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ABSTRACT 
 
 
 
 

Free space optical communication provides a way to increase the data rate that is limited 
by the capabilities of current radio links.  While also allowing saving of on-board power and 
shrinking of the size of the communication terminals, it presents more challenges in terms of 
the need of extremely precise pointing between the two partners involved in the link. 
Successful laser communication tests have been performed, e.g. between two satellites in 
space and between a satellite and a ground based fixed partner. A link through the 
atmosphere involving airborne moving terminals experiences disturbances like base-motion 
vibrations, fast relative motion and disturbances within the medium of propagation. These 
increase the requirements towards the pointing systems of the communication terminals. The 
traditional way to cope with misalignment is to operate two subsystems in parallel – a coarse 
pointing and a fine pointing one. The current work researches on the possible technologies 
for the so-called fine pointing assemblies. It proposes the introduction of a medium pointing 
assembly as the stage between the coarse and fine pointing ones. A general design of the 
new approach is also presented and analyzed. Furthermore, a laboratory experiment was set 
up and the results of it were discussed according to the expected ones. 
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1 INTRODUCTION AND MOTIVATION 
 
 
 
 

The following document reports on the master thesis work performed on the topic 
Evaluation of Coarse- and Fine-pointing Methods for Optical Free Space Communication. 
The aim of the thesis work is to complete a research on the possible technologies that may 
benefit to the development of an improved pointing system and to demonstrate the feasibility 
of a certain technology, selected on the basis of a set of requirements.  
 
The master thesis represents also an attempt to realize the main stages of a system design 
project within a restricted period of time.  It goes through three significant parts – Feasibility 
Study, Design and Simulation, and Laboratory Experiment. Each stage outcome have been 
reasoned and used as basis for the next one. The continuity of thought was ensured by 
organizing the design around the selected in the Feasibility Study technology for beam 
manipulation.   
 
The current state-of-the-art in optical free space communication allows for links to be 
performed between partners such as two satellites or a satellite and a ground station. These 
scenarios have always relied on continuous programs, which are dedicated for space thus 
allowing the use of custom built products and devices. The here presented work researches 
on the use of optical communication in extended scenarios involving airborne terminals. 
Furthermore, it examines the possibility of developing a pointing system with commercial-off-
the-shelf components. 
 
 
 
The master thesis gives the opportunity to perform a system design in an area that deals with 
the technology of tomorrow. It needs the combination of knowledge from several engineering 
fields into one working system like optics, electronics, control theory and software 
development. All of that motivates an engineer to create. Moreover, it educates him to be 
able to understand the overall picture and still be able to look from each aspect of the 
system.  
 
The Optical Communications Group of the German Aerospace Center provided the chance 
to perform such a system design in a highly-skilled research team and thus to benefit from 
their knowledge and expertise. 
 
 
 
The report is organized in three major chapters which follow the development of each of the 
above mentioned three stages of a system design. The Feasibility Study evaluates two big 
groups of light manipulation methods relative to pointing: angular beam steering and lateral 
beam steering. The System Simulation comprises of the system design, the modelling of the 
devices and of their consecutive analysis and simulation. The Laboratory Experiment 
describes the optical setup made for the demonstration of the selected technology and the 
tests that were completed with it. At the end of the report, the Thesis Outcome summarizes 
the work that was done and offers a direction for an upcoming research in the same topic.  
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2 FEASIBILITY STUDY 
 
 
 

2.1 Initial Considerations 
 

The development of the optical free-space communication (OFSC) advances further into 
becoming a better alternative of the radio communication. It offers much higher speeds of 
data transmission, smaller divergence beams and thus smaller terminals and also needs less 
power than traditional radio wave transceivers. While there are already commercial systems 
available for short distances up to a few kilometers, the maintaining of a reliable optical link 
for hundreds and thousands of kilometers still has to overcome some problems. Scenarios 
where OFSC is to be used include links between satellites, planes and high attitude 
platforms (called optical communication terminals). An example of a future network of OCTs 
is shown in Figure 2.1[1].  
 

 
 

Figure 2.1: Example of future optical communication network, taken from [1]. 
 
Optical communication is accomplished using laser point to point links. In order to initiate it, 
the two partners need to know each other’s position and according to it – to align their 
transceivers [1]. In order to maintain the communication, the two OCTs have to track and 
perform precise continuous pointing to each other so that no data is lost. However, there are 
a few disturbances acting against that: 
 

• base-motion disturbances  
• fast relative motions 
• disturbances within the medium of propagation 
• etc. 

 
Depending on the scenario these disturbances affect in different ways. For a link through 
space involving 2 satellites, these need to have the right orientation to each other, but the 
link itself lacks other problems such as increased beam divergence and deflection due to 
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scattering within the atmosphere occurring when an aircraft is involved. Engine vibration and 
isolated events such as thruster ignition are other major problems to be dealt with.  
 
At present, there are five OCTs in operation and all of them are flying in space: OPALE 
mounted on the ESA geostationary satellite ARTEMIS [2]; PASTEL on the low Earth orbit 
(LEO) SPOT-4 2]; one DLRLCT on TerraSAR-X and another one on N-Fire both in LEO [3]; 
the last OCT is on OICETS (“Kirari”) again in LEO [4]. Intersatellite link demonstrations 
between OPALE and PASTEL [2] and between OPALE and “Kirari” [4] were done in the last 
years. The first laser communication downlink from a satellite to a ground station in Europe 
was done between “Kirari” and the DLR Optical Ground Station at Oberpfaffenhofen [5]. It is 
to be followed by tests with the two DLRLCTs and Earth based partners [3]. That testifies for 
the maturity of the laser communication technology - it cannot compensate for all of the 
above mentioned disturbances at the same time. The intersatellite links have been 
conducted in the absence of atmosphere and in the tests involving a ground station, one of 
the partners is always fixed. Furthermore, a satellite orbit is very accurately predictable, 
which allows for preliminary calculations to assist the continuous pointing. The pointing 
system also uses the data obtained from other on-board systems such as Attitude and Orbit 
Control System. The significant part of the satellite produced vibration is in the lowest part of 
the spectrum as confirmed by the vibration measurements performed with the OLYMPUS 
satellite. Only vibrations below 1 Hz were measured during a boom retraction on the LACE 
satellite [6].  
 
The next step for the optical free space communication is to come to a stage that would give 
the opportunity to include an OCT on airborne platforms such as planes and airships. They 
are driven by engines producing vibrations with higher magnitude and with of several orders 
broader spectrum than these on a spacecraft platform. The relative velocity between the 
partners is also more significant here than in a satellite involved link; atmospheric effects 
such as turbulences might also occur. Therefore the requirements for the pointing become 
more severe. The current chapter examines the technologies that might be appropriate for 
designing a pointing subsystem in such scenarios, since until now successful optical 
communication experiments involving aircrafts have not been reported.  
 
A widely accepted design is to split the functionality of maintaining precise alignment into two 
systems that operate in parallel as shown in Figure 2.2. The Coarse pointing assembly 
(CPA) covers a broad field of regard – about 1 hemisphere. It is loaded with the tasks of the 
initial acquisition and to change the orientation of the transceiver in bigger, but slower steps 
(lower bandwidth higher amplitude movements). The Fine pointing assembly (FPA) need to 
be extremely precise and with fast response system in order to compensate for the fast 
changes in beam orientation. Thus its field of regard is much smaller than the one of the CPA 
– just a few degrees.  
 
 

Fine Pointing
Assembly

Photo
Receiver/

Transmitter

Coarse
Pointing

Assembly

Incoming
Beam

±±180180

≈≈0..20..2°°

Fine Pointing
Assembly

Photo
Receiver/

Transmitter

Coarse
Pointing

Assembly

Incoming
Beam

±±180180

≈≈0..20..2°°  
Figure 2.2: Simple block diagram of CPA and FPA. 

 
Both the CPA and FPA continuously correct for errors that occur in the XY plane that is 
perpendicular to the line connecting the two communication partners (Figure 2.3). 
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Figure 2.3: 2D beam position error. 

 
Let consider a situation of a transmitter and a receiver. The transmitter sends the optical 
signal and due to the mentioned disturbances the beam direction vector changes in space 
and the beam arrives displaced at the receiver. The coarse pointing assembly covers a 
broader (one hemisphere) field of view and takes care of keeping up with the slow change of 
direction.  The FPA in its terms corrects the fast changing error. The angular error at the 
transmitter converts to two translational errors at the receiver. The Z axis signal change (e.g. 
wavefront correction) is not relative to the operation of pointing.  
 
The first step of designing a fine pointing method for optical free space communication is 
concluded into finding the most suitable device that will perform the active pointing. Once 
knowing what the limits for the optical setup inside the transceiver (transmitter - receiver) are, 
then a feasibility study of the available technologies for fine pointing is to be performed. The 
basic requirements for such a device in airborne scenarios are summarized here: 
 

• Bandwidth of about 1 kHz 
• Field of regard of about 20 mrad (2°) 
• Accuracy of about 2 μrad (0.0001°) 
• Random access pointing. 

 
The first three of the requirements are inter-dependable and one must find a working 
compromise between them. The bandwidth requirement depends highly on the scenario 
where OFSC will occur. If the OCT is put in a helicopter, its rotor rotational noise spectra 
extends to several hundreds of Hz. That puts an extreme limitation on the possible 
technologies to be used. The ultimate goal as always is to reduce the size, weight and price 
for the communication and at the same time make it reliable and uniform. The best would 
then be to have an optimal transceiver that unifies both the function of a transmitter and a 
receiver. One of the designs that could lead to such device embeds an optical setup that 
would allow a small field of regard for the FPA, which in terms would allow smaller 
movements and higher speeds. The requirement for the accuracy comes mostly from the 
sensor used to detect the displacement from the ideal position, which however is a 
consequence of the desire to detect the smallest error as soon as possible so that to 
eliminate it on time. Random access pointing means that the device has to be able to point in 
any direction it is commanded to and to be able to hold that direction. 
Additional to these, another requirement is to perform pointing without changing the optical 
signal parameters significantly. Thus the only operation to be performed over the laser beam 
should be steering in order to only follow the ideal position. Two techniques may be used to 
steer the beam – angular and lateral beam steering. Angular steering means changing the 
optical path by use of devices that perform angular movements and lateral beam steering is 
performed by devices that make translations within the XZ plane. 
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2.2 Angular Beam Steering 
 
 

The idea for angular beam steering is shown in Figure 2.4.  
 

Either one or both 
of the devices are 

controlled

Either one or both 
of the devices are 

controlled

Either one or both 
of the devices are 

controlled

Either one or both 
of the devices are 

controlled

Either one or both 
of the devices are 

controlled

 
Figure 2.4: Angular beam steering. 

 
The devices at the path of the optical signal perform precise rotations along one or two axes. 
One or two devices may be utilized in various designs. If they are one dimensional mirrors 
(able to perform rotation about one axis only - 1D), then they can be put each in a node. A 
two dimensional mirror (able to perform rotation about two axis – 2D) may be used along with 
a fixed one needed to turn back the beam in the initial direction. Another design may also put 
one mirror in one node, but this time the mirrors are 2D and they can account for different 
situations: one might be for big but slow movements and the other for fast and small ones, 
etc. A study over the possible technologies for that kind of study leads to the following ones: 
 

• Fast steering mirrors 
• Acousto – optic deflectors 
• Spatial light modulators 
• Deformable mirrors. 

 
 

2.2.1 Fast Steering Mirrors 
 

Fast steering mirrors (FSM) represent a mirror that is mounted over actuators, capable of 
producing fast and precise movements. The actuators are usually linear and are arranged in 
twos per axis in order to perform tilting around the axis. A simple illustration of the operating 
principle is given in Figure 2.5. 
 

X

Y

Z

Linear actuators

Mirror

Output laser beam Input laser beam
α

X

Y

Z

Linear actuators

Mirror

Output laser beam Input laser beam
α

 
Figure 2.5: Fast steering mirror principle. 
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A coordinate system with origin in the center of the mirror was introduced to ease the 
explanation. The linear actuators move along the Z axis on the figure and create a torque 
leading to a small rotation along the X axis. The rotation makes the mirror to be seen at 
different angle α of reflection by the input laser beam, which furthermore allows introducing a 
control over the pointing of the output signal along the Y axis. The relationship is that a 
change in the mechanical angle around one axis of the XY plane leads to twice the change 
of the optical angle of the output beam as shown in Figure 2.6. 
 

ZZaa Za+t

δδ

δ

22δδ

mirrormirror
YY

XX situation situation aa

situation situation a+ta+t

Input beamInput beam

Output Output 
beambeamaa

Output Output 
BeamBeama+ta+t ZZaa Za+t

δδ

δ

22δδ

mirrormirror
YY

XX situation situation aa

situation situation a+ta+t

Input beamInput beam

Output Output 
beambeamaa

Output Output 
BeamBeama+ta+t

 
Figure 2.6: Optical and mechanical range relationship. 

 
The relationship comes from a straightforward geometry calculation and here it is shown for 
the 1D case. In order to produce a tip-tilt, i.e. 2D mirror, 2 pairs of actuators are placed along 
the X and Y axes and almost always are positioned in such way, that a virtual pivot point is 
formed in the center of the mirror. 
 
Several technologies are used to actuate the mirror tilting: 
 

• Motorized actuators 
• Galvanometric scanners 
• Piezoelectric actuators 
• Voice coils 

 
Motorized actuators might be used for low demanding applications where slow speed and 
low resolution is sufficient. They are usually based on stepper or dc servo motors [7]. A big 
problem with them is that they are subject to wear since there is friction between the rotor 
and the mirror mount (use of bearings, lead screw). Thus they are not suitable for continuous 
active control which requires fast and extremely precise motion. 
 
Galvo motors are suitable for scanning mirrors [7]. They can scan large angular ranges of a 
few tens of degrees with a very good linearity. Most of the designs are based on moving 
magnets under the influence of a changing magnetic field created by a current through a 
wire.  The magnet is positioned so that the mirror mount performs rotation around 1 axis. For 
a fine pointing assembly, using a scanner is not an option since it is not possible to comply 
with the requirement of random access pointing.   
 
Piezo actuators use the piezo effect of some crystals and ceramics [7]. The dimensions of 
these material change when they are subject to potential difference. Applying high voltage 
across the crystal leads to its expansion in the direction of the electric field and to contraction 
in direction perpendicular to the field. These actuators are used as linear ones and their 
range is in the micrometer region. Usually they push against a flexure to obtain the desired 
mirror tilt. They have the advantage of generating large pushing force for small movements. 
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The piezoactuators are also very fast with up to nanometer accuracy. The major drawback 
for using such device is, however, that it needs high voltage range (typically up to 150V) to 
cause the piezo effect while also consuming a lot of power.  
 
Voice coil actuators is the last of the most used technologies. Voice coils are behind the 
principle of operation of the loudspeakers. It is based on the interaction between a fixed 
magnet and an electromagnet, formed by a coil around a magnetic core. When there is 
current flowing through the coil the electromagnet gets polarized interacting with the 
magnetic field of the fixed magnet. By varying the polarity of the current, a push-pull 
configuration is achieved and the electromagnet moves towards or against the fixed magnet. 
Voice coils for fast steering mirrors utilize the same principle. Some companies however, 
reverse it, by making the magnet move, while the voice coil stays fixed in space. This 
arrangement allows for better heat-sinking of the coils and eliminates the problems with 
moving wire connections thus leading to greatly increased life of the mirror [7]. Voice coil 
mirrors achieve a very good resolution with significantly less power than for the piezo driven 
ones. However, their bandwidth is smaller. 
 
Two out of these four technologies are suitable for the goal of the fine pointing assembly – 
piezoelectric actuators and voice coils. An examples of such devices are shown on Figure 
2.7 is Physik Instrumente S-334 device (piezo driven) and on Figure 2.8 is Sapphire TT25 
(with voice coils).  
 
 

 
Figure 2.7: PI S-334, taken from [8]. 

 
Figure 2.8: Sapphire TT25, taken from [9]. 

 
 
The results of the product research – a summary of products and their manufacturers, for 
2-dimensional and 1-dimensional mirrors are given in Table 2.1 and Table 2.2 respectively. 
  
Table 2.1: 2D /tip-tilt/ Fast Steering Mirrors. 
Device Axes Tilting angle Apperture Bandwidth Resolution Actuators

Marco asy/kiss/r X, Y ± 47 x 58 mrad 22 mm < 1 kHz 58 μrad* piezo
*resolution of position sensor

PI S-330 X, Y ± 2 mrad 10 mm < 2.4 kHz** 0.05 μrad piezo
**resonant frequency

Sapphire TT25 X, Y ± 17.5 mrad 25 mm 0.5 kHz 1  μrad voice coils

Newport FSM-300-01 X, Y ± 26 mrad 25 mm 0.8 kHz < 2 μrad voice coils

Piezo Jena PSH x2 X, Y ± 4 mrad < 50 mm 0.2 kHz 0.01 μrad piezo
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Table 2.2: 1D Fast Steering Mirrors. 
Device Axes Tilting angle Apperture Bandwidth Resolution Actuator

PI S-224 X ± 2.2 mrad 15 mm < 5.7 kHz* 0.05 μrad piezo 
*resonant frequency

Axsys Technologies X ± 0.3 mrad 3 mm 1.6 kHz 0.5 μrad piezo 

Piezo Jena PSH 35 X ± 17 mrad < 50 mm < 1.2 kHz* 0.04 μrad piezo
*resonant frequency

 
 
The qualities of the fast steering mirrors used for angular beam steering might be 
summarized in the following distribution of positive and negative arguments: 
 
Pros: 
 

• Very good efficiency of more than 95% of the reflected beam intensity 
• Big aperture 
• High resolution 
• Traditional technology. 

