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Figure 1.1. An indoor wireless optical communication system.

Figure 1.1 presents a diagram of a typical indoor wireless optical communi-
cations scenario. Mobile terminals are allowed to roam inside of a room and
require that links be established with a ceiling basestation as well as with other
mobile terminals. In some links the radiant optical power is directed toward the
receiver, while in others the transmitted signal is allowed to bounce diffusely
off surfaces in the room. Ambient light sources are the main source of noise
in the channel and must be considered in system design. However, the avail-
able bandwidth in some directed wireless optical links can be large and allows
for the transmission of large amounts of information, especially in short range
applications.

Indoor wireless optical communication systems are envisioned here as a
complimentary rather than a replacement technology to RF links. Whereas,
RF links allow for greater mobility wireless optical links excel at short-range,
high-speed communications such as in device interconnection or board-to-board
interconnect.

1.1 A Brief History of Wireless Optical Communications

The use of optical emissions to transmit information has been used since
antiquity. Homer, in the Iliad, discusses the use of optical signals to transmit
a message regarding the Grecian siege of Troy in approximately 1200 BC.
Fire beacons were lit between mountain tops in order to transmit the message
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Figure 1.2. Drawing of the photophone by Alexander Graham Bell and Charles Sumner Tainter,
April 1880 [The Alexander Graham Bell Family Papers, Library of Congress].

over great distances. Although the communication system is able to only ever
transmit a single bit of information, this was by far the fastest means to transmit
information of important events over long distances.

In early 1790’s, Claude Chappe invented the optical telegraph which was
able to send messages over distances by changing the orientation of signalling
“arms” on a large tower. A code book of orientations of the signalling arms
was developed to encode letters of the alphabet, numerals, common words
and control signals. Messages could be sent over distances of hundreds of
kilometers in a matter of minutes [8].

One of the earliest wireless optical communication devices using electronic
detectors was the photophone invented by A. G. Bell and C. S. Tainter and
patented on December 14, 1880 (U.S. patent 235,496). Figure 1.2 presents a
drawing made by the inventors outlining their system. The system is designed
to transmit a operator’s voice over a distance by modulating reflected light from
the sun on a foil diaphragm. The receiver consisted of a selenium crystal which
converted the optical signal into an electrical current. With this setup, they were
able to transmit an audible signal a distance of 213 m [9].

The modern era of indoor wireless optical communications was initiated in
1979 by F.R. Gfeller and U. Bapst by suggesting the use of diffuse emissions
in the infrared band for indoor communications [1]. Since that time, much
work has been done in characterizing indoor channels, designing receiver and
transmitter optics and electronics, developing novel channel topologies as well
as in the area of communications system design. Throughout this book, previous
work on a wide range of topics in wireless optical system will be surveyed.
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1.2  Overview

The study of wireless optical systems is multidisciplinary involving a wide
range of areas including: optical design, optoelectronics, electronics design,
channel modelling, communications and information theory, modulation and
equalization, wireless optical network architectures among many others.

This book focuses on the issues of signalling design and information theory
for wireless optical intensity channels. This book differs from Barry’s com-
prehensive work Wireless Infrared Communications [2] and the text by Otte
et al. Low-Power Wireless Infrared Communications by focusing exclusively
on the design of modulation and coding for single element and multi-element
wireless optical links. This work is complimentary and focuses on the de-
sign of signalling and communication algorithms for wireless optical intensity
channels.

The design of a communication algorithms for any channel first requires
knowledge of the channel characteristics. Chapter 2 overviews the basic opera-
tion of optoelectronic devices and the amplitude constraints that they introduce.
Eye and skin safety, channel propagation characteristics, noise and a variety of
channel topologies are described.

Most signalling techniques for wireless optical channels are adapted from
wired optical channels. Conventional signalling design for the electrical chan-
nel cannot be applied to the wireless optical intensity channel due to the channel
constraints. A majority of signalling schemes for optical intensity channels deal
with binary-level on-off keying or PPM. Although power efficient, their spec-
tral efficiency is poor. Chapter 3 overviews basic concepts in communications
system design such as vector channel model, signal space, bandwidth as well
a presenting an analysis of some popular binary and multi-level modulation
schemes.

