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Executive summary 
 
In this thesis report it has been researched if LUNASYS is operational for the SAFARI 
instrument. The requirements for LUNASYS were not clear yet. It was my task to  
gather, determine and check these requirements. It became clear that the initial system 
configuration of LUNASYS does not meet the requirements as specified in the table 
below. The maximal required electrical power of LUNASYS surprisingly doesn’t meet the 
requirements either. 
 

 
 

In order to make the system space qualified, the exact requirements for space 
qualification need to be known. The most important ones are: vacuum tolerance, the 
maximum radiation dose and the maximum radiation dose rate. Also very important is 
the reliability about the origin of the batch of the component and the test results of the 
batch. For space qualification there exist clear rules. It is best to use the expertise of 
SRON for this. 
 

A lot of research was performed in order to determine what requirements LUNASYS did 
not meet and to what extent. From this it became apparent that the accuracy due to 
drift was the bottleneck of the design. This is why more research was done to determine 

the cause of the drift. 
The possible causes for the drift have been stated, and after further analysis it has been 
shown using experiments that temperature disturbances acting on the reference and 
measurement arm are the dominant factor causing the measurement drift. 
Reduction of the drift or compensation of the drift is possible; however it would be wiser 
to prevent the drift from happening. For this it would be better to come up with a 
completely new concept which is based on minimizing the drift. 
 

New concepts indeed have been developed, where the drift has a negligible effect on 
the accuracy of the measurement system. In these concepts the measurement drift due 
to temperature disturbances has now been minimized to an error of eTemp=0.75 (pm). 
Besides the problems with the accuracy, it also enables less strict demands regarding 
functionality of the optical components at cryogenic temperatures. This is because for 
the new concept fewer components need to be placed at a temperature of 4.5 (K). Also, 
a possible solution has been worked out to reduce the stray light power to acceptable 
levels. This concept needs to be built and worked out in detail in order to validate its 
functionality.  

Type of parameter Required value Specified value Meets requirements? 
Stroke 34.5 (mm) 34.5 (mm) Yes
Accuracy 10 (nm) over 200(s)1100 (nm) over 1 (hr) No

Resolution 1 (nm) 0.19 (nm) Yes
Sample frequency 439 (Hz) 781 (Hz) Yes
Heat load 100 (µW) 20.9 (µW) Yes
Stray light power 0.89 (µW) 2.4E-12 (µW) Yes 

Space qualified No No No
Maximal required electrical power 1.0 (W) 6.67 (W) No

Functionality at cryogenic temperature Yes No No
Relative displacement measurement Yes Yes Yes

Laser + electronics placed in room of 293 (K)Yes Yes Yes
Sensor head placed near the ODL Yes Yes Yes
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1 Introduction 

1 Introduction 
 

This master thesis was requested by Pim Kat, director of the Technobis Group, on the 
4th of April 2011. 
In Figure 1-1 a schematic overview of the architecture of all the relevant systems and 
subsystems for the design of the fiber optic interferometer is shown. The name of the 
companies responsible for the design of each system is also included in the diagram. 
The system is arranged from top to bottom respectively from system, to sub system, 

sub-sub system etc. 
 

 
Figure 1-1 Diagram of the system architecture including the systems and subsystems 

directly influencing the design of the fiber optic interferometer. The non-specified 
systems are not included in this diagram 

 
In order to do observations in space in the far infrared light spectrum the SPICA/SAFARI 
project is started (SPICA = Space Infrared telescope for Cosmology and Astrophysics, 
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SAFARI = SpiCA far infrared Instrument). Its high spatial resolution and unprecedented 
sensitivity in the mid- and far-infrared makes it possible to perform the desired 
observations in this spectrum. With this information it will be possible to determine the 
composition of the gasses surrounding a celestial body. This telescope is equipped with 
three instruments; SAFARI is one of these instruments. SAFARI can be subdivided into 
multiple components. Three of these components are the heat shields with cryogenic 
cooling, the focal plane arrays and the Mach Zehnder interferometer. 
 
Because SAFARI has to detect very small signals, undesired radiation, which could 
disturb the measurement signal, has to be reduced. Thermal radiation decreases with 
temperature, so for this reason SPICA has cryogenically cooled zones within telescope. 
To keep the thermal radiation minimal, the focal plane arrays are cooled by mechanical 
and passive cooling. The heat shields and cryogenic cooling are necessary to keep the 
temperature low at the focal plane arrays. In Figure A-1a the basic configuration of 
SPICA is displayed. It can be seen that the main structure consists of multiple layers; in 
Figure A-1b a schematic conceptual view of the cryogenic system is shown. The 
cryogenic cooling system uses radiators with mechanical coolers to transfer heat to the 
surroundings. 
The focal plane arrays are built up out of several charge coupled devices (CCDs). They 
are used to measure the very low light intensities. 
The baseline optical configuration of SAFARI is a Mach-Zehnder imaging Fourier 

Transform Spectrometer (MZFTS). Because this instrument also suffers from thermal 
noise this instrument is placed in the cryogenic cooled region of SPICA. The MZFTS is 
shown in Figure 1-2. 
 

 
Figure 1-2 (a) Mach Zehnder imaging Fourier Transform Spectrometer (MZ-FTS) used 

in SAFARI. The red circle indicates the FTS mechanism. (b) Indication of the mirrors 
that are positioned with a feedback mechanism [17] 

 

As the name implies, a Fourier Transform Spectrometer (FTS) mechanism can be found 
within the MZFTS. The FTS mechanism scans an auto-correlation function of light 
correlated with a time-delayed version of itself. The wavelength spectrum of the 
measured light is equal to the FFT of this auto-correlation function. This process is called 
a spectral deconvolution. 
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In order to measure the intensity of a certain wavelength the velocities of the mirrors 
M1 and M2 in Figure 1-2b need to be controlled. For this reason the Optical Delay Line 
(ODL) is designed. 
As shown in Figure 1-3 the mirrors are attached to this mechanism and by the Optical 
Path Difference (OPD) actuator the translational motion is generated. This actuator is 
basically a linear motor with magnetic bearings that moves the mirrors over a certain 
stroke. During launch the actuator is mechanically fixed by the launch lock actuator 
shown in yellow in Figure 1-3. 
 

 

 
Figure 1-3  A concept of the cryogenic ODL on a magnetic bearing with the attached 
mirrors that need to be positioned [17] 

 
In order to apply feedback, a measurement system (OPD metrology) is needed to 
measure the position of the mirrors. 
This measurement system consists of a sensor; a fiber optic interferometer called 
LUNASYS. This fiber optic interferometer is made by Technobis and SRON. 
Furthermore, LUNASYS uses electronics and software to readout the output of the fiber 
optic interferometer, apply the feedback and control the actuator. 
 
Technobis would like to know if the current setup of LUNASYS is operational for the 
SAFARI application or not. In the content of this report by operational there is meant, 
that it functions according to the SAFARI requirements. And if not, they would like to 
know what needs to be improved in order to make it operational for the SAFARI 
instrument. 
 
In the second chapter of this report the working principle of the fiber optic 
interferometer is explained. In chapter 3 the requirements for the fiber optic 
interferometer are determined and clarified. After this a specification of the current 
design is made in chapter 4, in order to see if the initial setup of the fiber optic 
interferometer meets the requirements. As a result of this research it seemed that the 
accuracy will be the limiting factor on the design. The system suffers from drift that 
highly influences the accuracy of the fiber optic interferometer. Drift is a small 
continuous change in the measurement value of a measurement instrument over time, 
while the value that should be measured remains constant. For this reason the most 
important factors that influence the drift of the fiber optic interferometer will be 
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researched in chapter 5. Improvements on the system are made in chapter 6. When it 
seemed that these improvements were not good enough to meet the requirements, a 
new concept for the fiber optic interferometer is introduced in chapter 7. Finally the 
conclusions of this thesis will be presented and recommendations will be made in 
chapter 8.  
 
 

1.1 Problem setting 

 
The problem setting of this thesis consists of three parts; definition of the main problem, 
the goal and the scope of this thesis. In the scope of this thesis report it is determined 
what parts of the SAFARI instrument are of importance for this research and finally the 
research method will be treated. In the research method there is briefly described what, 
why and how certain things are researched.   
 
 

1.1.1 Research questions 

 
As mentioned in the introduction, the main goal of Technobis is to build a system that is 
operational for the SAFARI instrument. The main goal of this thesis is to determine 

whether the current system that is built by Technobis is ready for this task or not. 
Therefore, the following research question with its corresponding sub questions has 
been formulated. 
 

 
1) Is the current setup of LUNASYS operational for the SAFARI 

instrument? 
 

a) What are the requirements for LUNASYS for the SAFARI application? 
b) What are the specifications of the current setup of LUNASYS? 

 

 
When it seemed that the current setup of LUNASYS was not yet operational for the 
SAFARI instrument, a second main goal for this thesis was formulated. 
If LUNASYS is not operational for the SAFARI instrument yet, insight should be gained 
about the limiting factors that cause that LUNASYS is not operational for the SAFARI 
instrument. If possible the issues should be solved. This leads to the second main 
question and its sub questions. 
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2) What needs to be improved on the current setup of LUNASYS to make 

the system operational for the SAFARI application? 
 

c) Is temperature the dominant factor causing the position drift of LUNASYS? 
d) What needs to be improved on the current setup of LUNASYS in order to reach 

the targeted requirements? 
 

 
 

1.1.2 Scope 

 
In the introduction a brief description of all systems, subsystems, sub-subsystems etc. is 
given. Without going into further detail on all systems within the SAFARI instrument, 

Figure 1-1 shows that the fiber optic interferometer is a small subsystem of a larger 
system. Also there is some interaction with some of the other subsystems within 
SAFARI. In this thesis only the systems within SPICA that interact with the fiber optic 
interferometer are shown in Figure 1-1. There are more systems on board of SPICA that 
interact with the fiber optic interferometer. Because these systems are not specified yet, 
the interaction with the fiber optic interferometer is not mentioned in Figure 1-1. 
Consequently it is assumed that the systems that are not displayed in Figure 1-1 are 
beyond the scope of this thesis. 
 
 

1.1.3 Method 

 
In the content of this report sometimes there is referred to a fiber optic interferometer 
and sometimes to LUNASYS, note that as stated in the introduction, LUNASYS is the 
name of the fiber optic interferometer.  
In order to answer the first research question the functional requirements for the system 
should be known. Unfortunately the requirements for the fiber optic interferometer 
aren’t precisely known. The requirements known about the interferometer are spread 
over several documents and most of these requirements are not well formulated or even 
incorrect. On top of this, the entire SAFARI instrument is still in conceptual phase and 
the design of different parts of this instrument is continuously changed. Therefore, the 
requirements for the fiber optic interferometer also change.  
The design process of the fiber optic interferometer is done according to the V-model of 
systems engineering. The applied model is displayed in Figure 1-4. 
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Figure 1-4 The V-model of systems engineering divides the design process of a 
complex system both in time and in levels of complexity [4] 

 
Applying the V-model organizes the design. It gives better insight to where certain 
requirements come from and why certain design decisions are made. This is especially 
true for complex systems like the SAFARI instrument and its subsystems. Another 
benefit of applying the V-model is that it organizes the way of working. 
After determining the functional requirements on top level of the V-model, these 
requirements can be translated to lower level requirements. If this process is repeated 
from top to bottom, the requirements for the fiber optic interferometer can be 
determined. This is followed by determining the specifications of the current setup of the 
fiber optic interferometer. These obtained specifications result in the answers to the first 
two research sub questions. With these answers the first main research question can be 
answered. When the specifications are determined some starting points are used to 
calculate lower level specifications. These starting points are treated in chapter 4. 
Because not all specifications of the interferometer are known, certain detail analyses 
are simplified or not even made at all. 
During the design phase of the V-model (left side of the V-model) it sometimes happens 
that the specifications of sub-system can’t meet the requirements. If a certain 
requirement is not feasible at a lower subsystem, then perhaps the requirement could 
be changed at a higher level of the design. This process could also be used during the 
realization phase of the design (right side of the V-model). During the realization, each 
sub system will be verified with the sub system requirements. Finally the total system 
will be verified with the full system requirements. 

During this research it is concluded that the current system doesn’t meet the set 
requirements. The precision of the measurement system seemed to be the bottleneck of 
the design. The biggest impact on the total precision of the system seemed to be the 
drift of the position signal.  
In order to find all possible causes of the drift a global model of the interferometer has 
been made and analyzed. The main cause of the drift of the position signal seemed to 
be related to the temperature. This supposition has been confirmed during the first 
integration test of the optical setup of the fiber optic interferometer from Technobis and 
the detector electronics and software from SRON. When a heat source came nearer to 
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the reference arm or the measurement arm, the position signal clearly increased 
drifting. The result of this measurement is shown in chapter 5. 
 