 
Cons: 
 

• Movable mechanical parts 
• High driving power especially for piezo-based mirrors 
• Introduces a significant turn in the optical path. 

 
 
 

2.2.2 Acousto-Optic Deflectors 
 

Acousto-optic devices – also called Bragg cells – utilize the principle of light diffraction by 
an acoustic wave propagating in a crystal [10]. The wave travels in the crystal with the 
acoustic velocity of the material and with a wavelength dependent on the RF signal. The 
incident light then sees the wave as a moving grate and is being diffracted by it (by the 
differences in the refraction index). In general that is Raman-Nath diffraction: there are 
several diffraction orders with equally distributed intensities. However, at one particular angle 
(Bragg angle), most of the beam intensity is diffracted into the first order (Bragg diffraction), 
while the others are annihilated by destructive interference (Figure 2.9). Because of the 
power concentration in just one output beam which direction is controllable, Bragg regime is 
applicable for FPA-concepts. 
 

 
Figure 2.9: AO types of diffraction. 
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Bragg angle ΘB = λF/2v, where λ=λ0/n is the wavelength of the beam inside the crystal (n – 
refraction index of the crystal), F is the RF frequency and v is the acoustic velocity. 
 
There are four basic effects that a laser beam experiences within an acousto-optic device 
[10]: 
 

• Deflection – the deviation of the diffracted beam is proportional to the RF frequency. 
• Amplitude modulation – the intensity of the diffracted beam is a function of the RF 

power. 
• Frequency shifting – each acousto-optic interaction is accompanied with frequency 

shifting – the frequency of the acoustic wave is added or is subtracted from the one of 
the input beam, because of the energy conservation principle.  

• Tunable wavelength filtering - for Bragg diffraction to be present, only one particular 
wavelength can match the condition and that can be used for filtering. 

• In order to use AOMs as FPA, the deflection angle needs to be controlled with high 
speeds. However, it is not possible to avoid all of the other effects. 

 
In an Acousto-Optic Deflector, the drive power is held constant and the drive frequency is 
varied over a range Δf about a central frequency f0, which satisfies the Bragg condition [11]. 
The incident beam is held fixed at ΘB with respect to the acoustic wave with f = f0 as well as 
the zeroth order exiting beam. Then by varying the RF frequency a deviation from true Bragg 
diffraction is accomplished (Figure 2.10 for f < f0). The same principle holds true when f > f0. 
 

 
Figure 2.10: Acousto-optic deflection for f < f0. 

 
In Figure 2.10 the angle of the 1st order diffracted beam is smaller than ΘB with ΘB = ΘD + δ, 
where ΘD = λf/2v and δ = ΘB – ΘD = λ(f0 - f)/2v.  
The deviation from the true Bragg deflection is: 

α = δ/n = λ(f0 - f)/2nv. 
The intensity variation with the RF frequency is given by: 

I(α) = sinc^2[(π/2)(L/L0)(f/f0)(1 - f/f0)], 
where sinc – unnormalized sinc function (i.e. sinc(x) = sin(x)/x), L is the interaction length 
within the crystal and L0 is the characteristic interaction length, which is dependent on the 
central frequency and the wavelength of the laser beam. The loss in intensity is smaller when 
the angle of deflection is closer to the Bragg angle (f = f0). The intensity variation is 
asymmetrical about f0 because the acoustic beam is less divergent for f < f0 than for f < f0.  
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The material for the deflector is the one that mostly defines its properties like optical range, 
polarization, maximum laser power, etc. A summary of materials is presented in Table 2.3. 
 

Table 2.3: Summary of materials for acousto-optic devices. Taken from [12]. 

 
 
Tellurium Oxide (TeO2) is mostly preferred for the input beam wavelength of 1.55 um since 
its figure of merit is the highest among the other materials. The figure of merit (M) is directly 
related to the acoustic power – higher M means lower driver power needed and higher 
intensity of the deflected beam. 
 
The acousto-optic deflectors operate only in 1 dimension. In order to achieve 2-dimensional 
deflection, two crystals need to be combined. With efficiencies of about 80-90% per crystal, 
the total loss of power in such combinations is around 50%. There are few companies that 
offer 2D deflectors as a standard product. These are listed in Table 2.4. 
 
Table 2.4: 2-dimensional deflectors. 

Wavelength Deflection angle Efficiency Apperture Resolution
input output

um rad or ° % mm in spots

Isomet OAD1550-XY 1.55 um 2.3° 50% 7x7* linear linear 200x200

Quanta Tech DTS.XY-400 0.35 - 1.6 um 49 mrad (2.8°)** 45% 6.7x6.7*** linear linear 240x240**

Parameters
PolarizationCompany  Model

* active aperture 
** specifications given for λ=1.064 um 
*** beam diameter (1/e2) 
 
Isomet OAD1550-XY is manufactured as 2 crystals in one case, while Quanta Tech DTS.XY-
400 are two 1-axis devices aligned and mounted on one stand.  
 
Usually the frequency of the acoustic wave is in the order of tens of MHz. If the input laser 
beam has λi = 1550 nm, then: 
 fi = c / λi = 193414489 MHz ( ~193 THz) 
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If the acoustic wave of the AOD has f = 100 MHz, then the frequency of the output beam will 
be: 
 fo = 193414389 MHz,  
and the wavelength from 1550 nm will change to: 
 λo = 1550.0008 nm. 
This small change in wavelength might be negligible for any kind of optical communication 
system. Furthermore, even this change could be avoided by aligning the two AODs so that 
the frequency shifts to cancel each other. 
 
The acoustic wave is produced by a transducer, which is in contact with the crystal, where 
the interaction with the light takes place. The transducer is driven by an external driver that 
gives the correct RF signal in terms of frequency and power to produce the acoustic wave. 
Since deflectors need to vary the frequency of the acoustic wave, they need drivers capable 
of delivering variable frequency. Specifications for drivers recommended by the 
manufacturers for the deflectors in Table 2.4 are given in Table 2.5. 1 driver is used for each 
axis, thus 2 drivers are needed for the 2-dimensional deflectors. 
 
Table 2.5: AOD Driver Specifications. 

Company Model
Frequency 

range
Output RF 

power Frequency control
Output modulation 

control
Power 
supply

Isomet 620c/630c-40 30 - 50 MHz > 1.5 W analog: 0 - 10 V analog: 0-1V/   digital: 
TTL

24/28V DC, 
< 700 mA

Quanta Tech DRFA10Y + 
AMPA-B-33*

40 - 100 MHz 2 W** analog: 0 - 10 V analog: 0 - 5 V 24V DC / 
110/230 AC

DDSA + AMPA-
B-33*

20 - 350 MHz 2 W** digital: 15/23/31 bits*** analog: 0 - 5 V 24V DC / 
110/230 AC  

*Quanta tech driver system represents a combination of 2 devices – the driver and after it a 
power amplifier (here AMPA-B-33 model given)  
** specified for the deflector at 1.064 um 
*** more bits - higher frequency resolution 
 
The arguments for using Acousto-optic deflectors are summarized below. 
 
Pros: 

 
• No mechanical parts – extremely fast and no wear 
• High resolution 
• Small size 
• Low driving power 
• Able to perform additional beam manipulation within the same device 

 
Cons: 
 

• Introduces a turn in the optical path of communication 
• Asymmetrical intensity efficiency around the central frequency 
• Power loss (about 3dB for 2D deflection) 
• Small aperture (see Table 2.4) 
• Sometimes requirements for and possible change of polarization 
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2.2.3 Spatial Light Modulators 
 

The spatial light modulators (SLMs) change the properties of the incoming light. There 
are two types of SLMs - Liquid Crystal-based and MEMS-based. In adaptive optics they are 
mainly used for wavefront correction [13].  
 
 

2.2.3.1 LC-SLMs 
 

Liquid crystals are able to manipulate the light passing through them due to effect of 
birefringence. Thus they can change the amplitude, polarization and the phase of the 
incoming laser beam. The principle of operation of such a LC-SLM is shown in Figure 2.11. 
 
 

 
Figure 2.11: LC-SLM principle of operation, taken from [13]. 

 
The device in Figure 2.11 is a Hamamatsu PPM X8267. The Liquid Crystal Display (LCD) is 
used to optically address the Spatial Light Modulator (OA-SLM). The pattern on the LCD is 
projected into the liquid crystal using a laser so that the small crystals in the OA-SLM 
orientate according to that pattern. The pattern itself is loaded into the LCD electronically, 
which allows it to be easily controlled with a computer. 
One might use such a SLM for beam steering if a slowly varying pattern from white to black 
is loaded as shown in the figure. Then the crystals in OA-SLM will correspondingly change 
their phase and the incoming light will be diffracted mostly in the first order of diffraction. This 
phase modulation is illustrated in Figure 2.12. 
 

 
Figure 2.12: 1st order diffraction by appropriate phase modulation, taken from [14]. 
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Depending on the number of possible phase shifts, most of the light will be diffracted into the 
1st order output beam only. Unfortunately that is true only for small angles of deflection 
between the incoming and outgoing light and the efficiency drops radically otherwise. If 
bigger angles are needed, then also the maximum phase shift must be improved as now it is 
in the order of a few π only. The other major drawbacks are that these devices are yet not 
fast enough for demanding applications as the fine pointing assembly and do not have good 
resolution. A summary of the parameters of the products and companies offering them is 
shown in Table 2.6. 
 
Table 2.6: Spatial Light Modulators. 

Wavelength Deflection Efficiency Apperture Bandwidth Resolution Dimensions
um rad % mm Hz in spots

Hamamatsu X8627 0.35 - 1.5 um 50 mrad* ~80% 20x20 < 1 Hz* 7600* 2D

BNS 4096SLM 1.55 um 60 mrad 70% 7.4x6.0 30 Hz 8000 1D

Holoeye summary n.a. n.a. n.a. < 21x26 < 75 Hz n.a. 2D

CRi summary up to 1.62 um n.a. n.a. 64x5  < 100 Hz n.a. 2D

*results from I.Buske test, presented in Strahlablenkung and Tracking mit höchster Genauigkeit, 2006 

Parameters
Company  Model

 
The Hamamatsu device deflection angle of 50 mrad is a subject of prediction if the number of 
phase periods would increase. The BNS device might be suitable for fast applications. 
However, its efficiency drops radically when a bigger angle of deflection is needed. It is also 
a 1-dimensional device with a small aperture, which is also not convenient.  
The characteristics of the SLMs from the point of view to be used as a fine pointing assembly 
are summarized below. 
 
Pros: 
 

• No mechanical parts 
• Good efficiency of the deflected beam for small angles 
• Low driving power 
• Able to perform additional beam manipulation within the same device 
 

Cons: 
 

• Useful for only small angles of deflection 
• Slow response 
• Not high enough resolution 
• Emerging use as deflectors 
• Introduces a turn in the optical path of communication 

 
 

2.2.3.2 MEMS-SLMs 
 

Micro-Electro-Mechanical Spatial Light Modulators represent deformable mirrors, which 
shape is controlled in order to counter react to aberrations in the wavefront of the incoming 
light. Until now they have not been used as deflectors. However, it is interesting to follow 
their development since there are several key features fitting to the idea of a fine pointing 
assembly. These characteristics are: 
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• Fast response 
• Low power consumption 
• Big aperture of up to 50 mm in diameter 

 
There are two types of MEMS-SLMs: Micromachined Membrane Deformable Mirrors 
(MMDM) and Piezoelectric Deformable Mirrors (PDM).  
MMDM represent a very thin membrane mirror which is mounted over a 2-dimensional array 
of electrodes as shown in Figure 2.13. 
 

 
Figure 2.13: Micromachined Membrane Deformable Mirror, taken from [15]. 

 
 

The MMDM membrane can be deflected only in the direction of the electrode structure 
because the electrostatic force can be only attractive [15]. The deflected membrane then will 
be able to produce only concave optical shapes. The maximum deflection caused by one 
electrode is limited by the surrounding electrodes. Thus, in order to have higher deflection, 
the number of electrodes has to be less, but that makes the device less flexible. On the other 
hand, more electrodes mean that they are smaller, and also the maximum deflection 
becomes smaller.  
Piezoelectric mirror is formed by a thin solid plate, made of glass, fuzed silica or silicon, 
depending on application [15]. The plate is bonded to a 2-dimensional array of piezoelectric 
actuators. Unlike the MMDM, the actuators can work in push-pull operation. Elongation of 
individual actuators causes global deformation of the reflective plate above (Figure 2.14). 
 

 
Figure 2.14: Piezoelectric Deformable Mirror, taken from [15]. 
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When the actuators push, the plate is deformed and the neighbour actuators are also slightly 
deformed. Then the following parameters are of importance: maximum stroke of a free 
actuator and maximum difference between the neighbour actuators. When all the actuators 
move together, the plate is translated without any deformation. 
Let consider a situation where a PDM is used and it is shown in 1-dimensional view only as 
shown in Figure 2.15. 
 

 
Figure 2.15: 1D view of PDM used as deflector. 

 
In order to form a mirror, the first actuator (the leftmost) should have strike of 0 μm, the next 
one should have a strike higher with the maximum strike divided by the number of actuators 
and so on until the last actuator have the maximum strike. This assumption is made provided 
that the resolutions of the actuators and of the driver electronics are high enough. Then the 
PDM will look as a mirror for the input laser beam. Nowadays the maximum stroke of an 
actuator is about 10 μm and if the mirror has a diameter of 10 mm, then the maximum 
mechanical tilting angle is about 1 mrad and the maximum optical angle of deflection then is 
about 2 mrad.  
This technology is still not able to comply with the requirements of the fine pointing assembly 
and particularly with the need of a larger field of regard. However, it might be used to correct 
for residual errors in a design where there is a second device present with a larger field of 
regard and which is less accurate than the MEMS-SLM. In such case the SLM might also be 
used to perform additional functionality such as wavefront correction. 
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2.3 Lateral Beam Steering 
 
 

There are two main techniques suggested for designing a Fine Pointing Assembly and 
the second one was so called lateral beam steering. The idea is used by several companies 
in manufacturing high-class digital camera lenses with built-in image stabilization. There are 
many companies like Canon, Nikon and others that offer such lenses. They have a large field 
of view, but are designed for photography that is performed manually, which means that 
there are no harsh requirements on the lens system response as compared to the fine 
pointing assembly. 
Another use of lens translation is in the optical storage disc manipulating devices, where the 
laser beam must be precisely positioned and focused through an objective lens on the disc 
track. Given the high read/write speed of these devices, the bandwidth of the position 
correction system is very high, but they use a small and a light lens, since the focused laser 
beam on the disc is in sub-μm range. 
 
 

2.3.1 Image Stabilization  
 

The digital camera companies offer two possible ways of optical path adjustment/image 
stabilization: 
 

• 2-Dimensional lens translation 
• Vari-angle prisms (offered by Canon) 

 
A number of technologies providing image stabilization are offered on the market:  
 

• Image stabilizer and Vari-angle prism by Canon 
• Vibration reduction by Nikon 
• Optical Stabilizer by Sigma 
• Anti-Shake by Minolta (also offered as SteadyShot by Sony). 

 
All of them are built in either inside the external lens or inside the body of the camera 
(depending on the camera class). They use closed loop with sensing the vibration and 
counter reacting to it by displacing a part of the lens system in order to adjust the optical path 
or by displacing the CCD chip itself. A block diagram is shown in Figure 2.16. 
 

 
Figure 2.16: Image stabilization control loop. 
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The vibration detection sensor measures the amount of disturbance introduced to the 
system. It is usually angular rate sensors put in two axes (since the picture that is taken is 
also 2D) perpendicular to the optical path direction, which sense the angular velocity after the 
capture button is pressed. Thus, if the photographer had moved his hand while acquiring the 
light throughout the lens onto the CCD, the sensors provide the information about how much 
and in which direction that movement happened. The information is afterwards fed into the 
controller that generates the amount of counter-reaction for the Image Stabilizer system. The 
design of this system is where the biggest difference between the various manufacturers is. 
Most of them utilize a design where a special lens (depending on their optical setup) is driven 
in two dimensions by usually voice coils or electromagnets. An example for such a system is 
Nikon Vibration Reduction in Figure 2.17 [16]. 
 

 
Figure 2.17: Nikon Vibration Reduction System, taken from [16]. 

 
Here the sensors detect the rotation around pitch and yaw axes and the actuators are 2 
voice coil motors that linearly shift the vibration reduction lens according to the sensor 
information. The whole lens system is more complex than having just one lens and allows by 
these 2D translations of the VR lens to correct the light path so that it is not displaced onto 
the acquiring CCD chip as sketched in Figure 2.18. However, the other lenses stay fixed in 
space and only the VR lens is the active element. 
 
