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Abstract

Free space optical (FSO) communication technology is a promising candidate for

next generation broadband networking, due to its large bandwidth potential, un-

licensed spectrum, excellent security and quick and inexpensive setup and used

to solve the "last mile" problem to bridge the gap between the end user and the

fiber-optic infrastructure already in place [1, 2]. Its unique properties make it

also appealing for a number of other applications, including metropolitan area

network extensions, local area network connectivity, fiber backup, back-haul for

wireless cellular networks, redundant link and disaster recovery. In FSO com-

munications, optical transceivers communicate directly through the air to form

point-to-point line-of-sight (LOS) links. One major impairment over FSO links

is the atmospheric turbulence, which occurs as a result of the variations in the

refractive index due to inhomogeneities in temperature and pressure fluctuations

[3, 4]. Atmospheric turbulence has been studied extensively and various theoreti-

cal models have been proposed to describe turbulence- induced image degradation

and intensity fluctuations (i.e., signal fading) [5,6]. Performance of single receiver

system for log-normal model has already been studied [7]. But it is very important

to consider other turbulence model as well as other modulation scheme.
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Chapter 1

Introduction

1.1 General Perspective

In recent years, there has been a migration of computing power from the desktop

to portable, mobile formats. Devices such as digital still and video cameras,

portable digital assistants and laptop computers offer users the ability to process

and capture vast quantities of data. Although convenient, the interchange of

data between such devices remains a challenge due to their small size, portability

and low cost. High performance links are necessary to allow data exchange from

these portable devices to established computing infrastructure such as backbone

networks, data storage devices and user interface peripherals [8]. For this purpose,

some parts of communication links need to be constructed wireless. During the

last decade, therefore, the wireless communication technology has grown rapidly

[9] - [12]. The technology base for implementing this concept does not yet exist,

however. Radio technology, although well-suited for moderate-speed applications

such as voice, may not be sufficient to support many high-speed applications.

Property Wireless Optical Radio
RF circuit design No Yes

Bandwidth regulated No Yes
Data rate lOa's Mbps lO's Mbps
Security High Low

Table 1.1: Comparison of wireless Optical and Communicational Channel
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1.2 Brief History of Optical Wireless Commu-
nication

In early 1790s, 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 [23]. On~ of the earliest wireless optical communication devices using

electronic detectors was the photophone invented by A. G. Bell and C. S. Tain-

ter and patented on December 14, 1880. The system is designed to transmit

a operators 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 [24].

Optical transmission came to be available for the communication system after

the laser as a light source was invented. As a coherent light source being not

in a nature, ruby laser was invented by Dr. T. Mainman in 1960, He-Ne laser

oscilated in Bel Labs next year, and GaAs semiconductor laser oscillated in 1962.

The continuous oscillation of GaAIAs laser was realized in Japan, the United

States and the Soviet Union in 1970, and the small semiconductor laser which

could be high-speed modulated advanced optical transmission technology greatly.

Around from 1965,the beam guide system which arranged the lens in a pipe, and

the space propagation system which emits light to free space were beginning to

be studied so as to use laser for free space optical communication. In 1979,indoor

optical wirelesscommunication system has been presented by F. R. Gfeller and U.

Bapst [25]. In their system, diffuse optical radiation in the near-infrared region

was utilized as signal carrier to interconnect a cluster of terminals located in

the same room to a common cluster controller. However, the reduction in loss

of the fiber and the invention of continuous semiconductor laser has moved the

mainstream of the research to optical fiber transmission, and the utilization of

optical transmission system was accelerated from 1970 to 1980.
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1.3 Objective of The Thesis

The objective of the research work are:

• To carry out theoretical analysis of a free space optical link over scintillation

channel to find the comparison of bit error rate (BER) with on-off keying

(OOK), Q-ary pulse position modulation (PPM) and subcarrier modulation

schemes.

• To evaluate the BER performance results for difficult atmospheric condi-

tion .

• To extend the analytical model to spatial diversity scheme and to find the

performance improvement due to diversity.

1.4 Organization of This Thesis

This thesis consists of seven chapters. Chapter 1 discusses the purposes and

position of this study, and importance of optical wireless communication in com-

munication field in recent years, and the main objective if this work.

In Chapter 2, a brief overview of different components and different termi-

nologies used in FSO communication is discussed.

In Chapter 3, two popular channel model log-normal and gamma-gamma tur-

bulence model are presented which are extensively used in wireless communica-

tion. Log-normal channel model is normally used in weak turbulence condition

and gamma-gamma model is best suited for moderate and strong turbulence con-

dition.

In Chapter 4, optical OOK is extensively analyzed for different condition. In

the next part of the chapter we analyzed BER performance of FSO link employ-

ing subcarrier PSK for different turbulence condition and different turbulence

model. Then optical Q-ary PPM is extensively analyzed for different condition

and different turbulence model.

4



In Chapter 5, simulate performance result are presented for different condi-

tions which are theoretically analyzed in chapter 4.

Finally, some conclusions and suggestions for future work are provided III

Chapter 6.

5
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Chapter 2

Basic Knowledge of Optical
Wireless Communication Systems

2.1 Introduction

This chapter introduces some basic concepts used in the following chapters which

are required for the understanding of this work. We begin with the importance of

free space optical communication in Section 2.2. A review of the brief description

of major components of a optical wireless link comes next in Section 2.3. Section

2.4 describes the characteristics of difference channel topologies and their relative

advantage and disadvantage .Throughout the thesis point to point link is con-

sidered.Finally Section 2.5 gives the different safety considerations for free-space

optical link because optical radiation can damage skin or eye of human being.

2.2 Importance of Free-Space Optical Commu-
nication in Communication System

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 cur-

rent or voltage signal through a conductor to a receiver circuit. Another example

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

6
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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 communications channel bctween the transmitter and receiver.

For the purposes of system design, the communications channel is often repre-

sented 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 chan-

nels.As a medium for wireless communication, lightwave radiation offers several

significant advantages over radio. Lightwave emitters and detectors capable of

high speed operation are available at low cast. The lightwave spectral region

offers a virtually unlimited bandwidth that is unregulated worldwide. Infrared

and visible light arc elose together in wavelength, and they exhibit qualitatively

similar behavior. Both are absorbed by dark objects, diffusely reflected by light-

colored objects, and directionally reflected from shiny surfaces. Both types of

light penetrate through glass, but not through walls or other opaque barriers,

so that optical wireless transmissions arc confined to the room in which they

originate. This signal confinement makes it easy to secure transmissions against

casual eavesdropping, and it prevents interference between links operating in dif-

ferent rooms. Thus, optical wireless networks can potentially achieve a very high

aggregate capacity, and their design may be simplified, since transmissions in

different rooms need not be coordinated. When an optical wireless link employs

intensity modulation with direct detection (IM/DD), the short carrier wavelength

and large-area square-law detector lead to efficient spatial diversity that prevents

multi-path fading. By contrast, radio links are typically subject to large fluctu-

ations in received signal magnitude and phase. Freedom from multi-path fading

greatly simplifies the design of optical wireless links.

The lightwave is not without drawbacks however. Because lightwave cannot

penetrate walls, communication from one room to another requires the installa-

tion of optical wireless access points that are interconnected via a wired backbone.

In many applications, there exists intense ambient light noise, arising from sun-

light, incandescent lighting and fluorescent lighting, which induce noise in an

7
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optical wireless receiver. In virtually al short-range, indoor applications, IM/DD

is the only practical transmission technique. The signal-to-noise ratio (SNR) of

a direct detection receiver is proportional to the square of the received optical

power, implying that IM/DD links can tolerate only a comparatively limited

path loss. Often optical wireless link must employ relatively high transmit power

levels and operate over a relatively limited range. While the transmitter power

level can usually be increased without fear of interfering with other users, trans-

mitter power may be limited by concerns of power consumption and eye safety,

particularly in portable transmitters.