Part IT of this book describes techniques for the design and analysis of spec-
trally efficient signalling techniques for wireless optical channels. This work
generalizes previous work in optical intensity channels in a number of important
ways. In Chapter 4, a signal space model is defined which represents the am-
plitude constraints and the cost geometrically. In this manner, all time-disjoint
signalling schemes for the optical intensity channel can be treated in a common
framework, not only rectangular pulse sets.

Having represented the set of transmittable signals in signal space, Chapter 5
defines lattice codes for optical intensity channels. The gain of these codes over
a baseline is shown to factor into coding and shaping gains. Unlike previous
work, the signalling schemes are not confined to use rectangular pulses. Ad-
ditionally, a more accurate bandwidth measure is adopted which allows for the
effect of shaping on the spectral characteristics to be represented as an effective
dimension. The resulting example lattice codes which are defined show that
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on an idealized point-to-point link significant rate gains can be had by using
spectrally efficient pulse shapes.

Chapter 6 presents bounds on the capacity of optical intensity signalling sets
subject to an average optical power constraint and a bandwidth constraint. Al-
though the capacity of Poisson photon counting channels has been extensively
investigated, the wireless optical channel is Gaussian noise limited and pulse
sets are not restricted to be rectangular. The specific bounds on the channel
capacity of wireless optical channels exist for the case of PPM signalling and
multiple-subcarrier modulation. The bounds presented in this work generalize
these previous results and allow for the direct comparison of convention rect-
angular modulation with more spectrally efficient schemes. The bounds are
shown to converge at high optical signal-to-noise ratios. Applied to several
examples, the bounds illustrate that spectrally efficient signalling is necessary
to maximize transmit rate at high SNR.

The spectral efficiency and reliability of wireless optical channels can also
be improved by using multiple transmitter and receiver elements. Part III con-
siders the modelling and signalling problem of multi-element links. Chapter
7 discusses the use of multiple transmit and receive elements to improve the
efficiency of wireless optical links and presents a discussion on the challenges
which are faced in signalling design.The pixelated wireless optical channel is
defined as a multi-element link which improves the spectral efficiency of links
unlike previous multi-element links, such as quasi-diffuse links and angle di-
versity schemes,. Although chip-to-chip, inter-board and holographic storage
systems exploit spatial diversity for gains in data rate, the pixelated wireless
optical channel does not rely on tight spatial alignment or use a pixel-matched
assumption. Chapter 8 presents an experimental multi-element link in order to
develop a channel model based on measurements. Using this channel model
pixel-matched and pixelated optical spatial modulation techniques are com-
pared.

Finally, Chapter 9 presents concluding remarks and directions for further
study.



Chapter 2

WIRELESS OPTICAL INTENSITY CHANNELS

Communication systems transmit information from a transmitter to a receiver
through the construction of a time-varying physical quantity or a signal. A fa-
miliar example of such a system is a wired electronic communications system
in which information is conveyed from the transmitter by sending an electrical
current or voltage signal through a conductor to a receiver circuit. Another ex-
ample is wireless radio frequency (RF) communications in which a transmitter
varies the amplitude, phase and frequency of an electromagnetic carrier which
is detected by a receive antenna and electronics.

In each of these communications systems, the transmitted signal is corrupted
by deterministic and random distortions due to the environment. For example,
wired electrical communication systems are often corrupted by random thermal
as well as shot noise and are often frequency selective. These distortions due
to external factors are together referred to as the response of a communica-
tions channel between the transmitter and receiver. For the purposes of system
design, the communications channel is often represented by a mathematical
model which is realistic to the physical channel. The goal of communication
system design is to develop signalling techniques which are able to transmit
data reliably and at high rates over these distorting channels.

