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Abstract

The use of satellites in communications has revolutionized the transmission of information, allowing
to interconnect increasingly distant points. Radio frequency systems have been used for a long time.
However, they are facing spectrum congestion and difficulty in meeting the current requirements of bit rate,
bandwidth, security and capacity. Optical systems began to be explored and their multiple advantages
over radio systems have made them an interesting alternative for Earth-space communications.

Optical systems achieve high accuracy by using narrow laser beams, which makes the alignment
between terminals extremely challenging when a satellite is in orbit. In addition, the effects of the propa-
gation in the atmosphere result in further degradation of the signal caused. These problems are magnified
when we refer to small satellites, due to their size, weight and power constraints.

The objective of this dissertation is to study a closed loop pointing system that optimizes the alignment
between terminals of an optical communication between a small satellite in low orbit and the Earth, test
the system under atmospheric turbulence conditions and perspective the feasibility of a long range link.

The implemented pointing system receives the uplink beacon and corrects the position of the downlink
signal so that there is alignment. The position control was done using a closed loop proportional, integral
and derivative control system that allows corrections until 3.4 mrad. The system was set up experimen-
tally and tested under turbulent conditions, showing that is possible to improve the link performance.
Keywords: Optical communications, Satellite communications, Free space optics, Pointing, acquisition
and tracking, Closed loop alignment control, Atmospheric turbulence.

1. Introduction

Communication is one of the most important activi-
ties of the humanity. The desire to communicate re-
motely propelled the appearance of long haul com-
munication systems. These started with wired con-
nections, firstly with electrical cables and later with
optical fiber. But the demand to connect increas-
ingly distant points ended up showing that there
are some situations where it is impossible or im-
practical to use wires [1]. This led to the interest
in wireless communications, and as communica-
tion technologies evolved, satellites appeared and
became a promising technology for long haul com-
munication and to connect points where terrestrial
systems cannot access [2].

The satellite communication started being ex-
plored using the radio frequency (RF) domain, but
these systems find it difficult to meet all the re-
quirements posed nowadays. The demand for high
bit rate, bandwidth and capacity has grown signifi-
cantly in recent years, leading to the congestion of
RF spectrum and the search for alternatives. The

growing studies in the field of optics revealed opti-
cal communications systems as a very interesting
option [3].

Optical wireless communication (OWC) systems
offer many advantages over RF systems such
as large available bandwidth, high data rate, li-
cense free spectrum, less power consumption
and low mass requirements and high security, so
it is easy to see their potential for high-speed
broadband connections [4]. Outdoor OWC, bet-
ter known as free space optics (FSO), allow infor-
mation to be transmitted using an unguided chan-
nel, which is the case of atmospheric propaga-
tion. Furthermore, FSO makes it possible to es-
tablish ground-to-satellite, satellite-to-ground and
satellite-to-satellite links.

However, the performance of optical links is af-
fected by many factors such as beam divergence
over long distances, pointing errors, strong atmo-
spheric attenuation and atmospheric turbulence
[1]. These factors cause degradation and in ex-
treme cases, even loss of the link. Therefore,
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emerges the necessity of developing pointing sys-
tems that optimize the alignment between emit-
ter and receiver terminals, maintaining their line of
sight and further enhance optical communication.
The pointing requirements of a satellite are gener-
ally ”beyond the satellite’s body pointing capability”
[5], specially in small satellites due to their size,
weight and power constraints, requiring fine point-
ing stystems that attain higher accuracies.

1.1. State of the Art
The advances in the field of space technology
unlocked the door for optical communications in
space and emerged the idea of creating an all
optical communication architecture to respond to
the increasing demand for large capacity and high
data rate. FSO technology has developed to the
point that today it is possible to transmit high rates
of several gigabits per second over many kilo-
meters [1]. Many experiments have been done
to demonstrate the feasibility of optical links, in-
cluding ground-to-satellite, satellite-to-ground and
satellite-to-satellite [4]. The technology that al-
lowed to attain higher data rates was the wave-
length division multiplexing (WDM) and it was first
demonstrated in 1999, by using four optical chan-
nels, carrying a 2.5 Gbps signal each, over a dis-
tance of 4.4 km [6]. Meanwhile, FSO experiments
with mobile terminals started being conducted and
it was demonstrated a full-duplex communication
link between two balloons at 20 km of altitude,
attaining a 130 Mbps bit rate and exceeding dis-
tances of 100 km [7]. It was also reported the trans-
mission between ground terminal and a moving
unmanned arial vehicle (UAV) separated by 50 m,
with a 80 Gbps bit rate [8].