 

Y

X

Y

X

 
Figure 2.18: Optical path correction by means of lens translation. 
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The other idea for image stabilization is by use of the so called Vari-angle prism. That 
interesting technology is utilized by Canon and the difference with the previous ones is that 
the active element is not motorized lens, but a prism that can vary the angle between its two 
interfaces with the surrounding media. The Vari-Angle Prism is composed of two pieces of 
flat glass joined by a flexible bellow made of a special film that can expand and contract as 
required [17]. The space between the glass plates is filled with a liquid of a high refractive 
index. One glass rotates for pitch movement and the other for the yaw movement. A 
sequence of how this prism work is shown in Figure 2.19. 
 
 

 
Figure 2.19: Vari-angle prism demonstration, taken from [17]. 

 
 
Expansion and contraction of the flexible bellows can vary the top angle and thus adjust the 
direction of the light.  
 
These few technologies for image stabilization are used in commercial photographic 
cameras and thus are intended to fight against hand shake mostly, which they detect by gyro 
sensors. The major problem comes with the low bandwidth of the systems. It is in the order 
of a few Hertz, which is justified by the low frequency spectra of the possible vibrations 
caused by human shake. The fastest of these technologies is said to be the Vari-angle prism 
with a bandwidth of up to 20 Hz [18]. Then in order to use such a system as a part of a fine 
pointing assembly, it has to be redesigned since there are no commercial off-the-shelf 
components available. 
 
 

2.3.2 Objective Lens Translation 
 

The other possibility for lateral beam steering is to use the idea as in the optical disc 
devices. Such a device uses two motors – one to rotate the compact disc and the other is to 
move the optical pickup head perpendicular to the direction of rotation. The information is 
stored in the disc in the form of a continuous track that resembles a spiral. The width of the 
spiral defers from technology to technology (CD, DVD, Blue-ray, etc.) and depends on the 
wavelength of the laser beam used to manipulate the disc. For a CD the wavelength is 780 
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nm, while for DVD it is 605 nm and for Blue ray is 405 nm. Smaller wavelength means 
thinner spiral and thus more information. On the other hand, it means that the task of 
positioning the optical head over the track becomes more difficult to implement. Theoretically 
it is always possible to predict with infinite accuracy where to position the head in the next 
moment, since all the information needed is standardized -  the angular velocity of the disc at 
given distance from the axis of rotation, the speed of the optical pickup, electronics delay, 
etc.. In reality there is a total position error that is introduced and need to be compensated. 
The biggest contributor to this error is the wobble of the disc due to its inertia, the motor 
imperfection and the lack of total vacuum as environment for the operations. A simple sketch 
is provided in Figure 2.20. 
 
 

 
Figure 2.20: Objective lens errors in disc operations. 

 
 
 
The optical disc is fixed in the point where the axis of rotation crosses its surface. The disc 
mass introduces moments of inertia, which become greater in its outer parts. Since the disc 
material is not perfect and there is still gravity acting on it, these make the disc to wobble as 
it rotates. That in its turn leads to possible errors in focusing the beam on the track, since the 
distance between the lens and the disc surface changes due to the wobbling effect. It also 
leads to a positioning error along the direction of the lens translation perpendicular to the 
angular velocity.  
In order to compensate for these errors, the producers of such optical pickups use small 
motors to make small changes in the position of the focusing lens within the optical head. A 
general principle of the optical pickup organization is shown in Figure 2.21, which is taken 
from [19]. It corresponds to older versions of CD devices. In this pickup a three beam 
organization is used. A laser diode generates the laser beam which then passes through a 
diffraction grating in order to produce the two 1st order beams, which are needed for tracking 
and which straddle the track being read [19]. After that the beams are deflected towards the 
objective lens and then focused onto the disc surface (the diffracted side beams are 
positioned forward and back of the main beam). The return beam passes the same way 
backwards down to the beam splitter where it is directed onto the photodiode array (circled in 
red) in order to read the data and to control the tracking and the focusing. The data signal is 
the sum of A+B+C+D. A perfect focus is when (A+C) - (B+D) = 0 and a perfect tracking is 
when E = F (these segments monitor the side beams). In order to follow these perfect 
conditions, the pickup controls the voice coil actuators, which adjust the position and the 
focus of the objective lens (circled in red). More recent versions of optical pickups have a 
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simplified organization – using only the central beam, simplified optical setup, etc., but this 
one has been presented because it is convenient for explanation.  
 
 

 
Figure 2.21: Optical pickup organization, taken from [19]. 

 
The read out speed of the CD devices is very high which leads back to the high bandwidth of 
the tracking and focusing subsystems making them suitable for the design of the fine pointing 
assembly. In such mechanism there is no need for a focusing function, leaving this actuator 
subsystem out. The tracking in the optical pickups is designed for one axis and a second 
control for the axis perpendicular to the first one and the axis of symmetry of the lens has to 
be introduced. The lens is a solid body and the bigger its mass gets, the slower its 
translational speed becomes. Thus, in order to achieve higher bandwidths, one has to find a 
compromise between the aperture (field of view) and the bandwidth of such a system. The 
sketch of a possible system to narrow the beam width and control the position in 2 
dimensions is shown in Figure 2.22. 
 

 
Figure 2.22: Small objective lens positioning. 
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The lens is translated by two actuators, one per each axis, in order to keep the focused 
beam positioned onto the photodiode receiver.  In order to design the actuated objective lens 
housing, one may use various types of precise linear actuators: voice coils (as in the optical 
disc devices), piezoelectric actuators, DC servo motorized ones. However, the linear 
actuators usually introduce a tilt error around the non-driven axes. There are not available 
COTS objective lenses, companies usually sell whole optical pickups, which are used as 
replacement parts for optical disc devices. 
 
 
The pros and cons of the lateral beam steering are gathered below.  
 
Pros 
 

• Does not introduce a considerable turn in the optical path 
• Less expensive than angular beam steering devices 
• CD objective lenses have a high bandwidth 
• Camera systems have broad field of view 

 
Cons 
 

• Until now camera systems have slow response 
• CD objective lenses have a narrow field of view 
• Actuators introduce tilt errors 
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2.4 Feasibility Study Conclusion 
 

An overview of the suitable technologies was presented and for each of them the pros 
and cons of the features with respect to a use for a fine pointing assembly was pointed out. 
The important characteristics of all of these technologies have been summarized and 
presented in Appendix A. It should be stated, that these characteristics are given as 
representative for the whole group and cannot be gathered in one device only. Given the 
requirements that were stated in the beginning of the study, it can be concluded that the fast 
steering mirror technology is still the most appropriate to be used. Its major advantage is that 
there can be found a working compromise between the “good” and the “bad” sides. The 
acousto-optic modulators have a significant loss of power and small aperture cannot be 
compensated by the low driving power and the small size of the device. The Spatial light 
modulators are yet to be used more frequently as a deflectors and their main use for 
wavefront correction justifies the small phase shift and good efficiency only when smaller 
deflection angles are needed, which are not suitable for a fine pointing assembly. However 
the last two of the angular beam steering devices are capable of additional manipulation over 
the incoming light within the same device. The fast response and the very good resolution of 
the piezo driven mirrors is very attractive for the purpose of fine pointing. The major 
drawback for using piezo-based device is the need for high power – about several tens of 
watts to supply the actuator, which is to be avoided as much as possible. Voice coil mirrors 
come to help since they need significantly less driving power – in the order of a few watts. 
However, their bandwidth is narrower than the one of the piezoelectric devices.  
 
When it comes to lateral beam steering it is obvious that the slow response of the image 
stabilization systems makes them impossible to use for a fast fine pointing. The fast 
response of the objective lens translation technique is the answer for a high bandwidth, but 
its narrower field of view is a problem if such a system is used alone.  
 
If one wants to minimize the power consumption and at the same time keep the high 
bandwidth, then a design that combines a voice coil mirror with an objective lens becomes a 
solution. The slower response of the voice coil mirrors may suggest them to be introduced as 
a third pointing stage – a medium pointing assembly (MPA) that stands between the coarse 
pointing and the fine pointing, which in turn would be the objective lens. The block diagram 
for such arrangement is shown in Figure 2.23. 
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Figure 2.23: Block diagram of pointing assemblies’ arrangement. 
 
In such way the requirements for a fast response of the voice coil mirror as MPA will be 
eased and at the same time the requirements for broad field of view for objective lens as 
FPA will be kept. On the other hand, keeping up with all the requirements means two 
assemblies and thus twice as much work as if it were one device only. This last design 
involving MPA and FPA becomes then the only one that is capable to fulfill the task of a fast 
pointing assembly for optical free space communication.  
 
The current work will concentrate on the design of the newly introduced third pointing stage – 
the MPA. The reason for that is of practical manner: one cannot utilize a setup with a coarse 
pointing and objective lens only, since its performance will be severely shrunk due to the low 
bandwidth of the first and the narrow field of view of the second. On the other hand, a system 
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with a coarse and a medium pointing will be able to benefit from the wide field of view of the 
CPA with greatly improved bandwidth due to the MPA. 
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3 SYSTEM SIMULATION 
 
 
 

3.1 System Design and Considerations 
 

The outcome of the feasibility study showed a need for a medium pointing assembly with 
the actuator chosen to be a voice coil mirror – a fast steering mirror driven by voice coil 
actuators. The marketing research that followed outlined the Newport FSM-300 device as the 
best compromise between performance and power.  
 
An efficient system should comprise of a sensor for the incoming light, a controller and an 
actuator that acts over the light direction. The actuator in this case is the FSM mirror, while 
for the sensor there are several types that might be appropriate: CCD camera, position 
sensitive devices (PSD), photodiodes, etc. Here a 4-quadrant detector (4QD) has been used, 
since it is convenient for centering applications: it consists of 4 photodiodes forming a circle, 
which output is used to evaluate the position of the spot on the detector. A block diagram of 
the control loop is shown in Figure 3.1. 

 

P ID
controller

4 analogue 
voltages : A, B , C, D

4x

2α
α

op
tic

al
 

si
gn

al

control F (V)

( ) ( )B C A Dx
A B C D
+ − +

=
+ + +

x

Incoming collimated
beam

4Q S ensor

Fas t S teer ing Mir ror

Focus ing
L enses , feff

Data 
R x

B eam splitter

R x
T elescope

P ID
controller

4 analogue 
voltages : A, B , C, D

4x

2α
α

op
tic

al
 

si
gn

al

control F (V)

( ) ( )B C A Dx
A B C D
+ − +

=
+ + +

x

Incoming collimated
beam

4Q S ensor

Fas t S teer ing Mir ror

Focus ing
L enses , feff

Data 
R x

B eam splitter

R x
T elescope

 
Figure 3.1: Control loop block diagram for 1-axis control. 

 
 

Only one axis loop is shown because the two axes are controlled independently and the 
second loop then looks alike. The input for the system is the incoming collimated beam, while 
the output is the light focused on a photodiode. The collimation of the beam is generally done 
before it enters the pointing system. The beam is reflected by the actuator and subsequently 
split by the beam splitter in two directions: one beam is focused on a photodiode and the 



Evaluation of Coarse- and Fine-pointing Methods for Optical Free Space Communication 
 

26 Christo V. Grigorov Master Thesis 
 

other is focused on the 4QD. The output of the 4QD is the feedback signal for the control 
loop. When testing the control part only, the beam splitter and the fiber coupler are excluded 
from the system for the sake of simplicity since they do not influence the performance of the 
pointing. The control loop relies on the information coming from the quadrant detector. Each 
photodiode converts the incoming light into current, which is then converted into voltage. The 
4 outputs are then used to calculate the central point of the beam onto the detector, which is 
on its term fed into the controller. According to the position of the centre, the controller 
generates operating signals for the fast steering mirror in order to rotate it in the needed 
manner. This initial design allows to start with modeling of the devices involved in it in order 
to simulate its performance. It has the classical representation shown in Figure 3.2. 
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-

Sensor

real
valueCompensator Plant

Sensor

Compensator Plant+ Compensator Plant+
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real
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Figure 3.2: Classical control model. 

 
 
The Plant is the fast steering mirror, the sensor is the 4Q detector and the compensator is 
the PID controller. 
 
The models of the devices and the control model have been developed by the use of 
Simulink tool, which is part of the MATLAB environment. It was also used to simulate these 
models. The Stability Analysis was performed using SISO tool from the Control System 
Toolbox of MATLAB. 
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3.2 Fast Steering Mirror Mathematical Model 
 
 

Because the internal assembly of the selected FSM is not known, the mirror 
mathematical model was developed using the information from its datasheet. Provided that 
there is no coupling between the 2 axes of the mirror or it can be neglected, one can model 
the FSM as 2 independent 2nd order linear differential equations that describe the movement 
of the mirror around these 2 axes. The mirror assembly basic elements are the mirror itself 
and a flexure mount, to which the mirror is attached. That assembly is actuated by 4 voice 
coils, which are linear actuators and work in pairs to produce rotation around each axis. 
 
Alone for the mirror assembly, one can use a simple representation involving a spring and a 
damper as an analogue system. The spring in the real device accounts for the oscillations 
and is related to the flexure (hence need the elasticity of the flexure). The damper accounts 
for the smooth movement and is related to the air viscosity. A sketch of such a spring-mass-
dashpot system is shown in Figure 3.3.  

 

 
Figure 3.3: Spring-mass-dashpot system. Figure 3.4: Mirror rotation. 

 
 
This system may be described with the help of the 2nd Newton law: 

( )

( ) where

3.1

3.2 ,

my F

my F ky cy
my cy ky F

=

= − −

+ + =

∑
 

m – the mass of the mirror, k – spring constant and c is the viscous coefficient. 
 
The transfer function G(s) relates the output to the input and thus expresses the behaviour of 
the system. It is obtained by using Laplace transform on both sides of the differential 
Equation (3.2): 
 

( )

2

2

( ) ( ) ( ) ( )

( ) 1( ) 3.3
( )

ms Y s cs Y s k Y s F s

Y sG s
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⋅ + ⋅ + ⋅ =

= =
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 one should find the mass of the mirror, the viscous coefficient and the spring constant. The 
mirror mass can be obtained from the information about the mirror material. If in the viscous 
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coefficient one accounts only the air and not anything related to the flexure then it is also 
easy to find. The spring constant however accounts for the flexure elasticity and that is a 
design not to be revealed by the manufacturer. However, in the current work a reasonable 
approximation was attempted to be made.  
 
There are two actuators working in pair rotating the mirror around the central point. That pivot 
point is right in the center of its mass, which is also the geometrical center. In Figure 3.4 only 
the one dimensional situation with one force F and produced torque T is shown, however, it 
is the sum of the forces and corresponding torques produced by the two paired actuators. 
The system behaviour can be described using the same as above, but substituting the 
parameters of lateral movement with the corresponding ones of angular movement as 
follows: 
 

( )
( )
( )

F T torque
m I moment of inertia
x angular displacementϕ

→
→
→

 

 
Then Equation (3.1) becomes: 
 

( )
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If one uses the same notations for air friction coefficient and flexure elasticity – c and k, then 
assuming that the force acts perpendicularly to the mirror surface Equation (3.2) becomes: 
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The radius of the mirror itself is known. The radius r to be used in the formula depends on 
the design and where the actuator pushes the mirror – is it at the end of the mirror, or the 
mirror mount, etc. Here it is assumed that the four actuators act on the mirror at its end, i.e. 
the radius of the mirror is used for the simulations. Taking the Laplace transform of (3.5) 
leads to: 
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The difference between the two transfer functions, (3.3) and (3.6), is in the nominator of the 
Equation (3.6), which consists of the radius r; that is due to the fact that not the torque T is 
used as input parameter for the system but the force F that is to be produced by the pair of 
voice coil actuators. For that to be used as a mathematical model of the mirror, one should 
know the parameters m, c and k of the mirror assembly. F may be modeled as the response 
of the driver for the actuator. It receives voltage commands and converts them to four current 
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commands (which in their turn are relative to the force F) in order to drive the voice coils. The 
current model however, is focused on the mirror assembly itself and that is why this 
additional system is not further discussed here. Instead, it is assumed that the chain of 
conversion from voltage commands to force is linear, i.e. made by an ideal device. The next 
subsections show how the transfer function parameters of the FSM model were obtained. 
 
 

3.2.1 Mirror mass, m 
 

The mirror mass is calculated from its dimension and material properties (Pyrex). Then 
the mirror volume is: 

  
2 2 5 30.0254 0.006 1.2 10V r l mπ π −= ⋅ ⋅ = ⋅ ⋅ = ⋅ , 

 
where the radius r and the thickness l are obtained from the datasheet of the device [20]. The 
mirror is made of Pyrex, thus its density is:  
  

3 32.23 10 kg mρ = ⋅  
 
Then the mass is calculated as follows: 

 
3 5 32.23 10 1.2 10 26.8 10 26.8m V kg gρ − −= ⋅ = ⋅ ⋅ ⋅ = ⋅ =  

 
  

3.2.2 Friction coefficient, c 
 

The simulation takes into account the friction that occurs between the mirror surface and 
the air. A gas can exert a tangential (shearing) force on a surface, which acts like friction 
between solid surfaces. This "sticky" property of the gas is called the viscosity and it plays a 
large role in aerodynamic drag. The sea level standard value of air viscosity μ is 
 

5
2

.1.73 10 N s
mμ −= ⋅ , taken from [21]. 

