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General Introduction

General introduction

In the past, people looked at the sky and saw bright stars who could not imagine that they
could fly. “Heavier-than-air flight”, this was a scientific principle mentioned by the English
scientist William Thompson (also known as Lord Kelvin), who was a physicist and engineer,
widely known for developing the Kelvin scale of absolute temperature. Until 1903 that principle
was proven wrong by the Wright brothers who successfully built a powered plane, their
engineering masterpiece inspired others, to develop and build flying machines "that were able
to reach higher altitudes, and create one altitude record after another. The challenge got bigger
when the idea came that we might one day send anything into space, let alone put men in an
orbit.

The term "telecommunication™ was used for the first time in 1904 by Edouard Estaunié
[1], French novelist and engineer, in his practical treatise on electrical telecommunication.
Edouard Estaunié, engineer at the Post and Telegraphs and director from 1901 to 1910 of the
professional school of Post and Telegraphs, which then only considered electricity in its
definition, wished to bring together under one discipline telegraphy, telephony and radio
communications, taking into account technological developments compared to ordinary means

of communication.

Nowadays, telecommunications characterized as follows: "the transmission, remote
transmission and reception of information of all kinds by wire, radio electricity, optical or
electromagnetic system™ [2]. In other words, telecommunication is first and foremost an
exchange of information in any given space. The specificity of telecommunications, unlike
ordinary communication, is that information is conveyed using a medium (material or not),
allowing it to be transmitted over long distances. Communications of all types have grown
steadily. Television, much more than radio, symbolizes the transition from the industrial to the

information age when it became a mass object in the late 1940s.

The idea of using satellites to communicate (on the ground and between each other) was
brought up in 1928 by Austrian engineer Herman Potoc¢nik [3], who specialized in rockets after

studying electrical engineering at the Vienna University of Technology. His ideas must become
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reality in 1957, when the Soviet Union launched its first satellite communication, "Sputnik 1

satellite; Americans launch their first satellite the following year [1].

The first satellites were initially passive; they simply reflected the signals from ground
stations. The major drawback was that these signals were broadcast in all directions and could
therefore be received anywhere in the world. The second types of satellites were then active.

That is to say, they had their own reception and transmission systems [2],[4].

Communication systems by standard satellites used microwave radiation as a medium for
transmitting information, but in the new generation of satellite networks, it was the laser (very
narrow light beam and very concentrated in energy) that played the role of inter-satellite link
and of a support in the communication between the satellites known today under the name of
the laser satellites [4], [5].

The simplicity of implementing optical communications in free space, its low cost
compared to fiber-optic links, as well as the significant capacities in terms of speed, contribute
to the implementation of such communication systems. However, when the propagation
distance increases, atmospheric turbulence deteriorates the quality of the link. Indeed, these
reveal random movements of the laser beam, an enlargement and the scintillation which disrupt
communications. Despite the advantages that optical links in free space can bring, the
disturbances introduced by the atmosphere limit both propagation distances and flow. The
difficulties of optical communications in terms of computing power of computers, delay the
generalization of this principle of correction, which today equips the main world telescopes.
The exploration of the solar system, as well as the ambitions of communication with spacecraft,
motivated, the implementation of transmission systems between ground and space. Bandwidth,
power and size are essential features of these systems. In the context of laser communications
in free space, atmospheric turbulence has the notable effect of reducing the average flux
received until the absence total signal and this with great temporal variability. This results in a
much higher error rate than in the absence of turbulence, and which becomes incompatible with
the conventional objectives of a link in terms of throughput, error rate and link permanence.
These effects can be reduced by using the concept of adaptive optics (AO) which consists in
measuring phase disturbances and compensating for them by means of a deformable mirror [6].
AOQO correction aims to concentrate and stabilize the flow at the receiving telescope. Fante [7] is
one of the first to propose adaptive optics to solve this problem in the context of the transmission
of information between ground and space.
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In adaptive optics (AO), the most important element is the deformable mirror. Which
controlled by the approximation algorithms [8]. There are many algorithms that can correct
wave front sensor such as: the stochastic parallel gradient descent (SPGD), Simulated
Annealing (SA), and genetic algorithm (GA) [9],[10]. This contribution provides a hybrid
solution to correct wave front sensor. The provided solution consists of the combination of GA
with AO solution. The hybrid solution gives significant results in correcting the wave front

aberration in satellite laser communication.

In this work, we will treat the different sources that cause the vibrations of the emitted
laser beam by a simulation tools called OOMAO and the different modulation schemes that

ensure optimal performance.
We can summarize our work in four chapters:

 The first chapter concerns generalities on satellite transmission, constitution of the

satellite, orbits, positions of satellites, etc ...

» The second chapter studies the different internal and external sources that cause the
vibrations of the emitted laser beam and analyzes the standard structure of the optical
communication system in laser satellite networks as well as the structure developed with its
different communication schemes. We explain and focuses about the atmospheric turbulence,

the effect of this turbulence for the laser satellite.

« The third chapter explains the adaptive optics systems, the wave front analysis,
medialization and optimization of adaptive optics systems which make it possible to analyze
and maximize the bandwidth of the communication system with variations in the amplitudes of

the vibrations.

* The fourth chapter concerns the correction of wavefront sensor based on a satellite to
ground laser communication links, we focused in this chapter to solve the problem of wavefront
distortions and improve the proposed solution by new idea, the comparison between all used
methods explain the satisfaction of the new solution, it includes the various concepts and
improvements introduced in order to overcome the vibration effects and improve the quality of

communication.

Finally, a conclusion will conclude this thesis summarizing the main tasks accomplished.



CHAPTER I:
General Overview of satellite

communications



General Overview of Satellite Communications

1 General Overview of satellite communications
1.1 Introduction

The development of the means of transmitting information, which is one of the main
characteristics of our time, is the result, on the one hand, of a continuous increase in needs and,

on the other hand, of the possibilities offered by technical progress.

One of the essential features of the evolution of our civilization is the constantly
accelerating increase in the volume of information exchange (written, verbal or visual
information). This increase in the volume of information transfers, their speed and the distances
they cover profoundly controls the development of the major systems that characterize today's
society: intercontinental transport, international industrial consortia, information agencies,
forums for political confrontation between nations, weather forecasts, stock exchange

exchanges, the dissemination of culture, etc.

The development of technology and its application to human needs has been carried out
with unparalleled speed, which is characteristic of the acceleration of technical progress. At the
forefront of this progress is satellite communications, which have taken a predominant place
among the various means of transmitting information and which have made a major
contribution to satisfying the immense needs. These satellite telecommunications systems have

intrinsic qualities distinct from those of conventional terrestrial systems [5],[4].

This chapter begins with a general description of satellite telecommunications systems,
focusing on the satellite itself (its make-up and the services that offers).

1.2 Description of satellite communication system

A satellite communication system is built around an earth sector (the earth stations),
providing the connection to the ground networks, and a space sector (the satellite), providing

the link between the stations.

Figure (1-1) shows the different components of a satellite communication system [11].
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Figure 1-1: A component of satellite communication system.

1.2.1 Ground Sector

The ground sector is made up of all earth stations, most often connected to users' terminals
by a terrestrial network or directly in the case of small stations (VSAT: very small aperture
terminal) and mobile stations. The stations are distinguished by their size, which varies
according to the type of traffic (telephone, television, and data. A distinction is also made
between fixed stations, transportable stations and mobile stations. Some stations are both
transmitting and receiving stations. Others are receive-only (RCVO: receive only): this is the
case, for example, of the receiving station of a satellite broadcasting system, or of a television
or data distribution system [12],[13]. The cost of earth stations can be a determining factor in a
communication network for which security, availability and reliability of equipment are prime

requirements.

1.2.2 Space Sector

The space sector comprises the satellite and all the ground-based control means, in other
words all the tracking, telemetry, and command (TT&C) stations, as well as the satellite control

10
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center where all the operations related to station-keeping are decided and the vital functions of

the satellite are verified [12].

1.2.2.1 Definition of the communications satellite

The satellite is naturally the essential part of a satellite communications system. At the
beginning of the 1960s, when various possibilities of space telecommunications were being
tested [1, 2], the satellite was a purely passive object, a large reflecting sphere moving in the
sky whose only function was to reflect the received energy, but the poor results obtained led to
the abandonment of such a system.

The satellite is now of the active type: it behaves like a real radio relay in the sky. It
receives emissions from the earth (uplink) and retransmits them back to earth (downlink) after

frequency translation and amplification. There are many kinds of satellites [14],[15]:

» Astronomical satellites: they observe space as they are placed above the
atmosphere, they can see the stars and black holes better because they are not

hindered by the layer of air and pollution.

> Navigation satellites: they are used to track the position of ships and marine

currents.

» Meteorological satellites: they are used to take pictures of the earth, the pictures
allow to forecast the weather. They are either geostationary or in constant rotation

around the earth.

» Telecommunication satellites: telecommunication satellites are used for

telephone communications, television pictures and radio.

» The military satellites: there are two types of military satellites:
telecommunication and surveillance (terrestrial and maritime reconnaissance) as
soon as a satellite has accomplished its mission, there are two ways to get rid of
it:

1. We let it rotate around the earth in a higher orbit.

11
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2. It is allowed to fall back to earth: scientists calculate that it will fall back to an

uninhabited area (often in the middle of the ocean). If it is small, when it reaches the atmosphere

it disintegrates due to friction with the atmosphere.

1.2.2.2 Construction of a telecommunications satellite

The satellite is made up of a payload and a platform: The platform comprises all the

subsystems that enable the payload to operate. We find:

>

Power supply: all satellites need power to operate. The sun provides the energy
needed for most satellites in orbit. This power supply system uses solar panels to
convert light into electrical energy, batteries to store it, and a distribution system

that transmits the electrical energy to each instrument.

The control system: This system controls all of the satellite's functions. It is the
satellite's brain. The heart of this system is called the Flight Computer. There's
also an input/output processor that redirects all the control data that goes in and

out of the Flight Computer.

Altitude and orbit control and propulsion equipment: this system allows the
satellite to remain stable and always be oriented in the right direction. The satellite
has sensors that allow it to know its orientation. In addition, the satellite also needs
to be able to move to correct its position, which is why it has a propulsion
mechanism. The performance of the altitude control system depends on the use of
the satellite. A satellite used to make scientific observations needs a more accurate

control system than a communications satellite.

TT&C tracking, telemetry and remote control equipment: this equipment
consists of a transmitter system, a receiver system and various antennas to relay
information between the Earth and the satellite. The ground control base uses this
equipment to transmit new instructions to the satellite computer. This system also
allows the transmission of images or other forms of recorded data to engineers on
Earth.

Thermal control: the system protects all satellite equipment from damage due to

the space environment. In orbit, a satellite is exposed to sudden changes in

12
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temperature (from -120° when the satellite is in darkness, to 180° when the
satellite is exposed to the sun). Temperature control uses a heat distribution unit
and a thermal blanket system to protect the satellite's electronic equipment from

these sudden temperature changes.

The payload of a satellite represents all the equipment enabling the satellite to perform
the function for which it is intended. For a communications satellite, the payload may represent
the antennas reflecting the TV signal or the telephone signal. For an observation satellite, the
payload consists of digital cameras and image sensors to take pictures of the Earth's surface.
This payload consists of a set of channels, each channel being equipped with a transmit
amplifier operating in a particular sub-band of the total band allocated to the satellite. This
arrangement makes it possible to offer, in each channel, a power level commensurate with the
state of technological development of the on-board microwave amplifiers, whereas the
implementation of a single amplifier for the entire band would lead to a dissemination of the

power of this amplifier.

battery bus sLIucture®  ctar trackers

thermal blanket

~

reaction wheels
/ P4
= - - —/74 —

\
solar arrays N

transmitter/ : ! .
receiver — /0 processor
high gain - S/ T~ omnl antennas
arternaes image sensor digital camera
flight computer
@ Commeand & Data {3 Pointing Control @ Communications
@ Power Supply @ Mission Payload € Thermal Control

Figure 1-2: Satellite structure [12].

1.2.2.3 Service provided by satellite

There is a strong demand for personal and mobile services. Recently, the notion of
multicast service, i.e. from one source to a specific group of users, has emerged. This definition
is to be contrasted with broadcast, which floods an entire region with users without any
distinction other than geographical. In any case, this desire to share information makes relays

from space more attractive.
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The distribution map between satellite networks and terrestrial networks is therefore
changing radically in a synthetic way, the advantages of satellites are as follows:

» The covering of large geographical areas.

» The possibility to have multiple accesses and distinctions for the same

Communication.
» The possibility of quick deployment of services.
» Adaptation to regions without telecommunications infrastructure.
» Observing the land, climate, plants and oceans.
» Transmit the waves: radio, television, telephone, and internet.

The waves they send out travel at 300,000 kilometers per second.

1.3 Orbits Tracked by Satellites

Satellites use the gravitational force of our planet in order to keep themselves at a certain
position and distance from the earth. It is thus possible to define at any time what the
characteristics of the satellite are in order to establish transmissions. We will see in this section
what types of orbits are used and how they set certain limits or constraints in transmissions or
equipment [16],[17].

» The orbit is the ideal trajectory that a satellite follows in the absence of
disturbances.

» Orbits are usually classified according to their average altitudes and their

synchronization with the earth or the sun.

Three different types of orbits can be distinguished: geostationary or geosynchronous
orbit, medium-altitude or medium Earth orbit and low-altitude or low Earth orbit, each with
different characteristics from the others [17].

We can also classify these orbits according to their shapes; in this case we distinguish two

types: circular orbits and elliptical orbits.
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1.3.1 Circular orbits

There are an infinite number of circular orbits, each corresponding to an inclination with
respect to the orbital plane, but two kinds can be distinguished: the polar circular orbit and the

inclined circular orbits [16].

1.3.1.1 Polar circular orbit:

The polar orbit is a circular orbit that passes over both poles of the earth. The main
disadvantage for satellites in this type of trajectory is the slowness of their coverage, but this
low speed still allows the satellite to cover a large part of the surface of the globe, or even the
entire earth, given the rotation of the earth on itself. One example is the French observation
satellite "Spot”, located at an altitude of 800 km, which provides coverage of the entire surface
of the globe in 21 days [18],[19].

1.3.1.2 Inclined circular orbit:

Inclined circular orbits also describe a circle around the earth, but each path is inclined at
an angle to the equatorial plane. However, this inclination has a major disadvantage: since the
highest latitude served by satellites with inclined orbits corresponds to the angular deviation
from the equatorial plane, these satellites cannot cover the entire surface of the globe, but this
orbit has an advantage: depending on the altitude of the satellite, it is possible to target areas of

the globe, i.e. to serve parts of interest from the economic, military or other applications [16].

For example, the French project "Globalstar” plans to launch 48 satellites into a circular

orbit inclined at 50° to the equator to provide mobile communications in most countries.