It is relevant to mention that in more recent years
an interest in quantum key distribution (QKD) ap-
plications propelled the development of quantum
FSO communications. In particular, the satellite-
to-Earth quantum FSO has been a popular subject
of study with significant progress [9]. It was demon-
strated a free-space satellite-to-ground QKD trans-
mission between Micius satellite and Xinglong
ground station, at a distance of 1200 km. How-
ever, the deployment of quantum FSO systems still
needs to overcome multiple issues, for example
the perturbation that turbulence causes to quan-
tum states.

Further techniques have been developed to im-
prove the performance of FSO systems [4], such
as channel coding, diversity, adaptive optics, hybrid
RF/FSO systems and relay-assisted transmission.

1.2. Objectives
The main objective of this dissertation is to study
a closed loop pointing system that optimizes the
alignment between emitter and receiver of an op-

tical downlink communication, minimizing the ef-
fects of turbulence. In order to achieve the over-
all objective it is necessary to attain sectorial sub-
objectives, namely: (1) Implement a close-loop
control system to maximize the alignment of the
optical beam, (2) Test the pointing algorithms un-
der atmospheric turbulence effects and (3) Per-
spective the feasibility of a long range optical link.

2. Optical Communications Background
This chapter gives some background about opti-
cal communications system, namely the descrip-
tion of a typical FSO communication system and
factors that affect its performance such as mod-
ulation schemes, channel noise and atmospheric
propagation. Section 2.3 describes a pointing, ac-
quisition and tracking sequence and system.

2.1. Optical communications
A typical FSO communication system is depicted
in Fig. 1. The transmitter could be a laser diode
or a high-intensity LED. It produces a modulated
beam and transmits it towards the receiver. As it
propagates, the beam suffers some losses due to
channel effects.

Figure 1: Typical FSO communication system, adapted from
[1].

To evaluate the performance of the link it can be
useful to use the metric signal-to-noise ratio, SNR.
According to [10], it can be written as expression
1, where R(λ) is the photodetector’s responsivity
at the operating wavelength, Pr is the received op-
tical power and the parameters σshot and σthermal
are the shot noise and thermal noise variances, re-
spectively.

SNR =
S

N
=

(R(λ)Pr)
2

σ2
shot + σ2

thermal
(1)

The received power depends on the modula-
tion/demodulation scheme used and on the main
channel effects such as beam divergence, attenu-
ation, turbulence and pointing errors.

2.1.1 Modulation and demodulation

The intensity of an optical source varies accord-
ing to the amplitude of a modulating signal, so the
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most simple and common method for FSO applica-
tions is intensity modulation. However, phase mod-
ulation is used with optical signals if very high data
rates are required. The detection system can be
incoherent (more known as direct) or coherent, but
usually intensity modulation is associated with di-
rect detection.

Some IM/DD schemes are pulse amplitude mod-
ulation (PAM), on–off keying non-return-to-zero
(OOK-NRZ) is a subset of PAM, pulse position
modulation (PPM), digital pulse interval modula-
tion (DPIM) and sub-carrier intensity modulation
(SIM). This last one allows modulation formats
that also make use of phase [1]. The information
can also be encoded using real-valued orthogonal
frequency division multiplexing (OFDM) signals.
There are two major OFDM techniques: asym-
metrically clipped optical (ACO) OFDM and DC bi-
ased optical (DCO) OFDM [11]. These are all suit-
able for small satellites, since they offer bandwidth
and power efficiency, low implementation complex-
ity and robustness to ISI.

2.1.2 Channel noise

In FSO systems, noise is mainly introduced at the
receiver. Its bandwidth, ∆f , is related with the
noise power so that the wider the bandwidth of
the detection system, the more noise results. The
main sources of noise are thermal noise, derives
from the thermal fluctuations of the electrons in
the receiver circuit conducting material, and shot
noise, provoked by the movement of electrons in
the photodetector.

