where a geometric
approach is taken. Instead of dividing the surfaces of the room into small reflecting
elements, loci of reflection points on a surface are found, which are used to calculate
reflection points for the next order of reflections. The computing time required for this
method is on the same order as required by Barry’s method. Another approach reported
in [37] directly estimates the frequency response of the channel from room parameters
only instead of calculating the impulse response first. The frequency response that can be
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found by this approach is fairly acceptable in terms of accuracy for lower frequency
regions, but at high frequency regions the accuracy deteriorates. It should be noted that in
all these methods, the light source is assumed to be monochromatic, i.e. having a single
wavelength. This allows for considering a fixed reflecting coefficient of the surfaces in
the room. Monochromatic light can be generated from lasers, however if LEDs are to be
considered, the source has much larger spectral linewidth and becomes wideband in
terms of power spectral density, and variation of the reflecting coefficients due to the
wider range of wavelengths should be considered. This is the approach taken in [38]
where LEDs are considered for VLC. The process used here is Barry’s algorithm but the
reflected power after hitting a surface is calculated by an integration of the spectral
reflectance over the range of wavelengths emitted by the sources instead of just
multiplying by a fixed reflecting coefficient as is done for monochromatic sources.

3.7.4 Combined Deterministic and Modified Monte Carlo Algorithm
From all these discussions, it is apparent that the best accuracy can be achieved by
Barry’s method and its modifications depending on how small the reflecting elements
are, while the best speed can be achieved by the MMC algorithm. In the remaining parts
of this chapter, we present a new method where both of these processes are combined.
The surfaces are divided into small reflecting elements, and the contribution of first
reflections to the total impulse response is found using these elements as is done by
Barry’s method. However, the contributions of second and rest of the reflections are
calculated by the MMC method, where each of those elements is considered as a source.
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In the original MMC simulations, a very large number of rays are needed to be generated
from the light source to obtain an impulse response with sufficiently acceptable variance.
In the method presented in this chapter, only a couple of rays are required to be generated
from each reflecting element since there are a large number of elements in the room.
Depending on configurations, the contribution of first reflections to the total impulse
response may contain the most significant amount of reflected power, and since this is
calculated by Barry’s method, very good accuracy can be achieved. The contributions of
rest of the reflections to the total impulse response contain lesser amount of power,
depending on configurations, and hence some variance in those contributions introduced
by using the MMC method is acceptable. Hence, the best features of both of the two
processes can be utilized. The algorithm is sequential and iterative, and hence very fast. It
can be implemented for multi-core systems, i.e. the algorithm is parallelizable. It is also
possible to save the results of the first reflection contributions to a disk file and later reuse
them when considering a new location of the receiver. This will allow generating a
profile of a whole room very quickly where the receiver may be placed at many locations.
Since the algorithm contains both deterministic elements as well as a modified version of
the Monte Carlo method, we have termed it as Combined Deterministic and Modified
Monte Carlo (CDMMC) method of calculating impulse responses.

3.7.4.1 Contribution of first reflections to the total impulse response

As the first step of the CDMMC method, the contribution of the LOS response
from the source to the receiver, if LOS link exists, is calculated by using (3.6).
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The next step is to calculate the contribution of first reflections to the total
impulse response. This is done by first dividing each surface of the room into small
reflecting elements. The width and the height of the elements, i.e. the area of the elements
will determine the errors of the contribution of first reflections compared to the
contribution when there is no discretization involved, and also will determine the
variance of contributions of second and rest reflections to the total impulse response. In
our simulations, we found 1×10-4 m2 to be a reasonable value. The elements are assumed
to be squares. The position of each element is determined by the center of the square
(intersection of the diagonals). Each of the elements is first considered to be a receiver,
hence for each of them nˆ R is specified. The FOV of the elements is assumed to be 90°.
Thus, by using (3.6), it is possible to calculate the received power at each element from
the source. The time required for light to travel from the source to the elements is
recorded for each of them.
Next, each element is considered as a point source, and the received power at the
receiver from each of them is calculated by using (3.6) again. But in this case, nˆ S is
taken to be the same unit vector nˆ R that was considered in the previous step. The optical
power, PS, of the reflecting elements is obtained by multiplying their received power
calculated in the last step by the reflecting coefficient of the surface to which each of
them belongs. The Lambertian mode number n of the elements when they act as point
sources is taken to be 1, which is a very close approximation. Thus, by using (3.6) the
LOS power at the receiver is calculated for each reflecting element. Also, the time
required for light to travel from each of the elements to the receiver is recorded, which is
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added to the time previously calculated for denoting time required for light to travel from
the source to the elements. Hence, the total time required for light to travel from the
source to each small reflecting element and then to the receiver is found. At these time
values, in an array denoting h(1)(t), the power contributions are added from each element,
and thus the contribution of first reflections to the total impulse response is obtained.

3.7.4.2 Contributions of second and subsequent reflections to the total impulse
response
Contributions of second and subsequent reflections to the total impulse response
are calculated by the MMC method. The basic principles of the method have been
introduced in [29]. The difference between [29] and this algorithm is that here each of the
small reflecting elements considered in the previous step are used as sources to generate
rays instead of using the original light source.
In a Monte Carlo method the rays are generated probabilistically from the sources
in the following way. It is observable that (3.1) can be interpreted as a probability density
function (pdf) if PS is equal to 1 W, since the result of the total volume integration of
(3.1) is PS. Thus, (3.1) can be rewritten as a function of θ keeping PS = 1,

f (θ , ϕ ) =

n +1 n
cos (θ ) dϕ dθ
2π

(3.11)

Equation (3.11) can be considered as a pdf for the random variable Θ. It should be
noted that it is not necessary to consider φ as a value of a random variable since
Lambertian pattern is symmetric around the normal of the surface of the source. Volume
integration of (3.11) through all possible values of θ and φ yield the result unity, and thus
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the assumption of (3.11) to be a pdf is correct. Hence, the cumulative distribution
function (cdf) of Θ i.e. the probability that Θ is less than or equal to θ, can be obtained in
the following way,
P (Θ ≤ θ ) =

2π

θ

  f ( β , ϕ ) sin ( β ) dϕ d β

ϕ =0 β =0

= 1 − cos

n +1

(3.12)

(θ )

The sine term in the integration of (3.12) appears from the Jacobian due to change
in variables from Cartesian to spherical coordinates.
Now, another random variable Z from the random variable Θ can be obtained by,
Z = cos Θ

(3.13)

Z represents the coordinates in the z-axis. The cdf of Z can be calculated by the
following steps,
P ( Z ≤ z ) = P ( cos Θ ≤ z )

(

= P Θ ≥ cos −1 z

(

)

= 1 − P Θ ≤ cos −1 z

(

= cos cos −1 z

)

)

(3.14)

n +1

= z n +1

The goal here is to obtain a random unit vector that will represent the coordinate
system for a randomly generated ray as shown in Figure 3-11. The unit vector’s xy plane
is the surface plane of the elements in the CDMMC algorithm.
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Figure 3-11. Coordinate system for a random ray (denoted by a random unit vector)
The z-component of the unit vector has a cdf as in (3.14). The x- and the ycomponents of the unit vector need to be generated. To obtain the values of x-, y- and zcomponents, two random variables U and V are generated having uniform distribution in
the range [0,1]. Samples of random variable Z (values of z-components of the unit vector)
can be generated by using inverse transform sampling method from its cdf obtained in
(3.14) and samples of the random variable U. x- and y-components can be generated by
using the values of z-components and samples of the random variable V. The steps are as
follows,
z = n +1 u
x = 1 − z 2 cos ( 2π v )

(3.15)

y = 1 − z 2 sin ( 2π v )

Thus, the x-, y- and z-components of the unit vector are obtained. Each unit vector
represents the direction of a ray that is emitted from the reflecting elements. It should be
noted here that these components are based on a coordinate system whose xy plane is
considered to be the element’s surface. Since the elements can belong to any surface of
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the room, these coordinates are not the same as room coordinates, and thus have to be
converted to room coordinates to map the path of the ray. Assuming the elements are
located on the walls, the ceiling and the floor only, or on surfaces that are perpendicular
to the walls, we will detail the transformation of element coordinates to room coordinates
at the end of this sub-section. If the elements in question belong to a surface that is not
perpendicular to the walls, but is slanted, the transformation process is different and we
will also describe it at the end of this sub-section.
Each of the elements from the step of calculating contribution of first reflections
to the total impulse response is considered to generate random rays. Suppose, a particular
reflecting element receives a certain amount of optical power, say, Pelem_receive , in the first
step. When it is acting as a point source, its emitted power is Pelem_emit = Pelem_receive × ρsurface ,
where ρsurface is the reflecting coefficient of the surface to which the element belongs.
Now, for the Monte Carlo method to work properly, usually a very large number of rays
is required to be generated as is shown in [29], ranging to about half a million or more.
However, in [29] the rays are generated from the single light source of the system, and
here rays are generated from a large number of reflecting elements acting as sources.
From simulations we found that only about ten rays generated from each element is
sufficient to calculate contributions of second and subsequent reflections to the total
impulse response with acceptable variance, assuming a normal room size and an element
area of 1×10-4 m2. For large hall rooms and for element areas larger than the value
mentioned here, more than ten rays should be generated. So, if Nray = 10, optical power
assigned to each of these rays is Pray = Pelem_emit N ray .
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Each of the generated rays propagates through the room and hits a surface. A fast
and efficient process of calculating this impact point is also detailed at the end of this
sub-section. The time required for the ray to traverse from the element to the impact point
is recorded. A new ray with a random direction is generated from this impact point using
the steps mentioned in (3.15). The optical power carried by this new ray is equal to the
optical power of the previous incoming ray to the impact point multiplied by the
reflecting coefficient of the surface to which the impact point belongs. This new ray is
again propagated through the room, a new impact point is found, time required for the
new ray to travel from its origin to the new impact point is recorded, and another ray is
similarly generated, and the process continues. At some point, a ray may reach the
receiver of the system and (3.6) can be applied to find out the received power, along with
the total time required for all these reflections to reach the receiver.
As it is readily understood, the probability that rays will reach the receiver is quite
low. Hence in [29], a Modified Monte Carlo (MMC) method is introduced that utilizes
each ray to contribute to the power received by the receiver. Similar method is followed
here too. When the first impact point is calculated, (3.6) is readily applied to get the
power received by the receiver where the impact point is the source with Lambertian
mode number n = 1 as mentioned earlier, and PS is found by multiplying the power of the
incoming ray to the impact point by the reflecting coefficient of the surface to which the
impact point belongs. The corresponding time required for light to travel from the impact
point to the receiver is calculated and added to the previous cumulative time recorded.
Hence, in an array denoting h(2)(t), the calculated received powers are added for all rays
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generated from all reflecting elements at their corresponding cumulative recorded times,
and thus the contribution of second reflections to the total impulse response is obtained.
This process is continued in a similar way. We have mentioned that from the first
impact point of a ray, a new ray with randomly generated direction is propagated through
the room and a second impact point is found, along with a new cumulative time. Similar
to the method discussed above, power received by the receiver from this second impact
point by using (3.6) is calculated, along with the added time required for light to travel
the total distance from the source to the element, then to the first impact point, and then
second impact point, and finally to the receiver. Repeating for all rays and all elements,
the contribution of third reflections to the total impulse response is obtained.
There is no limit whatsoever in the algorithm on how many reflections can be
considered. Depending on the requirement on how long the tail of the total impulse
response needs to be calculated, number of reflections can be varied. But at least three
reflections should be considered as they carry the most significant amount of power [18],
[29].

Transformation of element coordinates to room coordinates for surfaces perpendicular
to walls:
In the Monte Carlo section of the CDMMC algorithm, directions of the rays are
generated probabilistically. This direction is indicated by a unit vector. However, the
coordinate system that the unit vector is based on is the local coordinate system of the
reflecting surface which is, in most cases, not the same as the coordinate system followed
for the room as shown in Figure 3-4. In Figure 3-12 we show the coordinate axes on all
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six surfaces of an empty room, where the origins of the individual coordinate systems are
not important as the unit vectors will point out the directions only. However, these
coordinate axes have to be rotated to resemble the directions of coordinate axes in Figure
3-4 so that the unit vectors can point out directions in room coordinates. This is done by
pre-multiplying the directions of the unit vectors with appropriate rotation matrices.

Figure 3-12. Axes of local coordinate systems of all surfaces of an empty room,
neglecting the individual origins of the systems (a) North wall, south wall and the ceiling
(b) East wall, west wall and the floor
The rotation matrices are defined as follows,
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1
0
0 


R x =  0 cos (θ x ) sin (θ x ) 
 0 − sin (θ x ) cos (θ x ) 

(3.16)

 cos (θ y ) 0 − sin (θ y ) 


Ry =  0
1
0



 sin (θ y ) 0 cos (θ y ) 

(3.17)

 cos (θ z ) sin (θ z ) 0 


R z =  − sin (θ z ) cos (θ z ) 0 

0
0
1 

(3.18)

where the subscript in the matrices indicate which axis remains fixed during the rotation
i.e. the axis about which the rotation occurs, and the angles represent anti-clockwise
rotation of the other two axes when the angle is positive and clockwise rotation when the
angle is negative. For e.g. the rotation matrix Rx, when pre-multiplied with a unit vector,
will rotate the coordinate system in such a way that the rotation will be about the x-axis
of the local coordinate system, and θx represents the angle at which y-axis rotates anticlockwise towards z-axis when it is positive and clockwise when it is negative. Thus, if a
unit vector in the local coordinate system of the surface is represented by

dˆ local = [ xlocal
following,

ylocal

zlocal ] , we can convert it to room coordinates by applying the
T
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dˆ room

 xroom 
=  yroom  = R x R y R z dˆ local
 zroom 

 xroom = xlocal cos (θ y ) cos (θ z ) + ylocal cos (θ y ) sin (θ z )


− zlocal sin (θ y )

y
= − xlocal ⋅ cos (θ x ) sin (θ z ) − sin (θ x ) sin (θ y ) cos (θ z )
 room

+ ylocal ⋅ cos (θ x ) cos (θ z ) + sin (θ x ) sin (θ y ) sin (θ z )


+ zlocal sin (θ x ) cos (θ y )


 zroom = xlocal ⋅ sin (θ x ) sin (θ z ) + cos (θ x ) sin (θ y ) cos (θ z )


− ylocal ⋅ sin (θ x ) cos (θ z ) − cos (θ x ) sin (θ y ) sin (θ z )


+ zlocal cos (θ x ) cos (θ y )


(

(

(
(

)

)

(3.19)

)
)

To rotate the directions of the local coordinate axes of the surfaces as shown in
Figure 3-12 to align with the directions of the room coordinate axes as shown in Figure 34, from the definitions of the rotation matrices and angles discussed above, we can obtain
the angles given in Table 3-1. By applying (3.19) with these angles, the direction of any
unit vector in reference to a local coordinate axis of a surface can be converted to the
direction in reference to the room coordinates. Though the equations in (3.19) look
involved, it can be observed that replacing the values of angles from Table 3-1 in (3.19)
leads to very simple equations for each surface. Also it should be noted that though we
have shown here only six surfaces, any other reflecting surfaces can be treated in a
similar way if they are perpendicular to the room walls.
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Table 3-1. Rotation angles of different surfaces
Angles
Surfaces
θx

θy

North

−π

2

South

−π

2

East

π

West

−π

2
2

π

θz

2

−π

2

0
0

0

−π

0

0

Ceiling

−π

0

0

Floor

0

0

0

Transformation of element coordinates to room coordinates for slanted surfaces:
In this sub-section we discuss the method of converting the direction of any unit
vector in reference to a local coordinate axis of a surface to the direction in reference to
the room coordinates when the surface in question is not perpendicular to any walls, the
ceiling or the floor. In this case the surface is slanted and the perpendicular to its local xy
plane i.e. the direction to which the surface is facing needs to be defined. We define it in
terms of its azimuth, φ and elevation, θ and they are shown in Figure 3-13. The
convention we follow here in order to obtain the local xy plane of the surface is as
follows. First, the x-axis of the room coordinate system has to be rotated by the azimuth
angle, φ, about the z-axis of the room coordinate system, where positive angle denotes
anti-clockwise rotation and negative angle denotes clockwise rotation. The rotated y-axis
is now termed as the local y-axis of the surface. Keeping the y-axis fixed at its position,
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another rotation is performed anti-clockwise to obtain the elevation angle, θ, which
defines the angle between the local z-axis of the surface and the xy plane of the room
coordinate system. That means, the rotation is performed anti-clockwise about the local
y-axis by an angle 90° – θ. The rotated x- and z-axes now indicate the local x- and z-axes
of the surface, respectively.

Figure 3-13. Azimuth and elevation of a slanted surface
With the conventions and definitions mentioned, we can now define the rotation
matrix to convert the direction of any unit vector in reference to a local coordinate axis of
a slanted surface to the direction in reference to the room coordinates. It should be noted
that this is simply a change of bases in terms of linear algebra, where the room coordinate
system forms the standard basis, and the local coordinate system forms a different basis
and the direction of the unit vector is given in terms of the latter basis. Hence we have,
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I 3×3dˆ room

 xroom 
=  yroom  = A local ,3×3dˆ local =  x local ,3×1
 zroom 

y local ,3×1

 xlocal 
z local ,3×1   ylocal 
 zlocal 

(3.20)

where I3×3 is the identity matrix representing the standard basis and Alocal,3×3 is the basis
representing the local coordinate system of the surface. The columns of this matrix
represent the axes of the coordinate system. We can determine these column vectors
graphically from Figure 3-13 following the conventions of azimuth and elevation as
stated earlier and obtain the following relations,
 xroom 
sin(θ ) cos(ϕ ) − sin(ϕ ) cos(θ ) cos(ϕ )   xlocal 



ˆd
ˆ
cos(ϕ ) cos(θ ) sin(ϕ )   ylocal 
room =  yroom  = A local ,3×3d local =  sin(θ ) sin(ϕ )
 zroom 
 − cos(θ )
  zlocal 
0
sin(θ )
 xroom = xlocal sin (θ ) cos (ϕ ) − ylocal sin (ϕ ) + zlocal cos (θ ) cos (ϕ )

  yroom = xlocal sin (θ ) sin (ϕ ) + ylocal cos (ϕ ) + zlocal cos (θ ) sin (ϕ )

 zroom = − xlocal cos (θ ) + zlocal sin (θ )

(3.21)

It is possible to use (3.21) as a general method in the case of perpendicular
surfaces too instead of using (3.19). However, the conventions of local axes shown in
Figure 3-12 have to be changed to properly use the definitions of azimuth and elevation
angles followed in (3.21).

Detection of an impact point of a ray and a surface:
We show here a procedure to detect the impact point as a generated ray is
propagated through the room. The impact point can be located on any reflecting surface.
The procedure here is a step-by-step process, where first it is checked if the impact point
is located on either the north or the south walls. If not, the check is continued for the west
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and the east walls. If not, the check is continued for the ceiling and the floor. The
procedure can be extended for any number of surfaces as necessary.
For e.g. we show here first how a check for the north wall is done. We know the
position vector of the point source from where the rays are generated. We need to know
the position vector of the impact point. This can be expressed by the following,

rimpact = rsource + knˆ ray

(3.22)

where the unit vector nˆ ray indicates the direction of the ray and k is the distance between
the point source and the impact point. In Figure 3-14 we show the geometry for
determining the distance k.

Figure 3-14. Geometry showing the method to determine the coordinates of the impact
point

nˆ surface is the unit vector perpendicular on the surface we are checking. Since we

(

)

are concerned with the north wall now, nˆ surface = 1ˆi , 0 ˆj, 0kˆ , where the symbols carry
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(

)

their usual meanings. We also have, nˆ ray = xray ˆi , y ray ˆj, z ray kˆ . ψ is the angle between
these two unit vectors. Then from their dot products we have,
nˆ ray ⋅ nˆ surface = nˆ ray nˆ surface cos(ψ )
 xray = 1× 1×
k=

d
k

(3.23)

d
xray

where d is the perpendicular distance from the north wall to the point source, which is
known from the position of the point source and the room length. Equation (3.22) is
applied as the next step and the obtained coordinates are checked whether they fall into
the boundaries of the north wall. If not, the next wall is checked using a similar procedure
and the process continues.