These two types of trajectories each have different characteristics, with different uses
depending on the disadvantages and advantages. Nevertheless, they are used very little in
comparison with the geostationary orbit, which currently has the most economic and practical
advantages.
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Geostationary Orbit
Inclined circular Orbit

Polar Orbit

Figure 1-3: Circular orbits.

1.3.2 Elliptical orbit

As the name implies, a satellite placed in such an orbit describes an elliptical trajectory
around the earth. The main characteristic of this type of orbit is the great variation in speed that
the satellites undergo [17]. Indeed, the farther a satellite is from the earth, the lower its speed is

because the speed "v" is inversely proportional to its altitude "h" according to the relation:
2 — 2_1L -
vi=Grmx(-—-) (1-1)

Where G is the gravitational constant, m is the mass of the satellite and has the half-major

axis of the orbit.

Elliptical Orbit

Figure 1-4: Elliptical orbit.
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However, because the altitude varies greatly during its period and the trajectory describes
an ellipse, the position of the satellite for a ground-based observer is not fixed. Therefore, the
tracking of each satellite requires the equipment of transmitting and receiving stations with
mobile antennas, which is considered a disadvantage from a financial and qualitative point of
view. Nevertheless, satellites in elliptical orbits have the advantage of being able to serve areas
far from the equator, which is not necessarily the case for circular and geostationary orbits. This
is not necessarily the case for circular and geostationary orbits, since with a high inclination, it
is possible to fly over territories on the periphery of the hemispheres. The atmospheric layer

being narrower, the quality of the signals is therefore a little better [12].

For example, in the "Molnya" system used by Russia, 3 satellites whose orbits are inclined
at 63° to the equatorial plane, cover Siberia completely because their slow parts correspond to
two thirds of their period and they are then located vertically over the Siberian territory
[12],[13].

Elliptical orbits have advantages, such as coverage of areas far from the equator, but also
disadvantages such as the qualitative and financial aspects of mobile equipment on earth. For

circular orbits, however, these disadvantages are almost non-existent.

1.4 Satellite constellations

A satellite constellation can be defined as several similar satellites of the same type having
the same function and designed to be similar, complementary and orbiting for a common

purpose under shared control [20],[21].

There are three types of constellation according to their orbital altitudes:

1.4.1 Low Earth Orbit Constellation

Satellites in low orbit describe elliptical or (more often) circular orbits within 2,000
kilometers of the earth. The orbital period at these altitudes is between 90 minutes and two

hours. As for the radius of the coverage area, it is between 3000 and 4000 km [17].
A LEO satellite can remain visible for up to 20 minutes for an observer on earth.

A global transmission system using this type of orbit required a large number of satellites
in a number of different orbital planes. When a satellite in charge of a given user is no longer
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visible to that user (it passes below the visible horizon), the satellite must be able to transfer the
services for which it was responsible to another satellite in orbit identical or adjacent: this is the
management of the hand-over [12],[17].

LEO constellations in any case offer particularly low propagation delays, of the order of
around 20 ms, which allow them to provide services of the same type as those of terrestrial

wired fiber optic networks.

1.4.2 Medium Earth Orbit constellations

ICO or MEO (Intermediate Circular Orbits, Medium earth orbits) satellites describe
circular orbits at an altitude of about 10,000 kilometers. The orbital period is about 6 hours and

an earth observer can have a visibility of a satellite of a few hours [12],[22].

A global transmission system using this type of orbit requires a smaller number of
satellites compared to the LEO constellations. Only 2 to 3 orbital planes are needed to achieve

global coverage.

An MEO-type constellation works very similarly to LEO systems; however, by structure,
there is obviously less need for a hand-over system.

The propagation delay is greater than in LEO constellations, but still much less than in

GEO systems.

1.4.3 GEO Constellation

The most commonly used satellites for telecommunication purposes are geostationary
satellites. The altitude of these equatorial satellites, such that their orbit period is synchronous
with the earth, i.e. one rotation in 23h 56mn 4s, will be approximately 36,000km. Three
satellites placed at 120° on the geostationary orbit allow to "seeing” almost the whole earth,
except for a small polar zone located at the extremes (Fig. 1.5). The propagation delay is greater
than in the LEO and MEO constellations [12],[21].
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Figure 1-5: GEO constellation.

1.5 Geometry between earth and satellite

Each satellite is defined by its latitude and longitude relative to a reference point p [12].

Figure 1-6: Geometry between earth and satellite.

Where: ¢ is a satellite latitude; A: satellite longitude; I: latitude of a point of satellite
longitude; 0: longitude of P; L= 0 -A: difference in longitude of satellite and point P; h: satellite
altitude; RT=6378Km: earth radius; r=RT+h: distance between the centre of the earth and the

satellite; R = \/RTZ + r?2 — 2Ryrcos@: Distance between the satellite and point P With

cos@ = cosL.cos8.cosl + sinf. sinl

Two angles are used to locate the satellite from a point P on the earth's surface, usually

the elevation angle and the azimuth [23].
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» The elevation angle E, is the angle between the horizon at the point in question
and the satellite, measured in the plane containing the point in question, the
satellite and the center of the earth.

» The azimuth angle A is the angle, measured in the horizontal plane at point P,
between the direction of true north and the intersection of the plane containing the

satellite and the center of the earth.

Figure 1-7: Nadir angle and elevation angle.

» Another useful angle is the nadir angle S. This is the angle at the satellite between

the direction of the centre of the earth and the direction of the reference point P.

1.6 Basics of space mechanics

We consider the evolution of a mobile assimilated to a material point in the vicinity of a
celestial body. It is assumed that [23]:

» The only forces taken into account are the Newtonian forces of attraction.

» The celestial body is assumed to be spherically symmetrical and of constant mass

distribution.

Under these conditions, the study of the motion of the mobile can be assimilated as a first

approximation to a 2-body problem: a particle of mass m attracted by a particle of mass M.
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1.6.1 Kepler's laws
1.6.1.1 First Law or Law of Orbits

In the heliocentric frame of reference, the orbit of each planet is an ellipse with one of its
foci occupied by the sun [16],[17].

Planéte

N

Figure 1-8: The ellipse.

In fact, the first law states that all orbits have the shape of an ellipse. This law does not

prohibit circular orbits, in fact the latter are considered as ellipses whose two foci are confused.
1.6.1.2 Second Law or Area Law

The motion of each planet is such that the line segment connecting the sun and the planet
sweeps equal areas for equal lengths of time [16].

My’ M;

M’

Figure 1-9: Law of areas.

1.6.1.3 Third Law or Law of Periods

For all the planets, the ratio between the cube of the trajectory's half-major axis (a) and
the square of the period (T) is the same [12],[16].
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2
L= cte (1-2)

a3
This means that the time it will take the satellite to complete one orbit (period) can be

calculated from half the dimension of the half-major axis.

The law indicates that the satellite will have a slower speed at higher altitudes and

conversely a faster speed at lower altitudes.

1.6.2 Orbital parameters

An elliptical trajectory is characterized by six orbital elements (corresponding to six
degrees of freedom). Two define the shape of the ellipse: a and e which are respectively the
semi-major axis and the eccentricity. Three orbital elements are used to orient the position of
the ellipse in space: w, Q, 1, respectively the perigee argument, the right ascension of the

ascending node and the inclination [12],[13].

Perigee

Line of
" apsides
Apogee /
a c |
L
I3 rp

Figure 1-10: Two-body problem.
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1.6.2.1 Reference axis

The satellite's orbit crosses the plane of the equator at two points called the descending
node ND at the northern hemisphere to southern hemisphere crossing point, and the ascending
node NA at the northern hemisphere crossing point. The line (NA, ND) is the line of nodes
[16].[24].

1.6.2.2 Parameters defining the position of the orbit plane

We know by Kepler's first law that motion is plane and that the trajectory has the shape
of an ellipse [12].

Equatorial plane ’

Reference
direction

Plane of
the orbit

Figure 1-11: Position of the orbit plane.

We can therefore define 2 angles allowing to position the plane of the orbit with respect

to an initial equatorial reference frame :
I=the inclination with respect to the equator.

Q= the right ascension of the ascending node i.e. the angle between the X axis and the

line of intersection of the plane of the orbit with the equator (longitude).
The node line (Na, Np) bisects the equatorial plane and the orbit plane.

» The angle | formed by the half-plane of the orbit containing the satellite's
trajectory from Na to Np and the half-plane of the equator containing the

trajectory of a point on the equator from Na to Np, is the inclination which ranges
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from 0° to 180°. The orbit is said to be direct when i is less than 90° and retrograde

when i is greater than 90°.

» The angle Q which, in the plane of the equator, forms the node line and the
direction of the vernal point, defines the orientation of the node line. It is the
straight ascent of the ascending node which is measured from 0° to 360°, from the
vernal point to the ascending node, in the direction of rotation of the earth or direct

direction.

1.6.2.3 Orbital shape and position
In the plane of the orbit, the ellipse itself is characterized by two parameters:
a: the semi-major axis, b: the semi-small axis.
We very often replace b by the eccentricity e, knowing that
b? = a?(1 — e?) (1-3)

Then defines an origin on the ellipse; conventionally, we are used to locate it at the perigee
(the point closest to the earth) of the orbit.

The position of the major axis in the plane of the orbit is defined by the angle ®, formed
by the line joining the center of the earth at perigee on the one hand and the line of the nodes
on the other. It is the argument of the perigee w, which is measured from 0° to 360°, from the

ascending node to the perigee in the direction of the satellite's revolution.

1.6.2.4 Position of the satellite in orbit

Now we need to know exactly where the satellite is positioned on the ellipse [16].

The angle determining the position of the satellite relative to the perigee can be expressed

in different ways:
V= the varying anomaly actually corresponds to a polar coordinate.
E=the eccentric anomaly by projecting the satellite on the main circle of the ellipse

M= the mean anomaly defined by Kepler's equation: M = E — esinE.
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This fictitious angle M makes it possible to simply define the Keplerian motion as a
function of time by:

M =M, +n(t —t,) (1-4)

Where n is the mean motion equal to:
= |—= (1-5)
In addition, constant due to Kepler's third law. We thus obtained 6 orbital parameters:

a,ei,w QVorEorM.

The main advantage of the Keplerian parameters is that, if the disturbances are not taken
into account, the first five are constant over time while the sixth (V, E or M) varies linearly with

time.

1.6.3 Orbital perturbations

There are a number of physical contributions that influence the trajectory of a body in
Earth orbit. These are called perturbations and if it is not always possible to take them into
account analytically in the calculation of the orbit, it is necessary to take them into account, for

example, to make periodic corrections to the trajectory.

There are various numerical methods [13] to evaluate these disturbances

1.6.3.1 Perturbation of the third body

The presence of the sun and moon causes variations in all orbital elements, but the secular

(long-term linear) effects are mainly on the right ascension ® and the perigee argument ®
[1].[16].

For satellites with circular orbits and a higher attitude than a geostationary one, this

disturbance predominates.
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1.6.3.2 Disturbance due to the non-spherical earth

For satellites whose orbit is less than or equal to a geostationary orbit, it is the effect of
the flattening of the earth at the poles that dominates, causing variations on the right ascension

and the perigee argument [12].

1.6.3.3 Disturbances due to atmospheric friction

This is the main force of non-gravitational origin that affects satellites in Low Earth Orbit
(LEO). This friction causes them to lose kinetic energy and therefore altitude. As a result they

can end up re-entering the atmosphere if the trajectory is not compensated [5].

1.6.3.4 Solar radiation perturbations

At altitudes above 800 Km, another disturbance takes precedence over atmospheric
friction: the pressure due to solar radiation which causes an acceleration, applied in the direction
of the sun, equal to [5],[13]:

a=—45.10"84/m (1-6)

Where A is the surface exposed to the sun and m the mass of the satellite.

1.6.3.5 Intrinsic perturbations

There is a range of disturbances that depend directly on the construction of the satellite.

Among them are the following [5],[12]:
» Uncertainties about the center of Les gravity.
» Uncertainties about propulsion.
» The vibration modes of the structure.

These intrinsic disturbances mainly concern the attitude (the angular position of the
satellite and its variation with respect to time) of the satellite but can also indirectly influence

the orbital trajectory.
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1.6.4 Maintenance and survival in orbit

The earth contains strong magnetic fields, which affect its surroundings. Specifically,
some areas beyond the earth's surface have radiation levels high enough to damage electronic

components that pass through them [12],[25].

At high altitudes, the Earth's magnetic field is strongly distorted by the pressure of the
solar wind, and at low altitude and (LEO), it is approximately that of a dipole tilted about 11.5

degrees from the Earth's rotation axis.

One of the most important effects of the Earth's magnetic field, in terms of engineering is
due to Van Allen's belts, named after the American physicist who discovered them in 1958.
They are two toric zones, where the electron concentration and of protons is very important
because they have been trapped by the magnetic field [19]. The first belt is between 600 and
90000 Km of altitude for a latitude between +40° and -40°; the second is located at an altitude

of about four times the Earth's radius and largely overlaps the first [12].
There are four main regions where satellites are put into orbit:

» The LEO (Low Earth Orbit) zone, between the end of the atmosphere and the first
Van Allen belt, from 400Km to 1500 Km of altitude.

» The MEO zone (Medium Earth Orbit), between the two Van Allen belts, from
5000 Km to 13 000Km of altitude.

» The HEO (High Earth Orbit) zone, whose apogee is beyond the Van Allen belts,
but which, within the framework of elliptical orbits, encompasses one or more of

the previous zones.

» The GEO (Geostationary Earth Orbit) zone, which could be seen as a special case

of HEO, for geostationary satellites, at an altitude of Seventy-five thousand miles.

It is not interesting to place a satellite with an elliptical orbit in the LEO area, given the
small margin that one has (the main half-axis and the minor half-axis are both between 7 000
Km and 8 000 Km). There is still the possibility of placing them in orbit, or passing them
through the Van Allen belts, which reduces the lifetime of the electronic components. In

summary, the classification in figure (I-12) can be considered [12].
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Figure 1-12: Classification of the different types of exploitable orbits.

1.7 Conclusion

In this chapter, we provided a comprehensive description of the communications by
satellite. We also talked about the types of orbits in terms of form, which led us to address
mentioning the types of satellite and the characteristics of each satellite, the appropriate orbit
for each satellite and the minimum number of satellites to cover the globe also the distance of
the satellite and the globe. In addition, we discussed geometry between satellite and Earth and
some of the basics of space mechanics. Finally, we described how to maintain the satellite in

orbit, and what is its expected lifetime.