 
Figure 1-5 Block schedule representing the analysis of the cause of the drift 

 
The cause of the drift is analyzed according to Figure 1-5. First the possible causes of 
the drift are summarized and each cause is analyzed. It seemed that temperature is a 
dominant factor causing the position drift. Hereafter, a model is made to determine 
where the impact of a temperature disturbance on the fiber optic interferometer will be 
greatest. It seemed that the biggest impact of a temperature disturbance is on the 
reference arm and the measurement arm of the fiber optic interferometer. For this 
reason drift measurements are performed while the temperature in the measurement 
arm and the reference arm is measured, in order to see if the position drift and the 
temperature are related to each other.  
In order to exclude as much external influences on the drift as possible, the 
measurements need to be performed with certain improvements on the fiber optic 
interferometer. However, not all improvements have been applied to the fiber optic 
interferometer during the experiments. This is because the measurements had to be 
performed before a certain time. The reason for this is that the needed people and 
facilities where not available on a later date. So as a consequence of this not all 
improvements were applied to the experimental setup when the measurements were 
performed at SRON. For this reason the measurement setup is partially conform the 
initial specifications and partially conform the new system specifications that are given in 
chapter 6. As a result from these measurements, it was concluded that temperature 
disturbances on the measurement- and the reference arm were the dominant factors for 
the position drift.  
 
Due to the little amount of time left, the decision has been made to think of some new 
concepts that suffered less from position drift as a consequence of temperature 
fluctuations. This is done instead of continuing with the old setup. These new concepts 
are treated in chapter 7. There it is shown why each setup is more beneficial than the 
initial system setup. 
Finally the conclusions and recommendations of all obtained results are summarized in 
chapter 8. 
This report follows the following layout: 
 

• Introduction 
• Assumptions 
• Modeling 
• Result 

• Validation 

• Discussion 
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Not all points mentioned above are necessarily added to each paragraph. Some 
paragraphs may deviate from this layout. The points added to a paragraph depend on 
what points are applicable to the subject. 
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2 Initial system configuration OPD metrology 
 
In this chapter the working principle of the initial system configuration of the Optical 
Path Difference (OPD) metrology will be explained. In order to find out if the current 
setup of the fiber optic interferometer is operational for the SAFARI instrument it needs 
to be understood how this interferometer works. 
First it is explained how the OPD metrology functions within the Optical Delay Line 
(ODL). Then the OPD metrology is split into the three main subsystems of a 
measurement system defined in [4] as the structure of a measurement system. 
 
The fiber optic interferometer is part of the ODL. The OPD metrology is used as the 
sensor for the control loop of the (ODL). Schematically the control loop of the ODL and 
its components are displayed in Figure 2-1. The goal of the ODL is to move a mirror with 

high precision and accuracy over a certain stroke in the Fourier Transform Spectrometer 
(FTS). In the introduction this system is described in more detail. 
 

reference (m) mirror position x (m)error (m)
Mechanical structure 

of the mirrors

OPD 

actuator
Controller

Fiber optic 

interferometer

force (N)current (A)

Control electronics + software Hardware

Measured mirror position x (m)

 

Figure 2-1 Control loop of the ODL used for positioning of the mirrors used in the FTS 

 
Now that it is known how the ODL is built up and where and for what reason the OPD 
metrology is used, it will be made clear how the different components in the OPD 
metrology interact with each other. This in order to make sure that this total system 
works. The OPD metrology is basically built up as shown in Figure 2-2.  
 

 

Figure 2-2 Blok schedule of the OPD metrology 
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The position of the mirror is sensed by the fiber optic interferometer and the physical 
input is transduced to an electric current. The analog output signal of the sensor is 
manipulated to fit the Analogue to Digital Converter (ADC) range for further processing. 
After the conditioning of the signal, the signal is converted to a digital signal and the 
digital signal is analyzed and processed to a useable quantity that indicates the 
measured mirror position. The output of the measurement system can then be used to 
compared to the reference position in order to determine the position error. 
 

2.1 Sensing 

 
Referring to Figure 2-2, an important part of the OPD metrology is sensing. Sensing is 
done by a fiber optic interferometer. The principle of interference between two light 
waves and the working principle of a Michelson homodyne interferometer are described 
in reference [30] and [37] respectively. The configuration of the main parts of this 
sensor is shown in Figure 2-3. A more detailed description of the sensing part of the 
OPD metrology is shown in Figure B-9. 
 

 
Figure 2-3 System model for the initial system configuration of the fiber optic 

interferometer 

 
A detailed indication of the optical power in all the components shown in Figure 2-3 can 
be found in appendix B.2 (Figure B-9 and Table B-2). The configuration of the fiber optic 
interferometer shown in Figure 2-3 differs from a Michelson homodyne interferometer in 
two main aspects: a circulator is used to guide the reflected light to the detector and the 
main beam splitter is replaced by the 3x3 splitter. 
Now it will be briefly explained how the initial system configuration of the fiber optic 
interferometer is built up. A laser creates a monochromatic light bundle with a 
wavelength of 1550 (nm). This light is guided through FC APC SM cables (fixed 
connection angled physical contact single mode). In order to connect the cables FC APC 
type connectors are used. After the light leaves the laser and passes through the cable 
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and the connector the light arrives at the circulator. A circulator is an optical component 
that consists of 3 optical connections. In Figure 2-4 the optic symbol for a circulator is 
shown.  
 

 

Figure 2-4 Schematic symbol for a circulator 

 
A circulator basically works as an optical diode. Referring to Figure 2-4 the light enters 
at 1 and then exits the circulator at 2. When the light enters the circulator in 2 it exits at 
3. So basically there are only two different paths possible for the light to travel along, 
path 1-2 and path 2-3. Lasers become quickly unstable when a small part of the exiting 
light gets reflected back into the laser. So the circulator prevents unstability of the laser 
due to back reflections of light from individual parts of the system. After the light passes 
through the circulator it reaches the 3x3 splitter.  
The 3x3 splitter, also called the splitter or the coupler, ideally splits the entering optical 
power equally over the three outputs. A 3x3 splitter basically consists of three fiber 
claddings twisted around each other. After twisting, the fibers are stretched out while 
they are heated. Due to the geometry of the twisted claddings, cross talk of the 
evanescent field around the fiber occurs. If the intensity is equally distributed over the 
three exiting fibers, then as a consequence of conservation of energy, the phases of the 
three exiting fibers have a 120 degree phase difference with respect to each other [26]. 
This is explained in equation (2.3) where a function is described. The optic symbol for a 
3x3 splitter is shown in Figure 2-5. 
  

 
Figure 2-5 Schematic symbol for a 3x3 splitter 

 
According to reference [17] and [18], the three output powers can be written as a 
function of the three input powers. 
 

, ,sp out P sp in=P T P  (2.1) 

 
Where: 
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( )

( )

( )

,

,

 Power of the splitter on the output

 Power of the splitter on the input

Splitter power transformation matrix

sp out

sp in

P

W

W

=

=

− =

P

P

T
 

 
Now consider the model of the 3x3 splitter in Figure 2-5. Ideally the output is coupled in 
three equal powers. In this case the corresponding powers of fiber 4, 5 and 6 can be 
calculated when the laser light with a unity input only enters the splitter in fiber 1. 
Applying equation (2.1) results in the next output powers of the exiting fibers: 

 

4 11 12 13 1

, 5 21 22 23 2

6 31 32 33 3

1/ 3 1/ 3 1/ 3 1 1/ 3

1/ 3 1/ 3 1/ 3 0 1/ 3

1/ 3 1/ 3 1/ 3 0 1/ 3

sp out

P T T T P

P T T T P

P T T T P

           
           = = = =           
                      

P  

 
The phase is also changed by the splitter and can be written in a general form as a 
phase transformation function. 
 

 transform in outf f
ϕ   →  (2.2) 

 
For three different input signals on the splitter the result of (2.2) for the 
exiting signals is as followed: 
 

 

( )
( )
( )

( ) ( ) ( )
( ) ( ) ( )
( ) ( ) ( )

,1 1 ,1 1 ,2 2 ,3 3

 transform

,2 2 ,1 1 ,2 2 ,3 3

,3 3 ,1 1 ,2 2 ,3 3

, , , 120 , 120

, , 120 , , 120

, , 120 , 120 ,

in in in in

in in in in

in in in in

f t f t f t f t

f t f t f t f t

f t f t f t f t

ϕ

ϕ ϕ ϕ ϕ

ϕ ϕ ϕ ϕ

ϕ ϕ ϕ ϕ

   + − ° + + °
   

→ + ° + + − °   
   − ° + + ° +   

 
(2.3) 

 
Where: 

( )

( )

 Optic wave function entering the splitter

 Optic wave function exitting the splitter

in

out

f

f

− =

− =
 

 
Adding the effect of the splitter power transformation matrix TP to this function, gives 
the following result for the total relation between the input and the output of the 
splitter. 
 

( )
( )
( )

( ) ( ) ( )
( ) ( ) ( )
( ) ( ) ( )

,1 1 11 ,1 1 12 ,2 2 13 ,3 3

 trans.

,2 2 21 ,1 1 22 ,2 2 23 ,3 3

,3 3 31 ,1 1 32 ,2 2 33 ,3 3

, , , 120 , 120

, , 120 , , 120

, , 120 , 120 ,

in in in in

in in in in

in in in in

f t T f t T f t T f t

f t T f t T f t T f t

f t T f t T f t T f t

ϕ

ϕ ϕ ϕ ϕ

ϕ ϕ ϕ ϕ

ϕ ϕ ϕ ϕ

   + − ° + + °
  

→ + ° + + − °  
   − ° + + ° +   





 (2.4) 

 
The function from equation (2.4) is applied to the configuration of Figure 2-5. If light 
enters the splitter only at input 1, the output of the splitter can be obtained using 
equation (2.4). 
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( ) ( )
( )
( )

1 1 11 1 1

phase transform

21 1 1

31 1 1

, ,

0 , 120

0 , 120

in out

f t T f t

f f T f t

T f t

ϕ ϕ

ϕ

ϕ

   
   

= → = + °   
   − °   

 

 
The initial functional model of the fiber optic interferometer that is currently used, 
including all the fiber connectors, fiber optic cables, photodiodes and all other parts is 
shown in Figure 2-6.  
 

 

Figure 2-6 Photo of the initial functional model of the fiber optic interferometer built 

up by Finn van Rij 

 
One output of the 3x3 splitter is not connected as can be seen in Figure 2-3. Because it 
is undesirable to let the light exit the system uncontrolled, the end of this fiber is 
connected to a connector with a closed end. This closed end prevents light from 
reflecting back into the fiber optic cable. In order to create a fixed reference point, 
relative from which the optical path difference is measured, a reference mirror is used 
like in a Michelson interferometer [30] and [37]. 
 
Grin lens 
A GRadient INdex lens or a grin lens is used to collimate the beam that exits the fiber. 
The grin lens directs the collimated light to the moving mirror to which the distance 
needs to be measured and after reflection on the measurement arm, it couples the light 
back into the fiber. The lens is built up from different layers of material with a different 
refractive index, such that the refraction of the light is dependent on the vertical position 
of the incident light. In the optical center of the lens the refractive index has the highest 
value and further away from the center the refractive index becomes lower. In this way 
the outer rays of the bundle leaving the fiber core are refracted most. A schematic view 

of the light passing through the grin lens and the refractive index profile over the fiber 
diameter is shown in Figure 2-7. 
 

3x3 splitter 

Circulator 

Grin lens 

Laser 

Moving mirror 
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Figure 2-7 Schematic view of light beams collimated by a grin lens reflecting on a 

mirror [20] 

 
The distance from a fixed point to the moving mirror on the FTS mechanism needs to be 
measured. The light exiting the grin lens needs to be reflected back into the fiber. For 
this purpose a reflecting surface (mirror) is used to attach on the moving mirror of the 
FTS mechanism. In the content of this report when there is referred to the moving 
mirror, the mirror of the fiber optic interferometer that is attached to the moving mirror 
for the FTS mechanism is meant. 

In the initial setup of the fiber optic interferometer a block of metal is used. This metal 
block is placed on a linear optic stage as shown in Figure 2-8. In order to create a 
manual controlled displacement that represents a displacement actuated by the FTS 
mechanism. 
 