Receiver

Optic.1Inteniity tleetrical
Signal . y(l).~~S_ig_n_al_t "~JfU'
J(t) "w 1__ -

oplo:eJectrical
l:ofiversion

eteetro-optieal
convelsion.

Electrical
Signal

iransmitter'

Fig. 2.1: Block diagram of optical intensity, direct detection communication chan-
nel.

2.3 Brief Description of Major Components of
a Optical Wireless Link

An optical wireless links consists of a transmitter, wireless communication chan-

nels and a receiver as shown in Fig. 2.1.

2.3.1 Optical Sources

In most optical communication systems, semiconductor light sources are used to

convert electrical signals into light. Optical sources for wireless transmission must

be compatible to overcome the atmospheric effects and they should be such that

one can easily modulate the light directly at high data rates. Generally either

LASERs or LEDs are used in optical communication systems.

8
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LED

Light emitting diodes (LEDs) used in optical communication system are the same

as visual display LEDs except that they operate in the infra-red region and with

many times higher intensity of emission. When the p-n junction is forward biased,

photon emission takes place due to recombination of electron-hole pair. The

wavelength of emission will depend on the energy gap.

LASER

Laser stands for" light amplification by stimulating emission of radiation". Com-

pared to LED, a laser has wider bandwidth, higher power output, higher modula-

tion efficiency, narrower spectral line-width and narrower emission pattern. Laser

sources are much brighter than LEDs.

2.3.2 Optical Detectors

An optical detector is a photon (light) to electron converter. Avalanche photo-

diode (APD) and positive intrinsic negative (PIN) diode are the most commonly

used detectors. The most important thing of the optical communication system

is that the spectral response of both the source and the detector must be same,

otherwise efficiency will suffer.

PIN

PIN is the simplest optical detector. It is composed of an n+ substrate, a lightly

doped intrinsic region and a thin p zone. Operated with a reverse bias, mobile

carriers leave the p-n junction producing a zone of moderate electric field on both

sides of the junction into the intrinsic region. As it only lightly doped, this field

extends deeply. Incident light power is mainly absorbed in the intrinsic region,

causing electron hole pairs to be generated. These carriers are separated by the

influence of the electric field in the intrinsic region and represent a reverse diode

current that can be amplified.

APD
It is the second popular type of photo detector and has the advantage of inter-

nally multiplying the primary detected photo current by avalanche process, thus

9
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increasing the signal detection sensitivity. But some noises are also generated

here.

The frequency response of both PIN and APD are similar, making them both

suitable up to 1 GHz. The main advantage of APD over PIN diode is greater

gain bandwidth product due to the inbuilt gain. Silica is the material used at

short wavelength « 1nm), GE, InGaAsP and AlGaAsP becoming popular at

the longer wavelength around 1.3 m.

2.4 Channel Topologies

The characteristics of the wireless optical channel can vary significantly depend-

ing on the topology of the link considered. This section presents three popular

wireless optical channel topologies and discusses the channel characteristics of

each.

2.4.1 Point-to-point Links

Point-to-point wireless optical links operate when there is a direct unobstructed

path between a transmitter and a receiver. Figure 2.2 presents a diagram of a

typical point-to-point wireless optical link. A link is established when the trans-

mitter is oriented toward the receiver. In narrow field-of-view applications this

oriented configuration allows the receiver to reject ambient light and achieve high

data rates and low path loss. The main disadvantage of this link topology is that

it requires pointing and is sensitive to blocking and shadowing. The frequency

response of these links is limited primarily by front-end photo diode capacitance.

Since inexpensive large-area photo diodes are typically used with limited reverse

bias the depletion capacitance significantly limits the link bandwidth [sf.

A typical example of these links is the standard Infrared Data Association

(IrDA) Fast IR 4Mbps link. These links offer communication over 1m of separa-

tion and are used primarily for data interchange between portable devices. The

achievable bandwidth in these inexpensive systems is on the order of la-12M Hz

which is approximately three orders of magnitude smaller than in wired fibre-optic

systems. New IrDA point-to-point links operating at 16Mbps have also been

standardized and may begin appearing in a wider range of applications. Another

10
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Fig. 2.2: Block diagram of point to point optical link

channel topology which uses a number of parallel point-to-point links is the space

division multiplexing architecture. Space division multiplexing is a technique by

which a transmitter outputs different data in different spatial directions to allow

for the simultaneous use of one wavelength by multiple users. In one such sys-

tem a ceiling-mounted base station has a number of narrow beams establishing

point-to-point links in a variety of directions in a room. A fixed receiver once

aligned to within 1 of a transmitter beam establishes a high speed link at up to

50Mb/ s. Another means of implementing a space division multiplexing system

is to use a tracked optical wireless architecture. In this system the transmitter

beams are steerable under the control of a tracking subsystem. Tracking is typi-

cally accomplished by a beacon LED or FM transmitter on the mobile terminal.

These systems are proposed to provide 155Mb/ s ATM access to mobile terminals

in a room. Electronic tracking systems have also been proposed which exploit

a diffuse optical channel to aid in acquisition. The advantage of this topology

is that it is extremely power efficient and supports a large aggregate bandwidth

inside of a room at the expense of system complexity. Point-to-point wireless

optical links have been implemented in a wide variety of short- and long-range

applications. Short range infrared band links are being designed to allow for the

transfer of financial data between a PDA or cellphone and a point-of-sale termi-

nal. Wireless optical links are chosen as the transmission medium due to the low

cost of the transceivers and the security available by confining optical radiation.

The IrDA has specified a standard for this financial application under the title

IrDAFM (financial messaging) . Medium range indoor links have also been de-

11
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veloped to extend the range of Ethernet networks in an offiee environment. A

10 Mbps point-to-point wireless infrared link to extend Ethernet networks has

been deployed over a range of at most 10m. Higher rate 100Mbps point-to-point

wireless infrared links have also been designed to extend Ethernet networks in

indoor environments.

2.4.2 Diffuse Links

Diffuse transmitters radiate optical power over a wide solid angle in order to ease

the pointing and shadowing problems ofpoint-to-point links. Figure 2.10 presents

a block diagram of a diffuse wireless optical system. The transmitter does not

need to be aimed at the receiver since the radiant optical power is assumed to

reflect from the surfaces of the room. This affords user terminals a wide degree

of mobility at the expense of a high path loss. These channels however suffer not

only from optoelectronic bandwidth constraints but also from low-pass multipath

distortion [13]. Unlike radio frequency wireless channels diffuse channels do not

exhibit fading. This is due to the fact that the receive photodiode integrates the

optical intensity field over an area of millions of square wavelengths and hence

no change in the channel response is noted if the photodiode is moved a distance

on the order of a wavelength [14]. Thus the large size of the photo diode relative

to the wavelength of light provides a degree of spatial diversity which eliminates

multipath fading. Multipath distortion gives risc to a channel bandwidth limit

of approximately 10-200 MHz depending on room layout shadowing and link

configuration [14, 15]. Many channel models based on measurements allow for

the accurate simulation of the low-pass frequency response of the channel. The

IrDA and the IEEE have similar standards for diffuse infrared links. The IrDA

Advanced Infrared (AIr) standard allows communication at rates up to 4 Mbps

with repetition coding. The IEEE wireless infrared standard falls under the

802.11 standard and allows diffuse transmission at a maximum of 2 Mbps . Both

systems used pulse-position modulation (PPM) which is a coded version of on-off

keying. Experimental indoor wireless optical links have been demonstrated at

50 Mbps using on-off keying over a horizontal range of approximately 3 m . A

commercial indoor diffusewireless optical link aimed at digital audio and set-top

box applications claims data rates of up to 5Mbps in typical indoor environments

12
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An early diffuse wireless optical system was employed in a portable computer

called PARCTAB, developed at the Xerox Palo Alto Research Center (PARC) in

1993 . The diffuse link was able to provide data rates of up to 19.2 kbps and was

used to communicate electronic mail and other data to a hand-held computing

device.