In the next chapter, we will talk in detail about optical communications, especially lasers,

their origin and stages of development, up to the application of their use in the satellite.
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CHAPTER II:
Optical Telecommunications and the Effect of

Atmosphere
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2 Optical telecommunications and the effect of

atmosphere
2.1 History of optical telecommunications

In this chapter, we will try to make a historical overview of the techniques that humans
can set up to establish connections using optical signals. While focusing on some important

technical advances as they reflect the principle of Atmospheric Optical Link (AOL).

The idea of using an optical signal to communicate is not new. The light spreads naturally
and the eyes are already a powerful detector for this type of signal. In Antiquity, ancient Greeks
used mirrors directed to target ships, or dangled their shields to communicate in battle. The

succession of sent signals constituted a Morse coded message.

The main limitations are then the range and the flow of information transmitted reduced.
Claude Chappe made a first progress in 1794 in terms of flow [26]. By observing with
binoculars the position of the arms of a pantograph at the top of a tower, the operator is sent
back to a number corresponding to an agreed-upon message (birth of telegraphy). However, the
real precursory contribution of the AOL is the proposal of Maurat, taken by Mangin. It consists
in improving the directivity, therefore the range, of the optical signal emitted by a set of mirrors
and simple lenses collimating the beam (Figure 2-1). Thus, in 1873, with optics 30 cm in
diameter, this device allowed to work on ranges of 36 km at a rate of the order of 200 words
per hour.
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A: TR

Figure 2-1 :Optical telegraph of Mangin [27].

With the invention of the photophone in 1880 (see figure 1.2), Graham Bell demonstrates
the effectiveness of the use of an optical signal (here solar radiation) to transmit information,
the voice [27], using the intensity modulation. The distance it establishes is 200m [28].The
variability of the light source (the sun) and the short propagation distance limited by the low

sensitivity of the detection system will be the reason for its invention.

Figure 2-2: Schematic representation of Graham Bell's photo phone [27]. Under the
influence of speech, the mirror deforms and modulates the intensity of the light coming from
the sun as it reaches the receiver. The resistance of the selenium receiver varies according to
the intensity of the light received and allows the information to be retrieved.
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The telecoms initially abandoned the optics for the benefit of electronics. Indeed, the
advent of electronics allows a modulation and demodulation of the signal much faster,
telecommunications know their true revolution. The first wired networks date from the 19th
century. They guide a message electrically and solve at once the problem of range and flow.
First copper cables were thrown in 1850 into the Atlantic Ocean to allow telegraphic
communications between Europe and America. This date corresponds to the control of the
insulation of cables under water [29].

To overcome the wired network, it was again necessary to look into the free space
propagation of an electromagnetic wave. The first breakthrough in this direction was achieved
in the range of radio waves, the propagation of which is not altered by atmospheric turbulence.
It will be seen later that this is not the case in the optical range.

Thus, in 1896, Marconi transmits and captures signals over a distance of 250m, having
synthesized the inventions of Alexander Popov's antenna, the Branly electromagnetic wave
detector and the principles of the established radio program by Tesla. Three years later, the
latter made the first radio communication program between France and England [29].

The scientific community has been trying, since the 1960s and the invention of the laser,
to set up free space communications using an optical signal to establish a direct line of sight
link. The first applications are developed for links to satellites [30],[31]. Unfortunately, the
limited lifetime of lasers, their size and insufficient light output cause the rapid decline in

interest in this technology.

In the 1980s, the appearance of semiconductor lasers with long life span, low footprint
and high efficiency, contributes to the emergence of laser communication programs from
Europe and the United States. United States [32],[33]. Lasers, being high-power directive
sources, make it possible to work with high signal-to-noise ratios (SNRs) when they are

associated with modern detectors, which was lacking in Bell's photophone.

Again, the challenge is to achieve the same quality of telecommunication with free-space
signal propagation. This is the purpose of AOLs. Under certain conditions, favorable in terms
of atmospheric turbulence encountered, namely telecommunications in space or from space to

the ground, AOLSs have already appeared:
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» In 2001, the first unidirectional satellite-satellite optical link (SILEX project)
which enabled the transfer of data from the ARTEMIS satellite to SPOT 4 [22],

> In 2002, the first two-way ground-to-satellite optical link between the Optical
Ground Station built at the Mount Teide Observatory (Canary Islands) and the
ARTEMIS satellite (SILEX project) [34],

> In 2006, the first two-way satellite-to-satellite optical link between the ARTEMIS
and OICETS satellites (Japan) [35],[36]

> In 2006, the first optical link between a satellite (ARTEMIS) and an aircraft
(Mystery 20) of 50 Mbits / s (LOLA project) [37],

> In 2007, the first bidirectional ground-to-satellite optical link between the
KIRARI satellite and a mobile telescope of 0.4 m diameter of the DLR [36].

However, outside the experimental setting, the transfer of data on the ground is still done
by radio frequencies, with a much lower flow rate. For endo-atmospheric propagation, the use
of radiofrequencies is all the more justified by the main limitation encountered by AOLSs:
propagation through the atmosphere.

2.2 Principle and characteristics of atmospheric optical links

Atmospheric optical links (AOLSs) rely on the propagation of light in free space to transmit
information between two points. These links are usually point-to-point, but there are also point-
to-multipoint links. The different areas of AOL applications (air-to-air links, satellite-
underwater, air-submarine, air-satellite, satellite-satellite, etc.) have a major impact on their
characteristics and their locations. It is, therefore, difficult to have a general discourse
encompassing all AOL systems. We only consider AOLs as part of an air-to-satellite line of
sighting line. Figure 2-3 shows schematically an atmospheric optical link in the case of a point-
to-point application between two urban sites. AOLs make it possible to overcome the
disadvantages of a fiber-optic type connection, which is often long and expensive to set up. In
addition, the absence of the license requirement, interference immunity as well as natural link
security (directional beam) that can operate in full-duplex (Telecommunication system where
the signal is transmitted in both directions simultaneously) and the possibility of reaching high

transmission rates are additional advantages over conventional wireless communications.
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Figure 2-3: A modern optical telegraph

A modern optical telegraph, or AOL, consists of two distant telescopes facing each other,
each with emission and laser detection. Each telescope simultaneously transmits and detects the
stream emitted by the other, thus creating a bidirectional optical link in direct line of sight
(Figure 2-3).

For a civilian use, this device must be reproduced identically to renew the range of the
signal and thus grid a given territory. The telescopes should be placed at least 30 meters above
the ground to avoid physical obstacles. This also has the advantage of avoiding the most
turbulent air layer at ground level (see §2.3.1 The physical phenomenon of turbulence) [38].

2.2.1 Modulation of AOLs endo-atmospheric

Free space propagation can benefit from the same modulation and demodulation
technologies as those developed for guided optics. Modulation techniques include On-Off
Keying (OOK), which is simply based on modulating the amplitude of the source to encode
binary information. However, there are also more subtle strategies, such as Pulse Position
Modulation (PPM) [39], which requires less average energy than the OOK modulation for the
same error rate on reception. On the other hand, PPM requires greater bandwidth and more
difficult reception timing [40]. We limit ourselves in the following of the manuscript to the case
of the modulation OOK.
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2.2.2 Benefits of AOLs endo-atmospheric

Free space telecommunications are nowadays very common use in the terrestrial range.
However, the optical range has much shorter wavelengths to modulate the signal much faster,
and thus increase the rate. Thus, optical telecommunications allow considering rates well above
the 10Gbit/s [41]. Moreover, with respect to a strongly diverging radio emission due to the
diffraction (high wavelength), the laser emission is very directive. This gives him several

advantages:
» The communication is more secure because difficult to intercept;
» There is no bandwidth to share because the environment is not drowned out signal;
» Itis possible to reduce the transmission power.

It is possible to combine all these qualities with guided optics. However, the propagation
in free space differs from a fiber network by the following aspects:

> Implementation of the immediate network;
> Portability;

» Lower installation cost;

» Mobile target tracking.

Thus, there are applications for which it is not possible to extend a cable and which may
require a much higher rate than that offered by a microwave link. One can imagine for example
the rapid implementation of an AOL on a disaster area by an earthquake that broke the existing
fiber network. The AOL would provide for the speed and quality of on-site intervention. On the
other hand, the saturation of an urban network following the organization of an exceptional
event, which does not justify the permanent increase of the capacity of the network [42].

The AOLs can thus provide a high-speed telecom connection at a given moment, without

investing the necessary sums for the installation of a new fiber network.
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2.2.3 The limitations in atmospheric optical links

Optical communication has grown rapidly because it provides a stable propagation
medium that limits the loss of flux during propagation. In the case of a AOL, the propagation

medium is the ambient atmosphere that has two main limiting factors:
» Attenuation of the signal,
> Degradation of the optical quality of the laser beam.

Concerning attenuation, a drop in the received signal necessarily induces a decrease in
the range of the system. In the visible range, the attenuation by the atmosphere is very dependent
on the climatic conditions (fog, rain ...) [43],[44]. Apart from the choice of a transmission
wavelength at a minimum of attenuation by the atmosphere, the increase of the flux is the only

possible solution to bring [45].

The degradation of the quality of the laser beam during propagation has, for its part, other
origins. The atmosphere being a turbulent medium, the inhomogeneity of the medium can
deflect or even burst the beam, so that it is no longer detected by the target. As the impact of
atmospheric turbulence increases with the volume of turbulence traversed, the system is limited
in scope. However, one can imagine solutions such as the pre-compensation of the beam at the
emission to mitigate the effects of the turbulence [46]. For example, in the case of deflection
from the beam by the turbulence, the beam can be emitted in another direction of propagation
so that the turbulence brings it back to the target. The study of signal propagation allows us to

develop precompensation strategies to overcome the limitations introduced by turbulence [47].
2.3 Atmospheric turbulence

2.3.1 The physical phenomenon of turbulence

Theorists such as Poiseuille, Reynolds later followed by Taylor and Von Karman, gave
the first definition of turbulence as “an irregular movement that appears in fluids when they
encounter solid obstacles”. At the beginning of the 19th century, Claude Navier wrote the basic

equations governing the temporal evolution of the flow of a fluid in turbulence [48].
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Figure 2-4:An overview of the principle of energy cascade in a fluid in turbulent flow
where the transfer is from large to small scale [48].

The Earth's atmosphere is made up of a gas mixture in perpetual evolution. On the one
hand, it is heated by solar radiation, and on the other hand, it undergoes radiative interactions
with the ground. The temperature in the atmosphere is therefore highly inhomogeneous. This
results in the formation of air masses of different densities. Under the effect of gravitation, these
air masses are set in motion and interact constantly. A turbulent flow is created at their interface:
it is the formation of turbulent layers. These layers are characterized by local variations in
temperature, pressure, and humidity, which cause local variations in the refractive index of the

air. These fluctuations cause a disturbance of the propagation of electromagnetic waves [49].

2.3.2 Theory of energy cascades

Kolmogorov [48] proposed a statistical description of the phenomenon of atmospheric
turbulence, based on scale laws [50]. A turbulent flow leads to the formation of large vortices,
the kinetic energy of which is transmitted to smaller and smaller vortices, in the form of a

cascade of energy, until dissipation by viscous friction.
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Figure 2-5: Schema of the energy cascade process and the division of turbulence cells
in the atmosphere.
» Inertial domain: Spatial scales for which the turbulence is said to be fully developed
and for which the Kolmogorov model applies define the inertial domain. It is bounded on
the one hand by the size of the largest vortices, of the order of a few tens of meters, and on

the other by the size of the smallest vortices, of the order of a few millimeters.

» The external scale: The external scale Lo is the magnitude characterizing the spatial
dimension of the largest eddies. Its size influences the amplitude at low spatial frequencies
of phase disturbances due to turbulence. For future large telescopes, whose diameter will be
several tens of meters, the influence of the external scale becomes significant, and one needs
to access to its measurement. Several techniques nowadays make it possible to estimate Lo.
The Generalized Seeing Monitor (GSM) uses fluctuations in the arrival angle of the
wavefront [51],[52],[53]. The external scale can also be deduced from interferometric
data[54], or data from adaptive optics [55]. Finally, the Monitor of Outer Scale Profile
(MOSP) provides access to external scale profiles as a function of altitude [53],[54], from
the correlations of wavefront arrival angle fluctuations measured on lunar edge images. The

typical value of the external scale is generally of the order of a few tens of meters [56].

» The internal scale: The internal scale 10 corresponds to the spatial dimension of
dissipation of the Kinetic energy by viscosity. Studies offer techniques to access its value.
Some use angle of arrival fluctuations [57],[58], others intensity fluctuations [59],[60]. It is

also possible to estimate 10 from the scanning effect of a laser beam [57],[61]. Finally, there
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are hybrid techniques that use both phase and intensity fluctuations [62]. The typical value

of the internal scale is generally of the order of a few millimeters.
2.3.3 The refractive index of air

2.3.3.1 Fluctuations in the refractive index

Consider the difference between the value n (r) at a point r and the value n (r + p) at a
point distant from a distance p. The vectors r and p respectively represent a position and a

separation distance in a three-dimensional space.

For an established turbulent regime (temporally and spatially stationary), in the inertial
domain, the variance of the difference of the refractive index at two points of space, or function

of structure, is given by [63],[64]:

Dy (p) = {In(r) — n(r + p)|?) = CZ.p"/3 (2-1)

Where the brackets () represent the overall mean. Dn(p) is called the structure function of
the refractive index and C2 is the structure constant of the refractive index. C2 is expressed in

m?3and p=|p | is expressed in m.

Equation 2.1 is actually only a valid approximation as long as p is smaller than the
external scale of turbulence. However, for the great distances p, the values n (r) and n (r + p)
will become complementarily independent. According to equation 2-1, the fluctuations of the
refractive index are then at infinity, which has no physical meaning. Dy (p) is only valid for lg
< p <Lo.

2.3.3.2 Spectral density of index fluctuations

Obukhov and Yaglom [63],[64] have shown that the power spectra of temperature and
humidity fluctuations follow the law in V3, A power law in 113 also describes the fluctuations

of the air index, directly related to these two parameters.

Tatarski gives the expression of the spectrum of fluctuations of index Wn(f) valid

between lpand Lo [65]:

W,(f) = 0.033(2m) /3 c2f s (2-2)
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Where f denotes the modulus of the spatial frequency expressed in m™. The Kolmogorov
spectrum (equation 2-2) is theoretically valid only in the inertial domain: 1/Lo <f <1/lo. It
assumes an external scale and an internal scale of turbulence respectively infinite and zero and

diverges in f = 0.

