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Free space optical (FSO) communication has emerged as a viabl e technology
for broadband wireless applications. FSO technology offers the potential of high
bandwidth capacity over unlicensed optical wavelengths. On long-range FSO links,
atmospheric turbulence causes intensity fluctuations, which degrades links
performance. The performance of an optical link can be improved by the use of atime
delayed diversity technique, which takes advantage of the fact that the atmospheric
path from transmitter to receiver is statistically independent for time intervals beyond
the coherence time of the intensity fluctuations. Communications performance is
improved because the joint probability of error is less than the probability of error
from individual channels.
Theoretical analysis and experimental investigation were conducted to assess

and characterize the performance of atime delayed diversity FSO system. Two

experiments were conducted: inside our laboratory under smulated convective



turbulence and inter-building in clear atmospheric turbulence. In both cases, time
delayed diversity system is shown to offer a notable performance improvement
compared to a nontdiversity FSO system, where the signal- to-noise ratio (SNR)
performance can gain up to 4.7 dB and the bit error rate (BER) performance is
doubled. These experimental studies confirm the effectiveness of atime delayed
diversity technique to mitigate turbulence induced fading, and its optimality in a dual
diversity scheme. Thisisthe first published report of theoretical and experimental
performance characteristics of FSO communication system utilizing time delayed
diversity technique.

FSO technology has aso emerged as a key technology for the development of
rapidly deployable and secure communication and surveillance networks. In
networking applications, broadcasting capability is frequently required to establish
and maintain inter- node communications. One approach to deal with the broadcasting
issue in FSO networking is the use of omnidirectional FSO links, which is based on
non-directed line-of-sight (LOS) technique. Prototype omnidirectional FSO
transceiver had been constructed and their performance investigated. Although
omnidirectional FSO links cannot provide the performance of directional ones, the
results suggest that they could be used in sensor networks or as aternative for
traditional wireless networks, when the use of radio frequency (RF) technology is

prohibited.
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Chapter 1: Introduction

1.1 Overview of Free Space Optical Communication

Optical wireless communication has emerged as a viable technology for next
generation indoor and outdoor broadband wireless applications. Applications range
from short-range wireless communication links providing network access to portable
computers, to last- mile links bridging gaps between end users and existing fiber optic
communications backbones, and even laser communications in outer-space links [1].
Indoor optical wireless communication is aso called wireless infrared
communication, while outdoor optical wireless communication is commonly known
as free space optical (FSO) communication.

In applying wireless infrared communication, nortdirected links, which do not
require precise alignment between transmitter and receiver, are desirable. They can be
categorized as either line-of-sight (LOS) or diffuse links. LOS links require an
unobstructed path for reliable communication, whereas diffuse links rely on multiple
optical paths from surface reflections. On the other hand, FSO communication
usually involves directed LOS and point-to-point laser links from transmitter to
receiver through the atmosphere. FSO communication over few kilometer distances
has been demonstrated at multi- Gbps datarates [2].

FSO technology offers the potential of broadband communication capacity
using unlicensed optical wavelengths. However, in- homogeneities in the temperature

and pressure of the atmosphere lead to refractive index variations along the



transmission path. These refractive index variations lead to spatial and temporal
variations in optical intensity incident on areceiver, resulted in fading. In FSO
communication, faded links caused by such atmospheric effects can cause
performance degradation manifested by increased bit error rate (BER) and
transmission delays [3].

FSO technology has also emerged as a key technology for the development of
rapidly deployable, secure, communication and surveillance systems, which can co-
operate with other technologies to provide a robust, advanced sensor communication
network. However, the LOS requirement for optical links reduces flexibility in
forming FSO communication networks. Compared with broadcast radio frequency
(RF) networks, FSO networks do not have an obvious simple ability to distribute data
and control information within the network.

The objective of the research work presented here is to answer the following
guestions regarding: 1) how to improve the performance of FSO links for long-range
FSO communications, where atmospheric turbulence effects can be severe; and 2)
how to accommodate the broadcast requirements for short-range FSO sensor
networking applications. These challenging problems are addressed by two different
approaches, yet there is a possibility that these two techniques can be combined and

realized in one general purpose FSO communication system.

1.2 Comparison of Free Space Optical and Radio Frequency

Technologies

Traditionally, wireless technology is almost aways associated with radio

transmission, although transmission by carriers other than RF waves, such as optical



waves, might be more advantageous for certain applicatiors. The principal advantage
of FSO technology is very high bandwidth availability, which could provide
broadband wireless extensions to Internet backbones providing service to end-users.
This could enable the prospect of delay-free web browsing and data library access,
electronic commerce, streaming audio and video, video-on-demand, video
teleconferencing, real-time medical imaging transfer, enterprise networking and
work-sharing capabilities [4], which could require as much as a 100 Mbps data rate
on asustained basis.

In addition, FSO permits the use of narrow divergence, directional laser
beams, which if deployed appropriately, offer essentially very secure channels with
low probability of interception or detection (LPI/LPD). Narrow FSO beams also have
considerable obscuration penetrating capability. For example, penetration of dense
fog over a kilometer distance is quite feasible at Gbps data rates with beam
divergence of 0.1 mrad. The tight antenna patterns of FSO links allow considerable
gpatial re-use, and wireless networks using such connectivity are highly scalable, in
marked contrast to ad- hoc RF networks, which are intrinsically non-scalable [5].

However, FSO has some drawbacks as well. Since a LOS path is required
from transmitter to receiver, narrow beam point-to-point FSO links are subject to
atmospheric turbulence and obscuration from clouds, fog, rain, and snow [2,6]
causing performance degradation and possible loss of connectivity. In addition, FSO
links can have arelatively short range, because the noise from ambient light is high,

and also because the square- law nature of direct detection receiver doubles the



effective path loss (in dB) when compared to a linear detector. Table 1.1 summarizes
the difference between FSO and RF technologies.

Table 1.1: Properties of terrestrial FSO and RF communications.

FSO Links RF Links
Typica Data Rate 100 Mbpsto ~Gbps L ess than 100 Mbps"
Channel Security High Low
Component Dimension Small Large
Networking Architecture Scalable Non-scaable
Source of Atmospheric turbulence Multipath fading, rain,
Signa Degradation and obscuration and user interferences

Obviously, FSO communication will not replace RF communication, rather
they will co-exist. Hybrid FSO/RF networks combine the advantages and avoid the
disadvantages of FSO or RF aone. Even if the FSO connectivity cannot be provided
all the time, the aggregate data rate in such networks is markedly greater than if RF
links were used aone. RF aone does not have the bandwidth for the transfer of
certain types of data, for example high-definition video quality full-spectrum motion

imagery. Hybrid wireless networks will provide maximum availability and capacity.

1.3 Free Space Optical Communication Systems

The mgjor subsystems in an FSO communication system areillustrated in Fig.
1.1. A source producing data input is to be transmitted to a remote destination. This
source has its output modulated onto an optical carrier; typicaly laser, which is then
transmitted as an optical field through the atmospheric channel. The important aspects
of the optical transmitter system are size, power, and beam quality, which determine

laser intensity and minimum divergence obtainable from the system. At the receiver,

"More expensive new millimeter wave systems have recently become available, which
provide datarates larger than 1 Gbps (e.g. GigaBeam WiFiber, http://www.gigabeam.com).



the field is optically collected and detected, generally in the presence of noise
interference, signal distortion, and background radiation. On the receiver side,
important features are the aperture size and the f/-number, which determine the

amount of the collected light and the detector field-of-view (FOV).

Source —e|  Modulator

Driver | LaserDiode [ Transmit Optics

Y

Transmitter

Atrmospheric
Channel

Destination «——{ Demodulator Armplifier |« Photodetector |« Receive Optics

&

Receiver

Figure 1.1: Block diagram of FSO communication system.

The modulation of the source data onto the electromagnetic wave carrier
generally takes place in three different ways. amplitude modulation (AM), frequency
modulation (FM), or phase modulation (PM), each of which can be theoretically
implemented at any frequency. For an optical wave, another modulation scheme is
also often used, namely intensity modulation (IM). Intensity is defined as flow energy
per unit area per unit time expressed in W/n?, and is proportional to the square of the
field’s amplitude. The light fields from laser sources then pass beam forming optics to
produce a collimated beam. This practice is equivalent to providing antenna gain in

RF systems.



There are two basic types of optical receivers. non-coherent receivers and
coherent receivers. Non-coherent receivers directly detect the instantaneous power of
the collected optical field asit arrives at the receivers, thus are often called direct or
power detection receivers. These receivers represent the smplest type of
implementation and can be used whenever the transmitted information occurs in the
power variation (i.e. IM) of the optical field. Coherent receivers, better krown as
heterodyne receivers, optically mix alocaly generated lightwave field with the
received field, and the combined wave is photodetected. These receivers are used
when information is modulated onto the optical carrier using AM, FM, or PM, and
are essential for FM or PM detection.

The detection of optical fields is effected by various noise sources present at
the receiver. The three dominant sources in FSO communications are: background
ambient light, photodetector induced noise, and electronic thermal noise in circuits.
Although background radiation may be reduced by the use of optical filtering, it till
provides significant interference in the detection process. The detector quantum noise
originates from the randomness of the photon counting process at the photodetector.
The thermal noise can be modeled as additive white Gaussian noise (AWGN), whose

gpectral level is directly proportional to the receiver temperature.

1.4 Atmospheric Optical Channel

In FSO communication links, absorption of the beam by the atmosphere can
be important, especialy in adverse weather conditions of fog, snow, heavy rain, or

obscuration. The combined effects of direct absorption and scattering of laser light

can be described by a single path-dependent attenuation coefficient a (z) . The power



received at receiver can easily be calculated for links without significant turbulence

effects. The received power P for areceiver with receiver area A, range L, and beam

divergence angle q variesas

R » R, (1.1)

pq’C
where R isthe transmitted power, and a in this case is a constant value averaged
over the propagation path L.

The received power can be increased by increasing the transmitter power, the
receiver area, or by reducing the beam divergence of the transmitter beam, which is
diffraction limited. For FSO system with transmitted optical power of 10 mW, beam
divergence of 1 mrad, and receiver diameter of 100 mm, the received power is till
exponentially dependent on the atmospheric attenuation coefficient, asillustrated in
Fig. 1.2. For atypical receiver sensitivity of -35 dBm, only an operational range less
than 300 m can be achieved under heavy obscuration conditions. Even under light
obscuration conditions, the link margin is reduced quite significantly compared with
clear air conditions.

When turbulence effects are included, the effects of the atmosphere arein a
sense more subtle. This optical turbulence is caused amost exclusively by
temperature variations in the atmosphere, resulting in random variations of refractive
index. An optical wave propagating through the atmospheric turbulence will
experience random amplitude and phase fluctuations, which will generate a number
of effects: break up of the beam into distinct patches of fluctuating illumination,
wander of the centroid of the beam, and increase in the beam width over the expected

diffraction limit. For longer links, the problems presented by atmospheric turbulence



are quite severe [2,3], since the average power received at the FSO receiver will

decrease even more.

Q\‘»\\ — - — Clear (10 km visibility)
\\1\\ ------- Thin Fog (2 km visibility)
o \\::\ — — Moderate Fog (0.5 km visibility) [
\“{;: . — Thick Fog (0.2 km wisibility)

1
)
T

Receiver Sensitivity (dBm)
o )
[} =

N
=
T

-4l

1 | 1 1
0 200 400 800 200 1000
Distance (m)

Figure 1.2: FSO link loss due to various atmospheric conditions (clear, thin fog,
moderate fog, and thick fog), for systemwith B =10 mW, q =1 mrad, and receiver
diameter of 100 mm.

Besides power loss, the atmosphere may also distort the optical wave shape
during propagation through dense clouds. Thisis particularly true for transmission of
high power, narrow optical pulses, in which the atmospheric scattering can cause
pulse broadening through multipath effects. Scattered pulse fields may be reflected
toward the receiver and still have appreciable energy to produce a distorted optical
pulse shape. If an optical pulseis transmitted from the source, the pulse signals along
the scattered paths arrive with delays relative to the direct path and combine to yield a

wider, broadened optical field pulse from that transmitted.



1.5 Free Space Optical Networking

The individual FSO link between transmitter and receiver can be naturally
extended to an FSO network topology. FSO networks could serve in a metropolitan
area to form a backbone of base stations providing service to both fixed and mobile
users. For some other application where no base station is present, FSO transceivers
may need to be able to communicate with one another to form ad-hoc sensor
networking. In both cases, a scalable, robust, and controlled network topology is
required [7].

A major drawback of directed LOS systemsis their inability to deal with
broadcast communication modes. In networking, broadcasting capability is frequently
required in order to establish communication among multiple nodes. With this
capability, networking data and control messages can easily be flooded over the
whole network. This problem can be eliminated by using non-directed LOS optical
links, which can be described as omnidirectional links. There have been a number of
systems based on nontdirected communications [8,9]. They provide reliable
performance mainly in short-range applications, i.e. severa to tens of meters.

For longer range networking applications, such asin amilitary context with a
network of high-altitude aircraft or in battlefield scenarios, only directional FSO links
can provide high data rate capability and channel security. For directional FSO links,
pointing, acquisition, and tracking (PAT) schemes are necessary in order to establish
and alow the flow of information within the networks [10,11]. PAT involves a beam
steering device, which may be mechanical, such as galvo-mirror or gimbal; or non

mechanical, using an acousto-optic crystal or piezo-electric actuator. In typical



directional FSO systems, there is a trade-off between the requirements of maximizing

received optical power, yet minimizing the PAT sengitivity of the system.

1.6 Dissertation Contribution: Free Space Optical System Enhancements

In this dissertation, two advanced practical designs of FSO systems are
presented for dealing with two key issues in FSO communications. atmospheric
turbulence on long-range links and multi-connectedness for short-range links. On
long-range links, atmospheric turbulence causes intensity fluctuations, which increase
bit errorsin FSO links. The performance of an optical link can be improved by the
use of atime delayed diversity technique. For short-range links, omnidirectionality
can be satisfied using large angle beam divergence transmitters to provide

broadcasting capability.

1.6.1 Time Delayed Diversity

Two useful parameters for describing atmospheric turbulence are the
coherence length and coherence time of the intensity fluctuations. It has been
determined that aperture averaging can significantly reduce scintillation noise, if the
receiver aperture can be made much larger than the transverse coherence length [12].
In addition, if the receiver observation time during each bit interval can be made
much longer than the coherence time, time averaging can also reduce scintillation
noise. Unfortunately, because of receiver size limitations, and for typical dataratesin
optical communication systems, these techniques do not always apply.

Severd different techniques have been proposed to mitigate scintillation noise

when aperture or time averaging cannot be used effectively [13,14]. In general, they
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can be categorized as spatial or temporal correlation approaches. In the spatial
correlation approach, multiple receivers with small apertures are used to collect light
at laterally separated spatial locations. The distance between the receivers should be
large enough that spatial diversity results; otherwise a maximum-likelihood (ML)
scheme is needed to obtain optimum detection. In the temporal correlation approach,
only a single receiver is needed. ML detection can then be used if the receiver has
knowledge of the temporal fading distribution.

In contrast, we have proposed atime delayed diversity scheme and devel oped
a prototype of this system, which has been shown to significantly reduce the bit errors
in a fading atmospheric channel [15,16]. In this scheme, the data stream is transmitted
twice, in two orthogonal polarization channels, with a delay between the
transmissions that is longer than the coherence time of the atmosphere. The bit errors
are reduced because if one bit is detected in error because of channel fluctuations,
then there is an independent probability of correctly re-detecting the same bit because
the diversity delay islonger thanthe memory time of the channel.

This research focuses on our analytical and experimental work in the
deployment of time delayed diversity FSO systems, including their design,
construction, and testing. Our goals are to characterize the performance limit of the
time delayed diversity scheme and to explore related system design and

implementation issues.

1.6.2 Omnidirectionality

In wireless infrared networking, broadcasting capability can be suitably

provided by nontdirectional diffuse links[17,18]. A diffuse link exploits the excellent
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reflective properties of most indoor environments. Diffuse systems also typically
require higher power lasers. In this case, the optical signal in adiffuse link can
undergo multiple reflections and still have appreciable energy. However, the
multipaths can cause dispersion and limit the system to lower bit rates. On the other
hand, there are no multipaths in non-directional LOS links, so high speed operation is
possible. The major disadvantage for these networks is they are subject to blocking,
which can be severe for indoor applications.

Our approach to deal with the broadcasting issue in networking for FSO
communications is to use omnidirectional links [19]. They should provide reliable
performance in short-range outdoor applications. Unlike indoor environments, this
LOS approach will not be severely affected by blockage, since the blocking objects
are usually mobile. The use of customized beam diverging optics in a laser transmitter
front-end can achieve moderate distance (tens of meters) connectivity suitable for
sensor networks applications. To achieve a hemisphere or full sphere coverage
generally requires that these types of transceivers have multiple transmitters and
receivers.

Omnidirectional FSO links do not offer the same channel security
performance as directional ones. Their covertness resides mainly in their operation at
unconventional wavelengths, since an interceptor would require narrow band filtered
receivers to detect their emissions in the presence of ambient light. For example,

systems operated at 1.55 pm, are not detected by standard CCD/MOS imaging or

night vision technology based on silicon. Systems operated near 800 nm are invisible

to the naked eye, and if transmitted powers are chosen appropriately will not be
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detectable in the presence of ambient light without relatively sophisticated detection
techniques.

In this research, our goals are to present practical omnidirectional transceiver
system design, to characterize omnidirectional link performance, and to explore

related implementation issues.

1.7 Organization

The remainder of this dissertation is organized as follows. Chapter 2 reviews
basic optical system and link design for FSO systems. The theoretical framework
required for accessing FSO link performance is presented. Chapter 3 presents in depth
the theoretical analysis and characterization of the time delayed diversity scheme
under typical FSO communications scenarios. In Chapter 4, experimental
investigations for time delayed diversity FSO system are described and the results are
explained. The experiments were conducted under two difference turbulence
conditions: laboratory convective turbulence and clear atmospheric turbulence.
Chapter 5 describes the design, construction, and characterization of a prototype
omnidirectional FSO system. The dissertation is concluded in Chapter 6, which
summarizes the contributions of this work and suggests severa possible directions for

future work.
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Chapter 2: Free Space Optical System Design and Link Analysis

2.1 Optical Sources and their Transmitted Fields

The key element in any optical communication system is an optical source
that can easily be modulated. Such a source should produce energy concentrated in a
narrow wavelength band, and should be capable of being modulated at very high
rates. One of the primary sources of light in modern optical systemsisthe
semiconductor laser. Their basic principles and characteristics, such as their output
beam profile, will be important in assessing their performance when used in afree

space optical (FSO) system.

2.1.1 Basic Characteristics of Semiconductor Lasers

A semiconductor laser consists of an active layer and surrounding p-type and
n-type cladding regions, providing a p-n junction geometry. The emission is realized

in the active layer having an energy gap E, that corresponds to the desired emission

wavelength | given by

2.1)

The semiconductor material needed for emission should have a direct bandgap,
meaning that the conduction band lies directly above the valence band in momentum
space. Therefore, carriers can efficiently recombine to emit photons, since the

momentum is conserved. This makes the majority of semiconductor laser materials
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based on a combination of elements in the third group (such as Al, Ga, In) and the
fifth group (such as N, P, As, Sh) of the Periodic Table; hence the emitted wavelength
istypically in the infrared spectrum.