Fig. 2.3: A diffuse optical wireless communication system

2.4.3 Qmi.si-Diffuse Links

The transmitter illuminates the ceiling with a series of slowly diverging beam

sources which illuminate a grid of spots on the ceiling. In experimental settings

these multiple beams are created using individual light sources [181 and proposed

techniques using holographic beam splitters appear promising [19]. The trans-

mit beams suffer a small path loss nearly independent of the length of the link

from the transmitter tb the ceiling due to the low beam divergence. The data

transmitted on all beams is identical. The receiver consists of multiple concen-

trator/photodiode pairs each with a non-overlapping narrow FOV of the ceiling.

The FOV of each receiver is typically set to see at least one spot on the ceiling.

These narrow FOV receivers reject a majority of multi path distortion and pro-

vide a link with an improved bandwidth although the link is more sensitive to

shadowing relative to diffuse links. Spatially localized interferers such as room il-

lumination can be rejected by using the spatial diversity of the multiple receivers.

In a diffuse scheme all the noise power is collected along with the signal power.

13
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Fig. 2.4: A quasi-diffuse optical wireless communication system

Comparison of wireless optical topologies
point to point diffuse quasi-diffuse

High Low-Moderate Moderate
Yes No Somewhat
Low High Moderate-High
Low High Moderate-High
Low Low-Moderate High
High Low High
None High Low
Low High Moderate

Table 2.1:

Rate
Pointing Required

Immunity to Blocking
Mobility

Complexity of Optics
Ambient Light Rejection

Multipath Distortion
Path Loss

2.4.4 Comparison of Different Technologies

Table 2.1 presents a comparison of some of the characteristics of the three channel

topologies discussed. The point-to-point topology is a low complexity means to

achieve high data rate links at the expense of mobility and pointing requirements.

Diffuse links suffer from high path loss but offer a great degree of mobility and

robustness to blocking. Quasi-diffuse links permit higher data rates by requiring

users to aim their receivers at the ceiling but suffer from a higher implementation

cost due to the multi-beam transmitter. Thus each channel topology is suited to

a different application depending on required data rates and channel conditions.

It may also be advantageous to combine the operation of the various topologies

to form a more robust link. Recent work has demonstrated experimental config-

urations which use a diffuse wireless optical channel to aid in acquiring tracking

and to serve as a backup link to improve user mobility [20].

14
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2.5 Eye and Skin Safety

Safety considerations must be taken into account when designing a wirelessoptical

link. Since the energy is propagated in a free-space channel, the impact of this ra-

diation on human safety must be considered. There are a number of international

standards bodies which provide guidelines on LED and laser emissions namely:

the International Electroteehnical Commission (IEC) (IEC60825-1), American

National Standards Institute (ANSI) (ANSI ZI36.1), European Committee for

Electrotechnieal Standardization (CENELEC) among others. In this section, we

will consider the IEC standard which has been widely adopted. This standard

classifies the main exposure limits of optical sources. Table 2.2 includes a list of

the primary classes under which an optical radiator can fall. Class 1 operation

is most desirable 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

viewedwith optical instruments [16]. Longer distance free-space links often oper-

ate in class 3B mode, and are used for high data rate transmission over moderate

distances (40 m). The safety of these systems is maintained by locating optical

beams on rooftops or on towers to prevent inadvertent interruption [17]. 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 choice of which optical wavelength to use for the wireless optical link

also impacts the AEL. Table 2.3 presents the limits for the average transmitted

optical power for the IEC classes listed in Table 2.2 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 di-

verges 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

15
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Table 2.2: 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.
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 in normally safe.

band. The visible band has been used rarely in wireless optical communication

applications due to the high background ambient light noise present in the chan-

nel. However, there has been some development of visible band wireless optical

communications for low-rate signalling. Infrared wavelengths are typically used

in optical networks. The safety of these systems is maintained by locating optical

beams on rooftops or on towers to prevent inadvertent interruption 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 [13].

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.

16



1550nm
infrared
<lOmW
n!a

10-50mW
50-500mW

Table 2.3: Point source safety classification based on allowable average optical
power output for a variety of optical wavelengths

Safety 650nm 880 nm 1310nm
Class visible infrared infrared
Class 1 <0.2mW <0.5mW <8.8mW
Class 2 <0.2-1mW nla nla
Class 3A 1-5mW 0.5-2.5mW 8.8-45mW
Class 3B 5-500mW 2.5-500mW 45-500mW
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Chapter 3

Distribution Models for
Turbulence- Ind uced Intensity
Fading

In this section, we review eaeh of the two channel models used throughout the

thesis and discuss their relations among them.

3.1 Log-normal pdf

3.1.1 Marginal Distribution of Fading

For propagation distances less than a fewkilometers, variations of the log-amplitude

are typically much smaller than variations of the phase. Over longer propaga-

tion distances, where turbulence becomes more severe, the variation of the log-

amplitude can become comparable to that of the phase. Based on the atmosphere

turbulence model adopted here and assuming weak turbulence, we can obtain the

approximate analytic expression for the covariance of the log-amplitude fluctua-

tion of plane and spherical waves which is also known as Rytov variance [27]:

2 . _ 27f rL 2 ~ 5/6<Jxlsph,n,al - O.56( A) Jo Cn(X)(L)(L - x) dx

(31)

(3.2)

where C;(z) is the wavenumber spectrum structure parameter, which is altitude-

18



dependent. Hufnagel and Stanley gave a simple model for C;;(z) [28]:

C;;(z) = Koz-1/3exp (~:) (3.3)

where Ko is parameter describing the strength of the turbulence and Zo is the

effective height of the turbulent atmosphere. For atmospheric channels near

the ground (z < 18.5m), C;; can vary from 1O-13m-2/3 for strong turbulence

1O-17m-2/3 to for weak turbulence, with 1O-15m-2/3 often quoted as a typical

average value [3].Note that in Eq. 3.3, C;; is influenced by many physical factors,

including altitude, surrounding terrain and weather conditions (temperature, hu-

midity, wind strength and direction).

As the Rytov variance increases, the scintillation index continues to increase

beyond the weak turbulence regime until it reaches a maximum value greater

than unity. At that point the scintillation index begins to decrease with increas-

ing Rytov variance and approaches unity from above. This region is termed the

saturation region. Since the measured scintillation index is greater than unity,

this implies the system is neither operating in the weak or saturation regions,

but somewhere in between the two extremes - i.e. moderate turbulence condi-

tions.The distribution of the irradiance fluctuations is dependent on the strength

of the optical turbulence. For the weak turbulence regime, the fluctuations are

generally considered to be lognormal distributed, and for very strong turbulence,

exponentially distributed. For moderate turbulence, the distribution of the fluc-

tuations is not well understood, and a number of distributions have been proposed

(such as the Beckmann distribution [21]' K-distribution [22]and Gamma- Gamma

distribution) .