To justify the use of a spectrum over all frequencies, parameters Lo and lo are introduced
into the Kolmogorov spectrum. The introduction of these parameters into the Kolmogorov
spectrum gives rise to the modified von Karman spectrum which saturates for f <Lo and cuts in
f = lo whose expression is given by equation (2-3) [65]. This saturation guarantees a spectrum
without singularity at the cost of using the Lo parameter, which is currently unknown. Figure
2.2 shows the Von Karman spectrum for different values of the internal and external scales. All
the results presented in this manuscript were obtained using the modified spectrum of von

Karman.
_ _ 27l
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Figure 2-6: Power spectral density of refractive index fluctuations for C2(h) = 1and
different values of inner scale and outer scale [38].
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2.4 Propagation of the Optical signal through the turbulence

When the optical propagation through atmospheric turbulences, the optical wave will
fluctuate in amplitude and phase because of the refractive index variations. The description of
these fluctuations relies on the analytic resolution of the Helmholtz propagation equation

including paraxial approximation.

2.4.1 Helmholtz equation

The propagation of an electromagnetic field in a dielectric medium such as air obeys
Maxwell's equations. In the visible or near infrared, the period t of the wave is of the order of

10715, much less than the time of evolution of turbulence of the order of a millisecond.

In addition, over a kilometer propagation distance, the wave propagation time is of the
order of 10 s, during which time the turbulence can again be considered as frozen. We

therefore consider that n, the air index, is independent of time. We can then show that the

electric field E obeys the propagation equation:

V2E () + kZn?(F)E (7) + 2V(E (7). V(log(n(#))) = 0 (2-4)

In equation (2-4), ko = 2n/A, where T denotes the wavelength of the electromagnetic wave.

The quantity 2V(E (7). V(log(n(f’))) translates the polarization changes of the wave. The
wavelength of an AOL is in the visible or near infrared; the working wavelength (of the order
of 10°°m) is therefore very small compared to the scale of evolution of the spatial fluctuations
of the index (greater than 107°m according to Figure 2-6). This term therefore becomes

negligible [66] in equation (2-4). We obtain the new equation:
(V% + k2n2(P))EF) = 0 (2-5)

It should be noted, however, that more recent studies retain the polarization term for the
study of the propagation of Gaussian beams in free space [67], all the more since the expected

performance in terms of data transmission error rate are very demanding.
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2.4.2 Paraxial approximation

Consider the electromagnetic field E propagating in atmospheric turbulence in the
direction &, in an orthonormal reference frame. The absence of any coupling in equation (2-5)
by deleting the term of polarization makes it possible to pass from a vectorial writing to a scalar
writing of the field:

E®) = AW (P)et* (2-6)

Where W(#) is the complex amplitude of the wave representing the deviation from the
perfectly plane wave. By injecting equation (2-4) in equation (2-6) we obtain a new equation

with W(#) as the unknown variable:

V2W(F) + 26n())ko o + ko(n(7)? = (n(F)HW()) = 0 (2-7)

We denote (n(#,t))the temporal average of the refractive index characterizing the

propagation medium. The paraxial approximation consists in assuming that the scale of spatial

2
fluctuations of W(#) is small compared to the wavelength and we can consider that|%7‘f K

|‘2—j|. This approximation remains true as long as the diffraction effects affecting W(7) vary

slowly in propagation direction. In addition, the refraction index fluctuations can be written as
(r", t) =(n(#,t)) + N where N are fluctuations of refractive index around the mean value that

we consider N « 1. Hence, we can write, according to Taylor
n(#? = (n(#)* + 2N(n(¥)) (2-8)
Finally, under all these condition, the (2-7) becomes:

2¥(#) = A2W(®) . >
™ + 37 + 2i(n(r))k,

IY(7)
0z

+ 2ko(n(R)IN P(#) =0 (2-9)
2.4.3 Weak fluctuations Rytov approximation

The propagation equation does not allow an analytical solution in the general case. Other
simplifying assumptions are necessary. The weak disturbance hypothesis allowing a
perturbative type resolution of the wave equation has thus made it possible to develop the Rytov
approximation [65]. Rytov's approximation considers the disturbances as multiplicative with
respect to the undisturbed field, which makes it possible to establish the main statistical

expressions of the field in weak disturbances.
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The amplitude of the field of a monochromatic optical wave can be written:
E@#) = e%o® (2-10)

During the atmospheric propagation, it is affected by random fluctuations of the refractive

index and it can be written under Rytov approximation:
E(®) = eWo(M+Y(P) (2-11)

Where can be developed as: ¢(7) = o + ¥, (F) + Y, (#) + --- Applying this new
amplitude field to the equation (2-7), we obtain

V(o + P21 (P) + Y, (D) + ) + (V(¢0 + 1 (F) + P, () + - ))2 +kin(@?=0 (2-12)

In addition, the unperturbed field follows Helmholtz’s equation

V2, (@) + (Vo) + k2(n(@)2 = 0 (2-13)

In the Rytov method, only the first order is taken into account and higher levels are
neglected and we can write Y (#) = ¥, + ¥ (7). In order to simplify, we consider that (n (7)) =
1 and we can express (n(#))? defined on the equation (2-7), at the first order, as (n(#))? = 1 +
2N. The equation (2-13) becomes:

V2 (P, () + Vb (P (Vb () + 2Vipo (7)) + 2Nkén(#)? = 0 (2-14)

In the weak turbulence condition, Rytov approximation assumes |Vi1(r”)| < |[VyO(r”)|
and the equation (2-14) becomes:

VZ(P, (7)) + 2Vp, (Vo (P) + 2Nk3 = 0 (2-15)

Which has a solution [46]:

ik|F-7'
[ d#¥' N#)E, () el (2-16)

771

kZ
2mEy (7)

¢1(?) =

2.4.4 Statistic properties of the field

In the Rytov approximation framework, the perturbation 1, () can be decomposed as:
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Y1) = x(P) + ip(®) (2-17)

Where (7) and (#) are respectively the log-amplitude and the phase of the field. By
applying the paraxial approximation to the equation (2-14), (¥) and ¢(7) can be written as
[46],[68] :

k% (L dh o ., , —pr|?

X=5-J Ef:x, dp'ny(p’, h)cos (k %) (2-18)
k? (L dh (+o , , . lp—p1|?

o= E»f—oo dp'n,(p’, h)sin (k %) (2-19)

2.4.5 Power spectral densities

According to the equation (2-13) and the phase-screens decomposition of turbulent
volume given in [46], the power spectral densities of y and ¢ are given for a propagation
distance of L by:

W, (f) = K2 [ Wapsin® (mhAf?)dh (2-20)
W, (f) = k? [ Wancos?(whAf?)dh (2-21)

Where W an is Power spectra density of the refractive index given by equation (2-7) and

h is the propagation distance between h=0and h = L.

2.4.6 Probability density function

In the weak atmospheric turbulence case, y and ¢ is the sum of random independent and

centered Gaussian variables. For ¢, it obeys a Gaussian probability density function centered
in 0 with a full width at half maximum of 2,/2log(20,,) [69]. On the other hand, y permits to

calculate the optical wave irradiance (depending on the optical intensity) that is a parameter of
greater interest in the regime of strong turbulence. It is be calculated as:

[ =VY@A)Y@F)* = [je?, (2-22)
Therefore, the irradiance follows a log-normal probability law and the probability density

of I is given by [69]:
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80
XZ

_I@og(@-zwz

P(D) =

me ,1>0 (2-23)
The useful variable is the scintillation index noted of calculated as the normalized
variance of the field intensity. It is related to the variance of the log-amplitude as follows:

2
o? = % —1=e%% -1 (2-24)

Being on the weak condition fluctuations and with an expansion on the first order of the
intensity: e2X =~ 1 + 2x. The probability density of the normalized intensity can be

approximated by a normal distribution with:
o2 = ek (2-25)

To conclude the analytical study, the Rytov approximation leads to simplify the model
characterization of the optical field propagation and simplifying its properties and
deformations. For strong fluctuations condition, there is no analytic solution to the Helmholtz
equation. We limited the presented work to plane wave but the same calculation can be done
for spherical and Gaussian waves detailed in [46],[70]. However, it is important to understand
that this analytic characterization includes many approximations that can be more difficult to
take into account in practice and in strong condition of atmospheric turbulence.

2.5 Effects of turbulence on laser propagation

The use of a laser beam is essential for establishing a link with a high signal-to-noise
ratio. The results presented so far do not take into account the spatial limitation of the field
present in the AOL. We study the effects of turbulence on a spatially limited electromagnetic

wave.

2.5.1 Atmospheric turbulence on the Gaussian beam waves

The Gaussian optical beam have a characteristic radial intensity profile that expands
laterally during their propagation. Gaussian beams are one of solutions to the electromagnetic
wave equation under paraxial condition, as we used previously to describe the atmospheric

effects.
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The free space propagation of a single mode laser beam can be modeled as the lowest

order Gaussian beam wave noted TE Mqo.

Assuming that the optical source is located at z = 0 and the wave is propagating in the

vacuum along z”, the field distribution of this fundamental mode is given by [69]

w

0
w(z)

Ey(r,z) = e—(ﬁ;z)e—(%)e(ikz—itan_l(%)) (2-26)

For a beam propagating in a vacuum, its minimum size wo defines the beam waist. The
wave surface is flat at the beam waist (infinite radius of curvature). L & zo denote the plane in
which the waist is located. The evolution of the beam size w, = L as a function of the waist

distance, z - zo and of the beam waist wo is governed by the equation:

w(z) = \/wg (1 + (Z;:O)Z) (2-27)

w V4

2
Where Zp = TO represents the Rayleigh distance. The term tan™? (Z ) describes the

R

phase shift for a z distance propagation (beam divergence) corresponding to the angle between

the asymptotes and the propagation axis. For an optical wave, the divergence is typically small

and the half angle divergence can be written as, 8, = ﬁ For large propagation distances (z
0

> Zr) we have the approximation: w (z) = 0pz.

The evolution of the radius of curvature R (z) as a function of the propagation distance

can be written:

R(z) = (z — z,) (1 (2 )2> (2-28)

Z—Zo

Figure 2-7 an example of Gaussian beam, the evolution of the diameter at 1 / e in
amplitude as a function of the propagation distance. The form of the fundamental Gaussian

beam is uniquely determined once the minimum spot size and its location are specified.
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Figure 2-7: Propagation of a converging Gaussian beam (radius of curvature> 0 at the
origin) in free space without turbulence.

2.5.2 Impact of Scintillation on propagation

The classical models used for describing the propagation of optical radiation are plane
and spherical waves. The most important part of the scientific literature devoted to optical

propagation in atmospheric turbulence has been focused on the scintillation phenomenon [71].

2.5.2.1 Beam wander and beam spreading

As we introduced previously, the optical beam suffers from atmospheric turbulences
acting on the refractive index along the propagation path. These index variations have a
significant impact on the detected irradiance. We focused on effects observed on a ground to
satellite path (uplink) where most of atmospheric effects are located on first kilometers of
propagation. In addition, the effects on the beam depends also on the turbulent size eddies and
the optical beam properties such as the beam radius and beam divergence [72].

The main effects is the beam wander that it consists on the beam deviation from the
original direction. It results from turbulent eddies that the size is larger than the beam radius.
The optical beam is then refracted causing an important irradiance variations arriving to the
satellite and the loss of ground to satellite communication link. This phenomena is most

important for the long distance communication (ground-to-GEQ) because the beam deviation
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radius becomes important unlike to short distance. The Figure 2-8 illustrates the beam wander
effect [71].

Figure 2-8: The beam wander effect

Another effect exists during these atmospheric propagation and it is called beam
spreading that corresponds to an energy spreading. It consists on the widening of the beam size
that is larger than atmospheric diffraction. In addition, the beam spreading appears when
turbulent eddies are smaller than the beam size and it doesn’t have any effect on the beam‘s
direction. Fante [7] introduces three variables to describe irradiance fluctuations arriving to the
satellite. The first one is the short-term beam radius noted rs corresponding to the radius of the
beam spot observed with a very short exposure and caused by small eddies. The beam is then
deflected by a distance of rc that is a measure of the beam displacement at satellite altitude due
to the beam wander effects (large eddies). The last variable is a long-term beam radius rL
corresponding to the beam radius with an exposure much large than time intervals between two
deflections of the beam. The Figure 2-26 shows a comparison of these parameters in front the

satellite. These three parameters can be linked by:

(p) = (p) + (p2) (2-29)
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Analytical expressions have been given for the mean square of these variables. For pZ, it

can be expressed by terms corresponding to the beam propagation through the vacuum and both

of beam wander and beam spreading [71],[72].

(p?) = (#)2 +w? +8.8 (%)2 (2-30)

The beam wander is given by:

(p2) = 122 (2-31)
kZr3w?
Finally, the short-term beam spread is given by subtracting (rc2) from (rL2).
o 2y a2y [ ZA N 2 zA\* 18277 i
(02 = (p}) = (p?) = (2-) +w} +88(Z) p N (2-32)

Depending on the size of waist at the emission, the atmospheric effects differ and three

different regime can be shown in figure 2-9.

Long-term Short-term
Beam radius Beam radius

Figure 2-9: lllustration of the impact of atmospheric turbulence on laser propagation in the
detection plane. Each footprint corresponds to an independent realization of turbulence.
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The expressions for beam wander and beam spreading are obtained without
approximating small disturbances. In addition, when the radius of curvature becomes small, we

are then brought back to the case of the spherical wave.

2.5.2.2 Fluctuations of intensity and power in the bucket

1 Fluctuations of intensity

The effects we have presented are average effects of turbulence on the Gaussian beams.
The scintillation will also modify the intensity collected after propagation. Due to the spatially
limited Gaussian profile of the beams [73], we cannot assume spatial stationary. The average
intensity changes radially as a function of the distance from the optical center. Similarly, the
normalized variance of the log-amplitude will also change in the field. We note the variance of
the log-amplitude:

2 _ Var[x(p)] )
o (p) = (x(p))? (2-33)

The variance a% (p) generally grows with the distance p. This equation does not have a
simple analytical solution, but can be evaluated by numerical simulation [74]. However, at low
perturbations, Velluet [75] offer a simplified model for estimating these fluctuations. The
fluctuations of y can be explained by a combination of the effects of the beam wander and the
small fluctuations (scintillation) of the log amplitude of the laser beam. When considering a
Gaussian beam, y is in the absence of disturbance yo = —p%w, where p is the distance to the axis
and w the radius of the beam. The variance of y induced by the displacement of the Gaussian

beam (beam wander) can be written:

02w (p) = 42-(0?) (2-34)

An estimate of the variance in weak perturbations (equation 2.34), noted o (p), can be
obtained by adding the term induced by the beam wander and the over-axis variance. The on-

axis variance af (0) can be estimated by the Rytov variance for the case of a spherical wave.

02(p) = 62(0) + 0% (p) (2-35)

In strong disturbances, equation 2-35 is no longer valid. Indeed, the beam is strongly

burst, increasing the fluctuations close to the axis.
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2 Power-in-the-Bucket:

The first criterion for the performance of an optical link is the ratio of the quantity of flux
received IR by the receiving telescope to the quantity of flux emitted IE by the transmitting

telescope. This criterion is called in the Power-in-the-Bucket literature (PIB):

_IrR@® _ [IYrEIOIPPRGDATI )
PIB(D) = g [Ye@PPe@adr (2-36)
Where Pe and Pr are the transmitting and receiving pupils respectively. In practice, I can
be considered constant. Ir, and therefore PIB, are always a function of time (evolution of
turbulence), or of the printing of phase screens considered in the context of a digital simulation
(see 3.4)[38].