When forward bias is applied to the active layer, carrier density is increased.
As the pumping is increased further, a population inversion between conduction and
valence bands will result. Thisis the condition where the electron density in the
conduction band exceeds local electron density of the valence band. In the population
inversion condition, stimulated emission becomes greater than absorption, thus the
active layer serves as an optical amplification medium, and the laser beginsto
oscillate. The feedback mechanism necessary for the laser oscillation is provided by
two reflective facets at both ends of the active layer or laser cavity. In this process,
there is noise component generated by the amplitude fluctuation of the signal light,
called the relative intensity noise (RIN). Semiconductor lasers can produce high
power levels, narrow linewidths (~1 nm), and low RIN (- 160 to - 150 dB/Hz).

The optical radiation within the resonance cavity sets up a pattern of electric
and magnetic fields lines called the modes of the cavity, which can be described in
terms of the longitudinal and transverse variations of the electromagnetic fields along
the major axes of the cavity. Longitudinal modes are related to the length of the
cavity and determine the principal structure of the frequency spectrum of the emitted
radiation. Since the cavity length is much larger than emission wavelength, many
longitudinal modes can exist. Transverse modes are associated with the
electromagnetic field and beam profile in the direction perpendicular to the plane of

the p-n junction, and determine the radiation pattern and the threshold current density.
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For optical communication applications single mode lasers are preferred,
which contain only single longitudinal and transverse modes. To accommodate this
requirement, laser configurations having a built-in frequency selective reflector are
developed. Two common types of such lasers are: distributed feedback (DFB) lasers
and distributed Bragg reflector (DBR) lasers [20,21]. In DFB lasers, a Bragg grating
formed along the cavity causes strong reflection at a certain wavelength, resulting in
oscillation on a single mode with a narrower linewidth (< 0.1 nm). Therefore, no
mode hoping occurs, so there is muchless RIN. For the DBR lasers, the gratings are
located at the ends of the active layer; hence no currents pass through the Bragg
reflector regions. As aresult, DBR lasers provide stable, tunable single mode
operation while their other characteristics are similar to DFB lasers. Table 2.1
summarizes basic characteristics of the semiconductor lasers.

Table 2.1: Basic characteristics of laser diodes.

Laser Materials I11-V compounds
Emission Wavelength 800 - 1500 nm
Output Power 1- 100 mW
Linewidth 0.1-5nm
M odulation Bandwidths Up to many GHz

2.1.2 Wave Propagation in Free Space

The transverse modes of alaser system take the form of narrow beams of light
that propagate between the mirrors of the laser resonator and maintain afield
distribution that remains distributed around and near the axis of the system. While
there are many solutions to this problem, it turns out that the simplest solution is
called a Gaussian beam, which is appropriate to the laser under ordinary conditions.

These beams have a characteristic radial intensity profile that expands laterally as
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they propagate. Gaussian beams are specia solutions to the el ectromagnetic wave
equation, which are restricted under paraxia conditions.

The free space propagation of a single mode laser beam can be modeled as the
lowest order Gaussian beam wave, also called a TEM o wave. Assuming the sourceis
located at z =0, the field distribution of this fundamental mode at z =L isgiven by

[22]
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wherer is the transverse distance from the beam center, w, isthe minimum spot size,
F isthe phase shift, and k =2p/I isthe wave number . The beam parameters, w;

and R , arethe spot size and the radius of curvature of phase front at L, respectively.

They are defined as
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Thus, the form of the fundamental Gaussian beam is uniquely determined once the
minimum spot size and its location are specified.

The spot size is the transverse distance at which the field amplitude is down

by afactor 3/e compared to its value on the axis. The minimum spot size is the beam

spot size at the plane z=0. From Eq. (2.3), it can be shown that w; expands with
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distance L along the axis following a hyperbola that corresponds to the local direction
of energy propagation. The angle between the asymptotes and the propagation axisis
called beam divergence and is a measure of the angular beam spread. For an optical

wave, the divergence is typically small and the half angle divergence g, can be

written as

U » — . (2.5)
P W,
The intensity of the optical wave is the squared magnitude of the field. Thus, the
intensity distribution of thebeam at z =L can be written as
W @ 2r?0
1(r,L) =1, -2 expG- —-3, (2.6)
ow % W

and Fig. 2.1 illustrates its expansion in free space propagation.
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Figure 2.1: Intensity distribution profile in propagating Gaussian beam.
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2.1.3 Beam Forming Optics

In long-range FSO communications, light fields from optical sources can be
collected and refocused using beam forming optics, which will orient the light into
particular directions. A combination of converging and diverging lenses placed at the
source is used to produce a collimated beam. Fig. 2.2 shows a simple type of beam
collimation commonly used in long-range links. For short-range links, in order to
obtain omnidirectionality, the optical light needs to emerge over awider angle, but at
the expense of rapid beam expansion with distance. Both imaging and non-imaging

omnidirectional optical designs will be discussed in more detail in Sec. 5.3.

Collimating
Optics

Laser
Source

Figure 2.2: Example of beam collimation in long-range FSO links.

In an ideal collimation process, the converging lens focuses the light source to
apoint and the diverging lens expands it to a perfect beam. In practice, the source

field isinstead focused to a spot, and the expanded beam spreads during propagation

with aplanar beam diameter D, of approximately
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where D, isthe output lens diameter, L is the distance from the lens, and ¢, isthe

transmitter beam angle, which for Gaussian beam is approximated by Eqg. (2.5). At
points in the near field, the emerging light is collimated with a diameter equals to the
lens diameter, i.e. the light appears to uniformly exit over the entire lens. In the far
field, the beam diameter expands with distance and appears asif the light is emerging
from asingle point. The expanding field far from the source is therefore confined to a

two-dimensional solid angle W, given by

W, =2p gl- cos(q,)g» Pa; - (2.8)
The advantage of beam forming can be emphasized by converting to an
effective antenna gain parameter. From radio frequency (RF) theory, the effective

antennagain G, can be written as

4 4
B

GA =W »

B
which isinversely proportiona to the beam angle. For optical wavelengths, the beam
angle istypically on the order of afew mrad, which corresponds to an antenna gain of
65 dB. Thisis a significant advantage compared to RF transmitters with typical

beams on the order of degrees, which gives an antenna gain of about 40 dB. However,
it should be pointed out that with narrow beams, potential pointing and tracking

problems are now generated, which are outside the scope of this dissertation.

2.2 Detection of Optical Radiation

When transmitted optical signals arrive at the receiver, they are converted to

electronic signals by photodetectors. While there are many types of photodetectorsin
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existence, photodiodes are used almost exclusively in optical communication
applications because of their small size, suitable material, high sensitivity, and fast
response time [23]. Two most commonly used photodiodes are the pin photodiode
and the avalanche photodiode (APD) because they have good quantum efficiency and
are made of semiconductors that are widely available commercialy. For optimal
design of the receiver system, it isimportant to understand the characteristics of these

photodiodes and the noise associated with optical signal detection.

2.2.1 pin Photodiode

The pin photodiode consists of p and n regions separated by a very lightly n-
doped intrinsic i region. In normal operation, a sufficient reverse bias voltage is
applied across the device so that the intrinsic region is fully depleted. When an
incident photon has energy greater than the bandgap energy of the material, the
photon can give up its energy and excite an electron from the valence band to the
conduction band. This generates free electron-hole pairs called photocarriers. The pin
photodetector is designed so that these photocarriers are generated mainly in the
depleted region, where most of the incident light is absorbed. The high electric-field
present in the depletion region causes the photocarriers to separate and be collected
across the reversed-bias junction. This produces a current flow in an external circuit,
with one electron flowing for every photocarrier generated. The current flow is
known as photocurrent.

The performance of a pin photodiode is often characterized by its responsivity

A , given by
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A:mq:;—S, (2.10)
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where ig isthe average photocurrent generated by the optical power B, incident on
the photodiode. The quantum efficiency h isthe number of the photocarriers

generated per incident photon energy m , and q is the electron charge. The parameter
A isquite useful since it specifies the photocurrent generated per unit optical power.
The representative values for A are 0.65 A/W for Si at 900 nm, 0.45 A/W for Ge at

1.3 mm, 0.9 A/W for InGaAs at 1.3 nm, and 1.0 A/W for InGaAs at 1.55 nm [23].

2.2.2 Avaanche Photodiode

The APD internally multiplies the primary signa photocurrent before it enters
the input circuitry of the following amplifier. This increases the receiver sensitivity,
since the photocurrent is multiplied before encountering the thermal noise associated
with the receiver circuit. In this structure, photocarriers are created initially mostly in
the lightly p-doped intrinsic layer called a p -layer, because the n*-p junction is very
thin. When there is sufficient voltage across the p -layer, the photocarriers can drift
rapidly acrossit. Therefore, at the n*-p junction near the positive electrode, alarge
field gradient is created and efficient avalanche multiplication occurs.

The performance of an APD is characterized by its multiplication factor M

and is given by

M=l (2.11)

IS
where i,, isthe average value of total multiplied output current and ig isthe average

un-multiplied photocurrent defined in Eqg. (2.10). The avalanche mechanismis a
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statistical process, since not every photocarrier generated experiences the same
multiplication. Thus, the measured value of M is expressed as an average quantity. It
is aso afunction of the bias voltage. For practical applications, Si APD is operated
typically with M =100. The reverse bias voltage ranges from 10 to 100 V. If the bias
voltage is too high, the photodiode may be in danger of creating self- sustaining
avalanche current without photoexcitation, leading to extra noise from the
photodiode.

Since an APD has much larger gain, it offers a better sensitivity than pin
photodiode. The sensitivity increase may be on the order of 4 to 7 dB. However, they
also have serious drawbacks, such as: a high operating voltage is required to provide
astrong electric field, there is a strong temperature dependent of the multiplication
factor, and there is additional noise due to saturation effects at high radiation levels
[24]. Although these problems can be addressed and compensated, cost is increased.
In contrast, a pin photodiode followed by an electronic amplifier could also provide
good sensitivity margin with the expense of slower response time. For data
transmission below one gigabit per second, the configuration of a pin photodetector

and electronic amplifier may be advantageous over APD because of its low cost.

2.2.3 Noise in the Detection Process

The ability of a photodetector to detect an incoming signal is limited by
intrinsic fluctuations or noise. If the signal power is less than the noise power, the
signals will not be able to be distinguished clearly. The two most important sources of
noise in the optical receiver are the shot noise resulting from the statistical nature of

the photon-to-electron conversion process and the thermal noise associated with the
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amplifier circuitry. These sources of noise aways accompany the optical signal.
Another type of noise involved in the detection of optical radiation is dark current
noise and background illumination noise, which may cause deleterious effects in FSO
communication systems.

The principa noise associated with a photodetector is called quantum or shot
noise. When an unmodulated lightwave is measured using a photodetector, two
current components are obtained at the output. The first oneis DC current, and the
second one is the undesired shot noise signal. The shot noise arises from the statistical
nature of the production and collection of discrete photoel ectrons when an optical
signal isincident on a photodetector. It has equal power density at all frequencies. If

the electronic circuit after the photodetector only handles the frequency bandwidth

Df , the mean-square current amplitude of the shot noise <i 2 > is given by

<i§N> = 20iDf (2.12)
where q is the magnitude of electron charge and i isthe average photocurrent asin
Eq. (2.10).

For an APD, in addition to the primary source of shot noise, thereis a noise
figure associated with the excess noise generated by the random avalanche process.
This noise figure F(M) is defined as the ratio of the actual noise generated in an
avalanche photodiode to the noise that would existsif all carrier pairs were multiplied

by exactly M and is given by

: (2.13)
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where <m2> is the mean square gain and can be approximated as M 2" with x
varying between 0 and 1 depending on the material and structure. Thus, the mean

square current amplitude of the shot noise for APD <i - >APD is given by
(i&),0, = 20isM °F(M)DF = 2qi,, MF (M), (2.14)

where ig, i, , and M are all defined asin Eq. (2.11).

Thermal noise, also called Johnson noise or Nyquist noise, is caused by the
thermal agitation of charge carriers passing through aresistor. At temperatures above
absolute zero, the thermal energy of the charge carriersin any resistor leads to
fluctuations in local charge density. These fluctuating charges cause local voltage
gradients that can derive a corresponding current into the rest of the circuit. If the

circuits only handle a bandwidth of Df and the resistance Ris constant within this
bandwidth, then the mean-square current amplitude of the Johnson noise (i3, ) is
given by

, (2.15)

wherek is the Boltzmann’s constant and T is the absolute temperature. One way to
reduce this noise is by cooling the offending component to a lower temperature.
The dark current is the current that continues to flow through the bias circuit
of the device even if no light is incident on the photodiode. It arises from electrons
and/or holes that are thermally generated in the p-n junction of the photodiode. The

dark current strongly depends on the type of semiconductor, operating temperature,

and bias voltage; and is typically proportiona to the term exp(- E, / kT) . Depending
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on the materials, their values range from 100 pA for Si up to 100 nA for Ge.
Background illumination noise is caused by the light that is not part of the transmitted
signals, such as ambient light. If the photodetector is not isolated from the
background radiation, the appearance of this noise is inevitable. Due to the
discreteness and randomness of both the dark current and background radiation, these

Nnoise sources are similar to the shot noise.

2.3 Link Physics of the Atmospheric Channels

The three primary atmospheric processes that affect optical wave propagation
in free space are absorption, scattering, and refractive index fluctuations, or optical
turbulence. Absorption and scattering by the constituent gases and particulates of the
atmosphere give rise primarily to attenuation of the laser beam. Optical turbulence
leads to receiver intensity fluctuations, beam broadening, beam wander, and beam
break up; among other effects. Clearly, these deleterious effects have serious

consequences in FSO communications.

2.3.1 Molecular Absorption and Scattering

Electromagnetic wave radiation is attenuated when propagating through the
atmosphere due to absorption and scattering. Absorption occurs when a photon of
radiation is absorbed by a gaseous molecule of the atmosphere, which converts the
photon into kinetic energy or re-radiates it. Thus, absorption is a mechanism by which
the atmosphere is heated. Atmospheric absorption is a strong function of wavelength,

where the most severe absorption occurs at ultraviolet wavelengths (below 200 nm)
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due to O, and O3 molecules, while there is very little absorption at visible
wavelengths (400 to 700 nm).

Similar to absorption, light scattering is also strongly wavelength dependent.
Particles that are small in comparison with the wavelength (i.e. air molecules, haze)
will produce Rayleigh scattering, which has a symmetrical angular distribution. At
ultraviolet and visible wavelengths Rayleigh scattering is quite pronounced, while
scattering for wavelengths greater than 3 um is basically nonexistent. Scattering by
particles comparable in size to the wavelength is called Mie scattering, whereas
scattering by particles much larger than the wavelengths (i.e. water droplets) can be
described using geometrical optics. Unlike Rayleigh scattering, this type of scattering
is more concentrated in the forward direction.

Molecular absorption and scattering effects are often combined and can be

described by a single attenuation coefficient a , which can be written as
a(l)=a,( )+as( ), (2.16)
where a , and a ¢ are the coefficient parameters describing molecular absorption and

scattering processes, respectively. The transmittance t of laser radiation that has
propagated a distance L is related to the attenuation coefficient a as described by

t =exp[-a(l )L], (2.17)
where the product a L is called the optical depth. Both absorption and scattering are
deterministic effects that are quite well known and can be predicted based on a

variety of conditions.
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2.3.2 Optical Turbulence

Other serious optical effects on a propagating laser beam are generaly those
caused by temperature variations manifested as refractive index fluctuations,
commonly referred to as optical turbulence. In the visible and near infrared regions of
spectrum, these index of refraction fluctuations are caused almost exclusively by
temperature fluctuations; whereas in the far infrared region, humidity fluctuations
may also contribute. Fluctuations in the index of refraction are related to
corresponding temperature and pressure fluctuations. In particular, the refractive
index of atmosphere n at a point r in space for optical wavelengths can be

approximated according to

n(r) @+79 10° ﬂ, (2.18)

()
where P is the pressure in millibars and T is the temperature in Kelvin.

Optical turbulence in the atmosphere can be characterized by three

parameters: outer scale L, inner scale |, and the structure parameter of refractive

index fluctuations C?, which is a measure of the strength of the optical turbulence.

An effective outer scale of turbulence is defined as the largest cell size at which
turbulent energy is injected into a region. Near the ground, the outer scale is assumed
to grow linearly with the height above ground. An effective inner scale of turbulence
isidentified with the smallest cell size before energy is dissipated into heat, and is
usually on the order of millimeters (near the ground). The continuous distribution of

cell sizes between the inner scale and outer scale forms the inertial subrange.
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The refractive index structure parameter is considered the most critical
parameter along the propagation path in characterizing the effects of atmospheric
turbulence. It is usually defined as the proportionality constant in the refractive index

structure function. Under statistically homogeneous and isotropic conditions, the
refractive index structure function D,, in theinertial subrange exhibits the asymptotic
behavior [25]

D, (r)=([n(0)- n(r)F)=cir>", (219)
wherer is the separation between two pointsin space. The classic 2/3 power law
behavior was originally suggested by Kolmogorov on the basis of dimensional

analysis. Valuesof C? for horizontal paths near the ground generally vary between

10 to 102 m??3, in which the latter is considered strong turbulence.

2.3.3 Spatial Power Spectrum Models
Under the assumption of a statistically homogeneous and isotropic
atmosphere, the spatial power spectral density of refractive index fluctuations F , is

related to the structure function D, by

é sin(kr)u
sin( )(Jdk. (2.20)
0 é kr 1]

Based on the 2/3 power law expression for the structure function in the inertial range

givenin Eqg. (2.19), the associated three-dimensiona power spectrum of refractive
index fluctuations is defined by the classical Kolmogorov spectrum [25]

F.(k)=0.033C*k 2, YL, <k </l,, (2.21)
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where k isthe spatial wavenumber. Although this spectrum is theoretically valid
only over the inertial range, it is often extended over all wavenumbers by assuming
the inner scale is zero and outer scale is infinite. This spectrum is widely used in
theoretical calculations, in part because of its relatively simple mathematical form.
Other spectral models have been proposed when inner scale or outer scale

effects cannot be ignored. The extension of the Kolmogorov spectrum into the
dissipation range (k >1/1,) requires truncation of the spectrum at high wavenumbers.

This can be achieved using a Gaussian function, which leads to the Tatarskii spectrum

[26]

N

Q I-1-0:

x
F.(k)=0.033ck *? expg- K k> 1L, (2.22)

2
where k  =5.92/I, . If the Tatarskii spectrum is modified so it is finite and isotropic
for wavenumbers k <1/, , the turbulence can then be modeled asif it is statistically

homogeneous and isotropic over all wavenumbers. A spectral model that is often used

in this case is the Von Karman spectrum

2 2
Fn(k):o.osacn?M, O£k <¥, (2.23)

(2 +k2)”
where k, =1/L, . Fig. 2.3 illustrates these three spectrum models over arange of

wavenumbers computed for inner and outer scales of 10 mm and 10 m, respectively.

2.4 Signal and Noise Level at Free Space Optica Recelvers

Optical receivers are broadly divided into two basic types. direct detection

receivers, which detect only the amplitude of the wave; and coherent detection
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receivers, which detect the wave itsdf (i.e. both amplitude and phase). To compare
both receiver types, the signal and noise levelsin both systems are calculated. For this
comparison, an intensity modulation, with intensity referring to optical power and

modulation referring to the electro-optical conversion process, is assumed.