Consider the propagation of light through a large number of elements of the

atmosphere, each causing an independent, identically distributed phase delay and

scattering. By the Central Limit Theorem, the marginal distribution of the log-

amplitude is Gaussian:

1
fx(X) = (2m,.} )1/2 exp{

(X - E[X])2}
20"'X

(3.4)

The light intensity I is related to the log-amplitude X by

19



1= 10 exp(2X - E[X]) (3.5)

Where E[X] is the ensemble average of log-amplitude X. From 3.4 and 3.5, the

average light intensity is:

E[I] = E[Io exp(2X - 2E[X])] = 10 exp(20";) (3.6)

Hence, the marginal distribution of light intensity fading induced by turbulence

is log-normal:

1 1 In(I) - In(Io)]2
fI(I) = 21 (27f0";'y/2 exp{ - 80"3< } (3.7)

In the log normal model the amplitude of the random path gain A can be

written as A = eXThe scintillation index (S.L), a measure of the strength of

atmospheric fading, known to information theorists as the amount of fading [29]'

is defined as

EW]
5.1. = E2[N] - 1 (3.8)

which, for this distribution, can be shown to equal 5.1. = eM;' -1. Typical values

appearing in the literature are S.L in the range of 0.4 - 1.0.

Rayleigh fading emerges from a scattering model that views the composite

field as produced by a large number of non dominating scatterers, each contribut-

ing random optical phase upon arrival at the detector. We again normalize so that

E2[A2] = 1, giving 5.1. = 1 for the Rayleigh case, though the distribution is quite

different from the log-normal case, especially in the small-amplitude tail.

3.1.2 Joint Spatial and Temporal Distributions of Fading

We assume that the log-amplitude at n receivers is described by a joint Gaussian

distribution. The auto-covariance matrix of the log-amplitude at n receivers in a
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plane transverse to the direction of propagation is given by [40]

Cx =
[

oJ o-~bx (dI2) ... o-~bx (dIn) ]
o-~bx(d21) o-~ . 0-~bx(d2n)

.. . ... . ..
o-~bx(dnl) 0-~bx(d2n) ... o-~ nXm

(3.9)

where dij is the distance between points i and j in the receiver plane. Based

on frozenin model, and ignoring wind velocity fluctuations, Eq. 3.9 can also be

modified to describe temporal fading correlation by making the substitution

dij = Ii - jlTu.L (3.10)

where T is the time interval between observations. In all that follows,we assume a

communication system using OaK, in which case, T is the bit interval.We denote

the covariance matrix of a string of n bits as

cI = [ o-~b:f~do)

2b ((n-I)Td)o-x X -"-0- 0 0-2 b ((n-2)T d )x X TO 0

... o-~bx((n~:)T do) ]
2 b ((n-2)T d)

. Ux X TO 0

0-2
X nxm

(3.11)

3.2 Gamma-gamma Distribution

Under weak fluctuation conditions, the scintillation index [Eq.(3.8)] increases with

increasing values of the Rytov variance [Eq.(3.2)]. The scintillation index contin-

ues to increase beyond the weak fluctuation regime and reaches a maximum value

greater than unity (sometimes as large as 5 or 6) in the regime characterized by

random focusing [30]. With increasing path length or inhomogeneity strength,

the focusing effect is weakened by multiple self-interference and the fluctuations

slowly begin to decrease, saturating at a level for which the scintillation index

approaches unity from above.

In a recent series of papers on scintillation theory, the irradiance of the received

optical wave is modeled as a product I = Ixly, where Ix arises from large-scale

turbulent eddies and Iy from small scale eddies. It is assumed that Ix and Iv

are statically independent random processes for which the second moment of
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irradiance is

(3.12)

It is assumed that both large-scale and small-scale irradiance fluctuations are

governed by gamma distributions, namely

_ (3 ((3Iy)~-1h (Iy) - r(3 exp (-(3Iy), Iy > 0,

a> 0;

(3 > 0;

(3.13)

(3.14)

By first fixing Ix and writting Iy = I I Ix, we obtain the conditional pdf

(3 ((31 IIx)~-1h (IIIx) = r(3 exp(-(3IIIx), I> 0, (315)

(3.16)

To obtain the unconditional irradiance distribution, we form the average of

Eq. 3.15 over the gamma distribution of Eq. 3.13

2(a(3)(a+~)/2 """-1
f(I) = r(a)r((3) I 2 K,,_~(2y'a(3I),I > 0

where Ka(.) is the modified Bessel function of the second kind of order a. Here,

a and (3 are the effective number of small-scale and large scale eddies of the

scattering environment. These parameters can be directly related to atmospheric

conditions according to [31]

[ ( ) 1
-1

0.49a5<
a = exp ( 12/5) (7/6) - 1

1+ l.llax

[ (

.)] -1(3 0.51a5<
= exp ( 12/5) (7/6) - 1

1+ 0.69ax

3.3 Comparison

(3.17)

(3.18)

Fig. 3.1 shows the standard deviation of the log-amplitude fluctuation ax for a

plane wave, computed using (3.2). In Fig. 3.1 we again assume a wavelength of
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1550 nm and assume C;;(z) to be constant.

Fig. 3.2 shows probability density functions (pdfs) for the Rayleigh and log-

normal cases with two typical values of S.L In particular, notice the Rayleigh

model has a much higher density in the low amplitude region, leading to a more

severe impact on system performance.
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Fig. 3.3: Distribution of intensity fluctuations for several values of the turbulence
strength
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Fig. 3.5: Distribution of intensity fluctuations for different models

The gamma-gamma model approaches for heavy turbulence the exponential

distribution, whereas in less turbulence it is suitable approximated by a log-

normal distribution.
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Chapter 4

Performance Analysis

4.1 Introduction

At first we describc thc free-space optical communication system through block

diagram in Section 4.2. In Section 4.3, theoretical analysis is presented for eval-

uating the performance of a log-normal channel using OOK. In this section, we

also derived the expression for spatial diversity reception. In Section 4.4 the-

oretical analysis are carried out for both log-normal and gamma-gamma chan-

nel employing subcarrier BPSK and QPSK. In the next Section 4.5 theoretical

analysis is derived for Q-ary PPM modulation system for both log-normal and

gamma-gamma channel.

4.2 Block Diagram of the Free-space Optical Com-
munication System

Fig. 4.1 shows the block diagram of an optical communication system through

the atmosphere. The information generated by a source is encoded by an encoder,

interleaved, and modulated into an electrical waveformby an electrical modulator.

In the optical modulator, thc intensity of a light source is modulated by the

output signal of the elcctrical modulator. The light source is a laser, characterized

by its wavelength, power, and bcam divcrgencc angle. There is a collimator

or telescope in the transmitter to determine the direction and the size of the

laser beam. The receiver consists of an optical front end, a photo-detector, a

demodulator, a deinterleaver, and a decoder. The optical front end contains

lenses focusing the receivedoptical fieldonto a photodetector. The photo-detector

26
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At~ospherjc

turbulence

channel

Fig. 4.1: Block Diagram of an Optical Communication System Through Atmo-
spheric Turbulence Channel

converts the received optical field to an electronic signal, which is demodulated.

The demodulator output signal is deinterleaved and decoded. The decoded bits

are fed into an information sink.

4.3 Performance Analysis for OOK for Log-normal
Turbulence Condition

4.3.1 System Model for OOK

In this thesis, we consider intensity modulationj direct detection (IMjDD) links

using on-offkeying (OOK). In most practical systems, the receiver signal-to-noise

ratio (SNR) is limited by shot noise caused by ambient light much stronger than

the desired signal andj or by thermal noise in the electronics followingthe photo-

detector. In this case, the noise can usually be modeled to high accuracy as

additive, white Gaussian noise that is statistically independent of the desired

signal. Let T denote the bit interval of the OOK system and assume that the

receiver integrates the received photocurrent for an interval to s: T during each

bit interval. At the end of the integration interval, the resulting electrical signal

can be expressed as
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Te="I(I,+h)+n (41)

where I, is the received signal light intensity and h is the ambient light intensity.