 
In the torque Equation (5) the second term that produces torque is: 
 

2 .T c ϕ= ⋅  
 
In order to obtain the friction coefficient c, one must multiply the air viscosity with the surface 
that is subject to force exerted by the gas: 
 

[ ]2
2

,
:

.

c A
in terms of units

Nsc A m Ns
m

μ

μ

= ⋅

⎡ ⎤ ⎡ ⎤= ⋅ = =⎣ ⎦⎢ ⎥⎣ ⎦

 

 
 Then to prove that the force created is really a torque: 
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[ ]2 . [ ].mT c Ns Nm
s

ϕ ⎡ ⎤= ⋅ = =⎢ ⎥⎣ ⎦
 

 
In such case the friction coefficient c becomes: 

 
2 5 2 81.73 10 0.0254 3.5 10c A r Nsμ μ π π− −= ⋅ = ⋅ ⋅ = ⋅ ⋅ ⋅ = ⋅  

 
 

3.2.3 Stiffness, k 
 

Materials have a mechanical property called Young’s modulus (also module of elasticity): 
the ratio between the stress and the strain on the material. It is used as a measure for the 
stiffness according to: 
 

A Ek
l
⋅

= , 

the stiffness is equal to the Young’s modulus multiplied by the cross sectional area of the 
element, where l is its length. Then if one knows the material and also the dimensions of the 
flexure, it is possible to calculate the force due to the elasticity of the material. At the 
governing equation of the spring-mass-dashpot system one has the spring part as: 
 

elasticityF k x= − ⋅ . 
 
Then substituting k leads to: 
 

elasticity
A EF x

l
⋅

= − ⋅ . 

 
Young’s modulus has the unit of pressure:  
 

[ ] [ ]2 6894.76kgPa psi
ms
⎡ ⎤= = ⋅⎢ ⎥⎣ ⎦

. 

 
Often it is given in units of psi – pounds per square inch (pound-force per square inch).  
 
The flexure used in the selected FSM is made by the company C-flex and it is the product 
called B-20. However, what they give as parameters of the flexure in the datasheet are radial 
stiffness and axial stiffness [22]. The radial stiffness has two different values depending on 
whether the flexure is subject to torsion or compression. However, the design of the flexure is 
it to be intended to be used as subject to radial movements. Since it has different stiffness for 
torsion and compression, the average value of these two is suggested to be used. That is 
made under the assumption that in continuous use it is to make equal number of movements 
in the two directions of rotation, which in terms produce equal times of torsion and 
compression over the flexure. 
The values for the radial stiffness in the two cases are as follows: 
 
 Lc = 0.00017 in/lb - subject to compression, 
 Lt = 0.00025 in/lb - subject to torsion. 
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It is to be pointed out that these are in in/lb units or deflection in inches per load in pounds. 
The corresponding conversion to m/kg must use a constant: 
 

22.54 10
0.45359

in m
lb kg

−⋅
= . 

 
Still that is not enough to use it in the simulation. The problem comes from the way the 
stiffness is defined, i.e. it is deflection under the influence of a load and not force. In order to 
include it in the force equation that models the behaviour of the mirror, one must convert the 
load into force because the stiffness there is multiplied by deflection and it is defined as: 
 

δ
Fk = ,  

 
that is the body deflected at a distance δ under the influence of the force F. And the unit is 
therefore: N/m. In order to comply with that a conversion between the given values for 
stiffness and the one used in the force equation is to be made. The closest one is that the 
load is equal to weight and in such case one can transform the stiffness given into the 
stiffness needed by multiplication with acceleration due to gravity of Earth. In such case: 
 

2 23
2

2.54 10 / 9.81 5.71 10 ,
0.45359

in m m s
kglb kg s

−
−⋅

= ÷ = ⋅  

 
and in order to turn it into N/m, it is enough to use the reciprocal number: 
 

2 2

1 kg m N
s s m m

kg
= ⋅ =  

 
Thus the stiffness that is to be used in simulation becomes: 
 

( )
323

1 1 0.00017 0.00025 0.0368
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−
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3.2.4 Mirror model transfer function  
 

After all the parameters of the mirror assembly – m, c and k, have been calculated, they 
can be used in simulating the model of the FSM. The transfer function, which is given in 
Equation (3.6) with inserted values then becomes: 
 

2 3 2 8

( ) 0.014( ) (3.7)
( ) 5.253 10 3.5 10 0.0368
s rG s
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− −= = =
+ + + +

 



Evaluation of Coarse- and Fine-pointing Methods for Optical Free Space Communication 
 

32 Christo V. Grigorov Master Thesis 
 

3.3 Four Quadrant Detector Model 
 
 

The sensor that is to be used in the hardware setup is a certain type of position sensitive 
detector (PSD). It detects the position of the incoming light beam with a very high accuracy. It 
is a four quadrant detector that is comprised of 4 individual photodiodes arranged as shown 
in the Figure 3.5.  
 

 
Figure 3.5: IGA-010-QUAD-E4 4Q Detector by EOS, from datasheet, [23]. 

 
The photodiodes A, B, C, D are equal and are separated by small gaps. The photodiodes 
convert the incident light into current which is then transformed into relative voltage levels 
with a specific gain by the operational amplifier circuits. These detectors are best suited for 
applications where keeping the beam in central position is needed. If the beam is in the 
perfect centre, which is the cross point of the two gap lines, then the currents from all the four 
photodiodes will be the same. Each displacement of the beam will therefore be detected as a 
relative change between these four outputs. The equations giving the X and Y displacements 
relative to the centre of the detector are as follows: 
 

( ) ( ) , (3.8)

( ) ( ) , (3.9)

B C A Dx
A B C D

A B C Dy
A B C D

+ − +
=

+ + +

+ − +
=

+ + +

 

 
The manufacturers of commercially available devices give accuracy in the sub μm range with 
sufficient bandwidth. The device that is used in the current setup is IGA-010-QUAD-E4 by 
EOS, which diagram is shown in Figure 3.5.  
 
Looking at the diagram from Figure 3.1 in order to make a model of the sensor, there are two 
ways possible. The first is to make a simpler model by dealing just with geometry and 
neglecting the modeling of the conversion from optical power to current and then voltage. 
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Instead, a black box model, which introduces a time delay in the system, could be used. 
Then the voltage levels A, B, C and D are not used, but only the displacement onto the 
detector. In such situation there is no need to introduce an additional block for the calculation 
of position from angle displacement and back, since it can be included in the delay. 
The other way is to take into account the beam size and beam power. Then, given the 
angular displacement at the mirror is known - 2α, one can obtain what portion on beam which 
photodiode irradiates and consequently can obtain the voltages A, B, C and D which are the 
real outputs of the sensor. The PID controller in such case is fed with the angular error or the 
displacement x, calculated from these outputs in an additional mathematical subsystem 
representing the sensor model. It should be stated that the formula given for the calculation 
of x is valid only for small displacements of the beam which has to cover portions of all 4 
photodiodes. Otherwise the relationship between the outputs and the displacement is not 
linear [24]. In order to cope with that problem, a simulation has to be performed to create a 
database for calibration of the sensed displacement. The database carries the information of 
the error with which the sensed displacement needs to be corrected.  
 
A certain database was created with 10 000 entries of sensed displacements between -1 and 
1, such having errors between -0.7 and 0.7. That means that the real displacement is 
between -0.3 mm and 0.3 mm. These values were obtained when the radius of the beam is 
300 μm (the diameter of the detector is 1 mm), which is realistic to achieve in an actual 
system. Then the maximum absolute displacement that can be detected according to 
formulas (3.8) and (3.9) is 0.3 mm. That database is used in the sensor model to calibrate 
the model output.  
 
When taking into account the size of the beam, which is focused onto the detector, one has a 
situation as on Figure 3.6. 
 

δ

x
δ

feff

δ

x
δ

feff

 
Figure 3.6: Lateral displacement due to angular change. 

 
The angular change of the optical signal converts to lateral displacement after the focusing 
lens. The relationship between the two is given by: 
 

arctan , (3.10)
eff

x
f

δ
⎛ ⎞

= ⎜ ⎟⎜ ⎟
⎝ ⎠

 

 
where feff is the effective focal length of the lens. The angle δ here is the change in optical 
angle of deflection denoted with 2α in Figure 3.1. Then the relationship between α and x is: 
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2 arctan ,

1 arctan (3.11).
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In the ideal case when the beam is centred onto the detector, then x = 0. Any other situation 
will produce x ≠ 0 and that should be corrected with a rotation of the FSM by an error angle 
αer, which will then have the magnitude of (3.11). 
 
The mathematical model of the sensor that was created gives the displacement of the centre 
of the incoming beam. It is split into two main parts. 
The first part represents the calculation of each illuminated area of the 4 photodiodes by the 
incoming light beam. The calculation follows the situation depicted on Figure 3.7. 
 
 

 
Figure 3.7: Beam positioning over the 4Q 

detector. 
 

 
Figure 3.8: Profile of the incoming beam 

around the focal plane. 
 

 
The 4Q detector as mentioned before consists of 4 individual photodiodes built on 1 Si 
substrate. The 4 sectors as separated by small gaps which are about 15 – 30 μm wide. 
Because of complicity when modulating the sensor detection, these gaps are neglected and 
an infinitely thin line is used to separate the 4 areas. This part of the model first tries to find 
the intersection points between the beam represented as a circle and the abscissa and the 
ordinate of the coordinate system with origin in the centre of the detector. Based on this, 
afterwards it calculates the parts of the beam which are in the quadrants in form of 
illuminated areas. 
 
Another important issue to be mentioned is the shape of the incoming beam. In reality the 
power is not uniformly distributed over the whole profile, but has a certain shape when 
reaching the focus and afterwards as shown in Figure 3.8. 
 
The real profile at the focal plane has Gauss shape of the power distribution (Situation 1), 
while after the plane it is like in (Situation 2) with the least power in the middle of the beam. 
For the simulations a shape like (Situation 3) is used for it gives a sufficient representation of 
the real power distribution. Thus the shape of the front of the beam can be represented as a 
circle with uniform distribution of power onto the 4Q detector.  
 
The result of the first part of the sensor model - the calculated areas, is fed as input to 
another function that simulates the transformation to voltage levels. For this reason the 
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photodiode operation is modelled using the specifications of the device. First the power over 
each quadrant is calculated as: 
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Then the power given by the photodiodes is transformed into voltage by an operational 
amplifier stage as stated in the 4Q detector datasheet [23]. The conversion factor – the gain 
of the op-amp, is said to be 108 V/W. It is the parameter called “module responsivity” in the 
datasheet. Thus the output of the detector in voltage is: 
 

 
810 ,

1..4.
i iU P V

i
= ⋅

=
 

 
Having the output of the detector, the sensed displacement can be calculated using formulas 
(3.8) and (3.9). 
 
In Simulink, the model of the sensor looks like in Figure 3.9. 
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Figure 3.9: Simulink sensor model. 

 
The Simulink sensor model is a subsystem that comprises of 2 S-functions, each dedicated 
to implementing one of the two parts of the mathematical model. These S-functions follow 
the standard way of modelling such in Simulink. Areas_calc_s_func calculates the 
illuminated areas by the incoming beam and the Sensed_coord_s_func calculates the 
subsequent x and y displacements. Out of the several states that the simulation goes 
through, the initialization and the calculation of the outputs was used. The initialization is 
done before the simulation starts and the calculation of the outputs is performed in each 
step. The input for the subsystem is the real displacement on the 4Q detector in X and Y 
directions and the output is the so-called sensed displacement. It also receives the radius of 
the incident beam and the error database as parameters. 
 
It should be pointed out, that actually the sensor model does more that the real sensor itself: 
while the output of the second one is analogue voltage signals, corresponding to the power 
incident on each of the photodiodes, the sensor model does also the conversion to 
coordinate displacement, which is to be fed into the controller. Because of that, it is to be 
used when simulating the 2-axis control and not when simulating independent axis 
behaviour. 
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3.4 Full Simulation Model and Stability Analysis 
 

After the modelling of the plant and of the sensor of the system, a full simulation model 
can be obtained and tested. 
 
The frequency response of the FSM model is plotted in Figure 3.10. The Bode plot shows a 
resonant frequency at 15.7 Hz. 

 
Figure 3.10: FSM dynamics analysis. 

 
A typical Bode plot for the FSM is given in [20] by the manufacturer (also shown in Figure 4.6 
and Figure 4.7). When compared to the model, it could be seen that the model has lower 
resonant frequency than in [20], which is due to the fact that the parameters of the mirror are 
not known and their values have been assumed from the available information.  
 
 

3.4.1 Model with ideal sensor 
 

The FSM model is then used to design the PID controller when having an ideal sensor as 
depicted in Figure 3.11. As discussed earlier, when having the two axes of the controller 
decoupled, then their control is independent of each other and the analysis of the two axis 
will be similar. Therefore one axis control design is discussed here. 
 

 
Figure 3.11: Control loop with ideal sensor. 

 
A PID controller is used because it is simple to implement and it has good performance with 
models representing 2nd order linear differential equations. The PID controller action is 
summarized by [25]. It is produced after processing the error signal. The error signal is the 
difference between the desired and the sensed value of the system output. 
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The control action represents a voltage command, which is relative to the force that drives 
the mirror according to the mirror mathematical model.  
 
After obtaining the Laplace transform, the PID controller transfer function is: 
 
 

( ) 1( ) .
( ) p i d

u sC s K K K s
e s s

= = + ⋅ + ⋅  

 
 
The chosen method for obtaining the parameters of the PID controller is one of the two 
classical Ziegler-Nichols methods – the frequency response method [26]. According to this 
method, first the intersection point between the Nyquist curve and the negative real axis in 
the complex plane has to be found. The Nyquist curve represents the plot of the frequency 
response in the complex plane. One can obtain the characteristics of this point also 
experimentally by setting the integral and the derivative terms of the PID controller to zero 
and increasing the proportional one until the system starts to oscillate. At this point the 
ultimate gain Ku and the ultimate period Tu of the oscillation can be determined. Ziegler and 
Nichols have given formulas from which to calculate the parameters of the controller. These 
are given in Table 3.1. 
 
 
Table 3.1: Ziegler-Nichols formulas for PID parameters. 

Controller type Kp Ki Kd
P 0.5Ku - -
PI 0.4Ku 0.8Tu -

PID 0.6Ku 0.5Tu 0.125Tu  
 
 
Using the simulation model shown in Figure 3.11 with input step function the ultimate gain Ku 
is 950 and the corresponding ultimate period Tu is 4. Then the parameters of the PID 
controller are calculated as follows: Kp = 570, Ki = 2, Kd = 0.5. With such PID parameters, 
the step response resulted in settling time of 8 ms, overshoot of 9% and steady state error of 
0.5%. Additional tuning of the controller led to the following final values in Table 3.2. 
 
 
Table 3.2: Tuned PID controller and step response when ideal sensor. 

Controller parameters Response characteristics
Kp 10 000   Settle time 3 ms
Ki 40          Overshoot -
Kd 5            s-s error 0.02%  

 
 
After the completion of parameter determination, a stability analysis on the system can be 
performed. The root locus is shown in Figure 3.12. All parts of the root locus is situated at the 
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left part of complex plane, which indicates stable system. The two crosses close to the 
Imaginary axis are the ones of the FSM and the pole situated in the origin is the one of the 
controller. The closed loop Bode plot when subjected to angle of rotation is depicted on 
Figure 3.13 (as calculated with SISO tool). 
 
 

 
Figure 3.12: Closed loop root locus. 

 
 

 
Figure 3.13: Closed loop Bode plot. 

 
 
 
The frequency of the -3 dB magnitude change, defined also as the bandwidth of the system, 
is calculated to be around 2.4 kHz. This comes to show that the mirror model is under 
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question especially when taken into account the bandwidth of the fast steering mirror 
according to the datasheet – 800 Hz [20]. The closed loop bandwidth in reality cannot 
exceed that of the mirror. However, the model is used in the simulations in order to produce 
a basis for comparison with the laboratory experiment.  
 
The control loop model with ideal sensor has been analyzed. It proved to be a stable one and 
able to represent a real system under the assumptions made for the mirror mathematical 
model parameters.  
 
 

3.4.2 Model with sensor subsystem 
 

An attempt was also made to have a more complete system with the mathematical model 
of the operation of the 4-quadrant sensor as presented in the previous section of the work. 
The whole model then is depicted in Figure 3.14. 
 
 

 
Figure 3.14: 2-axis medium pointing assembly control loop model. 

 
 
The difference between this model and the one with ideal sensor comes from the use of the 
additional subsystem called Sensor Subsystem. It has the real position of the beam on the 
detector as an input in terms of position of the centre of the beam (generated by the two 
blocks Geometrical conversion from rotation to displacement). The subsystem is depicted in 
the Sensor simulation model part in Figure 3.9 and is discussed there. The difference leads 
to a change in the work of the PID controller – in this model it receives the two dimensional 
displacement of the centre of the beam on the 4Q detector instead of the mirror angle of 
rotation in the previous one. According to that, it generates the control signal to the mirror. 
Due to the fact that the sensor subsystem does purely mathematical calculations, one cannot 
perform a stability analysis on it. Nevertheless, the behaviour of the model has been 
simulated and presented in the next section.  
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3.5 Simulation Results 
 

Two simulation models have been developed as discussed in the previous section – one 
with ideal sensor and one with a modelled sensor subsystem. Their behaviour has been 
simulated and the results are presented in the following chapter.  
 