Kalmogaroy
— =+— - Tatarski
—t—%on Karman

Normalized Power Spectrum
=
T

{4———— Inertial Subrange ———w}
11l 1 111l Lol 1 |||||||i I"I
10° 10' 10 10°
Wavenumbers (m"'}
Figure 2.3: Spatial power spectrums for Kolmogorov, Tatarskii, and Von Karman,

from Egs. (2.21) — (2.23), calculated for |, =10 mmand L, =10 m.
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2.4.1 Optical Intensity Modulation Systems

Compared to a conventional wireless RF channel, the first important
difference in an intensity-modulated channel is that the quantity that carries the
information cannot be negative (i.e. unipolar waveforms). The second differenceis

the definition of power consumption of the system. In an intensity modulation system,

the power consumption depends on the average optical power <P0> , which according

to Eq. (2.10) is proportional to the average signal current <i5>. In the case of RF
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system, the power consumption depends on the average electrical power and is

usually assumed to be proportional to the square of signal current <|§> . Therefore,

schemes that are power efficient in RF systems need not be so in optical intensity
modul ation systems.

Bandpass modulation schemes that are used in RF systems have to be
provided with an offset before they can be transmitted by optical intensity modulation
systems. Although this offset does not carry any information, it does determine the
average intensity and thus the power consumption. Therefore, the power efficiency of
bandpass schemes is worse than the power efficiency of baseband schemes, which
leads to the motivation for the use of baseband modulation schemes in optical
wireless systems [24,27]. The properties of baseband modulation schemes commonly
used in optical wireless systems, such as on-off keying (OOK) and pulse position

modulation (PPM), will be discussed further in Sec. 2.5.

2.4.2 Non-coherent (Direct) Detection Model

The ssimplest implementation of an optical receiver is a power-detecting
receiver, aso called a noncoherent or direct detection receiver. Because it responds
only to the instantaneous power of the collected field, a direct detection receiver does
not use the transverse spatial coherence of the transmitted optical field. In a typical
model of adirect detecting FSO system, the information is intensity modulated onto
an optical source and transmitted through an atmospheric channel to the receiver. The
receiving lens collects a portion of the received optica field and focuses it onto a

photodetector.
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The optical field is aways photodetected in the presence of various noise
sources present in the optical detection process. In FSO systems, background
radiation such as natura light, is also collected along with the transmitted optical field
and is usually treated as an additive noise to the desired signal field. Another source
of noise is the shot noise originating in the photodetection process and dark current at
the photodetector itself. Lastly, the Johnson noise is also present in the electronic
circuitry following the photodetection process. Fig. 2.4 shows the typica model for a

direct detection system.

—
Incpming — —»| Photodetector —H::}—r Dermodulator —» TR
Optical Field Infarmation
—
E— T

Receiving

Optics Moige

Figure 2.4: Block diagram of direct detection optical receiver.

Recall that free space propagation of alaser beam can be modeled using a

Gaussian beam with intensity profile described in Eq. (2.6). If the receiver has an

aperture diameter D, then the received signal power P at the photodetector is

2p ¥
N\

P = o (L) rdrdq @K%I (0.L). (2.24)

Assuming a pin photodetector is used, the output signal current induced by the
incident optical wave is

ii =AP,, (2.25)
where A is the photodetector responsivity. Let the detector be followed by afilter of

bandwidth Df , where the bandwidth is chosen to match the frequency spread of the
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incoming signal envelope. If all noise sources have zero mean and are statistically
independent of each other, then the total noise power in the detector current s 2 is

defined by

s2 =2q(is+ip +ig )Df + , (2.26)

where i, and i are the photodetector dark current and background illumination

induced currents.

2.4.3 Signal -to-Noise Ratio in Direct Detection

To quantify the performance of a direct detection receiver, the output signal-
to-noiseratio (SNR) is defined as the ratio of the detector signal power to the total
noise power. In practice, the received power istypically large enough such that the
signal current dominates over the dark current and background illumination noise.

Therefore, the remaining noise terms are typically caused by shot noise and Johnson

noise, which gives a SNR expression for direct detection G, as

12 12
Is _ ig

s2  2qiDf +4KTDf /R

Gpo (2.27)

If the shot noise dominates over the Johnson noise, then the resulting shot noise
limited SNR G, ,,_q, IS given by

__is _ hR,
29Df  2hnDf

(2.28)

Eq. (2.28) represents the quantum limit performance that can be achieved using direct

detection system.
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Fig. 2.5 illustrates the computed SNR performance of direct detection system
for link distances of 100 m and 1 km. The transmitted laser power varies from 1 to
100 mW. The receiver uses a pin photodiode with responsivity of 0.45 A/W, which
corresponds to approximately 70% efficiency at 785 nm wavelength. The transmitted
beam has 2 mrad beam divergence and the receiver aperture has 100 mm diameter.
The bandwidth of the receiver circuitsis set at 1 GHz, which is quite common in FSO
communication system. The shot noise limited SNR performance can be approached
when the transmitted power is made high. For links beyond 1 km, the use of laser

power higher than 100 mW is required to approach this idea performance.

T
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Signalto-Noise Ratio (dB)
]
=

v —&—L=100m |
---&r-- L =100 m, Shot Maoise Limit
a0k —HB—L=1km -
-~ &-- L =1 km, Shot Noise Limit
10° 10' 10°

Transmitted Power (mW)
Figure 2.5: SNR performance of direct detection FSO system with q; = 2 mrad,
A =045 A/W, D=100 mm, and Df =1 GHz; calculated for 100 m and 1 km links.
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2.4.4 Coherent (Heterodyne) Detection Model

In direct detection receivers, the quantum noise limit set by shot noise can be
achieved with sufficiently strong received signal fields or a high sensitivity
photodetector. If they are not available, it is possible to achieve the quantum limit of
detection by the use of coherent detection or heterodyning. In this scheme, the
detector isilluminated simultaneously by the signal light and a second source of light
called the local oscillator (LO), which must be phase coherent with the signal. The
objective of this mixing process is to convert the weak incoming signa to an
intermediate frequency (IF) in the microwave frequency range for improved detection

and processing. The schematic way in which coherent detection is carried out is

shown in Fig. 2.6.
Receiving
Dptics Beam
Cambiner
—
Inc_omin_g R . Recovered
Optical Field —>| [/ Photodetector |—>| IF Filter |—>{4)}——»| Demodulator [—» | *#53% 5
—
—\ 7 i

Lacal

Oscillator Moise

Figure 2.6: Block diagram of coherent detection optical receiver.

The complete expression for the transmitted optical signal field U at distance

L can be written as

é F> 2 ik 6u .
Us(f,L,t):Uo%e(pl? jKL- rzg#*‘%%@(p“wst) (2.29)
L e L ’ .

=U(r)expl jlwst - kL)]
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where wy isthe angular frequency of the optical signal. Similarly the expression for

the LO field U, is

ULo(r1L1t):ULo(r)exp[j(WLot'j LO)]’ (2-30)
where w , and j |, arethe angular frequency and longitudinal phase of the LO.

Thus, the combined intensity incident on the photodetector can be described as

1(r, Lt) =Pl Lt)+U o L)
=Us(r, Lt} +Uo(r, Lot) , (2.31)
+2RefU(r W Lo )eplifwict-i o)}
where w,- =wg - W, isthe IF angular frequency, j - =kL-j o isthelF phase, and
the first two terms correspond to constant intensity from the signal and LO
independently.
Using the relations given by Egs. (2.24) and (2.25), the detector current is

related to the combined intensity according to

10)=22- A1)+ 1.00.0)+ 2O N0 Deodwet -

= is + iLo +2V iSiLO COS(W|Ft 'j IF)

where ig and i, are the direct detected signal and LO currents contributing in the

(232

shot noise generation. By eliminating the direct detection terms through bandpass

filtering at the IF, the remaining current i,- is

e (t) = 2igi o COS(WIFt -] IF)’ (2.33)
which contains the desired information in its envelope. The total noise power

generated at the detector s 2 is now given by
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4KTDf

sq :Zq(is+i|_o+io"'iB)Dr + R

(2.34)

2.4.5 Signal -to-Noise Ratio in Coherent Detection

The coherent detection scheme can be used when the incoming optical signal
is very weak. Thus, the dark current and background illumination noise cannot be
ignored when assessing the SNR performance. In addition, the signal power is

obtained from the meansquared value of the IF current. Thus, the SNR of coherent

detection G, ., iswritten as

2
<I'F> 2igi o

= : 2.35
G s2  2q(ig+i o +iy +ig)Df +4kTDf /R (239

However, with a sufficiently powerful LO, its shot noise dominates and the other

noise can be neglected. In this case, the SNR is again reduced to shot noise limited

SNR G, . g Qiven by

i hP.
Gep-aw = = (2.36)

gDf  hnDf

The SNR performance of coherent detection system is calculated with the same
parameters used in direct detection case and illustrated in Fig. 2.7, where LO power
of 1 mW is used. The scheme starts to lose its advantage when the received power
approaches LO power. At this level, the SNR performance is limited by LO power.

Comparison between Egs. (2.28) and (2.36) demonstrates that ideal coherent
detection has quantum limited performance twice that of direct detection. However,
to make such a comparison, one must assume that it is possible to use the same

parameters in working with both schemes. Furthermore, for optimum performance,
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not only must signal and L O be phase coherent, but their phase fronts and
polarization states must be matched at the detector surface. In FSO receiver systems,
these requirements are very difficult to realize. For example, under atmospheric
turbulence channels, the phase front, the spot size, and the spatial coherency of the
optical signa are randomly distorted; and the performance is limited to the coherence

area of the collected random field [28].

a0 : —r

Signal-to-Noise Ratio (dB)

—=—L=100m

---2r-- L = 100 m, Shot Moise Limit
10r —B—L=1kmn i
--tF-- L =1 km, Shot Moise Limit

10’ 10°
Transmitted Power (mW)
Figure 2.7: SNR performance of coherent detection FSO system with B, =1 mW,
s =2 mrad, A =0.45 A/W, D =100 mm, and Df =1 GHz; calculated for 100 m
and 1 km links.

2.5 Modulation Schemes in Optical Wireless Communications

In optical wireless systems, the intensity of an optical source is modulated to
transmit signals. For digital data transmission, there is no practical aternative to

digital modulationsince it provides source coding (data compression), channel coding
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(error detection/correction), and easy multiplexing of multiple information streams
[29]. The transmission of the digital data can be done on a bit-by-bit basis (binary
encoding) or on a bit-word basis (block encoding). Severa baseband modulation
schemes for binary and block encoding are discussed; and their performance in terms

of power and bandwidth efficiency is compared.

2.5.1 On-Off Keying

The simplest type of binary modulation scheme is OOK. In an active high
OOK encoding, a‘one’ iscoded as a pulse, while a“zero’ is coded as no pulse or off
field. To restrict the complexity of the modulator, the pulse shape is chosen to be

rectangular. The bit rate is denoted as R, =1/T, , where T, isthe bit duration; and is

directly related to the rate at which the source can be switched on and off. The

normalized transmit pulse shape for OOK is given by

()_11 fort1 [OT,)
10  dsawhere

(2.37)
In the demodulator, the received pulse is integrated over one bit period, then
sampled and compared to a threshold to decide a‘one’ or ‘zero’ bit. Thisis called the
maximum likelihood receiver, which minimizes the bit error rate (BER). Because of
detector noise, errors may be made in determining the actual symbols transmitted. In
OOK transmission, the random noise can be approximated as Gaussian distribution.
Assuming both symbol have identical noise variance and are equaly likely to be

transmitted, the threshold level is set halfway between the symbols currents. Thus, the

BER can be calculated asin [29,30]
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1 .e i, 0 1 0
_enc é J‘ ;__ eZJ_J— (2.38)

N D

Pr (e)OOK =

¥
where erfc(x) :(2p)']’/2 (‘jaxp(-tz)dt and G, isthe SNR for direct detection receiver

defined in Eq. (2.27).

Another important parameter that needs to be considered in any modulation
scheme is the bandwidth requirement. The bandwidth is estimated by the first zeros in
the spectral density of the signal. The spectral density is given by the Fourier
transform of the autocorrelation function. For uncorrelated input bits, the spectrum of

OOK signalsis given by [30]
pf 08
S )oox ——snc g—_el+Rb a d(f - kR,) (2.39)

where sinc(x) =sin(x)/x and d(x) is the Dirac delta function. Because the duration
of the pulsesisfinite, the spectrum extends to infinity. The impulse at zero frequency
accounts for the DC component that is present in any unipolar signal and determines
the power consumption.

There is a variation of OOK, in which the pulse shape is high for only a

fraction of bit duration dT, with O £d <1. The benefit obtained from this scheme is

areduction in transmitted power. However, as d decreases, the bandwidth
requirement grows faster than the decrease in power requirement. Thus, this type of
OOK isinferior to PPM, which offers less bandwidth to achieve a given reduction in
power. For d = 0.5, this scheme is commonly called return-to-zero (RZ) OOK. In

RZ-OO0K, it isintuitive to show that the power requirement is reduced to half of the
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regular nonreturnto-zero (NRZ) OOK discussed earlier, with the expense of

doubling the bandwidth.

2.5.2 Manchester Encoded Signal

The basic disadvantage of OOK signaling is that key receiver parameter
values, such as power levels, must be known to optimally set the threshold. A pulse
format that avoids this difficulty uses pul se-to-pulse comparison for decoding. One
way to do thisin binary encoding is called Manchester coding, where a‘one’ is
signified when the optical signal is on during the first half of the symbol interval, and
a‘zero’ issignified when the optical signal is on during the second half of the symbol
interval. The transmit pulse shape p,, for m={0, 1} can be written as

11, fortT [0T,/2)and m=1

p(t)=11 ,fortl [T,/2,T)ad m=0. (2.40)
10 , dsawhere

The demodul ator separately integrates the detector output over the two half bit
intervals and compares them for bit decoding. The bit is decoded according to which
integration produces the higher value, and no threshold need be selected. The system
still uses pulse signaling, but the pulse time is one haf the bit time, and this results in
higher required bandwidths. The BER is now the probability that the bit half interval
containing the pulse does not produce the higher value. Since the Manchester
signaling isidentical to 2-PPM, all the results for PPM can be applied directly in

analyzing this scheme.
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2.5.3 Pulse Position Modulation

In block encoding, bits are transmitted in blocks instead of one at atime.
Optical block encoding is achieved by converting each word of | bitsinto one of
L =2' optical fields for transmission. One of the most commonly used optical block
encoding schemes is PPM, where an input word is converted into the position of a
rectangular pulse within a frame. The frame with duration T, isdivided into L slots
and only one of these dlots contains a pulse. This scheme can also be denoted as L-
PPM, in order to emphasize the choice of L. The transmit pulse shape for L-PPM is
given by

11, for tf gm- )T, /L,mT, /L)
10 elsanhere

Pn ()

, (2.41)

where mi {1, 2 ..., L} . Since L possible pulse positions code for log, L bits of
information, the bit rateis R, =log, L /T, .

The optimum L-PPM receiver consists of afilter bank, each integrating the
photocurrent in one pulse interval. The demodulated pulse is taken to originate from
the dot in which the most current level was found. If the demodulated pulse position
is the correct pulse position, log, L bits are decoded correctly. Otherwise, we assume
that all L -1 wrong positions are equally likely to occur. Therefore bit errors usually

occur in groups. For Gaussian noise, the BER can be written as [27,29]

Prie)... » ~efcr 1/£|ogz|_g';9. 2.42)
M2 §2J§ 2 p
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Substituting L = 2 yields the BER for Manchester signas, which isidentica to the
BER of OOK modulation. The expression for the PPM spectrum, assuming random

input bits, is given by [24,31]

\

2
S )ony =72é sngﬂﬂ T snc2(pfT, )+d(f ). (2.43)
e 0]

2.5.4 Comparison of Modulation Schemes

In order to compare different modulation schemes, the power and bandwidth
efficiency, defined as the required power and bandwidth at a desired transmission
speed and BER quality, were calculated. Power efficiency can readily be derived
from the BER expressions. Fig. 2.8 shows the BER performance of OOK, for both
NRZ and RZ, and L-PPM for L =2, 4, and 8. It isfairly obvious that 8-PPM has the

best BER performance, and hence is the most power efficient scheme. To achieve a
given BER vaue p,, the power requirement in OOK and L-PPM scheme can be

written as

Proc =242 ec” (2p,), 244

12
Popy = 2 2230 ?‘IogzL_ erfc*(2p,) = _ P (2.45)

L
ElogzL

Thus, it is evident that L-PPM requires afactor of +/(L/2)log, L less power than

OOK to obtain a particular BER performance.
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Figure 2.8: BER performance for OOK (NRZ and RZ), from Eg. (2.38), and L-PPM
(L=2, 4, and 8), from Eq. (2.42).

Another important measure of performance is the bandwidth efficiency. The
bandwidth required for modulation can be estimated from the first zero of the
transmitted signals power spectrum. Fig. 2.9 illustrates the spectral density envelope
(without the Dirac impulses) of the transmitted signals for OOK and L-PPM. Note
that only positive frequency is shown and the frequency is normalized to the bit rate

R, . The bandwidth efficiency is defined as the ratio between bit rate and required
bandwidth (in bps/Hz). The required bandwidthis B, = R, for OOK and
B = LR,/log, L for L-PPM. Thus, the bandwidth efficiency of L-PPM can be

shown to be at least 1.9 times worse than OOK. To conclude, the comparison results

are also summarized in Table 2.2.
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Figure 2.9:

Normalized Frequency

Power spectrum of the transmitted signals for OOK (NRZ and RZ), from

Eq. (2.39), and L-PPM (L =2, 4, and 8), from Eq. (2.43).

Table 2.2: Comparison of baseband intensity modulation techniques.

Modulation Scheme Optical Power (dB) Bandwidth Requirement
RZ-OOK P-3 2R,
Manchester Signaling P 2R,
L-PPM P, - 5log,, g L/2)log, L§ LR,/log, L

2.5.5 Effects of Timing Error on Performance

All the modulation schemes previously discussed require accurate pulse or

dot integrations for ideal decoding. These integrations must be clocked by auxiliary

timing circuits that provide the start and stop markers for the integrators, so that the

integration variables are produced only over the exact dot times. If the timing is not

accurate, the integrations occur over offset intervals, leading to false integration
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values that can degrade the decoding performance. In OOK system, the timing errors
essentialy cause additiona variations in signal current, which can be viewed as
additional noise source, hence always degrade the performance. Thus, they must be
maintained to a small fraction of the bit time for adequate decoding.

In a PPM based system, the decoding process does not perform a threshold
test, but rather an integrator comparison test. Timing offsets cause loss in pulse
energy in the correct interval, and consequently a build- up of energy in the incorrect
interval. This causes relatively faster decrease in performance as the offset is
increased relative to the pulse time. For Manchester signals, since the dlot interval is
only half the bit interval, they are more susceptible to timing errors than the OOK
system. Furthermore, the ot timing capability places alower limit on the slot times

that can be used in PPM systems, limiting their advantage over OOK systems.

2.6 Summary

In this chapter, the characteristics and properties of several important design
parameters in FSO communication systems are discussed. A semiconductor laser or
laser diode is the preferable type of optical source used in transmitter systems because
of its fast modulation capability, narrow linewidth, moderately high power, and small
production cost. For single mode laser diodes, the beam propagation in free space can
be correctly modeled as a Gaussian beam. This model predicts the divergence of the
beam as it propagates away from the source, decreasing the received optical power by
areceiver system. This free space loss in FSO system may be compensated by beam

forming optics, which provides directivity and gain similar to antennas in RF system.

47



At the receiver system, photodiodes are used amost exclusively in the
photodetection process because they have high sensitivity and fast response time. For
FSO communications, when the transmission rate is below one gigabit per second, the
use of pin photodiodes in combination with electronic post-amplifiersis preferable to
the use of APDs. The presence of noise limits the ability of areceiver to detect an
incoming signal, which is typically characterized by the SNR. The two most
important noise sources typically used in assessing the SNR of FSO systems are the
shot noise and the thermal noise. The SNR is also affected by the degradation of the
optical signal traveling through the atmospheric channel. In addition to free space
loss, the atmosphere a so introduces attenuation caused by either molecular
absorption or scattering, and fading caused by optical turbulence.