3 Bit-Error-Rate

In the telecommunications sector, the most widely used criterion for characterizing the
quality of data transmission is called Bit-Error-Rate (BER). It represents the ratio of the number

of errors (lost or erroneous bits) to the number of bits actually sent:

(BER) — Number of errors (2_37)

Number of bits sent

For links with a bandwidth of the order of GHz, the average BER tolerated is begin of the
order 10°°. In the case of modulation of the OOK signal, and of Gaussian detection noise, the

average error rate is written [76]:

(BER) == [ " erfc (2%71)) Pir(I)dlR (2-38)

Where Py is the probability density of I, and opis the standard deviation of the detection
noise. We define the average Signal to Noise Ratio (SNR):

(SNR) = (2-39)

2.6 Conclusion

In this chapter, we presented a little profile about the optical communication and different
characteristics of optical links for satellite communications, we defined the atmospheric
turbulence, and then we illustrate different mathematical descriptions of irradiance fluctuations
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resulting from the atmospheric turbulence. We provided an analytical study for atmospheric
propagation model based on Low Order Turbulence (LOT) is studied and described, by the
Rytov approximation leads to simplify the model characterization of the optical field
propagation and simplifying its properties and deformations. However, it is important to
understand that this analytic characterization includes many approximations that can be more
difficult to take into account in practice and in strong condition of atmospheric turbulence. That
description will be used for simulation communication link and will be developed in the next

chapter.
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CHAPTER III:
Adaptive Optics for Laser Satellite-To-Ground
Communications
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3 Adaptive Optics for Laser Satellite-To-Ground

Communication
3.1 Introduction

This chapter gives an overview of adaptive optics (AO) in the context of laser satellite-to
ground link (SGL) communications. Adaptive optics was proposed by Babcock [47] in 1953
and independently by Linnik [73] in 1957, for improving astronomical images. Because of the
prohibitive research and implementation costs, it was not possible at that time to build such a
system. One of the first adaptive optics systems dates from 1977 [77]. It was not until 1989 for
astronomical applications with the COMEON project [78]. Today, adaptive optics systems
equip the majority of the world's major telescopes (VLT, Keck, Gemini, ...). Many other
applications for adaptive optics are emerging, such as retina imaging or free space
telecommunications. The first section introduces the typical components of an AO system and
presents general concepts widely used in adaptive optics like Zernike polynomials and Strehl
ratio. In the second section discusses the general requirements on an AO system based on the
atmospheric characteristics presented in Chapter 3. The third introduces the concept of phase
singularities, which also appear in the SGL scenarios at low elevation angles and which can
severely disturb wavefront sensing and the correction of the wavefront. The forth section
discusses multi kinds of simulations tools and how to improve the performance of various
wavefront sensor types. And finally the conclusion of this chapter. A detailed discussion of the
simulation tool, a specific algorithm and their application in SGL communications will be given
in Chapter 4.

3.2 Adaptive Optics Systems

The adaptive optics (AO) system is a servo system which modifies in real time the emitted
wave front in order to pre-compensate or post-compensate the wave front deformation due to
atmospheric turbulence. In addition, due to the Earth’s rotation during the beam’s propagation,
the point-ahead angle (PAA) between the downlink and the uplink has to be considered and
make the turbulences effects slightly different for the two paths [79],[80],[81],[82].

The predominant development of AO has been for the use in astronomical applications at
ground based observatories, therefore many of the components that are conventionally used in

AO systems have a strong focus on low light levels [50],[38], incoherent light sources, only
54



Adaptive Optics for Laser Satellite-To-Ground Communications

moderate phase distortions and weak intensity fluctuations. The requirements for AO systems
in the field of optical communications however differ from the requirements in astronomy. AO
systems seem to be most suitable for the deployment on the ground (less on flight platforms),
considering the complexity of these systems and taking into account, that most of the

atmospheric phase distortions are generated close to the ground[83].

The basic principle of an AO system in a laser communication application is shown
schematically in Figure 3-1 [78]. An incoming wavefront from a laser source that is corrugated
after propagation through the atmosphere is collected at the receiver and reflected from a
deformable mirror. The mirror is shaped to flatten the wavefront aberration using feedback from
a wavefront sensor to give a corrected point-spread function at a detector, ideally close to that
of a diffraction limited system. Usually such systems contain an additional element to correct
angle-of-arrival errors, i.e. the Zernike modes 2 and 3, to relieve the deformable mirror, which
is typically limited in its maximum stroke, from these modes. Here the element appears as a

shiftable lens but is often a mirror on Piezo actuators.
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Figure 3-1: principle of an AO system in a laser communication application

The benefits of AO systems for the use in satellite-to ground communication scenario,
this scenario is characterized by very strong scintillation and wavefront distortions, which

increasingly become worse the lower the elevation angles are. Additionally, the fast transversal
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movement of the communication beam through the atmosphere due to the satellite motion

causes very fast fluctuations of the intensity and the phase [84].

As a result, these effects have to be taken into account for the AO system to ensure the

right compensation for each case (uplink or downlink).

3.2.1 Principal components of adaptive optics

Adaptive Optics (AO) is a servo system whose objective is the real-time correction of
wavefront distortions. The distortions are measured using a wavefront analyzer.The main
components of an AO system are the correcting element to straighten the distorted wavefront,
the wavefront sensor used to measure the residual wavefront error and the control computer,
which is used to update the wavefront corrector with feedback from the wavefront sensor signal

in real time.Two deformable mirrors with their actuator layout are depicted in Figure 3.2.

OKO37 BMC140

R M e

Figure 3-2: Actuator layout of two deformable mirrors (left: BMC140 from Boston
Micro machines, 140 actuators, segmented/continuous; right: OKO37 from Flexible Optical,

37actuators, continuous) with the typical optical pupil superimposed (from [85]).

The wavefront corrector in most AO systems is typically a deformable mirror (DM),
where a reflecting surface or membrane is moved by a number of actuators. A DM can be
characterized by the surface type (continuous or segmented), the actuation type (piezoelectric,
electrostatic, and magnetic), the stroke (i.e. the maximum surface deformation and the
maximum inter-actuator stroke), the number and arrangement of the actuators and the response
time of the mirror. A comparison of a selection of commercially available mirrors in terms of

spatial correction can be found in [85],[86].The principal of AO is shown in Figure 3-3.
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Figure 3-3: principle of an AO system in a laser communication application [38].

3.2.2 The wavefront analysis

There are some specific differences of LEO satellite-to-ground links, which distinguish

the use of the wavefront sensor from that in astronomical applications. Atmospheric conditions

are much more severe in SGL scenarios [87]:

>

Very strong phase distortions due to the long path through the atmosphere at low
elevation angles.

Very strong intensity fluctuations due to the long path through the atmosphere at
low elevation angles.

Phase singularities, which impair the performance of wavefront sensors and might
prohibit the use of continuous deformable mirrors.

Challenging temporal requirements due to the fast motion of the beam through the
atmosphere.

Preferably deployment of the ground stations at non-astronomical sites at low
altitudes and therefore at worse atmospheric turbulence conditions.
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» Comparatively high received power levels, as the communication system at
several Gbps requires a sufficient link budget.

» The communication laser is always a point source.

> Relatively small telescope apertures (<=1m) for near Earth scenarios will be used
for communication, compared to several meters in Astronomy.

» The AO correction will be for a very small field-of-view, as a point source is
observed. In the consequence no multi-conjugate system will be required even for
strong turbulence.

It is not currently possible to measure the phase of the wavefront directly at optical
wavelengths as is the case in the radio domain. This is because there is no optical detector
capable of responding to temporal frequencies. Classically, one is free from of this problem by
carrying out indirect measures, i.e. by analysing the impact of phase disturbances on the
intensity distribution. Rousset [88], gave a very complete description of adaptive optics
analyzers. We recall here only the properties of the Shack-Harmann analyzer. Indeed, it is on
the one hand the most widely used analyzer for adaptive optics, and on the other hand, its

limitations are representative of those of the of most pupil plane scanners.

3.2.2.1 Shack-Hartmann analyzer

The Shack-Hartmann analyzer (SH) type wave surface analyzer (WSA) is a pupil plane
analyzer (figure 3-4), considered the most commonly used (WSA) in adaptive optics [89]. Itis
also the one used to carry out the work presented in this thesis.
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Figure 3-4: The Shack-Hartmann analyzer wave surface analyzer
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a) Measurement

A micro-lens array samples the incident wavefront in the pupil plane. A measurement of
the position of the image spot formed at the focus of each of the microlenses gives access to the
local slope of the wavefront in the pupil plane of each microlens. The position measurement is
most often performed by the center of gravity (COG), but other position estimators can also be
used, such as correlation [89]. The slope measured by the COG in each sub-pupil k is for the x
and y direction respectively:

a2

k -
B = T rarinor G-
o _ War™ e -
Yo [P (3-2)

Where the double integration is carried out on the surface of the sub-pupil k considered,
ok the phase and | w« | the amplitude of the complex field. When the intensity is constant in each
sub-pupil, the slope measurement is then an average on the surface of the sub-pupil. In the
following, it is preferable to express the mean slope in radians of phase difference at the edge

of the sub-pupil, such as:

2nd

Py = Fm Cx (3'3)
2nd
Py = i X Cy (3-4)

Where d is the size of the sub-pupil.

The information collected on each of the sub-pupils is used to trace the shape of the
wavefront. The position of the image can be measured in different ways. A center of gravity
(COG) measurement is often performed, after having possibly threshold and/or windowed the
image task. More complex algorithms exist, such as the weighted COG [90], using a weighting
function for each pixel. There are also correlation methods [91], which correlate the image with
a reference image and which are implemented within the framework of extended object wave

surface analysis [92].

The SH can also provide a measure of the flux in the sub-pupil, by summing the Pixel

intensities in the thumbnails formed on the detector. Thus, by measuring the intensity i, ,, in the
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sub-pupil identified by its coordinates (u, v) in the HS, and estimating its value average over

time (i, ,,), it is possible to define a scintillation index &iuv such as :

6iu,v — T,y —(iup) (3_5)

()
b) Propagation of detection noise

Detection noises (photon and detector noise), present in the Shack-Hartmann thumbnails,
propagate over the measurements provided by the HS. For slope measurements with a COG

algorithm, the noise variances are given by [88] :

2 2
2 _n° 1 Nt
O'photon - ?Nph (E) (3-6)
2,2 2
o2 _ ™1 (o) (Mpix (3-7)
detector 3 Npp \Nph Np

Where Ny is the Full Width at Half Maximum (FWHM) of the source image, N, is the

FWHM at the diffraction limit, g,- is the variance of the detector noise and n};, is the number

of pixels on the side of a square window, defining the COG computing area. Npn is the number

of photons contained in the window. In equation (3-6), 610, does not depend on the size of

the GDC computation window, as the formula assumes a Gaussian-shaped task. For a task of

cardinal sine shape, we can show that when npix > 2Np [93]:
2 ~ 2 (Ipix -
aphoton - Npn ( Np ) (3 8)
The intensity in the sub-pupil is the sum of the intensities on each pixel:
= Zpixels ipixel (3'9)
The noise variance is the sum of the variances of 6;5,,,.,,, Photon noise and detector noise.

The photon noise is fishy in nature, therefore 65,540, =(i). S0 We have:
Uiz = (i) + Zpixels O-ez_ = (i) + nzzjixo—ez_ (3-10)

The noise on the scintillation is then:

2 2
2 of _ 1 2 O

Sinoise = ﬁ - (i) pixﬁ

(3-11)
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Where the term:

2 1

o5 =
61ph0t Nph

Represents the contribution of photon noise, and the term:

2
2 O

2 _
O8iger — Mpix N2,

Represents the contribution of detector noise, noting (i) = Npn.

3.2.3 Modal analysis of the turbulent phase

3.2.3.1 The Zernike polynomials

(3-12)

(3-13)

Zernike polynomials are used to represent a wavefront over a circular aperture. These

polynomials are expressed according to their radial orders n and their azimuthal frequencies m:

Z™™(r) = Ry'(r)63'(0)

With
T Cor 0 0 E R Y
O = Do pmm gy
And
vn+1 ifm=20
O™ (6) =< +/2(n+ 1)cos(m0) if m# 0and i even
\/Z(n + 1)sin(m8) if m#0andiodd

They are arranged according to the index i = n + m.

(3-14)

(3-15)

(3-16)

Originally the polynomials were used to describe aberrations of optical systems.

Therefore the lower order polynomials give aberrations like tilt (i=2,3), defocus (i=4),

astigmatism (i=5,6), and coma (i=7,8). Piston (i=1) is usually neglected for AO systems, as it

does not influence the wavefront correction. The expressions of RZ*(r) and ©I*(6) are given

by Noll, Figure 3-5 shows the first 21 Zernike polynomials, the following formulas and the

numbering for the polynomials are based on Noll’s work [94].
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Figure 3-5: The first 21 Zernike polynomials ordered by increasing vertically by radial
degree and horizontally by azimuthal degree [95].

3.2.3.2 Statistical properties of the phase and Zernike polynomials

To model the perturbed wavefront, the Zernike polynomials is complete and the perturbed

phase can be decomposed using the Zernike polynomials:
p(r) = Y21 ;i Zi(r) (3-17)

Where a; are coefficients corresponding to the orthonormal basis formed by Z: (r, 8) and

given by:

a; == [T p(Z,(rdr’ (3-18)

Tz

Where X is the surface unit. These coefficients describe a total statistical characterization
of the turbulent phase thanks to Zernike polynomials. Therefore, Noll’s [94] provides the results
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of the variances for the coefficients of each Zernike polynomials that is equal to the sum of the

variances of every polynomial coefficient:

0f =1 [H{p()dr' = $24(a?) (3-19)

Finally, an expression for the variance of the turbulent phase, over a circular pupil
diameter D, without the variance of the piston term (the coefficient ak is associated only to the
kth) is given by:

5

21(af) = 1.03 (2) (3-20)

An empirical law gives the residual variance after perfect correction of the first j Zernike

polynomials [94]:

wlu

3
2 _ — (2 -
02, = 02944/ (2) (3-21)

0

3.3 Optimization of adaptive optics system with a free wavefront

Sensor

The FWEFS is technically more simple and do not rely on the use of complex WFS.
Instead, they are based on the direct optimization of a system performance metric, like power
in the bucket, coupled power, image sharpening, among others. Sensor-less systems perform
the wave-front optimization with several iterations that require continuous sensing of the metric
as feedback, it can be classified into stochastic, and sequential imagebased methods [96]. The
stochastic approach is generally based on blind algorithms that start the optimization with a
random set of variables, applying an iterative approximation of the best solution. An appropriate
optimization control algorithm is the key to correcting distorted wavefronts successfully. The
control algorithm must meet the following requirements: rapid convergence so that the AO
system can keep up with changes of distorted wavefronts, high correction capability for
wavefront aberrations, and be easy to implement. Some stochastic parallel algorithms, such as
Stochastic Parallel Gradient Descent (SPGD) [9],[97], Genetic Algorithm (GA) [10], Simulated
Annealing (SA) [8] and Algorithm Of Pattern Extraction (Alopex) [8] are often used as the
control algorithms of AO system.
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3.3.1 Sensor-less stochastic technique

The objective of a sensor-less iterative compensation system in FSOC, is to enhance the
BER by increasing the mean coupled signal and reducing its variance. A sensor-less AO system
has most of the required characteristics for free space optic communication (FSOC). Regarding
turbulence compensation, it shows robustness facing phase singularities [87], [98], high power

efficiency, and good tolerance to scintillation [87].