3.7.4.2 Summary of the steps of the CDMMC algorithm
The CDMMC algorithm can be summarized as having the following steps:
Step 1. Calculate the normal unit vectors of the source and the receiver with respect to
their surface from their azimuth and elevation, if given.
Step 2. Calculate LOS response from the source to the receiver.
Step 3. Divide all surfaces of the room into small reflecting elements and record their
normal unit vectors with respect to their surface.
Step 4. Calculate LOS response from the source to all small reflecting elements. Keep
track of time required for light to travel from the source to each element, i.e,
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ts_elem = d s_elem c , where ds_elem is distance from the source to an element and c is
the speed of light.
Step 5. Consider each element as a point source having Lambertian mode number n = 1.
Power emitted by each element is Pelem_emit = Pelem_receive × ρsurface , where ρsurface is
the reflecting coefficient of the surface to which the element belongs.
Step 6. Calculate LOS response from each reflecting element to the receiver. Keep
track of time, telem_r = d elem_r c , where delem_r is the distance from an element to
the receiver.
Step 7. Add all responses at times telem_r + ts_elem . This will give the contribution of first
reflections to the total impulse response.
Step 8. Generate rays having random directions using Lambertian pattern as a pdf from
each small reflecting element acting as a source. If number of rays generated
from each element is Nray, each ray will carry power Pray = Pelem_emit N ray .
Step 9. Propagate each ray until a surface is hit. Find the impact point. Keep track of
time, telem_impact = d elem_impact c , where delem_impact is the distance from the element
to the impact point.
Step 10. From the impact point, calculate LOS response to the receiver. Keep track of
time, timpact_r = d impact_r c , where dimpact_r is the distance from the impact point to
the receiver.
Step 11. Add all responses at times timpact_r + telem_impact + ts_elem . This will give the
contribution of second reflections to the total impulse response.
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Step 12. Generate another ray from the impact point having power Pray = Pinco_ray × ρsurface ,
where Pinco_ray is the power of the incoming ray that hit this surface at the impact
point and ρsurface is the reflecting coefficient of the surface to which the impact
point belongs.
Step 13. Propagate the ray until a surface is hit. Find the impact point. Keep track of
time, timpact_impact = d impact_impact c , where dimpact_impact is the distance between the
two impact points.
Step 14. From the new impact point, calculate LOS response to the receiver. Keep track
of time, timpact_r = d impact_r c , where dimpact_r is the distance from the new impact
point to the receiver.
Step 15. Add all responses at times timpact_r + timpact_impact + telem_impact + ts_elem . This will give
the contribution of third reflections to the total impulse response.
Step 16. Repeat steps 12 – 15 to calculate contributions from as many reflections to the
total impulse response as required.

3.7.5 Test and Simulation Results

3.7.5.1 Comparison of impulse responses calculated by different algorithms
We have simulated the impulse responses of three room configurations given in
Table 3-2. These room configurations are the same as reported in [18]. We have selected
these as our test configurations since [18] has reported experimental results of impulse
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responses of these configurations too. The experimental results and the simulations
reported in [18] match closely with each other, hence we have chosen to compare our
calculated impulse responses with those reported in [18], as the latter can be assumed to
be completely correct.
Table 3-2. Room configurations and parameters of the source and the receiver for
simulations

Configuration A

Configuration B

Configuration C

Room and surfaces
Room length: 7.5 m
Room width: 5.5 m
Room height: 3.5 m
Reflecting
coefficients:
ρNorth: 0.30
ρSouth: 0.56
ρEast: 0.30
ρWest: 0.12
ρCeiling: 0.69
ρFloor: 0.09
Room length: 7.5 m
Room width: 5.5 m
Room height: 3.5 m
Reflecting
coefficients:
ρNorth: 0.58
ρSouth: 0.56
ρEast: 0.30
ρWest: 0.12
ρCeiling: 0.69
ρFloor: 0.09
Room length: 7.5 m
Room width: 5.5 m
Room height: 3.5 m
Reflecting
coefficients:
ρNorth: 0.58
ρSouth: 0.56
ρEast: 0.30
ρWest: 0.12
ρCeiling: 0.69
ρFloor: 0.09

Source
Lambertian mode: 1
x: 2.0 m
y: 4.0 m
z: 3.3 m
elevation: –90°
azimuth: 0°

Receiver
Area: 1×10-4 m2
x: 6.6 m
y: 2.8 m
z: 0.8 m
elevation: +90°
azimuth: 0°
FOV: 70°

Lambertian mode: 1
x: 5.0 m
y: 1.0 m
z: 3.3 m
elevation: –70°
azimuth: 10°

Area: 1×10-4 m2
x: 2.0 m
y: 4.0 m
z: 0.8 m
elevation: +90°
azimuth: 0°
FOV: 70°

Lambertian mode: 1
x: 3.75 m
y: 2.75 m
z: 1.0 m
elevation: +90°
azimuth: 0°

Area: 1×10-4 m2
x: 6.0 m
y: 0.8 m
z: 0.8 m
elevation: +90°
azimuth: 0°
FOV: 70°
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In this sub-section we show explicitly the shape of the impulse response of
configuration A in Figure 3-15 to point out that the impulse response calculated by our
algorithm (CDMMC) matches very closely with that calculated by Barry’s algorithm [18]
and the MMC method [29]. Configuration A has a LOS response between the source and
the receiver. This has been shown in the figure. Since in the CDMMC algorithm, the
contribution of first reflections to the total impulse response has been calculated using
exactly the similar process as Barry’s algorithm i.e. deterministically, it is without
variance. However, the contributions of rest of the reflections to the total impulse
response are generated in a similar process as the MMC method, and so they will not be
as temporally smooth as the contribution of first reflections. This variance can be seen in
the impulse responses generated by the MMC and the CDMMC methods in parts (b) and
(c) of Figure 3-15 that show the contribution of second reflections and contributions of
third and rest reflections to the total impulse response, respectively. The impulse response
calculated by Barry’s algorithm as shown in Figure 3-15 here contains only three
reflections while the impulse responses calculated by the MMC and the CDMMC
methods contain ten reflections. Hence, in Fig. 5(a) and 5(c) we observe higher power in
the impulse responses that are related to the contributions of third and rest reflections to
the total impulse response. From Figure 3-15 it can be concluded that impulse responses
calculated by all three algorithms are very similar in shape to each other.
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Figure 3-15. (a) Elements of impulse response of configuration A (Table 3-2) showing
the LOS component, contributions of first, second, third and rest reflections to the total
impulse response separately as calculated by Barry’s algorithm, the MMC and the
CDMMC method, (b) A zoomed-in version of the contribution of second reflections to
the total impulse response, (c) A zoomed-in version of the contributions of third and rest
reflections to the total impulse response
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3.7.5.2 Error Analysis
As noted in the previous sub-section, the CDMMC method introduces some
variance when calculating contributions of second and rest reflections to the total impulse
response since this part of the algorithm employs Monte Carlo method. Though all three
algorithms, namely Barry’s algorithm, the MMC and the CDMMC algorithms calculate
very similar impulse responses, it is important to analyze the nature of this variance to
understand better their strengths and weaknesses.
The MMC algorithm introduces variance as it employs Monte Carlo method. In
[30], the nature of this variance and estimated error has been analyzed in details. It is
useful to analyze the estimated error in terms of relative estimated error, which is
indicated by the ratio of the square root of the variance of the received power in a small
time interval, or in other words, one standard deviation of the received power in a small
time interval to the total power received in that time interval. From [30], this quantity is
given by,


1  Nk
−
p
  pi ,k 

N  i =1
i =1

Nk

rel err ( Pk ) =

2

2
i ,k

Pk

(3.24)

where Nk denotes the number of rays reaching the receiver in the k-th time interval, pi,k is
the amount of power contributed to the receiver by the i-th ray in that interval, N is the
total number of rays in flight in the interval which is equal to the number of rays emitted
from the source if the time interval is small, and Pk is the total power received in the
Nk

small time interval. For the MMC algorithm, Pk =  pi , k . In the case of the CDMMC
i =1
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method, contribution of first reflections to the total impulse response is calculated
deterministically, similar to Barry’s algorithm. Hence, there is no variance in that
contribution. Variance exists for the contributions of second and rest reflections only.
Thus, (3.24) can be used to calculate relative estimated error in a small time interval for
the

CDMMC

algorithm

too,

except

Pk

in

this

case

is

given

by,

Nk

Pk = {Contribution of 1st reflections in k -th time interval} +  pi ,k .
i =1

From the above definitions, some observations can be made immediately. The
CDMMC algorithm will show zero relative errors at time intervals when only the first
reflections contribute to the total impulse response. Relative errors will be non-zero only
when the second and subsequent reflections contribute to the total impulse response. This
is a benefit of the CDMMC method compared to the MMC algorithm where relative
errors exist at all time intervals when power is received from any reflections. This benefit
will be more useful when the first reflections contribute a large percentage of power to
the total impulse response. For e.g., [18] shows that configuration C in Table 3-2 has an
impulse response where the first reflections contribute 79.9% of the total power. Hence,
zero relative errors for that portion of the total impulse response is more beneficial in
terms of accuracy compared to other configurations such as configuration B in Table 3-2
where the first reflections contribute only 4.8% of the total power [18]. Thus, the
CDMMC algorithm provides greater advantage when there is no LOS between the source
and the receiver, so that first reflections contribute the most significant portion of power
to the total impulse response.
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It is also useful to compare relative estimated errors in the impulse responses
calculated by both the MMC and the CDMMC algorithms when only second and rest of
the reflections contribute to the total impulse response. The comparison should be done
while keeping the total number of rays generated by each algorithm same as this number
can be used to compute the complexity of the algorithms later.
It is possible to make some initial guesses on the comparison of relative estimated
errors based on the structure of the algorithms before showing simulation results. If the
total number of rays generated by both the algorithms is same, the CDMMC method
should show higher relative estimated errors than the MMC method when there is a
single source. The reason can be explained by noticing that all small surface elements in
the CDMMC method are considered with equal importance in terms of number of rays
generated from them. Since the main source is Lambertian, some surface elements will
receive much less power as LOS contribution than others from the source while some
elements will receive much more, but they all generate same number of rays. It means the
values of the power contributions pi,k contributed by the Nk rays in the k-th time interval
in (3.24) varies more from each other in the CDMMC method than in the MMC
algorithm. Hence, in the k-th time interval, the term

Nk

p

2
i ,k

will have higher values in the

i =1

CDMMC method while the term

Nk

p

i ,k

is approximately the same for both the

i =1

algorithms since the latter term indicates total received power in the k-th time interval.
From (3.24) it can then be concluded that the CDMMC method should result in higher
relative estimated errors for contributions of second and rest reflections to the total

82

impulse response than the MMC method if the total number of rays generated
probabilistically is same for both algorithms.
The values of relative estimated errors can be decreased by generating more rays
from each small surface element in the CDMMC method, i.e. to achieve the same relative
estimated errors as the MMC algorithm, the CDMMC method will require more rays to
be generated. Another approach is to assign the number of rays to be generated from the
surface elements according to the power they receive as LOS contribution from the
source instead of keeping the number same for all elements, however, this will increase
the complexity of the method. The first approach, i.e. increasing the number of rays is
automatically taken care of in the CDMMC algorithm when there are multiple sources.
For e.g., if there are L sources in the room instead of one, the small surface elements can
be assigned L power levels received from each source and L elapsed time periods that are
required for light to traverse the distance between each of the sources and the surface
elements. When a ray is generated from a surface element to calculate contributions of
second and rest reflections to the total impulse response, the power contributions and the
elapsed times for L sources can be calculated easily by using these L values assigned to
that surface element instead of generating L new rays. This means that the number of rays
that actually contributes to the receiver is increased L times while the total number of
rays generated probabilistically remains same as the number of rays generated in the case
of a single source. In the MMC algorithm, the number of rays generated from each source
is decreased L times than the number used for a single source so that the total number of
rays remains same when either a single source or L sources are used. The end result is
that values of relative estimated errors should be lower in the CDMMC method in the
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case of multiple sources compared to a single source and can even be lower than values
of relative estimated errors achieved by the MMC method when the total number of rays
generated by both methods remains same. In the latter case, the total number of rays
generated by the MMC method can be increased to achieve the same values of relative
estimated errors as the CDMMC algorithm.
As an illustration of the above discussions, Figure 3-16 shows relative estimated
errors calculated for both the MMC and the CDMMC methods. The results are generated
considering ten reflections for each algorithm. For the CDMMC method, surface
elements have an area of 1×10-4 m2. Each element emits ten rays. Part (a) of Figure 3-16
has been generated for configuration A of Table 3-2. For this configuration, total number
of rays is 17350000 for both the algorithms. Relative estimated errors for the CDMMC
method is initially zero when only the first reflections contribute to the total impulse
response. From Figure 3-15 (b), we can see that second and rest reflections begin to
contribute to the total impulse response at about 25 ns. Thus, from this starting point of
time, relative errors of the CDMMC method exist and soon become greater than that of
the MMC method, the reasons of which have been explained earlier. Figure 3-16 (b) has
been generated for a multiple source environment that has the exact same configuration
as configuration A of Table 3-2 except four sources have been employed whose locations
are (2.5 m, 1.85 m, 3.3 m), (2.5 m, 3.7 m, 3.3 m), (5.0 m, 1.85 m, 3.3 m), and (5.0 m, 3.7
m, 3.3 m) given as (x, y, z) coordinates. All other parameters of the sources are same as
the single source in configuration A. As expected and explained earlier, from Figure 3-16
(b) it can be seen that relative estimated errors of the CDMMC method in this case is
smaller than that of the MMC method.
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Figure 3-16. (a) Relative estimated errors of the MMC and the CDMMC methods
generated for configuration A (Table 3-2), (b) Relative estimated errors of the MMC and
the CDMMC methods generated for configuration A except with four sources whose
locations are (2.5 m, 1.85 m, 3.3 m), (2.5 m, 3.7 m, 3.3 m), (5.0 m, 1.85 m, 3.3 m), and
(5.0 m, 3.7 m, 3.3 m) given as (x, y, z) coordinates, and all other parameters of the
sources are same as the single source in configuration A. Ten reflections are considered
for both parts (a) and (b).

3.7.5.3 Computational complexity
We compare the computational complexity of the algorithms in terms of
elementary calculations. An elementary calculation can be defined as the calculation of
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received power by a surface element from a source using (3.6) and associated delay
indicating the time required for light to traverse the distance between the source and the
surface element. Number of elementary computations performed by Barry’s algorithm
[18] is approximately equal to N eK , where Ne is the number of surface elements and K is
the number of reflections considered in the simulation. This value is very high and
becomes quickly infeasible to compute impulse responses containing more than three
reflections. The upper bound of elementary computations [33] performed by the MMC
MMC
= KN rays_MMC N S , where K is the number of reflections considered in the
method is N comp

simulation, Nrays_MMC is the number of rays generated by the source and NS is the number
of surfaces in the room. The upper bound of elementary computations performed by the
CDMMC
= Ne + ( K − 1) Ne N rays_e N S , where Ne is the number of
CDMMC method is Ncomp

surface elements, K is the number of reflections considered in the simulation, Nrays_e is
the number of rays generated by each surface element and NS is the number of surfaces in
CDMMC
the room. The first term of Ncomp
is the number of elementary computations performed

for calculating contribution of first reflections to the total impulse response. The number
of elementary computations required to calculate contributions of rest of the reflections,
CDMMC
i.e. K – 1 reflections to the total impulse response is given by the second term of Ncomp

MMC
, which is similar to the form of N comp
as the value NeNrays_e indicates total number of

rays generated probabilistically by the CDMMC algorithm, whereas in the MMC method
this value is equal to Nrays_MMC. Note that, an optimization can be performed in case of the
CDMMC method when the source is Lambertian. Since a Lambertian source does not
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emit any light towards the opposite plane to which it is facing, all surface elements Ne
CDMMC
need not be considered in the second term of Ncomp
. Surface elements belonging to the

wall or the surface opposite to the plane to which the source is facing can be omitted as
they will receive no power from the source as LOS contribution. However, there are
sources that are non-Lambertian and light fixtures exist that have radiation patterns where
a portion of the radiation emits from the opposite plane to which the source faces. Hence,
in general, to calculate upper bound, we consider all surface elements Ne in the second
CDMMC
.
term of Ncomp

As explained in the previous sub-section, the total number of rays needed by the
MMC and the CDMMC algorithms to achieve the same relative estimated errors varies
according to configurations. Hence, to compare the CDMMC method with the MMC
algorithm, we first set, N rays_MMC = N e N rays_e , and then multiply the total number of rays
required by the CDMMC method to achieve the same relative estimated errors as the
MMC method by a parameter α. This parameter can take positive values either greater
than or smaller than 1, depending on whether the total number of rays required by the
CDMMC method is smaller or greater than the MMC method, respectively, to achieve
the same relative estimated errors. If we now calculate the percentage increase or
decrease of the number of elementary computations by the MMC method compared to
the CDMMC algorithm, we have,
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(N

MMC
comp

CDMMC
− N comp

N
=

MMC
comp

) ×100%

KN rays_MMC N S − { N e + ( K − 1)α N e N rays_e N S }
KN rays_MMC N S

= 1−α +

α
K

−

Ne
KN rays_MMC N S

× 100%

(3.25)

× 100%

Ne
 K −1 
= 1−α 
× 100%
−
 K  KN rays_MMC N S


<<1

We can neglect the last term in the final expression of (3.25) and focus on the first
two terms. The value of

K −1
 K −1 
is always less than unity. Hence, the value of α 
 is
K
 K 

less than the value of α. Thus, depending on values of K and α, the final result can either
be positive or negative. Hence, even if α is greater than 1, denoting that the CDMMC
method requires more rays than the MMC method to achieve the same relative estimated
errors, having lower K can yield positive results from (3.25), denoting that the MMC
method will require more elementary computations than the CDMMC algorithm. A quick
calculation shows that with the smallest number of reflections in the total impulse
response that may be acceptable for lower data rate communication systems, i.e. K = 3, α
can be as high as 1.5, i.e. the CDMMC method can require 50% more rays than the MMC
method but still can have lower computational complexity if only three reflections are
considered. Higher values of α or higher number of reflections, K, will yield a negative
result from (3.25), denoting that the MMC method will require less elementary
computations than the CDMMC method. If α is smaller than 1, the result is always
positive. As a numerical example, we take configuration B from Table 3-2 and plug in
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values into (3.25), while assuming α = 1. If the surface elements have an area of 1×10-4
m2, we have Ne = 1735000. Other values are as follows: K = 5, NS = 6, Nrays_e = 10.
Putting these values in (3.25) yields the result of 19.67% decrease in elementary
computations.
Thus, the MMC and the CDMMC methods are not directly comparable with each
other in terms of elementary computations required by them as this is dependent on the
configuration of the environment. The CDMMC method provides greater advantages
when there is no LOS between the source and the receiver and when there are multiple
sources. In other configurations that have a single source and LOS link between the
source and the receiver, the CDMMC method may still be advantageous in terms of
elementary computations if α is not too high and number of reflections considered in the
total impulse response is low.

3.7.5.4 Implementation and test runs
For testing the CDMMC algorithm and comparing it to Barry’s algorithm and the
MMC method, we have implemented all three of them. The program is written in C++
with various optimization tricks such as avoiding divisions in the elementary
computations so that the resulting program can run at the highest speed possible. The
tests have been conducted on three systems. Processor specifications of the systems are
given in Table 3-3. The program has been compiled by the GCC compiler, version 4.8.1,
with all speed optimizations on for systems 1 and 2. For system 3, we used the Intel C++
compiler, version 14.0, with all Intel processor specific optimizations on. We have tested
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the configurations in Table 3-2 using all of the algorithms. Since this test is primarily a
speed test, we have limited ourselves to three reflections. The time resolution is 0.2 ns.
The implementations of the MMC and the CDMMC methods also have parallel
computation options that take advantage of multi-core processors. These parts are
implemented using OpenMP parallel programming specifications.
Table 3-3. Processor specifications of test systems
Processor
and model
Processor
frequency

System 1
System 2
name Intel Mobile Core 2 Intel Xeon
Duo T9400
E5420
2.53 GHz

No. of processor 2
cores

2.50 GHz
4

System 3
Intel Core i7-2600K
3.40 GHz (3.80 GHz with
Intel Turbo Boost
Technology)
4

System 1 in Table 3-3 has higher processor speed than system 2, but it is a mobile
processor in a laptop, and the processor of system 2 has other advantages in terms of
cache memory. So the execution times of the algorithms are expected to decrease from
system 1 to system 3. We have not tested Barry’s algorithm in system 1 because of very
high computation time required. The other two systems have been used to test all three
algorithms and the comparisons have been shown.
In order to verify that the analyses in the previous sub-section and the results
obtained from (3.25) are correct, we have set α = 1 first and carried out the simulations.
Total number of rays for each algorithm was 17350000, calculated in a similar manner
shown in the previous sub-section. If (3.25) is correct, the results should show lower time
required by the CDMMC algorithm than the MMC method since we have set α = 1. Next,
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since the CDMMC method will produce higher relative estimated errors than the MMC
algorithm for single source configurations when second and rest reflections contribute to
the total impulse response, we calculated the value of α for each configuration in Table 32 that leads to approximately equal relative estimated errors achieved by both algorithms.
The required value of α can be found from a single run of the algorithm by utilizing a
property of the Monte Carlo method [30], according to which, the estimated errors of
both these algorithms are inversely proportional to the square-root of total number of
rays. For configurations A, B and C of Table 3-2, the values of α are approximately 1.5,
2, and 2, respectively. According to (3.25), the CDMMC algorithm should require more
time than the MMC method in these cases. For the CDMMC method, in case of α = 1, 10
rays were generated from each small reflecting element. In case of α = 1.5, 15 rays were
generated from each element, and so on. Achieving exactly equal variance for the whole
duration of the impulse response by both the algorithms is not possible, but these values
of α give approximately equal relative estimated errors achieved by them. Figure 3-17
shows relative estimated errors for the configurations of Table 3-2 using the
aforementioned values of α. It can be seen that relative estimated errors achieved by the
CDMMC method become lower than the MMC method at the tail end of the impulse
response.
Also, as mentioned earlier, the CDMMC method has a scope of optimization by
excluding the surface that does not have any LOS path with the source, which is possible
when the source is Lambertian and the surface normal of the source is at 90° with that
surface or wall. This is possible for configurations A and C of Table 3-2, but in the case
of configuration B, the surface normal of the source is not at right angles with any wall or
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surface, and all walls of the room have some LOS path with it. Hence optimization of the
CDMMC method in the case of configuration B is not possible.