In order to proceed with the design of signalling for wireless optical chan-
nels a basic knowledge of the channel characteristics is required. This chapter
presents a high-level overview of the characteristics and constraints of wireless
optical links. Eye and skin safety requirements as well as amplitude constraints
of wireless optical channels are discussed. These constraints are fundamental
to wireless optical intensity channels and do not permit the direct application
of conventional RF signalling techniques. The propagation characteristics of
optical radiation in indoor environments is also presented and contrasted to RF
channels. The choice and operation of typical optoelectronics used in wire-
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Figure 2.1. Block Diagram of an optical intensity, direct detection communications channel.

less optical links is also briefly surveyed. Various noise sources present in
the wireless optical link are also discussed to determine which are dominant.
The chapter concludes with a comparison of popular channel topologies and a
summary of the typical parameters of a practical short-range wireless optical
channel.

2.1  Wireless Optical Intensity Channels

Wireless optical channels differ in several key ways from conventional com-
munications channels treated extensively in literature. This section describes
the physical basis for the various amplitude and power constraints as well as
propagation characteristics in indoor environments.

2.1.1 Basic Channel Structure

Most present-day optical channels are termed intensity modulated, direct-
detection channels. Figure 2.1 presents a schematic of a simplified free-space
intensity modulated, direct-detection optical link.

The optical intensity of a source is defined as the optical power emitted
per solid angle in units of Watts per steradian [10]. Wireless optical links
transmit information by modulating the instantaneous optical intensity, I(t), in
response to an input electrical current signal z(t). The information sent on this
channel is not contained in the amplitude, phase or frequency of the transmitted
optical waveform, but rather in the intensity of the transmitted signal. Present
day optoelectronics cannot operate directly on the frequency or phase of the
10 Hz range optical signal. This electro-optical conversion process is termed
optical intensity modulation and is usually accomplished by a light-emitting
diode (LED) or laser diode (LD) operating in the 850-950 nm wavelength band
[11]. The electrical characteristics of the light emitter can be modelled as a
diode, as shown in the figure. Section 2.2.1 describes the operation of LEDs
and LDs in greater detail.

The opto-electrical conversion is typically performed by a silicon photodi-
ode. The photodiode detector is said to perform direct-detection of the incident
optical intensity signal since it produces an output electrical photocurrent, y(t),
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nearly proportional to the received irradiance at the photodiode, in units of
Watts per unit area [10]. Electrically, the detector is a reversed biased diode,
as illustrated in Figure 2.1. Thus, the photodiode detector produces an output
electrical current which is a measure of the optical power impinging on the
device. The photodiode detector is often termed a square law device since the
device can also be modelled as squaring the amplitude of the incoming elec-
tromagnetic signal and integrating over time to find the intensity. Section 2.2.2
describes the operation of p-i-n and avalanche type photodiodes and discusses
their application to wireless optical channels.

The underlying structure of the channel, which allows for the modulation and
detection of optical intensities only, places constraints on the class of signals
which may be transmitted. The information bearing intensity signal which is
transmitted must remain non-negative for all time since the transmitted power
can physically never be negative, i.e.,

(vt e R) I(t) > 0. 2.1)

Thus, the physics of the link imposes the fundamental constraint on signalling
design that the transmitted signals remain non-negative for all time. In Chapters
4-6 this non-negativity constraint is taken into account explicitly in developing
a framework for the design and analysis of modulation for optical intensity
channels.

2.1.2  Eye and Skin Safety

Safety considerations must be taken into account when designing a wireless
optical link. Since the energy is propagated in a free-space channel, the impact
of this radiation on human safety must be considered.

There are a number of international standards bodies which provide guide-
lines on LED and laser emissions namely: the International Electrotechni-
cal Commission (IEC) (IEC60825-1), American National Standards Institute
(ANSI) (ANSI Z136.1), European Committee for Electrotechnical Standard-
ization (CENELEC) among others. In this section, we will consider the IEC
standard [12] which has been widely adopted. This standard classifies the main
exposure limits of optical sources. Table 2.1 includes a list of the primary
classes under which an optical radiator can fall. Class 1 operation is most desir-
able for a wireless optical system since emissions from products are safe under
all circumstances. Under these conditions, no warning labels need to be applied
and the device can be used without special safety precautions. This is important
since these optical links are destined to be inexpensive, portable and convenient
for the user. An extension to Class 1, termed Class 1M, refers to sources which
are safe under normal operation but which may be hazardous if viewed with
optical instruments [13]. Longer distance free-space links often operate in class
3B mode, and are used for high data rate transmission over moderate distances
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Table 2.1. Interpretation of IEC safety classification for optical sources.”