Both of these quantities can be assumed to be constant during the integration

time. The optical-to-electrical conversion coefficient is given by

(4.2)

where'Y is the quantum efficiency of the photo-detector, is the electron charge,

.\ is the signal wavelength, h is Planks constant, c is the speed of light. The

additive noise n is white and Gaussian and has zero mean and covariance N /2,

independent of whether the received bit is Off or On.

4.3.2 Performance Analysis for Log-normal Turbulence
Channel

We assume that the receiver has knowledge of the marginal distribution of the

turbulence-induced fading, but has no knowledge of the channels instantaneous

fading. After subtraction of the ambient light bias "Ih , the signal r = r e - "Ih is

described by the following conditional densities when the transmitted bit is Off

or On, respectively

1 (r2)P(rl0ff) = --exp --
Y7rN N

(4.3)

P (rIOn) 1:P (riOn, X) fx(X)dX

Joo 1
= -00 Y7rNfx(X)

[
(r _ "IIoe2x-2EIXI)2]

.exp N dX

Joo 1 1 (X ~ E[X])2
= -00 v;N (27ra'i )1/2 exp{ 2a'i }

[
(r - "IIoe2x-2EIXI)2]

.exp- N dX
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Let, the threshold be Tth

P(rIOn)
Tth(r) = P(r\Off)

The bit-error probability of OaK can be computed as:

(4.5)

Pb = P (0 f f).P (Bit ErrorlO f f) + P (On).P (Bit ErrorlOn) (4.6)

Where P(BitErrorlO f f) and P(BitErrorIOn) denote the bit-error proba-

bilities when the transmitted bit is Off and On, respectively. Without considering

inter symbol interference, which can be ignored when the bit rate is not high and

multi-path effects are not pronounced, we have

P(Bit ErrorlOff) = r P(rIOff)drlTtI,(r»l

P (Bit ErrorlOn) = r P(rIOn)drlTth(r)<l

(4.7)

(4.8)

4.3.3 Performance Analysis for Log-normal Turbulence
Channel in Spatial Diversity Reception

Spatial diversity reception, which has been well-studied for application at radio

and microwave frequencies, has the potential to mitigate the degradation caused

by atmospheric turbulence [32]'[41].Spatial diversity reception in free-space op-

tical communication has been proposed and studied in [41]. In the EGe scheme,

we assume that the receiving party has knowledge of the marginal distribution

of the fading at each receiver, but has no knowledge of the fading correlation or

the instantaneous fading state. For each individual receiver output, we can find

an optimum threshold Ti. The EGe detector then adds together the n receiver

outputs with equal gains and compares the sum to the threshold:

n

Tth = L:Ti
i=l
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Fig. 4.2: Dual branch reception on atmospheric turbulence channels with corre-
lated turbulence-induced fading equal-gain combining with threshold detection

The error probability of EGe is

Pb = fx IxP (BitErrorlx) dX

where

P (BitErrorIX) = P (Off). Q (Jfu) + P (On) .

Q ["[o(,'Xl-'EIX1~Xl-'E[Xl])_T"]

and

(4.10)

Ix (X) = (2<)nl;lc.v'1

( [
(X, - E[X,J) ])

. exp -~ [(X, ~ E[X,J),,(Xn - E[XnJ)] . ex' . . . (4.11)
(Xn - E[XnJ)
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4.4 Free Space Optical Communications Systems
Employing Sub carrier PSK

4.4.1 Free Space Optical Communications Systems Em-
ploying Sub carrier PSK Through Turbulent Atmo-
spheric Channel for Log-normal PDF Channel

This section analyzes the performance of optical communication systems cm-

ploying subcarrier PSK intensity modulation through the turbulent atmosphere.

Consider the optical communication system employing subcarrier PSK intensity

modulation in Fig. 1. In the electrical modulator, the data sequence is modulated

using PSK, which can be implemented with existing microchips at very low cost.

The PSK signal is unconverted to an intermediate frequency (IF) fc. Because the

bandwidth of the scintillation process A(u, t) is only a few kilohertz [25]. With

the current RF technology, fc can be large enough to support several gigabits per

second. Unless required by a very high data rate, fc should not be too large so

that the terminal cost can be low. The upconverted PSK signal modulates the

intensity of the laser in the transmitter. The transmitted optical intensity can be

written as

S(t) = 1+a[si(t)COsw,t - sq(t)sinw,t] (4.12)

where Si(t) = ~jg(t - jTs)cos<pj in the in-phase signal and Sq(t) = ~jg(t-

jTs)sin<pj is the quadrature signal, a < a :S 1,w, = 27Cj,,<Pj is the jth phase

symbol, g(t) is the shaping pulse, and T, is the symbol time, The amplitude sat-

isfies .J sW) + sq2(t) :S 1 to avoid nonlinearity. Directly modulated laser diodes

such as the JDS Uniphase CTR915 Series can be employed for high efficiencya

= 1 and low cost. The dc component in the transmitted signal (22) is greater

than zero, which is always true when intensity modulation is employed.

The received optical intensity can be written as

P(t) = IoA(u, t)l + a[si(t) cosw,t - Sq(t) sin wet]

31
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Where 10 is constant. The electrical signal at the photodetector output can be

written as

I(t) = A(u, t)+aA[si(t) coswet-sq(t) sinWet]+ni(t) coswct-nq(t) sin wet (4.14)

where ni(t) and nq(t) are AWGN processes. The power spectral density of the

received signal is

u

I(f) = A(f) + B(f - Ie) + B(f + Ie) + N(f - Ie) + N(f + Ie)
2 2 (4.15)

where B(f) = A(f) * Z(f) . Assume that Ie > BA + BB where Ie is the IP, BA
is the single-sided bandwidth of Af and BA is the single-sided bandwidth of of

Bf. The first term of in Eq. 4.14 can be filtered out by a bandpass filter, which

gives the output

I, (t) = aA[si(t) coswet - Sq(t) sinwet] + ni (t) coswet - nq( t) sin wet (4.16)

Downconverting this signal to the baseband gives the in-phase signal at the de-

modulator input as

ri(t) = aA(u, t)Si(t) + ni(t)

and the quadrature signal

(4.17)

(4.18)

Taking a = 1 for optical communication systems employing BPSK through the

log-normal atmospheric turbulence channel, the BER is

rOO 1 1 In
2x (v'2x)

Pb = Jo v:iFi (27fU5< )'/2 exp{ - 2u5<}Q VN dx
(4.19)

where x = eX. For optical communication systems employing QPSK through the

log-normal atmospheric turbulence channel, the BER can be written as

(4.20)
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4.4.2 Free Space Optical Communications Systems Em-
ploying Subcarrier PSK Through Turbulent Atmo-
spheric Channel for Gamma-Gamma PDF Channel

For optical communication systems employing BPSK through thc gamma-gamma

atmospheric turbulence channel, the BER is

1""2(a(3)(<>+fJ)/2 ti£_1 (V2J)
H = 0 f(a)f((3) J 2 J(<>_fJ(2Ja(3J)Q ..;N dJ (4.21)

For optical communication systems employing QPSK through the gamma-gamma

atmospheric turbulence channel, the BER can be written as

(4.22)