Figure 3-17. Relative estimated errors of the MMC and the CDMMC methods generated
for (a) Configuration A (Table 3-2) at α = 1.5, (b) Configuration B at α = 2, and (c)
Configuration C at α = 2, when three reflections are considered.
The results of the tests are reported in Table 3-4 where each execution time is an
average of a number of runs. The percentage values in parentheses shown in rows of
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parallel implementations indicate the percentage reduction in execution times compared
to their respective sequential implementations.
Table 3-4. Test results showing execution time of Barry’s algorithm, MMC and CDMMC
methods
Algorithms
Barry’s algorithm
MMC method

α=1
Configuration A: α = 1.5
Configuration B: α = 2
Configuration C: α = 2

System 1

MMC method (parallel)
CDMMC method
CDMMC method
(parallel)
CDMMC method
(optimized)
CDMMC method
(optimized &
parallel)
CDMMC method
CDMMC method
(parallel)
CDMMC method
(optimized)
CDMMC method
(optimized &
parallel)

Barry’s algorithm
MMC method

α=1

System 2

MMC method (parallel)
CDMMC method
CDMMC method
(parallel)
CDMMC method
(optimized)
CDMMC method

Execution times (seconds)
Configuration A Configuration B Configuration C
N/A
92.578
51.109
(-44.79%)
67.125
36.359
(-45.83%)

N/A
95.390
52.265
(-45.21%)
66.046
35.812
(-45.78%)

N/A
96.234
56.984
(-40.79%)
64.875
34.234
(-47.23%)

50.914

N/A

50.843

23.359
(-54.12%)

N/A

23.203
(-54.36%)

100.885
55.354
(-45.13%)

133.851
72.492
(-45.84%)

133.554
71.57
(-46.41%)

77.927

N/A

102.804

35.781
(-54.08%)

N/A

48.71
(-52.61%)

16851.208
54.610
16.765
(-69.3%)
39.672
11.812
(-70.23%)

17024.718
52.844
16.589 (-68.61%)
37.237
11.108 (-70.17%)

16897.852
57.527
17.807
(-69.05%)
39.022
11.651
(-70.14%)

30.14

N/A

30.898

9.226

N/A

9.335

Configuration A: α = 1.5
Configuration B: α = 2
Configuration C: α = 2
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(optimized &
parallel)
CDMMC method
CDMMC method
(parallel)
CDMMC method
(optimized)
CDMMC method
(optimized &
parallel)

Barry’s algorithm
MMC method

α=1
Configuration A: α = 1.5
Configuration B: α = 2
Configuration C: α = 2

System 3

MMC method (parallel)
CDMMC method
CDMMC method
(parallel)
CDMMC method
(optimized)
CDMMC method
(optimized &
parallel)
CDMMC method
CDMMC method
(parallel)
CDMMC method
(optimized)
CDMMC method
(optimized &
parallel)

(-69.38%)
59.599
19.963
(-66.5%)

(-69.78%)
79.271
23.302 (-70.6%)

79.672
22.099
(-72.26%)

46.864

N/A

61.276

13.729
(-70.7%)

N/A

18.218
(-70.26%)

2411.695
5.645
1.599
(-71.67%)
3.978
1.546
(-61.13%)

2411.598
5.761
1.588
(-72.43%)
3.981
1.576
(-60.41%)

2412.263
6.031
1.694
(-71.91%)
4.028
1.585
(-60.65%)

3.101

N/A

3.094

1.417
(-54.3%)

N/A

1.437
(-53.55%)

5.917
2.235
(-62.22%)

7.829
2.867
(-63.37%)

7.817
2.839
(-63.68%)

4.59

N/A

6.039

2.047
(-55.4%)

N/A

2.547
(57.82%)

3.7.5.5 Discussions
From Table 3-4 it can be seen that, with the same number of rays generated
probabilistically i.e. α = 1, the CDMMC method requires fewer elemental computations
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than the MMC algorithm. To generate impulse responses having approximately equal
relative estimated errors as the MMC algorithm, the CDMMC method will require more
rays for single source configurations but less rays for multi-source configurations than the
MMC algorithm. The simulation results shown in Table 3-4 are obtained for single
source configurations, hence the required values of α for equal variance are greater than
1. Specifically, for configurations A, B and C, values of α are approximately 1.5, 2, and
2, respectively. According to (3.25), the required time by the CDMMC method should be
higher than the MMC algorithm when α ≥ 1.5 and three or more reflections are
considered. This is verified from the results of Table 3-4. However, the two methods
cannot usually achieve equal relative estimated errors at every time interval as the
CDMMC algorithm does not produce any variance when first reflections contribute to the
total impulse response. Also, the variance changes throughout the duration when second
and rest reflections contribute to the total impulse response, at values of α other than 1, as
compared to the variance in the total impulse response generated by the MMC method.
So, at values of α greater or smaller than 1 as required by the particular configuration,
variance generated by these two algorithms will be approximately equal for a portion of
the total impulse response but not for the complete duration, or in other words, not at
every time interval.
The CDMMC method also has a scope of optimization as discussed earlier, which
has been applied for configurations A and C. The required time is decreased as expected
since a complete surface or wall is excluded from the calculations. The shape of the total
impulse response is completely unaffected by this exclusion, and the calculated variance
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by (3.24) actually becomes slightly smaller than the un-optimized approaches because the
rays carrying zero power are neglected, though this effect is very small.
In the case of parallel implementation of the CDMMC method, contribution of
first reflections to the total impulse response has been calculated sequentially in a loop
and only the Monte Carlo portion of the algorithm, i.e. contributions of second and rest
reflections to the total impulse response takes advantage of multiple cores present in the
processor. The parallel implementation of the MMC method takes full advantage of
parallelism throughout its execution. Thus, it is expected that the MMC method should
achieve higher percentage of reduction in its execution times in its parallel
implementations compared to its sequential counterparts than that is achieved by the
CDMMC method. However, this is observed only in case of system 3 where we observe
around 70% reduction in execution times by the MMC method while the CDMMC
algorithm achieves around 60% reduction in execution times compared to their respective
sequential implementations. The reason behind this is that the implementation in system
3 is a 64-bit implementation while the other two systems are 32-bit. Since, most variables
used throughout the algorithms are of ‘double’ variety, i.e. 64 bit, system 3 shows the
most correct execution times that match with predictions. In any case, the results show
that the CDMMC method can also take advantage of parallel computations similar to the
MMC algorithm and result in further reduction of the required execution time than
sequential implementation. Of course, both of these two methods are much faster than
Barry’s algorithm as the latter requires many more elemental computations as discussed
earlier.
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3.8 Conclusions
In this chapter we have discussed why impulse response is an important tool in
analyzing an indoor optical wireless channel as the channel impulse response can give us
an estimate of ISI in case of high-speed communications through simulations. Since
calculating an impulse response for an indoor OWC is difficult because of reflections and
multipath phenomena from different surfaces with different reflectivities, a number of
algorithms exist to simulate with very good accuracy an impulse response of an indoor
environment when all specifications of that system are available. Mainly, two branches of
algorithms exist; deterministic approaches such as Barry’s algorithm and probabilistic
approaches based on Monte Carlo simulation such as the MMC method each has their
advantages and disadvantages including speed and accuracy. In this chapter we have
described a combined approach of calculating impulse responses of indoor room
environments termed as the CDMMC algorithm that employs both deterministic and
Monte Carlo methods. Our approach is much faster than Barry’s algorithm because the
CDMMC method employs Monte Carlo simulations. Also it shows some advantages
compared to the MMC method such as zero variance in the contribution of first
reflections to the total impulse response and thus can provide greater advantages when no
LOS exists between the source and the receiver, since in this case first reflections will
contribute most significant portion of power to the total impulse response. When there are
multiple sources, the relative estimated errors of the CDMMC algorithm become less
than that achieved by the MMC method due to multiple uses of each ray. The CDMMC
method will require higher number of rays than the MMC method to achieve the same
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relative estimated errors in case of single source configurations; however, if this increase
is not too significant, for e.g. less than 50% increase, and number of reflections
considered in the total impulse response is low, the CDMMC method may still be
advantageous as the number of elementary computations becomes less than what is
required by the MMC algorithm in such particular cases. Since the variance of both these
algorithms are inversely proportional to the square-root of total number of rays as a
property of the Monte Carlo method [30], it is possible to make a single run of these
algorithms for a particular configuration and decide which algorithm will achieve
required relative estimated errors with lower number of elementary computations using
(3.25) and hence achieve lower execution times.
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Chapter 4
Analyses of Indoor Optical Wireless Channels based on Channel Impulse
Responses

4.1 Introduction
In the last chapter, we have included details on techniques to simulate the channel
impulse response of an indoor optical wireless channel (OWC). With the channel impulse
response it is possible to analyze a communications link and predict its performance in
the presence of noise and other factors that influence bit-error-rate performance. In this
chapter we aim to first analyze in details different indoor channel impulse responses and
their Fourier transforms, the frequency responses of the channels, and show that the size
of the room and the positions of transmitters and receivers have big influence on the
achievable performance. Later, we will analyze the different types of noise present in
indoor wireless communication systems. We will also show effects of furniture and other
reflecting surfaces in a room on the channel impulse response compared to a room having
no furniture.

4.2 Analyses of optical wireless channel impulse responses
Indoor optical wireless channel impulse responses are very much dependent on
the configuration of the room and positions and configurations of transmitters and
receivers. To show this, we need to evaluate impulse responses of many different rooms
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having transmitters and receivers at many different positions within them. We can
broadly select three room configurations for our analyses, making the lengths, the widths
and the heights of the rooms representative of usual room configurations at normal
dwellings, at office buildings and for larger conference rooms, respectively. We will
assume the walls of the rooms are made with plaster and colored white, so that the
reflecting coefficient is 0.7 for all walls and the ceiling, and for the floor we will assume
it is 0.25. We will confine our analyses here for monochromatic systems, i.e. we will
assume the transmitter is a laser source emitting only one wavelength. Analyses where
the source is an LED follows in a similar method, except when the impulse response is
calculated, different reflecting coefficients at different wavelengths have to be taken care
of since LED is a broad linewidth source. Also, since LEDs have a limited bandwidth of
around 20 MHz – 100 MHz, it is more useful to analyze impulse responses of indoor
optical wireless channels where the source is laser as the latter types of sources have a
much higher bandwidth, in the tens of GHz range. At the receiver side, the area and the
FOV of the photodiode are important parameters to consider. The FOV will control
directly the amount of reflections that the photodiode receives; hence by modifying the
FOV it is possible to consider a communications system where inter-symbol-interference
(ISI) is low. The FOV is controllable by the lens that is usually employed at the opening
of the detector active area, i.e. it is a modifiable parameter. What is not modifiable is the
detector active area which controls the amount of optical power that the detector receives
to convert to electrical current. High-speed photodiodes have small detection area, and
the higher the supported bandwidth of the photodiode is, the smaller the area of the
detection surface becomes. It means for high speed photodiodes, the intensity of light
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reaching the receiver has to be more to maintain the same performance as low speed
photodiodes. One possible way to ensure this is to use focusing lens and concentrators in
front of detectors that capture more light. We will first analyze the systems without a
focusing lens or concentrator at the receiver side.
Table 4-1 shows the room configurations that will represent three categories of
rooms, namely those at home, at office and at conference halls. At this point, we consider
there is no furniture present in the rooms.
Table 4-1. Room configurations for impulse response analyses
Configuration A

Configuration B

Configuration C

Length

5m

6m

7.5 m

Width

4m

5m

5.5 m

Height

2.5 m

3.5 m

3.5 m

ρNorth: 0.7

ρNorth: 0.7

ρNorth: 0.7

ρSouth: 0.7

ρSouth: 0.7

ρSouth: 0.7

Reflecting

ρEast: 0.7

ρEast: 0.7

ρEast: 0.7

Coefficients

ρWest: 0.7

ρWest: 0.7

ρWest: 0.7

ρCeiling: 0.7

ρCeiling: 0.7

ρCeiling: 0.7

ρFloor: 0.25

ρFloor: 0.25

ρFloor: 0.25

The conventions of coordinate system to be followed for source and receiver
locations are the same as shown in Figure 3-4. Since we will analyze impulse responses
for different locations of sources and receivers, we will not mention their locations in a
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fixed tabular format at this point. The fixed parameters of the source and the receiver are
given in Table 4-2.
Table 4-2. Source and receiver configurations for impulse response analyses
Source

Receiver

Lambertian mode: 1

Area: 2.5×10-9 m2

x: to be varied

x: to be varied

y: to be varied

y: to be varied

z: to be varied

z: 0.8 m

elevation:
–90° (LOS) / +90° (NLOS)

elevation: +90°

azimuth: 0°

azimuth: 0°
FOV: 70°

The elevation of the source will indicate whether the communication link is a
LOS or a NLOS system. We will place the receiver at a height of 0.8 m, indicating that it
is placed on some fixture such as a table. The elevation of the receiver is +90° which
means it is facing upwards towards the ceiling. It may be helpful to recall that the
elevation of a source or a receiver is defined as the angle that the normal of the source or
the receiver makes with the xy-plane. Now, since the receiver faces upward in the
following analyses, the source’s elevation and the z coordinate will indicate the type of
link. If the z coordinate of the source is almost equal to the room height and its elevation
is –90°, the source is facing downwards from the ceiling towards the floor. This type of
link can be a LOS link if the receiver’s FOV and position enables it to receive light from
the source directly. Since our analyses are confined to monochromatic sources at this
point, it means the actual laser transmitter is located elsewhere, but the laser beam hits
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the ceiling at the position indicated. The location of the laser transmitter is of no concern
to the system because the impact point where the emitted beam has hit the ceiling acts as
the source for the communication system. On the other hand, if the z coordinate of the
source is about the same as the receiver and elevation of the source is +90°, it will
indicate that the source if facing upwards towards the ceiling. This is possible for a
monochromatic system if a source is made by placing a diffuser in front of a laser
transmitter. The diffuser makes the output radiation pattern Lambertian, and the whole
transmitter along with the diffuser can be made to face directly upwards. Thus, it is
essentially a NLOS system as both the source and the receiver face upwards, and the
receiver can detect light from reflections only.
The area of the receiver is also an important parameter as described earlier. Here,
we have assumed a realistic value to be the detection area for a photodiode having
bandwidth of about 1 GHz and having a detectable wavelength range of 850 nm – 1600
nm (for e.g. [39]). The selected value is quite small, but is necessary if we want to
transmit at high data rates requiring high bandwidth photodiode. If the detectable
wavelength range of the photodiode is 400 nm – 1000 nm, the detector area can be
somewhat higher with approximately the same bandwidth (for e.g. [40]). Detection area
actually acts as a multiplier when the total impulse response is calculated, according to
(3.6), and hence the impulse response for a different photodiode having a different
detection area can be derived from a given impulse response simply by first dividing the
magnitude of the impulse response by the given detection area and then multiplying it by
the new detection area of the new photodiode.
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We will first analyze some channel conditions where a non-directed LOS link
exists between the source and the receiver. We will discuss root-mean-square (rms) delay
spread – an important parameter relating impulse responses to multipath induced ISI. We
will also discuss effects of FOV on rms delay spread. Later we will show these analyses
for non-directed NLOS links too.

4.2.1 Non-directed LOS links
We will show impulse responses for two positions of the receiver assuming the
source is at the ceiling directly in the middle of the room. The two positions will be in the
middle of the room, i.e. directly underneath the source and at the corner of the room.
These two positions will give us some ideas on the nature of impulse responses in a
typical indoor room environment where non-directed LOS links exist between the source
and the receiver.
Figure 4-1 shows the impulse response in the room of configuration A of Table 41 when the receiver coordinate is (2.5 m, 2.0 m, 0.8 m) and the source coordinate is (2.5
m, 2.0 m, 2.5 m). This denotes that the receiver is directly underneath the source and both
of them are exactly in the middle of the room. It is helpful to recall that impulse
responses in optical wireless systems have the unit of power (W). The LOS response in
this case as shown in the figure is 2.7435×10-10 W. Also it is helpful to recall that the
source power is assumed to be 1 W when the impulse response has been calculated. Thus,
because of the small detector area and the square-law dependence of path loss, the
received power has become quite low. The rest of the impulse response is calculated for
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reflected lights only, and we can see that compared to the LOS response, the reflected
response is much smaller. The impulse response has been calculated for ten reflections.

Figure 4-1. Impulse response of a non-directed LOS link of configuration A of Table 4-1,
when source coordinate is (2.5 m, 2.0 m, 2.5 m) and receiver coordinate is (2.5 m, 2.0 m,
0.8 m)
Figure 4-2 shows the impulse response in the room of configuration A of Table 41 when the receiver coordinate is (0.1 m, 0.1 m, 0.8 m) and the source coordinate is (2.5
m, 2.0 m, 2.5 m). This denotes that the receiver is at one of the corners of the room while
the source is in the middle of room. In this case, the LOS response becomes much smaller
while responses from reflections become greater in magnitude than the impulse response
shown in Figure 4-1. The reason for this is that the distance between the source and the
receiver has increased for the configuration of Figure 4-2 compared to the configuration
of Figure 4-1. Also, since the receiver is much nearer to the walls, the reflections are able
to contribute a higher amount of power to the receiver. Hence, from these two figures we
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can draw a conclusion that from the shape of an impulse response, we can roughly
estimate the relative positions of the source and the receiver within a room for a nondirected LOS system.

Figure 4-2. Impulse response of a non-directed LOS link of configuration A of Table 4-1,
when source coordinate is (2.5 m, 2.0 m, 2.5 m) and receiver coordinate is (0.1 m, 0.1 m,
0.8 m)
Let us analyze the same two relative positions of the source and the receiver for
configuration B of Table 4-1. Configuration B is a larger room than configuration A. So,
it is expected that we should receive more reflected responses having higher time delays
than that of configuration A. We see evidence of this in Figure 4-3, where the receiver is
placed directly underneath the source and both the source and the receiver are exactly in
the middle of the room. The ‘tail’ of the impulse response goes well beyond 100 ns which
is higher than the delays observed for configuration A of Table 4-1. We also see that the
value of the LOS response in Figure 4-3 is smaller than configuration A shown in Figure
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4-1 as the distance between the source and the receiver is greater in configuration B than
that of configuration A.

Figure 4-3. Impulse response of a non-directed LOS link of configuration B of Table 4-1,
when source coordinate is (3.0 m, 2.5 m, 3.5 m) and receiver coordinate is (3.0 m, 2.5 m,
0.8 m)
Figure 4-4 shows the impulse response when the receiver is placed at the corner
of the room of configuration B, keeping the source at the same position as in Figure 4-3.
The differences between these two impulse responses are similar in nature that we
observed in the cases of Figures 4-1 and 4-2. The LOS response becomes a bit smaller
than what is observed in Figure 4-3 since the distance between the source and the
receiver is larger. The reflections contribute comparatively more to the total impulse
response, and the delays are shorter too, since the receiver is placed much closer to the
walls from where the reflections are actually received. Comparing Figures 4-2 and 4-4,
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we still observe that the ‘tail’ of the impulse response is longer for configuration B than
configuration A because of the larger room size.