 
Figure 2-8 Photo of the metal block used as a mirror on a linear optic stage. In the 
lower right corner the grin lens is taped on a piece of polymer 

 
Finally the measured irradiance of the optic signal or the electromagnetic power 
representing the displacement of the FTS mechanism should be converted to a useable 
electrical signal for further processing. For this purpose a FD100 photodiode is used. The 
photodiode creates a current proportional to the incident light. Three photodiodes are 
used, one for every output signal of the interferometer. 
 
 

 

Linear optic stage 

Grin lens on the end of the 
yellow fiber optic cable 

Metal block acting as 
moving mirror 
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2.2 Signal conditioning and processing 

 
The output signal of the photodiode needs to be converted to a useable signal in order 
to be sampled properly by the ADC. The analog signal of the photodiode is a small 
current in the order of microamperes. The necessary signal for the ADC should be given 
in voltages. The value of the ADC voltage should be spread over the biggest part of the 
total range of the ADC. For the ADC128S102 this is 3 Volt. This ADC is a 12 bits 
multiplexed ADC with 8 inputs and a maximum sample rate of 1(MHz). After sampling, 
the signal can be analyzed and processed by the computer algorithm. These steps are 
schematically shown in Figure 2-9 [7]. 
 

 

Figure 2-9 Block schedule of the signal conditioning and the signal processing for the 

OPD metrology 
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3 System requirements 
 
The first research question of this thesis report was: ’’Is the current setup of LUNASYS 
operational for the SAFARI instrument?’’ In order to answer this question the 
requirements for LUNASYS for the SAFARI application need to be determined.  
As described in the research method, the functional requirements need to be 
determined from the top level downwards to the bottom level of the system 
architecture. If it is known why certain requirements are formed, then this facilitates the 
design of the fiber optic interferometer. So in order to gain insight in how these 
requirements are formed, the requirements are written down for each subsystem of the 
system architecture shown in Figure 1-1. In the next paragraphs these requirements will 
be stated for each subsystem. 
 
 

3.1 SPICA requirements 

 
The many different components of SAFARI can’t be placed randomly in SPICA. There are 
several main components that are restricted from certain regions due to temperature 
requirements. To explain where these requirements come from, a few things need to be 
explained about thermal radiation. 
Two main features about thermal radiation are that all bodies at temperatures above 
absolute zero, radiate electromagnetic waves. Secondly an ideal thermal radiator, a 
black body, radiates at all wavelengths. The spectral emissive power of a thermal 
radiator is wavelength dependent. The emissive power of a thermal radiator is shown in 
the Planck curve of Figure 3-1. 
 

 
Figure 3-1 Planck curve [32] 
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In order to prevent stray light in the sensitive measurement system of SAFARI most  
optical components are cooled to cryogenic temperatures. For this reason there are 
different temperature regions in SAFARI. Most components of the Mach Zehnder 
interferometer are cooled to a temperature of 4.5 (K). The focal plane array is even 
cooled to 50 (mK)! From the relationship dscribed in equation (3.1) [19], it can be seen 

that the spectral emissive power for a fixed wavelength decreases with decreasing 
temperature. The same can be concluded when looking at the famous Planck curve 
represented in Figure 3-1. The curve is plotted for different temperatures. 
 

( )
2

5

2 1
,

1B

hc

k T

hc
I T

e
λ

λ
λ

=

−

 (3.1) 

 
Where: 

( )

( )

( )

( )

( )
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2 2
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Wavelength of the electromagnetic wave
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/ Planck´s constant
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B
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m
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λ

=

=

=
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=

 

 
Several components of the OPD metrology, like the electronics, don’t function at very 
low temperatures. Therefore, they need to be placed in a region with a higher 
temperature. The electrical conductivity of semiconductors decreases with temperature, 
in contrast to normal electrical conducting materials. At temperatures of 4.5 (K) 
semiconductors can’t function anymore.  
This fundamental physical problem forces the designer to place the electronics for the 
laser, the photodiodes, signal conditioning and signal processing in a “warmer” region of 
253 (K). Furthermore, the external cavity laser performance deteriorates at low 
temperature. This will result in a less stable laser. So some parts of the sensor need to 
stay in the high temperature region and the sensor head (the measurement arm) needs 
to be placed in the cryogenic cooled zone near the positioned mirror on the FTS 
mechanism. A schematic configuration of this is given in Figure 3-2. In this figure two 
fiber optic cables are passing through the heat shield to the cryogenic side. 
Another reason for the placement of the electronics is that the heat dissipation is too 
large. This heat would cause temperature disturbances in the cryogenic cooled zone that 
are too high. 
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Figure 3-2 Schematic view of component placement of the OPD metrology in the 

satellite SPICA 

 
As mentioned before, the telescope needs to measure infrared light of a very low 
intensity. The measurements need to be performed in space. Therefore, the following 
requirement needs to be fulfilled. 
 
Space qualification requirement: 
 
All parts in this system need to be space qualified. In the content of this report space 
qualified is defined as able to function in vacuum. 
 
Component location requirements: 
 

- The laser and the electronics for signal conditioning and signal processing can’t 
be placed in cryogenic temperatures. For good functionality they must be placed 
at 293 (K). 

- The sensor head needs to be placed in the cryogenic cooled zone near the 
positioned mirror on the FTS mechanism. 

 
 

3.2 Focal plane array requirements 

 
The focal plane array of SAFARI has a high sensitivity because it needs to detect very 

small signals. In order to measure with a high precision the Signal to Noise Ratio (SNR) 
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needs to be as high as possible. Since the signal can’t be influenced (we can’t say to the 
stars: shine a little brighter) the noise floor needs to be lowered. 
 
There are three focal plane arrays within SAFARI, each with a different wavelength 
range [23]. 
 
Focal plane array requirements: 
 
From [23] it follows that the allowable noise equivalent power at the focal plane array 

detectorNEP  needs to be: 

 

( )19

det 2 10 /NEP W Hz
−≤ ⋅

 
 @ 50 (mK) operating temperature 

 
Where: 

( )det / Noise equivalent power of the focal plane arrayNEP W Hz =

  
Table 3-1 Detector wavelength ranges for the three focal plane arrays 

 

Focal plane array Wavelength range (µm) 

short-wave band 34 - 60 

mid-wave band 60 - 100 

long-wave band 110 - 210 

 
 

3.3 Heat shields and cryogenic cooling requirements 

 
The spectral emissive power of all matter increases with increasing temperature, as 
mentioned in equation (3.1). 

All emissive power due to rising of temperature is considered to be stray light. In order 
to prevent too much stray light from entering the focal plane array the maximum 
allowable temperature in the room for the Mack Zehnder interferometer is restricted. As 
a consequence the desired temperature of all the parts in the cryogenically cooled room 
is given [23]. 
 
Cryogenic cooling requirements: 
 

( )

( )max,

4.5

6

FTS

FTS

T K

T K

=

=
 

 
Where: 

( )

( )max,

Desired reference temperature in the Mach Zehner interferometer

Maximum allowable temperature in the Mach Zehner interferometer

FTS

FTS

T K

T K

=

=
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The temperature in the FTS is passively and actively cooled. The active cooling consists 
of a mechanical cooling system with Helium used as a refrigerant. The mechanical 
coolers operate at set speeds to control the temperature in the cryogenic cooled space 
of the FTS [6]. 
 
Cryogenic cooling specifications: 
 

15 (Hz) and 45 (Hz) cooler frequencies 

 
Because the total design of SPICA is still in the conceptual phase it is not yet known 
exactly how the connection of the laser to the sensor head will be implemented through 
the satellite. For system integration of the fiber optic interferometer with the rest of the 
satellite, it would be preferable to build up the sensor out of several modules connected 
with optical connectors. The exact amount of connectors that have to be used is still 
unknown. In Figure 3-3 a possible configuration of the path of the optical fiber within 
SPICA is shown. 
 

 
Figure 3-3 A cross section of SPICA, with a proposed possible path indicated by a red 

line for the fiber optic cable from the heated electronics to the cryogenic cooled zone. 

This picture is obtained from [17] 

 
The old configuration of the setup for the fiber optic interferometer LUNASYS is 
displayed in Figure 3-4. In this configuration it was chosen to place the laser, detector, 
electronics, circulator and the 3x3 splitter in the warm electronics side of 293 (K). The 
reference and the measurement arm are placed in the cryogenic cooled zone of the FTS 
mechanism. 
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Figure 3-4 Initial system configuration of the setup for LUNASYS 

 
As mentioned in section 3.1 there are several heat shields, all of different temperatures 
and all at a certain distance from each other. In Figure 3-4 it can be seen that two fiber 
optic cables have to pass through the heatshields to get to the cryogenic side. The 
temperatures of all the heat shields have been added to this picture. 
 
Heat shields specification: 
 

- Aluminium material is used for the heat shields [23]. 
- Heat shields temperature and interspatial dimensions are given in Table 3-2 [23]. 

 
Table 3-2 Heat shield temperature and spatial dimensions between the heat shields 

 

Heat shield 1 2 3 4 5 6 

Temperature (K) 293 136.1 88 56.4 30 4.5 

Fiber length between the shields (m)   0.88 0.105 0.105 0.416 0.6 
 

 

3.4 FTS mechanism requirements 

 
The purpose of the FTS mechanism is to measure the infrared light of a certain 
spectrum and determine the intensity of each wavelength within this spectrum.  
 
FTS mechanism requirements: 
 

Scan time of the detector
 
[23]             tscan = 200 (s) 
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Where: 

( ) Scan time of the FTS mechanism
scan

t s =
 

 
The total power requirement for all the electronics that are used for the FTS mechanism 

is 7(W) [23]. All the power required for LUNASYS is included in this requirement. 
 

Maximal available power FTS                        Pmax,FTS = 7 (W) 
 

Where: 

( )max, Maximal available power for the FTSFTSP W =
 

 

Other requirements for the FTS are given below. 
 

FTS mirror rotation tilt [6]    <± 30 (arcsec) 
FTS mirror lateral displacement [6]   <100 (µm) 
Parasitic heat load [6]     <300 (µW) 

 

3.5 ODL requirements 

 
The accuracy of the movement of the ODL is a measure for the spectral intensity of the 
detected light of the SAFARI instrument. For this reason the velocity of the moving 
mirrors by the ODL needs to be controlled. 
 
Relative displacement measurement: 
 
In order to apply the feedback in the correct direction, the direction and the magnitude 
of the displacement need to be measured. Therefore a relative and not an absolute 
displacement need to be measured. 
 
ODL requirements: 
 

Mirror location accuracy [6]    <15 (nm) 
Mirror location resolution [6]    <5 (nm) 
Linear stroke [6]     34.5 (mm) 
Maximum stroke velocity [6]    170 (µm/s) 

 
Stray light power requirement: 
 
There are three focal plane arrays, each with a different wavelength detection area. The 
optical filters in the mid wave band and the long wave band will have a higher 
attenuation on the 1.5 (µm) wavelength caused by the laser of the fiber optic 
interferometer than the short wave band. So the limiting factor for the stray light caused 
by the fiber optic interferometer is the short wave band. 
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When the FTS mechanism scans, it moves with a constant velocity. If a FFT of the 
optical signal in the focal plane array is made while the FTS mechanism scans, a cosine 
signal, which is a measure for the light intensity for a certain wavelength, is obtained. 
This process is called a spectral deconvolution as mentioned in the introduction. The 
frequency of this cosine signal is proportional to the velocity of the FTS mechanism. The 
minimal sample frequency of the focal plane array system follows from the Nyquist-
Shannon sampling criterion. 
 

2sample signalf f≥  (3.2) 

 

Where: 

( )

( )

Sample frequency

Signal frequency

sample

signal

f Hz

f Hz

=

=  

 
Similar to the optical path difference for the fiber optic interferometer, the sample 
frequency has to be twice as high for the focal plane array. The formula for the maximal 
sample frequency is given by [23]: 
 

max

min

4
fpa

v
f

λ
=  (3.3) 

 

Where: 

( )

( )
fpa

max

Maximal required sample frequency of the focal plane array

/ Maximal stroke velocity of the moving mirror

f Hz

v m s

=

=
 

 
A calculation of the maximal required sample frequency of the focal plane array is 
performed for the smallest wavelength in the short wave band 34 (µm) and a maximal 
stroke velocity of the moving mirror of 170 (µm/s) and then applied to (3.3). 
 