Although an ideal coherent detection receiver outperforms direct detection
receiver, its implementation in FSO communication systemsis far from routine. The
primary reason being the difficulty in maintaining the coherency between the signal
and L O fields. Atmospheric turbulence causes the received signa field to experience
random amplitude and phase fluctuations, which may result in random distortion of
phase front and loss of spatial coherency. Signal transmission in optical wireless
systems is generally realized using an intensity modulation technique. For FSO
systems, athough the power efficiency isinferior to PPM, OOK encoding is more
commonly used due to its efficient bandwidth usage and robustness to timing errors.
Therefore, in this research work, FSO systems are designed using intensity

modul ation/direct detection (IM/DD) with an OOK technique.
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Chapter 3: Time Delayed Diversity to Mitigate Atmospheric

Induced Fading

3.1 Optical Wave Propagation in Atmospheric Turbulence

Theoretical studies of optical wave propagation are traditionally classified as
belonging to either weak or strong fluctuations theories. For weak intensity
fluctuations, the most widely used analysis method is the classical Rytov
approximation [26]. Its most useful results for free space optical (FSO) performance
analysis are the expressions for the mean and covariance functions of received
intensity fluctuations. The presence of optical turbulence will always degrade the
performance of FSO system because of the randomness of the received signal. To
eva uate this performance mathematically, distribution models for intensity

fluctuations are required.

3.1.1 Rytov Approximation

One way to characterize the strength of the turbulence fluctuetionsis by

examining the Rytov variance s 2 for a plane wave, which is defined by
s 2 =1.23C2K"°LMe, (3.2
where C? isthe refractive index structure parameter described in Sec. 2.3.2. The

Rytov variance physically represents the intensity fluctuations induced by

atmospheric turbulence. In terms of the Rytov variance, the intensity fluctuations are
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caled “weak” if s 2 <0.3, and “strong” if s 2 >1. Fig. 3.1 illustrates example of
Rytov variances for typical C? values range from 10 to 10" mi?® at propagation

distance up to 1 km.

Rytov Variance

A Cn? =102 29 | ]
’ — —cn? =10 MR |
------- Cr = 10" 2P |

0 200 400 B00 200 1000
Propagation Distance (m)

Figure 3.1: Rytov variance calculated for atmospheric turbulence with C2 value
ranges from 104 to 1022 m?® and | =785 nm.
From Maxwell’ s equations, an optical field U of a propagating
monochromatic el ectromagnetic wave at any point R can be described by
N2U(R)+k2n?(R)U(R)+28[U(R) N logn(R)] = 0, (32
where n is the random index of refraction. For optical wavelengths, the last term in
Eq. (3.2), which is related to polarization effects, is usually negligible. This leads to

the reduced wave equation

N2U (R)+k*n*(R)U(R) =0, (33)
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where U denotes the scalar component transverse to the direction of propagation. In
the classical Rytov method, the optical field U at a propagation distance L is
represented by [26,32]
U(R)=U(r.L)=U,(r, L)eply (r,L)]
=U,(r, L )eqoga (g )u

en=1

(34)

where U, is the free space Gaussian beam wave asin Eq. (2.2) and y , isthen™

order complex phase perturbations of the field.
Spectral representations are developed for calculating the statistical moments
of the random optical field, which are valid up to second-order approximations [33].

The statistical moments m, that are of greatest interest in FSO communications are

the second-order moment or the mutual coherence function (M CF)

mz(rl’ Fa I—) = <U (rl’ L)J* (rz’ l—)>
=U0(I’1, L)JS(I’Z, L)<9(p£/ (rl! L)"'y *(r27 L)]> ) (3.5
= Mz(rlyrzy L)@(p[ZEl(O’O)"' E2(r1' I’2)]

and the genera fourth-order moment

M, (315, L) = (U (1, LU (5, LY (1, LU (1, L)
Uo(r, L1, '—P (s Lo (L)

<expL/ (raL)+y “(r,,L)+y (rs,L)+y “(r, L)]> . (36)
=M ,(rpF 051 L)exp[4E(0,0)+ E, (rur, )+ E (Fpur )

+ EZ( 3’ 2)+E2( 3’ 4)+E3( 1’ 3)+E3( 2’ 4)]

where (... indicates the long-time average and ~ denotes the complex conjugate

operator. Assuming collimated wave propagation in a statistically homogeneous and
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isotropic random medium, the three integral functions E,, E,, and E, can be written

as

E,(0,0)=- 2p2k2L:‘j<F 2 (k)dk (3.7

1¥%
E,(r.r,) :4p2k2L(‘I‘j<Fn(k)J0§<|p- 2jLxq|g
00

, (3.8)
expa? LLK 2Xz(.-jdk dx
& k 5
1¥
B (r.r,) = - 4p "K*LOGKF o (k) Jo g1- iLx) [l
00 , (3.9)

g .
, expag L Lk % gexpg_ JLkZXEdkdX
€ k 5 & 0

where p=r,-r1,, q=(r,+r,)/2, L =2L/kw?, and J, isthe Bessel function of the
first kind. These second-order and fourth-order moments lead to descriptions of the

mean and covariance function of received intensity.

3.1.2 Mean of Intensity Fluctuations

The MCF of the optical field determines, among other quantities, the mean
intensity of the field. Its genera form in Eq. (3.5) can be rewritten as
m,(r3, 12, L) = My(r, 1, L)els 2, L)+ 2(r,,L)- T]

., é1 y , (3.10)
eng' ED(rvrz’L)E

where s 2(r, L) =[E,(r.r )- E,(0,0)]/2 describes the atmospherically induced change
in the mean intensity profile in the transverse direction, and T = - 2E,(0,0)- E,(0,0)

describes the change in the on-axis mean intensity at the receiver plane caused by

52



turbulence. The last exponential term is the complex degree of coherence, where
D(r1’r2' L) = EZ(rl’rl) +E, (rz 7r2)' 2E2(r1’ rz)-
Evaluating thisMCF at r1 =r, = r leads to an expression for the mean

intensity fluctuations (1)

Oxpl2s 2(r,L)- 7], (3.11)

(L))

%IO%
Q- | |- O

& —
P wﬁ
from which the additional beam spread due to turbulence can be deduced. The

expressions for s * and T evaluated using the Kolmogorov spectrum are given by

2

s2(r,L)=1112L% L (3.12)

WLa
T =133 AL9°, (3.13)

where s ? is the Rytov variance defined in Eq. (3.1). From these two results, the

mean intensity profile can be approximated by the Gaussian function [33]

o a:"_
(L) @, expg i E (3.14)

QIIO

where w. isameasure of the effective beam spot size affected by turbulence defined
as

we =w[1+1.33 205 ). (3.15)
This expression is considered a measure of the turbulence induced beam spreading,

which increases the beam width beyond normal diffractioneffects.
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3.1.3 Covariance Function of Intensity

The fourth-order moment of the field is a cross correlation function between

four spatial points in the receiver plane and can be expressed in the form

m4(rl’ r.2' r.3’ r.4’ L) = ITIZ(r.l’ r2’ L)mZ(r3’r4’ L)e(p[EZ(rl’ r.4)

+ EZ(r3’r2)+ Eg(rl, r3) + E; (rz’r4)]' (316)

An important specialized case |eads to the expressions of the covariance function of

thereceived intensity C, defined by

-1 (3.17)

ror - m4(r1’r1’r2’r2’L) 1= <|(rl’L)|(r2’L)>
U ey RN oY s M 3 oo (1 o)

For r, =r,, this equation reduces to the normalized intensity variance s, also called

the scintillation index, of the optical wave

(17(r,L))
(1(r.L)°

which includes both temporal variation in received intensity and spatial variation

s2(r,L)= 1, (3.18)

within a receiver aperture. Under weak fluctuation conditions, this normalized
intensity variance is approximately equal to the Rytov variance [34] given by Eq.
(381),i.e.s?=s?.

Based on the Rytov solution of a plane wave for homogeneous and isotropic
turbulence, the covariance function of intensity under weak fluctuations can be

expressed in the form [33]

1¥ 2 e
C, (L) =80 %LKF o (K) 3y kr ) 8- cosZX X Hlakax, (319
00 é é K g
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where r =|r, - r,| isthe transverse distance between two points. The covariance
function is useful in defining a characteristic coherence length r . associated with
intensity fluctuations. This usually involves the ]/ e® point of the normalized

covariance function ¢, defined by

¢ (r,L)=S ((r’L):C' L) (3.20)

This coherence length can be shown to be directly related to the first Fresnel zone

VI L. If the collecting receiver aperture is larger than the coherence length, the
fluctuations will be spatially averaged, hence reducing the intensity variance by a

factor of A[12,33]

s
2 2
S (D) » 21+1 06293ﬂJ , (3.21)

S | m

where s 2(D) isthe intensity variance averaged over an aperture with diameter D.
The effects of aperture averaging in reducing the scintillation index on FSO
links have also been observed experimentally [35,36]. Fig. 3.2 shows the aperture
averaging factor as a function of receiver aperture diameter for a1 km link. It shows
that using an aperture diameter of 200 mm can reduce the intensity variance by a
factor of 5.55” 10°°. Although the Rytov variance suggests that scintillation index
can increase without limit, thisis never experimentally observed since the
scintillation is saturated and is typically limited to the order of unity. For a receiver
with 200 mm aperture diameter, the averaging effect can reduce the intensity variance

to the weak fluctuation regime.

55



Aperture Averaging Factor

4

10

0 200 400 600 800 1000
Receiver Aperture Diameter (mm)

Figure 3.2: Aperture averaging factor versus receiver aperture size calculated from
Eqg. (3.21) for L=1 kmand | =785 nm.

3.1.4 Distribution Models for Intensity Fluctuations

The performance of an FSO system with an atmospheric turbulence channel
can be evaluated mathematically with knowledge of the probability density function
(PDF) of the randomly fading intensity signal. Although many different PDF models
have been proposed to deal with more genera intensity fluctuation conditions, such
as. K distribution, lognormal-Rician distribution, or gamma- gamma distribution
[37,38,39]; the lognormal distribution is generally the accepted PDF in the weak
fluctuation regime. Under weak fluctuations where single scattering of the optical
wave occurs, the results of the Rytov approximation can directly lead to the

derivation of this PDF mode!.
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The Rytov approximation in Eq. (3.4) leads to the conclusion that the first-
order complex phase perturbation y , isacomplex Gaussian random process
[26,32,33] and can be represented as

y.(r,L)=c(r,L)+js(rL), (322
where ¢, and § arethe first-order log-amplitude and phase perturbation,
respectively. Writing the total complex phase perturbation (up to second-order) as
y =(c,+c,)+j(S+S,) and assuming that ¢ = c, + ¢, remains Gaussian
distributed, the intensity of the random field | takes the form

| = fexply +y")=1.€", (3.23)
where |, istheintensity of the unperturbed field asin Eq. (2.6). Rearranging this last

relation leads to
1 ..
—§|ng—+, (324)

which shows that under the Rytov approximation, the logarithm of the intensity is

Gaussian or normally distributed. In this case, the PDF for the intensity fluctuations

p, isthelognormal distribution

1 5 , 5 i
1 1 € e | 0 1 Uy
|l +2s20Y,i>0, (3.25)

p@ﬂ\/ﬁ ; zs|2§”§<'(f¢)>6 2 dp

where the intensity variance s can be obtained from the Rytov variance s 2.
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3.1.5 The Effects of Atmospheric Turbulence on Performance

The most practical implementation for FSO communication involves the use
of an intensity modulation/direct detection (IM/DD) system. The transmitted datais
on-off keying (OOK) intensity modulated and goes through an atmospheric channel
to the receiver. The receiver aperture collects the received optical signal and focuses
it onto a photodetector, which converts the instantaneous optical power into electrical
current for the detection process. In the presence of atmospheric turbulence between
transmitter and receiver, the received signal exhibits random intensity fluctuations.

Thus, the instantaneous received signal power P as expressed in Eq. (2.24) isa

random quantity. The observed quantity is now the averaged or mean received signal

power (P,) given by

(R) @01 (0.L))= e (3.26)

T1+13% Lo
Furthermore, it follows that the mean signal current is (i) =A (P}, where A isthe
photodetector responsivity.
The output current from the detector i = i +i, in thiscaseisarandom
variable, which has the mean value (i) and the variance s” =s 2 +s 5, where s
represents fluctuations in the signal that become a contributor to the detector noise

and related to the normalized intensity variance s ? by

s&=(i8)- (is)" =(is)"s 7 (3.27)
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Using the relations given in Egs. (3.26) and (3.27), and the definition of the output

signal-to-noise ratio (SNR) in the absence of optical turbulence G, given in Eq.

(2.27), the averaged SNR (G,) at the output of the detector assumes the form

(G =4is) - I (328
o (141833 L°) +Gs?

Thus, the presence of turbulence induced signal fluctuations will always deteriorate
the SNR performance of IM/DD FSO system. Fig. 3.3 illustrates the mean SNR

performance for three different normalized intensity variance values.
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Mo turbulence
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Signalto-Noise Ratio (dB)
Figure 3.3: Average SNR performance in the presence of optical turbulence with
s 2 =0.001, 0.01, and 0.1; calculated from Eq. (3.28) for L = 0.001.

In the presence of optical turbulence, the bit error rate (BER) expression in
Eg. (2.38) must be modified to incorporate the effects of signal fluctuations. In this

case, the threshold level is now set to half the average signal corresponding to a

59



received pulse (i; =(is)/2). The false alarm probability p, doesnot depend on the

random received signal and can be written as

p, =Pr(1/0) ——erfcgz\/_,/ 0. (3.29)

However, the miss probability p,, is now

1 5
p,, =Pr{Oj1 erfc e— 1u (3.30)
( | ) 5 g \/—\/
where ig is the random detector signal corresponding to the instantaneous received

intensity. To compute the average BER <Pr (e)> , these equations must be averaged

over the intensity fluctuation spectrum. This gives

<Pr(e)>—1| gez\l/_\/md
(3.31)

. i, U 1 o

+0p lis)efega—=- Lg—=+/(G,) +disy
0R (s)teger y 1 &) iy
where p, (i) isthe PDF of the intensity fluctuations.

The limiting performance of the average BER can be achieved by assuming
the threshold level is dynamically set at half the instantaneous received signal level

(i; =ig/2), which leads to the expression

(Pr(e)), = 200| §\/— <G°>§d (3.32)

Fig. 3.4 shows the numerical computation of theoretical BER for a FSO system as a
function of no turbulence SNR using both Egs. (3.31) and (3.32). While the

expression in Eg. (3.31) gives a more accurate description of practical systems, the
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expression in Eq. (3.32) is more elegant and mathematically convenient. Observe that
for different intensity variances in the weak fluctuation regime, the performance of
the practical system approaches ideal system performance limit. We will use Eq.
(3.32) when deriving an expression for the theoretical performance limit, and Eq.
(3.31) when a more accurate model is needed for comparison with experimental

results.
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—&— %= 0.1, dynamic threshold

0 ] T 15 20 25
Signal-to-Moise Ratio (dB)
Figure 3.4: Theoretical BER performance of FSO system using constant threshold,

from Eqg. (3.31), and dynamic threshold, from Eq. (3.32); calculated for s > =0.001,
0.01, and 0.1. The solid curve depicts BER performance in the absence of turbulence.

Average Bit Error Probability
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3.2 Design Considerations for a Time Delayed Diversity Scheme

One common way to improve the reliability of communication through a
fading channel is by the use of diversity schemes. They provide two or more inputs at
the receiver unit so that the fading phenomena among those inputs are uncorrel ated.

Communications performance is improved because the joint probability of error is
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less than the probability of error from individual channels. The time delayed diversity
technique involves continuous retransmission of data streams separated by atime
delay on the order of coherence time [15,16]. Given that time delayed diversity can
use orthogonal polarization transmission, a concise discussion concerning the
depolarization effects on alaser beam propagating in atmospheric turbulence is

presented.

3.2.1 Temporal Covariance and Coherence Time

The statistical quantities of optical turbulence discussed thus far are in terms
of spatial statistics, whereas in our work we were also concerned with the temporal
statistics. Using the Taylor frozen turbulence hypothesis [40], a connection can be
made between these two types of statistical quantities. This hypothesis states that
temporal variations of meteorological quantities at a point are produced by advection
of these quantities by the mean speed flow and not by the changes in the quantities
themselves. This hypothesis permits converting spatial statistics into temporal
statistics by knowledge of the average wind speed transverse to the direction of
observation.

In the atmosphere, there are two time scales of concern: one is due to motion
of the atmosphere across the observation path, and the other resulting from dynamics
of the eddies. The first time scale, that due to advection, is typically on the order of 1
ms, while the second time scale, associated with the eddy turnover time, is typically
on the order of 10 s. Because the second time scale is much slower than the first, it

can be neglected in comparison with the average wind flow. Thus, under the Taylor
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frozen turbulence hypothesis, turbulent eddies are treated as frozen in space and are

moved across the observation path by the average wind speed component v.
The temporal covariance function of the intensity fluctuations C, (t ,L) canbe

obtained by substitution of r ® @ , where t isthetimelag. Plots of the normalized
covariance functions for several different weak scintillation conditions (with variance
of 0.002, 0.01, and 0.05) obtained from our measurements are shown in Fig. 3.5 along
with the theoretical calculations. The experiments were made with a 785 nm laser and
a propagation length of approximately 1 km. The received signal amplitudes within a
50 ms window were recorded and the covariance functions were numericaly
computed. The coherence times for these particular fluctuation conditions, similarly
defined as in Eqg. (3.20), are approximately 7 ms, 5 ms, and 3.5 ms (for variance of
0.002, 0.01, and 0.05, respectively). This suggests that delays longer than few

milliseconds should be sufficient for time delayed diversity to perform efficiently.

3.2.2 Laser Beam Depolarization Effects

The following analysis is concerned with determining the depolarized
component of alaser beam propagated through atmospheric turbulence. We are
interested in finding out whether depolarization effects could cause crosstalk between
the two orthogonal polarization transmission channels in atime delayed diversity
scheme. The expression for depolarization fluctuation, defined as aratio between the
depolarized and the main polarized components, is obtained by solving Maxwell’s
equations in free space using the method of small perturbatiors [41]. Recall that, the
complete equation governing the behavior of the optical field U in a medium with no

free charge can be written as
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N*U +k*n®U +2N[U>Nlogn]| =0, (3.33)
where n» 1+ n, isthe refractive index and n, represents small fluctuations about the

mean.
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Figure 3.5: Temporal covariance functions for s > =0.002, 0.01, and 0.05 obtained
from measurements made with L =1 kmand | =785 nm. The theoretical curves
were computed from Eq. (3.19) and the use of Taylor turbulence hypothesis.