Figure 4-4. Impulse response of a non-directed LOS link of configuration B of Table 4-1,
when source coordinate is (3.0 m, 2.5 m, 3.5 m) and receiver coordinate is (0.1 m, 0.1 m,
0.8 m)
If we continue to calculate impulse responses for configuration C of Table 4-1, we
should observe similar features and differences. Figure 4-5 shows the impulse response
calculated for configuration C of Table 4-1, which consists of the largest room size
among the three configurations, where the source and the receiver are placed in the
middle of the room. We can immediately observe that since the room height of
configurations B and C are the same, the LOS response is also exactly the same (from
Figure 4-3) because of the same distance between the source and the receiver. Though
not immediately distinguishable from observing Figure 4-5, the ‘tail’ of the impulse
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response is also actually longer than that of configuration B because of the larger room
size.

Figure 4-5. Impulse response of a non-directed LOS link of configuration C of Table 4-1,
when source coordinate is (3.75 m, 2.75 m, 3.5 m) and receiver coordinate is (3.75 m,
2.75 m, 0.8 m)
Similar to the other configurations, we can place the receiver at the corner of the
room of configuration C and calculate the impulse response, which is shown in Figure 46. The LOS response becomes progressively smaller than other configurations as the
distance between the source and the receiver increases. Also, the reflections are much
closer to the LOS response as the receiver has been placed near the walls. Hence, from
these impulse responses, all of which have been calculated for a non-directed LOS link,
i.e. the receiver has a LOS link with the source, we can draw some conclusions. Firstly,
the magnitude of the LOS impulse response is usually much higher than the contributions
of the reflections to the total impulse response. This is true when the source is in the
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middle of the room and the receiver is directly underneath the source. As the receiver is
moved towards the corners of the room, the LOS response becomes smaller and the
contributions of the reflections to the total impulse response become larger, but they also
become much closer in time domain. Hence, for all cases, in a non-directed LOS channel
it may be possible to neglect the reflections when performance of an optical wireless
communications system is considered, but only for low data rates. For high data rate
systems, the small values of contributions of the reflections to the total impulse response
compared to the LOS response may still influence the performance significantly by
introducing ISI.

Figure 4-6. Impulse response of a non-directed LOS link of configuration C of Table 4-1,
when source coordinate is (3.75 m, 2.75 m, 3.5 m) and receiver coordinate is (0.1 m, 0.1
m, 0.8 m)
We will now show the magnitude responses calculated from these six impulse
responses simulated for two locations of the receiver for each of the three configurations
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of Table 4-1. From the magnitude responses we can find the –3dB bandwidth of the
channels at those locations, which will be useful in our present discussion. The
magnitude responses are shown in Figure 4-7.
The –3dB bandwidth observed from the magnitude responses of Figure 4-7 are
given in Table 4-3.
Table 4-3. –3dB bandwidth of six LOS channels consisting of two locations of the
receiver for each of the three configurations of Table 4-1
Receiver at the center of the room

–3dB Bandwidth

Configuration A

Configuration B

Configuration C

> 2.5 GHz

> 2.5 GHz

> 2.5 GHz

Receiver at the corner of the room

–3dB Bandwidth

Configuration A

Configuration B

Configuration C

11.73 MHz

9.32 MHz

8.55 MHz

When the receiver is at the center of the room, the –3dB bandwidth is high, which
is to be expected from the smallest distance between the source and the receiver and
lowest contributions of reflections to the total impulse response at these locations. When
the receiver is at the corner, we observe decreasing –3dB bandwidth as the room size
increases, i.e. as the distance between the source and the receiver increases. Since this
distance in a LOS link defines the magnitude of the DC component in the magnitude
response, it is expected that as this distance in a LOS link increases and at the same time
as the reflections contribute comparatively more power to the total impulse response, the
–3dB bandwidth also decreases.

Figure 4-7. Magnitude responses calculated from six impulse responses of LOS channels
simulated for two locations of the receiver for each of the three configurations of Table 4-1
111
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At this point, it will be helpful to introduce an important parameter that quantifies
the severity of ISI introduced by a multipath channel – root-mean-square (rms) delay
spread. The rms delay spread can be computed from the impulse response h(t) by,
∞

D=

 (t − μ )

−∞

∞

2

h2 (t ) dt
(4.1)

 h (t ) dt
2

−∞

Here μ is the mean delay which can be calculated by,
∞

μ=

 th

−∞
∞

h

2

2

(t ) dt
(4.2)

(t ) dt

−∞

As we have discussed earlier, the impulse response of an indoor optical wireless
channel h(t) and hence the delay spread D computed from it can be considered to be
deterministic quantities. This is because as long as the source, the receiver and other
reflectors within the environment do not change their positions, the impulse response and
the delay spread will not change. The rms delay spread is deeply related to quantifying
the severity of ISI in the sense that the inverse of the delay spread is proportional to the
coherence bandwidth of the channel [41], [42], i.e. the bandwidth over which the channel
can be considered ‘flat’. Within the coherence bandwidth of the channel, the frequencies
experience similar amount of attenuation, i.e. there is absence of frequency selectivity,
and hence, there should be no inter-symbol interference (ISI) in time domain. It is
accepted that the maximum bit-rate that can be transmitted through a channel without
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introducing ISI and without using an equalizer at the receiver end can be approximately
.
related to the rms delay spread as [42], Rb ≤ 1
10D
In Table 4-4, we show some quantities related to the impulse responses calculated
for the three configurations of Table 4-1 for non-directed LOS links. We show the LOS
power contribution and the contribution of reflections, percentage of total power
contributed by reflections as well as rms delay spread.
Table 4-4. Power contributions from LOS responses and reflections, percentage of total
power contributed by reflections and rms delay spread calculated from impulse responses
of non-directed LOS links of configurations of Table 4-1 at two receiver positions when
the source is on the center of the ceiling

Receiver
at the
Power
center
contribution
from LOS Receiver
response
at the

Configuration A

Configuration B

Configuration C

2.7535×10-10 W

1.0916×10-10 W

1.0916×10-10 W

1.5301×10-11 W

1.2597×10-11 W

7.5962×10-12 W

2.5009×10-11 W

1.8511×10-11 W

1.2961×10-11 W

2.889×10-11 W

1.9628×10-11 W

1.3752×10-11 W

corner
Receiver
at the
Power
center
contribution
from
Receiver
reflections
at the
corner
Percentage
of total
power
contributed
by
reflections

Receiver
at the
center

8.3263 %

14.4987 %

10.6131 %

Receiver
at the
corner

65.376 %

60.9096 %

64.4173 %

Root-meansquare

Receiver
at the

0.1557 ns

0.2976 ns

0.2292 ns
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Delay
Spread

center
Receiver
at the
corner

1.4668 ns

1.3534 ns

1.6051 ns

From Table 4-4, we can see that when the receiver is in the middle of the room
directly underneath the source, the LOS contribution is typically much higher (at least
one order of magnitude) than contributions from reflections. The percentage of total
power contributed by reflections is also around 8 ~ 15 %. Since reflections do not
contribute much to the total impulse response, the rms delay spread remains small,
typically smaller than ~ 0.3 ns. On the other hand, when the receiver has been placed at
the corner of the room, we see very different behavior in terms of power contributions by
reflections. The LOS response contribution and the contribution of reflections become
almost equal in these cases, and to be specific, actually the LOS response becomes
smaller than contributions of reflections in all cases. This is evident from the percentage
of total power contributed by reflections where the percentage value is always greater
than ~ 60%. Correspondingly, the rms delay spread is much worse, about ~ 1.4 ns – 1.6
ns. From these delay spread values, it can be concluded that these channels will support a
bit rate of approximately 350 Mbps – 667 Mbps without introducing ISI and without
equalization at the receiver end when the receiver is placed in the middle of the room
directly underneath the source. When the receiver is at the corner, the supported bit rate
without introducing ISI and without requiring equalizer at the receiver end becomes 60
Mbps – 70 Mbps.
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We can show the effects of increasing rms delay spread as the receiver moves
towards the corner more clearly. Figure 4-8 shows rms delay spreads at every receiver
location inside the room of configuration B of Table 4-1 when the source is at the center
of the ceiling. We can observe minimum rms delay spread when the distance between the
receiver and the source is the smallest, in this case, when the receiver is directly
underneath the source. As the distance increases, and as the receiver moves closer to
reflecting surfaces, i.e. walls of the room, rms delay spread increases. Hence, from all
these discussions, it is evident that the highest data rate without ISI that can be
transmitted in an optical wireless system without employing equalizers at the receiver end
is dependent on factors such as proximity of the receiver to reflecting surfaces and the
distance between the receiver and the source. The smallest rms delay spread, or in other
words, the highest data rate without ISI and without equalizers at the receiver end can be
achieved when this distance is minimum in the system and when the receiver is farthest
away from reflecting surfaces.
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Figure 4-8. Rms delay spreads calculated for non-directed LOS links at every receiver
location at a xy-plane of height 0.8 m inside the room of configuration B of Table 4-1
when the source is at the center of the ceiling
Let us consider some cases when the source is not placed on the middle of the
ceiling. If the source is placed elsewhere, it is possible that the link may become a nondirected NLOS one instead of a non-directed LOS link, depending on the receiver
location and receiver FOV. For e.g. the receiver that we have been using until now from
Table 4-2 has a FOV of 70° and was placed at a height of 0.8 m. We can calculate the
radius of the circle on the ceiling within which any source has LOS link with the receiver.
For configurations B and C of Table 4-1, the height of the room is 3.5 m. Hence, the
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radius will be, r = (3.5 – 0.8) tan(70°) m = 7.42 m. Since, the length of the largest room
(configuration C) is only 7.5 m, we can safely assume that with this FOV of the receiver,
wherever the source is placed at the ceiling in a typical operation of the communications
system, there will always be a LOS link with the receiver. Of course, if both the source
and the receiver are placed on opposite corners of the room, i.e. if the horizontal distance
between them becomes larger than the calculated radius above, there will be no LOS link.
Figure 4-9 shows such a scenario where the source is out of the FOV of the receiver, and
the link becomes a non-directed NLOS link.

Figure 4-9. Special case showing a non-directed NLOS link because of small receiver
FOV and large horizontal distance between the source and the receiver where the source
is on the ceiling
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Let us reduce the FOV of the receiver to 60° and recalculate the radius. The radius
in this case becomes, r = (3.5 – 0.8) tan(60°) m = 4.67 m. Since this value is not very
high, we can assume that such a horizontal distance between the receiver and the source
can often be exceeded. We have shown an impulse response of such a case in Figure 4-10
where the source is placed at coordinate (6.0 m, 2.75 m, 3.5 m) and the receiver
coordinate is (0.5 m, 0.5 m, 0.8 m) inside the room of configuration C. We have reduced
the FOV of the receiver to 60°. As we have calculated, this is a non-directed NLOS link,
and hence we do not observe any LOS response. The total impulse response is comprised
of contributions from reflections only, and thus the delay spread is expected to be high
compared to non-directed LOS links. The delay spread for this impulse response is
12.6356 ns, which is much larger than the values shown in Table 4-4.

Figure 4-10. Impulse response of a non-directed NLOS link of configuration C of Table
4-1, when receiver FOV is 60°, source coordinate is (6.0 m, 2.75 m, 3.5 m) and receiver
coordinate is (0.5 m, 0.5 m, 0.8 m)
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It is thus clear that FOV is also an important parameter in determining the rms
delay spread of an optical wireless link. Larger FOVs will capture more light from
emissions, and hence the delay spread will be larger. Smaller FOVs will capture light
from a smaller area, and correspondingly the system performance at high data rates will
be better due to decrease of rms delay spread. However, smaller FOVs also can introduce
a much larger rms delay spread if the source moves out of the receiver’s viewing area.
This is possible since small FOV indicates smaller horizontal distance between the source
and the receiver that ensures a LOS link, and thus the requirement of either moving the
source or the receiver so that a LOS link exists becomes important. We will show some
effects of changing the FOV of the receiver for configuration C in Table 4-1 when the
source coordinate is (6.0 m, 2.75 m, 3.5 m). The receiver will be placed at three different
locations, (3.75 m, 2.75 m, 0.8 m), (1.5 m, 2.75 m, 0.8 m) and (0.5 m, 0.5 m, 0.8 m),
where we will change the FOV from 10° to 85° in an increment of 5° at each location and
plot the calculated rms delay spread from the simulated impulse responses.
Figure 4-11 shows the effects that receiver FOV have on rms delay spread at the
first receiver location, i.e. (3.75 m, 2.75 m, 0.8 m). We can observe that from 10° to 35°,
the delay spread is higher compared to other FOVs. Actually this signifies that at those
FOVs, the link is non-directed NLOS instead of LOS. Also we can see that from 10° to
35°, the rms delay spread gradually increases. The reason for this can be explained by
realizing that larger FOV also means more contributions to the total impulse response by
reflections since the receiver can capture more light. At 40° the link becomes nondirected LOS, and hence the rms delay spread greatly reduces. Again, from 40° to 85°,
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we see a gradual increase in rms delay spread as the receiver captures more light from
reflections.

Figure 4-11. Effect of receiver FOV on rms delay spread of a non-directed LOS link
when source coordinate is (6.0 m, 2.75 m, 3.5 m) and receiver coordinate is (3.75 m, 2.75
m, 0.8 m) in the room of configuration C of Table 4-1
Figure 4-12 shows the effects that receiver FOV causes on rms delay spread at the
second receiver location, i.e. (1.5 m, 2.75 m, 0.8 m). The difference between this location
and the previous one is that the horizontal distance between the source and the receiver is
larger in this case. Because of this, it is to be expected that larger values of FOV than the
previous case will lead to non-directed NLOS links. This is precisely the behavior that we
observe in Figure 4-12 where the link is non-directed NLOS for FOVs 10° to 55°. At 60°
the link becomes a non-directed LOS link and a large decrease in rms delay spread is
seen. Also the rms delay spread at every FOV is larger in Figure 4-12 than the
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configuration of Figure 4-11 since the receiver is farther away from the source, and
reflections contribute more to the total impulse response. Gradual increase of rms delay
spread within the ranges 10° to 55° and 60° to 85° is also observed, similar to the
previous case, which carries the same explanation of the receiver capturing more light
from reflections at higher FOVs.

Figure 4-12. Effect of receiver FOV on rms delay spread of a non-directed LOS link
when source coordinate is (6.0 m, 2.75 m, 3.5 m) and receiver coordinate is (1.5 m, 2.75
m, 0.8 m) in the room of configuration C of Table 4-1
Finally, we place the receiver near the corner at location (0.5 m, 0.5 m, 0.8 m),
and show the effects that receiver FOV causes on rms delay spread in Figure 4-13. The
overall behavior is similar to the previous two cases. Following the same trend, the range
of FOVs when the link is non-directed NLOS has increased up to 65°, as at this location
the receiver has the largest horizontal distance from the source among the three locations
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we are considering. The values of rms delay spreads are also larger compared to the other
two cases because of the same reason. Also, gradual increase of rms delay spread as FOV
increases within the two ranges of FOV can be seen from the figure.

Figure 4-13. Effect of receiver FOV on rms delay spread of a non-directed LOS link
when source coordinate is (6.0 m, 2.75 m, 3.5 m) and receiver coordinate is (0.5 m, 0.5
m, 0.8 m) in the room of configuration C of Table 4-1
Hence, it is important to note that though smaller FOV of the receiver will result
is smaller rms delay spread if there exists a LOS response, the system may perform much
worse when that LOS link is no longer present. We can compare rms delay spreads at
FOV of 40° in Figures 4-11, 4-12 and 4-13 to observe this more prominently. Thus, it is
necessary to reach a compromise according to the room size and possible locations of the
source and the receiver and decide what receiver FOV may yield the best, i.e. the smallest
rms delay spreads in most of the application scenarios in that room configuration.
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Performance of an indoor optical wireless link does not only depend on rms delay
spread, however. Signal-to-noise ratio (SNR) also plays a vital role in determining
performance metrics of a system. We will discuss about noise sources later in this
chapter. However, at this point, it may be helpful to define optical path loss. Path loss is
measured as the ratio of the receiver power to the transmitted power, and hence gives an
estimate on possible link budgets that can satisfy some performance criteria. Since
impulse responses of optical wireless systems are simulated assuming the transmitted
power from the source to be 1 W, we can define pass loss as,
∞

Path loss (dB) = −10 log10   h(t ) dt 
0


(4.3)

Having simulated the impulse responses of every location of configuration B of
Table 4-1 at a xy-plane of height 0.8 m when the source is at the center of the ceiling, we
can calculate path losses using (4.3) and show the results. Figure 4-14 shows these
results. The figure is quite similar to Figure 4-8, and is expected because higher rms
delay spread typically means longer distances between the source and the receiver, and
longer distances should result in higher path loss. Thus, path loss is higher near the
corners and lowest in the middle of the room directly underneath the source.
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Figure 4-14. Path losses calculated for non-directed LOS links at every receiver location
at a xy-plane of height 0.8 m inside the room of configuration B of Table 4-1 when the
source is at the center of the ceiling

4.2.2 Non-directed NLOS links
We will discuss about impulse responses of non-directed NLOS links in this subsection in a similar way to our discussion of LOS links. NLOS links are formed when the
radiation emitted from the source does not reach the receiver in a direct path, rather only
through reflections photons emitted from the source reaches the receiver. We have seen
in the previous sub-section that reflections contribute to the increase of rms delay spread,
and the smaller the contribution of the LOS response is compared to the contribution by
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reflections, the larger the rms delay spread becomes. Hence, in NLOS links, since there is
no LOS component in the impulse response, it is expected that the rms delay spreads will
be higher than LOS links.
For our analyses of NLOS links, we do not place the source at the ceiling usually,
though we have shown in the previous sub-section that even though the source is at the
ceiling, NLOS links may be formed due to small FOV of the receiver and large horizontal
distance between the receiver and the source. Typically when NLOS links are mentioned,
it is assumed that both the source and the receiver face upwards towards the ceiling.
Hence, we will place the source at the same height of the receiver, for e.g. 0.8 m in our
analyses. We will also first place the source and the receiver at close proximity to each
other, indicating that they are probably placed on the same table or other furniture in a
room. Then we will place the receiver at a corner of the room, similar to previous
analyses for LOS links and observe the effects on simulated impulse responses.
Figures 4-15 and 4-16 show impulse responses for two receiver locations in the
room of configuration A of Table 4-1. The receiver locations are (2.5 m, 2.0 m, 0.8 m)
and (0.1 m, 0.1 m, 0.8 m), respectively, while the source coordinate is (2.0 m, 2.0 m, 0.8
m). There are no LOS components in the impulse responses as expected. In Figure 4-15,
the receiver and the source have a horizontal distance of 0.5 m between them. This
distance is much larger in the case of Figure 4-16. Hence, we should expect larger rms
delay spread in the latter case. Also, the overall magnitude of the total impulse response
shown in Figure 4-15 is larger than the other one, signifying the fact that when the
receiver is at the center of the room, reflections contribute more power to the total
impulse response than when the receiver is at the corner. This is in contrast to the case of
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non-directed LOS links where we observed the opposite behavior, i.e. as the receiver
moved closer to the corner, reflections contributed more power to the total impulse
response.