The total output noise power is given by [1]:

N = PnG+ Pa = ((σ2
th + σ2

shot)
√

∆f)G+ Pa (2)

It depends of the input noise power Pn, of the gain
of the amplifier G and of the noise contribution of
the amplifier Pa. Finally this parameter, N , can be
used to calculate the SNR and thus evaluate the
performance of the receiver.

2.2. Propagation in the atmosphere
The propagation of a light beam in the atmosphere
includes some challenges that may complicate and
impair its reception.

Beam divergence
A laser beam leaves the emitter with a certain di-

ameter, and it widens with a divergence angle θdiv
as it propagates. When it reaches the receiver at
a distance L, the diameter is much wider, and thus
part of the signal is dissipated and only part hits the
detector, resulting in substantial decrease of the re-
ceived power.

Atmospheric attenuation
The propagation of a laser beam through the at-

mosphere includes absorption and scattering by

particles in the medium, depending on their size
and concentration.

When choosing the wavelength of a FSO system
it should be taken into account the atmospheric ab-
sorption spectrum. Normally the choice goes to a
wavelength that corresponds to minimal absorption
and the absorption can be ignored in comparison
to the scattering effects.

Atmospheric turbulence
The atmospheric turbulence results from air tem-

perature fluctuations that vary randomly in space.
The random regions are called cells and when
a laser beam propagates through them it suffers
aberrations that lead to wavefront distortions and
intensity fluctuations. The effects observed in the
received power are scintillation and beam wander.

Pointing errors
The alignment between terminals is challenging

since a satellite terminal is in movement and its link
must operate over long distances. Inherently, when
the signals are transmitted there will be pointing
errors and if the misalignment between terminals
becomes too big it can result in partial or total loss
of the signal [1].

2.3. Pointing, Acquisition and Tracking
The alignment between emitter and receiver is es-
sential for the success of an optical communica-
tion. A pointing, acquisition and tracking (PAT) sys-
tem is responsible for searching a laser beam com-
ing from the other terminal and orientate its own
terminal in that direction, with the aim to establish
a link while tracking the opposite terminal. Fig. 2
illustrates a PAT sequence:

Figure 2: Pointing, acquisition and tracking sequence, adapted
from [12].

(1) Pointing: In the first phase, coarse pointing
is performed, giving a rough estimate of the ground
station position. The satellite begins a slew ma-
neuver to point in that direction with the aim that
the GS will be visible within the beacon detector’s
field of view (in grey). (2) Acquisition: With both
terminals roughly aligned, the ground station tracks
the satellite and transmits an uplink beacon (in yel-
low) that will be acquired by the satellite and begin
the fine pointing. (3) Tracking: Fine pointing starts
and the beacon is now continuously tracked dur-
ing the communication window, so the satellite can
transmit the downlink signal (in red) towards the
ground station.
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PAT System
A typical PAT includes a coarse pointing system

that uses a wide field of view detector and a fine
pointing system with a narrow field of view that pro-
vides high precision. The key elements of a fine
pointing system are a detector and a mobile ele-
ment to control the alignment of uplink and down-
link beams. The last one can be a MEMS FSM (mi-
cro electro mechanical system fast steering mirror)
to adjust the downlink signal orientation, or some
electromechanic device to control directly the posi-
tion of the downlink signal.

The most used detectors are quadrant detec-
tors/quadcells and cameras. A quadrant detector
is equivalent to a camera of only four pixels. When
a laser beam hits a quadrant detector, each quad-
rant generates a photocurrent, depending on the
intensity. To estimate the position of the beam
in both x and y axes, we can use expressions
X = (iA+iD)−(iB+iC)

iA+iB+iC+iD
and Y = (iA+iB)−(iD+iC)

iA+iB+iC+iD
from [13]. Quadcells have shown to be advan-
tageous as it requires much less processing and
memory than a camera. However, cameras are
more versatile since they are used in satellite mis-
sions that include imaging and they serve other
beam diagnostic purposes. An image captured by
a camera gives a full intensity profile, and thus the
position of the beam can be determined through
an image processing algorithm that computes the
beam centroid.

3. Fine Pointing System
3.1. Pointing systems in nanosatellites
In this section we will present and describe some
fine pointing systems used in nanosatellites in prior
missions that served as a reference for this mas-
ter thesis. In 2017, Massachusetts Institute of
Technology Space, Telecommunications, Astron-
omy, and Radiation Laboratory (MIT STAR Lab)
developed a precision closed loop laser pointing
system for the Nanosatellite Optical Downlink Ex-
periment (NODE) [5] that was able to attain a
20 µrad pointing accuracy. Its optical diagram is
illustrated in Fig. 3.