( )20
fpa

f Hz=  

 
There is a 120 (dB) power attenuation of the light between the FTS and the focal plane 
array [23]. For the power attenuation there can be written: 
 

( )10 log
dB

P P=  (3.4) 

 
Where: 

( )

( )

Power in units of dB

Power in units of Watts

dB
P dB

P W

=

=
 

 
For the allowable noise equivalent power at the ODL equation (3.5) applies. 
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ODL-detector detectorODL
NEP Att NEP= ⋅  (3.5) 

 

 

Where: 

( ) ( )

( )
ODL-foc Light attenuation for 1550 nm  wavelength, from the ODL to the focal plane array

/ Allowable noise equivalent power at the ODL
ODL

Att

NEP W Hz

− =

=

 
If it is assumed that the noise equivalent power is constant over the spectrum of 0-20 
(Hz), then with this data and equation (3.5) the allowable noise equivalent power at the 

ODL can be calculated.  
 

( )72 10 /
ODL

NEP W Hz
−= ⋅

 
 
With NEPODL the stray light power or the noise level at the ODL can be determined. This 
value is maximal when the sample frequency is at its maximum. 
 

ODLODL fpa
N NEP f=  (3.6) 

 
Where: 

( ) Noise level or stray light power at the ODLODLN W =
 

 

The maximal noise level at the ODL can be calculated for the maximal sample frequency 
of the focal plane array of 20 (Hz) by using equation (3.6). 

 

( )78.9 10ODLN W−= ⋅
 

 

Maximal stray light in ODL    < ( )78.9 10 W−⋅  

 

 

3.6 OPD actuator requirements 

 
The control bandwidth for the actuator is a requirement that is still To Be Considered 
(TBC). 
 
OPD actuator requirements: 
 

Moving actuator mass [24]    <100 (g) 
Control bandwidth [6]     1 (kHz) 1 

 
 

                                           
1  The bandwidth value has been assumed. 
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3.7 OPD metrology requirements 

 
The ODL consists of the OPD metrology and the OPD actuator. The next requirements 
for the OPD metrology are necessary. 
 
OPD metrology additional requirements: 
 

Maximal extra mass on moving actuator [6]   48 (g) 
Maximal acceleration in stroke direction [23]  30 (µm/s2) 
Outer length between the magnetic bearings [24]  250 (mm) 
(See appendix A.2) 

 
OPD metrology requirements: 
A relative displacement measurement needs to be made with respect to the fixed point 
of the moving mirror of the ODL. This happens when it is released after being clamped 
in by a launch lock mechanism. The launch lock mechanism is used to keep the moving 
actuator in its place in order to prevent damage on the magnetic bearings of the moving 
actuator during launch. 
In this context space qualified means; photon resistance and functionality at vacuum. 
The stroke velocity of the mirror has the following requirements: 
  

Minimal stroke velocity [6]   30 (µm/s) 
Maximal stroke velocity [6]   170 (µm/s) - 500(µm/s) 2 

 
The stroke velocity needs to be translated to another design requirement, namely the 
sample frequency of the detector system of the fiber optic interferometer. The fringe 
frequency is the signal frequency. The frequency of the fringes that are detected at the 

photodiodes is described in equation (3.7). 

 

max
fringe

v
f

x
=  (3.7) 

 
Where: 

( )

( )

( )
fringe

max

Displacement of the moving mirror

Fringe signal frequency at the photodiode

/ Maximal stroke velocity of the moving mirror

x m

f Hz

v m s

=

=

=
 

 
Combining this relation with equation (3.2) and equation (4.3) gives the relation for the 

minimal required sample frequency of the ADC. 

                                           
2 The maximal required stroke velocity is still uncertain, for this thesis report the maximal 
required stroke velocity will be assumed to be 170 (µm/s).  
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max
,

laser

4
sample adc

v
f

λ
=  (3.8) 

 
Where: 

( )

( )
, Sample frequency of the ADC

Laser wavelength

sample adc

laser

f Hz

mλ

=

=
 

 
Note that this obtained formula has the same relation as for the minimal sample 
frequency of the focal plane array that is described by equation (3.3). In order to 

prevent aliasing the minimal required sample frequency of the ADC will be determined. 
For a laser wavelength of 1550 (nm) and a maximal stroke velocity of the moving mirror 
of 170 (µm/s) the required sample frequency of the ADC can be calculated. 
 

( ), 439sample adcf Hz=  

 
Where: 

( ),
Sample frequency of the ADC

sample adc
f Hz =  

 
The maximal available power for the FTS is 7(W), from this power budget 2(W) are 
reserved for the OPD metrology [23]. This power budget is equally distributed over the 

electronics and LUNASYS. 
 
The fiber optic interferometer will also be used in photometric mode. In this mode the 
FTS mechanism doesn’t move with a constant velocity, but remains in a constant 
position. The exact static position of the FTS is still unknown however. 
 
If the fiber optic interferometer can be reset and recalibrated the stability of the fiber 
optic interferometer is determined by the scan time of the FTS mechanism. Then the 
error of the measured position of the moving mirror is time limited. To be precise, it is 
limited by the scan time of the FTS mechanism. This gives the following requirements 
for the OPD metrology: 
 

Total error [6]     ~10 (nm) over 200 (s) 
Resolution [6]     <1 (nm) 
Stroke  [6]     34,5 (mm) 
Sample frequency    439 (Hz) 
Parasitic heat load [6]    <100 (µW) 
Stray light      <0.89 (W)

  
Control bandwidth [6]    1 (kHz) (TBC) 
Pdiss, electronics [6]    <1 (mW) 
Total required electrical power  <2 (W) 
Relative displacement measurement 
Space qualified [6] 
Functionality at low temperatures [6] 
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The minimal operating temperature for the different components of the OPD metrology 
is given below in  
Table 3-3. 
 
Table 3-3 Minimal operating temperature of all the different components for the OPD 

metrology 

 

Component Minimal temp. (K) 

Laser 263 

Circulator 263 

3x3 splitter 263 

Reference mirror 4.5 

Measurement mirror 4.5 

Grin lens 4.5 

Fiber 4.5 

Connector 4.5 

Electronics 263 

 
 

3.8 LUNASYS requirements 

 
LUNASYS is part of the OPD metrology as can be seen in the system architecture shown 
in Figure 1-1. Some requirements overlap with the requirements for the electronics of 
the OPD metrology. These requirements are also stated for LUNASYS. 
 
The secondary conditions for LUNASYS are described below in Table 3-4 
 
Table 3-4 Secondary conditions for LUNASYS 

 

Secondary condition Description 

Weight As low as possible 

Volume As small as possible 

Development time Launch of SPICA in 2020 

Costs As low as possible 

Lifetime expectancy Several years 

 
From the previous sections it became clear what the requirements for LUNASYS are for 
the SAFARI application. These requirements are summarized in Table 3-5. 
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Table 3-5 Requirements overview for LUNASYS 

 

Type of requirement Quantity 

Total error 10 (nm) over 200(s) 

Resolution 1 (nm) 

Stroke 34.5 (mm) 

Sample frequency 439 (Hz) 

Heat load 100 (µW) 

Stray light power 890 (nW) 

Control bandwidth 1 (kHz) 

Space qualified 
 Functionality at cryogenic temperature 4.5 ± 1.5(K) 

Maximum required electrical power for the laser 1 (W) 

Relative displacement measurement 
 Laser and electronics placed in room of 293 (K) 
 Sensor head placed near the ODL   

 
Some system specifications are needed for the specifications of the OPD metrology. 

These specifications can be used for future detail engineering and are given in Table 

3-6. 

 
Table 3-6 System specifications necessary for the specifications of the OPD metrology 

 

Type of specification Quantity 

Heat shield temperatures and spatial dimensions See Table 3-1 

Mechanical disturbance frequencies 15 (Hz) and 45 (Hz) 

extra mass on moving actuator 48 (g) 

Maximal acceleration on stroke direction 30 (µm/s2) 

Outer length between the magnetic bearings 250 (mm) 

 
In sub question a) of the first research question there is asked what the requirements 
for LUNASYS for the SAFARI application are. These requirements are displayed in Table 
3-5. 
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4 System specifications 
 
Now that the requirements for the current setup of LUNASYS to be operational for the 
SAFARI instrument are known, the answer to the sub question 1b) needs to be 
determined. This question is: “What are the specifications of the current setup of 
LUNASYS”. Taking the requirements formed in chapter 3 into account, it can be 
determined if the current setup will be operational for the SAFARI instrument. This can 
be done by validating the initial specifications of LUNASYS with the requirements.  
In the next sections different models are used to estimate the specifications of the old 
OPD metrology. The requirements given in Table 3-5 will be validated one by one in the 
sections of this chapter. Finally in the last section of this chapter an overview of the 
system specifications will be given. These specifications will show that the current setup 
of LUNASYS is not yet operational for the SAFARI application. 

 
 

4.1 Component location 

 
Introduction 
For reasons of functionality certain components of the fiber optic interferometers are 
required to be positioned in regions with a certain temperature. 
 
Result 
In Figure 3-4 where the old system configuration of LUNASYS is displayed, it can be 
seen that the electronics for the detector and the laser are placed before the heat shield 
of 253 (K). So the requirement for the placement of the laser and the electronics is met. 
Furthermore, the sensor head is placed behind the heat shield of 4.5 (K) within the 
cryogenic cooled zone for the FTS mechanism and is pointed towards the moving mirror. 
Clearly the two requirements for positioning the sensor head, the laser and the 
electronics are met. 
 
 

4.2 Relative displacement measurement 

 
Introduction 
When the mirror moves, it is desired to know how much and in what direction the mirror 

moves. In other words a relative displacement of the mirror needs to be measured. 
 
Result 
A fiber optic interferometer is an absolute measurement system if it only has one 
interference signal. If a quadrature phased signal is added to the signal of the 
measurement system then a change of direction can be measured. The fiber optic 
interferometer based on a 3x3 splitter has a quadrature phased signal. For this reason 
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the measurement system is able to detect a change of direction in the displacement. If 
the system is calibrated, by setting the zero position when the moving mirror is still 
clamped in by the launch lock mechanism, then the moving mirror can only move into 
one direction and consequently a relative displacement with respect to the fixed position 
of the mirror when it’s clamped in by the launch lock mechanism is obtained. 
Another possibility is to introduce an end stop for the OPD actuator, which can be used 
as a fixed reference instead of the launch lock mechanism. In this way it is prevented 
that the launch lock mechanism is a Single Point Of Failure (SPOF) for the fiber optic 
interferometer. A SPOF is a part of a system, which causes the entire system to stop 
working in case of failure of this part. 
 
 

4.3 Fiber optic interferometer resolution 

 
Introduction 
The smallest detectable change in position of the moving mirror is called the resolution 
of this measurement system. The required resolution for this measurement system is 1 
(nm). This resolution is required in order to measure very small displacements of the 
moving mirror. 
 
Assumptions 

- Light with a wavelength of 1550 (nm) has to be used 
- The voltage signal range is equal to the input range of the ADC 

 
Modeling 
The smallest detectable change that can be detected is a function of two things.  

• The wavelength of the monochromatic light source 
• The ADC that samples the signal.  

 
The exact relation for the resolution of a measurement is given below [34]. 
 

bitsn 1
res

2

range

signal

U E

U
−

=  (4.1) 

 

Where: 

( )

( )

( )

( )

( )

bits

res Resolution of the measurement system

n Number of bits in the ADC

Total voltage range of the ADC

Total peak to peak voltage range of the signal

E Measure to what displacement 

range

signal

nm

U V

U V

nm

=

− =

=

=

= signalU  corresponds
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The optical path difference between the light travelling in the reference arm to the fixed 
mirror and back, and the light in the measurement arm travelling to the moving mirror 
and back is equal to twice the displacement of the moving mirror if the refractive index 
of the waveguide is assumed to be equal to one. 
 

2OPD x=  (4.2) 

 
 
Where: 

( )

( )

Displacement of the moving mirror

Optical Path Difference

x nm

OPD nm

=

=
 

 
It can also be stated that one fringe has the wavelength of the laser and is measured at 
the detector system. This fringe corresponds to a displacement of the moving mirror 
equal to half a wavelength of the laser light. This is explained in more detail in chapter 
5. 
 

2

laser
fringex

λ
=  (4.3) 

 
Where: 

( ) Laser wavelength
laser

nmλ =  

 
A full scale voltage range of the signal corresponds to half a fringe measured and this is 
equal to a quarter of a wavelength displacement. This gives: 

 

4

laserE
λ

=  

 
Assuming that the voltage signal range is equal to the ADC input range, the following 
formula gives the resolution for the fiber optic interferometer. 
 

bitsn 1
res

2

laserλ
+

=  (4.4) 

 
Result 

A 12 bit ADC and a laser wavelength of 1550 (nm) is used. Using (4.4) gives: 

 

( )
( )

12+1

1550
res 0.19

2

nm
nm= =  

 
The given wavelength and number of bits of the ADC are sufficient to meet the 

requirement for the resolution of 1 (nm). 
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Discussion 
In reality the voltage signal will be chosen lower than the ADC input range in order to 
prevent clipping of the signal. This will result in a higher value for the resolution than 
calculated, depending on the ratio of the signal range and the ADC input range. 
 