 

3.5.1 Simulation model with ideal sensor 
 

First the model with ideal sensor has been examined.  
 
 

3.5.1.1 Step response 
 

The step response is presented in Figure 3.15. 
 

 
Figure 3.15: Step response when ideal sensor. 

 
 
The characteristics of the response are the ones that were obtained after the tuning of the 
PID controller and are given in Table 3.2.  
 
 

3.5.1.2 Various sinusoidal disturbances 
 

The model then was subjected to disturbances on the light direction. When looking at the 
block diagram in Figure 3.1, anything that can distort unpredictably the laser beam direction 
of propagation might occur before the beam is reflected by the mirror, i.e. before entering the 
pointing assembly. These distortion sources need to be somehow presented in the 
simulation model. The only possible place for that to happen is between the controller block 
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and the fast steering mirror as acting on the control signal, which is the applied force F (in 
Newtons) onto the assembly (Figure 3.16). 
 

 
Figure 3.16: Model with introduced disturbance source. 

 
In order to compare the results of the disturbed control simulation, a preliminary simulation of 
the plant response to the same disturbances has been carried out. The results of it are 
shown in Table 3.3. Several forces’ strengths have been used. The disturbance has been 
produced as a sinusoidal signal with the force strength as amplitude and with frequency 
between 1 and 1000 Hz. The result of the disturbances over the mirror is undesired rotation 
angle oscillating with the frequency of the sine. In a real setup, the rotating mirror will cause 
change of the angle of reflection of the incoming beam and thus change in the position of the 
beam on the detector. The mirror reaction within one second have been taken into account 
when filling out the table, since when a control is present, it is to react within this time. 
 
Table 3.3: Disturbance response of the FSM model. 

F, N 1 0.1 0.01 0.001 0.0001
1 4.00E-01 4.00E-02 4.00E-03 4.00E-04 4.00E-05

10 1.50E+00 1.50E-01 1.50E-02 1.50E-03 1.50E-04
50 1.40E-01 1.40E-02 1.40E-03 2.00E-04 2.00E-05

100 5.00E-02 1.00E-02 7.00E-04 8.00E-04 2.50E-05
500 1.00E-02 1.00E-02 3.00E-04 2.00E-03 2.00E-05

1000 5.00E-03 1.40E-02 5.00E-03 3.00E-03 3.00E-05

f, 
H

z

 
 
The unit of the response is radians. The table is read in the following way: a disturbance with 
amplitude of x N and frequency of y Hz produces a disturbance of amplitude z rad with the 
same frequency. The plot of the disturbance variation is shown in Figure 3.17. The plot 
shows that up to 50 Hz the mirror model behaves stable and after that there are several 
combinations amplitude-frequency that cause it to oscillate unpredictably. The desired 
situation is that the beam is in the centre of the detector, which means that the displacement 
onto it and the angle of rotation of the mirror has to be equal to zero.  
The results of the simulation of the model with ideal sensor are given in Table 3.4. 
 
Table 3.4: Simulation results of model with ideal sensor: controlled angle of rotation. 

F, N 1 0.1 0.01 0.001 0.0001
1 1.00E-04 1.00E-05 1.00E-06 1.20E-07 3.00E-08

10 1.00E-04 1.00E-05 1.00E-06 1.20E-07 3.00E-08
50 1.00E-04 1.00E-05 1.00E-06 1.20E-07 3.00E-08

100 9.00E-05 9.00E-06 9.00E-07 1.20E-07 3.00E-08
500 6.00E-05 6.00E-06 5.50E-07 7.00E-08 2.50E-08

1000 3.00E-05 3.50E-06 3.50E-07 5.00E-08 2.50E-08

f, 
H

z

 
 
The results show a significant decrease of the amplitude of the disturbance – between 3 and 
4 orders of magnitude. They also reveal that the model can cope with the requirements for a 
medium pointing assembly (accuracy in the order of mrad or below). The frequency response 
is plotted in Figure 3.18. 
 



Evaluation of Coarse- and Fine-pointing Methods for Optical Free Space Communication 
 

42 Christo V. Grigorov Master Thesis 
 

 
Figure 3.17: Disturbance variation. 

 

 
Figure 3.18: Frequency response of the model with ideal sensor. 

 
 

3.5.2 Simulation model with modelled sensor subsystem 
 

The sensor subsystem as explained before is a mathematical subsystem to find the 4 
outputs from the 4 quadrants of the detector and also to calculate the displacement of the 
beam centre from the centre of the detector plane. It was pointed out that the formulas for 
beam position calculation are valid only within 10% of the full range. Thus theoretically out of 
the 1 mm diameter of the detector only 0.1 mm around the centre might be simulated 
accurately without additional care. However, an attempt was made to cope with that problem 
and span the simulation up to the full range of the detector. That was done by generating a 
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database for calibration (see the Sensor Simulation Model part). The use of the database 
showed improvement in the model response, but at the price of greatly increased processing 
time. Thus a decision to simulate only the 0.1 mm of the detector was taken and carried out.  
 
 

3.5.2.1 Step response with sensor subsystem 
 

The step response of a 0.1 mm desired displacement is displayed in Figure 3.19. 
 

 
Figure 3.19: Step response when sensor subsystem. 

 
When compared to the situation with ideal sensor, here there is a overshoot of about 40% 
and also the settling time is around 9 ms compared to 1.5 ms in the response of the system 
with ideal sensor. 
 
 

3.5.2.2 Various sinusoidal disturbances with sensor subsystem 
 

The disturbances have been introduced in the same place in the system as when ideal 
sensor has been used.  They have the same parameters as the ones shown in Table 3.3. 
The simulation results are shown in Table 3.5. 
 
Table 3.5: Simulation results of model with sensor subsystem. 

F, N
alpha x alpha x alpha x alpha x alpha x

1 2.00E-03 1.00E-04 2.00E-04 1.00E-05 2.50E-05 1.00E-06 (6.00E-06) (4.00E-07) (6.00E-06) (4.00E-07)
10 2.00E-03 1.00E-04 2.00E-04 1.00E-05 2.20E-05 1.20E-06 (6.00E-06) (3.00E-07) (4.00E-06) (3.00E-07)
50 2.10E-03 1.00E-04 2.00E-04 1.00E-05 2.20E-05 1.30E-06 (6.00E-06) (3.00E-07) (4.00E-06) (2.00E-07)

100 2.50E-03 1.20E-04 2.10E-04 1.10E-05 2.20E-05 1.50E-06 (6.00E-06) (3.00E-07) (4.00E-06) (2.00E-07)
500 2.50E-04 1.50E-05 4.00E-05 2.00E-06 (4.00E-06) (3.00E-07) (6.00E-06) (4.00E-07) (4.00E-06) (2.00E-07)

1000 1.00E-04 4.00E-06 1.00E-05 5.00E-07 (1.00E-06) (5.00E-08) (6.00E-06) (4.00E-07) (4.00E-06) (2.00E-07)

0.0001

f, 
H

z

1 0.1 0.01 0.001

 
 
The table gives the result in terms of angle of rotation of the mirror and also of displacement 
on the 4Q detector. The values in brackets are not to be taken into consideration, because 



Evaluation of Coarse- and Fine-pointing Methods for Optical Free Space Communication 
 

44 Christo V. Grigorov Master Thesis 
 

the simulation in these cases cannot be reliable. It has been observed that when there is a 
very small fast changing value at the input of the FSM model in the current simulated system, 
the calculations of small numbers lead to very high peaks at the output (especially when the 
sinusoidal disturbance changes its direction), which cannot happen in reality. An overall look 
at the rest of the data shows that the system when having a model for the quadrant detector 
is inaccurate than the one with ideal sensor. The residual sinusoidal error is about one order 
of magnitude greater than before. The current model however, should better approximate a 
real design since it takes into account the influence of the sensor. The plot of the frequency 
response is shown in Figure 3.20. 
 

 
Figure 3.20: Frequency response of the model with sensor subsystem. 
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4 LABORATORY EXPERIMENT 
 
 
 
 

In order to complete the full circle of a new system design development, an experiment 
had to be set up and tested and then compared with the initial expectations and with the 
simulations. The following chapter describes the process of bringing the theoretical idea into 
reality.  
 
 

4.1 Optical setup 
 

The block diagram of the optical setup is shown in Figure 4.1. It follows the control loop 
block diagram as shown in the System Design and Consideration part with several new parts 
introduced to make the setup working and test it. 
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Figure 4.1: Optical setup block diagram. 

 
 

On the block diagram, the lower six blocks constitute the medium pointing assembly: 
 

• Controlled Mirror – the Newport fast steering mirror 
• Beam Focusing 
• Four quadrant detector 
• Low-pass Filter and Inverter 



Evaluation of Coarse- and Fine-pointing Methods for Optical Free Space Communication 
 

46 Christo V. Grigorov Master Thesis 
 

• Controller system 
• Mirror Driver 

 
The upper three blocks are used to simulate everything before the optical signal enters the 
pointing assembly: 
 

• Laser source 
• Beam Collimation 
• Distortion Producing Mirror 

 
Two signal paths can be identified – optical signal path and electronic signal path with the 
two paths meeting at each end of the control loop – at the sensor and at the actuator. A laser 
source is used as a replacement of a laser communication transmitter. The mirror used to 
produce distortions on the beam direction was aligned at 45º angle of incidence to the 
incoming beam. The deflected light then reaches the controlled mirror, which is also at 45º 
and directs the beam through the focusing system into the four quadrant detector active 
area. The photodiodes convert the incoming light into currents which after the amplifier board 
are sent as voltage signals to the filter board. Then the four information signals are digitized 
and used in the controller calculations to produce control signals for the actuator. They are 
converted to analogue ones and sent to the driver of the mirror, which in its term controls the 
rotation of the mirror.  
The next few sections present each of these blocks in detail.  
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4.2 Devices overview 
 
 

4.2.1 Laser source 
 

The laser is a YAG-type laser producing near IR beam and its specifications are given in 
Table 4.1. 
 
 
Table 4.1: Laser specifications. 
Wavelength (nm) 1064
CW Output Power (mW) 4.0
Beam Diameter @ 1/e2 (mm) 0.8
Beam Divergence Full Angle (mrad) 1.7
Polarization ratio 100:1
Elipticity 1.3:1
Amplitude stability (rms) 1%
 

Figure 4.2: Laser source. 
 
 
As it was mentioned earlier, it is used to represent the second partner in an optical free-
space communication scenario. 
 
 

4.2.2 Distortion Producing Mirror 
 

A piezoelectric mirror was used to generate distortions over the beam direction of 
propagation. The device was produced by the German company Marco after custom order 
by the Optical Communications Group. Its specifications are given in Table 4.2 and a picture 
of it is presented in Figure 4.3. 
 
 
Table 4.2: Mirror specifications. 
Tilting angle (mrad) ±140
Aperture (mm) 25.0
Resonance frequency (Hz) 650
Resolution (μrad) 58
Control voltage 0..10V

 
Figure 4.3:  Piezoelectric Mirror. 
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The mirror is driven by a dedicated driver/controller, which was produced by the same 
company. A controlled voltage signal of between 0 and 10V per axis has to be fed into the 
controller, which then drives the piezoelectric actuators to produce the desired angle of 
rotation in the range of -70 mrad to +70 mrad. The device has two modes of operation: 
voltage controlled and position controlled. The second mode has been used, since it makes 
use of the internal position sensors in order to keep the mirror in a certain position. However, 
that comes on the expense of lower bandwidth. During the testing a functional generator was 
used to generate signals to tip and tilt the mirror and thus to displace the beam. 
 
 

4.2.3 Controlled Mirror and Mirror Driver 
 

The controlled mirror is the actuator that was selected based on the Feasibility Study and 
that was afterwards modeled and simulated – the Newport FSM-300.  A summary of its 
specifications is given in Table 4.3.  
 
Table 4.3: Mirror specifications. 
Tilting angle (mrad) ±52.4
Aperture (mm) 25.0
Bandwidth (Hz) 800
Resolution (μrad) ≤ 2
Control voltage -10..10V
 

Figure 4.4: Newport FSM-300. 
 
 
As is the case with the piezo-driven mirror, the FSM also comes with a dedicated 
driver/controller, which is suitable for laboratory use. Its specifications are given in Table 4.4. 
 
 
Table 4.4: Driver specifications. 
Command input and 
position output ±10V = ±52.4 mrad
Peak power to mirror 30 W
Cont. max. power 15 W
Power 100-240 Vac  

Figure 4.5: Newport FSM Driver front view. 
 
 
A typical performance of the FSM-300 device given in the data sheet is displayed in Figure 
4.6 and Figure 4.7. 
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Figure 4.6::Typical Maginitude Bode plot of 

the FSM-300 mirror. 

 
Figure 4.7: Typical Phase Bode plot of the 

FSM-300 mirror. 
 
 
The full range of the mirror is ±52.4 mrad optical angle rotation (which corresponds to ±26.2 
mrad mechanical rotation). As will be shown later, the controller system output range is 
between 0 and 5V thus making it possible to use just 1/4th of the full mirror range: from 0 to 
26.2 mrad rotation. Then the positioning of the mirror should be done in a certain way, which 
takes the most of that fact. In the current setup it was decided to place it at a tilted angle of 
13.1 mrad in each axis, so that rotation can be produced in both clockwise and 
counterclockwise directions. The new null position is at 13.1 mrad (corresponding to 2.5V) 
allowing the controller to generate control signals in negative direction (0..2.5V) and in 
positive direction (2.5..5V).  A sketch of such a 13.1 mrad tilt for 1 axis is illustrated in Figure 
4.8. 
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Figure 4.8: Controlled mirror tilt at 13.1 mrad. 

 
 

4.2.4 Beam focusing 
 

One achromatic lens with focal length of 20 mm was used to focus the beam on the four 
quadrant detector. An achromatic lens was used since it has significantly better optical 
performance than a simple lens. The lens was put in a manual linear stage with micrometric 
precision to allow fine tuning of the distance to the sensor. A simple schematic is given in 
Figure 4.9 and the positioned stage is shown in Figure 4.10. 
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Figure 4.9: Beam focusing. 
 

Figure 4.10: Focusing stage in the setup. 
 

 
The focusing lens determines the dynamic field of view (FOV) of the sensor following 
Equation 3.10. It is defined as the maximum angular change that can be detected by the 
sensor.  
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4.2.5 Four quadrant detector 
 

As discussed earlier, the four quadrant detector was preferred than other types of optical 
sensors like CCD cameras and position sensitive devices. Each of them has its pros and 
cons, but when it comes to using one for beam centering applications, the four quadrant 
detector is the most preferred one. The reason for that comes from the fact that the center of 
the detector is known with high accuracy, since it is the mechanical intersection of the gap 
lines between the four diodes [24]. A perfectly centered beam will lead to four equal outputs 
from the quadrants, which can be processed very fast. CCD cameras require complex 
picture evaluation to determine the position of the beam. Lateral effect PSDs are used to 
determine the absolute position of the beam, but that comes to the expense of longer and 
more sophisticated process time. The specifications of the device that is used - IGA-010-
QUAD-E4 produced by the company Electro-Optical Systems Inc, are shown in Table 4.5. 
Figure 4.11 shows the device as mounted on the optical bench. 
 
Table 4.5: 4QD specifications. 
Detector type InGaAs 
Wavelength range 1000 - 1700 nm
Active area, Overall 1.0 mm dia
Element spacing < 30 µm
Module Responsivity, A (V/W) 10 8 , each channel
Module Bandwidth DC - 2 kHz
NEP (1.3 μm, 1 kHz), W/√Hz < 1.5 x 10 -14

Power Requirements ± 15V DC; 20 mA
Output Range 0..-15V DC
 

Figure 4.11: IGA-010-QUAD-E4. 
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The company gives also the typical spectral response of the device, shown in Figure 4.12. 

 

 
Figure 4.12: Typical spectral response of the InGaAs photodiodes. 

 
According to the curve, the response at 1064 nm is about R=0.65 A/W. The output of one 
quadrant of the detector is obtained as: 
 

8

( ) ,
where
P - Power on one quadrant

10  /  - Amplifier module responsivity
  0.65 /  - Spectral Response
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The maximum output voltage of the device is -15V and then the saturation level is: 
 

max

8

15 231 .
0.65 10

outU
Psat nW

A R −= = =
⋅ ⋅

 

 
More than 231 nW on one quadrant will not be recognized and might damage the 
photodiode, thus making it very important to carefully adjust the power of the laser in the 
optical setup. 
 