NODE receives the uplink beacon from the opti-
cal ground station and detects it on a camera. Two
internal laser sources are generated: the down-
link signal and the calibration signal. This last one
is the main character of the closed loop pointing
system, since its sampling on the camera works
as direct optical feedback of the FSM pointing an-
gle. After a ray geometry analysis, the author of [5]
identified that the side mirror causes backwards re-
flection of the calibration beam (in red), explaining
that uplink and downlink signals must have oppo-
site angles of incidence at the lens to have optimal
alignment. This implies that the calibration laser
has to have a symmetric relation with the uplink

Figure 3: Optical diagram of NODE, from [5].

beacon in relation to a center of symmetry, which
corresponds to the center of the camera.

More recently, in 2020 it was developed a high
accuracy pointing method (Fig. 4) that was tested
in a satellite-to-ground quantum communication
with the quantum science satellite Micius, with
demonstrations of 0.5 to 1 µrad pointing accuracy
[14].

Figure 4: Principles of the fine pointing system used on
Micius, from [14].

This fine pointing system uses a quadrant de-
tector and it does not use an internal calibration
laser. As we can see in Fig. 4, the two signals in-
volved are: the ground station beacon (blue line)
and the downlink quantum signal (red line). When
the GS beacon reaches the fine pointing system on
the satellite, it is reflected in a fast steering mirror,
then in a simple mirror and finally detected by the
quadcell. The alignment of red and blue lasers is
guaranteed when the FSM is adjusted so that the
blue line is on the reference point of the quadcell
(Fig. 4). This way, the downlink signal leaves the
satellite with the same direction as the uplink.

3.2. Pointing system proposal
After analysing the two pointing systems presented
in section 3.1, and taking into account the required
simplicity, the design we came up with is illustrated
in a diagram in Fig. 5. The design is very similar to
NODE (Fig. 3) but there are two major differences:
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(1) Only one signal is generated in the satellite and
it is a red laser used for calibration and at the same
time it is modulated and transmit data to the ground
station receiver, (2) We do not use a FSM to con-
trol the alignment between uplink beacon and cali-
bration beam, instead we assemble our laser on a
kinematic mount that allows to control directly the
position of the laser.

Figure 5: Optical diagram.

Looking at Fig. 5, the uplink beacon (in green)
comes from the ground station and it is detected
on the camera. The calibration laser (in red) is also
detected on the camera so we can compute the
distance between green and red spots and adjust
the position of the calibration laser in order for the
spots to be overlapped. At the same time, the red
signal (modulated) is transmitted as downlink sig-
nal, and when the pointing control works, it leaves
the satellite with the same orientation as the uplink
beacon, going toward the ground station, where it
is detected.

3.3. Closed Loop Control
The pointing objective is to follow a dynamic ref-
erence, in this case, the uplink beacon disturbed
by atmospheric turbulence. The diagram in Fig. 8
represents the closed loop control pointing system.
The fine pointing begins when the camera acquires
an image containing green and red laser beams.
Their centroids in the image (in pixels) are calcu-
lated by an image processing algorithm. The dif-
ference between centroids is the pointing error and
the correction intends to bring the centroids closer.

We chose to use a proportional, integral and
derivative (PID) controller. The error feeds the
closed loop and the correction applied is given by
equation 3 [15], where p(t) is the new position and
p0 is the current position of the calibration laser,
Kp, Ki and Kd are the proportional, integral and

Figure 6: Closed loop control system.

derivative gains and e(t) is the error.

p(t) = p0 +Kpe(t) +Ki

∫ t

0

e(τ)dτ +Kd
de(t)

dt
, (3)

An optimal combination of proportional, integral
and derivative gains allows a faster and more sta-
ble system response.

Active Control
The fine pointing begins when the camera takes

one frame (Fig. 7). An image processing algo-
rithm developed in Matlab is applied to identify the
beams separately and calculate their centroids. It
is useful to determine a correlation between the
kinematic mount x and y position of the red laser
and its projection on the camera (its centroid), so
we know what correction we have to apply to the
kinematic mount for the red centroid follows the
green. Knowing that the correlation is linear, we
proceed to calculate the error illustrated in Fig. 7.