Let the optical field be expanded in the zeroth and first order terms of its
perturbation series U = U, + U, , i.e. the incidert and scattered wave. Assuming that
the incident wave is linearly polarized in the y-direction and propagates along the z-
direction, i.e. U, = A"y, the equation for the depolarized component of scattered

wave in x-direction can be written as

N2U, +kU, =-2 ALY 3.34
1x 1x = Abe ﬂXﬂy ( . )
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If the depolarization fluctuation is defined asy =U,, /U, , where U, = Ag"* and U,

is the solution of the inhomogeneous Helmholtz differential equation, then

_ 1 TN (rg e 8
2p 0 &y Ir-r¢

dve. (3.35)

The solution of Eg. (3.35) can be found by first obtaining the spectral density
of the correlation function of y in the plane of constant z. By the method of spectral

expansion [26,41], the spectral density of the depolarized component can be

expressed as

S (kl,kz,o)=ﬂ(nf>kfk§Fn(kl,k2,o), (3.36)
where F , is the spatial power spectrum of refractive index fluctuations and (') is
the mean squared refractive index fluctuation. The correlation function R, can be
obtained by taking the two-dimensional Fourier transform of § and the mean square
fluctuations <y 2> can be found from R, (0) . Using a Gaussiart like spectral density

for F , (i.e. Tatarskii or Von Ké&rman spectrums) gives
2 2
]\ - A L)
v 2>‘<|u2| >

ka2
where |, is the turbulence inner scale length. Note that <y 2> can aso be interpreted

(3.37)

as the mean intensity depolarization, defined as the ratio between depolarized and
main polarized received intensity.
Fig. 3.6 illustrates the mean intensity depolarization for our experimental

range of a1 km length as a function of <nf> where a scale length of 1 mm is used. It

65



is evident that even for uncommonly large <nf> value (i.e. strong turbulence), the

intensity of the depolarized component is predicted to be at least 30 dB smaller than
the intensity of the main polarized component. Thus, a polarizing beam splitter (PBS)
with an extinction ratio on the order of 30 dB should be sufficient to eliminate the

possible crosstalk between the two polarization channel components in our system.
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Figure 3.6: Mean of intensity depolarization calculated for FSO link with L =1 km,
| =785 nm,and |, =1 mm.

3.2.3 Diversity Schemesin Free Space Optical Systems

It has long been recognized by the radar and wireless communications
community that reliable information transmission can be realized over afading
channel through the use of diversity techniques. Since the intensity fluctuations due to
atmospheric turbulence has dependence on position, time, and wavelength; therefore

gpatial, temporal, and wavel ength based diversity techniques could be used in FSO
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systems to create the least correlation between the fading received signals. After
reception, they need to be combined such that the fades can be smoothed out.

Linear combining methods involve relatively simple weighted linear sums of
multiple received signals. In coherent detection FSO systems, three common
combining methods are: selection combining (SC), maximal ratio combining (MRC),
and equal gain combining (EGC). Of the three architectures, the MRC receiver is
optimal in that it yields a carrier with the largest average SNR and the least fading.
For direct detection FSO systems, it is practical to use an array of detectors and
combine the signal after the detection. This technique is called a post-detection linear
combining method and has average SNR performance equivaent to the MRC.

To analyze the average SNR performance of a detector array receiver, let the

summed output signal Z of statistically independent detectors be described by
8 3
Z=a i, =aisy tiyy: (3.38)

where ig, isareceived fading signal with mean (i) and variance s 2, iy , isazero-
mean random noise with variance s 2, and M is the number of detectors or diversity
branches. For identically distributed random signal and noise, it follows that the

average output SNR of an M-array detectors receiver (G, ) is given by

(G, ) :% =M (G,), (3.39)

where s * =s § +s  isthe variance of single detector output current and (G, ) isthe

average SNR of a single detector asin Eqg. (3.28). The expression in Eq. (3.39) is

equivalent to the average SNR performance of the MRC scheme.
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The above analysis shows that the output SNR from an M-array detectors
receiver can improve the output SNR of a single detector receiver by the factor of M.
However, the average SNR performance will only be a useful measure for systems
communicating analog signal. In digital communication links, the performance
measure is provided not directly by the SNR, but rather by the BER. Recall that the
limit BER performance of single detector FSO receiver in the presence of turbulence
isgiven by Eqg. (3.32). Extending this expression for an array detector receiver,
assuming the M branches are statistically independent as a result of the diversity, the
average BER can be bounded by the M'™-power of the expression for average SNR in
Eq. (3.32).

Fig. 3.7 shows the average BER performance curves of array detector
receivers for various number of diversity branches with intensity fluctuations variance
of 0.001 and 0.01. The graph clearly suggests that the biggest incremental
improvement is achieved by using dual branch (M =2) diversity. Consider the
intensity variance of 0.001 and at BER value of 10°°, the improvement between
M =1 (nodiversity) and M =2 isapproximately 4 dB, between M =2 and M =3
is2.5dB, and between M =3 and M =4 is 1.8 dB. Given the increasing cost and
complexity of array detector receiver circuitry, dua diversity may be considered as

optimal.

3.3 Theoretical Modeling of Time Delayed Diversity System

To investigate the performance of time delayed diversity scheme, a theoretical
model is required. Any ideal time delayed diversity system can be modeled as a dua

branch diversity system over two correlated identically distributed lognormal fading
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channels [16]. The transmitter unit has two transmission paths: one for the prompt
path and the other for the delayed path, with two orthogonal polarizations used as the
transmission channels. By adjusting the delay between two transmissions with respect
to turbulence coherence time, their dependency can be reduced (i.e. the channels
become less dependent). Assuming an appropriate synchronization mechanism can be
achieved, the receiver unit employs post-detection combining method by adding the
signals from the two branches. A block diagram of this time delayed diversity system

model isillustrated in Fig. 3.8.
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Figure 3.7: Average BER performance of FSO receiver with diversity branch M
ranges from 1 to 4 and calculated for s  =0.001 and 0.01.
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Consider data that is transmitted twice and separated by adelay period t . The

transmitted laser intensity in the two polarization states can be defined as 1, = 1 (t)

and |, =1(t-t). At the receiver, the received signal in each path i, for k1 {12}
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has similar statistical behavior to the received intensity. Under weak fluctuations

assumption, the joint PDF of random intensities 1, and |, is

.. _ 1 ée 1, . To-1 - u
plllZ(Il’lz’t)_Weng E(H’ll- n) a*(t)(Ini- u)H (3.40)

where Ini =[Ini,,Ini,]" and p=(In{1)- s ?/2)1, ,, with the mean received intensity
(1) isgiven by Eq. (3.14). The temporal covariance matrix & (t ) can be writtenin
term of the normalized intensity variance s ? and the covariance function C, as

oh Cl(t)
T t) s

[EY

O

—
—t

=5 ?

D> (D~

e

aft)=

(3.41)

MD: (D> D~
[ERN
oo

(@)

—
—+

(el ey end

)

where in obtaining the last expression, the relation in Eq. (3.20) is used.
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Figure 3.8: Block diagram of theoretical model of time delayed diversity system.

Suppose a simple synchronization method, such as applying an inverse delay,

is performed by the receiver before the two paths are combined. Thus, the output
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signal of the combiner is Z =i, +i, = (i, +i, ) +(iy, +iy, ) - It follows that the

average output SNR of the combiner (GZ> is given by

6)= ((is)*+(isa)’ _4fis) 61

s; s;

where the last equality is obtained by assuming that both received signals ig, and ig,
have identical means (i, )= (i, )= (). The output variance s 2 can be written as
2 H 2

2 _ 2 ; 2
S z - SS,l +S S,2 + 2COV(IS,1’ IS,2)+S N,1 +S N,2

ffsiere sl @

where the simplification in Eq. (3.43) is derived using the relations defined in Egs.

(3.17), (3.20), and (3.27); and assuming identical distributions of both random signal

and noise. It can be shown that the average SNR at the combiner output (G, ) is

related to the SNR for a single detector output G, by

(G,)= s . (3.44)
(1+1.3357L%°) +s 2 @+c, (t )pG

As has been previoudly stated, the average BER performance is an accurate
performance metric to assess the performance of digital communication systems and
to capture the advantage of diversity systemsin reducing fading. For atime delayed
diversity system in the presence of turbulence, assuming an ideal case where the

threshold level can be dynamically set to half of the instantaneous signa at the

combiner output (i.e. i = (is, +is,)/2), the expression for the conditional BER in the

combiner output Pr(e) can be written as
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erf é M <| (3.45)

The average BER is then obtained by integrating this expression over the joint density

function of 1, and 1, givenin Eq. (3.40). This leads to an expression for (Pr(e)) as

IR &, *is,
<Pr( )> ZCI:plllz(sv sl erfc§4\/_< \/ dIS;LdISZ (3.46)

However, the theoretical system model described above presents several
issues in its implementation. The first issue involves the buffering and
synchronization mechanisms, where the notion of transmission delay is implemented.
Since the coherence times are in the order of milliseconds, there is no sensible delay
line available for this purpose. Thusin our system, the buffering and synchronization
are applied to the data bits in the digital domain, instead of to the analog carrier
signals. This forces the demodulation to be performed prior to the combining process.
The combiner then logically adds the two synchronized bit streams to produce the
recovered information. The possibilities that an error can occur for a given

transmitted bit and demodulation result are summarized in Table 3.1.

Table 3.1: Demodulation error in areceiver using logical OR as digital combiner.
Transmitted Received Received Recovered Error
Bit Channd 1 Channdl 2 Bit Status
0 0 0 0 Correct
0 0 1 1 Error
0 1 0 1 Error
0 1 1 1 Error
1 0 0 0 Error
1 0 1 1 Correct
1 1 0 1 Correct
1 1 1 1 Correct
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Another important issue is regarding the assumption of an ideal threshold,
which is capable of describing half the instantaneous signal value. A more practical
implementation is the use of alow pass filter to get the average signal value at a given
time window, and use half of this constant value as the detection threshold. This
method corresponds to the abstraction derived in Egs. (3.29) to (3.31). Also notice
that the false alarm probability, as defined in Eq. (3.29), is still constant for any
intensity variance, whereas the miss probability is greatly affected by the received
intensity variations. This effect isillustrated in Fig. 3.9 for different examples of

intensity variance encountered in our experiments.
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Figure 3.9: Comparison of the false alarm, miss, and average error probabilitiesin a
FSO link calculated from Egs. (3.29) — (3.31) for s > =0.002, 0.01, and 0.05.
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From the relations given in Table 3.1, the conditional BER now corresponds
to the false alarm probability of either channel or the miss probabilities for both

channels. Also observe that the miss probability is typically much larger than the false
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alarm probability; hence the average probability of error can be adequately
approximated only by the miss probability. Therefore, the conditional BER for

practical time delayed diversity system Pr(e),,, isgiven by

14 aéz,s « U1 0
Prie pm pm © 1(] B (347)
( )TDD 1Mm,2 8(_)1 8e<| u2\/—\/< >
where the mean and variance of the received signals at both channels are taken to be

equal. Again, the average BER at the combiner output (Pr(g)). _ isobtained by

TDD

integrating this expression over the joint PDF p,, and can be written as
1¥ ¥

<Pr(e)>mD :§(I)0|1|2('31"s 21
00

t)
2 a8 ' .| '
Oetegery i) g

(3.49)

3.4 Characterization of System Performance

To characterize the performance of atime delayed diversity system over
fading atmospheric turbulence channels, both average SNR and average BER are
common performance measures used in wireless communication systems. Although it
iseasier to find, average SNR may not capture all the benefits of diversity. To capture
the importance of time delayed diversity schemes in reducing fading-induced
fluctuations, we need to look at the average BER. This measure reveals the actual
system behavior and performance in digital communications. In addition, the effect of
variable delay period on the performance of time delayed diversity systemisaso

discussed.
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3.4.1 Bit Error Rate Performance

In this section, the BER performance of the theoretical model of time delayed
diversity system isinvestigated and characterized. The parameters used in the
simulations are based on the design for the clear atmosphere experimental setup. In
this setup, the FSO link between transmitter and receiver units is approximately 1 km
long. At the transmitter, two 785 nm laser diode modules with equal power and
orthogonally polarized are used for the prompt and delayed channels. The receiver
uses an aspheric lens with aperture diameter of 200 mm. The two polarizations of the
received optical beam are split using a 30 dB sensitivity PBS and separately detected
by high-speed amplified silicon photodetectors. The received electrical signals are
then threshold detected and re-amplified to satisfy the desired signal level standards.

The average BER performances were calculated for two intensity variance
values of 0.002 and 0.01; and the results are showed in Figs. 3.10 and 3.11 for the

practical and theoretical system models, respectively. For each model, three different

cases, namely t =0,t =t _,and t ® ¥, were evaluated and compared to a system
with no diversity. The values used for t . are taken from the results given in Sec.
3.2.1, thusthecaseof t =t represents the performance of time delayed diversity on

FSO links. The case of t =0 corresponds to increasing the transmitted power by 1.5
dB (i.e. double the input SNR) with no diversity; and the case of t ® ¥ corresponds
to a completely independent fading channel condition.

The theoretical system performance resultsin Fig. 3.11 suggest that time
delayed diversity can give a SNR gain of about 4 dB (at BER of 10°°) and 5.8 dB (at

BER of 10) over a no diversity system for intensity variances of 0.002 and 0.01,
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respectively. Notice when the received SNR is doubled due to an increase in
transmitted laser power, the performance improvement is still inferior to time delayed
diversity on the order of afew dB. A larger improvement is exhibited for stronger
turbulence, athough in this situation the BER value is much larger. The results
indicate that given some BER requirement, the required SNR value can be lower for a
time delayed diversity system. This further implies, for the same turbulence

condition, longer FSO communication links can be achieved when this schemeis

employed.
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Figure 3.10: Average BER performance for practical system model, from Eq. (3.48),
calculated for no diversity, t =0,t =t _,and t ® ¥ cases. The performance was

evaluated for turbulence with s 2 =0.002 and 0.01.
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Figure 3.11: Average BER performance for theoretical system model, from Eq.
(3.46), calculated for no diversity, t =0,t =t ,,andt ® ¥ cases. The performance

was evaluated for turbulence with s 2 =0.002 and 0.01.

3.4.2 The Effects of Delay Period on Receiver Performance

From the simulation results, observe that in the limiting caseof t ® ¥ , the
average BER performance can still be improved further. This additiona SNR gain is
due to the fact that the temporal covariance does not completely vanished beyond the
coherence time. Introduction of additional delay provides more independence
between the two channels. By increasing the delay period, we can improve
performance but communication latency and the required buffer size are also
increased. Therefore, the optimum delay period need to be chosen to satisfy a given
performance requirement. An example regarding how this delay affects the average

BER performance is shown for a turbulence variance of 0.002 and is plotted in Fig.
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3.12. The SNR is chosen to have a value of 141, which corresponds to a BER value of

10" under no turbulence conditions.
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Figure 3.12: Effects of variable delay in reducing the average BER calculated for

s #=0.002. The BER reduction factor is defined as the average BER computed at
delay period t , normalizedtoitsvalueat t =1 ms.

Normalized BER Reduction Factor

The average BER was computed for various delay periods from 1 to 50 ms,
and the BER reduction factor is defined by normalizing the average BER to its
maximum value, which occurs for a delay period of 1 ms. This metric can be
considered as a trade-off parameter between communication performance and costs,
similar to the aperture averaging factor defined earlier in Sec. 3.1.3. In this example,
the reduction factor has a minimum of approximately 2.5%, and is almost constant for
delay periods longer than 20 ms. When the delay periods equal to the coherence time

(i.e. 7 msin this case), this vaue is around 4.3%. This indicates only small
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performance improvement (less than 2%) may be gained by extending the delay

period further, while system costs could be more than doubled.

3.5 Comparison to Time Interleaving Scheme

There are other types of diversity schemes that could be used in FSO
communications, such as: space, wavelength, and time diversity [42,43]. In space
diversity, the receivers are separated by distance on the order of the coherence length
of the intensity covariance function. For afew kilometer link ranges, the coherence
length is on the order of centimeters, and multiple receivers only need to be placed
centimeters apart to see approximately independent channel fades. Wavelength
diversity may be implemented either by using hybrid FSO and radio frequency (RF)
systems or by using combination of semiconductor and quantum cascade lasers
(QCLs), which can be adjusted to operate in the mid and long-wave infrared regions
(3t020 pm) [44].

In the time diversity scheme, also termed as time interleaving, identical
messages are transmitted in different time dots (interleaved) separated by time
periods on the order of the coherence time. The receiver receives M independently
faded copies of the signal, applies appropriate delay to each copies, combines them,
and demodulates the messages. Fig. 3.13 shows an FSO receiver that uses time
interleaving. Since both time interleaving and time delayed diversity use similar
statistical property of intensity fluctuations (i.e. temporal covariance), the comparison
will only be made between these two diversity schemes. Assuming similar buffering
and synchronization mechanisms are utilized, this time interleaving system with

M =2 isisomorphic to the time delayed diversity described in Sec. 3.3.
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Figure 3.13: Block diagram of FSO receiver with time interleaving.

In contrast to atime delayed diversity transmitter, the transmitted power in a
time interleaving system is not divided into two orthogonal polarization components;
hence there is no 3 dB reduction in the transmitted power. Thus, the average SNR at
combiner output is a useful metric in comparing the performance of these two
diversity schemes. Fig. 3.14 shows the average SNR output of both time delayed
diversity and time interleaving systems for intensity variance of 0.001, 0.01, and 0.1.
The calculations were made with the assumption that the delay period was long

enough such that perfectly independent channels were obtained (i.e. t, ® ¥ ).

Observe that for smaller SNR values, time interleaving outperforms time
delayed diversity system by up to 3 dB. However, in the limit where the SNR value
becomes more useful for obtaining reliable communications, the performance of both
systems converges. Furthermore, time interleaving has a major drawback of incurring
large delays due to having to wait for all the copiesto be received before the
messages can be detected. Consequently for M =2 case, this causes the data rate to
decrease by two times, resulting in only 50% bandwidth efficiency in comparison

with the time delayed diversity system.
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Figure 3.14: Comparison of SNR performance between time interleaving and time
delayed diversity FSO systems calculated for s > =0.001, 0.01, and 0.1; and t _, ® ¥ .

3.6 Summary

Theoretical analysis of FSO communication systems using a time delayed
diversity scheme has been presented. For typical weak intensity fluctuation conditions
observed on our experimental setup, the classical Rytov approximation is used to
derive and obtain the statistical properties of the atmospheric channel, most important
of which are the expressions for the mean and covariance function of intensity
fluctuations. It has been pointed out that the lognormal distribution is typically used
as an appropriate and correct PDF model in the weak intensity fluctuation regime.
Severa important issues related specifically to time delayed diversity, such as
temporal covariance of intensity fluctuations, laser polarization fluctuations, and

diversity receiver architecture, are aso analyzed; and the results were used to
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determine the parameters required in devel oping a prototype system used in our
experimental work.

We also derived and characterized the performance of atime delayed diversity
system, which can be modeled as a dual branch diversity system over two correlated
identically distributed lognormal fading channels. The theoretical performance results
indicate that time delayed diversity can give an SNR gain up to 5.8 dB over no
diversity systems. The SNR gain can be further improved when the transmission
delay is made longer than 20 ms. However this will only give a very small
incremental improvement ( £ 2% ), while the communication costs may be potentially
increased by at least two times. Comparison between time delayed diversity and time
interleaving schemes is also presented. Although time interleaving does not suffer
from 3 dB power penalty astime delayed diversity does, it has akey disadvantage in
the reduction of bandwidth efficiency to only one half of the time delayed diversity

value.
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Chapter 4: Experimental Investigations of Time Delayed

Diversity System

4.1 Overall Descriptions of the Experimental System

Recall that in atime delayed diversity system, the transmitted information is
carried in two different channels. one for the prompt data and another for the delayed
data. Since theoretically the atmosphere has been shown to have little chirality, the
polarization state of a propagating optical wave should be well preserved on link up
to several kilometers range (i.e. no significant depolarization effects) [2,41]. This
provides orthogonal polarization channels in the time delayed diversity scheme. The
prompt data is transmitted using a transverse magnetic (TM) or P-polarized laser
beam, and the delayed data is transmitted using a transverse electric (TE) or S
polarized laser beam. The delay is provided by buffering the data into the memory of
the host compuiter.