The use of light with a wavelength of 1550 (nm) is not a requirement. Preferably the 
wavelength should be chosen as far as possible outside of the spectral bandwidth of the 
detector system, because this slightly increases the effectivity of the focal plane array. 
This is due to the fact that the optical filters between the ODL and the detectors filter 
more effective at this wavelength (a bandpass filter is used). The lowest wavelength 
that needs to be detected for the short wave focal plane array is 34 (µm). For this 
reason the wavelength of the laser light should be chosen as low as possible. 
When choosing the wavelength of the laser several factors such as availability of the 
optical components, filter efficiency and the resolution of the measurement system need 
to be taken into account. 
 
 

4.4 Sample frequency 

 
Introduction 
If no clever techniques software techniques are used to prevent aliasing. Then the 
velocity, of which the moving mirror moves, is a measure for the frequency of the 
fringes and therefore a measure for the minimal required sample frequency. In this case 
the minimal sampling frequency in order to prevent aliasing is 439 (Hz).  
 
Assumptions 

- The velocity of the moving mirror is constant 
- The electronics other than the ADC are not limiting the bandwidth of the 

measurement system 
- The control bandwidth of the ODL is not defining for the minimal required 

sample frequency 
 
Modeling 
The sample frequency of the ADC128S102 is set at 100 (kHz) [7]. The average is 
determined over the last 128 samples3. Then the averaged value is saved and the other 
127 samples are discarded. So the effective sample frequency during signal processing 
is: 
 

( )
( )

100
781

128
eff

kHz
f Hz= =  

 
Where: 

( ) Effective sample frequency
eff

f Hz =  

 

                                           
3 This value is arbitrarily chosen for testing purposes. 
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Result 
From this calculation it can be concluded that the sample frequency is high enough to 
detect the moving mirror with the desired stroke velocity without aliasing. 
 
Validation 
The bandwidth of the used photodiodes is about 1 (MHz) as can be seen from the 
datasheet. From the datasheets of the OPA656 and OP2177 the following specifications 
are obtained:  

• The gain bandwidth product (GBW) of the opamp that is used in the 
transimpedance amplifier is 230 (MHz) 

• The active low pass filter that is used during signal conditioning has a GBW of 
1.3 (MHz) and a gain of 3 is set for this filter. 

 
So the assumption that the electronics were not limiting the bandwidth of the system 
was correct. 
 
Discussion 
The minimal required sample frequency can be determined by two things: The maximal 
signal frequency and the bandwidth of the control loop. The control bandwidth for the 

OPD actuator is higher than the minimal calculated sample frequency for the ADC. 
Therefore the limiting factor for the minimal sample frequency will be the control 
bandwidth and not the maximal stroke velocity of the ODL. For this design, it is assumed 
that the control bandwidth of the ODL is not defining for the minimal required sample 
frequency. 
 
 

4.5 Heat load and stray light 

 
Introduction 
For this application stray light is defined as light that exits the interferometer, and leaks 
into the cryogenic cooled zone of the ODL without going back into the fiber optic 
interferometer. In order to prevent too much stray light from entering the detector, a 
maximum temperature for the room of the Mach Zehnder interferometer is defined. In 
order to prevent a raise of temperature the maximal amount of heat entering the 
cryogenic cooled zone around the Mach Zehnder interferometer is restricted. This can be 
seen in Figure 3-2. LUNASYS is thermally connected to the warm electronics side so heat 
is transferred into the cryogenic cooled zone by conduction. Also, the optical 
components inside the cryogenic cooled zone dissipate optical power that is strayed into 
the cryogenic room or is absorbed and transferred into heat. 
 

Assumptions 
- LUNASYS is in steady state or in other words in thermal equilibrium with its 

surroundings. 
- The change of internal energy is zero and the work done by and on the system is 

zero. 
- Heat transfer by convection can be neglected. 
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- Heat transfer out of the cryogenic cooled system boundary through the fiber 
optic cable is zero. 

- Heat transfer by radiation within the fiber optic cable besides the laser power can 
be neglected. 

- The feed through on the wall of the cryogenic cooled zone blocks all thermal 
radiation from entering the cryogenic cooled zone outside the optic fiber. 

- Power losses in the cables, the connectors and splitter are completely absorbed 
by a tube shield surrounding these components. 

- Power losses in the moving measurement mirror, the reference mirror and the 
grin lens are completely scattered to the surroundings. 

 
 
Modeling 
The first law of thermodynamics states [33]: 
 

dU dQ dW= −  (4.5) 

 
Where: 

( )

( )

( )

Change of internal energy

Heat added to the system

Work done by the system

dU J

dQ J

dW J

=

=

=
  

Rewriting (4.5) gives: 

 

dU dQ dW= −&& &
 (4.6) 

 
In Figure 4-1 a thermal model of LUNASYS inside the cryogenic cooled zone is given 
based on Figure 3-2. The total heat load on the cryogenic cooled zone can be 
determined by making a power balance on the system boundary of LUNASYS. 
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in
Q&

out
Q&

total load
100Q Wµ 

 
 
 

<&

 
Figure 4-1 Thermal model of LUNASYS within the cryogenic cooled zone 

 
It is assumed that LUNASYS is in thermal equilibrium with its surroundings and the work 
done by the system and on the system is equal to zero. These assumptions are used to 
fill into equation (4.6). The resulting equation is given below. 

 

0dQ =&  (4.7) 

  

Now consider a power balance on the system boundary of LUNASYS (the red dotted 
line) in Figure 4-1: 
 

0 or 0  dQ Q= =∑& &
 

 

in out total load
0Q Q Q− − =& & &  (4.8) 

 

Where: 

( )

( )

( )

in

out

total load

Power entering the cryogenic cooled zone

Power exiting the cryogenic cooled zone

Total heat load on the cryogenic cooled zone

Q W

Q W

Q W

=

=

=

&

&

&
 

 
The total heat load can be subdivided into two main heat components. One heat 
component consists of the power lost by the laser and the other heat component 
consists of the heat transferred at the end of the fiber optic cable to the cryogenic 

cooled wall. 
 

total load standard load laser loadQ Q Q= +& & &  (4.9) 
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Where: 

( )

( )
laser load

standard load

Heat load on the cryogenic cooled zone caused by the laser

Standard heat load on the system

Q W

Q W

=

=&  

 
If the power entering into the system boundary of the cryogenic cooled zone is 
considered, then this power consists of two components. This is written in the equation 
below. 
 

in standard load laser, inQ Q Q= +& & &  (4.10) 

 
Where: 

( )

( )
standard load

laser, in

Standard heat load on the system

Laser power entering the cryogenic cooled zone

Q W

Q W

=

=

&

&
 

 
Now consider Figure 4-2. If it assumed that the thermal resistance from the fiber to the 
active cooled wall Rwall is much higher than the thermal resistance of the fiber Rfiber, then 
most heat going through the fiber enters the cryogenic cooled zone. This assumption 
can’t be validated because the exact dimensions of the cryogenic cooled wall are not 
known yet. Consider a worst case scenario when all the heat that reaches the cryogenic 
cooled wall through conduction of the fiber optic cable enters the cryogenic cooled 
space. 
 

fiber
T

wall
T

in
T

wall
Q&

fiber
Q&

standard
load

Q&

wall
R

fiber
R

 
Figure 4-2 Thermal resistor network of a fiber that passes through the active cooled 

cryogenic wall 

 
As a result of this assumption the next equation applies. 
 

fiber standard loadQ Q=& &  (4.11) 

 
Where: 

( )fiber
Heat reaching the cryogenic cooled wall by conduction of the fiberQ W =&

 
 
It is assumed that the heat transfer from LUNASYS going out of the cryogenic cooled 
system boundary through the fiber optic cable is zero. Also, the mechanical cooling 
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power is disregarded. Therefore, all power exiting the system boundary of the cryogenic 
cooled space is the returning laser power. 
 

out laser, outQ Q=& &  (4.12) 

 
Where: 

( )laser, out Laser power exiting the cryogenic cooled zoneQ W =&  

 
Equation (4.13) is used to define how much of the laser power lost out of the system 
boundary of LUNASYS into the cryogenic cooled zone is transferred to heat and how 
much laser power is unleashed into the cryogenic cooled space. 
 

laser load stray light laser, in laser, outQ P Q Q+ = −& & &  (4.13) 

 
Where: 

( )stray light Stray light power within the cryogenic cooled zoneP W =  

 
 
Result 
The standard heat load for a single fiber optic cable entering the cryogenic cooled space 
is modeled and numerically determined in Appendix B.1. The result is given below. 
 

( )fiber 0.3Q Wµ=&  

 
For the old system configuration two fiber optic cables enter the cryogenic cooled space. 
This means that the standard heat load on the system becomes: 
 

( )standard load fiber2 0.6Q Q Wµ= =& &  

 
The laser power loss within the cryogenic cooled zone can be determined with the 
model and the calculation in Appendix B.2. The result is given in Figure 4-3. The 
contribution of all optical components to the total laser power loss is expressed as a 
percentage of the total laser power loss. 
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Figure 4-3 Distribution of the laser power loss of the components within the 
measurement arm and the reference arm placed within the cryogenic cooled zone of 

4.5 (K) 

 
Now there needs to be considered what happens with all this laser power that is lost in 

all the different optical components.  

From equation (4.13) it can be seen that the total heat load on the cryogenic cooled 
zone and the stray light power within the cryogenic cooled zone are related to each 
other. If it is assumed that an ideal opaque tube shield is surrounding the fiber optic 
cables, the connectors and the splitter, then all laser power lost in these components is 
absorbed by the shield and transferred to heat. However, the lost power in the moving 
measurement mirror, the reference mirror and the grin lens are assumed to completely 
scatter into the surroundings as stray light. With these assumptions the heat load on the 
cryogenic cooled zone caused by the laser can be calculated and thereby also the total 
heat load on the cryogenic cooled zone. Furthermore, the amount of stray light can also 
be calculated. 
 

( )laser load cables 0.7Q P Wµ= =&  

 
The total heat load can be calculated by applying equation (4.9).  

 

( ) ( ) ( )total load
0.6 0.7 1.3Q W W Wµ µ µ= + =&

 
 
The amount of stray light from each part can be calculated with the result from 
Appendix B.2.

 

1,4%

61,2%
18,5%

18,9%

Power loss with measurement 

and reference arm in 4,5 (K)

Fiber optic cables

Grin lens

Reference mirror

Measurement mirror

( )laser, in laser, out 43Q Q Wµ− =& &
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( ) ( ) ( ) ( )stray light grin lens measurement mirror reference mirror
22.3 9.7 9.3 42.3P P P P W W W Wµ µ µ µ= + + = + + =

 
 

4.6 Total required electrical power 

 

The total required electrical power in order to make the fiber optic interferometer 
operate is determined by two main power consumers: 
 

• Electronics 
• Laser 

 
The total required electrical power for the electronics is at the moment estimated to be 
670 (mW) [7]. 
The total required electrical power for the laser is specified on the datasheet of the laser 
given in appendix G.1. The required power for the laser is 4-6 (W). The maximal 
available power for the OPD metrology was determined in section 3.7 and is 2 (W). 
 
From these results it can be concluded that the required electrical power for the OPD 
metrology is too high and it doesn’t meet the requirement. More specifically the 
maximum electrical power for the laser is too high and therefore LUNASYS doesn’t meet 
the requirement for the total required electrical power. 
 
The functionality of the laser is specified for a maximal temperature fluctuation of the 
laser casing of 0.1 (K). In order to maintain this temperature stability, possibly a 
temperature control unit is required for the laser and this temperature control unit would 
require extra electrical power. However it is still unknown if a temperature control unit is 
really necessary. Therefore this temperature control unit is not taken into account for 
this specification. 
 
 

4.7 Space qualification 

 
It is required for all components to function in vacuum. In Table 4-1 a summary of the 
status of the space qualification of all used components is given. 
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Table 4-1 Status summary for the space qualification of the components for the fiber 

optic interferometer [21] 

 

Device Type 
Space 
qualified? Remarks 

Laser RIO Orion laser module no NASA, in progress 

Circulator Optolink circulator no  

3x3 splitter Gould 3x3 coupler no  

Grin lens Grintech no  

Fiber 
IX-fiber IXF-CUST-
SiO2/F yes 

Optical identical to SMF28+ 
fiber. 