Figure 7: Illustration of the alignment error. It corresponds to
the distance between red and green spots in x and y axes.

It translates the distance between centroids:

error = target centroid − calibration centroid. (4)

The final step of the fine pointing loop is to ap-
ply a correction to the calibration laser position with
the aim to align it with the target, or at least bring
them closer. The correction can be just adding the
error to the red laser current position, neverthe-
less, when using PID control, the expression of the
new position has to include the proportional, inte-
gral and derivative terms in 3. The choice of the
gain values, integral and derivative of the error will
be done experimentally in section 4.2.
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3.4. Modelling and simulation

In order to better understand the control loop it was
essential to do some simulation work. This allows
to model the dynamic elements of the control chain
such as the camera, the controller and the kine-
matic mount responsible for moving the calibra-
tion laser, and see their influence in the loop. The
closed loop control system was created using the
Matlab Simulink environment and it is represented
in Fig. 8.

Figure 8: Closed loop system created in Matlab Simulink.

Since we could not determine a transfer function
for our kinematic mount, we considered the usage
of the FSM used in the NODE simulation scheme
[5]. The first dynamic element of the loop is the
camera. It works at a certain sampling rate, how-
ever, the FSM’s dynamics are much slower, mak-
ing them the most limiting element of the system
and thus the focus of the model. Nevertheless, im-
age acquisition and processing can influence sig-
nificantly the loop, due to noise that gets to the
camera and to the time delay caused by the cen-
troid computation.

Moving to the FSM, its model is simple, since
their manufacturer gave an exclusive datasheet,
where the FSM specifications needed to determine
its transfer function are discriminated, such as res-
onant frequency w0 and quality factor Q. The
dynamic model is given by second order transfer
function, where the input is a driving voltage and
the output is the new angular position of the FSM:

θFSM (s)

Vdriving(s)
=

w2
0

s2 + w0

Q s+ w2
0

, (5)

The FSM step response was extremely ressonant,
so to fix this it was placed an analog low-pass filter
at the FSM entrance. In the LPF block in Fig. 8, ”b”
and ”a” are transfer function coefficients.

At last, we used the Simulink Control Design
Toolbox to tune the PID controller. The definition
of the PID gains have significant impact in the way
the system responds and adapts. They make the
response faster or slower, more robust or more ag-
gressive. For this particular case, the automatic
tuning suggested the best gain parameters to be
KP =0.1471, KI=0.5111 and KD=-0.2236.

4. Experimental Implementation
4.1. Experimental setup
An experimental testbed is essential to test and
validate the control algorithms in a more real situa-
tion. The setup is represented in a diagram in Fig.
9. On the right side we have the block representing
the optical ground station, which we consider to be
the emitter, and on the left side is the satellite re-
ceiver. The uplink beacon (in green) is transmitted
from the ground station to the satellite, entering the
telescope and being detected on the camera. Then
the control algorithms are performed for alignment.
Once this happens, the red modulated laser is re-
flected in a simple mirror and leaves the satellite
with the same orientation as the green laser, being
received at the ground station’s detector.

Figure 9: Diagram of the setup assembled in the laboratory.

The real setup assembled on the laboratory is
shown in Fig. 10. It is important to mention that all
optical components were manually mounted and
aligned on the optical board, which can lead to ma-
jor alignment errors.

The optical ground station corresponds to Fig.
10 (b) and it comprises the uplink beacon, a beam
splitter from Thorlabs with a 50:50 beamsplitting
ratio, an attenuator that is a 1.0 optical density ab-
sorptive ND filter to reduce the laser intensity when
it hits the camera on the satellite, and a detec-
tor. The detector used was the Thorlabs DET10A2,
which is a biased silicon detector with an active
area of 0.8 mm2 and a wavelength range from 200
to 1100 nm. It is positioned on the ground station
to receive the downlink signal.

Fig. 10 (a) shows the assembly of satellite fine
pointing system. On the bottom we see the tele-
scope and another Thorlabs 50:50 beam splitter.
On the left we have the downlink and calibration
laser assembled on its kinematic mount that is op-
erated by two controllers and stages (one for each
axis). Between the laser and the beam splitter
there is a 1.3 optical density absorptive ND filter,
responsible for attenuating the intensity of the red
laser so it does not saturate the camera. On the
right we see the simple mirror responsible for re-
flecting the red laser for it to follow its path to-
wards the ground station. Finally, on top, we have
the tracking camera and added a convex lens from
Thorlabs with a focal distance of 3 cm, with the pur-
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(a) Satellite’s fine pointing system.