 

4.2.6 Low-pass Filter and Inverter  
 

In order to cut out the high frequency noise, a low-pass filter was introduced before the 
analogue to digital converter. It also serves as an inverting circuit since the output of the 
quadrant detector is negative. The filter is a 4th order Butterworth with a cutoff frequency (at -
3dB) of 10 kHz. The cutoff frequency is chosen to be 5 times higher than the bandwidth of 
the four-quadrant detector as to eliminate any aliasing effects due to the sampling of the 
analogue signal. 
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4.2.7 Controller system 
 

The controller system comprises of all of the needed components to acquire the sensor 
signals, process them and send the control signals to the FSM. The main part of it is the 
platform on which the PID controller is implemented and which serves as the “brain” for the 
whole system. A digital signal processor was used to execute this functionality – the DSP 
TMS320C6713B by Texas Instruments (TI). The logic behind that choice is the fact that the 
DSP is fast – it operates at 225 MHz, and provides sufficient peripherals to communicate 
with the other devices in the control loop. Another major advantage is that Texas Instruments 
has a certain line of modularity of devices – so called Evaluation Modules (EVM), which 
defines a standardized interface to connect to “mother” devices, thus easing a lot the 
electronics part of the task.  The stack of boards as is outlined in Figure 4.13 and pictured in 
Figure 4.14 with corresponding positions of the components. 
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Figure 4.13: Board stack outline. 

 

 
Figure 4.14: Board stack. 

 
 
 
The system is comprised of: 
 

• DSP mother Board: TMS320C6713 DSK, produced by Spectrum Digital 
• Interface Board: 5-6K Interface Board, by TI 
• Analog to Digital Converter (ADC): ADS8344 EVM, by TI 
• Digital to Analog Converter (DAC): DAC8534 EVM, by TI 
• Signal Conditioning Board: DAP Signal Conditioning Board, by TI 

 
 

4.2.7.1 DSP mother board and DSP 
 

The key features of the DSP board and of the processor itself are shown in Table 4.6 and 
Table 4.7. 
 
Table 4.6: DSP key features. 

 Floating-point DSP 
 0.13 μm technology 
 225 MHz clock rate 
 Eight 32-bit instructions per cycle 
 Advanced Very Long Instruction 

Word (VLIW) DSP core 
 4KB L1 Program Cache, 4KB L2 

Data Cache, 256K L2 Memory 
 32-bit Extended Memory Interface  

Table 4.7: DSP mother board features. 
 TMS320C6713B DSP 
 Standard expansion connectors for 

daughter card use: Memory 
Expansion Connector, Peripheral 
Expansion Connector 

 Sw board configuration via CLPD 
 Configurable boot options 
 4 user accessible LEDs and DIP 

switches 
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(EMIF) with Enhanced Direct 
Memory Access (EDMA) 

 Rich Periphery: 2 Multichannel 
Audio Serial Ports (McASP), 2 
Inter-Integrated Circuit Bus (I2C), 2 
Multichannel Buffered Serial Ports 
(McBSP), 2 32-bit Timers, etc. 

 4 Boot Modes 
 1.4V Core Voltage, 3.3V I/O 

Voltage  

 16MB of Sync DRAM 
 512KB of non-volatile Flash 

memory 
 An AIC23 stereo codec 
 5V Power Supply  

 
The programmable logic device (CPLD) of the mother board is used to implement glue logic 
and tie the board components together. It has a register based interface that allows the user 
to configure the board during run-time. The initial configuration routes the on-board AIC23 
codec to the McBSPs of the DSP. That configuration needs to be changed in order to use the 
McBSPs for communication with the data converting boards.  
 
 

4.2.7.2 Interface Board 
 

The 5-6K Interface Board connects to the DSP mother board via the Memory Expansion 
Connector and the Peripheral Expansion Connector. It is a convenient platform for 
connecting data acquisition products (DAQ) to the processor. The interface board routes the 
data signals from the DAQs to the DSP and also the power signals from the DSP mother 
board via standardized connectors. The interface board along with the ADC, DAC and the 
Signal Conditioning Board form a complete data acquisition system. 
 
 

4.2.7.3 Analog to Digital Converter and Digital to Analog Converter 
 

Both the ADC and the DAC chips are incorporated into module boards along with 
additional circuitry including reference voltage source, buffers, etc. The main specifications of 
the two devices are given in Table 4.8 and Table 4.9.  
 
Table 4.8: ADS8344 EVM features. 

 16-bit ADC ADS8344 chip 
 8 single-ended or 4 differential 

channel input 
 Based on Successive 

Approximation Register 
 Analog Input Range: 0..Vref 
 Built-in reference on EVM: Vref = 

5V 
 Throughput Rate: 100 KHz 
 Noise: 20 μV (rms) 
 High Speed Serial Interface  

Table 4.9: DAC8534EVM features. 
 16-bit DAC DAC8534 chip 
 4 channel output 
 Output buffer amplifiers 
 Register string based operation 
 Built-in controlled reference on 

EVM: Vref ≤ 5V 
 Simultaneous 4 channel output 
 10 μs (100 KHz) settling time 
 High Speed 3-wire Serial 

Interface  

 
The boards need additional analog supply of 5V, which is fed into the Interface board and 
rerouted from there to the two EVM modules. Again through the Interface board, the data 
signals of the ADC and the DAC board are routed to a dedicated Multichannel Buffer Serial 
Port of the DSP for each of them. Both devices can communicate via Serial Peripheral 
Interface (SPI). 



Evaluation of Coarse- and Fine-pointing Methods for Optical Free Space Communication 
 

54 Christo V. Grigorov Master Thesis 
 

 
 

4.2.7.4 Signal Conditioning Board 
 

The Signal Conditioning Board is used as an output to the DAC EVM board and thus as a 
back-end amplifier for the whole controller system. It provides up to 8 single ended or 4 
differential output channels referenced to an internal reference voltage.  
 
 
The controller system was assembled and placed in a lightweight box as displayed in Figure 
4.15 and Figure 4.16.  
 

Figure 4.15: Assembled controller system. 
 

Figure 4.16: External view of the controller 
box. 
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4.3 Optical System Alignment 
 

The following subchapter stresses on the complexity of aligning an optical system. That is 
especially hard when the laser source is in the invisible range of the spectrum as is the 
current case. That is why big effort was needed in order to align the components of the 
system. An iterative algorithm emerged of how one should address such a problem which 
ends after certain criteria are fulfilled. The algorithm is shown in Figure 4.17.  
 
 

Optical Table Selection

Laser Positioning

Beam Collimation

Disturbance Mirror Positioning

Controlled Mirror Positioning

Beam Focusing

4Q Detector Positioning

Beam alignment in the center of the 
4Q detector when both mirrors are in 

null position

Optimal Focusing

change distance bet. 
lens and detector

change mirrors 
orientation in 2D

Criteria fulfilled

Optical Table Selection

Laser Positioning

Beam Collimation

Disturbance Mirror Positioning

Controlled Mirror Positioning

Beam Focusing

4Q Detector Positioning

Beam alignment in the center of the 
4Q detector when both mirrors are in 

null position

Optimal Focusing

change distance bet. 
lens and detector

change mirrors 
orientation in 2D

Criteria fulfilled
 

Figure 4.17: Iterative algorithm for optical alignment. 
 
The criteria that were used for optimal positioning:  

a. Have unblocked beam propagation through 2 maximum closed pin holes: one 
right after the laser and one before the detector 

b. Have the smallest possible laser beam at the focal plane when viewed with 
CCD camera 

c. Have the beam in the centre of a PSD device positioned in the optical path 
before the 4Q detector 

d. Obtain equal power on the four quadrants when the system is in rest with 
laser source on 

e. Obtain correct relevant change in power on the four quadrants when known 
displacement is produced 
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The optical table was selected to have as few as possible additional parts to mount the 
components on it. Although the distances between and the sizes of the screw holes are 
standardized, the different components have different mounting dimensions for placement. 
The table has to be able to accommodate all parts and to allow margins for their subtle 
displacing during the alignment process. The setup started with the positioning of the laser 
source in one corner of the table after which the beam was collimated to 10 mm as to 
represent a real laser input for the pointing assembly. Subsequently that part was removed 
from the system in order to eliminate one source of possible misalignment as was explained 
in the beginning of the chapter. With the positioning of the two mirrors at 45º incident to the 
beam angle the real alignment started. Using special tool for IR vision the beam was 
coarsely directed in the desired optical path direction. Then the stage with the focusing lens 
was introduced and by the use of the CCD camera all the components were manipulated as 
to have as small as possible beam on the camera when placed around the focal plane. Then 
the 4Q detector was mounted and by direct monitoring of its output the system was further 
aligned. Meanwhile a beam splitter before the focusing stage and a PSD at the end were 
used to ensure that the beam stays in centered along the optical path. The resulting optical 
setup is shown in Figure 4.18. 
 
 

 
Figure 4.18: Final Optical setup. 
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4.4 Software 
 

The following chapter is intended to give an overview of the routines that make the DSP 
work and perform the required operations. It also presents the digital implementation of the 
PID controller on the chosen platform. The full code of the program is given in Appendix C. 
The controller system was described in detail in the previous chapter. The manufacturer of 
the DSP as well as of all of the evaluation modules – Texas Instruments, provides a 
convenient environment for designing, compiling and downloading the program code to the 
connected processor called Code Composer Studio (CCStudio). The communication 
between the PC and the DSP is via USB. CCStudio comprises also of a real-time debugger, 
which greatly facilitated the software testing. TI also provides very good support with ample 
number of libraries for all the peripherals.  
 
 

4.4.1 DSP Programming  
 

The structure of the main program is straightforward and it deals with configuration and 
initialization of the DSP and the peripherals as shown in Figure 4.19. It is important to be 
stated that the current configuration and devices allow the execution of 1 timer interrupt at a 
rate of 16 kHz, which means that it should not be configured to generate an interrupt faster 
than that. This is due to the limitations by the speed of the ADC and the DAC. The rate for 
the timer interrupt generation was chosen to be 2 kHz in order to comply with the Nyquist 
theorem of having at least twice the highest valuable frequency of the input signals. The 
change of the incoming signals is limited by the response of the FSM, which is much slower 
than the DSP rate. 
 
 

Initialize chip  support library
Initialize board support library

Initialize LEDs and DIP switches
Reroute McBSPs via the main board

CPLD

Configure IRQs
Map Timer Event with IRQ handler

Configure Timer

Open McBSPs
Configure McBSPs

Start McBSPs
Set FSM to Null position

Initialize 4Q data hold structure
Initialize PID memory structure

Initialize Current position structure

Enable Timer Interrupts
Start Timer

Loop forever and wait for
interrupt

Initialize chip  support library
Initialize board support library

Initialize LEDs and DIP switches
Reroute McBSPs via the main board

CPLD

Configure IRQs
Map Timer Event with IRQ handler

Configure Timer

Open McBSPs
Configure McBSPs

Start McBSPs
Set FSM to Null position

Initialize 4Q data hold structure
Initialize PID memory structure

Initialize Current position structure

Enable Timer Interrupts
Start Timer

Loop forever and wait for
interrupt  

 
Figure 4.19: Main program structure. 

 
After all the configuration has been done, the main program enters in a loop cycle waiting for 
an interrupt from the timer at the specified rate. When this interrupt comes, the program 
control is passed to the event handler routine, which is shown in Figure 4.20. The handler 
starts with a subroutine collecting the four inputs at the ADC, i.e. the outputs of the four 
quadrants of the 4Q detector. The DIP switches allow the user to change the assignment of 
the channels of the ADC to the quadrant outputs depending on how the sensor is mounted. 
The same is possible to be done for the axis of rotation of the FSM when sending the 
commands to the mirror driver. After the collection of the quadrant outputs, the total power is 
calculated and if it is below a given threshold, it is assumed that there is no beam hitting the 
detector and therefore no action is taken. If this lack of optical signal continues for a 
predefined number of interrupts, the controlled mirror is initialized to null position and the PID 
memory is deleted (that is the information for the previous error and control signals). The 
threshold is also predefined depending on the expected background light that might be 
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detected. If the total power is above that threshold, it is assumed that the beam reaches the 
sensor and its X and Y displacements from the center are calculated and fed into the PID 
controller subroutine. The latter calculates the commands that are to be sent to the FSM. 
After a check if they are within the allowed limits – from 0 to 5V, these commands are send 
to the DAC and simultaneously converted at it to analog signals for the mirror driver. 
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Wait/Sleep

No
Total Power>
Threshold?

Yes

Timer interrupt

50th Lack 
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Calculate X & Y displacements

PID Controllers calculations

Commands >
Allowed?
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No

Commands = Closer limit: 
0V or 5V

Send Commands to FSM

No

Yes
Lack of Signal++

Send Null Commands to Mirrors

Initialize PID Controllers

Get 4 inputs from ADC

Check orientation of 4QD

Assign quadrant to ADC
channel

Convert from Voltage
to Power

Check orientation of FSM

Send Commands to DAC

Collect 4Q detector Outputs

Wait/Sleep

No
Total Power>
Threshold?

Yes

Timer interrupt

50th Lack 
of Signal?

Calculate X & Y displacements

PID Controllers calculations

Commands >
Allowed?

Yes

No

Commands = Closer limit: 
0V or 5V

Send Commands to FSM

No

Yes
Lack of Signal++

Send Null Commands to Mirrors

Initialize PID Controllers

Get 4 inputs from ADC

Check orientation of 4QD

Assign quadrant to ADC
channel

Convert from Voltage
to Power

Check orientation of FSM

Send Commands to DAC

 
Figure 4.20: Timer interrupt handler. 

 
 
 

4.4.2 PID Controller Implementation 
 

The PID Controller is usually described as a continuously acting system [26]. Since many 
years the controllers have been implemented into digital logic, such as microprocessors, 
DSPs, etc., which allow for greater flexibility and testing of new ideas. That means however, 
that the action of the controller is to be produced after discrete sampling in time of the input 
signal. The digital platform operates also in cycles thus creating the need to find an 
approximation of the continuous controller with a discrete one. A way for that to be done is to 
use Difference Equations to approximate differential equations [27]. A first order 
approximation may be achieved with finite forward difference: 
 

( ) ( 1)( ) ,

where T is the sample interval.

x k x kx k
T
− −

≈
 

 
The transfer function of a PID controller is given as: 
 

( ) 1( )
( ) p i d

u sC s K K K s
e s s

= = + ⋅ + ⋅ [25]. 
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After multiplication by s the equation becomes: 
 

2. ( ) ( )( )p i ds u s e s K s K K s= ⋅ + + ⋅  
 
Taking the inverse Laplace transform of the latter leads to: 
 

( ) ( ) ( ) ( )p i du s K e s K e s K e s= ⋅ + ⋅ + ⋅  (4.1) 
 
By substituting the differentials with its approximated finite differences one obtains: 
 

2

( ) ( 1)( )

( ) ( 1)( )

and applying the method twice:
( ) ( 1) ( ) 2 ( 1) ( 2)( )

u k u ku k
T

e k e ke k
T

e k e k e k e k e ke k
T T

− −
≈

− −
≈

− − − ⋅ − + −
≈ ≈

 

 
Thus Equation (4.1) becomes: 
 

( ) ( 1) [ ( ) ( 1)] ( ) [ ( ) 2 ( 1) ( 2)]d
p i

Ku k u k K e k e k K T e k e k e k e k
T

= − + − − + ⋅ ⋅ + − ⋅ − + − (4.2) 

 
Equation (4.2) then represents the first order discrete approximation of a continuous PID 
controller and it is implemented in such way by the DSP program. It requires to keep track of 
the last produced control signal and of the last two error signals. The program uses zero-
order hold technique to extrapolate the controller action between the timer interrupt events, 
i.e. it holds the last command until a new one is produced [27]. Such implementation 
however always leads to a delay associated with the hold.  
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4.5 Test and Results 
 
 

The following chapter gives an overview of the laboratory experiments with the designed 
pointing system. It also makes a parallel with the preliminary simulations and tries to evaluate 
the performance of the optical setup. 
 
 

4.5.1 FSM-300 Gain Response plot 
 

The tests concluded here were to measure the gain response of the FSM since it is the 
limiting factor for the whole control loop. The gain responses for three different amplitudes 
are given in Figure 4.21. 
 
 

 
 

Figure 4.21: Gain response of the FSM-300 for 3 different amplitudes. 
 
The amplitudes represent the mechanical angles of rotation. With a total span of ±26.2 mrad, 
the first two plots (for 0.262 mrad and for 0.131 mrad) are made for relatively small 
amplitudes, while the third one is for large amplitude, similar to the one used to test the step 
response in the next subpart. The addition of small amplitudes was done for two reasons – 
because with a DSP rate at 2 kHz the commands generated for the mirror have small 
consecutive changes; and because the manufacturer of the device gives a typical Bode plot 
for angle of excitation equal to 0.262 mrad as shown in Figure 4.6. The measured Bode plots 
end at about -1 dB because the automatic thermal protection of the mirror shuts it down at 
that combination of amplitude-frequency of the driving signal. The mirror resumes operation 
only after the voice coil actuators are cooled down. Nevertheless, the data shows that the 
measured responses mimic the typical one with having the oscillating frequency shifted to 
about 150 Hz instead of being at about 200 Hz. The big amplitude response converges to 
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overheating much faster than for small gain response as expected – allowing its use of up to 
120 Hz. 
 