Connector Diamond mini-AVIM no 

Never tested at 4 (K) (min -150 
°C), ESA qualification in 
progress. Contact Diamond for 
this. 

Detector Fermionics FD100 no SRON, in progress 

 
Clearly not all components are space qualified yet. 
 
 

4.8 Functionality at 4.5 (K) 

 
Introduction 
A big problem for designing mechanical constructions in cryogenic temperatures is the 
occurrence of undesired mechanical stresses or even fracture of components due to the 
use of different materials with different coefficients of thermal expansion that are rigidly 
attached together. Depending on the location of the components, certain functionality 
requirements are posed on the components. 
 
Result 
The lowest required operating temperature for each component of the fiber optic 
interferometer is given below. Operating ranges are specified by the suppliers of the 
components. 
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Table 4-2 Required minimal temperature and specified operating range for the optical 

components used in the fiber optic interferometer 

 

Component Minimal temp. (K) Specified operating temp. range (K) 

Laser 253 283-328 

Circulator 253 233-343 

3x3 splitter 253 233-358 

Reference mirror 4.5 ??? 

Measurement mirror 4.5 ??? 

Grin lens 4.5 ??? 

Fiber 4.5 ??? 

Connector 4.5 ??? 

Electronics 253 248-298 

 
For components with an unknown operating temperature range, functionality can’t be 
guaranteed. So it is assumed that these components won’t function at the desired 
minimal temperature at all. 
If a grin lens is designed for a certain temperature range, say -10 degrees Celsius to 60 
degrees Celsius. Then for lower temperatures the lens will shrink in all directions. As a 
consequence the outer layer of the lens will come closer to the optical center of the lens 
and this will result in too much refraction of the outer rays of the light that passes 
through the lens. The exiting light bundle won’t be collimated anymore and the light 
rays will converge. When the light bundle is reflected by the moving mirror and come 
back onto the grin lens, the light rays are not perpendicular to the lens surface. As a 
consequence not all the light will couple back into the fiber core and the amount of light 
that couples back into the fiber is dependent on the position of the moving mirror. In 
appendix D.4 it is shown that this will result in an error of the measured position of the 
moving mirror. 
 
Discussion 
If the fibers are welded together the use of connectors won’t be necessary. This will 
result in less power loss, and the connectors don’t have to be used at cryogenic 
temperatures. However, integration of the fiber optic interferometer with the harness 
and the other mechanical structures on SPICA could become a problem. 
 
 

4.9 Accuracy and precision 

 
There are many factors that influence the accuracy and the precision of the 
measurement system. In the next paragraphs the error caused by many of these 
different factors will be calculated in order to determine the accuracy and precision. First 
the relation between the displacement of the moving mirror and the phase of the 
interference pattern is given. The superposition of waves of the same frequency is 
explained in Appendix C.1. The result of this wave addition gives the relation between 
the displacement of the moving mirror and the phase of the interference pattern. Then 
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the basic algorithm used for signal processing is explained. Finally an estimation of the 
signals on the three photodiodes is made, since these signals are needed for certain 
error calculations. 
 
The relation between the displacement of the moving mirror and the phase of the 
interference pattern is written in equation (4.14). This equation is obtained in Appendix 

C.1 and is equal to equation (C.8). 

 

4
x

n

λϕ

π
=  (4.14) 

 
Equation (4.14) will be used very frequently in this report to calculate the displacement. 

When it is approximated that the refractive index of the waveguide is equal to one, 
equation (4.14) simplifies to: 

 

4
x

λϕ

π
=  (4.15) 

 
The basic algorithm used for signal processing is explained in Appendix C.2. A Clarke 
transformation of the three signals measured on the photodiode is performed. 
 
Consider three signals at the photodiodes of the detector system of LUNASYS. 
 

( )1 1 1

2
1 cosI OPD A V OPD

π

λ

  
= +   

  
 (4.16) 

( )2 2 2

2 2
1 cos

3
I OPD A V OPD

π π

λ

  
= + +  

  
 (4.17) 

( )3 3 3

2 4
1 cos

3
I OPD A V OPD

π π

λ

  
= + +  

  
 (4.18) 

Where: 

( )

( )

( )

I Current signal

A Current offset

Visibility or contrast

A

A

V

=

=

− =

 

 
The three signals are not calibrated and have a phase difference with respect to each 
other of 120 degrees. If calibration is performed like described in Appendix C.2, then the 
three signals on the photodiodes can be used to calculate the displacement. The phase 
of the projection on the complex plane of the calibrated three intensities that are 
measured on the different photodiodes can be calculated with the next formula. 
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( )
arctan 3

2
s

I I

I I I
θ + −

+ −

 −
=   − + 

 (4.19) 

 
For certain calculations on the accuracy of the measurement system it is required to 
estimate what the laser power and the visibility of the three signals at the photodiodes 
will be. 
 

From the results displayed in Appendix C.3 the signals from equations (4.16), (4.17) and 

(4.18) become: 

 

( ) ( )1

2
32.4 1 0.74cosI OPD A OPD

π
µ

λ

  
= +   

  
 (4.20) 

( ) ( )2

2 2
44.5 1 0.96cos

3
I OPD A OPD

π π
µ

λ

  
= + +  

  
 (4.21) 

( ) ( )3

2 4
48.3 1 0.77cos

3
I OPD A OPD

π π
µ

λ

  
= + +  

  
 (4.22) 

The voltage signal at the ADC can be calculated with equation (C.26) that is shown 

below. 
 

max photo trans filter
V I G G=  (4.23) 

 
 

4.9.1 Intensity noise 

 
Introduction 
The signals used for the algorithm that determine the displacement of the moving 
mirror, deviate from the mean measured value due to the presence of noise. This 
causes an uncertainty in the measurement. This uncertainty can be expressed as a 
factor that influences the precision of the mirror position. In the content of this report by 
intensity noise there is meant; the noise on the detected signal that seems to be a 
fluctuation of the intensity of the signal. This includes all different noise sources that 
have an effect on the value of the processed signal into the algorithm, except for the 
intensity noise induced by the phase noise of the laser. 
 
Assumptions 
The assumptions made are given in appendix D.1. 
 
Modeling 
The intensity noise has been modeled in appendix D.1. The electric circuit that is used to 
qualify the noise sources and to quantify the impact on the precision of the 
displacement of the moving mirror is shown in Figure D-1 and illustrated again in the 
figure below. 
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Figure 4-4 Simplified intensity noise model of the analogue electronics based on the 
electronic circuit shown in Appendix A.1 

 

Result 
The different noise sources in Figure 4-4 all have a different influence on the output 
signal after the decimation filter. The contribution of all noise sources on this output 
signal is given in Table 4-3. 
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Table 4-3 Contribution of all the noise sources on the final output signal vn,tot after 

the decimation filter, modeled for photodiode 1 

 

Noise source Output noise 

( )5.3 /
shot
i pA Hz=  ( )n1 rms3.1 Vv µ=  

( )1
1.3 /

amp
i fA Hz=  ( )n2 rms

0.001 Vv µ=  

( )1
7.0 /

amp
v nV Hz=  ( )n3 rms0.41 Vv µ=  

( )1 14.2 /
therm

v nV Hz=  ( )n4 rms0.84 Vv µ=  

( )2
0.2 /

amp
i pA Hz=  ( )n5 rms

0.04 Vv µ=  

( )2
7.9 /

amp
v nV Hz=  ( )n6 rms

4.0 Vv µ=  

( )2 7.3 /
therm

v nV Hz=  ( )n7 rms0.43 Vv µ=  

( )3 12.7 /
therm

v nV Hz=  ( )n8 rms
0.25 Vv µ=  

( )adc 725 /v nV Hz=  ( )n9 rms9.2 Vv µ=  

 
The total noise in the three circuits can be determined by applying equation (D.15) on 

the results given in Table 4-3. This is performed for all three photodiodes. 
 

( )

( )

( )

1,tot

2,tot

3,tot

11

22

22

rms

rms

rms

v V

v V

v V

µ

µ

µ

=

=

=
 

 
With these results, the contribution to the precision of the position of the mirror is 
simulated. The result of a simulation where the moving mirror moves with constant 
velocity and makes a displacement of 1550 (nm) is shown in the next figure. 
 

 
Figure 4-5 Simulated error signal due to the presence of intensity noise on the three 

signals 
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The standard deviation of this noise signal is equal to the precision of the mirror position 
caused by the intensity noise, for a mirror moving with constant velocity: 
 

( )int,n 1.6e pm=  

 
 

4.9.2 Optical disturbance signals 

 
Introduction 
Reflections and cross talk can create undesired optical signals within the measurement 
system that interact with the optical signal that’s containing the information about the 
measured position of the moving mirror. The position error caused by these optical 
disturbance signals is modeled and determined in appendix D.2. 
 
Assumptions and modeling 
The applied model and assumptions made are described in appendix D.2. 
 
Result 
Two signals on the photodiode have been calculated. One signal arises from the power 
calculations from Appendix B.2. This is described by the parameters in Table C-1 and 
equations (C.9), (C.10) and (C.11). The other signal is the optical disturbance signal. 

The result of the calculation of the power of the optical disturbance signals is displayed 
as a ratio of the power of optical disturbance signals over the original signal. The ratio of 
the ideal signal over the sum of all optical disturbance signals (the total disturbance) is 
also shown in this table for all three photodiodes. The disturbance numbers refer to the 
disturbances shown in Figure D-19. 
 
Table 4-4 Ratio of the power of each disturbance signal over the ideal calculated 

signal power that has been calculated in appendix C.3, given for all three photodiodes 

 

Disturbance # Ratio photodiode 1 Ratio photodiode 2 Ratio photodiode 3 

Iu,1 1.4E-04 0.0E+00 0.0E+00 

Iu,2 2.6E-07 0.0E+00 0.0E+00 

Iu,3 0.0E+00 2.0E-06 2.0E-06 

Iu,4 4.4E-09 3.4E-09 3.5E-09 

Iu,5 6.9E-07 7.0E-07 6.1E-07 

Iu,6 6.2E-07 6.1E-07 7.1E-07 

Iu,7 3.6E-02 3.6E-02 4.2E-02 

Iu,8 3.0E-02 3.0E-02 3.5E-02 

Total disturbance 6.7E-02 6.6E-02 7.6E-02 

 
The largest optical disturbance signals are Iu7 and Iu8. In appendix D.2 it can be seen 
that these disturbances are caused by the grin lens. 
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The simulated error due to these optical disturbances for a mirror moving over a 
distance of 1550 (nm) with constant velocity is shown below. 
 

 
Figure 4-6 Simulated error of the measurement system for two fringe signals due to 

the influence of optical disturbance signals 

 
The resulting error is a systematic error. The maximal error that can occur is equal to: 
 

( )opt,dis 4.9e nm=
 

 
 

4.9.3  Laser 

 
Introduction 
Non-ideal behavior of the laser results in errors of the measured position of the moving 
mirror. In the next three subsections different types of non-ideal behavior of the laser 
will be treated. Most required information about the specifications of the laser can be 
found in appendix G.1 and G.2. A grade 1 laser is used for the initial system 
configuration.  
 
Assumptions 
In the datasheets it is not mentioned that the laser has a certain settling time for the 
power and frequency to become stable. This settling time is in the order of 10 (s) [27].  
Also an important fact is that certain specifications are made for a fixed case 
temperature. The exact wavelength is determined in the laser test report (see appendix 
G.2) and is 1550.148 (nm). 

- It is assumed in this report that the settling time for the laser power has passed 
and the frequency has become stable 

- It is assumed in this report that the laser casing temperature suffices to the 
made temperature requirements 

- In this report it will be assumed that the wavelength of the laser is 1550 (nm) 
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- The maximal measured OPD of the fiber optic interferometer is assumed to be 
0.1 (m) 

 
 

4.9.3.1 Frequency stability 

 
After one hour of stabilization the frequency stability of the laser, with an assumed 
constant casing temperature can be obtained from appendix G.1. By correspondence 
with the supplier of the laser, it became clear that the maximal case temperature 

fluctuation is allowed to be 0.1 (K) [27]. If the fluctuation is higher than this value, the 
specifications from the datasheet can’t be guaranteed. 
The worst case for the measured position error is when the frequency stability has a 
maximal value. In appendix G.1 two values are given for the frequency stability 
corresponding with two different running times. 
 

( )

( )
1

8

4     free running over 1 hour

6   free running over 8 hours

v MHz

v MHz

∆ =

∆ =
 

 
From appendix D.3 the frequency stability is related to the wavelength deviation as 
described in the formula below. 
  