(b) Optical ground station.

Figure 10: Experimental setup.

pose of reducing and focus the beams. Otherwise,
their spots would be very large when they reach
the camera.

Required Equipment
For the uplink beacon from the optical ground

station it was considered a Roithner green laser
working on 520 nm with a power of 5 mW. This
power is too high to be detected on the camera,
causing full saturation of the image, and thus the
1.0 optical density absorptive ND filter and the con-
vex lens are used, to reduce the intensity and the
size of the beam, respectively. The uplink bea-
con is very large when arrives to the satellite, so
the objective of the telescope is to reduce its size,
keeping the collimation. The Thorlabs Fixed Mag-
nification Beam Expander GBE05-B has 5X beam
reduction

The downlink and calibration laser is a 40 mW
650 nm laser from Roithner. It supports TTL modu-
lation, so we used an arduino to modulate it by just
switching it on and off, and thus transmit data as a
downlink signal. At the same time, its main function
is the internal calibration. The laser is detected on

the camera and it follows the green laser, aiming to
keep receiver and emitter aligned. This laser is as-
sembled on a Thorlabs Precision Kinematic Mir-
ror Mount KS2 in order to control its position. This
mount holds 50.0 mm optics and has 3 adjusters,
allowing angular adjustment of ±4 ◦in x and y axes.
These axes are controlled by two Thorlabs Kine-
sis® KDC101 K-Cube™ Brushed DC Servo Motor
Controllers. They allow manual and/or automatic
control of DC Servo motors using their own mo-
tion control software Kinesis or in this case, using
Matlab. The compatible stages are the Thorlabs
Z812. They actuate on the kinematic mount and
have a total range of 12 mm in each axes and a
maximum velocity of 2.6 mm/s.

The chosen model for the camera was the Thor-
labs DCC1645C USB 2.0 CMOS Camera. Some
of its characteristics are a color sensor type, effec-
tive number of pixels of 1280 x 1024 and imaging
area of 4.61 mm x 3.69 mm and a maximum frame
rate of 24.9 fps. The imaging area is very small,
which is why it was so important to insert the con-
vex lens before the camera. To avoid saturation of
the acquired images, it was placed a piece of trac-
ing paper right in front of the detector. This method
allowed to cut some of the intensity of the beams
without using another attenuator.

4.2. Experimental implementation

The first step was to connect and conFig. the hard-
ware (camera, controllers and stages) using Mat-
lab. We started by testing the range of positions
of the red laser that are detected within the cam-
era’s field of view and concluded that the beam is
present in the image when the controller position is
between x ∈ [0.6, 3.2] millimeters and y ∈ [0.2, 2.1]
millimeters. It was determined a linear correspon-
dence between the kinematic mount x and y posi-
tion [mm] and the projection of the red laser on the
camera [pixels]. Then we started the tests to the
image processing algorithm that detects and cal-
culates the beam centroids. The green laser was
static, so we simulated a turbulent environment us-
ing 3 lamps of 100 W each connected to power
supply. The green laser passes right above the
lamps and their overheating provokes disturbance
of the beam, just like the uplink beacon is disturbed
when it passes the atmosphere towards the satel-
lite.

Passing to the test of the control algorithms,
when the control loop starts, the camera acquires
an image similar to Fig. 7, with a red and a green
spots. It goes through image processing and the
centroids are estimated. The green centroid is set
as the reference and the error is computed in both
x and y axes. It is convenient to present the point-
ing error in radians, and considering the distance L
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from the emitter to the telescope and ∆x the range
of positions of the emitt ing laser that are detected
on the camera, it was concluded that the proposed
system allows corrections until of 2α = 3.4 mrad.
Assuming a LEO-to-ground communication where
L=500 km, the pointing range ∆x at the Earth sur-
face is in the order of 0.5 km, which is much higher
than the receiver telescope.