The stochastic approach therefore seems appropriate for propagation through turbulence
when using as an objective function the optimization of the integrated intensity on the pupil. In
addition, the proposed descent algorithm is parallel, i.e. each element of the vector subspace is
optimized simultaneously. This increases the speed of convergence by the same amount
compared to the previously studied cases where the optimization was sequential. Regarding
technical aspects, these systems have a straight forward implementation and they are very
simple to calibrate, making accessible the integration on existing systems. Its mechanical
simplicity also implies robustness when it comes to portable optical ground stations. A

significant plus comes with the cost reduction in the AO system, due to the absence of WFS.

3.3.2 Different stochastic parallel optimization algorithms

The first Adaptive optics metrics optimization methods were implemented in the
Adaptive optics systems in the 1970s. Despite the simplicity of implementation (it does away
with the complex optical element of the wave surface analyzer), practical implementation
remains difficult. To correct the phase disturbances of atmospheric turbulence, phase
disturbances of atmospheric turbulence can be corrected by using fast optimization techniques,
e.g. GA type.in this these, we applied genetic algorithm has been successfully implemented on

free space communications systems.

In this paragraph, we will briefly discuss the various types of several algorithms that
correct the wavefront, and we will deal extensively with the algorithm used as a solution in this

thesis.

3.3.2.1 The stochastic parallel gradient descent (SPGD) algorithm

The stochastic parallel gradient descent (SPGD) algorithm is a One of the most tested
blind algorithms with potential uses in FSOC wavefront aberration correction algorithm
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[9].[97], which can directly optimize the performance metric of the system and can be applied
to the channel of medium or strong turbulence. But due to slow convergence the algorithm can
not fully meet the wavefront correction real-time requirements of satellite-to-ground laser
communication links. The control voltage gradient by using the variation of performance metric
of the system AJ and the variation of the control voltages dui, searches and iterates in the
gradient direction, in order to make the performance metric optimal. The perturbation producer
generates random perturbation voltage vectors su* = (§uf, suf, ..., Suk,), independents and
obeys the Bernoulli distribution, then calculate u* by the formula u® = u* + y. su®. [J¥ — J¥].

Iterate like this until the performance metric meet the requirements.

3.3.2.2 Simulated Annealing (SA)

SA is based on the physical annealing process by which a solid is heated to a temperature
close to its melting point, it can be used to approximate the global minimum for a function with
many variables. Which it is allowed to cool slowly so as to relieve internal stresses and non-
uniformities [99]. SA consists of three functional relationships per iteration: probability density
of state-space of n actuators control para-meters to create perturbation vectorAu® = {Au,;}®,
acceptance probability p® = exp(A/®/T™®) to adjudge whether the new solution is
accepted, which is also called as the Metropolis criterion [100], and schedule of ‘‘annealing’’
in annealing-time steps 7). We assumed that probability density of state-space has Gaussian
distribution and T® = 1 « T®*-1 \where | is the cooling rate. The control signals are updated
with the rule u®+D = 4 ® + §Au™® where § is the adjustment coefficient, also called the step

size.

3.3.2.3 Algorithm Of Pattern Extraction (Alopex)

Alopex is a stochastic correlative learning algorithm, has an inherent susceptibility to
getting "stuck™ in local minima or maxima of the response function. ALOPEX uses a cross-
correlation of differences and a stochastic process to overcome this in an attempt to reach the
absolute minimum (or maximum) of the response function. Which updates the control
parameters by making use of correlation between the variations in control parameters and the
variations in performance metric. Applied the Alopex in AO which will be control signals are

in the following: u®* = 4 ® 4 nAu®  where Au® has two probability 1 and -1 [8].
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3.3.2.4 Genetic Algorithm (GA)

Genetic algorithms use Darwin's theory of the evolution of species. It is based on three
principles: the principle of variation, the principle of adaptation and the principle of heredity
[101],[102].

» Variation: Each individual within a population is unique. These differences, more
or less important, will be decisive in the selection process.

» Adaptation: The individuals most suited to their environment more easily reach
adulthood. Those with better survivability will therefore be able to reproduce
more.

» Heredity: The characteristics of individuals must be hereditary in order to be able
to be transmitted to their descendants. This mechanism will allow the species to
evolve to share the characteristics advantageous to its survival.

a) The Principle
This paradigm, associated with the terminology of genetics, allows us to exploit genetic

algorithms: We find the notions of Population, Individual, Chromosome and Gene [102].

The population is the whole of the The population

possible solutions.

The individual

The individual represents a solution. The Chromosome
The Chromosome is part of the solution. The Gene

The Gene is a characteristic, a peculiarity.

Figure 3-6: The notions of genetic algorithm

b) Evolution operators
> Selection: Selection of the most suitable individuals.

» Crossbreeding: Mixing by reproduction of the characteristics of the selected
individuals.

Mutation: Random alteration of an individual's characteristics.

» Crossbreeding: This is the result obtained when two chromosomes share their
characteristics.
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It allows the genetic mixing of the population and the application of the heredity principle
of Darwin's theory [102].

There are two methods of crossing: single or double crossing [101].

» The single spanning consists in merging the particularities of two individuals from
a pivot, in order to obtain one or two children:

10000210
11011010

110:00110
10G:11010

-

> Double spanning is based on the same principle, except that there are two pivots:

110 10000010

11000
010 = 1101 1110

10011

A mutation is then carried out on the children obtained during the crossing.

» Mutation: The mutation consists in altering a gene in a chromosome according
to a mutation factor. This factor is the probability that a mutation will be made on
an individual. This operator is the application of the principle of variation of
Darwin's theory and allows, by the same occasion, to avoid a premature
convergence of the algorithm towards a local extremes.

Here is an example of a mutation on an individual with only one chromosome:

11000110

10000110

With these three evolutionary operators, we can apply genetic algorithms.
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c) Algorithm
The basic principles being explained, here is how genetic algorithms work [101],[103]:

O

—>

NO

Figure 3-7: Principal of genetic algorithm work
Some explanations:

» Genesis is the stage of creating a random population. It is the starting point of our
algorithm.

» Evaluation is the analysis of individuals to analyze if a solution is available. For
this, we use a cost function, or error function, to define the adaptation score of the
individuals during the selection process.

» We perform a loop as long as the evaluation considers that the solution is not
optimal.

The proposed Genetic Algorithm and Modeling the problem and will be explained in the
chapter 4.

3.4 Simulation tools for OA

There are many simulation tools implemented in Matlab, such as OKOTECH, SCILAB,
PILAB, and OOMAO. We will review with detail in this thesis only the simulation tool
OOMAO which used in this study [8],[10],[104].
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3.4.1 OKOTECH

Flexible Optical B.V. (OKO Tech) is a small Dutch company operating in the field of
application-oriented research and development of laser and high resolution optical imaging
adaptation. Since its foundation in 1997, OKO has offered high quality deformable mirrors with
an extremely smooth surface with HR metal and dielectric coatings suitable for the most

demanding applications in imaging and laser [105].

OKO presents DLLs to facilitate the realistic simulation of optical systems including
deformable mirrors produced by OKO. There are two separate libraries for two classes of
mirrors: one for micromachined deformable mirrors (MMDM) and the other for piezoactive
deformable mirrors (PDM).

3.4.2 SCILAB

There is a large number of software that can perform adaptive optics simulation. Most of
them, such as WaveTrain and CAOS, are commercial or proprietary products, and their internal
mechanism is not known to other researchers (Although CAOS is open source software, but it
is implemented in the IDL, who is the owner). Some other simulation software (LightPipes,
Arroyo, etc.) are open source, while these codes are almost all written in FORTRAN, or C

/C++, and they do not have good interfaces for other users [106].

SciAO is an open source, multiplatform and user-friendly toolbox based on the Scilab /
Scicos environment for modeling and simulation of wave optics [107], in particular the adaptive
optics system. Although this toolkit is primarily designed to meet the requirements of AO
simulations, we also consider moderately the needs of some other optical simulation systems
(for example, simulation of Wave optics and imaging devices) and design modules software for
them, which also makes it possible to simulate other optical problems beyond the AO field.

3.4.3 Object Oriented Matlab for Adaptive Optics (OOMAO):

OOMADO is a Matlab toolbox for the modeling and simulations of Adaptive Optics
systems through using an object (oriented approach where there is a class for each AO
component). Then Benefit of that to linking these components to each other to form the system
optical path [108].
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OOMADO is based on a small set of classes representing the source, atmosphere, telescope,
wavefront sensor, Deformable Mirror (DM) and an imager of an AO system [109].

The aim of these systems is to increase the corrected field of view with respect to
conventional adaptive optics .where the OOMAOQO optimizes the use of the computer resources

by relying of special matrices like Sparse and Toeplitz matrices. The OOMAO consists of the

main classes used during a simulation as shown in Fig [110]:
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Figure 3-8: The main classes of OOMAO during a simulation

After that, we introduce the main steps in the construction and deployment of an AO

system are as shown below:

3.4.3.1 The source

The source is an important metric in the OOMAO [108]. The importance of this metric
lies in the fact that it plays a role in connecting between other classes. A source object carries a
wavefront, both amplitude and phase, through different objects representing the atmosphere,
the telescope, the wavefront sensor, ...ect, both natural guide star and Laser guide star Adaptive
Optics can be simulated. For a NGS, the source height is infinite. For a LGS, the source height

is finite and can be set to a vector of heights depending on the thickness of the source. A simple
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on {axis natural guide star object is created by calling the source constructor without

parameters:

ngs = source,

For created an object from an OOMAO class in the first time The user is allowed to use
the library of the OOMAO as well a summary of the object main parameters is also displayed.
In this example, zenith and azimuth angle are both set to zero, the star height is infinite, the
wavelength is 550nm and the magnitude is set to zero. Where a source object can be defined
As follows [109],[110]:

| >> src = source(’zenith’,30*constants.arcsec2radian,... I
I "wavelength’,photometry.H,... :
: ‘magnitude’,12); I
I @(source)> Created! 1
| —_SOURCE___ |
I Obj zen[arcsec] azim[deg] height[m] lambda[micron] magnitude |
I 1 30.00 0.00 Inf 1.654 12.00 :
|

o

3.4.3.2 The Atmosphere

The atmosphere considered an important measure for OOMAO tools, after defined the
source we will need to create the atmosphere, which the wave propagating in. we defined the
all parameters including the turbulence profile by creating a single ground layer atmosphere

with a, 15cm Fried parameter in the visible regime is created with [108],[111]:

<<atm = atmosphere(photometry.V,15e-2); |
@ (atmosphere)> Created!
___ ATMOSPHERE
Kolmogorov-Tatarski atmospheric turbulence:
. Wavelength = 0.55micron,
. r0 =15.00cm,

. Seeing = 0.74arcsec,

Layer Altitude[m] frO wind([m/s] [deg]) D[m] res[px]
1 0.00 1.00 ()

h-------------------------------

An outer scale of turbulence can be added to the constructor call:
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<< atm = atmosphere(photometry.V,15e-2,30); i
@ (atmosphere)> Created!

__ ATMOSPHERE_

Von Karman atmospheric turbulence

.Wavelength = 0.55micron,
. 10 =15.00cm,

. LO =30.00m,

. seeing = 0.74arcsec,

Layer Altitude[m] frO wind([m/s] [deg]) D[m] res[px]
1 0.00 1.00 ()

@ (atmosphere)> Terminated!

3.4.3.3 The Telescope

The importance of the telescope comes from the need of the atmosphere to be coupled
with a telescope object. The telescope aim can be identified in two roles, first, define the
telescope parameters .Second, define the phase screens in the turbulence layers set by an

atmosphere object. For this, we create a telescope of diameter D (8cm) with [108]:

| B B
| << tel = telescope;(8)

: @ (telescope)> Created!
|

__ TELESCOPE__
8.00cm diameter full aperture with 50.27m"2 of light collecting area;

A 14% central obscuration can be added with:

<<tel = telescope(8,’ obstructionRatio’,0.14);

@ (telescope)> Created!

__ TELESCOPE___

8.00cm diameter with a 14.00% central obstruction with 49.28m"2 of
light collecting area;

@ (telescope) > Terminated!

This 8m diameter telescope has a two-arc minute field —of —view. The telescope pupil is
sampled with 64 x 64 pixels and the motion of the phase screen in the telescope pupil is sampled

at 500Hz. A 3 layers atmosphere is created.
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<< atm = atmosphere(photometry.V,15e-2,30...,
"altitude’,[0, 5,12]*1e3...,
"fractionnalRO...,[0.5,0.3,0.2],
’windSpeed...,[10,5,15],’
"windDirection’,[0,pi/3,pi];(

@ (atmosphere)> Created!

__ ATMOSPHERE___

Von Karman atmospheric turbulence
. Wavelength = 0.55micron,

. 10 =15.00cm,

. L0 =30.00m,

. Seeing = 0.74arcsec,

. theta0 (37%) = 3.22arcsec,

. tau0 (37%) = 8.33millisec

Layer Altitude[m] frO  wind ([m/s] [deg]) D[m] res [px]
1 0.00 0.50 (0.00 10.00)

2 5000.00 0.30 (5.0060.00)

3 12000.00 0.20  (15.00 180.00)

@ (atmosphere)> Terminated!

.