When compared to the outcome of the simulations with the mathematical model of the mirror 
(Figure 3.10), it can be concluded that although having different characterizing parameters, 
the two curves advance in similar ways. The reason for the inaccuracy of the mathematical 
model is found mostly in the fact that the latter is done solely for the mirror assembly and it 
does not take into account the driver/controller of the mirror. The other major source of 
uncertainties in the model parameters is the difference between the preliminary assumed 
internal design of the mirror and the real one as was discussed already in the System 
Simulation chapter. That can be overcome in the simulation model by reverse engineering of 
the mirror assembly. By using the parameters of the measured frequency response of the 
FSM, one may design a Black box model with them and revert back to the presented in this 
thesis mathematical model.  
 
 

4.5.2 Step response 
 

The step response is the most common way to examine the performance of a whole 
control system. It is also used to determine the best possible parameters of the implemented 
PID controller on the DSP. Different responses for changing PID parameters are given in 
Figure 4.22. The step represents a rotation at an optical angle of about 25 mrad. The goal 
with the highest priority here is to have the smallest possible settling time with reasonable 
overshooting of less than 10%.  The settle time is defined as the time after which the signal 
stays within 5% of the center of the 4Q detector, which is within 2.5 mrad angle of incidence. 
Such an inaccuracy is considered acceptable for the foreseen application as MPA. The step 
response evaluates the performance of the control part of the laboratory experiment as 
shown in Figure 4.1. The components of it are: the FSM mirror, the 4Q detector, the low-pass 
with inverter, the controller system and the mirror driver/controller with the beam focusing 
being just an optical subsystem having no influence on the system response. The 
parameters of the trials are given in Table 4.10. An extended overview of these plots along 
with the path of the beam on the 4Q detector is given in Appendix B. 
 
Table 4.10: PID parameters used in Trials 1-6. 

Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6
Kp 1.7 1.2 0.6 0.6 0.6 0.3
Ki 0.45 0.1 0.1 0.01 0.008 0.001
Kd 1.50E-06 1.50E-04 1.50E-04 1.50E-04 1.50E-06 1.50E-04
settle time, ms 9 20 19 4.4 4.2 4.6  
 
The best trial showed a settle time of 4.2 ms. When taken into account the Bode plot of the 
mirror, it may be concluded that the mirror is commanded in more, but smaller steps, rather 
than less, but bigger steps, otherwise it would start to oscillate and be shut down. That result 
is expected, since the rate at which the PID controller produces a new control signal for the 
actuator – 2 kHz, is high enough compared to the response of the mirror to allow itself to 
calculate smaller steps. The simulation of the full control loop when having an ideal sensor 
showed a settle time of about 1.5 ms compared to the 4.2 ms obtained here.  The difference 
comes mostly from the fact that the simulation does not take into account the mirror driver as 
well as the low pass filter apart from using an ideal sensor. The last consideration may also 
be seen by comparing the two simulation models alone – the one with ideal sensor and the 
one with a modeled sensor.  The margin between the two settle times however, is still of the 
same order, which again confirms that the fast steering mirror is the limiting factor of the 
whole system. 
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Figure 4.22: Step response for different PID parameters. 

 

4.5.3 Sinusoidal disturbance 
 

Three types of sinusoidal disturbances have been selected to demonstrate the work of 
the system. These demonstrations were made by applying sinusoidal signals to the 
Distortion producing mirror with three different amplitudes – 0.1V, 0.5V and 1V, and a span 
of frequencies. The cited signal levels correspond to rotation producing optical angles of 2.8 
mrad, 14 mrad and 28 mrad according to the datasheet of the device. The compensated 
angle of incidence on the 4Q detector for the three disturbances is shown in Figure 4.23.  
 
 

 
Figure 4.23: Compensated angle of incidence for three disturbance angles. 
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In this way however, the whole optical setup was evaluated and not just the control part of it. 
Further analysis of the second mirror and its electronics part needs to be made in order to be 
able to separate the contribution of each of these two sets of devices, which is out of the 
scope of the current work. Nevertheless, these results are included here with the idea to give 
an impression of how the whole setup performs. 
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5 THESIS OUTCOME AND FURTHER INVESTIGATION 
 
 
 
 

The presented master thesis work evaluated the possible fine-pointing technologies for 
optical free space communication. The research study outlined the necessity of introducing a 
third stage between the coarse- and the fine-pointing one: a medium pointing assembly. 
Such a design complies with the requirements for broad field of view (provided by the MPA) 
and for high bandwidth (provided by the FPA). The thesis further concentrated on the 
implementation of the MPA with the selected fast steering mirror as actuator. With the design 
of the system and its simulation and with the consecutive setup and testing in the laboratory, 
the full circle of a system design project was completed. 
 
A typical control design was performed by modelling the actuator and the sensor of the 
control loop. A PID controller was selected to compensate for the pointing error. The full 
simulation model was analysed and proved to be a stable one and able to be implemented 
into reality under the taken assumptions. It was also put under step response simulations as 
well as performance simulations using sinusoidal disturbance with results satisfying the 
requirements. 
 
The next step was to build the optical setup in the laboratory and test the potential of the 
MPA. The devices for that were identified and connected to form the optical part and the 
electronics part of the setup. The software for the selected processing platform was 
developed and the PID controller was implemented on it. The subsequent tests were 
constituted of measuring the gain response of the FSM, the step response of the control 
system and the performance of the whole optical setup.  
 
The comparison between the measured gain response and the one of the simulation model 
of the FSM revealed the similarity between the two and offered a way to improve the 
simulation model by using reverse engineering as to better resemble the real assembly. The 
step response classified the work of the control system, which was able to perform a high-
speed reaction and accuracy even to big steps like the ones reported. Furthermore, it proved 
the fact that the FSM is the limiting factor of the system. The last conducted tests 
demonstrated the performance of the whole optical setup under sinusoidal disturbances.  
 
The presented MPA design, simulation and laboratory tests allowed to further evaluate the 
fast steering mirror technology as candidate for pointing assembly in optical free space 
communication. They revealed the challenges in the optical and electronics setup in order to 
achieve high precision of operation. The knowledge gathered during the thesis may be used 
to take the MPA “out of the laboratory” and produce a field operation model as a next step. 
 
The production of a stand-alone flying prototype of the MPA puts additional stringent 
requirements. In order to implement that, the devices, which are for laboratory use only, need 
to be redesigned in reducing their size, mass and power consumption. High altitude flights 
put even more requirements on the electronics in terms of operating in low pressure and 
heating issues. Another aspect of the upcoming work is the incorporation of the MPA into an 
optical communication terminal along with other subsystems such as a CPA and a data 
receiver subsystem. 
 
Apart from upgrading the design of the MPA discussed here, additional care may be taken 
for the implementation of the high bandwidth-small field of view fine pointing assembly that 
emerged as result of the Feasibility study. However, the introduction of the MPA as a first 
step greatly improves the current capabilities of the OCTs. When available, the FPA will bring 
even more opportunities to the optical free space communication. 
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APPENDIX A. OVERVIEW OF TECHNOLOGIES’ CHARACTERISTICS 
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APPENDIX B. STEP RESPONSE FOR THE DIFFERENT PID CONTROLLER 
PARAMETERS 
 
 

 
 
 
 
 
 
 
 

Trial 1
Kp 1.7
Ki 0.45
Kd 1.50E-06
settle time, ms 9

Trial 2
Kp 1.2
Ki 0.1
Kd 1.50E-04
settle time, ms 20
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Trial 3
Kp 0.6
Ki 0.1
Kd 1.50E-04
settle time, ms 19

Trial 4
Kp 0.6
Ki 0.01
Kd 1.50E-04
settle time, ms 4.4
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Trial 5
Kp 0.6
Ki 0.008
Kd 1.50E-06
settle time, ms 4.2

Trial 6
Kp 0.3
Ki 0.001
Kd 1.50E-04
settle time, ms 4.6
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APPENDIX C. DSP PROGRAM CODE 
 
C.1. DSP Source Code 
 
 
 
#include <stdio.h> 
#include <csl.h> 
#include <csl_timer.h> 
#include <csl_irq.h> 
#include <csl_mcbsp.h> 
 
#include <dsk6713.h> 
#include <dsk6713_led.h> 
#include <dsk6713_dip.h> 
 
// Include the configuration file for the McBSP 
#include <McBSP_init.h> 
 
//include the data structure header 
#include <variables.h> 
 
 
void TimerEventHandler(void); 
extern far void vectors(); 
 
static TIMER_Handle hTimer1; 
static Uint32 TimerEventId; 
 
static Uint32 TimerControl = 0xA10; // sets clock source to CPUCLK/4, Pulse mode, TINT active for 1 CLK 
 
/* 
Timer CLK - 56.25 MHz 
 
clock dividers: 
 
28125 -> 2 kHz 
6250 -> 9 kHz 
5625 -> 10 kHz 
3750 -> 15 kHz 
*/ 
static Uint32 Period = 28125; 
 
 
MCBSP_Handle hMcBSP_DAC, hMcBSP_ADC; 
 
 
// other variable declarations here 
int i; 
int cnt = 0; 
int calc_positions = 0; 
int nosignal = 0; 
int interval = 0; 
Uint32 myoutputX, myoutputY; 
float PIDX, PIDY; 
 
//float xtest[5000]; 
//float ytest[5000]; 
int test = 0; 
 
//end variable declarations 
 
 
 
//================================================================== 
//INITIALIZATION FUNCTIONS 
 
//Current X and Y position detection initialization 
void Init_XYPtotal(void) 
{ 
 PosX = 0.0; 
 PosY = 0.0; 
 
 minX = 0.0; 
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 maxX = 0.0; 
 minY = 0.0; 
 maxY = 0.0;  
 
 Ptotal = 0.0; 
  
 CntlX = InitX; 
 CntlY = InitY; 
  
 PIDX = 0.0; 
 PIDY = 0.0; 
 
 for (i=0;i<average;i++) 
 { 
  posx[i] = 0.0; 
  posy[i] = 0.0; 
 } 
 
/* for (i=0;i<10000;i++) 
 { 
  xtest[i] = 0.0; 
  ytest[i] = 0.0; 
 } 
*/ 
} 
 
//PID data initialization 
void Init_PID(PID_data* PID_ptr, float KP, float KI, float KD) 
{ 
 PID_ptr->CO_last = 0.0; 
 PID_ptr->err_last1 = 0.0; 
 PID_ptr->err_last2 = 0.0; 
 PID_ptr->Kp = KP; 
 PID_ptr->Ki = KI; 
 PID_ptr->Kd = KD; 
 PID_ptr->T = 1;//average/(56.25e+6/Period); 
} 
 
 
//4Q data initialization 
void Init_FourQ(FourQ* my_4q) 
{ 
 my_4q->A = 0.0; 
 my_4q->B = 0.0; 
 my_4q->C = 0.0; 
 my_4q->D = 0.0; 
 my_4q->A_coded = 0; 
 my_4q->B_coded = 0; 
 my_4q->C_coded = 0; 
 my_4q->D_coded = 0; 
} 
 
 
//=====================================================================================0 
 
 
// Function performing gethering of the 4 outputs of the 4Q detector: communicates with the ADC 
void Get4Qs(FourQ* my_4q, int rotdir) 
{ 
 //The commands to be sent to the ADC are defined in the variables.h 
 
 Uint32 myinput1 = 0; 
 Uint32 myinput2 = 0; 
 Uint32 myinput3 = 0; 
 Uint32 myinput4 = 0; 
 int sw0, sw1; 
 float temp; 
 
 // Get A 
 // wait until the transmitter is ready for a sample then write to it  
    while (!MCBSP_xrdy(hMcBSP_ADC)); 
    MCBSP_write(hMcBSP_ADC,Comm_Get1); 
    // now wait until the value is received then read it  
    while (!MCBSP_rrdy(hMcBSP_ADC)); 
    myinput1 = MCBSP_read(hMcBSP_ADC); 
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 // Get B 
    while (!MCBSP_xrdy(hMcBSP_ADC)); 
    MCBSP_write(hMcBSP_ADC,Comm_Get2); 
    while (!MCBSP_rrdy(hMcBSP_ADC)); 
    myinput2 = MCBSP_read(hMcBSP_ADC); 
 
 
 // Get C 
    while (!MCBSP_xrdy(hMcBSP_ADC)); 
    MCBSP_write(hMcBSP_ADC,Comm_Get3); 
    while (!MCBSP_rrdy(hMcBSP_ADC)); 
    myinput3 = MCBSP_read(hMcBSP_ADC); 
     
 
 // Get D 
    while (!MCBSP_xrdy(hMcBSP_ADC)); 
    MCBSP_write(hMcBSP_ADC,Comm_Get4); 
     while (!MCBSP_rrdy(hMcBSP_ADC)); 
    myinput4 = MCBSP_read(hMcBSP_ADC); 
 
 
 
 //Using the switches one can assign channels to quadrants 
 //Important: the names of the Qs - A, B, C, D do not change their places in the program 
 // switch = 0 is active and 1 is not active! 
 sw0 = DSK6713_DIP_get(0); 
 sw1 = DSK6713_DIP_get(1); 
 
 if ((sw0 == 1) && (sw1 == 1)) 
 { 
  //rotation = 0 deg; 
  //shifting 7 zeros to the right 
  my_4q->A_coded = myinput1/128;  
  my_4q->B_coded = myinput2/128;     
  my_4q->C_coded = myinput3/128; 
  my_4q->D_coded = myinput4/128; 
 } 
 else if ((sw0 == 1) && (sw1 == 0)) 
 { 
  //rotation = 90 deg clockwise; 
  //shifting 7 zeros to the right 
  my_4q->A_coded = myinput4/128;  
  my_4q->B_coded = myinput1/128;     
  my_4q->C_coded = myinput2/128; 
  my_4q->D_coded = myinput3/128; 
 } 
 else if ((sw0 == 0) && (sw1 == 1)) 
 { 
  //rotation = 180 deg clockwise; 
  //shifting 7 zeros to the right 
  my_4q->A_coded = myinput3/128;  
  my_4q->B_coded = myinput4/128;     
  my_4q->C_coded = myinput1/128; 
  my_4q->D_coded = myinput2/128; 
 } 
 else 
 { 
  //rotation = 270 deg clockwise; 
  //shifting 7 zeros to the right 
  my_4q->A_coded = myinput2/128;  
  my_4q->B_coded = myinput3/128;     
  my_4q->C_coded = myinput4/128; 
  my_4q->D_coded = myinput1/128; 
 } 
  
 //if the rotation is counterclockwise 
 //swap B and D: 
 if (rotdir == 1) 
 { 
  temp = my_4q->B; 
  my_4q->B = my_4q->D; 
  my_4q->D = temp; 
 } 
 
 //converting to power with 'Voltage_level', 'Responsivity' and 'Amplification', defined in variables.h  
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 my_4q->A = ((float) (my_4q->A_coded)/65535)*Voltage_level/(Responsivity*Amplification); 
 my_4q->B = ((float) (my_4q->B_coded)/65535)*Voltage_level/(Responsivity*Amplification); 
 my_4q->C = ((float) (my_4q->C_coded)/65535)*Voltage_level/(Responsivity*Amplification); 
 my_4q->D = ((float) (my_4q->D_coded)/65535)*Voltage_level/(Responsivity*Amplification); 
 
/*================================================================================ 
//I tried with measuring the 4Q response on turning the mirror in known directions 
//it is the 4Q detector device 
//the result was input 1->C; 2->A; 3->D; 4->B 
 temp = my_4q->A; 
 my_4q->A = my_4q->B; 
 my_4q->B = my_4q->D; 
 my_4q->D = my_4q->C; 
 my_4q->C = temp; 
//================================================================================*/ 
 
} 
 
 
/*Forming of the data to be sent to the DAC 
channel - select the channel from 0 to 3 
writeandload: 
 = 0 - only load the selected channel buffer, but dont convert it 
 = 1 - load the selected channel buffer and convert it 
 = 2 - load to selected channel buffer and convert all channels 
*/ 
void SendtoDAC(float value, int channel, int writeandload) 
{ 
 Uint16 tosend; 
 Uint8 controlbyte; 
 Uint32 alltogether; 
 int flag = 0; 
  
 //that is the value to be converted to analogue voltage 
 if (value <= Voltage_level) tosend = (Uint16) (value*65535/Voltage_level); 
 else flag = 1; 
 
 if (channel == 0) controlbyte = 0*2; 
 else if (channel == 1) controlbyte = 1*2; 
 else if (channel == 2) controlbyte = 2*2; 
 else if (channel == 3) controlbyte = 3*2; 
 else flag = 1; 
 
 if (writeandload == 0) controlbyte = 0*16 + controlbyte; 
 else if (writeandload == 1) controlbyte = 1*16 + controlbyte; 
 else if (writeandload == 2) controlbyte = 2*16 + controlbyte; 
 else flag = 1; 
 
 if (flag == 0) 
 // Happy to send 
 { 
  //24bit data stream to the DAC, starting with the control byte 
  alltogether = controlbyte*65536 + tosend; 
 
  /* wait until the transmitter is ready for a sample then write to it */ 
     while (!MCBSP_xrdy(hMcBSP_DAC)); 
      MCBSP_write(hMcBSP_DAC,alltogether); 
 } 
 else  
 { 
  flag = 0; 
   