4.5 ML Detection of Q-Ary PPM in Turbulence
Channels

4.5.1 QPPM Modulation

.Atmospheric Turbulence

~~~~~:~~~~~:;;~;~~.~I I--n;:: _ ,..". ."';C••••••••.•.•.•.•••••.•. ,;. o-EI
I- : ,,' ~~; . :.... . :............. 1-
,. .. ~/ "" ..' !
I ".. ' ".. " '1

I. .../''':.:::.:'-''. . , ..........'..... .. ..... l
~-~ ..,:::.:~;:::..: "" (~-' .. ,.,..:::.:.::::.:::.:...~~
L.:...-J ~:':.: ,.,..\::::- ; : - :•..~ - ~

NlTx N Rx

Fig. 4.3: Block diagram Q-ary PPM MIMO system

Earlier studies for optical space communication have shown that QPPM is an

energy-efficient and readily implemented modulation choice for optical commu-

nication [34, 351. In this method, a signaling interval of length is T" subdivided
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into Q slots, eaeh of length T = T,/Q and a digital message comprised of log2Q

bits is sent by pulsing the laser in one of these slots. We assume that during the

designated slot, the laser power, measured at the receiver after all link losses, is

a constant Pr watts. Thus, represents the peak power, and the received optical

energy per symbol is E, = PrT joules. This can be related to the energy per

information bit by. The average power, when of interest, is watts. QPPM is

advocated here over a simpler binary onoff modulation for another reason; the

receiver does not require careful threshold adjustment that tracks the received

powcr level to make optimal decisions. Gagliardi and Karp [34] conclude that

under a total energy constraint, the optimal intensity pattcrn over slots is, in

fact, that of PPM, i.e., fully on or fully off. They have studied the detection

efficiencyof QPPM for a single source/single detector channel, with and without

background radiation. They also conclude that for a fixed, and for no background

radiation, is optimal in minimizing SEP. On the other hand, for high background

radiation, large is preferred, since increasing shortens, thus reducing the mean

number of background photons per slot. A different set of conclusions is reached,

however, if the comparison is made in terms of encrgy per bit; then we find that

larger is always superior, and in the case that background radiation vanishes,

we find that by letting become arbitrarily large, the energy per bit can decrease

to zero while achieving any fixed BEP. The efficiency comes at the expense of

large peak power, however, as well as large spectrum occupancy and additional

synchronization difficulty with PPM.

To exploit the possibility of combating fading in optical links by use of multiple

transmitters and/or receivers, we propose the following transmission setup. A

Q-ary message is sent by simultaneously pulsing the same slot on the lasers,

called repetition QPPM. The symbol interval remains at T" and the system

communicates log2Q bits per T, seconds, as it would for a single-laser system.

For fairness of comparison, we assume that the power available to a single-laser

system is shared among the M lasers, and so Pr as above is the power presented

to one PD by all lasers together. (This is the standard means of comparison in

radio frequency (RF) MIMO analysis as well.) Of course, using multiple lasers is

one way to increase total radiated power with constrained laser power; however,
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we fix the total power (and energy) irrespective of M.

4.5.2 Optical Detection in QPPM

Most laser systems detect radiation with photo-detectors that are based on the

photoelectric effect. Semiclassical radiation theory predicts, and is indeed based

on the assumption, that the average rate of emission of photoelectrons by a photo-

emitting surface which is irradiated with a constant intensity source of optical

radiation is given by

( )
= ryI Ad

r hf (4.23)

where Ad is the detector surface area. ry is the quantum efficiency of the detector,

is the semiclassical parameter of the classical-wave concept of the intensity to the

quantum mechanical concept of particle emission. It is generally identify as the

probability of photoelectron emission given incident energy hf.

The statistics associated with photoemissive processes were originally devel-

oped by Purcell and Mandel within a semiclassical framework. We attempt to

provide a simplified derivation of the probability density function for photoemis-

sion based on the probability Pk of K photoemissive events occurring in a finite

time interval dT. From Eq. 4.24, the probability of an event occurring in a small

time interval dT is (r) dT, provided that dT is small enough that the probability of

two or more events occurring during dT is negligible. The probability Pk(T + dT)

is then the sum of two mutually exclusive occurrences:

1. k emission events occur by time T with probability Pk(T) and no events

occur during the interval dT, the latter probability being (1 - (r) T). Since

these events are independent by assumption, their joint probability is (1 -

(r) T)PkT.

2. k - 1 emission events occur in time T with probability h-l(T) and one

emission occurs during the interval dT, the latter probability being (r) dT.

Once again, independence leads to a joint probability of (r) dTPk_1(T).
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Thus,

(4.24)

(4.25)

Letting dT -> 0 yields

(426)

Assuming that k = 0 emissions occur in the interval dT and P_1(T) = 0, we have

(4.27)

Integrating with the boundary condition porT) = 1 yields

Similarly, for k = 1 emissions in dT,

= (7") [PorT) ~ PI (T)]

= (7") [e-(r)r - P1(T)]

With the boundary condition P1(0) = 0, we obtain

Continuing in this manner, it can be concluded by induction that

P (T) = ((7") T)k e-(r)r
k k!

(428)

(4.29)

(4.30)

(4.31 )

We therefore have for the average number of photoelectrons emitted in time T

N=rT
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where, for simplicity of notation, the averaging notation has been changed from

brackets to overbars. Thus, using Eq. 4.31 in Eq. 4.32, while designating the

function qO as a discrete probability density function, we obtain for the distri-

bution of k photoelectrons,

~'.

(4.33)

The Poisson density function of Eq. 4.33 .represents the distribution of emit-

ted photoelectrons during the counting interval T, where N is the mean number

of photoelectrons during T. In practice, T is identified with the measurement

interval of the detection process, which for an optimally matched receiver, is the

signal pulse width.

In addition to the signal there are several noise contributions to the photode-

tection statistics. Consider first those noise sources that are Poisson distributed.

These can ineludc background radiation due to solar scatter off elouds, terrain,

or targets and detector dark currents. The latter arise when photoelectrons are

thermally or quantum mechanically generated within the detector material.

Let n, and nb be the count variables representing the mean signal and noise pho-

toelectrons,respectively. So probability mass function for the number of counts

in an on interval is related to the optical intensity by the Poisson distribution

(4.34)

For detail analysis interested reader is referred to an the book by Osche G.R. [36].

If we designate the total incident power (spatial integral of the field intensity)

at one PD as Pr watts, the effectivecount parameter of the Poisson count variable

K is

(435)

In addition to the desired signal, we presume the presence of a background

optical field, again one whosebandwidth is wide and the effectivecount parameter
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due to the background field is denoted as nb . This is related to the total incident

background power on one PD, Pb , by

1]PbT
nb = ~ photoelectrons/slot (4.36)

The poisson variants are independent, conditioned on the pulse pattern and chan-

nel gains, from slot-to-slot and across detectors. We designate the collection of

counts by matrix Z = {Znq = n = 1,2, ... ,N, q = 1,2, ... ,Q}

4.6 Performance Analysis for Log-normal Tur-
bulence Channel

A. No fading, No Background Radiation

First, consider the case of negligible background radiation and equal-gain

links, i.e., Xnm = 1 almost surely, n = 1, .... N,m = 1, .... M . With no

loss of generality, assume that each laser sends energy in slot 1. The only

possibility for decision error is that each detector registers zero counts in

time slot 1, since the other slots register zero counts by assumption nb = O.

By the Poisson property and independence, we have SEP

. Q-l [ M"(~)T.]NP = -- exp "fQ, Q (4.37)