The dual orthogonal polarization channelsin our experimental system are
realized using two laser modules, one is P-polarized and another is S-polarized;
which are optically combined and transmitted to free space through a common
transmit aperture. For our experiments, the laser modules operate in constant current
mode and could support digital modulation from DC to 10 Mbps. Although it has
been suggested that the preferable transmission wavelength for al visibility

conditionsis 10 um, the improvement compared to typical wavelength used in
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optical communications (i.e. 785 to 1550 nm) is only ~0.2% [43]. Since the
attenuation is basically flat over these wavelengths, they do not play a crucia rolein
the transmitter design.

At the receiver, the laser beam is split into two polarization components and
separately detected. The P-polarization corresponds to the prompt channel, thus the
receiver must delay this data stream before combining with the data stream carried by
the S-polarization. A similar buffering mechanism as in the transmitter is used to
provide this delay, and the appropriately synchronized data streams are logically
added to recover the information. The communication uses RS-485 protocol for serial
communications, which can operate at sufficiently high data rate (up to 10 Mbps),
and provide close to raw data error measurement (i.e. no coding effect is included).

The measurement data and error analysis was conducted using MatL ab.

4.2 Simulated Convective Turbulence Experiment

A preliminary experiment to implement time delayed diversity technique had
been conducted and some results on performance of free space optical (FSO) links
have been obtained [15]. In this experimental work, commercially available FSO
transceivers designed for point-to-point laser communication are used and modified.
We studied the performance of our time delayed diversity FSO system under the
conditions of laboratory generated convective turbulence. The discussion regarding

RS-485 used as the synchronization and communications protocol is also presented.
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4.2.1 Experimental System Design and Setup

For our experiments, we used modified LumenLink OWL 155/200 optical
transceivers. These transceivers are designed for direct line-of-sight (LOS), point-to-
point laser communication over distance up to 200 m, supporting data rates up to 155
Mbps. The transmitted laser power is 10 mW at an infrared wavelength of 1.3 pm.
The output beam is collimated with full angle beam divergence about 2 mrad. The
receiver unit uses a 40 mm diameter aspheric lensin front of a 75 pm InGaAs

photodetector. Since these FSO systems operate with PECL signal levels, interface
circuits are required and designed to translate them to the signal levels used in RS-
485 communication protocol.

To build atime delayed diversity transmitter, two LumenLink transmitters are
used. The driver circuits were designed to control these transmitters directly from a
host computer. The host computer controls data transmission for both the prompt
channel and provides data buffering for the delayed channel. A polarizing beam
splitter (PBS) is used to construct orthogonal polarization transmission by passing the
transmitted (P-polarized) and reflected (S-polarized) laser beam carrying prompt and
delayed data, respectively. At the receiving end, the two channels are separated by
PBS and independently detected by two LumenLink receivers. The receiver software
provides the buffering mechanism for the prompt channel and combines it with the
delayed channel using a post-detection combiner.

The buffer size becomes part of the communication parametersin time
delayed diversity scheme. It has to be determined prior to data transmissions, so the

transmitter and receiver can be synchronized and information can be correctly
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recovered. The size of the buffer can be varied according to the observed turbulence.

This memory buffer size N, isrelated to the delay period t by knowing the

operating bit rate R,, according to

Noyter @_It__ =t Ry 4.1)

bit
where T, =1/R,, isthebit period. For a bit rate of 10 Mbps, a memory buffer size of

100 kbits is required in order to get the effects of 10 ms delay separation.

The performance of time delayed diversity system was investigated under the
presence of localized turbulence generated by hot plates. Hot plates placed on the
path between transmitter and receiver of an FSO link, are known to generate
convective turbulence [45]. In our experiment, Cimarec2 hot plates, which have
temperature variations from 5° to 540° C with temperature control on a scale from 1
to 10, were used. To vary signa-to-noise ratio (SNR) values at the receiver, an iris
diaphragm is placed in front of the main receiver aperture to control the received

optical power. Our experimental setup isillustrated in Fig. 4.1.

4.2.2 Buffer Synchronization and Communications Protocol

As it had been mentioned earlier, RS-485 serial data standard is used as the
communication protocol in our prototype system. RS-485 can support
communications up to 1.2 km and bit rates up to 10 Mbps, noting that data rate must
be traded off against cable length [46]. RS-485 transmission lines are differential in
nature, thus minimizing the emitted electromagnetic interference (EM1) by cross
canceling the opposing fields around each wire. The receivers are designed to respond

to the differential signals and must be sensitive to a 200 mV differential voltage. An
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RS-485 receiver outputs ‘on€’ if this differential voltage is larger than +200mV, and

‘zero' if it is smaller than -200mV.
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Figure 4.1: Time delayed diversity FSO experiment in convective turbulence link.

Similar to RS-232 seria protocol, an RS-485 communication is asynchronous,
meaning that a clock signal is not sent along with the data. Each word is synchronized
using its start bit and an internal clock on each side keeps tabs on the timing. When
idle, the transmission lineisin the logic ‘one’. A transmission starts with a start bit,
which isin thelogic ‘zero’. Then each bit is sent down the line, one at atime, starting
with the least significant bit (LSB). If a parity checker is used, one additional parity
bit isinserted right after the last data bit, then the signal is appended with stop bit(s)
(logic ‘one’) to make up the transmission.

In our system, two RS-485 ports are used, one for each channel (i.e. prompt

and delayed). The transmission buffering is then performed in the following way. For
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agiven buffer size N in byte, anarray of size N is created. Every time incoming
random input data arrives, the data is sent to the serial port of prompt channel and
also copied to the head of buffer array. Then, the data from the tail of buffer array is
retrieved and sent to the seria port of delayed channel. In the receiver, since N is
known, the buffering can be applied to the prompt channel, synchronizing the two
data channels for the combiner. The flowchart of these processesis shown in Fig. 4.2,

and the control software was programmed in MatL ab.

4.2.3 The Effects of Localized Convective Turbulence

Experimental studies of the effects of local strong turbulence on the
performance of FSO links suggest that hot plates placed near FSO transmitter or
receiver generate strong convective turbulence, although this may not necessarily
have the same characteristics as the atmospheric turbulence [45]. At the transmitter,
localized convective turbulence will immediately produce wavefront aberration,
which leads to areduction in the received power and possibly random steering in
beam tragjectory (i.e. beam wander). The effect of localized turbulence at the receiver
isless severe, since awavefront tilt at the receiver cannot steer the beam off to any
significant extent. Thus, the major effect is undesirable spot dancing of the received
light in the receiver focal plane, which leads to scintillation.

It is also suggested that at stronger convective turbulence conditions the link
performance is dependent on the location of the turbulence source. More specificaly,
the errors are more likely to occur when the heater is placed near the transmitter.
However, at weaker turbulence levels, location of turbulence along the path is

insignificant. Therefore, in our experiments, the hot plates were fixed and located in
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Figure 4.2: Flowchart of data transmissions and synchronizations.

the middle of the propagation path. To characterize the error statistics of the

turbulence generated by these hot plates, random binary data were transmitted from
the transmitter to the receiver along the turbulence path. We then measured bit error

as afunction of SNR for several different temperature values. Fig. 4.3 shows the
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experimental results for several intensity variance values ranging from 9" 10°* to
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Figure 4.3: Error statistics of the hot plates generated turbulence measured for s ?
ranges from 9" 10™* to 2" 10° 3. The theoretical curves were calculated from Eq.
(332)for | =1.3pm,ands?*=5 10" and 5" 10°°.

4.3 Results and Analysis for Simulated Convective Turbulence

First, the temporal statistics of hot plate generated turbulence was investigated
and measured to obtain the coherence time. The laser beam was transmitted over the
heated plate and the received laser intensity was measured using a digital
oscilloscope. We recorded several time series within a 500 ms period window and
sampling rates of 1000 samples per second. To obtain the temporal covariance

function, the mean of the signal was subtracted, and self-convolution was performed
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on the time series. Fig. 4.4 shows some typical examples of temporal covariance

functions for intensity variance values of 9.6" 10™* and 1.6” 10°2.
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Figure 4.4: Temporal covariance functions of the convective turbulence obtained
from measurements made with | =1.3 pm,for s*=9.6"10" and 1.6" 10°°,

The performance of our time delayed diversity system was measured for
different time delay periods. Based on the experiments, the coherence times are on
the order of 20 ms. Thus, for smplicity we set one delay period to be 20 ms
regardless of the intensity variance values. For a data rate of 10 Mbps, thisimplies a
buffer size of 200 kbits. Figs. 4.5 and 4.6 show the bit error rate (BER) performance
of time delayed diversity FSO system corresponds to intensity variance values of
9.6 10" and 1.6 10" respectively, using several different delay periods compared

to the BER performance of the nondelayed FSO system.

91



—i— Mo delay ]
—&— 20 ms delay | ]
—B— 40 ms delay |
—%— 80 ms delay | |

or=96x 10

Bit Error Rate

107+ O .

20 22 24 % 28 30
Signalto-Noise Ratio (dB)
Figure 4.5: BER performance of time delayed diversity FSO system measured under

convective turbulence with s 2 =9.6" 10°*, and for the case of no delay, t =20 ms,
40 ms, and 60 ms.

The results clearly suggest the performance improvements of time delayed
diversity system over a non-delayed FSO system. On average, the improvements
gained by 20 ms period time delayed diversity system correspondto s > =9.6" 10™*
and s ?=1.6" 10" are about 2.3 dB and 4.6 dB. Asit is suggested by the theory,
larger improvement is exhibited for stronger turbulence condition, although in this
situation the BER is worse. Further improvements till can be gained by extending the
delay into 40 ms and 60 ms periods. In these cases, additional improvements ranging
from 1.6 to 3.8 dB can be achieved. These experimental studies confirm the
usefulness of time delayed diversity technique to mitigate the effects of fading

induced by turbulence.
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Figure 4.6: BER performance of time delayed diversity FSO system measured under

convective turbulence with s 2 =1.6" 10°%, and for the case of no delay, t =20 ms,
40 ms, and 60 ms.

4.4 Clear Atmospheric Turbulence Experiment

According to the initial results obtained from the laboratory experiment, we
were confident that the time delayed diversity technique would also work in real
turbulence case. To study the performance of the system under clear atmospheric
turbulence conditions, atest-bed consisting of an FSO link between buildings was
constructed, which allows the performance of the time delayed diversity system to be
investigated and analyzed over a broader range of turbulence conditions[16].
Discussions on system design, experimental test-bed setup, and data measurements

are presented.
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4.4.1 Experimental System Design and Setup

The experimental FSO link is constructed between the roof of A.V. Williams
Building and an office in the Chesapeake Building at the University of Maryland,
College Park campus; and is approximately 1 km long. At the transmitter, two 785
nm laser diode modules with 70 mW power each are used for the prompt and delayed
channels. The optical transmitter is located outdoors on the roof, while the host
computer is placed inside an HVAC control room. These two subsystems are
optically connected, meaning that serial RS-485 signals generated by the computer
are converted into optical signals using electro-optical media converters and
transported using multi mode fiber optic cables to the optical transmitter.

Since optical power efficiency is very important factor in constructing long-
range FSO systems, a PBS is not a good optical component to use in producing
polarized light. One mgjor disadvantage of using PBS is that some portion of the laser
power may be discarded, which can be problematic for longer communication links.
If alaser output light has already linearly polarized with an arbitrary polarization
angle, then half-wave plates can be used to rotate this polarized light to become either
P- or S-polarization. In our optical transmitter, two zero-order half-wave plates are
used to produce two orthogonal polarizations of the collimated laser output beams
and then a PBS is used to combine these two beams. Fig. 4.7 shows the setup of our
FSO transmitter system.

The receiver system isinstalled indoor and uses a plano-convex lens with 200
mm aperture diameter. The lens has afocal length of 300 mm and 90% spectral

transmissions for 785 nm wavelength. The orthogonal polarizations of the received
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optical beam are then split using a PBS with 1000:1 extinction ratio, and separately
detected by high-speed amplified silicon photodetectors. These detectors are designed
for detection of light signals from DC to 50 MHz, and have active area of 0.8 mnr.
For optical wavelength of 785 nm the detector responsivity is about 0.43 A/W, which

corresponds to about 70% in quantum efficiency.
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e delayed diversity FSO transmitter system i'n clear
atmospheric turbulence link.

oyt I g e
Figure 4.7: Picture of

The amplifiers are terminated with 50 W resistors to produce output signal
levelsup to 5 V. However, the received electrical signals are in genera very weak.
Therefore, a variable amplifier is needed in order to bring the signals back to the
usable levels. After that the signals are threshold detected and the detection results are
converted to RS-485 signal levels used as the communication protocols. Electronics

circuits were designed and manufactured to implement these functions. The recovered
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seria data from both channels are collected, synchronized, and combined by the host

computer. Fig. 4.8 shows the setup of our FSO receiver system.

N

\\Variablé Amplifie
Threshold Detect
\ and N
Level Converter
‘Circuits

Figure 4.8: Picture of time delayed diversity FSO receiver system in clear
atmospheric turbulence link.

4.4.2 Link Budget Analysis

When choosing the required laser power in FSO communications, it is very
importart to consider the appropriate link budget. Link budget is a design method to
ensure that enough power will reach the optical receiver given that there will be some
losses on the optical link. The FSO link budget equation is normally written in dB and
is given by

PR = PT + LFso + LAtm + Lsystem +M L (4-2)
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where Leg,, Ly, @d Ly, arethe FSO losses due to beam diffraction, atmospheric

attenuation, and various transceiver system losses, respectively. The link margin M
represents the maximum additional loss the system can handle, including the effects
of atmospheric turbulence, severe weather conditions, and imperfect alignment for
system with no tracking.

The link budget of our FSO test-bed system, in the absence of the atmospheric

turbulence, is listed in Table 4.1. From this table, the link margin M can be

computed as

ML :F)T+|—Fso+|—Atm+Ls/stem' PR

=18.45- 20-1.7- 1.35+35.48 4.3
@80.9dB.
Table4.1: Link budget analysis for 1 km experimental FSO link.
System Components Descriptions Power
785 nm Laser Module 70 mW maximum transmitted 18.45 dBm
power
Transmitter Clear Glass 4% surface reflectivity -0.18dB
Window
Atmospheric Transmission Assuming 10 km visibility -1.7dB
(clear air)
Building Double Pane Window 15% surface reflectivity -0.71dB
FSO Loss Geometrical loss due to beam -20dB
diffraction
Plano-Convex Receiver Lens 90% spectral transmission -0.46 dB
High Speed Amplified S 40 pW/vHz maximum receiver | - 35.48 dBm
Photodetector sensitivity (NEP)

In the absence of turbulence, this link margin is sufficient to maintain BER
performance of 107 in adigital communication system, which corresponds to 21.5 dB
noise margin. However, in the presence of atmospheric turbulence, received intensity

fading induced by the turbulence may result in the detection errors. Fading may easily
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provide up to 10 dB additional losses to the link margin, and there were occasions
when 40 dB fading were observed [47]. Thus, it is reasonable to assume that bit errors

encountered in our experiment were mostly due to the effects of fading.

4.4.3 User Interface and Data Acquisition Algorithm

In this experiment, the data are transmitted in frames for more reliable
transmissions, as in the case of Ethernet protocols. The size of the frames can be
varied and typically are between 10 and 100 bytes per frame. Unlike in previous
experiment, the delay is realized using timer function specified by the transmitter.
The timer can be specified in multiples of milliseconds, which is on the order of the
coherence time of intensity fluctuations. The timer starts when the first frameis
transmitted in the prompt channel. While the prompt channel keeps transmitting the
data frames, the delayed channel will not start its transmission until the timer reaches
its end value.

Since transmission is performed frame-by-frame, the receiver does not need to
know about the delay. The receiver can readily synchronize and recover the received
data frames, given that the frame size is known. The combiner is performed per frame
according to the order in which they are received. This will automatically result in
delay of the recovered data with respect to transmitted data. However, for most
communication systems, such asmall fixed delay is generally acceptable. The
flowcharts of the user interface and software control areillustrated in Fig. 4.9. For
this experiment, the software for our time delayed diversity system was programmed

using Visual Basic.
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Program Open: Program Close: Timer Interrupt Function:

[ Form_Load | Exit_Click | [ Timer1_Timer )

A 4 ¥ ¥
Open and Configure Close Timer1.Enabled = False
COM1 and COM2 COM1 and COM2 Timeri . Tag = 1
¥ ¥ ¥
Timer1 Enabled = False END END

Timer1.Tag =0

A 4
( 3, L ) Send File Command:

Load File Command:

| Load_Click

¥

True False

Timer1.Interval = 0

Load User Specified File , 4 L J

into TransmitData Array

Timer1.Tag =1 Timer! . Tag =1

¥

Display : h
DataSize

v Input: DataSize,

k.
k. i =
Selbel iy TransmitData
Get User
Input Delay
Y
k.

Timer1.Tag =0

r

Timer1.Interval = Delay

4
4t

END

Figure 4.9: Flowcharts of user interface and control processes.

To obtain bit error measurements, afile containing N bytes random dataiis
created at the transmitter. At the receiver, the recovered data are saved into afilein

order to be compared to the input source file at the transmitter. The bit errors are then
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Serial Data Transmission Function:

[ SendString )

h 4

Set FrameSize, BufferData
Initialize DatalD, BufferlD

Datal
Data
End Loop
¥
QutString = TransmitData *
(DatalD:DatalD+FrameSize) BufferlD <=
BufferData({DatalD: DataSize
DatalD+FrameSize) = QutString
DatalD = DatalD + FrameSize
A J
| J QutString = BufferData(BufferlD:

BufferlD+FrameSize)

A L BufferlD = BufferlD + FrameSize

MSComm1.Output
= OutString

¥

Display OutString

False MSComm2,Qutput
Timer1.Tag = 1 = OutString
True X
OutString = BufferData(BufferlD:
BufferlD+FrameSize)
BufferlD = BufferlD + FrameSize v
END

h 4

Display OutString
MSComm2.Output
= OutString

Figure 4.9: (cont.)

measured by comparing bit-by-bit between these files, similar to measurements made

by abit error rate tester (BERT). To control both systems from only one site, an
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Program Open: Save File Command: Serial Port 1 Interrupt Function:

( Form_Load ) | Save_Click ) [ MSCommi_COnComm )

A 4 A 4

Open and Configure Create
COM1 and COM2 ReceiveData Array
Initialize DatalD

MSComm1. False
CommEvent =
comEvReceive

A 4

Y

Data1Size =0
Data2Size = 0 DatalD ==
Data13ize
Input: Data1Size

ReceiveString1 | ja— Output:
v Receive1Data

ReceiveData(DatalD) =
ReceivelData(DatalD) Or
Receive2Data(DatalD)

Program Close: DatalD = DatalD + 1
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Save ReceiveData Array
into User Specified File

¥

Serial Port 2 Interrupt Function:
Close
COM1 and COM2 +
End Loap MSComm2_0OnComm
A
END
h 4
Data1Size =0
DataZ2Size =0 MSComm2. False
CommEvent =
comEvReceive
h 4
END

Input: Data2Size
ReceiveString2 | f+— Output:
ReceiveZData

Figure 4.9: (cont.)

Ethernet based remote desktop connection is utilized using a directional radio
frequency (RF) link to provide point-to-point connection between transmitter and
receiver. The error data acquisition and measurement program was written using

MatL ab.
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Serial Port 1 Receiving Function: Serial Port 2 Receiving Function:

( ReceiveString1 | ( ReceiveString2 )
h 4

h

Set FrameSize Set FrameSize

h

A 4
MEComm1. MSComm2.
InBufferCount <= 0 InBufferCount <> 0
k.

¥ A 4
InString = InString =
MSComm.Input MSComm2.Input

h k

Receive1Data(Data13ize: ReceiveZData(Data2Size:
Data1Size + FrameSize) = InString Data2Size + FrameSize) = InString
Datal1Size = Data1Size + FrameSize Data2Size = Data2Size + FrameSize

¥ k

Display InString Display InString
Display Data1Size Display Data2Size

Figure 4.9: (cont.)