And combined with the telescope object:

tel = tel + atm;

The phase screens size D at height h size for a field of view « is given by

d(h) =D(0) + 2htan(a = 2) + atm ;

(3-22)
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For display, the phase screens the Matlab R function imagesc can be called with the
telescope object as argument as in the Figure 3-9 [109],[111]:

>> figure
>> imagesc(tel)

12.0km: 20.0%
14.98m - 119px
5.0km: 30.0%

0.0km: 50.0% 10.91m _87px

8.00m - 64px
s -
-15 -10 -5 0 5 10 15 20

Figure 3-9: The telescope object of OOMAO in matlab

3.4.3.4 The Deformable Mirror

A numerical deformable mirror is made of a set of influence functions or modes. In

OOMAO, a mode shape is derived from two cubic B“ezier curves As follows:
B1(t) = (1 —t3)Py + (1 — t)2tp, + 3(1 — t)t, P, + t3P5 ;t,[0; 1] (3-23)

B2(t) = (1 —t3)P; + (1 — t)2tpy + 3(1 — t)t,Ps + t3Pg ; t,[0; 1] (3-24)

Where: Px = (X, zk) are point in the x — z plane. As t varies from 0 to 1, B1(t) will go
from Po to P3 and B2(t) will go from P3 to Pe. Po will correspond to the highest point of the
mode and is set to the coordinates (xo = 0, zo = 1). The derivative of the mode at Po must be
zero, this is ensure by setting z: = 0. The mode is forced to zero at P6 by setting ze = 0. Xs is Set
to 2. The derivative of the mode in Ps is forced to zero by setting zs = 0. To ensure a smooth
junction between both B ezier curves, the following condition is imposed = P3P, = —aP3Pa4
leading to P4 = —P2/a + (1 + 1/0) P3[110].

From the conditions stated above, a deformable mirror mode is set with the following
parameters: x1, (x2, z2), (x3,z3), a and x5. The 1-D half plane mode is obtained by concatenated
both B“ezier curves
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B(t) = [B1(t), Bx(1)] (3-25)

Where: B(t) is a vector of x-z coordinates, B(t) = (Bx(t), Bz(t)). Bx(t) is normalized by
Bx(tc); Bx(tc) is the x coordinate where B,(t) = c, ¢ is the mechanical coupling of the deformable

mirror actuators.

The full 1-D mode M(t) is made by concatenating B(t) and its symmetric with respect to
the z axis, i.e [108].

Mx(t) = ([B—x(t); Bx(t)]; [B—Z(t); B, (t)]) (3'26)
The 2-D mode is the product of the 1-D modes in the x — z plane and in the y — z plane,

M(t) = M, ()M, (t) (3-28)

An influence function is created with two arguments passed to its constructor: the list of
parameters in a cell and the mechanical coupling value. Instead of the list of parameters, the
keywords *monotonic’ (0.2, [0.4; 0.7], [0.6; 0.4], 1, 1) and ’overshoot’ (0.2, [0.4, 0.7], [0.5,
0.4], 0.3, 1) can be used to call predefined parameter lists, as shown in the next examples

[108],[110]:

Bifa = influence Function { monotonic™, 0.75);
Figure_ show (bifa, "parent’ subplot (1, 2. 17)

Title ( Monotonic influence function™)

Bifb = influence Function ("overshoot™ 0.75);
Show (bifb, "parent’, subplot (1, 2, 27)

Title (" Overshooted influence function™)

The markers in the figures correspond to, from left to right, the points Pk from k = 0 to 6.
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Monototic influence function Overshooted influence function

Normalized stroke
Normalized stroke

0.2

H - 0.6 - H
o 2 a s o S 10

Normalized actuator pitch MNMormalized actuator pitch

Figure 3-10: The influence function in two cases monotonic and overshooted [104].

3.5 Conclusion

In this chapter, we concluded it is not currently possible to measure the phase of the
wavefront directly at optical wavelengths as is the case in the radio domain. This is because
there is no optical detector capable of responding to temporal frequencies. Rousset gave a very
complete description of adaptive optics analyzers. We recalled only the properties of the Shack-
Harmann analyzer. Indeed, it is on the one hand the most widely used analyzer for adaptive

optics, and on the other hand, its limitations are representative of the most pupil plane scanners.

We talked about some of the specific differences of the LEO satellite links, which
distinguish the use of a wavefront sensor from those in astronomical applications. We
concluded that atmospheric turbulence is more severe in SGL scenarios compared to

astronomical applications.

To address the effect of atmospheric disturbance on the signal, especially in the phase,
we use pre-compensation methods that mainly depend on metaheuristic algorithms. We
mentioned several types of these algorithms, and these algorithms are applied in simulation
tools in order to overcome the problem of phase distortion. We also concluded what is the

algorithm used and what simulation tool we will use.

In the next chapter, we will apply the genetic algorithm within the simulation tool

(OOMAO), and we will study and analyze the results.
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CHAPTER IV:
Correction wavefront sensor based on stochastic
technigue for satellite-to-ground laser communication
links
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4 Correction wavefront sensor based on stochastic
technique for satellite-to-ground laser communication

links
4.1 Introduction

The communication satellite systems with optical laser links have become priority in
communication fields for number of reasons. Compared to the radio communication which
needs more than 1Gbps [112],[113], the communication satellite systems with optical laser links
data rate is higher (more than 10 Gbps bit rate [41]), signal intensity (structure of fiber laser
[114],[115]) and lower equipment size [115]. It has made a significant contribution in reducing
the effects of atmospheric attenuation that is also determined by the geographic location
especially in the tropical and equatorial regions where the rain effect plays an important role in
the quality of communication [43],[45].as it leads to the instability in the intensity and the phase

of the received signals [8].

In laser satellite communications, the elements of the atmosphere (wind, rain, dust...)
can affect the quality of communication [115]. The problem occurs when the optical wave
propagates in free space and is subjected to serious disturbances (wave-front sensor) which

renders the system less effective and probably loses the information.

In adaptive optics (AQO), the most important element is the deformable mirror. Which
controlled by the approximation algorithms [8]. There are many algorithms that can correct
wave front sensor such as: the stochastic parallel gradient descent (SPGD), Simulated
Annealing (SA), and genetic algorithm (GA) [9],[10].This contribution provides a solution to
correct wave front sensor based on a genetic algorithm. On the other hand, we suggest another
solution called a hybrid solution, the provided solution consists of the combination of GA with
AO solution. The hybrid solution gives positive results in correcting the wave front aberration

in satellite laser communication.

This chapter is divided into four sections. A brief overview of the SHWF and the closed
loop used in OOMADO, section two we discuss and modeling the technique used in the
simulation . In section 3 improved our solution by suggest a new idea based on our results
mentioned previously called Hybrid Genetic (HG and AO), we explained the principle of this

method and we give a comparison between the solutions. Section 4 is dedicated to the
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conclusion of this simulation, solutions and future work discussion of the obtained results. The

last section is devoted to the overall results of our study and future works.

4.2 The SHWF and OOMAO closed-loop technique

In this section we talk about two techniques used in OOMAO, previously we explained
the Shack Hartmann wavefront but in OOMAO, we will discuss in detail how to program the
Shack Hartmann parameter and the initialization of the value of each parameter such as (lenslet,
camera pixel,...). Also defined the closed loop of OOMAO and applique it and explain the

figures.

4.2.1 The Shack Hartmann

To be complete an Adaptive Optics Systems needs a wavefront sensor. For this OOMPA
uses a Shack-Hartmann wavefront sensor [108],[110]. That allows the wavefront distortion to
be monitored by acquiring a single image, improving the bandwidth of the adaptive optics
feedback loop. A Shack Hartmann wavefront sensor consists of a lenslet array and a charge
coupled detector. The numerical model follows the physical model by embedding a lenslet array
(lenslet Array) class and a detector (detector) class in the shackHartmann class. The lenslet
Array class perform the numerical Fraunhoffer propagation of the wavefront to the detector.
The detector class implements a CCD camera detection process including Poisson and read-out
noise. The lenslet images are Nyquist sampled per default. A ShackHartmann object with a 9 x

9 lenslet array and a 54 x 54 resolution camera is created with [108],[111]:
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<< wfs = shackHartmann;(9,54)

@ (lenslet array)> Created!

Clock rate is: 1.00Hz

@ (detector)> Created!

@ (lensletArray)> Setting the lenslet field stop size!

@ (lensletArray)> Set phasor (shift the intensity of half a pixel

for even intensity sampling(

__ SHACK-HARTMANN_
Shack-Hartmann wavefront sensor:

. 81 lenslets total on the pupil

. 6 pixels per lenslet

. Spot algorithm: centroiding, no thresholding!

___LENSLET ARRAY

9x9-lenslet array:

. 2.0 pixels across the diffraction limited spot fwhm
. 6 pixels across the square lenslet field stop size

. Optical throughput coefficient: 1.0

__ DETECTOR

54x54 pixels camera

. Quantum efficiency: 1.0

. Photon noise disabled

. 0.0 photo-events rms read-out noise

. 1000.0 ms exposure time and 1.0Hz frame rate

@ (shack-hartmann)> Created!

4.2.2 OOMAO closed-loop

Closed-loop Adaptive Optics Systems is an item important in the operation of AO

systems. However, we can simulate AO systems in closed loop, open loop and in pseudo open

loop [108],[110]. Closed loop has the advantage of a less dynamic range requirement in the

sensor and of a good performance even in the presence of unmodeled nonlinearities or other

error sources, mainly in the corrective elements, in order to simulate AO systems in OOMAO

closed loop. The atmosphere is defined firstly; it is composed of three layers with a ro of 15cm

and 30m outer scale.
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r----------------------------
<< atm = atmosphere( photometry.V,0.15,30...,
"altitude’,[0,4,10]*1¢3...,
’fractionnalRO0...,[0.7,0.25,0.05],
’windSpeed...,[5,10,20],
windDirection’,[0,pi/4,pi] );

@ (atmosphere)> Created!

__ ATMOSPHERE

Von Karman atmospheric turbulence

. Wavelength = 0.55micron,

.10 =15.00cm,

. L0 =30.00m,

. Seeing = 0.74arcsec,

.theta0 (37%) = 7.01arcsec,

. tau0 (37%) = 11.01millisec

Layer Altitude[m] frO  wind ([m/s] [deg]) D[m] res [px]
1 0.00 0.70 (5.00 10.00)

2 4000.00 0.25  (10.00 45.00)

3 10000.00 0.05  (20.00 180.00)

The closed-loop system will use one natural guide star on axis

<< ngs = source(’wavelength’,photometry.R);

| @ (source)> Created!

= _ SOURCE

I Obj zen[arcsec] azim[deg] heightfm] lambda[micron] magnitude
1 0.00 0.00 Inf 0.640 0.00

| @ (source)> Terminated!

The wavefront sensing will be done at 700nm. The wavefront sensor will use a 92 lenslet
array with a 542 pixels camera. Lenslets will less than 75% of the light of a fully illuminated

lenslet with a flat wavefront are discarded [110].
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<< wfs = shackHartmann;(9,54,0.75)

@ (lenslet array)> Created!

Clock rate is: 1.00Hz

@ (detector)> Created!

@ (lensletArray)> Setting the lenslet field stop size!
@ (lensletArray)> Set phasor (shift the intensity of half a pixel
for even intensity sampling)

__ SHACK-HARTMANN

Shack-Hartmann wavefront sensor:

81 .lenslets total on the pupil

6 .pixels per lenslet

.spot algorithm: centroiding, no thresholding!

___LENSLET ARRAY
9x9 lenslet array:

. 2.0 pixels across the diffraction limited spot fwhm
. 6 pixels across the square lenslet field stop size

. optical throughput coefficient: 1.0

__ DETECTOR____
54x54 pixels camera

.quantum efficiency: 1.0
.photon noise disabled
. 0.0 photo-events rms read-out noise

. 1000.0 ms exposure time and 1.0Hz frame rate

@(shack-hartmann)> Created!

The telescope is an 8cm diameter with a 2.5 arc-minute field-of-view. The phase screens
temporal evolution is sampled at 500Hz [108],[109].
82



Correction Wavefront Sensor Based on Stochastic Technique for Satellite-to-Ground Laser
Communication Links

<<tel = telescope(8,’resolution’,54...,

*fieldOfViewInArcMin’,2.5...,

’samplingTime’,1/500);

@(telescope)> Created!

_ TELESCOPE___

8.00cm diameter full aperture with 50.27m"2 of light collecting area;

the field-of-view is 2.50arcmin; the pupil is sampled with 54X54 pixels

L-----------------------------

The reference wavefront is propagated to set wavefront sensor valid lenslets and reference

slopes.

ngs = ngs.*tel*wis;

wis.INIT;

figure

imagesc(wfs.camera, ’parent’,subplot(1,2,1))
slopesDisplay(wfs, 'parent’,subplot(1,2,2))

Frame #0
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Figure 4-1: The reference of lenslets and reference slopes [104]

The deformable mirror will use 102 monotonic influence functions mechanically

Couple at 25% [108]:
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>> bif = influenceFunction({ *monotonic?®,25/100) ;
@(bezier influence fun)> Created!
>> fipure, show(bif)
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Figure 4-2: The influence function monotonic

4.3 Stochastic technique (genetic algorithm)

We have already talked about the principle and mechanism of the genetic algorithm work,
for more information (see 8 3.3.2.4)[38], of the previous chapter. In the present work,
population refers to the possible collection of solutions. However, the individual represents a
solution. Chromosome, in the other hand, is a component of the solution and Gene represents a
characteristic (or a peculiarity).

4.3.1 Modeling the problem

IxJ Genel Gene2 Genej
Chrom1 0.08 0.0025 -0. 036
Chrom?2

Chromi

Table 4-1: Population Coding

We consider the population as a matrix Pop(NxM) of real numbers contains the set of
solutions generated in one iteration as shown in tablelWhere N is the number of chromosomes
and M is the number of genes(or DM actuators). The chromosome: A chromosome Chromi is
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a vector of real numbers contains the solution (i) in the population. The Gene: Genej is a real

number, represents the value of the voltage assigned to an actuator (j) of the DM.

4.3.2 Algorithm flow-chart

Initialization : Generate Initial
Population A(?) (random), t=0

Replacement:
Population

P

Evaluation: calculation the
Fitness of each chromosome

Genetic operations: Crossover
& Mutation

Population
P(t+1)

NO

Yes

End of the algorithm: Take the
best Chromosome

Figure 4-3: Algorithm flow-chart

We explain the main processes of our GA in the following:

> Initialization: In this step, we assign values to GA parameters (population size,

iterations count,...), and generate the chromosomes by assigning random values to their

genes.

» Evaluation: We use Fitness function to define the adaptation score of chromosomes

during the selection process. We define the Fitness (i) for Chromi.
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M
O'ij

Fitness(i) = == — (4-1)

Where aij is the standard deviation for Gaussian mutations of the sensor j, and M is the

number of the actuators.

» Selection: According to the roulette method selection we select a set of best

chromosomes, will be referred to as parents, in order to reproduce the next generation.
4.3.3 Experimental setup

In order to determine the effectiveness of the proposed solution, experiments were carried
out on three different situations that allowed us to study the effect of the parameters of this

algorithm on the fitness value. The values of the parameters presented in the tables below.
4.3.3.1 AO parameters settings:

The same AO parameter values were used in all situations. These parameters were
proposed by the OOMAOQO Founders in [108],[111].