This says that for a fixed total symbol transmitter energy, the probability

of bit error is independent of M, i.e., there is no phased-array gain attached

to the multiple sources, since these are noncoherent sources. The effective

received power does increase, however, with N, which can be interpreted

as the effect of increasing receiving aperture size, or increasing the optical

gain.

Moreover, the SEP is independent of Q for a fixed energy per symbol.

However, as Q increases for a fixed bit rate, the peak power must increase

as Q/ log2Q to maintain fixed energy per symbol.

On this same theme, we may wish to focus upon the required energy per

bit needed to achieve a given H. Since ,E, = (lOg2Q)Eb we have that the
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required Eb can decrease as log2Q, and, in fact, an arbitrarily small Eb can

achieve any small Pb, as Q --> 00. This, of course, presumes no background

interference, and supposes unlimited peak power, so that all the symbol

energy can be collapsed into a vanishingly small time interval.

B. Fading, No Background Radiation
The probability of zero count in slot 1 at detector n is

",M 2 (2l1!L)(Th)P[Znl = 0lslotl,X] = e-Lom=,Xnm Mhf Q

and probability that all slot-l counts are zero becomes

(4.38)

(4.39)

If the path gains are independently distributed and identical,the average

symoble error becomes

J Q -1 {[J "='-ft ]N}MP, = Ps1xfx(x)dx =Q e- hf fx(x)dx (4.40)

Q-l {[J -~ 1 (Ps =Q e hf (27fU;.Y/2 exp
N}M(lnx - E[XW) ]

2 2 dxUx
(4.41 )

C. No Fading, Background Radiation
The upper bound of error probability [38]for this case

P
s
= 1-[f f (N(ns + nb)te-N(n,+nb)

,.
i=l j=O

X (Nnb)je-Nnb]Q-l
J1 .

(4.42)

The expanding the equation in Taylor series for small ns/nb we can reduce

the equation to [39]

Q -1 (n2)Ps ~ --exp ~_s
2 4nb

39

(4.43)
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D. Fading, Background Radiation

There is no simple expression for this case [38]. Here

(444)

4.7 Performance Analysis and Numerical Re-
sults for Gamma-Gamma Turbulence Chan-
nel

Four case will be considered with or without channel fading, and with and without

background radiation.

A. No fading, No Background Radiation

In this case, symbol error probability (SEP) is

Q-l [ M"(~)T.]NPs = -- exp hfQ

Q
(445)

(4.46)

B. Fading, No Background Radiation

The probability of zero count in slot 1 at detector n is P[Znl = Glslatl, I] =
e - 2:~~1Inm (iW,y) (%) and probability that all slot-l counts are zero becomes

P[Znl = Glslatl,!] = e- 2:~~l2:;:~1Inm(iW,y )(%) . If the path gains are

independently distributed and identical,

P, = J P'II h(I)dI

= Q; 1{[je-* fr(l)d1r} M

P = Q-l {[Je-":r2(af3)(a+~)/2I(a+~)/2-1K ~(2.Jaf3I)dI]N}M
'Q r(a)r(f3) a-

(447)
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C. No Fading, Background Radiation

The upper bound of error probability [38] for this case

(4.48)

The expanding the equation in Taylor series for small n,/nb we can reduce

the equation to [39]

Q -1 (n')P, "" -- exp --'2 4nb

D. Fading, Background Radiation

There is no simple expression for this case [38]. Here
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Chapter 5

Result and Discussion

5.1 Introduction

The chapter is organized as follows. In Section 5.2 simulated performance results

are illustrated and analyzed for OaK, taking the link as a log-normal channel.

In this section, we also show that how diversity reception with two receivers can

improve the performance as compared to a single receiver. In Section 5.3 simu-

lated performance results are presented for both log-normal and gamma-gamma

channel employing subcarrier BPSK and QPSK. It will be shown that BER per-

formance of systems employing subcarrier BPSK is much better than that of

compatible systems employing fixed-threshold OaK. In the last Section 5.4 the

numerical results are presented and analyzed for both log-normal and gamma-

gamma channel employing Q-ary PPM. It will be shown that if we increase the

number of transmitters or receivers the performance of the system improves sig-

nificantly.

For the convenience of the readers, the parameters used for compution in this

chapter are shown in Table 5.1.

Table 5.1: System Parameters
Modulation OaK, BPSK, QPSK, Q-PPM
Channel Type Log-normal, Gamma-gamma
(Jx 0.1-0.8 c

'fI .85 (OaK, Q-PPM)
1 (BPSK, QPSK)

R 100Mbp/s
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5.2 Performance analysis for OOK

5.2.1 Performance Analysis for OOK in Log-normal Tur-
bulence Condition for Single Receiver
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Fig. 5.1: Thrshold versus normalized received signal amplitude for different values
of the log-amplitude standard deviation for N/2=.01.
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Fig. 5.2: Likelihood ratio versus normalized received signal amplitude for different
values of the log-amplitude standard deviation for N/2=.005.

In Fig. 5.1 and Fig. 5.2 we see that the likelihood ratio increases monotoni-

cally with for 0 :0: r :0: 1. In Fig. 5.1 we plot threshold decision versus normalized
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Fig. 5.3: Normalized threshold versus log-amplitude standard deviation for dif-
ferent values of the noise covariance.

signal amplitude for iJx E {0.05, 0.03, 0.01, 0.1, 0.2, 0.5, O.S}considering addi-

tive Gaussian noise covariance N/2 = O.01.InFig. 5.2 we plot threshold decision

versus normalized signal amplitude for iJx E {0.05, 0.03, 0.01, 0.1, 0.2, 0.5, O.S}

considering additive Gaussian noise covariance N /2 = 0.005.

In Fig. 5.3, we plot the optimal threshold for a ::; r ::; 1 versus the log-

amplitude standard deviation iJx. In this figure the additive Gaussian noise

covariance is N/2 E {0.15, 0.1, 0.05, 0.025, 0.01}. We see that as iJx increases,

the threshold decreases toward zero, because turbulence-induced fading increases

the fluctuation of the On-state signal level, while leaving the fluctuation of the

Off-state signal level unchanged.

In Fig. 5.3, we also see that as the additive Gaussian noise covariance N /2

increases, the fluctuations of the Off and On states become more closely equal

and the threshold increases toward 1/2.

Fig. 5.4 shows the performance of single receiver for log-normal channel at

different turbulence strength express in terms of iJx. For this figure the log-

amplitude variance iJx E {0.1, 0.15, 0.2, 0.25}.
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Fig. 5.4: BER vs average signal to noise ratio (SNR) for different (Ix
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Fig. 5.5: BER vs average signal to noise ratio (SNR) for different S.l.

Fig. 5.5 show the performance of single receiver with the variation of S.l. We

see that turbulence-induced fading causes a greater degradation of the bit error

probability when the standard deviation (Ix or scintillation S.I. is larger.

In the Fig. 5.6 we see to maintain a BER of 10-6 we need higher SNR or

higher signal power at higher scintillation index or higher (Ix.
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5.2.2 Performance Analysis for OOK in Log-normal Tur-
bulence Condition for Dual Receiver
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Fig. 5.9: Bit error rate of dual branch receiver versus signal-to-noise ration using
EGG receiver for different value of Pd for 0",=0.25
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Fig. 5.10: Bit error rate of dual branch receiver versus signal-to-noise ratio using
EGG receiver for different value of Pd for 0",=0.1

As described above, the EGG receiver [Fig. 4.2] has the knowledge of marginal

distribution of fades ar receivers. We assume that E[h] = EII2] = Ell] and

N, = N2 = N. In Fig.5.10 and Fig.5.9 we plot the simulation results, assuming
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E[X] = 0 and IJx is 0.25 and 0.1 correspondingly, varying the normalized corre-

lation Pd = bx(dd from 0 to 0.9.

Diversity reception with two receiver can improve the performance as com-

pared to the single receiver. Comparing Fig. 5.9 and Fig. 5.10 we see that the

performance improvement in terms of BER is greater when the IJx is larger.
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5.3 Free Space Optical Communications Systems
Employing Subcarrier PSK

5.3.1 Free Space Optical Communications Systems Em-
ploying Sub carrier PSK Through Turbulent Atmo-
spheric Channel for Log-normal channel

----0=0.1,
....... cr =0.15,

.. -~-cr=O.2,
.... ,,"'''''-:: ,,,:! :::::':: --0' =0.25,