4.5 Results and Analysis for Clear Atmospheric Turbulence

To characterize the performance of our time delayed diversity FSO system;
we first observe signal fluctuations induced by the turbulence across the link. We are
mostly interested in investigating the crosstalk effects between the two laser

polarizations. Only few experimental studies were conducted on this subject and they
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were typically limited by the sensitivity of the equipments[48,49]. Previous
measurements of the same experimental site conducted by our group suggest that the
polarization states are well preserved [2]. Fig. 4.10 shows typical examples of
atmospheric polarization crosstalk observed using our FSO system. The results
clearly confirm minimal crosstalk, although there are small amounts of fluctuation in

the polarization ratio, which may be caused by geometrical and/or mechanical

instability.
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Figure 4.10: Measurements of intensity ratio of orthogonally polarized signals

conducted for inter-building FSO link with | =785 nm; s > =0.005, 0.01, and 0.05.
In our laboratory experiment, turbulence induced scintillations can relatively
easily be reproduced by setting the hot plates to the corresponding temperature
control scale. However, thisis not true in the atmospheric turbulence case. To fully
characterize system performance, multiple measurements needed to be carried out for

different parameters, which in our experiment were the delay periods and data rates.
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Then, the results from similar intensity fluctuation conditions were compared, and
they were characterized by the average intensity variance. Three sets of representative
results are presented in this work with the average intensity variance values
correspond to 0.01, 0.02, and 0.05. Fig. 4.11 illustrates the graphs of the average

normalized covariance functions obtained from our experiment.

1.2 . . . . :

——0o=001
1+ ——c’=002
—+—g’=0058

Normalized Covariance Function

. 1 1 1 1 1
0 4] 10 14 20 25 a0

Time Lag (ms)
Figure 4.11: Temporal covariance functions of the atmospheric turbulence obtained

from measurements made with | =785 nm; s > =0.01, 0.02, and 0.05.

Since the coherence times are not exactly known and will vary from time to
time, we predetermined and used three different delay periods in our experiment: 5
ms, 10 ms, and 20 ms. The measurements were made for several different data rates
from 1 to 10 Mbps, and the results for the average intensity variance of 0.01, 0.02,
and 0.05 are represented in Figs. 4.12 to 4.14. The measured results for no diversity,

no delay, 5 ms, 10 ms, and 20 ms periods are indicated by dots, asterisks, circles,
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triangles, and squares; respectively. Theoretical calculations for FSO link with no

diversity and idealized dual diversity are also plotted to serve as performance limits.
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Figure 4.12: BER performance of time delayed diversity FSO system measured under

clear atmospheric turbulence with s 2 =0.01, for the case of no diversity, no delay,
t =5 ms, 10 ms, and 20 ms. The theoretical curves were calculated from Eq. (3.48)
for the case of no diversity and dual diversity with independent channels.

The experimental performance is quantified in terms of the BER

improvement. Recall that for an on-off keying (OOK) modulated system with BER

valueof p,, the SNR vaue G can be found by

o .2
G(p.) =8gerfc™(2p. )y . (44)
where x =erfc*(y) isthe inverse complimentary error function for y, and it satisfies

y=erfc(x) for O£ y£2 and - ¥ <x<¥ . Wedefinethe SNR gain g (indB) as

g =20log,, (4.5)
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Figure 4.13: BER performance of time delayed diversity FSO system measured under
clear atmospheric turbulence with s ? =0.02, for the case of no diversity, no delay,

t =5 ms, 10 ms, and 20 ms. The theoretical curves were calculated from Eq. (3.48)
for the case of no diversity and dual diversity with independent channels.

10

where (Pr (e)) and <Pr(e)>TDD are the average BER for no diversity and the time

delayed diversity FSO system, respectively. In terms of this performance metric, the
experimental system gives SNR gains of about 3.5 dB, 4.2 dB, and 4.7 dB for
difference variance values. Compare to the computed theoretical SNR gains of 3.5
dB, 3.7 dB, and 4.2 dB; excellent agreement is found between the experimental and
theoretical results. It suggests that optimum performance of adual diversity system

can be achieved using atime delayed diversity technique.

4.6 Polarization Modulation in Free Space Optical Communications

Polarization shift keying (PolSK) scheme has been studied and proposed as a

possible improvement for optical communications, and shown to have 3 dB better
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sengitivity than an OOK scheme [50]. However, the birefringence of fiber optics
causes the polarization state to alter and becomes difficult to track at the receiver,
resulting in high complexity of the receiver [51]. In contrast, the atmospheric channel
only causes negligible crosstalk between the polarization states, and they can be
easily detected at the receiver. Experimenta performance of PolSK and OOK

modulations in FSO systems is presented.

10 T T T T TTTT] T T T T T ITT] T T T T T
+ Mo diversity, experiment .
+ Mo delay, experiment G =005
C & ms delay, experiment
Fiy
|

10 ms delay, experiment 3
20 ms= delay, experiment ]
Mo diversity, theory

"""" Dual diversity, theory

Average Bit Error Rate
e
—

Data Rate (bps)
Figure 4.14: BER performance of time delayed diversity FSO system measured under

clear atmospheric turbulencewith s ? =0.05, for the case of no diversity, no delay,
t =5 ms, 10 ms, and 20 ms. The theoretical curves were calculated from Eq. (3.48)
for the case of no diversity and dua diversity with independent channels.

4.6.1 Free Space Optical System using Binary Polarization Modulation

Pol SK transmission encodes information on a constellation of signal pointsin
the space of Stokes parameters. In general, each point corresponds to a given

polarization state and a given power. If only the polarization of the light, and not its
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power, is modulated, all the signal points lie on the Poincaré sphere. A binary Pol SK
constellation is made up of two points that are antipodal over this sphere. The optical

field at the transmitter output of a binary system can be written as

VRT3 2?‘ 0 (46)

where P, isthe transmitted optical power, € and €. represent the components of the

signa in P- and S-polarizations respectively.

At the receiver, the optical signal after the receiver aperture may be expressed

U, 1 eq‘ J— ‘;' 0 @4.7)

where G, isthe total power loss occurred along the FSO link, and P; isthe received

optical power. The received signal passed through a PBS, which separates the two

linear P- and S-polarizations. These signals are subsequently detected by two

photodetectors resulting in signal currents i, and ig given by

N (4.8)

where i, and i, arethe total noises contributing in the detection process. To

recover the information, these two signals are subtracted and the result is compared to

the signal constellation mapping.
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4.6.2 Experimental Results and Analysis

An experiment to investigate the performance of PolSK modulated FSO
system had been conducted using our laboratory convective turbulence setup. In this
setup, only two orthogonal polarizations are utilized for modulation while the optical
power remains constant (i.e. binary PolSK). The ‘one’ and ‘zero’ bits are coded by P-
and S-polarizations of the transmitted light. At the receiver, the received optical beam
issplit into P- and S-polarized lights by a PBS and independently detected. The
demodulator compares the two detected signals, and chooses ‘one’ if the S
polarization is smaller than the P-polarization, and ‘zero’ otherwise. This system can
easly be implemented using our time delayed diversity system by sending bit ‘one’ in
the prompt path and bit ‘zero’ in the delayed path with no delay.

The performance of the PolSK modulated FSO system is shown in Fig. 4.15.
Our experimental results show on average 2.2 dB performance improvement of
PolSK system over OOK modulated FSO system. Asin the optical fiber
communication systems, PolSK provides better performance than OOK scheme [51].
Moreover, multilevel PolSK scheme brings the possibility of transmitting more than
one bit per symbol. Thisis not only helpful in increasing the spectral efficiency, but
also reducing the symbol rate, and thus the cost of high-speed electronics. Together
with its simplicity of implementation, PolSK could become a possible option as a

standard modulation scheme in FSO communication systems.

4.7 Summary

We have presented the experimental performance of atime delayed diversity

system and shown a notable BER improvement compared to non-diversity FSO
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system. Although, the system may suffer a 3 dB power penalty for dividing the
transmitted power into two channels, our simulated convective turbulence experiment
suggests that a performance improvement of up to 4.6 dB can be obtained. These
experimental studies confirmed the usefulness of time delayed diversity technique to
mitigate the effects of fading induced by turbulence. Moreover, the experiment also
showed the vaidity of hot-plate generated turbulence as a simple and inexpensive
method to emulate the effects of atmospheric turbulence for investigating the

performance of FSO systems.
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Figure 4.15: Performance comparison between OOK and PolSK FSO system
measured under convective turbulence with s 2=9.6"10* and 1.6" 10°3.

The performance of time delayed diversity system under clear atmospheric
turbulence conditions was also investigated. Measurements of the atmospheric
polarization crosstalk at the experimental site suggest that the polarization states of

light are preserved; hence the utilization of time delayed diversity. In terms of BER
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performance, the experimental time delayed diversity system doubles the BER of
nondiversity FSO system. It suggests that time delayed diversity reaches the ideal
performance of a dual diversity system. We have also shown that PolSK modulation
issimpler to be implemented in FSO systems. Furthermore, in turbulence conditions,
it can give better performance compared to OOK modulation. This suggests possible
performance improvements of time delayed diversity systems, if the transmitted

signal can indeed be made Pol SK modulated.

111



Chapter 5. Omnidirectionality in Free Space Optical

Communications

5.1 Diffuse and Line-of-Sight Transmissions

Non-directed optical links, which do not require precise alignment between
transmitter and receiver, can be categorized as either line-of-sight (LOS) or diffuse. A
LOS link requires an unobstructed path in order to get reliable communication,
whereas a diffuse link relies instead upon diffuse reflections from various surfaces.
The two types of links areillustrated in Fig. 5.1. The dominant source of noisein a
non-directed link is background light, which is typically a combination of fluorescent
light, sunlight, and incandescent light. The background light produces significant shot
noise in the photodetector and can be quite intense, which could decrease the receiver

signal-to-noise ratio (SNR) by 25 dB or more [27].

P O‘ Receiver

P Transmitter ‘ Receiver O ’,,/""
/’
O --\--H‘-‘-HH
H--\--%-

= =

(a) (b) Reflecting Surface

Transmitter

Figure 5.1: Two types of non-directed optical links: (a) LOS, and (b) diffuse.
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Diffuse links are mostly appropriate for indoor wireless infrared
communications, since they exploit the excellent reflective properties of most indoor
environments. Reflectivity measurements of typical office materials, such as painted
surfaces, wood, carpets, and plaster walls, show that about 40% to 90% infrared
power is available after reflections [52]. Furthermore, these surfaces are well
approximated by an ideal Lambertian reflector, so that the incident infrared energy
will be reradiated in al directions. Although there is no multipath fading, the
multipath optical propagation does produce dispersion and increases the duration of
the channel impulse response, thus reducing the bandwidth. It is shown that in
systems with field-of-view (FOV) close to 90°, the channel bandwidth is limited to 37
MHz [53].

On the other hand, the non-directed L OS makes better use of signal power
than the diffuse link. This configuration may find use in high speed and long distance
applications, for which the energy transfer in the diffused link is insufficient. Our
LOS approach for nondirected free space optical (FSO) communications is using
omnidirectionality [19]. In this system, the transmitter consists of an array of
moderately wide directed beams, such that the combined effect is an omnidirectional
optical beam. Similarly the receiver consists of an array of detectors looking in
different direction, such that the total effect isawide FOV receiver. In FSO
communications, in practice only the LOS approachis feasible since reflecting

surfaces are not necessarily available in outdoor environments.
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5.2 Theoretical Analysis of Omnidirectional Systems

In omnidirectional FSO, the transmitters typically use large angle beam
divergence to provide inter-node communication capability that requires no pointing.
In contrast to infrared data association (IrDA), which is only intended for very short-
range, low data rate exchange using incoherent infrared light, an omnidirectional FSO
system can potentially be used for moderately long-range communication in FSO
networks applications. For understanding various system design issues, theoretical
modeling of the omnidirectional FSO link and transceiver is required. Subsequently,
the potential range and data rates of these systems can be analyzed in various

performance scenarios.

5.2.1 Omnidirectional Optical Link Analysis

The transmitter of the optical link being analyzed is assumed to have power P
and emit its power with an angular intensity pattern 1(qg,f ). Thetotal power through

a hemisphere can be written as

2pp/2

P=00! (a,f)singdqdf . (5.1)

00
For a point source that emits uniformly into a hemisphere | (q f ) =P/2p . Fora
Gaussian beam of small divergence angle the intensity distribution is usually written

inaradia format asin Eq. (2.6). For a highly divergent Gaussian beam an

appropriate angular intensity distributions | is written as

2P cos & 29n?g 0
1) =0 e S22
pw sn’d;

(52)
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wherew and ¢ are the beam spot size and the half angle beam divergence given in

Egs. (2.3) and (2.5), respectively. The intensity of an azimuthally symmetric beam on

axisis

1q=0)=2". (53)

To provide omnidirectionality coverage over a full sphere requires a number
of transmitters. If each transmitter is assumed to provide axisymmetric intensity, then
the solid angle W covered by each transmitter is

W) =20 (2- cosqy). (5.4)

The number of transmitter N required to cover afull sphere, in thiscase, is
N=4p / W(qB) . However, this mode of operation will not provide very smooth

overlap of illumination over the surface of a sphere. This may require operation with
transmitter angular spacing of q; /2, necessarily resulting in more transmitters. Fig.
5.2 shows the number of transmitters required in each case for different beam
divergence angles. It is of course possible to use a beam splitter arrangement inside
the transceiver to multiply up the number of directions that can be interrogated by
each transmitter.

Also note that the solid angle of the transmitted beam causes additional FSO

loss due to beam divergence. Recall that FSO loss Lo, is given by

A D?

“ow S >

Leso

where A is the receiver aperture area with diameter D, and L is the operating range.

Fig. 5.3 illustrates the FSO loss in dB experienced by omnidirectional FSO systems.
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To get a comparable performance to directional FSO systems, omnidirectional
systems require additional link margin ranges from 40 to 60 dB, depending on the
transmitted beam solid angle. It also implies that for the same optica power, the

operating range of omnidirectional links may decrease by three orders of magnitude.
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------- Separated by Eeam Divergence
Separated by Half Beam Divergence
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Required Number of Transmitters
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Figure 5.2: Number of required transmitters for spherical omnidirectional coverage
calculated for angular separations at full and half beam divergence.

5.2.2 Modeling of Omnidirectional Receivers

Let us assume that each photodetector in an omnidirectional receiver has
narrow enough FOV such that it can only receive signa from one laser source. Thisis
particularly true for FSO applications, since there are no significant multipath effects
encountered. Since turbulence will not be considered in this analysis, the performance

of an ideal omnidirectiona link can be calculated based on a consideration of the

power received at a given range. For atransmitted power P emitting uniformly over
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asolid angle W, the power received P, at range L by areceiver with received area A

isgiven by
P.A
R = V\T/I_Z : (5.6)
'30 T T T
agk 4
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Figure 5.3: FSO loss experienced in omnnidirectional links calculated from Eqg. (5.5)
for system having optimum performance at q; =1 mrad.

The photocurrent produced in the receiver is given by i =AP,. The

contributing noise terms are shot noise resulting from both signal and background
radiation, and Johnson noise. For an omnidirectional receiver with a number of N
detectors, the output signal can be obtained using a post-detection combining method.
Assuming that background illumination can be removed by means of band pass

optical filters, the effective SNR of omnidirectional receiver G can be written as

12
IS

G=— . (5.7)
2qi Df +4kTNDf /R
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The ideal receiver would be shot noise limited, and for practical values of N the SNR
is given by

. P
=—R 5.8
However, a more realistic scenario would involve a Johnson noise limited receiver, in

which case

_A%PPR

SN IAN (5.9)
4KTNDF

JINL

5.2.3 Theoretical Performance of Omnidirectional Systems

The performance of an omnidirectional FSO transceiver was calculated for the
following transceiver specifications, which are close to those used in our prototype
experiments. A=p D?/4 (with D =10 mm) and W=p/2 s; for transmitted powers
of 1 mW, 10 mW, and 100 mW. The performance was simulated using the following
scenarios. shot noise limited, Johnson noise limited, and receiver sensitivities of —35
dBm and —45 dBm, for bandwidths of 1 kHz and 1 MHz. The shot noise and Johnson
noise limit are given for a received power ten times above the value that gives an
SNR of 1. This corresponds to performance of 10 photons/bit. For an on-off keying

(OOK) system, ahit rate of R, bpswould require abandwidth Df = R, .

We believe that our smulations provide arealistic picture of the performance
of an omnidirectional FSO transceiver system in both arealistic scenario and for an
optimized receiver. Figs. 5.4 and 5.5 show the received power as a function of range
for transmitted powers of 1 mwW, 10 mW, and 100 mW. The horizontal lines show the

limiting performance for different scenarios, namely: —35 dBm receiver sensitivity,
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- 45 dBm receiver sengitivity, Johnson noise limited, and shot noise limited;
calculated for bandwidths of 1 kHz and 1 MHz, respectively. These results show that
without high performance, close to shot noise limited receivers, operationa ranges

with p/2 sr omnidirectional transmitters are limited to not much above 10 m.
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Figure 5.4: Optical power received by omnidirectional receiver with =35 dBm, —45
dBm, shot noise, and Johnson noise limit performance; calculated for Df =1 kHz and

R =1 mW, 10 mW, and 100 mW.

1o

Figs. 5.6 and 5.7 show these results in terms of the SNR at various ranges for
bandwidths of 1 kHz and 1 MHZ, respectively. These SNR curves are computed for
transmitted optical powers of 1 mW, 10 mW, and 100 mW. The upper three curvesin
each case are SNR performance for shot noise limited operation. The horizontal line
represents the SNR of 141, which corresponds to a minimum acceptable operational
value resulting in a bit error rate (BER) of 10°. Our simulations have not included

any additional SNR that could be gained by appropriate data coding.
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Figure 5.5: Optical power received by omnidirectional receiver with —35 dBm, —45
dBm, shot noise, and Johnson noise limit performance; calculated for Df =1 MHz

and B =1 mw, 10 mW, and 100 mWw.
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5.3 Beam Forming Optics and Optical Filters

Two types of optical front-end are needed in omnidirectional transceiver
design, one to provide a wide divergence transmitted beam and another to mitigate
the effects of received background light. In our design, omnidirectionality is provided
using concave lenses, since they do not alter the nature of the beam while increase the
divergence of the beam. An aternative approach is to use compound parabolic
concentrators (CPCs) as nortimaging beam forming optics [54]. At the receiver,
narrow-band optical filters are used to reject out-of-band ambient light. The angle
dependent performance of thin film optical filters, which is critical in wide FOV

applications, is explored.
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Figure 5.6: SNR performance calculated for B =1 mw, 10 mW, and 100 mW, under
practical and ideal shot noise limited receivers, for Df =1 kHz. The horizonta line
depicts the operational SNR value corresponds to a BER of 10°°.