Safety Class Interpretation

Class 1 Safe under reasonably foreseeable conditions of operation.

Class 2 Eye protection afforded by aversion responses including
blink reflex (for visible sources only A=400-700 nm).

Class 3A Safe for viewing with unaided eye. Direct intra-beam viewing
with optical aids may be hazardous.

Class 3B Direct intra-beam viewing is always hazardous. Viewing

diffuse reflections is normally safe.

* Based on [12].

(40 m in [14]). The safety of these systems is maintained by locating optical
beams on rooftops or on towers to prevent inadvertent interruption [15]. On
some longer range links, even though the laser emitter is Class 3B, the system
can still be considered Class 1M if appropriate optics are employed to spread
the beam over a wide enough angle.

The critical parameter which determines whether a source falls into a given
class depends on the application. The allowable exposure limit (AEL) depends
on the wavelength of the optical source, the geometry of the emitter and the
intensity of the source. In general, constraints are placed on both the peak and
average optical power emitted by a source. For most practical high frequency
modulated sources, the average transmitted power of modulation scheme is
more restrictive than the peak power limitation and sets the AEL for a given
geometry and wavelength [12]. At modulation frequencies greater than about
24 kHz, the AEL can be calculated based on average output power of the source
[11].

The choice of which optical wavelength to use for the wireless optical link
also impacts the AEL. Table 2.2 presents the limits for the average transmitted
optical power for the IEC classes listed in Table 2.1 at four different wavelengths.
The allowable average optical power is calculated assuming that the source is
a point emitter, in which the radiation is emitted from a small aperture and
diverges slowly as is the case in laser diodes. Wavelengths in the 650 nm
range are visible red light emitters. There is a natural aversion response to
high intensity sources in the visible band which is not present in the longer
wavelength infrared band. The visible band has been used rarely in wireless
optical communication applications due to the high background ambient light
noise present in the channel. However, there has been some development of
visible band wireless optical communications for low-rate signalling [16, 17].
Infrared wavelengths are typically used in optical networks. The wavelengths
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Table 2.2. Point source safety classification based on allowable average optical power output
for a variety of optical wavelengths.*

Safety 650 nm 880 nm 1310 nm 1550 nm
Class visible infrared infrared infrared
Class 1 < 02mW < 0.5mW < 8.8 mW < 10 mW
Class 2 0.2-1 mW n/a n/a n/a
Class 3A 1-5 mW 0.5-2.5 mW 8.8—45 mW 10-50 mW
Class 3B 5-500 mW 2.5-500 mW 45-500 mW 50-500 mW

* Based on [15, 12].

A=880nm, 1310 nm and 1550 nm correspond to the loss minima in typical silica
fibre systems, at which wavelengths optoelectronics are commercially available
[18]. The trend apparent in Table 2.2 is that for class 1 operation the allowable
average optical power increases as does the optical wavelength. This would
suggest that the “far” infrared wavelengths above 1 pzm are best suited to wireless
optical links due to their higher optical power budget for class 1 operation. In
this example, at least 20 times more optical power can be emitted with a 1550 nm
source than with a 880 nm source. The difficulty in using this band is the cost
associated with these far infrared devices. Photodiodes for far infrared bands are
made from III-V semiconductor compounds while photodiodes for the 880 nm
band are manufactured in low cost silicon technologies. Also, far-infrared
components typically have smaller relative surface areas than their silicon near-
infrared counterparts making the optical coupling design more challenging. As
aresult, the 880 nm “near” infrared optical band is typically used for inexpensive
wireless optical links.

The power levels listed in Table 2.2 are pessimistic when applied to light
sources which emit less concentrated beams of light, such as light emitting
diodes. Indeed, more recent IEC and ANSI standards have recognized this fact
and relaxed the optical power constraint for extended sources such as LEDs.
However, the trends present in the table still hold. For a diode with A=880 nm, a
diameter of 1 mm and emitting light through a cone of angle 30°, the allowable
average power for class 1 operation is 28 mW [11]. However, the allowed
average optical power for class 1 operation still increases with wavelength.
Section 2.2.1 discusses the tradeoff between the use of lasers or light emitting
diodes as light emitters.