-,
10 ,"

-3
10 ,"

ffi 10-4
"

10 15
SNR(db)

20 25

Fig. 5.11: BER performance of optical communication systems employing sub-
carrier BPSK for different (Ix for log-normal turbulence channel

Fig. 5.11 shows simulated BER for an optical communication system employ-

ing BPSK. The scintillation level is (Ix E {a.1, a.15, a.2, a.25}.

Fig. 5.12 shows simulated BER for an optical communication system employ-

ing BPSK. The scintillation index level is S.l E {a.1, a.15, a.2, a.25}.

Fig. 5.13 shows the minimum SNR required for maintaining BER of 10-6

BPSK modulation scheme for log-normal turbulence channel.. We see that if (Ix

increases the required SNR is also increased almost linearly to maintain BER of

10-6.

In Fig. 5.14 and Fig. 5.15 we draw the BER curve for both BPSK and QPSK

system for different strength of atmospheric turbulence.
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Fig. 5.12: BER performance of optical communication systems employing sub-
carrier BPSK for different S.l. for log-normal turbulence channel
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Fig. 5.13: Minimum SNR required for maintaining BER of 10-6 BPSK modula-
tion scheme for log-normal turbulence channel

In Fig. 5.17 minimum SNR required for maintaining BER of 10-6 for different

modulation scheme for OaK, BPSK, QPSK scheme. From the figure show that

for BER of 10-6 At the scintillation level (Ix = 0.1, sub carrier BPSK modulation

scheme gives a gain of 11 dB over OaK and subcarrier QPSK modulation scheme
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Fig. 5.15: Comparison of BER performance of sub carrier BPSK and subcarrier .
QPSK optical communication systems for different S1 for log-normal turbulence
channel

gives a gain of 8 dB over OaK. For higher level of (Ix the difference increases

significantly but the difference between BPSK and QPSK modulation scheme is

always 3 dB.

For subcarrier BPSK intensity modulation, the demodulator needs to estimate

the received phase in {D,7r}, and the equivalent demodulation threshold is zero.
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modulation scheme for log-normal turbulence channel

When M-ary PSK with M 2':4 is employed, demodulation is in the phase domain,

where the demodulator needs to estimate the phase among M possibilities. In

the presence of scintillation, the subcarrier PSK modulation is more suitable

than OOK because of the former's 0 threshold decision. For sub carrier M-ary

PSK intensity modulation with M 2':4, this claim is wrong. In general, it is the

filtered-out de response before demodulation that allows subcarrier PSK intensity

53



modulation to have superior demodulation performance. For M-ary PSK with

M ::0: 4, there does not exist any 0 threshold decision.
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5.3.2 Free Space Optical Communications Systems Em-
ploying Subcarrier PSK Through Turbulent Atmo-
spheric Channel for Gamma-Gamma Channel

10'

15
SNR(dB) "

__ O~=O_2

- - - O"x=O.5

Fig. 5.18: BER performance of sub carrier BPSK optical communication systems
for gamma-gamma turbulence channel

Fig. 5.18 shows simulated BER for an optical communication system eme

ploying BPSK. Here gamma-gamma channel is considered instead of log-normal

channle. The scintillation level is ax E { 0.2, 0.5, 0.8}.

Fig. 5.19 shows simulated BER for an optical communication system employ-

ing QPSK for gamma-gamma atmospheric turbulence channel. The scintillation

level is ax E { 0.2, 0.5, 0.8}.
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Fig. 5.19: BER performance of subcarrier QPSK optical communication systems
for gamma-gamma turbulence channel
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5.4 Performance Analysis for Q-ary PPM

5.4.1 Numerical Result and Discussion for Log-normal
Channel

,,
.0\0. ,,,,,,

\ :,

--no fading
8.1=0.2

- - - 5.1=0.4
_. -.8.1=0.6

10-12
-195 -190 -185 -180 -175

Es (dBJ)
-170 -165 -160 -155

Fig. 5.20: Symbol-error probability,for Q=2,M=N=1 and no background noise,
for log-normal channel with different S.I
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Fig. 5.21: Symbol-error probability with varying M,for Q=2,N=1 and no back-
ground noise, for log-normal channel with CTx = 0.6

Fig. 5.21 shows the advantage of using multiple receive sensors in a log-normal

faded channel.
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Fig. 5.22: Symbol-error probability for unfaded channel varying the bit rate, for
a fixed background noise with M=l and N=l, for Q=2
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Fig. 5.23: Symbol-error probability for log-normal fading (CTx = 0.6), varying the
number of Tx. and Rx., with background noise -170dBJ .

Fig. 5.23 presents performance for binary PPM with log-normal fading and

fixed background radiation for an increasing number of transmitters and receivers.

Comparing with the earlier performance plots, we clearly see the cumulative

degradation imposed by fading and by background radiation. Adding elements

to either the transmit or receive side does steepen the slope of the versus plot,

and therefore, classical diversity is achieved.
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5.4.2 Numerical Result and Discussion for Gamma-gamma
Channel
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Fig. 5.24: Symbol-error probability with varying M,for Q=2,N=1 and no back-
ground noise, for gamma-gamma channel with S.I = 0.4 and 5.1 = 3.0.
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Fig. 5.25: Symbol-error probability with varying N,for Q=2,M=1 and no back-
ground noise, for gamma-gamma channel with 5.1 = 0.4.

Fig. 5.24 shows the SEP P, versus E, where we have assumed quantum

efficiency T] = 0.5. Fig. 5.25 shows the advantage of using multiple receiver

in gamma-gamma channel and Fig. 5.24 shows the advantage of using multi-
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Fig. 5.26: Symbol-error probability for unfaded channel varying the bit rate, for
a fixed background noise with M=l and N=l, for Q=2
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Fig. 5.27: Symbol-error probability for gamma-gamma fading (5.1 = 0.4), varying
the number of Tx. and Rx., with background noise -170dEl .

pIe transmitter. Fig. 5.27 represents the SEP with gamma-gamma fading and

fixed background radiation for different combination of multiple transmitter and

receiver.
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Chapter 6

Conclusion

6.1 Summary

A detailed analytical approach is presented to evaluate the bit error rate per-

formance degradation of a wireless optical link in the presence of atmospheric

scintillation with OaK, BPSK, QPSK and Q-ary PPM schemes. The analysis

is extended for different turbulence channel like log-normal and gamma-gamma

channel. The essential contributions and summary of the thesis are discussed

below

• The gamma-gamma model approaches for heavy turbulence the exponen-

tial distribution, whereas in less turbulence it is suitable approximated by a

log-normal distribution. To describe weak turbulence log-normal turbulence

log-normal channel analysis is appropriate but moderate or heavy turbu-

lence condition gamma-gamma channel is more appropriate to characterize

the turbulence condition .

• It is found that the performance of FSO is very sensitive to atmospheric

scintillation for all type ofmodulation schemes. There is a significant degra-

dation in BER performance due to atmospheric scintillation and the penalty

is higher for higher value of scintillation variation .

• Subcarrier M-ary PSK gives better performance than OaK. For subcarrier

M-ary PSK intensity modulation with M 2: 4, this claim is wrong.

• Diversity reception with two receiver can improve the performance as com-

pared to the single receiver. The performance improvement in terms of
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BER is greater when the atmospheric turbulence is larger.

6.2 Scope of Future Research Work

• Different coding technique like convolution code, turbo code, LDPC, STBC

can be applied to minimize the effect of atmospheric scintillation and scat-

tering and to improve the performance of a free space optical communication

system.

• Further research can be carried out on the effect of atmospheric scintillation

for multi-hop FSO link.

• Research can be initiated to investigate the performance bounds of FSO

link for different type of receiver in atmospheric turbulence.
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