Figure 4-15. Impulse response of a non-directed NLOS link of configuration A of Table
4-1, when source coordinate is (2.0 m, 2.0 m, 0.8 m) and receiver coordinate is (2.5 m,
2.0 m, 0.8 m)
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Figure 4-16. Impulse response of a non-directed NLOS link of configuration A of Table
4-1, when source coordinate is (2.0 m, 2.0 m, 0.8 m) and receiver coordinate is (0.1 m,
0.1 m, 0.8 m)
We next show impulse responses for two receiver locations in the room of
configuration B of Table 4-1 in Figures 4-17 and 4-18. The receiver locations are (3.0 m,
2.5 m, 0.8 m) and (0.1 m, 0.1 m, 0.8 m), respectively, while the source coordinate is (2.5
m, 2.5 m, 0.8 m). We have kept the horizontal distance between the source and the
receiver to be 0.5 m in the case of Figure 4-17, similar to Figure 4-15. Nonetheless, we
observe longer ‘tail’ of the impulse response due to larger room size of configuration B
compared to configuration A and smaller magnitude of the impulse response as the
reflecting surfaces are further away from the receiver and hence the reflected optical
signal experience more path loss than that of configuration A. The overall shapes of the
impulse response are unchanged compared to the impulse responses of configuration A.
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Figure 4-17. Impulse response of a non-directed NLOS link of configuration B of Table
4-1, when source coordinate is (2.5 m, 2.5 m, 0.8 m) and receiver coordinate is (3.0 m,
2.5 m, 0.8 m)

Figure 4-18. Impulse response of a non-directed NLOS link of configuration B of Table
4-1, when source coordinate is (2.5 m, 2.5 m, 0.8 m) and receiver coordinate is (0.1 m,
0.1 m, 0.8 m)
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Finally, we show impulse responses for two receiver locations in the room of
configuration C of Table 4-1 in Figures 4-19 and 4-20. The receiver locations are (3.75
m, 2.75 m, 0.8 m) and (0.1 m, 0.1 m, 0.8 m), respectively, while the source coordinate is
(3.25 m, 2.75 m, 0.8 m). As a similar trend to other configurations, we observe
diminishing contribution of reflections to the total impulse response as the receiver
moves towards the corner. The overall magnitude of the impulse responses of Figures 419 and 4-20 are also smaller than previous configurations as larger room size implies
larger distances between the receiver and the reflecting surfaces, and hence larger path
loss for the reflected optical signal. Again, the overall shapes of the impulse responses are
unchanged compared to the other two configurations.

Figure 4-19. Impulse response of a non-directed NLOS link of configuration C of Table
4-1, when source coordinate is (3.25 m, 2.75 m, 0.8 m) and receiver coordinate is (3.75
m, 2.75 m, 0.8 m)
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Figure 4-20. Impulse response of a non-directed NLOS link of configuration C of Table
4-1, when source coordinate is (3.25 m, 2.75 m, 0.8 m) and receiver coordinate is (0.1 m,
0.1 m, 0.8 m)
We will now analyze the magnitude responses calculated from these impulse
responses. As shown in Figure 4-21, all the magnitude responses decrease very sharply
since there is no LOS component in the impulse responses. We have tabulated the
measured –3dB bandwidth in Table 4-5 for each of the channels shown in Figure 4-21.
As expected, because of larger room size, –3dB bandwidths of the NLOS channels of
configuration B are larger than those of configuration A. However, we do not observe the
similar trend when comparing the –3dB bandwidths of configurations B and C.
Configuration C has a larger room size than that of configuration B, hence the –3dB
bandwidth should have been smaller compared to configuration B as larger room size
implies larger distances between the receiver and the reflecting surfaces, and hence
longer ‘tail’ of the impulse response, or in other words, smaller –3dB bandwidth. In our
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case actually configuration C is an exception rather than the norm. The presence of larger
–3dB bandwidth can be explained by showing that, comparatively, the higher order
reflections of configuration C do not contribute as much power to the total impulse
response compared to lower order reflections, where the higher order reflections of
configuration B contribute more to its corresponding total impulse response. Higher order
reflections are responsible for longer ‘tail’ of impulse responses. Usually in larger rooms
higher order reflections will contribute more to the total impulse response compared to
smaller room sizes. Thus, in our case, NLOS channels of configuration C present an
interesting phenomenon when compared to configuration B that is an exception of the
usual expected behavior. This is purely due to the sizes of the room, the locations of the
source and the receiver, and the receiver’s FOV that led the receiver to receive
comparatively more power from lower order reflections in configuration C compared to
configuration B.
Table 4-5. –3dB bandwidth of six NLOS channels consisting of two locations of the
receiver for each of the three configurations of Table 4-1
Receiver at the center of the room

–3dB Bandwidth

Configuration A

Configuration B

Configuration C

17.13 MHz

10.28 MHz

10.57 MHz

Receiver at the corner of the room

–3dB Bandwidth

Configuration A

Configuration B

Configuration C

12.04 MHz

8.43 MHz

8.52 MHz

Figure 4-21. Magnitude responses calculated from six impulse responses of NLOS channels simulated for
two locations of the receiver for each of the three configurations of Table 4-1
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We have shown in Table 4-6 the power contributions from 3rd to 10th order
reflections and the rms delay spreads of each of the six NLOS channels of the
configurations of Table 4-1. Similar to the –3dB bandwidths shown, configurations A and
B exhibit expected behavior where the values increase as room size increases. We can see
the similar exception that configuration C exhibits where the higher order reflections
contribute lesser percentage of power to the total impulse response compared to
configuration B, and hence has smaller rms delay spreads than configuration B, even
though configuration C has a larger room size. The dimensions of the room of
configuration C compared to configuration B (configuration C has a length of 7.5 m and a
width of 5.5 m where configuration B has a length of 6 m and a width of 5 m, and the
height is equal for both – not that much significant difference in dimensions) as well as
locations of the source and the receiver and the receiver’s FOV have led to this exception.
Table 4-6. Percentage of total power contributed by 3rd to 10th order reflections and rms
delay spread calculated from impulse responses of non-directed NLOS links of
configurations of Table 4-1 at two receiver positions

Percentage
of total
power
contributed
by 3rd to
10th order
reflections
Root-meansquare
Delay
Spread

Configuration A

Configuration B

Configuration C

Receiver
at the
center

18.2233 %

23.5164 %

19.9186 %

Receiver
at the
corner

38.4146 %

41.008 %

41.0853 %

Receiver
at the
center

2.7179 ns

4.9068 ns

4.4771 ns

Receiver
at the
corner

4.2596 ns

6.8075 ns

6.6862 ns
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Hence, from these discussions, we can conclude that though larger room sizes
imply larger rms delay spread and smaller –3dB bandwidth, this may not be always true
if compared to a smaller room size that is not too different in terms of dimensions.
Locations of the source and the receiver and the receiver’s FOV have to be taken into
account too. However, in general, for NLOS channels the similar trend of increasing rms
delay spreads and decreasing –3dB bandwidths can be expected for larger room sizes for
most of the cases.
We will now proceed to show rms delay spreads of NLOS links at all receiver
locations, similar to what we did in case of LOS links, inside the room of configuration B
when the source is placed at the center of the room. Figure 4-22 shows rms delay spreads
as the receiver is placed at different locations. From our analyses, it is evident that as the
receiver moves towards the corner, rms delay spread will increase and this is what we
observe from the figure.
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Figure 4-22. Rms delay spreads calculated for non-directed NLOS links at every receiver
location at a xy-plane of height 0.8 m inside the room of configuration B of Table 4-1
when the source coordinate is (3.0 m, 2.5 m, 0.8 m) and the source emits towards the
ceiling
We will show how receiver FOV affects rms delay spreads of NLOS channels.
For this purpose, we have chosen to observe the effects in the room of configuration C.
The source location is fixed at (6.0 m, 2.75 m, 0.8 m). We will place the receiver at (3.75
m, 2.75 m, 0.8 m), where we will change the FOV from 10° to 85° in an increment of 5°
at each location and plot the calculated rms delay spread from the simulated impulse
responses. Figure 4-23 shows the change in rms delay spread as FOV of the receiver is
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changed. We do not observe anything that is unexpected in this scenario. As receiver
FOV increases, more light is captured from reflections, hence rms delay spread also
increases.

Figure 4-23. Effect of receiver FOV on rms delay spread of a non-directed NLOS link
when source coordinate is (6.0 m, 2.75 m, 0.8 m) and receiver coordinate is (3.75 m, 2.75
m, 0.8 m) in the room of configuration C of Table 4-1
Similar to our calculations of path losses of non-directed LOS links, we will now
repeat the procedure for non-directed NLOS links too. Higher path loss usually implies
longer distance from the source to the receiver, and hence similar to the LOS case, we
should see higher path loss at room corners. Figure 4-24 shows path losses for every
receiver location at a xy-plane of 0.8 m in the room of configuration B of Table 4-1 when
the source is located at (3.0 m, 2.5 m, 0.8 m). As we can see from the figure, our results
are similar in nature to that we obtained and showed in Figure 4-22, i.e. path losses are
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indeed larger at room corners. Hence, we can conclude that non-directed LOS and NLOS
links both behave in a similar manner regarding path losses.

Figure 4-24. Path losses calculated for non-directed NLOS links at every receiver
location at a xy-plane of height 0.8 m inside the room of configuration B of Table 4-1
when the source coordinate is (3.0 m, 2.5 m, 0.8 m) and the source emits towards the
ceiling

4.3 Effects of furniture on root-mean-square delay spread
Until now we have focused solely on analyzing impulse responses of
configurations where the room was empty, i.e. devoid of any furniture. This has kept our
analyses simple and showed that the principal factors in determining the root-mean-
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square (rms) delay spread of an indoor optical wireless channel includes the dimension of
the room, the locations of the source and the receiver and the receiver’s FOV. These
findings are valid, however, in real-world scenarios no room is actually devoid of
furniture, and hence some consideration should be given to the possibility of presence of
furniture in a room and calculation of rms delay spread should be carried out to see
effects of furniture on rms delay spread, if any. Our focus in this section is to simulate
such a condition where some furniture is present.
In the previous sub-sections we have carried out rms delay spread calculations of
every receiver location in the room of configuration B of Table 4-1 for both non-directed
LOS and NLOS links. To compare the change in rms delay spreads, we will hence
introduce some furniture in the same room configuration and conduct our calculations.
The room of configuration B of Table 4-1 is a mid-size office room, hence we
have introduced some tables and lockers in the room. Figure 4-25 shows their positions
clearly.
We have placed four work-tables and two lockers at the two corners of the room.
All the furniture have been modeled as boxes which simplifies impulse response
simulations. Each of the furniture can be specified by a reflection coefficient and two
coordinates. The two coordinates of the furniture, as shown in Figure 4-25, are
coordinates of the lower right corner of the front face (x0, y0, z0) and the upper left corner
of the back face (x1, y1, z1). With these two coordinates, it is possible to accurately define
the dimension, i.e. the length, the width and the height of the furniture. In Table 4-7 we
have specified the two coordinates of the furniture and their associated reflection
coefficients.

139

Figure 4-25. Furniture positions and arrangements inside the room of configuration B of
Table 4-1
Table 4-7. Coordinates and reflection coefficients of furniture in the room of
configuration B of Table 4-1
Coordinate 1
(x0, y0, z0)

Coordinate 2
(x1, y1, z1)

Reflection
Coefficient

Furniture 1

(0.5 m, 0 m, 0 m)

(2.0 m, 0.6 m, 0.8 m)

0.5

Furniture 2

(2.5 m, 0 m, 0 m)

(4.0 m, 0.6 m, 0.8 m)

0.6

Furniture 3

(5.5 m, 0 m, 0 m)

(6.0 m, 1.2 m, 2 m)

0.7

Furniture 4

(4.5 m, 4.4 m, 0 m)

(6.0 m, 5.0 m, 0.8 m)

0.5

Furniture 5

(2.5 m, 4.4 m, 0 m)

(4.0 m, 5.0 m, 0.8 m)

0.5
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Furniture 6

(0 m, 3.5 m, 0 m)

(0.6 m, 5 m, 1.8 m)

0.85

We have conducted impulse response simulations for non-directed LOS links
where we placed the source at the center of the ceiling and the receiver at every location
in a xy-plane of height 0.8 m in the room. Since there is now furniture in the room, we
obviously cannot place the receiver at all locations, especially the two lockers at the two
corners have a higher height. Hence, excluding those two areas which the two lockers
occupy, we have carried out calculations of rms delay spreads. Now, from Figure 4-8, we
already have previous results of rms delay spreads where there was no furniture. Hence it
is possible for us to compare the two situations. Since there is furniture now in the room,
and furniture means more reflecting surfaces, it is expected that the rms delay spread will
increase somewhat. We have thus calculated the percentage increase in rms delay spreads
of all locations of the receiver in a xy-plane of height 0.8 m by the following,
Percentage increase in rms delay spread
rms delay spread with furniture − rms delay spread without furniture
=
× 100%
rms delay spread without furniture

(4.4)

We have shown our results in Figure 4-26. The figure is the top-view of the room
where we show the result calculated using (4.4) as a color. The color bar at the right side
of the figure is the legend that explains the values represented by the colors. We see that
for most of the areas of the room, the percentage increase in rms delay spread is less than
approximately 10%. We see significant increase in rms delay spread near the two lockers
of the room, however. The percentage increase quickly jumps from ~15% to ~45% as the
receiver moves closer to the lockers. This behavior is not unexpected, however, and we
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can explain it easily by studying the parameters given in Table 4-7. The two lockers,
furniture 3 and furniture 6 in Table 4-7, have high reflecting coefficients, assuming they
are colored in white. The other furniture in the room have relatively smaller reflection
coefficients assuming they are colored darker than these two lockers. Moreover, the two
lockers have a height of 2.0 m and 1.8 m, respectively. Hence, reflections from their
surfaces contribute much higher power to the total impulse response when the receiver is
near to them. This is the reason why we observe larger percentage increase in rms delay
spread as the receiver moves closer to the lockers.

Figure 4-26. Percentage increase in rms delay spreads in a non-directed LOS link in the
room of configuration B of Table 4-1 with furniture compared to without furniture when
the source is at the center of the ceiling and the height of the receiver is 0.8 m
We will conduct the same simulations using non-directed NLOS links. In Figure
4-22 we have shown rms delay spreads for all receiver locations at a xy-plane of height
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0.8 m when the source coordinate was (3.0 m, 2.5 m, 0.8 m) in the room of configuration
B of Table 4-1. We can simulate impulse responses for the same receiver locations and in
the same configuration except putting furniture as shown in Figure 4-25. Hence, similar
to our LOS link analyses, we can show percentage increase in rms delay spread for
addition of furniture in the room. Figure 4-27 shows the results from our calculations. We
see very similar trends to what we observed in Figure 4-26. Rms delay spread increases
the most near the two lockers of the room while at other places the increase is quite low.
Even compared to the LOS case, we see that the highest percentage increase is around
~17% where in the former case it was around ~47%. This is due to the reason that rays
from the source hit the ceiling first in case of non-directed NLOS links when the source is
facing directly upwards towards the ceiling, and so, furniture placed inside the room only
receives light from reflections. As a result, reflections from furniture do not have as much
power as those in non-directed LOS links because in case of non-directed LOS links it is
very much possible that rays from the source directly hit the furniture before undergoing
any reflections. Hence, we can draw the conclusion that rms delay spread is less affected
with furniture in non-directed NLOS links compared to non-directed LOS links.
From our discussions on effects of furniture on rms delay spread we found that
indeed addition of furniture increases rms delay spread somewhat, however most
significant increase is observed closer to furniture that have height more than the
receiver. Also we have seen that non-directed LOS links are affected more than nondirected NLOS links. Still, for most of the areas of the room, we found that percentage
increase in rms delay spread is less than ~10% for non-directed LOS links and less than
~5% for non-directed NLOS links. Hence, we would like to draw the conclusion that
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performance results computed from impulse responses of an empty room will be
approximately correct in real-world scenarios too where some furniture will always be
present. Unless the receiver is located close to some furniture having height much larger
than the receiver itself, impulse response simulations in an empty room will not lead to
grossly wrong results when performance is calculated. Thus, due to the simplicity in
calculating impulse responses of an empty room, we will in general always use an empty
room as a model when finding impulse responses of some particular room configuration.

Figure 4-27. Percentage increase in rms delay spreads in a non-directed NLOS link in the
room of configuration B of Table 4-1 with furniture compared to without furniture when
the height of the receiver is 0.8 m and source coordinate is (3.0 m, 2.5 m, 0.8 m)
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4.4 SNR calculations and BER performance
Knowing rms delay spread of an indoor optical wireless channel enables us to
calculate the maximum bit rate that is possible to transmit without ISI and without
equalization at the receiver side. However, for measuring BER performance of a system,
knowledge of only the rms delay spread will not be enough. The modulation method used
for Intensity-modulation Direct-detection (IM/DD) systems usually is chosen such that
bandwidth efficiency is achieved while sacrificing some power efficiency. Since indoor
optical wireless channels are band-limited due to multipath reflections, power efficiency
is sacrificed assuming the transmitter will have enough power, but bandwidth efficiency
is given priority to transmit at as high data rate as possible. The main schemes of singlecarrier modulation formats in IM/DD systems include M-PAM (Pulse Amplitude
Modulation) and L-PPM (Pulse Position Modulation). Though other modulation schemes
are possible whose baseband output is real, as optical communications require real
baseband signals explained in chapter 2, these two schemes are widely studied. It is
known [10], [43], [44] that PAM systems are more bandwidth efficient than PPM
schemes while PPM modulation is more power efficient. Hence, usually PAM is
employed as the choice of modulation scheme, especially considering simplicity, 2-PAM
or, in other words, OOK (On-off keying) is the popular choice for optical wireless
systems. We will also analyze our systems in this chapter assuming data is transmitted
using OOK modulation format.
The probability of error is dependent on SNR as given by,
Pe = Q

(

SNR

)

(4.5)
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The SNR for indoor optical wireless systems can be calculated by,

  × ( Ps1 − Ps 0 ) 
SNR = 

σt



2

(4.6)

where  is the photodiode responsivity (A/W), Ps1 and Ps0 represent the received optical
power associated with logic 1 and logic 0, respectively. Hence, by specifying (Ps1 – Ps0),
actually the eye opening from the eye diagram at the sampling instant is specified, i.e.
this takes multipath induced ISI into consideration.
The noise variance σ t2 consists of noise associated with logic 1 and logic 0, i.e

σ t = σ 0 + σ 1 . Both of these quantities can be divided into three components [46], namely
σ 02 = σ bn2 + σ pr2 + σ s20 and σ 12 = σ bn2 + σ pr2 + σ s21 . Here σ bn2 denotes the background light
induced shot noise variance and can be calculated by,

σ bn2 = 2qI 2 pbn AR Δλ B

(4.7)

where q is the charge of an electron, pbn is the background light irradiance per unit
wavelength on the photodiode, AR is the detection area of the photodiode, Δλ is the
bandwidth of the optical filter which is necessary to use to reduce background light,  is
the photodiode responsivity, B is the bit-rate of the system and I2 is a noise bandwidth
factor and is a function of the transmitter pulse shape and equalized pulse shape only, and
are independent of bit rate [47]–[50].
2
The next noise component is σ pr
that denotes the preamplifier induced noise

variance. Preamplifiers are usually field-effect-transistor (FET) trans-impedance
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preamplifiers where noise sources include Johnson noise associated with the FET channel
conductance, Johnson noise from the load or feedback resistor, shot noise arising from
gate leakage current and 1/f noise [51]. All these components are summed up by the
following expression,
 4kT



4kT Γ

σ pr2 = 
+ 2 qI L  I 2 B +
gm
 RF


( 2π CT )

2

AF f c B 2 +

4kT Γ
2
( 2π CT ) I 3 B 3
gm

(4.8)

where k is the Boltzmann’s constant, T is the absolute temperature, q is the electron
charge, B is the electrical bandwidth, RF is the feedback resistance, IL is the total leakage
current that includes FET gate current and dark current of the photodiode, I2 and I3 are
weighting functions that are dependent only on the input optical pulse shape to the
receiver and the equalized output pulse shape, Γ is a noise factor associated with channel
thermal noise and gate induced noise in the FET, gm is the FET trans-conductance, CT is
the total input capacitance consisting of photodiode and stray capacitance, AF is the
weighting function where AF = 0.184 for non-return-to-zero (NRZ) coding format and fc
is the 1/f corner frequency of the FET. For simplicity, the FET gate leakage current and
2
1/f noise are usually neglected [51]. Hence, σ pr
can be given by,

σ pr2 =

4kT
4kT Γ
2
I2B +
( 2π CT ) I 3B3
RF
gm

(4.9)

Shot noise induced by the received signal which consists of shot noise σ s21 when a
logic 1 is received, and shot noise σ s20 when a logic 0 is received are very small and can
be neglected. Hence the SNR can be expressed as,
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  ×(P − P ) 
s1
s0

SNR = 
2
2
 2 σ bn + σ pr 



2

(4.10)

Let us put some realistic values into (4.10) to find out required received power
level for a given SNR. We will use an avalanche photodiode (APD) in this case as simple
p-i-n photodiodes will not have enough gain to work in a diffused system without
complex optics. An avalanche photodiode requires having an excess noise factor of