Eye safety considerations limit the average optical power which can be trans-
mitted. This is another fundamental limit on the performance of free-space
optical links.
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Therefore, the constraint on any signalling scheme constructed for wireless
optical links is that the average optical power is limited. As a result, the average
amplitude (i.e., the normalized average optical power),

1 T
lim — It)dt< P 2.2

Tmesz_T() =5 (22)
for some fixed value P which satisfies safety regulations. This is in marked
contrast to conventional electrical channels in which the constraint is on the
averaged squared amplitude of the transmitted signal.

2.1.3 Channel Propagation Properties

As is the case in radio frequency transmission systems, multipath propagation
effects are important for wireless optical networks. The power launched from
the transmitter may take many reflected and refracted paths before arriving at
the receiver. In radio systems, the sum of the transmitted signal and its images
at the receive antenna cause spectral nulls in the transmission characteristic.
These nulls are located at frequencies where the phase shift between the paths
causes destructive interference at the receiver. This effect is known as multipath
fading [19].

Unlike radio systems, multipath fading is not a major impairment in wireless
optical transmission. The “antenna” in a wireless optical system is the light
detector which typically has an active radiation collection area of approximately
1 ecm?. The relative size of this antenna with respect to the wavelength of the
infrared light is immense, on the order of 10*\. The multipath propagation of
light produces fades in the amplitude of the received electromagnetic signal at
spacings on the order of half a wavelength apart. As mentioned earlier, the light
detector is a square law device which integrates the square of the amplitude of
the electromagnetic radiation impinging on it. The large size of the detector
with respect to the wavelength of the light provides a degree of inherent spatial
diversity in the receiver which mitigates the impact of multipath fading [2].

Although multipath fading is not a major impediment to wireless optical
links, temporal dispersion of the received signal due to multipath propagation
remains a problem. This dispersion is often modelled as a linear time invariant
system since the channel properties change slowly over many symbol periods
[ 1, 20]. The impact of multipath dispersion is most noticeable in diffuse infrared
communication systems, which are described in more detail in Section 2.4.2. In
short distance line-of-sight (LOS) links, presented in Section 2.4.1, multipath
dispersion is seldom an issue. Indeed, channel models proposed for LOS links
assume the LOS path dominates and model the channel as a linear attenuation
and delay [21].

The modelling of the multipath response in a variety of indoor environ-
ments has been carried out to allow for computer simulation of communication
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Reflecting Element

Figure 2.2. Example Lambertian radiation patterns for mode numbersn = 1,3

systems. Gfeller and Bapst [1] introduced the concept of using diffuse opti-
cal radiation for indoor communication as well as defining the first simulation
model. In their model, each surface in an indoor environment is partitioned
into a set of reflecting elements which scatter incident optical radiation. A key
assumption is that, regardless of the angle of incidence, each element scatters
light with a Lambertian intensity pattern,

1
118, $,7) = Powi5—cos™ ¢ [Wist]

where Piota} is the total reflected power, n is the mode number of the radiation
pattern and angles ¢ € [~m/2,7/2]and 8 € [0, 2r) are the polar and azimuthal
angles respectively with respect to a normal, 72, to the reflecting element surface.
The Lambertian optical intensity distribution is normalized so that integrating it
over a hemisphere gives Piota)- The mode number is a measure of the directivity
of the reflected diffuse intensity distribution and typical values for plaster walls
are near unity [1]. Figure 2.2 presents a plot of a cross-section of the Lambertian
radiation pattern for n == 1,3. Notice that this Lambertian radiation pattern
models only diffuse reflections from surfaces and not specular reflections. In
the Gfeller and Bapst model, the received power is simply the power from
every element. There has been a continued interest in defining mathematical
and simulation models for the multipath response of a variety of indoor settings.
New, more accurate, analytic and simulation models have been developed which
take into account multiple reflections as well as allow for fast execution time
[22, 23, 21, 24, 25]. Additionally, experimental investigations have also been
done to measure the response of a large number of channels and characterize
the delay spread, path loss as well as investigating the impact of rotation [26,
20, 27]. Typical bandwidths for the multipath distortion is on the order of
10-50 MHz [11].
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2.2 Optoelectronic Components