The last step of the control loop is to calculate
the correction and actuate, changing the position
of the calibration laser to follow the reference. The
correction calculation depends on the type of con-
trol. When using proportional control, it is consid-
ered Kp=1 and Ki=Kd=0, meaning that the correc-
tion is the sum of the laser current position with the
error value. When using PID control it used the ex-
pression 3 to estimate the correction. To calculate
the integral and the derivative terms of the expres-
sion, it was considered the plot of the x error over
time obtained with proportional control (plot avail-
able in section 4.3). The values considered for x
axis were

∫ t

0
exdτ = 0.1190, dex(t)

dt = 0.0027, and
for y axis

∫ t

0
eydτ = 0.0089 and dey(t)

dt = 0.0198.
With these values fixed, we varied the gain values
Kp, Ki and Kd between 0.1, 1 and 10 to see their
clear influence in system response.

4.3. Experimental Results
4.3.1 Control Tests

In this section we will present the results of the
tests performed, always running the control sys-
tem for 100 cycles. We thought it was interesting to
start testing a system that does not use control (it
receives the uplink beacon from the ground station
but it does not move in response to it) and compare
it with proportional control with Kp=1 (meaning the
correction to apply is equal to the error). In Fig. 11
we can see the error scatters.

(a) (b)

Figure 11: Error scatter when the FPS (a) does not use any
control (b) uses proportional control with Kp = 1.

We can see that without control (Fig. 11 (a)) the
error is always very far away from zero and the to-
tal pointing error has a mean of 697 µrad. Using
proportional control (Fig. 11 (b)), the error oscil-
lates around zero and the total pointing error mean
is 42.5 µrad, which is more than 10 times less than

no control.
We will now summarize the results of the study

of the variation of the gains of a PID control sys-
tem. We gave the gains the values 0.1, 1 and 10
and examined the difference it makes to the sys-
tem response.

To study the effects of the proportional gain Kp,
we fixed Ki=Kd=0.1. When Kp=0.1 the system
is slow to respond and has a mean total error of
112.5 µrad. The low Kp not have enough strength
to correct the error completely, creating an error
offset. With Kp=1 we get the fastest response,
with the error in each axis oscillating around zero,
and a lowest mean total error of 45.7 µrad. It is
the most adequate to follow the reference quickly
and to guarantee the alignment. For the highest
Kp value, we tried 10, 5 and 2, but all caused a
poor system response: very slow and with a sig-
nificantly higher mean total error. The slowness is
because the correction to apply is so big that the
calibration laser moves much more to correct the
error.

To study the impact of the integral gain, we fixed
Kp=1 and Kd=0.1. The increase of Ki has some
pros such as making the laser movement more
subtle and thus the time to complete 100 cycles is
less. However, it has also showed cons such as the
increase of the mean average error from 45.7 µrad
to 797.4 µrad and the appearance of an offset in
the x and y errors, indicating there is always an er-
ror between the two lasers and thus they are never
truly aligned. The integral gain that led to better
results was then Ki=0.1.

Finally, we fixed the parameters that led to bet-
ter results before Kp=1 and Ki=0.1, and varied
Kd. The mean total error is 45.7 µrad for Kd=0.1,
34.1 µrad for Kd=1 and 140.3 µrad for Kd=10. The
increase of the gain, made the movement of the
laser and the error over time smoother, but the
same similarly to Ki the, the error in each axis gets
a slight offset. The fact that the derivative terms
dex(t)

dt = 0.0027 and dey(t)
dt = 0.0198 are so small,

makes them to have the least effect in the system
response. Even when we raise Kd to 10, the mean
total error increases but not as abruptly as when
we raise Kp or Ki. Also, it does not influence sig-
nificantly the time it takes to complete the 100 cy-
cles.

Optimized condition
Analyzing the previous section, the gain com-

binations that present the lowest mean total er-
rors are Kp=1, Ki=0.1 and Kd=0.1 and (b) Kp=1,
Ki=0.1 and Kd=1. Their scatter errors are pre-
sented in Fig. 12.

It is notorious that 12 (b) shows less dispersion,
making it a better option, but that does not imply
that (a) is not valid. The truth is that both op-
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(a) (b)

Figure 12: Scatter error for (a) Kp=1, Ki=0.1 and Kd=0.1, (b)
Kp=1, Ki=0.1 and Kd=1.

tions can be considered adequate, depending on
the accuracy requirements of the satellite mission.
If the error is less than the accuracy requirement,
it means the downlink signal will be received prop-
erly. In this case, the error offset present in (b)
means the signals are not totally aligned but that
does not impede a correct downlink reception.