F

that is multiplied with the shot noise expression of (4.7). Typically for Si APDs, value of
F is around 4. Hence, for σ bn2 , we will use q = 1.6×10-19 C, pbn = 5.8 μW/(cm2.nm)
according to [10], I2 = 0.562 for rectangular pulse shapes, AR = 1×10-6 m2, Δλ = 30 nm,
 = 50 A/W (assuming an avalanche photodetector) and B = 500 Mbps as the data rate.
2
For σ pr
, we will use k = 1.38×10-23 J/K, T = 300 K, I2 = 0.562 and I3 = 0.0868, Γ = 0.82,

RF = 1.4 kΩ, gm = 14 mS, CT = 2.0 pF. For a BER of 10-6, the required SNR from (4.5) is,

(Q

−1

( Pe ) ) = 22.595 . Hence, by using these values in (4.10), we obtain, (Ps1 – Ps0) =
2

0.0269 μW.
Hence, the factor to consider is whether this amount of power can be received by
the photodiode or not. We have used a lower bandwidth photodiode to increase its
detection area than what we have used in our simulations in the previous sub-sections,
and the avalanche photodiode also gives much higher responsivity. For e.g. when the
source is at the center of the ceiling in the room of configuration B in Table 4-1, we have
simulated the impulse response for non-directed LOS links of every receiver location at a
xy-plane of height 0.8 m. The LOS response is 0.0437 μW at the location when the
receiver is in the middle of the room and when the area of the receiver is 1×10-6 m2
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assuming source transmit power is 1 W. This is sufficient for obtaining a BER
performance of 10-6 as explained above.
But at other points of the room, the LOS response becomes smaller and multipath
effects come into play that reduces the received power difference (Ps1 – Ps0). Moreover,
the output power of the source is also needed to be limited to much lower values than 1
W considering eye-safety issues related to infrared radiation. Hence, even non-directed
LOS links, let alone non-directed NLOS links, using real parameters of photodiodes that
are available off-the-shelf, will not achieve any acceptable BER performance limit. The
solution is to increase the collected power by using focusing lens in front of the
photodiode. A properly designed system where the photodiode is at the focal point of a
focusing lens will capture much more power. For e.g. if we use a lens having a diameter
of 2.5 cm, the area of the lens will be 4.9087×10-4 m2. Hence, the increase of received
power compared to the bare photodiode of area 1×10-6 m2 in the previous example will be
490.87 or 26.91 dB.
Let us check the worst case multipath scenario of the room we simulated earlier.
We found the worst case when the receiver is at the room corner, i.e. (0.1 m, 0.1 m, 0.8
m). Now we can obtain the eye diagram at that location by convolving rectangular pulses
generated for random bit sequences with the impulse response and see the effects of
multipath induced ISI. The peak power of logic 1 is assumed to be 20 mW while for logic
0 it is assumed that the laser is turned off. Figure 4-28 shows the eye-diagram at the
farthest room corner considering only the impulse response of that location and
rectangular pulse shaping with a bit rate of 500 Mbps.
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Figure 4-28. Eye diagram considering rectangular pulse shaping at a bit rate of 500 Mbps
at receiver coordinate of (0.1 m, 0.1 m, 0.8 m) in a non-directed LOS link of
configuration B of Table 4-1 when the source is at the center of the ceiling
From this figure, we see that eye opening at the sampling instant is only
1.752×10-10 – 8.321×10-11 W = 9.2×10-11 W, which is far below than that is required for a
BER of 10-6 as calculated earlier. However, by using a focusing lens as specified above,
we can add 26.91 dB to this value and the end result is 0.045 μW, which is more than
sufficient to ensure the specified BER.

4.5 Conclusions
In this chapter we have conducted detailed analyses on impulse responses of
various room configurations and showed examples of specific receiver locations as
necessary. We have seen that LOS channels have better –3dB bandwidth and smaller rms
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delay spread compared to NLOS channels. Hence, to achieve high data rate an optical
wireless system should be designed such that a LOS link exists between the source and
the receiver. We have also shown effects of adding furniture in a room. Our conclusion
was that if the receiver location is not near to some furniture which has higher height than
the receiver itself, the results obtained from analyzing an empty room can be used
interchangeably without introducing too much significant errors. Lastly, we have
conducted SNR calculations and showed that using a bare photodiode, even an avalanche
photodiode, will not be good enough to obtain sufficient SNR to ensure a BER of 10-6,
supposing forward-error-correction (FEC) is employed at the receiver side. The solution
was to use a focusing lens that significantly increases the received power and hence SNR
becomes high enough for obtaining a good BER performance from the system. In the
next chapter we will discuss on the design of a duplex indoor optical wireless system
based on the topics elaborated in this chapter.
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Chapter 5
Duplex Indoor Optical Wireless Communication System

5.1 Introduction
In the previous chapters we have discussed topics mainly related to channel
impulse responses of indoor optical wireless systems. We have delved deeply into
impulse response characterizations of various configurations of rooms including different
source and receiver positions and receiver FOVs. Having gained knowledge on how
various channels influence the rms delay spread in an indoor optical wireless link, we can
now investigate a real-world scenario of a duplex system. Most communication links are
duplex, either half-duplex or full-duplex, i.e. information is transmitted and received both
ways. The channel from the principal transmitter of the system to the user is termed as
downlink. In a duplex system, the user also has a transmitter and the other end of the
system employs a receiver. The channel where the user acts as transmitter and
information passes from the user to the other end that acted as transmitter in the downlink
system is termed as uplink. Usually the main purpose of the uplink channel is to provide
acknowledgements to the transmitter side of the downlink system that successful
information transmission has taken place. Hence, an uplink channel can work with lower
bandwidth than the corresponding downlink channel of the system. In this chapter, it is
our goal to show a solution where such a duplex system exists. In our solution, both the
channels will be based on indoor optical wireless systems, i.e. there will be optical
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sources and optical receivers at both ends. Since we want to describe a solution that may
be realizable in the real world, we will try to focus on minimizing the costs involved at
the user end. Hence, our solution will have the design goal that the principal transmitter
side can be complex and expensive while the user side will be simpler and cheaper.

5.2 System block diagram
Figure 5-1 shows the basic block diagram of a duplex system working in an
indoor optical wireless environment. We will denote the primary transmitter side as the
Base Station. The first difference between the transmitter of the base station and the user
is the type of source employed. Since our goal is to keep the user side cheap, we have
incorporated infrared LEDs as the light source of the uplink channel. LEDs do not have
high bandwidth, typically the value lies within ~ 5 – 20 MHz for the cheaper ones. Such
low bandwidth is however, enough for an uplink system. Hence, usage of cheap LEDs as
the light emitter for the uplink channel makes sense. On the other hand, the downlink
channel is usually required to support much higher bandwidth. Regardless of whether the
optical wireless channel can support very high bandwidth or not, the light source of the
downlink channel should not be a bottleneck in providing high data rates to the user.
Hence, we have opted to use a laser source at the base station as the optical transmitter.
Since the transmitter at the base station will be intensity modulated at a high rate and the
transmitter at the user side at a low rate, the corresponding electronic circuits (laser driver
and LED driver) will also need to be designed to support the required bandwidth. Of
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course, because of lower bandwidth the LED driver will be cheaper than the laser driver
that requires to support a high bandwidth.

Figure 5-1. Block diagram of a duplex system in an indoor optical wireless environment
The receiver sections of both ends also require some design considerations. Since
our goal is to reduce the cost of the system at the user side, we will assume the receiver at
the user side is implemented without a complex optical front-end. A simple focusing lens
will suffice to capture enough optical power for the photodiode with good signal-to-noise
ratio (SNR) only if the transmitter at the base station can emit its laser beam at proper
locations. For e.g. if the beam from the transmitter hits the ceiling directly above the
user’s receiver, or at least close to that point at the ceiling, such a receiver with simple
focusing lens will be good enough for providing acceptable performance. On the other
hand, in the case of the uplink channel, the user’s transmitter is an LED that will emit
upwards towards the ceiling in some specific radiation pattern, usually Lambertian.
Hence, unless the base station is not located at the ceiling or on any wall that is very close
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to the user, the uplink channel will be non-directed NLOS. We have seen from our
discussions in chapter 4 that rms delay spread is high for NLOS channels and the
received power is also quite lower for such systems than non-directed LOS links. Hence
the photodiode at the base station side should have a complex optical front-end to ensure
enough reception of optical power. Focusing lens must be used in addition to optical
concentrator such as hemispherical lens [52]–[54].
We will next discuss the user and the base station ends in more details including
specific design choices and other design options as alternatives.

5.3 User system
As we have mentioned earlier, the focus of our design is to make the user system
cheaper so that most of the responsibilities of making the downlink and uplink channels
operate within the acceptable performance range fall on the base station side. The source
at the user end will be an IR LED, as explained earlier, because of cost benefits and lower
bandwidth requirement for uplink. The direction towards which this LED will emit is
directly upwards, i.e. towards the ceiling. Thus, for the uplink we have a non-directed
NLOS channel, depending on the base station’s location.
Some considerations should be given on choosing the emitted wavelength range
of the IR LED. Since our system is duplex, there has to be some sort of duplexing method
at both ends so that the transmitter and the receiver at any one end can work at the same
time. Our design is a natural fit for the so-called frequency division duplex (FDD), or in
this case wavelength division duplex (WDD). We can use a different range of wavelength
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for the IR LED of the user side than the wavelength selected for the laser at the base
station side. But photodiodes usually have a large range of detectable wavelength, so
there may be some self-detection at both ends. To avoid this, it is possible to put optical
filters in front of photodiodes to filter out unwanted wavelengths. Nonetheless, there are
photodiodes whose peak detection wavelength is around 850 nm and those where this
peak is at 1550 nm. Hence, for the duplexing to work, we will select the IR LED at the
user side to emit at around 850 nm and a photodiode that has peak wavelength detection
at 1550 nm. Thus, correspondingly, the laser at the base station side will emit at 1550 nm
and the photodiode at the base station will have peak wavelength detection at 850 nm.
It is always necessary to consider eye-safety limits when dealing with infrared
systems. Since infrared is not visible to eyes, a badly designed infrared system with very
high power may damage the eyes before the user notices. At the user side of our duplex
communication system, since we are employing an LED, the limits are relaxed than
lasers. As we mentioned, we will select IR LEDs that emit in the 800 nm to 960 nm
range. Unchecked high radiation within these wavelengths may cause thermal retina
hazards and thermal injury risks of the cornea and possible delayed effects on the lens of
the eye. For LEDs, the safety standard [55] is applicable as this standard deals with
incoherent optical sources. According to the standard, in case of IR LEDs the dominating
limit to their allowable optical power output is the cornea or lens risk in the wavelength
range from 780 nm to 3000 nm. The allowable exposure to the cornea can be calculated
to be the irradiance of 100 Wm-2 at the cornea surface [56]. Assuming a viewing distance
of 0.1 m from the LED, maximum allowable radiant intensity of the LED can be
calculated to be 1 Wsr-1, as radiant intensity of source = irradiance at surface ×
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(distance)2. Hence, we can select appropriate IR LEDs for our purpose that can emit high
optical power and still remain safe to the user’s eye. Two recommended IR LEDs
according to all these criteria may be [57], which has a radiant intensity of 0.2 Wsr-1, or
[58] having a radiant intensity of 0.55 Wsr-1 and the emission wavelength of both of them
is 860 nm.
As we discussed, the photodiode at the user side should have a peak detection
wavelength of 1550 nm. Also, since it is the receiver end of the downlink channel, the
bandwidth of the photodiode has to be high. A recommended photodiode meeting these
parameters is [59]. Being a high speed detector, this photodiode has an active area
diameter of only 0.12×10-3 m or an area of 1.13×10-8 m2. This low active area somewhat
limits the amount of light that is captured by the photodiode. Other options include using
avalanche photodiodes, which have much higher gains than simple p-i-n photodiodes.
Avalanche photodiodes are more affected by background shot noise though, still an
optical filter can reduce this detrimental effect. We have shown in the last chapter that a
focusing lens placed in front of the photodiode where the photodiode is placed exactly at
the focal point of the lens will help capture much more optical power than the bare
photodiode itself. Also the FOV can be reduced to limit background light induced shot
noise. Still the transmitter at the base station is required to emit its laser beam so that it
hits a surface that is within the FOV of the lens so that a LOS link exists. When these
conditions are met, we have shown in the last chapter that the received power will be
sufficient to achieve required SNR for acceptable BER performance. One of the
recommended APDs that meets the specifications best as mentioned above is [60] which
actually includes a low noise preamplifier built with the device.
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5.4 Base station design
We have mentioned earlier that the base station’s responsibility is to maintain a
non-directed or directed LOS link with the user’s receiver. The main focus of this subsection is to discuss how this can be accomplished. The base station is also required to
receive the emission in the non-directed NLOS uplink channel sent from the user’s IR
LED. Hence the design of the base station’s receiver section is also of importance.
We propose an electro-mechanical gimbal type system which can be best
understood from Figure 5-2.

Figure 5-2. Schematic of a possible base station solution
Figure 5-2 shows a hypothetical schematic of our proposed base station system
where the transmitter, i.e. the laser source and the receiver, i.e. the photodiode mounted
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with a focusing lens are connected together and can be directed to any angle in the
hemispherical region above the xy-plane. Of course, this pointing and rotating the system
can be done manually by the user himself, but this can be done automatically by electromechanical systems. The precise angles at which the axis of the laser diode has to be
rotated will be based on decisions taken from measurements by the receiver section.
The target of the rotation is to direct the laser beam at such a direction so that it
hits the ceiling directly above the user system. The reason for this, as explained earlier, is
to ensure that the user system’s receiver can capture enough light for satisfactory
performance. Now, the user system is not complex, and includes the receiver and the IR
LED that just faces upwards towards the ceiling. Hence, the transmission from the user
system in the uplink channel will first be reflected from the ceiling. If this is the case, it is
possible to measure the received power from the ceiling if a receiver faces towards the
ceiling. Now, though IR LEDs are usually assumed to be Lambertian sources, we can
select an LED that has a pointed emission pattern. In fact, the IR LEDs that we
recommended to use as the user system’s transmitter in the previous sub-section do not
emit in a Lambertian radiation pattern, rather they emit mostly in a directed fashion. If
the emission is directed towards the ceiling, which in the user’s case we assume the IR
LED will face directly upwards and thus emit towards the ceiling in a narrow radiation
pattern, only a small area of the ceiling will be illuminated.
Now, the rotating mechanism of the base station can be used where the axis of the
laser and photodiode will be placed at different elevation angles, and within each
elevation angle the axis will rotate 360° at predetermined azimuth angles. At each
position, the receiver actually faces towards the ceiling but at different areas of the
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ceiling. Hence, when the user’s transmitter is emitting its radiation in a narrow pattern
towards some specific area of the ceiling that is directly above the user, it is possible for
the base station receiver to locate that specific area by simply taking measurements of
received power at every position of its rotating axis. By comparing all the measurement
data, the base station can then determine the best possible location of its rotating axis
where its receiver was pointing towards that area of the ceiling that was illuminated by
the user’s IR LED.
Since the receiver of the base station and its laser transmitter is joined together
and are rotated using the same rotating axis, when the receiver is facing towards the area
of the ceiling directly above the user, the laser transmitter is also directed to that exact
area. Hence, with the help of the measurement data of the receiver, the laser transmitter
can indeed emit its beam so that the beam hits a point of the ceiling that is directly above
the user.
This is, in short, the main operating principle of the base station. Of course, there
are cases that need to be explained more carefully where this measurement of received
signal power may not be enough in locating the user. A more robust system can be made
though, by assuming that the user transmits some valid data during this localization
period. Since, the laser and the receiver faces the same area of the ceiling at each rotating
location of the base station axis, the laser can also emit a beam and transmit some valid
data, probably some pilot tones. The user may or may not be able to receive those signals,
depending on how far the area of the ceiling is from the user that the base station
transmitter has transmitted to. If the user receives those transmitted pilot tones, it is
possible to measure the received signal power and transmit the measurement data using
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its IR LED, which can be picked up by the base station’s receiver since it is facing
towards that same area of the ceiling where the laser beam has hit. Thus, by comparing
two sets of data on received signal power, it becomes more helpful for the base station to
correctly select the best rotation axis for its operation.

Figure 5-3. Localization of the user by the base station by changing elevation and
azimuth angles of its rotation axis
As a helpful demonstration, Figure 5-3 shows the process a bit more clearly. The
user side is comprised of an IR LED and a receiver with focusing lens where both of
them face directly upwards. Since we have chosen an IR LED with pointed emission
pattern rather than Lambertian, its emission hits the ceiling in a relatively small area. The
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base station rotates its axis by changing the elevation and azimuth angles of its rotation
axis in gradual steps enabling it to cover the entire ceiling. At every step, the receiver of
the base station measures the received power, if any, emitted from the IR LED of the
user. Also the laser will transmit at a different time slot than the measurement time slot of
the base station receiver. When the laser transmits at the same area of the ceiling the
receiver is pointing to, if the area is directly above the user, the user’s receiver will detect
this signal and transmit the measurement data in a different time slot through its IR LED.
Thus, the receiver of the base station gets the measurement data both from its own
measurement and from the user. The area of the ceiling where both these two
measurements are largest among the collected set of data at different areas of the ceiling
as pointed to by the rotation axis, is finally the target area of the ceiling that is most likely
directly above the user. The base station will turn its rotation axis to go back to that set of
elevation and azimuth angles and will begin the data communications session.
Hence, some sort of timing control is also necessary in localizing the user. This is
however, very easy to achieve and no synchronization is necessary between the user and
the base station, at least in the localization stage. The base station will not emit its laser
beam and measure received power at the same time; there will be finite time difference
between the two operations in the user localization stage. On the other hand, the receiver
of the user will first continue to receive any signal within its FOV. If the laser beam’s
impact point on the ceiling is within its FOV, it will receive that signal and measure it.
The laser beam will not continue to transmit continuously, however. After the laser has
shut off, the user will transmit the measurement data via its IR LED, which in turn will be
detected and measured by the receiver of the base station.
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We will calculate and show some results based on the method described. Before
that, it should be noted that laser wavelength at 1450 nm and higher (up to 3 μm) are
much safer to eyes than other wavelengths [61]. According to laser safety standard [7], it
is possible to transmit a laser beam at hundreds of mW power and still be eye-safe. It is
fortunate for us, and was also a design choice for selecting 1550 nm as the wavelength of
the laser transmitter of the base station side, considering that, because of high bandwidth
required in the downlink channel we had to select a photodiode at the receiver side with a
small detection area. Though we are using a focusing lens, still high transmit power will
definitely help in this case to receive high enough optical power.
We have shown some results in Table 5-1 that illustrates the usefulness of our
method. Suppose that the user coordinate in the room of configuration B of Table 4-1 is
(5.0 m, 3.0 m, 0.8 m) and the base station coordinate is (1.0 m, 4.0 m, 0.8 m). The base
station will change the elevation and azimuth of its rotation axis, and hence its receiver
will point at different areas of the ceiling (or the walls) and measure the received power
from the user’s IR LED. We recommend using [62] as a possible photodiode for the
receiver of the base station. This photodiode has a slightly larger area of 1.13×10-6 m2
since its bandwidth is low, which is sufficient for the uplink channel. The FOV of the
base station receiver is set to 45°. We will generate impulse responses for the uplink
channel as the receiver faces towards different points of the ceiling according to different
elevation and azimuth angles. Using a focusing lens will just increase the received power
for all the positions, hence at this time we are not including a focusing lens in the impulse
response. But it is important to remember that a focusing lens is a must in real scenarios
because the transmitted power of the IR LED at the user side is only about 60 ~ 70 mW
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(if the ones we recommended earlier is used). However the effect of the focusing lens is
that it appears as a multiplicative factor to the received power, and omitting this effect
will still show the relative power difference as the base station receiver faces to different
points of the ceiling. We will show the path loss of the channels defined as
∞