The basic channel characteristics can be investigated more fully by consider-
ing the operation of the optoelectronic devices alone. Device physics provides
significant insight into the operation of these optoelectronic devices. This sec-
tion presents an overview of the basic device physics governing the operation
of certain optoelectronic devices, emphasizing their benefits and disadvantages
for wireless optical applications.

221 Light Emitting Devices

Solid state light emitting devices are essentially diodes operating in forward
bias which output an optical intensity approximately linearly related to the drive
current. This output optical intensity is due to the fact that a large proportion
of the injected minority carriers recombine giving up their energy as emitted
photons.

To ensure a high probability of recombination events causing photon emis-
sion, light emitting devices are constructed of materials known as direct band
gap semiconductors. In this type of crystal, the extrema of the conduction and
valence bands coincide at the same value of wave vector. As a result, recombi-
nation events can take place across the band gap while conserving momentum,
represented by the wave vector (as seen in Figure 2.3)[28]. A majority of pho-
tons emitted by this process have energy Epnoton = Ey = hv, where Ey is
the band gap energy, h is Planck’s constant and v is the photon frequency in
hertz. This equation can be re-written in terms of the wavelength of the emitted
photon as
1240

A
Eq

(2.3)

where A is the wavelength of the photon in nm and Eg is the band gap of the
material in electron-Volts. Commercial direct band gap materials are typically
compound semiconductors of group Il and group V elements. Examples of
these types of crystals include: GaAs, InP, InGaAsP and AlGaAs (for Al content
less than ~ 0.45) [29].

Elemental semiconducting crystals silicon and germanium are indirect band
gap materials. In these types of materials, the extrema of conduction and
valence bands do not coincide at the same value of wave vector k, as shown
in Figure 2.3. Recombination events cannot occur without a variation in the
momentum of the interacting particles. The required change in momentum is
supplied by collisions with the lattice. The lattice interaction is modelled as the
transfer of phonon particles which represent the quantization of the crystalline
lattice vibrations. Recombination is also possible due to lattice defects or due
to impurities in the lattice which produce energy states within the band gap
[29, 31]. Due to the need for a change in momentum for carriers to cross the
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Figure 2.3.  An example of a one dimensional variation of band edges with wave number (k)
for (a) direct band gap material, (b) indirect band gap material (based on [30]).

band gap, recombination events in indirect band gap materials are less likely to
occur. Furthermore, when recombination does take place, most of the energy
of recombination process is lost to the lattice as heat and little is left for photon
generation. As a result, indirect band gap materials produce highly inefficient
light emitting devices [30].

The structure of light emitting devices fabricated in direct band gap III-V
compounds greatly varies the properties of the emitted optical intensity signal.
The two most popular solid-state light emitting devices are light emitting diodes
(LEDs) and laser diodes (LDs).

Light Emitting Diodes

As was mentioned in Section 2.1.2, the use of the 780 — 950 nm optical band
is preferable due to the availability of low cost optoelectronic components. The
direct band gap, compound semiconductor GaAs has a band gap of approxi-
mately 1.43 eV which corresponds to a wavelength of approximately 880 nm
following (2.3).

Most modern LEDs in the band of interest are constructed as double het-
erostructure devices. This type of structure is formed by depositing two wide
band gap materials on either side of a lower band gap material, and doping
the materials appropriately to give diode action. A prototypical example of
a double heterostructure LED is illustrated in Figure 2.4. Under forward bias
conditions, the band diagram forms a potential well in the low band gap material
(e.g., GaAs) into which carriers are injected. This region is known as the active
region where recombination of the injected carriers takes place. The active
region is flanked by properly doped higher band gap confinement layers (e.g.,
AlGaAs) which form a potential well confining the carriers. The recombina-
tion process in the active region occurs randomly and as a result the photons are