2

laser
laser

laser

vv

v c

λ
λ λ

∆∆
∆ = =  (4.24) 

 
Where: 

( )

( )

Wavelength deviation from the center wavelength of the laser

Frequency deviation from the center frequency of the laser

m

v Hz

λ∆ =

∆ =
 

 
For the given frequency stabilities this results to: 
 

( )

( )

14

1

14

8

3.2 10     free running over 1 hour

4.8 10   free running over 8 hours

m

m

λ

λ

−

−

∆ = ⋅

∆ = ⋅
 

 
The stroke of the moving mirror is determined in chapter 3 and is 0.0345 (m). It is 
assumed that there needs to be some space between the moving mirror on the ODL and 
the sensor head of the fiber optic interferometer so the total OPD is estimated to be 
twice the stroke of the moving mirror, that is about 0.07 (m), plus a small margin of 
about 0.015 (m). This gives an OPD of 0.1 (m). Using the information from appendix 
D.3 the measured error due to the frequency stability of the laser is described below: 
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( )laser drift
2

T

laser T

OPD
e

λ

λ λ

⋅∆
= −

+ ∆
 (4.25) 

 

Where: 

( )laser drift
Change of detected position due to laser drifte m =

 
 
Filling in equation (4.25) for the calculated wavelength deviations gives the next two 

absolute results for the error of the detected position of the moving mirror due to laser 
drift. 
 

( )

( )
laser drift,1

laser drift,8

1.0    free running over 1 hour

1.5    free running over 8 hours

e nm

e nm

=

=  

 

 

4.9.3.2 Spectral linewidth 

 
Ideally the used laser has a single frequency. Unfortunately in practice lasers have 
different frequency components within the laser beam. These frequency components 
also have different intensities. The spectral linewidth, or the Full Width at Half Maximum 
(FWHM), is a measure for the spectral width of the laser beam. This non-ideal behavior 
also causes an error in the measured position of the moving mirror. The FWHM for the 
grade 1 laser is obtained from appendix G.1. 
 

( )15FWHM kHz=  

 
Similar to the frequency stability, applying equations (4.24) and (4.25) will give the error 

of the detected position of the moving mirror due to the spectral linewidth of the laser. 
Because the FWHM is defined as the spectral bandwidth between the frequencies where 
the laser has half its intensity, the calculation of the error will be made for half the 
FWHM (= v∆ ). See figure below. 
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Figure 4-7 Modeled frequency deviation due to FWHM 

 

The wavelength deviation is: 
 

( )17
6.0 10FWHM mλ −∆ = ⋅  

 
Where: 

( ) Wavelength deviation due to the FWHM
FWHM

mλ∆ =  

 
Using equation (4.25) for the calculated wavelength deviation gives the absolute error in 

the detected position of the moving mirror due to the FWHM. The result is given below. 
 

( )FWHM 1.9e pm=  

 
Where: 

( )FWHM Change of detected position due to the FWHMe m =
 

 
 

4.9.4 Temperature 

 
Introduction 
Every measurement system is influenced by temperature more or less. This 
measurement system is no exception on this and is also influenced by temperature. 
In this paragraph the influence of a small temperature fluctuation on the reference arm 
and the measurement arm will be analyzed. From a simple calculation it can be seen 
that the accuracy of the measurement system is highly influenced by small temperature 
disturbances on the reference, and the measurement arm. This calculation will be 
performed in this paragraph. 
 
Assumptions 
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- The influence of the temperature on components other than the measurement 
and reference arm of the fiber optic interferometer can be neglected 

- The temperature distribution over the reference arm is homogeneous 
- The thermal coefficient of expansion of the entire fiber optic cable is equal to the 

thermal coefficient of Pyrex glass at room temperature 
- The materials are homogeneous and isotropic 

Modeling 
Temperature fluctuations in the measurement arm and in the reference arm influence 
the accuracy of the measurement system. If the length of one of these arms changes, 
then the OPD will change as well. When the temperature of one of the fiber optic cables 
changes over time, the fiber optic cable of the measurement arm will stretch out or 
contract differently with respect to the cable of the reference arm. Consequently a 

change of the OPD will be measured over time. Now consider Figure 4-8. The OPD can 
be written as a function of OP1, OP2 and OP3. 
 

,
1 1

L n

1
OP

2
OP

3
OP

,
3 2

L n,
2 1

L n

 
Figure 4-8 OPD of the fiber optic interferometer 

 
The optical path difference of the two electromagnetic waves (EM) traveling through the 
waveguides with refractive indices n1 and n2 are defined in appendix D.3 as equation 
(D.26). 
 

2 2 1 1OPD n x n x= −  (4.26) 

 

If the OPD of the fiber optic interferometer is determined for Figure 4-8, then in the 
upper drawing of this figure the optical paths of the reference arm and the 
measurement arm are shown. In the lower drawing the lengths of the fibers and the 
refractive index of the waveguides are given. Using equation (D.27) and considering that 

the refractive index now is not constant, will result in the following optical path 
difference. 
 

( )( )1 2 32OPD OP OP OP= − +  (4.27) 
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Rewriting this equation gives: 
 

( )( )1 1 1 2 2 32OPD n L n L n L= − +  (4.28) 

 
Consider the case where the reference arm sustains a temperature change with respect 
to the measurement arm. The formula with which the error due to this temperature 
change can be calculated will now be determined. The mechanical strain is defined in 
equation (4.29). 

 

0

l

l
ε

∆
=  (4.29) 

 
Where: 

( )

( )

( )0

/ Strain

Change of length

Initial length

m m

l m

l m

ε =

∆ =

=

 

 

The strain can also be written as a function of the linear thermal expansion coefficient 

and the change of temperature. 
 

Tε α= ∆  (4.30) 

 
Where: 

( )
( )

1
Linear thermal expansion coefficient

Change of temperature

K

T K

α − =

∆ =
 

 
If equation (4.29) and (4.30) are combined then the next formula can be obtained: 

 

0l l Tα∆ = ∆  (4.31) 

 
With equation (4.31) the new OPD can be rewritten as a function of the temperature 

change of the reference arm. 
 

( ) ( )( )1 1 1 2 2 32 1newOPD n L T n L n Lα= + ∆ − +  (4.32) 

 
Where: 

( ) New optical path differencenewOPD m =  

 

IT was assumed that the temperature of the measurement arm remains constant. If the 
temperature in the reference arm changes over time  the OPD described in equation 
(4.32) can be simplified to the next equation. 
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( )
( )1 1

2 1
d OPD d

n L T
dt dt

α= + ∆    (4.33) 

 

The refractive index is also dependent on the temperature. By applying the chain rule 
the next equation could be written for the change of the refractive index over time. 
 

dn dn dT

dt dT dt
=  (4.34) 

 
By applying the product rule of differentiation and combining equations (4.36) and 

(4.37) the next equation can be obtained. 

 

( )
1 1

1 1 1 12 2 2
d OPD dn dndT dT dT

L L L n
dt dt dt dt dt dt

α α= + +  (4.35) 

 
The change of the OPD over a certain time (dt1), can be written in the next formula: 
 

( )
1 1

1 1 1 1

1

2 2 2
d OPD dn dn

L T L T L n T
dt dt dt

α α= ∆ + ∆ + ∆  (4.36) 

 
Where: 

( )1  Time intervaldt s =  

 
Assume that the temperature of the reference arm is homogeneous, the material is 
homogeneous and isotropic and the thermal coefficient of expansion of the entire fiber 
optic cable is equal to the thermal coefficient of Pyrex glass at room temperature. With 
these assumptions the error caused by the temperature change of the reference arm is 
equal to the change of the OPD described by (D.27). 

 
Result 
The length of the reference arm is 1 (m), the temperature change is 1 (K), the refractive 
index of Pyrex glass is 1.55 and the thermal coefficient of expansion for Pyrex at room 
temperature is 8.5*10-6 (K-1). The change of the refractive index over temperature of 
the waveguide material in the fiber optic cable is assumed to be equal to the value for 
fused quartz. On the temperature interval from 20 degrees Celsius to 30 degrees Celsius 
the average value of the refractive index change over temperature is -1.28*10-5 (K-1). 
Because this is a negative value the refractive index decreases with increasing 
temperature. This means that this effect compensates for the elongation and contraction 
of the cable due to thermal strains. After the time interval dt1 the error becomes: 
 

1 1
1 1 1 1 12 2 2       after a time T

dn dn
e L T L T L n T dt

dt dt
α α= ∆ + ∆ + ∆  (4.37) 

 
Where: 
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( ) Error due to a temperare disturbance on the reference arm
T

e m =  

 
Using the given values results in the total error: 
 

( )2
7.5 10       after a time 

Temp
e nm dt= ⋅

  
This is a high error. Clearly this doesn’t meet the requirement of 10 (nm). The influence 
of temperature has a very high impact on the error of position of the moving mirror. 
 
Discussion 
Different scenarios could be chosen to determine the influence of temperature on the 
fiber optic interferometer, but the following situation is chosen because it gives a good 
indication on the magnitude of the impact of a temperature change of either the 
reference arm or the measurement arm. 
 
Reducing the temperature disturbances and shortening both the reference arm and the 
measurement arm will lead to higher accuracy of the fiber optic interferometer. 

 
The waveguide material of a fiber optic cable is usually built up out of Silicium (Glass). 
Unfortunately, there are many different types of glass. For this calculation it was 
assumed that the change of refractive index over temperature has a negative value. But 
the exact type of material of the waveguide material is unknown and therefore it is not 
certain if this assumption is correct.  
If this negative value of the change of refractive index over temperature compensates 
exactly for the thermal coefficient of expansion then the waveguide material is called 
”athermal”. However the change of refractive index over temperature doesn’t always 
have a negative value for all types of glass [42]. This means that the effect of the 
change of refractive index over temperature could also accumulate with the effect of 
thermal elongation or contraction and by this lead to a greater change of measured 
position over time.  
 

4.9.5 Alignment 

 

Introduction 
Due to angular misalignment between the grin lens and the moving mirror, the light 
that’s reflected from the moving mirror and couples back into the fiber optic 
interferometer is dependent on the position of the moving mirror relative to the position 
of the grin lens, and the magnitude of the angular misalignment. This angular 
misalignment could create an error in the measured position of the moving mirror. 
 
Assumptions and modeling 
The applied model and made assumptions are described in appendix D.4. The angular 
misalignment between the grin lens and the moving mirror is shown in Figure D-23 and 
is shown again below. 
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Figure 4-9 Geometric model of the angular misalignment between the mirror and the 

grin lens 

 
Result 
The maximal error due to the angular misalignment between the grin lens and the 
moving mirror can be seen below in Figure 4-9. Depending on the exact distance 
between the grin lens and the moving mirror and the initial phase of the optic wave 
when exiting the splitter to the grin lens, the maximal error can be determined when the 
moving mirror is exactly 0.05 (m) away from the grin lens. 
For the simulation of the error the same signal inputs are used that are determined in 
appendix C.3. 
 

 
Figure 4-10 Simulated error of the measurement system for two fringe signals, due to 

angular misalignment between the lens and the moving mirror 

 
The resulting error is a systematic error. The maximal error due to misalignment at the 
maximal distance away from the grin lens is: 
 

( )5.1alignmente nm=
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4.9.6 Photodiode 

 
Introduction 
The behavior of the photodiode could have an impact on the measured position of the 

moving mirror. Non-ideal behavior of the photodiode’s responsivity could result in an 
error of the position of the moving mirror. 
 
Assumptions 

- The responsivity of the three photodiodes is the same 
 
Modeling 
The responsivity of the photodiode should be as high as possible. The higher the 
responsivity, the less signal is required for the same signal to noise ratio. The laser heat 
load and the amount of stray light within the cryogenic cooled zone of the FTS will also 
be lower for a smaller signal. Therefore the responsivity should be as high as possible. 
 
When the photocurrent is measured over a single resistor, non-linear behavior of the 
photodiode could occur. When the photocurrent created within the photodiode is higher 
than the current corresponding to the breakdown voltage in the IV characteristic shown 
in Figure 4-11. 
 