−10 log10   h(t )dt  . One of the channels will have the smallest path loss among others,
0


and the associated elevation and azimuth angles by which the axis of the base station
rotated so that the receiver faced to a certain point at the ceiling to result in this channel
should be assumed to be the correct operating condition in which the base station has to
transmit and receive. Let us assume that the axis is rotated such that the elevation angle is
changed by 5°, and at each elevation angle the azimuth angle is changed by 10°. This
resolution can be changed as necessary. Better resolution will result in more required
time to locate the user system, but will result in more accurate localization, while lower
resolution will locate the user faster, but will result in less accurate localization.
According to the coordinates we mentioned earlier in the room of configuration B of
Table 4-1, it is actually enough to rotate the axis by elevation angles in the range of 25°
to 45° and use azimuth angles of –20°, –10°, 0°, 10°. From the results of Table 5-1, we
will see that in this range we can quickly identify the correct elevation and azimuth
angles for proper operation. It is important to note that these path loss results are
calculated from impulse responses, and the impulse responses have been simulated
assuming the source transmit power is 1 W. In real-world the IR LED from the user side
will transmit the power measurement data that its receiver measures as the laser from the
base station transmits using on-off keying modulation in a very low data rate. The
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receiver at the base station will measure the total power in each pulse and perform some
averaging to determine the average received power. The end result and decision will be
the same as Table 5-1 as the transmit pulses will not suffer from multipath induced ISI
because of very low rate. However, the only factor that may result in wrong decision is
background induced shot noise, where, in spite of using an optical filter at the base
station receiver, it is possible that different amounts of background light power will be
collected by the receiver as it faces at different directions. This may result in incorrect
calculations of average transmit power of the pulses from the IR LED to compare fairly
at different positions. This will be somewhat mitigated however, by the reported
measured power from the user that was transmitted by the base station laser where the
best location is the position when the reported power is the highest.
Table 5-1. Path losses for some elevation and azimuth angles of the base station receiver
to locate the user system in the room of configuration B of Table 4-1
Azimuth
Elevation

10°

0°

–10°

–20°

25°

54.41 dB

54.21 dB

54.11 dB

54.12 dB

30°

54.35 dB

54.16 dB

54.06 dB

54.07 dB

35°

54.32 dB

54.14 dB

54.05 dB

54.06 dB

40°

54.34 dB

54.16 dB

54.07 dB

54.08 dB

45°

54.45 dB

54.23 dB

54.14 dB

54.17 dB
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The lowest value of path loss, 54.05 dB, is obtained at elevation angle of 35° and
azimuth angle of –10°. With that elevation and azimuth angle, the base station receiver is
facing towards the coordinate (4.79 m, 3.33 m, 3.5 m) at the ceiling which is quite close
to the point directly above the user, i.e. (5.0 m, 3.0 m, 3.5 m). It is noticeable that close to
this location the differences in path losses is very negligible and hence it may be difficult
to arrive at the correct choice in real-world scenarios. However, as we just explained, in
real-world path loss will not be used, rather average received power for a transmitted
pulse from the IR LED will be used as the decision maker along with the decision taken
from the reported power measurements from the user side. Nonetheless, if sensitivity is
an issue, this can be alleviated by collecting more optical power by focusing lens that will
appear as a multiplicative factor in the received power, and hence the power differences
at different angles will also be more pronounced. Different type of photodiodes such as
an avalanche photodiode will also give rise to high gain which can be used for this
evaluation. In any case, the principle is always the same – somehow the received powers
at different rotating angles have to be distinguished. How this can be accomplished with
higher sensitivity depends on circuit design, ability to limit noise and usage of proper
optical components.
The base station does not need to check every elevation and azimuth angles for
the largest received power. As the base station is checking, there will be a range within
which the received power is large. Received power will become smaller at both ends of
this range. For e.g. in Table 5-1 we see that this range is within the elevation angles of
30° and 40° and within azimuth angles of 0° to –20°.
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5.5 Other possible duplex designs
We will discuss about a scheme called multi-spot diffusing transmitters and flyeye receivers that may be utilized to provide duplex service in an indoor optical wireless
system. As this scheme requires using laser beams at transmitter sections, the duplexing
scheme better suitable here is Time Division Duplex (TDD), assuming lasers at both ends
transmit at a wavelength of 1550 nm, which is better for eye-safety reasons as discussed
earlier.
Multi-spot diffusing and fly-eye receivers were first discussed in [63]. In this
scheme multiple spots are created at the ceiling by using holographic diffusers. Since
multiple spots are created, transmitter power is divided among them. On the receiver side,
if the FOV of the receiver is high, it will capture light from several of these spots adding
up to the received power. The scheme was further developed in [64], [65]. Performance
of this scheme can be however, improved by employing fly-eye receivers, which was also
mentioned first in [63]. Fly-eye receivers are angle-diversity receivers which are set up in
such a way that several photodiodes are arranged at different angles relative to each other
and thus face different directions. Thus, as the receivers capture useful light signal as well
as ambient noise, it is possible to shut off the ones that capture high optical noise power.
Results from other receivers are combined using combining schemes such as maximum
ratio combining or selection combining techniques. The performance improvement has
been shown to be very significant over diffuse systems.
In the literature, there are reports of several designs of spot patterns on the ceiling
that is created by the multi-spot transmitter. Rectangular patterns all over the ceiling are
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reported in [64]. In [65], a circular pattern of spots are described. In [66] line strip spot
diffusing is illustrated where the spots are all in a line. An interesting technique that
employs a rotating spot is reported in [67] where power wastage is avoided by creating a
single spot. The spot rotates on the ceiling by an electro-mechanical system, and hence
the high power of the spot is effectively rendered less harmful to the eyes. Since the spot
comes into view and goes out of view of the receiver, rateless coding schemes are
proposed such as Raptor codes. The idea of line strip spot diffusing is further explored by
incorporating beam delay, power and angle adaptation in [68], and using a fast algorithm
it has been shown that data transmission at a bit rate of 10 Gbps is possible.
For a duplex scheme, these ideas can be extended in the following way. Since,
some spots are created on the ceiling that fall within the receiver FOV, it is possible to do
the same for the uplink direction also, i.e. both uplink and downlink use lasers in this
scheme. If lasers are to be used, because of eye-safety issues, wavelength of 1550 nm will
be an ideal choice. Since, both the ends will transmit at the same wavelength, TDD can
be employed as the duplexing scheme. Properly designed spot patterns can be factorybuilt as holographic diffusers which can be relatively easily attached at the output of the
laser transmitters. It is possible that different spot patterns are suitable for different
environments, hence a couple of different holographic diffusers may be supplied to the
user to be attached to the transmitters as required. Since holographic diffusers are very
cheap, this will not add too much extra cost to the system. Receiver designs that are based
on fly-eye principle of angle-diversity receiving system will have capability of adaptive
rejection of ambient noise. Based on performance requirements, supported bit-rate and
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cost, simple combining schemes such as selection combining or complex combining
schemes such as maximum ratio combining can be implemented.
Comparison between the approach that we have described in this chapter and
TDD based multi-spot diffusing transmitter and fly-eye receiver system is based on
whether TDD or FDD will be chosen. Since, our design is principled on the choice of
separate wavelengths at the two transmitter ends, if FDD is chosen to avoid
synchronization issues at very high speed, this design can serve the purpose. However,
since this design employs an electro-mechanical system, there is an added issue of
reliability as mechanical systems may not perform as well over the long run of such a
system. On the other hand, if synchronization of the two ends of the duplex system at
very high speed is not much of an issue, TDD based multi-spot diffusing transmitter and
fly-eye receiver is the best choice.

5.6 Conclusions
In this chapter we have discussed about a duplex indoor optical wireless system
with a view to minimizing the cost at the user side. We have chosen to make the base
station side expensive and the user side as cost effective as possible so that our design can
be built and marketed successfully. Since indoor optical wireless systems are not yet
widely available in consumer markets, it is necessary to demonstrate useful duplex
systems that consumers can be benefited from. Our design in this chapter provides such
an optimal design. The design is not without any flaw, however. The requirement of
localization of the user has led to proposing a rotating electro-mechanical shaft at the
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base station side that also has the additional requirement of high receiver sensitivity. The
time needed to localize the user is also an additional factor to consider. After a base
station is put somewhere in a room and is switched on, it has to perform the search for a
receiver by rotating its axis and conducting power measurements. Of course, this will not
work at all if the user side is shut off at that time. Also, there should be continuous power
measurement at the base station to detect if the user has moved to a different location.
Without continuous power monitoring, it is not possible to determine if the user has
moved or a temporary shadowing has reduced the received optical power. We have
discussed just the basic operation principles of a duplex system here. Of course, to make
this work, protocols have to be established, preferably some standards approved by
industry, that define methods for the initial localization of the user station.
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Chapter 6
Experimental Demonstration of LOS links

6.1 Introduction
In the previous chapters we have discussed several theoretical results on indoor
optical wireless channels (OWC). We have discussed methods of calculating impulse
responses of an indoor OWC and presented detailed analyses on an algorithm which we
developed by incorporating best features from two main branches of existing methods.
After simulating an impulse response of an indoor OWC, the next step is to analyze the
performance of a communications system in that environment using that impulse
response and specifications of transmitters, receivers and other environment parameters
such as addition of furniture. We have discussed these in detail and showed performances
that are achievable in an indoor OWC using real-world system parameters. We have also
discussed about a design of a duplex communications system that is plausible to build
and demonstrate. After gaining a theoretical background on an indoor OWC our next step
is to experimentally demonstrate an indoor OWC system and show what performance we
have achieved in that system. The system that we have demonstrated consists of a line-ofsight (LOS) bi-directional link which carries 10 Gbps data stream in both directions that
are generated using a bit-error-rate tester. The system also consists of a uni-directional
link that carries analog Cable Television (CATV) transmission. Thus the whole system
consists of three channels – one channel is the analog uni-directional link and the other
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two channels constitute the bi-directional 10 Gbps link. The three channels are
transmitted using three different infrared wavelengths in a single beam, produced by
three different laser sources. Mux-demuxes are used at both ends to multiplex and
demultiplex the signals as required. Since the system is bi-directional and the two optical
end-points of the system are same in terms of equipment used, we do not distinguish the
two ends as separate transmitter and receiver sides here. However, for the uni-directional
link used for CATV transmission, clearly there is a transmitter and a receiver side, and
hence, we will distinguish between them when we discuss the uni-directional link.
Before delving into the description of our system setup, we present here a
literature review on reports that show data transmission using infrared.
Experiments on infrared links can be broadly categorized into three types,
namely, experiments that measure channel impulse response, experiments that
demonstrate non-line-of-sight (NLOS) links and those that demonstrate LOS links. To
measure the impulse response of a specific indoor channel or environment, usually the
technique involved requires a network analyzer that sweeps over a range of frequencies,
which are used to drive a laser diode. The output of the laser diode is reflected from a
surface if the laser diode is allowed to transmit the beam without a diffuser, or a diffuser
is attached at the output of the laser diode which then transforms the output as a
Lambertian source. The reflection from a surface, also a Lambertian source, or the
diffused Lambertian output of the laser is received by a photodiode. The converted
electrical output from the optical input at the photodiode is fed back to the network
analyzer. The network analyzer multiplies this signal by the transmitted signal and a 90°
phase shifted version of the transmitted signal. The result is then low-pass filtered and

172

normalized to the transmitted signal amplitude, yielding estimates of real and imaginary
parts of the channel frequency response. This allows to obtain the attenuation and phase
shift caused by the channel for each frequency tone produced at the network analyzer.
This information can be displayed as a log-magnitude frequency response and phase shift
of the channel. Application of inverse Fourier Transform yields the channel impulse
response which can also be displayed. This technique was used to measure channel
impulse response of various indoor room environments in [11], where a network analyzer
was used to sweep frequencies from 150 kHz to 38.1 MHz. Frequency responses were
obtained for different locations inside eight different rooms. The same technique of swept
frequency measurement was reported in [12], where a broader range of frequencies, 2
MHz – 300 MHz, were swept. Several measurements at different locations were
performed inside five different rooms. Additional path loss measurements derived from
these data were also reported. In these two references, the receiver was placed at an
upright position, i.e. effects of receiver rotation were not taken into account. In [69]–[72],
receiver rotation effects were also considered and measurements at different rotation
angles of the receiver were shown to have detrimental effects on the frequency response
as expected from simulations. The range of swept frequencies was 5 Hz – 400 MHz.
Lastly, [13] extended the range of frequencies to 1 GHz and reported channel impulse
responses from reflection points off the ceiling.
Demonstrations on working systems of NLOS and LOS links in indoor
environments using infrared are not too numerous. Probably the first reported
demonstration was in [73], where a LOS system was used to transmit audio having a
bandwidth of 15 kHz to a speaker system using infrared LEDs. The earliest NLOS
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demonstrations found in literature include [74] that described a hand held, wireless,
remote data entry terminal using NLOS communications. Further demonstrations in [75]
included a duplex portable telephone using subcarrier frequency division multiplexing
that allowed bi-directional voice paths with a data rate of 32 kbps using a common
infrared LED. Another duplex system using NLOS infrared LEDs were described in [76],
[77] where time division multiplexing was employed. Reference [78] described a nondirected LOS link using infrared LEDs that also operated in full-duplex mode with a
supported data rate of up to 19.2 kbps. Another NLOS system was illustrated in [79] that
also employed infrared LEDs and supported data rates up to 1000 kbps.
Usage of infrared laser diodes in later demonstrations led to a large increase of
data rates supported by the systems. For e.g. [80] showed an experimental demonstration
supporting a data rate of 50 Mbps using diffuse infrared radiation. Measurements were
taken at different locations in five different rooms with and without shadowing effects.
To reduce effects of inter-symbol-interference (ISI), a decision feedback equalizer was
used. Performance in the presence of ambient light source was measured. A high speed
demonstration was reported in [81] using infrared laser that supported data rates up to
1.25 Gbps. It was a non-directed LOS duplex system where each end employed three
transmitters and three receivers, allowing angle diversity at the receiver ends. Further
demonstrations include [82] where the laser output carried by an optical fiber is diffused
by a lens, thereby creating a wide-beam optical source. It was envisioned that the
transmitter would be placed at the ceiling and the receiver on a table. Instead of placing
the transmitter and the receiver assemblies vertically, the experiment was carried out on
an optical table placing the assemblies horizontally, which yielded same performance
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metrics since the distance between them, i.e. the vertical distance, which in this case,
became the horizontal distance, was unchanged. Reported data rate was 2.5 Gbps. Later,
the data rate was increased to 12.5 Gbps and was reported in [83], [84]. Further increase
in the data rate was also demonstrated by employing wavelength division multiplexing
(WDM) that yielded 4×12.5 Gbps data rate [85]. Other LOS demonstrations mostly
involved outdoor transmissions using very pointed laser beams that supported very high
data rates. References [86]–[90] showed very high speed outdoor free space optical
(FSO) LOS links with data rates up to 1.28 Tbps. A combination of fiber optic channel
and short indoor optical wireless link was reported in [91].
The above demonstrations mostly carried digital data that was modulated using
On-Off Keying (OOK) modulation and was used to measure bit-error-rate (BER)
performance of the system. Demonstrations of Radio-over-FSO systems, i.e. laser source
driven by radio frequency (RF) modulated signal was reported in [92], [93] which were
uplink transmissions of Cable Television (CATV) signal.
In the rest of the chapter we describe our system configuration.

6.2 System Description
Our demonstrated system involves a 15 meter LOS free space indoor optical
wireless link that is comprised of three channels. The first channel is a uni-directional
Cable Television (CATV) link. The other two channels operate on opposite directions,
i.e. together they comprise a bi-directional link. Each of these channels uses different
infrared wavelengths in a dense wavelength division multiplexing (DWDM) system
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operated by mux/demuxes at both ends of the setup. According to ITU specifications of
DWDM wavelength and frequency spacing [94], the wavelength used by the CATV link
is ITU channel 28, i.e. 1554.94 nm [95]. The other two channels use wavelengths of ITU
channel 32 (1551.72 nm) and ITU channel 34 (1550.12 nm) [95]. The system block
diagram is shown in Figure 6-1.
Two four port mux/demuxes, manufactured by Olson Technology, Inc.,
California, have been used on both sides of the wireless channel. Two collimators from
Thorlabs, Inc., New Jersey, have been used at both ends to couple optical wireless signal
into single-mode fibers (SMF) and to emit laser beam from SMF into free space. The
collimators (F810APC-1550) have the properties as shown in Table 6-1. Both the
collimators at two ends are placed on 3-axis positioners. The positioners (MAX313D) are
also from Thorlabs, Inc., and are used to align the beams from both ends before
successful transmission and reception are possible. It has been necessary to set up good
alignment between the two collimators before sufficient optical power can be coupled
into the SMF.

Figure 6-1. System block diagram
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Table 6-1. Collimator specifications
Focal length of lens, f (from spec sheet)

37.13 mm

Diameter of lens (measured)

18 mm

Collimated beam diameter (measured)

5 mm

The CATV transmission segment of our system has been set up as follows. CATV
transmission source is supplied by cable operators, which is transported by a coaxial
cable to the laser transmitter. We have used OTOT-1000C-08-FF28 from Olson
Technology, Inc. This transmitter employs a direct modulation laser source emitting
wavelength at ITU channel 28, i.e. 1554.94 nm, as mentioned earlier. The laser is simply
intensity modulated by the RF signal of CATV transmission. The transmitter has a
bandwidth ranging from 48 MHz to 1 GHz, supporting full range of CATV analog and
digital multichannel transmission. The output of the transmitter is coupled to a single
mode fiber (SMF) and is intended for fiber transport in the range of 0 – 10 km according
to manufacturer specifications.
The SMF is then connected to the ITU-28 port of the mux. The output of the mux
is coupled with a collimator that enables free space laser transmission. The other
collimator is placed 15 meters across the room. The collimators have been placed at a
height of 2 meters so that human movement cannot cause link blockage. Figure 6-2
shows one of the collimators connected to an SMF and attached with a positioner system.
The other collimator is identical to the one shown here.
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Figure 6-2. Collimator lens assembly used at both ends of the system
The collimator acting as receiver for the CATV link of our setup focuses the
radiant laser beam into an SMF, which is connected to the demux. The ITU-28 port of the
demux is connected to the receiver demodulation circuit. We have used OTPN-400C
from Olson Technology, Inc. that employs a simple detector circuit and outputs the RF
signal. According to manufacturer specifications, the input optical power level range
required for the device to work is between –1 to –8 dBmW. The RF signal is carried by a
coaxial cable and is fed directly to a TV.
The 10 Gbps links have been set up as follows. We have used a bit-error-rate
tester (BERT) to generate a pseudo-random-bit-sequence (PRBS) data stream at 10 Gbps
bit rate. The BERT we have used is BERTscope BSA12500A from Synthesys Research,
Inc. It is capable of generating PRBS data, and when the received data is fed back to it,
bit-error-rate (BER) along with eye-diagrams can be evaluated for the system. The
outputs and the inputs of the BERT are in the electrical domain and the connectors are of
SubMiniature version A (SMA) type. We have used two enhanced Small Form Factor
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Pluggable (SFP+) modules, manufactured by Olson Technology, Inc., that can convert
electrical signals to optical signals and vice versa. SFP+ modules have laser sources and
photodetectors inside them that enable these conversions. But since SFP+ modules
cannot be directly interfaced with SMA connections, we have used two SFP+ evaluation
boards, FDB-1027 from Finisar Corporation. The SFP+ evaluation board houses a single
SFP+ edge connector and cage and four SMA coaxial connectors for differential
transmitter input and receiver output signals. Hence, we have connected the differential
outputs of the BERT to the differential transmitter input ports of the SFP+ evaluation
boards. Each of the boards is connected to a SFP+ module, and thus the electrical signal
output of the BERT is converted to optical domain. Similarly, the received differential
output signals from the SFP+ modules can be connected to the input ports of the BERT
by using the same SFP+ evaluation boards.
The two SFP+ modules emit wavelengths of ITU channel 32 (1551.72 nm) and
ITU channel 34 (1550.12 nm). The output of the SFP+ module emitting wavelength of
ITU-32 is connected to the ITU-32 port of the same mux/demux at which the transmitter
of the CATV system has been connected. The output of the SFP+ module emitting
wavelength of ITU-34 is transported across the room by a 20 m fiber to connect to the
ITU-34 port of the same mux/demux at which the receiver of the CATV system has been
connected. Since this mux/demux receives the ITU-32 signal that has been transmitted
from across the 15 m link, the output of the ITU-32 port of it is carried over a 20 m fiber
across the room where the SFP+ module that produces the ITU-34 signal is and
connected to it, since this SFP+ module will act as the receiver for the ITU-32 channel.
The received signal from the SFP+ evaluation board is then connected to the BERT to
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take BER measurements of the ITU-32 channel. To measure the BER of the ITU-34
channel, the following operations are done. The ITU-34 link is transmitted from the
across the room, since the signal has been transported there by a fiber as mentioned
earlier. Thus the ITU-34 channel is received at the side of the room where the BERT,
SFP+ modules and CATV transmitter are located. We get the received signal from the
ITU-34 port of the mux/demux at which the transmitter of the CATV system has been
connected. This signal is connected to the SFP+ module that produces the ITU-32 signal,
since this SFP+ module will act as the receiver for the ITU-34 channel. The received
signal from the SFP+ evaluation board is then connected to the BERT to take BER
measurements of the ITU-34 channel. In this way the bi-directional link operates and we
can measure the performance on both directions.