4.3.2 Downlink data reception

The last objective of the this thesis is to demon-
strate the downlink feasibility for communication.
The red laser is modulated and makes its way to
the ground station (downlink), passing the turbu-
lent channel created with the lamps, to simulate the
atmosphere. The ground station detector is con-
nected to an oscilloscope so the received signal is
observed in Fig. 13.

(a)

(b)

Figure 13: Downlink signal received in the ground station
detector, observed in a oscilloscope.

(a) Closed loop pointing, (b) Without pointing control.

In the first situation, it was used the PID con-
trol with gains Kp = 1, Ki = 0.1 e Kd = 0.1. The
received downlink signal can be seen in a normal
mode in Fig. 13 (a). We observe the two levels
of the signal that correspond to levels 1 and 0 of
the binary message, leading to the conclusion that
there is good reception of the signal.

In the second situation, Fig. 13 (b), it was tested
the transmission of the downlink signal when the
fine pointing system does not use any pointing con-
trol (approach used in Fig. 11 (a)). The signal
path is the same as in the previous experience, but
in this case, when the downlink signal passes the
turbulent channel and the beam is disturbed, the
system does not respond, compromising the sig-
nal reception. The received signal can be seen in
a normal mode in Fig. 13 (b). It is noticeable that
there are three power levels, instead of two, which
does not correspond to the binary message. This
happens because when there is a partial misalign-
ment between terminals, only part of the power is
received, creating a third level in between 1 and 0.
This proves that is essential to use pointing control
to guarantee a correct downlink reception.

5. Conclusions

Given the fact that optical communications are be-
ing highly explored for satellite systems, this the-
sis proposed to implement a closed loop pointing
solution that promotes the alignment between an
optical ground station and a moving terminal of a
satellite.

It was given an overview of optical communica-
tions, namely of a pointing, acquisition and tracking
sequence and system. It was made a proposal for
the pointing system to study, where the system re-
ceives the uplink beacon coming from the ground
station and uses a calibration laser assembled on a
kinematic mount to track it using a closed loop PID
control. An image processing algorithm was devel-
oped to detect both uplink and calibration spots on
the tracking camera and calculate their centroids,
and also a control algorithm responsible for track-
ing the uplink beacon with the calibration beam.
Some computational simulation of the closed loop
control system was done, concluding that the dy-
namic elements of the active control have signifi-
cant impact on the system response and perform-
ing control tuning.

Experimentally, it was assembled the proposed
pointing system and a block that represents the op-
tical ground station. The uplink beacon was done
with a 520 nm laser and the downlink with a 650 nm
laser and it was obtained an optimal pointing con-
dition using the PID gain parameters: Kp=Kd=1
and Ki=0.1. Given the assemble, it was concluded
that the system can correct errors of a maximum of
3.4 mrad of divergence. For a LEO-to-ground com-
munication at a distance from the Earth of 500 km,
this pointing range corresponds to approximately
500 m, which is much greater than the receiver
telescope. This value assures a perspective of fea-
sibility for a long range communication. Finally, the
downlink data reception was observed when the
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optimized pointing control system was used and
confirmed a good reception, seeing the transmitted
binary message. Assuming the inherency of the
optical communication system, namely the low at-
tenuation of the channel conjugated with the track-
ing solution here proposed, we consider this as a
feasible solution for a long range connection.

5.1. Future Work
For this work to fulfil its objective of controlling the
alignment, there are two corrections to apply to the
pointing system: (1) Develop an algorithm that ap-
plies a correction to the calibration laser that in-
stead of overlapping the two beams, sends the
calibration laser to the symmetric position of tar-
get, being the center of symmetry the center of the
camera. Using a side mirror on the optical design,
this is a way to achieve accurate pointing. (2) Op-
timize the integral and derivative terms of the PID
controller to try to obtain a better PID response or
even explore new types of controllers that might be
adequate for this application.

After these improvements are made, future work
might be to implement all the control chain algo-
rithms in a microcontroller and test them integrated
in a satellite payload. This fine pointing system
can be associated to a coarse pointing system to
improve the global pointing accuracy and be inte-
grated in a small satellite.
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