5.3.1 Gaussian Beam Transformation by Lens

A lens can be used either to focus or expand a laser beam. In an ideal thin
lens, the transverse mode beam intensity pattern will not be changed, and only the
radius of curvature of the phese fronts of the beam is atered. Lenses that tend to
expand the light are called concave, divergent, or negative lenses. These lenses have a

negative dioptric power F, or equivalently a negative focal length f =1/F , given by

21 19

F=(n- 1)@5- R

(5.10)

where R and R, arethe radius of curvature of the front and back surfaces of the lens,

and n isrefractive index of the lens material.
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A concave lens can be used to increase the divergence of the light arriving

from an object plane to form awider image on an image plane. The relation of object

distance |, image distance 1,, and focal length f, is givenby afundamental imaging

eguation

(5.11)

For Gaussian beams, an analogous formula can be obtained by assuming that the

waist of the input beam represents the object, and the waist of the output beam

represents the image. Thus, the modified lens equation can be written as [55]

-
|1+Zc2z/(|1' f)
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where z, =pw?/l isthe Rayleigh range of the input beam.
The location of the new beamwaist |, and the spot size w, of the output

Gaussian beam can be determined as

|, = f (5.13)

el pwe)

| f/pws (5.14)

" :J1+(| towd)

In the frequent case of | f/pv\4)2<< 1, they can be simplified to give |, @f and

w, @fq; . Fig. 5.8 illustrates the diagram of this optical configuration. The laser
beam will appear to be expanding from a virtual source placed at distance f behind the
lens, and the output beam divergence g, ,, can be computed from Egs. (5.13) and
(5.14). If the incident beam waist exceeds the lens dimension, then the finite size of
the lens with radius r would determine the approximate output divergence, i.e.

L0

O, o = tanN T (5.15)
(%]

5.3.2 Nonrimaging Concentrators

Although we have used imaging optics in our prototype system, the use of
nonimaging optics such as CPCsis also analyzed as possible improvements in beam
diverging optics. The CPC is an extension of the basic cone concentrator. A
concentrator is a device whose main purpose is to increase the power density of

radiation. It works by collecting rays over its entrance (larger) aperture and
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concentrating them over an exit (smaller) aperture, but with a concomitant increase in
angular range. The cone concentrator is limited in its performance, because some rays

are reflected back through the entrance aperture.

Concave
Lens

Laser
Diode

Figure 5.8: Diagram of a Gaussian beam transformed by a concave lens.

A CPC uses surfaces traced out by an off-axis parabola to address this
problem [54]. The input rays that can be collected by the CPC are limited by

maximum input angle g, . Thisangle isrelated to the radius of entrance and exit

apertures, a,, and a,, , by

& 1 (5.16)

The focal length f of the parabola and the length of the concentrator L are given by

f=a,g+sin(a)g (5.17)
and
_2foos(q) _
L "Toos(@) (a, +ay, )cot ;). (5.18)
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Thus, the design of a CPC is completely determined by the entrance aperture a,,, and
maximum input angle g, . When alight beam enters a CPC with an angle lessthan q; ,

the output beam will be diverged over asolid angleupto 2p sr. Fig. 5.9 illustrates

the operation of CPC as beam diverging optical front-end.

Entrance aperture diameter = 10 mm
Maximum input angle = 10 degree

Figure 5.9: Example of rays entering and then expanding from the back of a CPC.

The concentration ratio is defined as the ratio of the area of input beam

divided by the area of the output beam, which the maximum value C,__, is

cC_=_ . (5.19)

In the case of a 2-dimensional (2-D) CPC, no rays inside the maximum collecting
angle are turned back and the concentrator achieves its theoretical limit. Thisis not
the case with a 3-D CPC constructed by rotating the 2-D profile about the axis of

symmetry. The 3-D concentrator is afigure of revolution and some skew rays are
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turned back by multiple reflections inside the CPC. This results in the non maximal
concentration ratio of 3-D CPC, hence decreases the laser power transmission.

While it seems that CPCs are interesting solution for beam diverging optics, it
isnot atrivial task to customize their design. Their apertures, maximum angle, size,
and concentration ratio need to be optimized when designing these devices. Table 5.1
summarizes the parameters of several CPCs with exit apertures range from 0.1 to 2
mm and fixed 5 mm entrance aperture. It is obvious that trade-offs need to be made
between size and concentration performance. For example for a CPC with g, =1.15°,
the length of approximately 255 mm is considerable, making it impractical for our
omnidirectional FSO system. Furthermore, their availability and cost of

manufacturing are other factors that also need to be considered.

Table 5.1: Design parameters and performance of various CPCs.

Exit Aperture(mm) | Input Angle | Lengthof CPC (mm) | Logarithmof C__
0.1 1.15° 254.95 3.4
0.5 5.74° 54.72 2
1 11.54° 29.39 14
1.3 15.07° 234 1.17
1.7 19.88° 18.53 0.94
2 23.58° 16.04 0.8

5.3.3 Thin Film Interference Filters

In combination with narrow band optical sources, such as laser diodes, filters
with narrow optical bandwidths are desirable to mitigate the effects of background
light. An efficient narrow-band optical filter can be made using multiple layers of thin
dielectric films. A thin film filter consists of a stack of thin dielectric slabs with

varying indices of refraction. By carefully adjusting the slabs thickness and their
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indices of refraction, a constructive interference at the desired wavelength can be
obtained while other wavelengths are suppressed. With this interference filter, narrow
pass band (on the order of 10 nm) and high transmittance (typically 40% to 90%) can
be obtained.

The basic building block of athin film interference filter is the Fabry-Perot
filter, which isin turn based on the Fabry-Perot interferometer [56]. A typical Fabry-
Perot interferometer consists of a pair of highly reflective paralel mirrors that are

facing each other and spaced at distance d. The transmission characteristic T isgiven

by

T = 1

1+4R/(1- RV sin?(d/2)’ (520

where Ris the mirror reflectivity, and d = 4pdcos(q)/l with | isthe wavelengthin
the material between the reflectors and q is the incidence angle. At normal incidence,
the interferometer acts as a comb filter with a series of passband at wavel engths equal
to 2d/m for al integers m.

The thin film all dielectric Fabry-Perot filter can be visualized as a Fabry-
Perot interferometer with the mirrors replaced by distributed reflectors consisting of a
stack of high and low index dielectrics, each a quarter wave thick with respect to a
design wavelength | ,. To achieve narrow optical bandwidths below 100 nm, two or
more Fabry-Perot filters are typically coupled together [57]. Unfortunately, the phase
shift through the layer changes with angle of incidence, causing dramatic changes in

the filter characteristics at non-normal incidence. This effect may be disadvantageous

for optical wireless communications applications [24,27].
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The shift in the center wavelength | of the transmission pass band for angle

of incidence q can be approximated by [27]

| (q)=! 0\/ -0 §n(q), (5.21)

e'e g
where n, isthe index of input layer and n; is the effective index of the filter
medium. Fig. 5.10 shows the fractional center wavelength shift | /I ; for an
interference filter with n. =2.05. Observe that as the angle of incidence increases,

the center wavel ength decreases; hence the detected signal power is reduced. This
provides an additional motivation for using an array of narrow FOV receivers instead

of one with awide FOV.
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Figure 5.10: Dependence of transmission wavelength on light incidence angle
calculated from Eq. (5.21) for athin film interference filter with n. =2.05.
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5.4 Congtruction of Omnidirectiona Free Space Optical System

Prototype experimental systems of omnidirectional FSO transceivers,
specifically those with relatively low data rate performance for potential use in covert
deployable sersor networks, have been built [19]. In these prototypes, the
omnidirectionality islimited only to a hemisphere. The transmitter consists of an
array of four laser diodes and the receiver has four optical photodetectors arranged in
four quadrants. The system employs a serial communications protocol. The optical

and electrical designs of the transmitter and receiver units are presented.

5.4.1 Transmitter System Design

The transmitter produces four diverging beams that cover part of a
hemisphere. The transmitted beam was designed to cover up to p/2 s, thus at least
eight laser beams would be required to achieve full omnidirectionality coverage. Each
laser beam has a maximum operating optical power of 70 mW, which gives a
maximum total transmitted power of 280 mW per transmitter. The center wavel ength
of the transmitted beam is 785 nm, and their parallel and perpendicular beam

divergences, q;, and q; . , are 7° and 17°, respectively.

In order to diverge the laser beam over p/2 sr, astrong concave lens is placed
in front of each laser diode. The lens was chosen and placed such that it could achieve
the optimum trade- offs between the desired beam divergence and the required power
transmission to achieve reliable communications. The design optimizations were
carried out using CodeV . By restricting the maximum distance between lens and laser

diode, we kept the overall system as small as possible and were able to design for a
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focal length of the lens of -6 mm and a distance between lens and laser diode of 10
mm.

The system uses serial communication protocols in OOK modulation, i.e. the
bit stream from the serial port directly modulates the laser intensity. A ‘one’ bit turns
the laser diode on, while a‘*zero’ bit does not. The laser driver circuit provides fast
current switching between 30 mA (laser threshold current) and 100 mA (laser
operating current) using PNP silicon epitaxia transistors designed for switching
applicatiors. Since laser power is inversely dependent on temperature, a driver
controlled by an optical feedback scheme is designed to maintain the laser diode at
constant average optical output power level [58]. The construction of the transmitter

system is schematically shown in Fig. 5.11.

5.4.2 Receiver System Design

The receiver needs to accept a transmitted beam over a large angular range,
and be fast enough to respond at the desired data rate. For this purposes, a 4-array of
fast response silicon photodiode detectors are used. The photodiode has large active
area (+100 mnt), 8 MHz bandwidith, and low capacitance (375 pF). The photodiode
dark current is 600 nA and the responsivity is 0.55 A/W at 785 nm. To filter out
ambient light, 3 cavity band pass interference filters with nomina center wavelength
of 782.5 nm and 10 nm bandwidth are used. The opticd filter has a narrow
transmission band with 40 dB blocking outside the pass band, which removes most

background light.
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Figure 5.11: Block diagram of the transmitter in an omnidirectional FSO system.

Asintypical FSO systems, the receiver uses direct detection and operatesin a
current mode. Since the received optical power istypically low, a variable amplifier
is used to amplify the current produced by the photodiode [59]. The amplifier circuit
is constructed using a high-speed op amp with unity gain stable bandwidth of 10
MHz. The receiver 3 dB bandwidth was designed to set around 4 MHz and was
determined by the time constant of the amplifier feedback resistor and photodiode
capacitance.

The signdl is then threshold detected and re-shaped for data recovery process.

For optimum detection, the threshold value can be adjusted depending on the noise
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level that appears in the system. To recover the transmitted information, the detected
data from each branch are logically added using a quad input OR gate. The recovered
information is then converted into a serial data format and passed to the seria port of
the host computer. Fig. 5.12 shows the block diagram of our omnidirectional FSO

receiver system.
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Figure 5.12: Block diagram of the receiver in an omnidirectional FSO system.

5.5 Overall Transceiver Experimental Performance

The system was primarily designed to operate at an optimum data rate of 115
kbps in serial communications and atypical operating range around ten meters. This
data rate is consistent with the RS-232 standard we were using for a communications
protocol. Higher operation rates are possible if different control protocols are used,
for example up to 10 Mbps data rate may be obtained if RS-485 protocol is used. The
optomechanica design and construction is made such that a hemisphere area can be
covered. Fig. 5.13 shows a prototype of afully functional omnidirectional FSO

transceiver system.
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We had tested the performance of an optical link between two of our

omnidirectional FSO transceivers. The experimental results are summarized in Figs.
5.14 and 5.15, and are fitted to theoretical curves for system with SNR of 22.7 dB and
operating bandwidth of 730 kHz respectively. As expected, achievable ranges out to
10 m have been achieved at audio data rates. The performance decreases with
operational range in quite good agreement with the predictions of our simulations. At
an operationa range of 10 m adatarate of 3.9 kbps has been achieved, and the BER
performance deteriorates to about 5” 1073,

The performance of the unit degrades in the presence of high levels of
ambient lighting, for example in direct sunlight outdoors. The current narrow band

interference filters used allow arelatively broad range of wavelengths to pass through
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them because ambient light can pass through over alarge range of angles. This effect
can be reduced by utilizing more photodetectors array and efficiently limiting their
FOV. Another way to reduce receiver sengitivity to background ambient light is by

modifying the receiver eectronics to provide active DC level compensation.

< Experimental Data
Theoretical Curve

Data Rate (bps)

10° 10
Operating Range (m)

Figure 5.14: Measurement s of achievable data rate in omnidirectional FSO link. The
theoretical curve was calculated based on Eq. (5.9) for G @22.7 dB.

In certain hi-tech military applications, various infrared sources with
wavelengths range from 632.8 to 1064 nm are commonly used as laser range finders,
ground/vehicle laser locator designators, for night vision illumination, etc. They have
the potential of producing additional interference for the receiver, since these
wavelengths are detectable at the photodetectors. However, these optical sources are
typically operated at low modulation frequencies or DC. By implementing electrical

band pass filter circuits with a center frequency in the datarate of interest, this

particular type of interference should be substantially reduced.
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Figure 5.15: BER performance of prototype omnidirectional FSO transceiver. The
theoretical curve was calculated based on Eq. (2.38) for Df @730 kHz

5.6 System Level Design Issues

The discussions in the previous sections have concentrated on the physical
layer problem of point-to-point communications using non-directed FSO links. The
purpose of this section is to present some of the issues that arise in designing FSO
networks using the omnidirectional links. The fundamental non-physical layer
problems faced in the design of a FSO network, or wireless networking in general,
are: how to multiplex data onto the downlink signals, and how to provide multiple
access to the uplink node [60]. The solutions to these problems will depend on the
applications and network environments.

From the perspective of higher network layers, an optical wireless network is

mostly similar to aradio frequency (RF) network. Therefore, the concept of cellular
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based networks can aso be applied to FSO networks. Without any constraints on the
wavelengths and sub-carrier frequencies of the up link and down link, communication
between nodes can be viewed as taking place on a shared bidirectional bus.
Therefore, in principle, it should be possible to adapt any bus protocol to the wireless
case. The protocol designed to isolate the uplink and downlink transmissions is
needed to prevent interference and can be achieved without sacrificing capacity (due
to large available bandwidth).

Two other typically used architectures are: wavelength duplex and sub-carrier
duplex systems. In awavelength duplex system, the up-link transmissions can be
isolated from the downlink transmissions by using different wavelengths for the up
and down links. In a sub-carrier duplex system, the electrical bandwidth is divided
into sub-band allocated to the uplink and downlink, reducing amount of available
bandwidth on each link. For ad-hoc networking, each unit would be required to have
the capability to transmit and detect at either two distinct wavelengths or carrier
frequencies. Thus, in adopting these schemes, the complexity of the physical layer is

added for the benefit of simplifying the higher layers of the networks.

5.7 Summary

Experimental work in the design and construction of omnidirectional FSO
transceivers is presented, and their performance is studied and analyzed. The results
are valuable for understanding the challenges and potential of these promising
systems. Omnidirectional transmitter systems are realized using beam diverging
opticsin front of laser diodes array. Specialty optical component, such as CPC, can

also be used to get better omnidirectionality performance at the expense of increasing
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cost and complexity. The use of narrow FOV receiver e ements can also improve the
performance of a non-directional FSO link. This performance improvement is due to
the reduction in background noise and from reduced multipath distortion in such a
system.

Omnidirectional FSO systems provide a broadcast capability, which isan
important requirement for all types of network, to distribute node status and control
information over the network. Once the FSO link has this capability, the relationship
between the physical layer and higher layers for an omnidirectional FSO network is
similar to those for a cellular-based RF network. Thus, based on particular
requiremerts and applications, an appropriate network topology can be implemented.
Furthermore, the designer of a FSO network has more degrees of freedom in
designing network architecture, because of the abundant bandwidth of the optical

spectrum, and also because FSO links are less susceptible to multipath interference.
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Chapter 6: Conclusions

6.1 Summary of Main Contributions

The analysis and practical design of two advanced enhancements to free space
optical (FSO) communication systems are presented in this dissertation. They are
intended to deal with two important issues in FSO communications, namely:
atmospheric turbulence on long-range point-to-point connections and multi-
connectedness for networking applications. On long-range FSO links, atmospheric
turbulence causes intensity fluctuations and degrades the bit error rate (BER)
performance. Through theoretical and experimental studies, the use of time delayed
diversity shows the ability to significantly improve the FSO link performance. For
networking applications, broadcasting capability is frequently required to establish
and maintain communications among multiple nodes. An omnidirectional FSO
system, which is based on non-directed line-of-sight (LOS) technique, is shown to
have the potential to provide this important inter-node communication capability.

Theoretical analysis and performance characterization of atime delayed
diversity FSO system are presented. Weak intensity fluctuation conditions are
observed on our experimental range and are used as the channel model throughout the
derivations. Experimental system have been designed and constructed to study the
performance of this technique under simulated convective and clear atmospheric
turbulence. In both cases, the performance of time delayed diversity system is shown

to offer a notable improvement compared to non-diversity FSO system. Furthermore,

138



the experimental performance results are shown to be in a very good agreement with
the theory, and can achieve the ideal performance of adual diversity system. We
anticipate that our results will encourage the implementation of this novel technique
in future commercial FSO system.

Prototypes of omnidirectional FSO transceiver are designed and their
performance is studied. Investigations of the theoretical performance of the
omnidirectional system have been conducted for different performance scenarios. In
order to get performance comparable to the directional FSO system, the receiver has
to be near ideal and would probably need to be a coherent receiver. The experimental
studies show that omnidirectional FSO links cannot be expected to provide the range
or data rate performance of directional FSO links, yet they have unique capabilities
that can be exploited in sensor networks, for example as data egress or locator
beacons. They may also provide an aternative medium for traditional wireless
networks, when radio frequency (RF) technology cannot be used due to security

and/or interference concerns.

6.2 Future Work

This dissertation is pioneering in its efforts to implement the two advanced
enhancements in FSO communication systems, namely: time delayed diversity and
omnidirectionality. Therefore, some suggestions can be made for future research in
the design of FSO communication systems. For example, in the current time delayed
diversity receiver system, the random signal is threshold detected using a constant
threshold value, yielding nontoptimal system performance. As it has been shown in

Chapter 3, the ideal performance may be achieved if adaptive thresholding is used.
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Since the signal fluctuation is relatively slow compared to the data, a digital low pass
filter can be used to provide the dynamic threshold. Therefore, future research could
try to incorporate this method into the system and should provide additional
performance improvement.

Another possible receiver improvement is in the data recovery process. In the
current system, logical addition, which assumes that the turbulence always causes a
fading channel, is used. However, in redlity, intensity fluctuations can cause either a
fading or surging channel. An intensity measurement device can be incorporated into
the system to monitor the state of the channel. When the channel is fading a logical
addition is performed, otherwise a logical multiplication is performed. It has aso
been shown that polarization shift keying (Pol SK) modulation gives better
performance over the onoff keying (OOK) modulation in FSO communications
under turbulence condition. The utilization of PolSK modulation in time delayed
diversity FSO system should be studied in future research. Lastly, the integration of
the overal system into a single microcontroller board could also be implemented.

In the omnidirectional FSO system, the design of the optical front-end is
critical in obtaining the optimum omnidirectionality. Despite their costs and
complexity, compound parabolic concentrators (CPCs) are ideal for beam shaping
optics, and their utilizations for omnidirectiona transmitters should be explored in the
future research. It is aso possible to use CPCs as optical front-ends at the receiver.
By directly placing a photodetector at the CPC exit aperture, an effective optical gain
can be obtained. Since the CPC typically has only modest field-of-view (FOV),

severa units have to be combined to form a single receiver [18]. The design and
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performance of the CPC based optical front-end for an omnidirectional transceiver
also needs to be investigated.

Ongoing development of UV emitting semiconductor lasers promises the
availability of lasers operating in the solar-blind region of the spectrum [61]. This
would be the ideal operational wavelength for an omnidirectional FSO system, as
there is no ambient light in the solar blind region and it lies outside the wavelength
ranges commonly used in military systems. Also, it will be more advantageous if
omnidirectional FSO transceiver could have many more and narrower beam
divergence transmitters. To minimize power regquirements, the system could identify
which transmitter is effective in linking to a neighboring receiver, and then not power
up the un-needed transmitter lasers. As MEM S beam steering technology improves
and matures, it should be possible to exploit such devices in an intelligent

omnidirectional FSO transceiver.
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