6.3 Measurement results

6.3.1 Free space measurements
We have taken free space measurements at various points of the optical wireless
path. We denote the two sides of our system ‘right-side’ and ‘left-side’ according to the
block diagram in Figure 6-1. Measurement values at various points of these two sides are
given in Table 6-2.
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Table 6-2. Free space measurement values
Point at which optical power was measured

Optical Power (dBmW)

TX power at right-side lens

6.96

RX power at right-side lens

– 0.29

TX power at left-side lens

0.33

RX power at left-side lens

6.74

RX power at right-side after coupling into SMF
RX power at left-side after coupling into SMF

– 2.15
4.07

As it is seen from Table 6-2, the received optical power at left-side of our system
diagram after coupling is 4.07 dBmW, which is enough to make the CATV demodulation
circuit work. Thus, we did not need an amplifier such as an Erbium Doped Fiber
Amplifier (EDFA) to amplify the received optical signal. Also, according to laser safety
standards [7], the measured powers at free space are within the eye-safety limit.

6.3.2 CATV measurements
As can be seen from the results of Table 6-2, the optical path loss is very low.
Hence, since the signal-to-noise ratio (SNR) is high, we can expect very good quality
CATV transmission. This has been confirmed and a sample screenshot of a high
definition (HD) digital TV channel is shown in Figure 6-3.
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Figure 6-3. Sample screenshot from one of the channels playing on the TV
There have been 65 analog channels and 64 digital channels in the CATV
transmission link. For the sake of visual comparison, the spectrum of the whole RF
bandwidth, of an individual analog channel and an individual digital channel on both the
transmitter and the receiver sides of the CATV link are shown in Figure 6-4. The
spectrum remains flat, without any distortion after the transmission through optical link.
It should be noted that in the case of the CATV transmission system we can clearly
distinguish a transmitter and a receiver end without ambiguity, and hence we have
described them as such. From the distortion free spectrum we can draw the conclusion
that since this system is an excellent demonstration of a radio-over-fiber system carried
over a free space optical wireless pointed link, it can be applied for various other
applications than CATV transmission, for e.g., any transmission that requires RF carriers
such as modulated audio and video transmission for gaming applications, secure and
point-to-point RF transmissions at facilities that restrict omnidirectional RF transmissions
etc.
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Figure 6-4. (a) Complete spectrum of the CATV RF link from the transmitter side, (b)
Complete spectrum of the CATV RF link from the receiver side, (c) Spectrum of an
individual analog channel from the transmitter side, (d) Spectrum of an individual analog
channel from the receiver side, (e) Spectrum of an individual digital channel from the
transmitter side, (f) Spectrum of an individual digital channel from the receiver side.

6.3.3 BER measurements
The SFP+ modules that we used had a receiver sensitivity of –20 dBmW that
ensures a BER less than 10-12. Since our received power was much higher than this value,
we did not observe any bit error over the measurement duration and the measured BER
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was hence zero for both the 10 Gbps links. From the eye-diagrams, it can be assumed that
the BER was actually in the range of approximately 10-20. It signifies that an indoor
optical wireless link of 15 m length is perfectly capable of maintaining a very low BER
(much smaller than 10-12) bi-directional link.
We have put a variable optical attenuator at the receiver sides of both the ITU-32
and the ITU-34 channels to reduce the received optical power that may correspond to
situations having longer distance or reduced transmitted power. We found that received
optical power is not the only parameter that affects the BER. The alignment of the
collimators or the amount of collimated power influences the BER strongly. At the same
received optical power, with better alignment it is possible to obtain better BER. The
reason is that with better alignment we can obtain better SNR and thus BER improves
with the same received optical power. Hence, a BER curve with respect to received
optical power is valid for a specific alignment condition. A different alignment among the
collimators will shift the curves. Moreover, since the ITU-32 and the ITU-34 channels
are actually different channels as the alignment of their respective transmitter and
receiver collimators are different, they yield different BER curves. Figure 6-5 shows a
BER curve for the ITU-32 channel at an alignment condition when, for the ITU-32
channel, the transmitted power was 1.15 dBmW and the received power at the demux
was –5.64 dBmW. Similarly, we have measured BER performance for the ITU-34
channel too, but since this channel has a different alignment condition than the previously
measured ITU-32 channel, the two BER curves are different. Figure 6-6 shows a BER
curve for the ITU-34 channel at an alignment condition when, for the ITU-34 channel,
the transmitted power was 1.54 dBmW and the received power at the demux was –4.98
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dBmW. We have not plotted the two BER curves in the same figure since they represent
very different channels due to different alignment conditions and will not give any useful
information if plotted in the same figure.
Figure 6-7 shows eye diagrams for the ITU-32 channel when zero bit-errors are
observed over the measurement duration and when BER is 3.66×10-5. Figure 6-8 shows
eye diagrams for the ITU-34 channel when zero bit-errors are observed over the
measurement duration and when BER is 3.34×10-5. The eye diagrams have been
generated at the BERT, and hence show the electrical values. The peak to peak amplitude
of both the diagrams is 710 mV. As can be seen from the figures, there is no observable
difference in the shape of the eyes or noise level between the two channels, since the
measured BER when these eye diagrams were pictured are almost same for both
channels.

Figure 6-5. BER curves for the ITU-32 channel at an alignment condition when, for the
ITU-32 channel, the transmitted power was 1.15 dBmW and the received power at the
demux was –5.64 dBmW.
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Figure 6-6. BER curves for the ITU-34 channel at an alignment condition when, for the
ITU-34 channel, the transmitted power was 1.54 dBmW and the received power at the
demux was –4.98 dBmW.

Figure 6-7. Eye diagrams for the ITU-32 channel when: (a) zero bit-errors are observed
over the measurement duration and (b) BER is 3.66×10-5
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Figure 6-8. Eye diagrams for the ITU-34 channel when: (a) zero bit-errors are observed
over the measurement duration and (b) BER is 3.34×10-5

6.3.4 Alignment sensitivity measurements
From the previous sub-section it is apparent that the BER curves shown in our
experiment are not very useful unless alignment conditions are specified. Though
theoretically, the BER curves for the ITU-32 and the ITU-34 channel should be the same,
except if the detector sensitivity is dissimilar in the different SFP+ modules used for their
reception, we have obtained different BER curves due to their different alignment
conditions. Hence, it is imperative to show the dependence of BER on alignment
conditions.
Since the laser beam is assumed to have a Gaussian profile, measuring alignment
either on the vertical or the horizontal axis will result in similar performance metrics as
the other one. In our experiment, the two positioners are fixed in their locations, i.e. it is
not possible to move them. Only the collimator may be shifted horizontally or vertically
by rotating the knobs on the positioners. We have measured alignment sensitivity on BER
performance of the ITU-32 channel by shifting the collimator horizontally and vertically
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only at the receiver side of the ITU-32 link. The positioners have a range of 8 mm in their
allowed movement range of the positioning knobs. Hence, we can only shift the
collimators 8 mm from the zero position either on the horizontal axis or the vertical axis.
An immediate concern is that intuitively the alignment sensitivity curve should be ‘U’shaped if the x-axis is position and the y-axis is BER, however we may not get the full
‘U’-shape due to the limited 8 mm span available to us. This may be rectified if the
positioners themselves could be moved, but since they are fixed in their locations, we
may obtain only one side of the ‘U’-shaped curve. Indeed, this is what we have obtained
when we shifted the collimator in the horizontal axis at the receiver side of the ITU-32
channel. For the vertical axis, we have obtained full ‘U’-shaped curve that shows the full
range of receiver collimator positions where we observed zero bit-errors over the
measurement duration and also BER lower than 10-6 that can be obtained when the
collimator position at the transmitter side is fixed.
Figure 6-9 and 6-10 show the effects on BER performance of the ITU-32 channel
as the collimator is shifted on the vertical and the horizontal axis, respectively.
It is observable that the vertical axis has a larger allowable span where zero biterrors observed over the measurement duration and BER lower than 10-6 is attainable,
though for the horizontal axis we can only extrapolate from the observable data. For the
vertical axis, the range is from approximately 3 mm to more than 8 mm, which we can
extrapolate to about 9 mm, thereby giving the total range to be about 6 mm where BER
less than 10-6 is obtainable. For the horizontal axis, we get only half of the full ‘U’shaped curve, where the specified BER of 10-6 is attainable at positions lower than 3.75
mm approximately. Since, even at position of 0 mm, observable bit-errors were zero, we
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can extrapolate these data and assume the minimum position to be about –0.75 mm where
BER of 10-6 is attainable. Hence, for the horizontal axis the approximate total range is
about 4.5 mm. In an ideal condition where the transmitter and the receiver collimators are
in the same plane, because of the Gaussian profile of the laser beam, shifts at both the
axes should result in similar performance. However, in our experiment, the collimator at
the receiver side of the ITU-32 channel is placed slightly higher than the transmitter side,
and hence, we do not observe similar alignment sensitivity on BER performance for both
the axes. It should be noted that the measured beam diameter at the receiver side lens of
the ITU-32 channel is approximately 5 mm. Hence, horizontal or vertical shift of about
4.5 mm – 6 mm of the beam to get acceptable BER performance is agreeable with the
measured beam diameter.

Figure 6-9. Alignment sensitivity on BER performance of the ITU-32 channel as the
receiver collimator is shifted vertically
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Figure 6-10. Alignment sensitivity on BER performance of the ITU-32 channel as the
receiver collimator is shifted horizontally

6.4 Applications
The purpose of this demonstration is to show that using standard off-the-shelf
SFP+ modules and collimators, it is possible to establish pointed 10 Gbps optical wireless
links that work bi-directionally with very low BER (much smaller than 10-12). The
transmitted power from a SFP+ module is fixed, and unless the module is not in a
working condition, it is not expected that the transmitted power will decrease. The SFP+
modules that we have used have been manufactured according to relevant industry
standards [96]–[100] that specifies a minimum transmit average optical power. Official
specifications from the manufacturer of the SFP+ modules specifies the minimum

191

average transmit power to be 0 dBmW, though we have always observed the average
optical power to be in the range of 1.1 – 1.5 dBmW. Allowing a coupling loss of 8 dB,
which is a conservative value since good coupling can minimize the coupling loss to
around 2 dB, and we have managed to bring the coupling loss to be as low as about 3 dB
(Table 6-2), the received power at the input of the receiver SFP+ module becomes about
–7 dBmW. Our SFP+ modules have a receiver sensitivity of –20 dBmW that ensures a
BER of 10-12. Hence, with the received power as calculated above, the BER will always
be much smaller than 10-12. Of course, bad alignment can bring down the received power
to be lower than the receiver sensitivity that will introduce BER higher than 10-12 in the
system. Nonetheless, since the link is assumed to work only in a pointed fashion,
alignment will be a pre-requisite for the system to setup, and with a moderate alignment
and a coupling loss of 8 dB, the system will demonstrate a performance of having very
low BER (much smaller than 10-12).
Some applications where such a pointed link may be useful include entertainment
centers at homes to transmit gaming or video and audio data to a receiving unit. Figure 611 shows such an application. One of the more important and relevant applications is
datacenters where this setup can be utilized [101]–[105]. Datacenters have racks of
servers where each of the racks communicates with each other via a top-of-the-rack
(ToR) switch. The links between these switches are usually oversubscribed [106], for
e.g., supposing that 30 machines are connected to a ToR switch with 1 Gbps links, and
the ToR switch is connected to an aggregate switch (to connect with other ToR switches)
with a 10 Gbps link, this link is said to be oversubscribed at 1:3 ratio. Inserting a
secondary link at this point that can carry 10 – 20 Gbps of data via an optical wireless
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channel can improve the performance of ToR switches, leading to a decreased time for
completion of tasks for the datacenter. Reference [107] includes an idea of steerable
optical wireless pointed beams by control mechanisms that will help the alignment issue.
Since datacenters have to satisfy several requirements such as high traffic throughput
[108], [109], low cost for operation and management [110], ability to handle dynamic
traffic patterns and low complexity in cabling [111], our demonstration of 10 Gbps bidirectional link with very low BER (much smaller than 10-12) at a distance of 15 m is a
perfect application for datacenters. Figure 6-12 shows an example of this application in a
datacenter to communicate between servers.

Figure 6-11. An application of pointed optical wireless links for transmission of video
and audio data
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Figure 6-12. An application of pointed optical wireless links in datacenters

6.5 Conclusions
In this chapter we have described an experimental demonstration of a pointed
optical wireless link that includes a uni-directional radio-over-FSO link showing full
range of CATV transmission and a bi-directional 10 Gbps link for which we have
measured BER and alignment sensitivity. Our measurements have revealed that with the
equipment we have used in the demonstration, BER will be much smaller than 10-12 with
moderate alignment between the collimators at two ends. BER is strongly dependent on
the alignment and coupling efficiency, and we have shown a simple calculation where
this BER is guaranteed with a moderate coupling loss of 8 dB. Our system has been
placed at a height of 2 m and the distance between the two collimators is 15 m. This
simulates a datacenter environment that has minimum human intervention. Thus the
direct application of this demonstration is datacenters enabling many benefits such as
flexibility, lower cost and high throughput. The CATV portion of our experiment has
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demonstrated that radio-over-FSO is a very viable application indoors. In fact, as we have
mentioned earlier, the receiver demodulator circuit operates with an input optical power
of –1 to –8 dBmW, and hence we have a bigger margin of allowable coupling loss of
about 14 dB. An important fact should be noted here that our system can support any
combination of higher bit rates as necessary by simply incorporating higher level muxdemuxes. For e.g. if we employed a 8×1 mux we could use up to 7 bi-directional links
each carrying 10 Gbps data stream both ways, assuming the remaining port of the muxdemux is used for the CATV link. Hence, in conclusion, this demonstration showed the
potential of very high speed pointed optical wireless links successfully that may have
direct applications in datacenters.
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Chapter 7
Conclusions and Future Work

7.1 Conclusions
In this dissertation we have focused on indoor optical wireless channel modeling
methods and associated analyses related to various performance metrics including rms
delay spread and path loss. We have first discussed some preliminary basics on optical
wireless systems to introduce some aspects of optical communications such as intensitymodulation direct-detection methods. We have differentiated between radio frequency
based channels and optical wireless channels by showing absence of multipath fading in
the latter. Optical wireless communication systems can be viewed as a baseband
transmission scheme, which we have shown in chapter 2. With the basic knowledge on
optical wireless communication systems, we moved to chapter 3.
The focus of chapter 3 was to evaluate channel impulse responses. We have
shown different transmitter and receiver configurations that may give rise to delayed
reflections of a transmitted signal as a result of which multipath induced inter-symbolinterference (ISI) may become an important problem for such systems if operated at
moderately high bit rate. Hence, it became apparent that modeling the channel is
important and we delved into this discussion. We showed that there are two main
branches of algorithms for channel modeling of indoor optical wireless communication
systems. Both of the methods have their benefits and disadvantages. The first method,
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Barry’s algorithm, calculates impulse responses in a deterministic way; the calculated
impulse responses are very accurate but they are generated in a recursive fashion, and
hence Barry’s method takes a very long computing time for calculating impulse
responses. The other method, the Modified Monte Carlo (MMC) algorithm uses a
variation of Monte Carlo algorithm that generates rays from the light source in a
probabilistic fashion by considering the radiation pattern of the light source as a
probability density function (pdf). The rays are independent of each other and they are
independently traced throughout the environment to generate the impulse response. The
MMC algorithm is hence very fast, but has the disadvantage that due to the random
nature of the direction of rays, the impulse response is not temporally smooth. Our
significant contribution described in this dissertation is to combine these two algorithms
into a new one that carries the benefits of both of them. We have described in details
about this in chapter 3. Our algorithm is termed as the Combined Deterministic and
Modified Monte Carlo (CDMMC) method as it is a combination of the mentioned two
algorithms. Similar to Barry’s algorithm, we divide each surface of the room into small
reflecting elements and then instead of proceeding to generate line-of-sight responses
from these elements to all other elements, we generate rays from them probabilistically
similar to the MMC method. We generate fewer numbers of rays in total than is required
by the MMC algorithm. In chapter 3 we have shown some test results where we
implemented all three algorithms and ran them in three different systems with and
without parallel computation capabilities. Our algorithm was very fast, similar to the
MMC algorithm. One of the benefits our algorithm carries is that contribution of first
reflections to the total impulse response is computed deterministically, hence this part
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does not contain variance. Contributions of second and rest of the reflections to the total
impulse response are computed using the MMC method and hence carries the benefit of
speed and parallelizability.
In chapter 4 we have focused on analyzing channel impulse responses of some
non-directed LOS and NLOS links in order to gain understanding of various aspects of
indoor optical wireless channels. We showed in details effects on rms delay spread and
path loss as the receiver’s position is changed throughout the room for both LOS and
NLOS scenario. We also showed change in –3dB bandwidth for some receiver positions
for these two configurations. We then proceeded to add furniture in the room and
analyzed the change in rms delay spread compared to our previous analyses of nondirected LOS and NLOS links. We found that if the receiver is close to some furniture
which have height much larger than the receiver itself, rms delay spread changes the
most. The change in rms delay spread at other locations is not too much to require
generating all impulse responses at all conditions with furniture and hence, we concluded
that impulse responses calculated for empty rooms can be used for the same rooms with
furniture only if the receiver is not located very close to any tall furniture. Lastly, we
conducted some signal-to-noise computations and found that bare photodiodes are not
enough to receive sufficient optical power to ensure a high SNR. Our suggested solution
was to use a focusing lens to concentrate all the power collected by the large lens area to
shine on the photodiode.
In chapter 5 we designed a duplex optical wireless system with a specific goal to
make the user side as cost effective as possible. The base station side had the
responsibility of maintaining good link performance and hence we proposed innovative
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design ideas involving a hemispherical rotating shaft that had a laser transmitter and the
receiver connected to it. We showed that the laser transmitter can emit the laser beam
directly above the user system at the ceiling so that the receiver of the user can receive a
good amount of optical power. Hence, as this needed locating where the user is in the
room, we proposed a method of rotating the shaft by gradual shifts of elevation and
azimuth angles and measuring transmitted power from the user system’s IR LED used for
uplink. With the measurement data at hand, we showed that the base station can locate
the user successfully.
Chapter 6 described an experimental demonstration involving a pointed LOS link.
We established a bi-directional link consisting of two 10 Gbps links and a uni-directional
analog link at a distance of 15 m. We showed that path loss was very low and hence by
using off-the-shelf components we showed it is possible to obtain BER much smaller
than 10-12. The system required two collimators at the two ends and hence proper
alignment was necessary before transmission was possible. We discussed that a direct
application of this technology is datacenters where such optical directed LOS links can
replace cabled links that are oversubscribed.
Thus this dissertation has described methods on calculating impulse responses of
indoor optical wireless channels in details, and discussed properties of such channels.
This dissertation also contains a proposal of a duplex optical wireless system and
description of a demonstration of a bi-directional 10 Gbps link. So, it can be concluded
that the dissertation has fairly covered some important aspects of indoor optical wireless
channels successfully.
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7.2 Future Work
Demonstrations of working solutions employing indoor optical wireless
communication links should be an important task for researchers to push this field into
commercialization. The duplex system that we described in chapter 5 can be built and
evaluated to decide whether such a system is feasible for consumer market or not. Since
experimental demonstrations using infrared wireless communications are not too
numerous, it is a ripe opportunity for gaining traction in this field by showing high speed
data links.
Modulation schemes other than OOK can be applied and studied. Though there
are lots of research materials concerning usage of OFDM in visible light
communications, more study is necessary to understand the effects of employing OFDM
for very high data rate transmissions using infrared.
Visible light communications (VLC) is also an exciting sub-field within optical
wireless communications. While we mostly focused on infrared wavelengths in this
dissertation, most of our discussions apply equally to visible light communications too.
One of the limitations that VLC researchers have to face is the low bandwidth of visible
light LEDs. However, it is envisioned that household LEDs that are used for lighting will
also be employed for communications in future. There are many challenges in driving a
lighting LED properly for communications purpose including techniques of keeping
transmission continuous when the light is dimmed. There are also visible light lasers
available that are white, and can be diffused by a diffuser and used for communications.
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In short, VLC already is and will remain an exciting research area in indoor optical
wireless communications field.
Finally, more study on shadowing by humans in an indoor environment is
necessary. Researches into this area have focused into specific room configurations and
conclusions drawn from them are applicable for specific designs to overcome human
shadowing problems. However, it is necessary to develop a mathematical framework on
human shadowing and general techniques that will mitigate the loss of link due to
obstruction in the LOS channel.
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