  //WRITE A HANDLER HERE 
 } 
} 
 
 
/*IMPORTANT WHEN SIGNAL CONDITIONING BOARD IS USED 
 the card does the following: 
 
 output = Vref - input 
 
all fields marked with SCB account for that!! */ 
 
 
void SendCommands(float tox, float toy) 
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{ 
 int sw2, sw3; 
 float tempcommand; 
 
 //read switches to know mirrors rotatation 
 // switch = 0 is active and 1 is not active! 
 sw2 = DSK6713_DIP_get(2); 
 sw3 = DSK6713_DIP_get(3); 
 
 if ((sw2 == 1) && (sw3 == 1)) 
 { 
  //no rotation of the X and Y axis - 0 deg 
  //Send the X command to the DAC  
  /*SCB*/ tox = SCB_Voltage_level - tox; 
  SendtoDAC(tox, 0, 0); 
 
  /*SCB*/ toy = SCB_Voltage_level - toy; 
  //Send the Y command to the DAC and convert both X and Y 
  SendtoDAC(toy, 1, 2); 
 } 
 
 else if ((sw2 == 1) && (sw3 == 0)) 
 { 
  //90 deg rotation 
  tempcommand = Voltage_level - toy; 
  /*SCB*/ tempcommand = SCB_Voltage_level - tempcommand; 
  //Send the X command to the DAC  
  SendtoDAC(tempcommand, 0, 0); 
 
  /*SCB*/ tox = SCB_Voltage_level - tox; 
  //Send the Y command to the DAC and convert both X and Y 
  SendtoDAC(tox, 1, 2); 
 } 
 else if ((sw2 == 0) && (sw3 == 1)) 
 { 
  //180 deg rotation 
  tempcommand = Voltage_level - tox; 
  /*SCB*/ tempcommand = SCB_Voltage_level - tempcommand; 
  //Send the X command to the DAC  
  SendtoDAC(tempcommand, 0, 0); 
 
  tempcommand = Voltage_level - toy; 
  /*SCB*/ tempcommand = SCB_Voltage_level - tempcommand; 
  //Send the Y command to the DAC and convert both X and Y 
  SendtoDAC(tempcommand, 1, 2); 
 } 
 else 
 { 
  //270 deg rotation 
  /*SCB*/ toy = SCB_Voltage_level - toy; 
  //Send the X command to the DAC  
  SendtoDAC(toy, 0, 0); 
 
  tempcommand = Voltage_level - tox; 
  /*SCB*/ tempcommand = SCB_Voltage_level - tempcommand; 
  //Send the Y command to the DAC and convert both X and Y 
  SendtoDAC(tempcommand, 1, 2); 
 } 
 
} 
 
 
//================================================================================================
==== 
 
/* THE PID controller implements the so called controller type A, which has the following discrete form: 
 
 type 1:  
 CO = CO_last + Kp.(err - err_last1) + Ki.T.err + (Kd/T)*(err - 2.err_last1 + err_last2) 
 
 type 2: 
 CO = CO_last + Kp.err - err_last1 + (T/Ki).err + (Kd/T)*(err - 2.err_last1 + err_last2) 
  
 err = measured position - wanted position(setpoint) 
    err_last1 and err_last2 are the two previous errors  
 Kp, Ki, Kd - the parameters of the PID controller 
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 T - sampling period 
 
It is to be used only when the total power on the receiver is above the threshold */ 
 
 
float PID(float Pos, PID_data* PID_ptr, float Setpos, int type) 
{ 
 float CO = 0; 
 float err =  Setpos - Pos; 
 
 if (type == 1) 
 { 
  CO = PID_ptr->CO_last + PID_ptr->Kp*(err - PID_ptr->err_last1) + PID_ptr->Ki*PID_ptr->T*err + 
  (PID_ptr->Kd/PID_ptr->T)*(err - 2*PID_ptr->err_last1 + PID_ptr->err_last2);   
 
  PID_ptr->err_last2 = PID_ptr->err_last1; 
  PID_ptr->err_last1 = err; 
  PID_ptr->CO_last = CO; 
 } 
 
 
 else if (type == 2) 
 { 
  CO = PID_ptr->CO_last + PID_ptr->Kp*err - PID_ptr->err_last1 + (PID_ptr->T/PID_ptr->Ki)*err + 
   (PID_ptr->Kd/PID_ptr->T)*(err - 2*PID_ptr->err_last1 + PID_ptr->err_last2);   
 
  PID_ptr->err_last2 = PID_ptr->err_last1; 
  PID_ptr->err_last1 = err; 
  PID_ptr->CO_last = CO; 
 } 
 
 
 return CO; 
} 
 
 
//=========================================================================== 
 
 
void main()  
{ 
 
  /* Initialize the chip support library, must when using CSL */ 
  CSL_init();  
 
  /* Initialize the board support library, must be first BSL call */ 
  DSK6713_init(); 
   
  /* Initialize the LED and DIP switch modules of the BSL */ 
  DSK6713_LED_init(); 
  DSK6713_DIP_init(); 
 
  //reroute mcbsps for us 
  DSK6713_rset(DSK6713_MISC, 0x03); 
 
   
  //Initialize the Timer1 
  
  /* Open TIMER1 device, and reset them to power-on default state */ 
  hTimer1 = TIMER_open(TIMER_DEV1, TIMER_OPEN_RESET); 
   
  /* Obtain the event ID for the timer device */ 
  TimerEventId = TIMER_getEventId(hTimer1); 
   
  IRQ_setVecs(vectors);     /* point to the IRQ vector table */ 
  IRQ_globalEnable();       /* Globally enable interrupts       */  
  IRQ_nmiEnable();          /* Enable NMI interrupt             */  
   
  /* Map TIMER events to physical interrupt number */       
  IRQ_map(TimerEventId, 14); 
     
  /* Reset the timer events */ 
  IRQ_reset(TimerEventId); 
     
  /* Configure the timer devices */ 
  TIMER_configArgs(hTimer1, 
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    TimerControl, /* use predefined control value  */ 
    Period,   /* set period                    */ 
    0x00000000    /* start count value at zero     */ 
  ); 
 
  //end initialize the Timer1 
   
 
  // Initializing the serial ports 
  // McBSP_DAC: the DAC is connected to McBSP0 
  // McBSP_ADC: the ADC is connected to McBSP1 
 
  /* Let's open up serial port 0 */ 
  hMcBSP_DAC = MCBSP_open(MCBSP_DEV0, MCBSP_OPEN_RESET); 
   
  //refer to .h file for setup parameters 
  MCBSP_config(hMcBSP_DAC,&ConfigMcBSP_DAC); 
 
  /* Let's open up serial port 1 */ 
  hMcBSP_ADC = MCBSP_open(MCBSP_DEV1, MCBSP_OPEN_RESET); 
  
  //refer to .h file for setup parameters 
  MCBSP_config(hMcBSP_ADC,&ConfigMcBSP_ADC); 
 
  /* Now that the ports are setup, let's enable them in steps. */ 
  MCBSP_start(hMcBSP_DAC,MCBSP_RCV_START | MCBSP_XMIT_START | 
         MCBSP_SRGR_START, 
       0x000000FFu); // MCBSP_SRGR_DEFAULT_DELAY); 
 
  MCBSP_start(hMcBSP_ADC,MCBSP_RCV_START | MCBSP_XMIT_START | 
         MCBSP_SRGR_START, 
       0x000000FFu); // MCBSP_SRGR_DEFAULT_DELAY); 
 
  // end initialize the serial ports 
 
 
  //POSITION THE MIRROR IN THE CENTER 
  SendCommands(InitX, InitY); 
 
   
  //initialize the structure of the 4Q outputs 
  Init_FourQ(FourQ_ptr); 
 
  //initialize the structures holding the PID values for X and Y control 
  Init_PID(PID_X, KpX, KiX, KdX); 
  Init_PID(PID_Y, KpY, KiY, KdY); 
   
  //initialize current position detection = 0; 
  Init_XYPtotal(); 
  
 
   /* Enable the timer events(events are disabled while resetting) */ 
  IRQ_enable(TimerEventId); 
  
 
  /* Start the timers */ 
  TIMER_start(hTimer1); 
 
  //loop forever 
  while(1); 
} 
 
 
//====================================================================== 
 
float avX = 0.0; 
float avY = 0.0; 
 
//CATCH THE TIMER INTERRUPT 
interrupt void c_int14(void)     
{ 
 
 //increment counter for moving average 
 cnt++; 
 
 //FOR TEST 
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  interval++; 
  
 //END FOR TEST 
 
   
 //Collect the 4 outputs of the 4-Quadrant detector 
 Get4Qs(FourQ_ptr,CCW); 
 
 //check if the power on the 4Q is above the bckgrnd light threshold 
 Ptotal = (FourQ_ptr->A + FourQ_ptr->B + FourQ_ptr->C + FourQ_ptr->D); 
  
 if (Ptotal > Threshold) 
 { 
  // calculate X and Y positions 
  posx[cnt-1] = ((FourQ_ptr->B + FourQ_ptr->C) - (FourQ_ptr->A + FourQ_ptr->D)) / Ptotal; 
  posy[cnt-1] = ((FourQ_ptr->A + FourQ_ptr->B) - (FourQ_ptr->C + FourQ_ptr->D)) / Ptotal; 
 
  /* 
  //-----------filter block------------------------------------------------------------------------ 
  //try kind of exclude anomalies filter 
   
 
  if (calc_positions > 0) 
  { 
   // calculate X and Y positions 
   for (i=0;i<average;i++) 
   { 
    avX = avX + posx[i]; 
    avY = avY + posy[i]; 
   } 
   avX = avX/calc_positions; 
   avY = avY/calc_positions; 
  } 
 
 
  if ((calc_positions > 0) && ((posx[cnt-1] > 1.1*avX)||(posx[cnt-1] < 0.9*avX)||(posy[cnt-1] > 
1.1*avY)||(posy[cnt-1] < 0.9*avY))) 
  { 
 
   //make them 0   
   posx[cnt-1] = 0; 
   posy[cnt-1] = 0; 
  } 
 
  else calc_positions ++; 
  //-----if the filter block is removed, uncomment the line below---------------------------------------- 
  */ 
  
  calc_positions ++; 
 
 } 
 
 else 
 { 
   
  posx[cnt-1] = 0; 
  posy[cnt-1] = 0; 
  //increment counter for lack of signal 
  nosignal++; 
 } 
 
  
 if (cnt>=average) 
 // Can perform PID controlling  
 { 
 
  DSK6713_LED_on(0); 
  //DSK6713_LED_toggle(0); 
   
  //reset counter for moving average filter   
  cnt = 0; 
 
  if (calc_positions > 0) 
  { 
   // calculate X and Y positions 
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   float sumX = 0.0; 
   float sumY = 0.0; 
   for (i=0;i<average;i++) 
   { 
    sumX = sumX + posx[i]; 
    sumY = sumY + posy[i]; 
   } 
 
   //Get the average 
   PosX = sumX/calc_positions; 
   PosY = sumY/calc_positions; 
 
   // calculate controller signal 
   //PID1 and PID2 specify the type of controller 
   CntlX = PID(-PosX, PID_X, SetpointX, controller); 
   CntlY = PID(-PosY, PID_Y, SetpointY, controller);  
 
   //Add the offset to the control signal: InitX and InitY corr. to 0 deg 
  // CntlX = -CntlX + InitX; 
  // CntlY = -CntlY + InitY;  
 
   //Reset the buffers 
   for (i=0;i<average;i++) 
   { 
    posx[i] = 0.0; 
    posy[i] = 0.0; 
   } 
   //Reset the counter for calculated positions 
   calc_positions = 0; 
   //Reset the counter for no signal received 
   nosignal = 0; 
 
  } 
 
  else if (nosignal >= NOSIGNAL_STOP) 
  // Have to reset the mirror position to intial one 
  { 
     Init_PID(PID_X, KpX, KiX, KdX); 
     Init_PID(PID_Y, KpY, KiY, KdY); 
    
   //Add the offset to the control signal: InitX and InitY corr. to 0 deg 
   CntlX = InitX; 
   CntlY = InitY;  
  } 
 
 
  
  // Check if the control signal is beyond the limits of the DAC  
  if (CntlX > 5.0) CntlX = 5.0; 
  if (CntlX < 0.0) CntlX = 0.0;  
 
  if (CntlY > 5.0) CntlY = 5.0; 
  if (CntlY < 0.0) CntlY = 0.0; 
  
  
   
  //SEND COMMANDS TO THE MIRROR 
  SendCommands(CntlX, CntlY); 
 
  DSK6713_LED_off(0); 
 } 
 
   return; 
 
} /* end c_int14 */ 
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C.2. DSP Header Code 
 
//VARIABLE DEFINITION HEADER 
 
// Full scale of the coded ADC output - 5 Volts 
int Voltage_level = 5; 
 
// 2*Vref of the Signal Conditioning Board 
int SCB_Voltage_level = 5; 
 
//Threshold - limits the min output power on the quardant in W 
float Threshold = 1e-8; 
 
float Responsivity = 0.65; 
float Amplification = 1e8; 
 
 
//Moving average filter time constant: make average over this number of samples 
 
#define  AVERAGE  1 
 
//save samples in these arrays 
float posx[AVERAGE]; 
float posy[AVERAGE]; 
int average = AVERAGE; 
 
 
//nosignal count to this value and reset the mirror 
int NOSIGNAL_STOP = 50; 
 
//couter after which the beam is to be stabilized  
//used to check the max and min displacements from center 
int STABILIZED_INT = 100000; 
 
//Initial X and Y positions - where is the mirror at the beginning 
float InitX = 2.5; 
float InitY = 2.5; 
 
 
/* 
 4Q detector quadrants arrangement as used to calculate X and Y 
         --- 
       -  |  - 
      - A | B - 
     -----|----- 
      - D | C - 
    -  |  - 
      --- 
*/ 
 
//specifies the direction of the rotation if there is such in the orientation of the 4Q detector 
// clockwise or counterclockwise - used in the Get4Qs function 
int CCW = 0; 
 
//Structure to keep the output of the 4Q detector 
typedef struct{ 
 
 //hold the voltage levels 
 float A; 
 float B; 
 float C; 
 float D; 
 
 //hold the digital code from the ADC 
 Uint16 A_coded; 
 Uint16 B_coded; 
 Uint16 C_coded; 
 Uint16 D_coded; 
 
} FourQ;  
FourQ FourQ_outputs; 
FourQ* FourQ_ptr = &FourQ_outputs; 
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//form the commands for the ADC: provided binding between incoming channel and a quadrant is present 
 
// channel 0 (single) 0x87000000 | channel 0 - channel 1 (differential) 0x83000000 
Uint32 Comm_Get1 = 0x87000000; 
 
// channel 2 (single) 0x97000000 | channel 2 - channel 3 (differential) 0x93000000 
Uint32 Comm_Get2 = 0x97000000; 
 
// channel 4 (single) 0xA7000000 | channel 4 - channel 5 (differential) 0xA3000000 
Uint32 Comm_Get3 = 0xA7000000; 
 
// channel 6 (single) 0xB7000000 | channel 6 - channel 7 (differential) 0xB3000000 
Uint32 Comm_Get4 = 0xB7000000; 
 
 
//================================================================== 
 
//Setpoints - give which is the desired value for X and Y position on the 4Q 
float SetpointX = 0.0; 
float SetpointY = 0.0; 
 
 
//X and Y variables  holding the current position of the beam acc. to the 4Q outputs 
float PosX, PosY; 
 
//variables holding the max displacements from the centre 
float minX, maxX, minY, maxY; 
 
//Control X and Y results from the PID 
float CntlX, CntlY; 
 
//variable holding the sum of all of the outputs from the 4Q detector 
float Ptotal; 
 
//PID values: 
 
//PID controller implementation type 
#define PID1 1 
#define PID2 2 
 
 
 
//********THE FOLLOWING TUNING IS FOR PIEZO MIRROR CONTROL MODE********************** 
// Ziegler - Nichols closed loop tuning method for the seperate 4Q detector setup!!!: 
// Ku = 12.1 and Pu = 2.7e-3 s 
// tuned like that: Kp = 7.26, Ki = 1.35e-3, Kd = 0.34e-3 
 
// Ziegler - Nichols closed loop tuning method for OECA device: 
// Ku = 10.05 and Pu = 10.4e-3 s 
// tuned like that: Kp = 6.03, Ki = 5.2e-3, Kd = 1.3e-3 
//*********************************************************************************** 
 
 
//type1 
 
int controller = PID1; 
float KpX = 0.6; 
float KiX = 0.008; 
float KdX = 0.15e-5; 
 
float KpY = 0.6; 
float KiY = 0.008; 
float KdY = 0.15e-5; 
 
 
 
//type2 
/* 
int controller = PID2; 
float KpX = 3; 
float KiX = 1; 
float KdX = 0.1; 
 
float KpY = 3; 
float KiY = 1; 
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float KdY = 0.1; 
*/ 
 
 
/* create a structure to keep the values 
 needed for the PID controller work */ 
typedef struct 
{ 
 float CO_last; 
 float err_last1; 
 float err_last2; 
 float Kp; 
 float Ki; 
 float Kd; 
 float T; 
   
} PID_data; 
PID_data PID_dataX, PID_dataY; 
PID_data* PID_X = &PID_dataX; 
PID_data* PID_Y = &PID_dataY; 
 
 
 