Parameter Value
Altitude [0, 4000, 10000] Atmosphere
Atmosphere fractionnalRO [0.7,0.25, 0.05]
Wind speed [5, 10, 20]
Wind Direction [0, pi/4, pi]
Source Wavelength 60 Source
Shack Wave front sensing 700nm Shack Hartmann (wave sensor)
(V\Z?/Ztgirslgr) lens let array 92
Camera 542 pixels
Diameter 8m Telescope
Telescope Resolution 54
Field Of View 2.5 arc minute
Sampling Time 500Hz

Table 4-2: AO parameters.
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4.3.3.2 GA parameters settings

We made more than 60 experiments divided into three situations according to three cases
of study, wherein case (a) we fixed all GA parameters except population size, also with

Iterations number in case (b), and with Min (and Max) value of voltage in case (c).

The values of the GA parameters, which all situations:

Value
Situation (a) Situation (b) Situation (c)

Description

Minimum
value of
[-le-12..-1e-6] voltage to be
applied on DM
actuators
Maximum
value of
Max-coef tres 7T [41e-12.+1e-6] voltage to be
11 11 i
applied on DM
actuators
Population size
Pop Size [30..3000] 800 800 (Chromosomes
number)
Chromosome
size (number
of
genes/actuator)
Iterations Genetic loops

Count 500 [30..4000] 500 count

Cross Rate 60% 60% 60% Crossover rate

Cross Points 40 40 40 Crpssover
Count points count

Mut Rate 70% 70% 70% Mutation rate

-Te- -Te-

Min-coef 11 11

Chrom Size 80 80 80

Table 4-3: GA used parameters

4.3.4 lllustrative Example

For a single run of our algorithm Figure 1 represents Fitness as a function of the number
of iterations when the population size is 800, the current applied to a lens is varied between -
7e-11 and +7e-11, the crossover rate is 60%, the number of crossover points is 40, and the
mutation rate is 70%.
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Figure 4-4: lllustrative Example
4.3.5 Results of simulation

We looked for the best configuration for genetic algorithm parameters (population size —
iteration count- actuator current interval), in order to get the best performance of the genetic

algorithm. The results of this simulation as shown in the figures below:

0798265 T T T

—

DFIB2E b e s e s I g

Wavefront rms [um]

DFOB2A e e

0798235 i i i i i
0 500 1000 1500 2000 200 3000
PopSize

Figure 4-5: Situation (a) Fitness according to Popsize
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Figure 4-5 represents the Fitness according to the size of population. It is noted that the
Fitness varies inversely with the size of the population, as the figure shows; in this case, the
reduction of Fitness is better for the number of the size of the population is increased and for
greater number of population the Fitness remains constant.
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Figure 4-6: Situation (b) Fitness according to number of iteration

Figure 4-6 shows the variations of the Fitness according to the number of iterations. From
this curve, we can see that fitness varies inversely with number of iterations. For variable
iteration count values from 30 to 4000 iterations, Fitness ranges from 0.7983 to 0.4439.we

notice in this case how the number of iteration is Significantly effect on fitness than the size of
population.
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Figure 4-7: Situation (c) Fitness according to actuator current interval

Figure 4-7 shows the variations of the Fitness according to the current intervals of the

actuators.

From this histogram, the best range (interval) of the current is variable from [-1e” to +1e°

"] to obtain the best Fitness varies less than 0.51.

After the experimentally work, we have the best parameters to apply them in our genetic

algorithm (population size >2000, iteration count >2500 and the actuator current [-1le-7...1e-

7]), as shown in Table 4.

Value Description

Min-coef -le-7 Minimum value of voltage to be
applied on DM actuators

Max-coef +le-7 Maximum value of voltage to be
applied on DM actuators

popSize 2500 Population size (Chromosomes
number)

Chrom Size 80 Chromosome size (number of
genes/actuators)

Iterations Count ~ >3000 Genetic loops count

Cross Rate 60% Crossover rate

Cross Points 40 Crossover points count

Count

mutRate 70% Mutation rate

Table 4-4: Best parameters of genetic algorithm
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4.4 Hybrid GA solution

In this paragraph, we discuss another solution called a hybrid solution explained in the

followings

4.4.1 Principle of HGA solution

We execute the OOMAO closed loop and let the genetic algorithm use the obtained
results in its initial population (as 50% of individuals), in other words the initial population of
our GA is not totally random, we took some real solutions from the default OOMAO closed loop.

Also, it uses the best parameters from the genetic algorithm.

4.4.2 The flow-chart of HGA solution

Set of solutions 50% individuals

from OOMAO are randomly
closed loop | generated

Initialization : Generate Initial
Population P(?) (random), t=0

Population

P

Evaluation: calculation the
Fitness of each chromosome

Population

i ions:
Genetic operations: Crossover P(t+1)

& Mutation

NO

End of the algorithm: Take the
best Chromosome

Figure 4-8: Our Genetic Algorithm with OOMAO
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4.4.3 Comparison between OOMAO and Hybrid Algorithm

In order to obtain a more accurate wave interface correction, we make a comparison
between two solutions. The first is the closed loop of OOMAO and the second is the hybrid
solution for 4000 iterations and the best parameters of GA. We obtained results, draw the curves
and compare it.

—B — Q0OMAD

Wavefront rms um)

1 L J
500 1000 1500 2000 2500 3000 3500 4000
lteration counts

Figure 4-9: Comparison between OOMAO solution and the proposed hybrid solution

Figure 4-9 represents results obtained from the comparison between the OOMAO which
proposed in [110],[111] and our hybrid solution. It can clearly be seen that there has been a
sharp decrease in both graphs between 0 and 200 iteration because 50% of suggested solutions
are random. After 300, hybrid solution has only shown a slight growth. This is because
algorithm excludes the wrong solutions and start keeping only the correct ones. After 200, the
graph has a horizontal pitch. Between (2500- 3000), there is a stability in hybrid solution graph
which continues to drop making a better performance after 3000 iteration.

Overall, the graph illustrates the comparison between two solutions. Firstly, we notice
that the values of hybrid solution is bigger than OA solution. That’s because the number of
iterations is small (less than 200) which leads to very weak result. Then, the number of iterations

grows up making a better results because our GA is getting optimized by the time.

4.5 Conclusion

The genetic algorithm was applied in adaptive optical system to correct wave-front sensor

in a disturbed atmosphere. Based on the OOMAOQO, we simulate the performance of an adaptive
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optical system with telescope (resolution 54, diameter 8m) and deformable mirror containing
92 actuators. We used the best parameters of the previous simulation (Popsize 2500, Iterations
count >3000, min-volt -1e-7, max-volt +1e-7) to create hybrid solution (AO and GA). By
comparing the obtained results, it was found that using this hybrid solution leads to better

enhancement of AO performance than those produced by applying the OOMAO with the
difference of 0.0279um.
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General Conclusion

The work presented in this manuscript has focused on the study of laser satellites, which
offer several advantages over standard satellites, but the main obstacle encountered in such
satellites is that the latter continually suffer from the vibrations of the laser beam. Emitted
because of the various surrounding internal and external sources, this is what degrades the
quality of communication. In order to reduce the effects of these vibrations and improve the

quality of communication, several measures have been taken.

We focused more on the external sources represented by the disturbances of the
atmospheric, because of their significant impact on the level of intensity and phase of the
received signal. Internal sources have been identified as disturbances within the telescope. The
problem of atmospheric turbulence is evident in tropical and equatorial regions, where climate

plays an important role in signal reception.

We are interested in this thesis for the study of the impact of atmospheric turbulence on
free space optical links and on adaptive optical (OA) correction methods to reduce their

influence.

In the first part we posed the problem and evaluated the effectiveness of the correction

necessary to achieve the typical performances of atmospheric optical links (AOLS).

To quantify this efficiency, we studied most cases of atmospheric turbulence in order to
reduce their effects on the propagation of the signal.

This demonstration was carried out on a simulation tool and not on a real system in order
to get rid of ancillary problems, such as the temporal monitoring of the changes in turbulence.
So | started by the same conditions of a real system at a propagation distance suitable for an
optical communication, while keeping the parameters of interest that are the scintillation in the
pupil and the diffractive effects.

In adaptive optics, we used already implemented pre-compensation techniques
implementing only phase correction alone, this method requires an iterative algorithm to

calculate the phase commands.
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General Conclusion

The algorithm developed in this thesis requires a convergence time too long to satisfy real
time. A solution to accelerate this algorithm has however already been proposed, for applied a
new algorithm called a hybrid, and could make the method valid for a real system.

From a completely different perspective, work on the coupling of measurement and
formatting can be used in a broader field than that of optical telecommunications alone. The
concept of controlled propagation in turbulent environments is currently experiencing a
particular boom, especially in the field of biological imaging. The biological tissues observed
are highly diffusing, which causes the same scintillation phenomenon as that observed during
the propagation of a laser beam in turbulence. Phase correction alone is already applied in this
area. The phase conjugation could constitute an improvement of the techniques already in place.
In addition, in the context of microscopy, there is no longer any question of pupillary truncation,
nor of temporal evolution of the disturbance and therefore of correction in real time. This case

is particularly favorable to the concept of pre-compensation developed here.

In the last part of the manuscript, we present the results obtained when using genetic
algorithm as a whole, namely the realization of the iterative phase conjugation. More than 60
experiments performed on an occurrence of turbulence are presented for reach to the best
configuration of our algorithm. We demonstrate experimentally the convergence of the phase
conjugation iterations. We have also confirmed the quality of the measurement and shaping

techniques under realistic conditions of weak scintillation.

Finally, we integrate some of the solutions and the genetic algorithm previously
identified, in order to improve the result performance of OOMAO and their impact on a real
system. A method is proposed for analytically improving the consequences of each of the
OOMAO and the genetic algorithm, it was found that using this hybrid solution leads to better
enhancement of AO performance than those produced by applying the OOMAO.
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Future work

Future work

In the field of communications with laser satellites, there are many ideas, but the difficulty

lies in converting these ideas to reality, due to the lack of the means and finance those ideas.

We can divide our future work into two main parts, one concerned with simulation work

and the other concerned with practical experiences or practical projects.

In our first section on simulation, I and a group of engineers are now working on applying
a new idea from the results obtained from this work. The idea boils down to integrating more
than one software techniques to solve a specific problem within the user system. The techniques
that have been adopted up to the moment are Fuzzy Logic and data Mining, and Clustering
method. Each technique, solves a specific problem within the simulation system. Initial results
indicate that it will be an effective way to solve the problem of atmospheric turbulence that
occur to the wave interface. But this method faces an important problem which is the lack of
devices and other requirements to carry out the process of total data analysis, however there are

good indicators where it is possible to reach a clear solution.

In the other side, there are many existing projects that pay attention to laser-satellite
communications because of their importance, especially when natural disasters occur, such as

earthquakes that may cause a partial or complete damage of the communications system.

Our idea is summarized about a project whose is based on Drones or airships that can
measure the extent of air turbulence whenever we rise or move away from the surface of the
earth, the idea also speaks about a group of Drones so every plane can controls to plane above
it. The goal is to collect more a number of data in the different atmosphere. This idea collides
with the financier of such a project as well. More than one engineering department must be

involved to develop this idea.

In the end, | hope that my colleagues and | have presented an idea or ideas that may
benefit others or may develop them for the better. | wish all colleagues working in the field of

scientific research all the best and success.
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Abstract

Communication is one of the most important things that has received human attention
throughout history. The oldest method of communication used by the ancient person to
sending smoke signals, beating drums or blowing the trumpet. The first use of signal
systems was in Germany and France by telegraph. The first optical communication
methods used in the war between France and Austria, by the French engineer “Claude
Chabi” and his brothers in 1792.

In 1945, the scientist Arthur C. Clarke published an article on the setting of communication
satellites in fixed orbits. The idea was applied decades later by the Soviet Union by
launching the first Sputnik 1 satellite that was working on radio transmission, after which
NASA launched the first communications satellite in the sixties of the last century. Because
of the tremendous development in the transmission of information, communication was
adopted through the laser satellites, where these are available Technology is a massive flow
of information within one second. The biggest problem facing this technique is the
atmospheric turbulences that occur when the visual signal passes through the layers of the
Earth's atmosphere. This problem appears clearly in the equatorial and tropical regions. To
address this problem we use several methods, including the method of adaptive optics.
Adaptive optics mainly rely on iterative algorithms in order to build a distorted wavefront
in order to modify it and try to return the wave to its natural form. We suggest a solution
that allows to reduce the effects of scintillation on phase measurements. Finally, we suggest
a stage pre-compensation method especially for measurement and control, which would
enable optimal correction implementation. This method has proven effective for improving
the wavefront of a laser signal.

Résumé

La communication est l'une des choses les plus importantes qui ait retenu l'attention
humaine tout au long de I'histoire. La méthode de communication la plus ancienne utilisée
par la personne agée pour envoyer des signaux de fumée, battre des tambours ou sonner de
la trompette. La premiére utilisation des systémes de signalisation a eu lieu en Allemagne
et en France par télégraphe. Les premiéres méthodes de communication optique utilisées
dans la guerre entre la France et I'Autriche, par lI'ingénieur francais «Claude Chabi» et ses
freres en 1792.



En 1945, le scientifique Arthur C. Clarke a publié un article sur la mise en place de satellites
de communication sur des orbites fixes. L'idée a été appliquée des décennies plus tard par
I'Union soviétique en lancant le premier satellite Spoutnik 1 qui travaillait sur la
transmission radio, aprés quoi la NASA a lancé le premier satellite de communication dans
les années soixante du siécle dernier. En raison de I'énorme développement de la
transmission de I'information, la communication a été adoptée par les satellites laser, ou ils
sont disponibles. La technologie est un flux massif d'informations en une seconde. Le plus
gros probléme auquel est confrontée cette technique est les turbulences atmosphériques qui
se produisent lorsque le signal visuel traverse les couches de I'atmosphere terrestre. Ce
probleme apparait clairement dans les régions équatoriales et tropicales. Pour résoudre ce
probleme, nous utilisons plusieurs méthodes, y compris la méthode de I'optique adaptative.
L'optique adaptative s'appuie principalement sur des algorithmes itératifs pour construire
un front d'onde déformé afin de le modifier et essayer de remettre I'onde dans sa forme
naturelle. Nous proposons une solution qui permet de réduire les effets de la scintillation
sur les mesures de phase. Enfin, nous proposons une méthode de pré compensation d'étape
en particulier pour la mesure et le contrdle, qui permettrait une mise en ceuvre optimale de
la correction. Cette méthode s'est avérée efficace pour améliorer le front d'onde d'un signal
laser.
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