 
Figure 4-11 Typical IV characteristic of a photodiode [36] 

 
There are two modes of operation of the photodiode, forward biased and reversed 
biased. For the measurement setup of the fiber optic interferometer the reverse biased 
mode or photoconductive mode of operation is used. In Figure 4-11 the reversed bias 
mode corresponds with the left quadrants in the IV diagram.  
When there is no light incident on the photodiode, then the curve of P0 applies. If some 
optical power P1 incites on the photodiode, then the curve of the IV characteristic shifts 
downwards. If the optical power is increased again, then the curve shifts downwards 
again. An important aspect of the IV characteristic is the breakdown voltage of the 

photodiode. In reverse biased mode a positive voltage is applied on the cathode of the 
diode. The magnitude of the voltage determines the horizontal position on the IV curve 
of the photodiode. In Figure 4-11 the horizontal point of the breakdown voltage is 
indicated on the IV curve. If the reverse bias voltage is higher than the breakdown 
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voltage, in Figure 4-11 this is on the left side of the breakdown voltage, then the 
photodiode is used in its non-linear region. This means that the output current is not 
proportional to the incident optical power, but non-linearly dependent on the incident 
optical power.  
In the reverse biased mode, linear operation is maintained as long as the photodiode is 
not saturated and the bias voltage is higher than the product of the load resistance and 
the photocurrent. Saturation is a condition in which there is no further increase in 
detector response as the input light is increased. The load resistance is the resistor over 
which the voltage is measured as the photocurrent passes through it. 
 
 
Result 
The maximum photocurrent created in the linear range @ 253 (K) is: 
 

nl
bias

meas

U
I

R
=  (4.38) 

 
For a 5 (V) reverse bias voltage and a 12K4 load resistance, the maximal photocurrent 
when the responsivity of the photodiode becomes non-linear is according to [39]:  

 

( )nl 0.4I mA=  

 
The maximal photocurrent created in the photodiodes is calculated in appendix B.2. 
 

( )2max 0.09I mA=
 

 
The maximal photocurrents are smaller than the maximal photocurrent when the 
responsivity of the photodiode becomes non-linear. From this there can be concluded 
that the responsivity of the photodiodes will be linear and there won’t be an effect on 
the accuracy or the precision of the measurement system. 
 

Discussion 
The minimal photocurrent created by the incident laser power on the photodiode should 
be higher than the dark current. Otherwise the signal can’t be distinguished from the 
photocurrent. 
The maximal incident laser power on the photodiode is not limited by the physical 
properties of the photodiode. The only problem is that the electronics behind the 
photodiode might not be able to handle too much current or that the characteristic 
behavior of the photocurrent as a function of the incident laser power becomes 
nonlinear [28]. 
An easier method to prevent nonlinear behavior of the responsivity of the photodiode is 
by using a reverse biased photodiode in combination with a transimpedance amplifier. In 
this configuration (which is used for the photodiode readout electronics built by SRON 
and is shown in appendix A.1) the reverse bias voltage over the photodiode doesn’t 
change with a changing photocurrent, due to the virtual ground of the OPAMP.  
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4.9.7 ADC quantization error 

 
The smallest detectable analogue voltage is defined by the Least Significant Bit (LSB) of 
the ADC. The maximal error due to the quantization of the ADC is equal to half the LSB 
and this is equal to half the resolution.  
 

bn 2

1
res

2 2

laser
adce

λ
+

= ⋅ =
 

(4.39) 

 
Where: 

( )

( )
b

n Number of bits in the ADC

Quantization error in the ADC
adc

e nm

− =

=
 

 
For the 12 bit ADC and the wavelength of the laser of 1550(nm) the quantization error is 
equal to: 
 

( )0.095adce nm=
 

 
 

4.9.8 Mechanical vibrations 

 
The effect of mechanical vibrations on the measured position of the moving mirror 
should be as low as possible. The vibrations have the biggest impact on the accuracy 
and the precision of the measurements when the vibrations are transmitted into the 
reference arm and the measurement arm.  
The experimental setup of the fiber optic interferometer should be built on an optic table 
to reduce the transmission of floor vibrations to the setup.  
For the SAFARI application the situation is more complicated. A possible source of 
vibrations are the mechanical coolers that operate on 15 (Hz) and 45(Hz). These values 
have been given in section 3.3. 
For the application of the fiber optic interferometer on SPICA it is unknown where 
exactly the sources of vibrations are, what the exact amplitudes of the vibrations are, 
what the compliance(s) and the mass(es) of the suspensions are and what the damping 
of the structures is. Because these specifications are necessary to make a vibration 
analysis, the analysis is not performed. 
It is adviced to mount the fiber optic interferometer with the highest possible stiffness. 
Possible vibration reduction methods are applying low stiffness suspensions between the 
fiber optic interferometer and the vibration source, building the setup of the fiber optic 
interferometer on a large mass or use a skyhook damper. Hypothetically speaking the 
use of a large mass would make the satellite too heavy and thereby to expensive. A 
suspension with a low stiffness and a low damping between the vibration source and the 
fiber optic interferometer might not be possible anywhere on the satellite, so a skyhook 
damper perhaps should be considered. 
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4.9.9 Error budgeting 

 
The measurement system could have two types of errors. The first type of error is a 
systematic error. This type of error refers to the accuracy of the measurement system. 
The second type of error is a random error. This type of error refers to the precision of 
the measurement system. 
Because the calculated precision errors are dependent on different parameters, the 
values are uncorrelated. Therefore the total precision error is the result of a linear 
uncorrelated combination of parameters. Then the total precision error of the 
measurement system can be written in the next equation [5]. 
 

2 2 2

, 1 2 ...
r tot n

e e e e= + + +  (4.40) 

 
Where: 

( ), Standard deviation of the total random error r tot rmse nm =

 
 
If the parameters are correlated then the total error can be calculated with the next 
equation. 
 

, 1 2 ...r tot ne e e e= + + +  (4.41) 

 
Applying equation (4.40) to all the random errors in section 4.9 gives: 

 

( ), 0.095r tot rmse nm=
 

 

In Table 4-5 an overview is given of the precision errors that have been determined in 
the content of this report. 
 
Table 4-5 Overview of errors determined in this report that influence the precision 

 

Precision Error 

Intensity noise 0.0016 (nmrms) 

Laser line width 0.0019 (nmrms) 

ADC quantization error 0.095 (nmrms) 

Total precision 0.095 (nmrms) 

 

The accuracy of the OPD metrology is defined by the systematic errors in the 
measurement system. The errors that have been determined in this report are assumed 
to be uncorrelated. Therefore the total accuracy can be calculated with equation (4.40). 

 
An overview of these errors is shown in the table below. 
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Table 4-6 Overview of errors determined in this report that influence the accuracy 

 

Accuracy Error 

Optical disturbance signals    4.9 (nm) 

Laser stability    1.0 (nm) over 3600(s) 

Temperature (for ∆T = 1 (K)) 750 (nm) 

Alignment    5.1 (nm) 

Photodiode    0 (nm) 

Total accuracy 750 (nm) 

 
From the results displayed in Table 4-5 and Table 4-6 it can be concluded that the 
precision of the measurement system is negligible compared to the accuracy of the 
measurement system, because there are 5 orders of magnitude difference in the errors. 
 
 

4.10 Specifications overview 

 
An overview of the initial system specifications of the OPD metrology is given below in 
Table 4-7. 
 
Table 4-7 Specifications overview of the initial system configuration 

 

Type of specification Value Meets requirements? 

Accuracy 750 (nm) No 

Resolution 0.19 (nm) Yes 

Stroke 34.5 (mm) Yes 

Sample frequency 781 (Hz) Yes 

Heat load 1.3 (µW) Yes 

Stray light power 42.3 (µW) No 

Space qualified No No 

Maximal required electrical power 6.67 (W) No 

Functionality at cryogenic temperature No No 

Relative displacement measurement Yes Yes 

Laser + electronics placed in room of 293 (K) Yes Yes 

Sensor head placed near the ODL Yes Yes 

 
Finally from these result the first main research question can be answered. This question 
states: “Is the current setup of UNASYS operational for the SAFARI instrument?” The 
answer to this question is: “No.” 
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5 Drift 
 
From the previous chapter it is concluded that the current setup of LUNASYS is not yet 
operational for the SAFARI instrument. It is desired to know what should now be 
improved on the current setup of LUNASYS to make the system operational for the 
SAFARI application. The accuracy of the fiber optic interferometer that is specified in 
section 4.9 is far away from the required accuracy and this seemed to be the bottleneck 
of the design of LUNASYS for the SAFARI application. The main cause of this low 
accuracy is drift of the measured signal. Drift is a small continuous change in the 
measurement value of a measurement instrument over time, while the value that should 
be measured remains constant.  
In this chapter research sub-question c) will be answered. It will be determined if 
temperature the dominant factor is causing the position drift of LUNASYS. 

 
The cause of the drift is analyzed according to Figure 5-1.  
 

 
Figure 5-1 Block schedule representing the analysis of the cause of the drift 

 
First the possible causes of the drift are summarized and each cause is analyzed. It 
seemed that temperature is a dominant factor causing the position drift. Hereafter, a 
model is made to determine where the impact of a temperature disturbance on the fiber 
optic interferometer will be the greatest. It seemed that the biggest impact of a 
temperature disturbance is on the reference arm and the measurement arm of the fiber 
optic interferometer. For this reason drift measurements are performed while the 
temperature in the measurement arm and the reference arm is measured, in order to 
see if the position drift and the temperature are related to each other.  
 
 

5.1 Causes of drift 

 
Introduction 
There are many parameters that can cause drift in the measurement system. In this 
section different causes are summarized and the parameters that most likely cause the 
drift will be determined. 

 
Assumptions 

- Causes of drift other than the ones mentioned in this section have a negligible 
influence on the drift 
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Modeling 
Consider the system model of the fiber optic interferometer that is described in 
paragraph 2.1 and is shown again below. 
 

 
Figure 5-2 System model of the fiber optic interferometer 

 
There are many things that could cause the drift of the measured signal. The most likely 
causes are given below. 
 
The following parameters can cause drift in the system: 

- Laser wavelength stability 
- Mechanical vibrations 
- Refractive index changes of the air 
- Phase and gain changes of the 3x3 splitter over time 
- Temperature disturbances on the measurement arm and reference arm 

 
Result 
The influence of the frequency stability of the laser on the drift is estimated in chapter 4. 
The impact on the accuracy was very low for the made calculation. It was assumed that 
the casing temperature of the laser should remain constant and may have a maximal 
fluctuation of 0.1 (K). In order to keep the casing temperature of the laser constant 
thermal insulation has been applied around the laser. Because the calculated drift didn’t 
seemed very high, the frequency stability of the laser hasn’t been analyzed any further. 
 
Another possible cause of the drift could be mechanical vibrations. Vibration 
measurements have been performed by TNO [29]. By attaching a voice coil on the fibers 
the error has been determined. The voice coil has been attached to all the fibers, except 
to the fibers in the measurement and the reference arm. Then a vibration of 2 and 10 
(Hz) with amplitude of 3 (mm) was induced by the voice coil. The largest error caused 
by these vibrations on the displacement signal was 13 (nm). The fiber optic 
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interferometer is most sensitive for disturbances in the measurement arm and the 
reference arm. For this reason the entire setup of the fiber optic interferometer has 
been built up on a vibration isolation table at Technobis. During the measurements on a 
vibration isolation table the drift was still present in the signal to a large extent. 
 
The measurement system has to be placed in vacuum, however all the measurements 
are performed in an environment without vacuum. Changes of the refractive index of air 
may create an OPD measured by the fiber optic interferometer and therefore influence 
the accuracy of the measurement system.  A fluctuation of the refractive index of air 
over time could be a cause of the drift. In order to calculate this, Edlen’s formula can be 
applied [37]. An online calculator has been used to calculate the effect of temperature, 
pressure and humidity on the refractive index of the fiber optic interferometer [38].  
For an atmospheric pressure, that is 1013 (mbar) and a humidity of 50% the refractive 
index has been calculated for three different temperatures [38]. 
 

( )

( )

( )

1

2

3

1.000268155 @ 20 C

1.000267213 @ 21 C

1.000266276 @ 22 C

n

n

n

= °

= °

= °  

 
This result has been filled into equation (C.7) in order to calculate the effect of the 

change of refractive index on the accuracy of the fiber optic interferometer. 
By combining equation (D.25), (D.27), (D.28) and rewriting the equation, the next 

formula can be used to calculate the effect of the change of refractive index on the 
accuracy of the fiber optic interferometer. 
 

2 1

1 1
ne OPD

n n

 
= − 

 
 (5.1) 

 
Where: 

( ) Error due to a change of refractive index
n

e m =  

 

It is assumed that only the air increases in temperature and the temperature of the 
other optical components remains constant. For an OPD of 0.1 (m) the error for a 
change of temperature from 20 degrees Celsius to 21 Celsius is calculated by using 
(5.1). 

 

( )
2 ,

94
n air

e nm=

 

 
And for an OPD of 0.1 (m) and a change of temperature from 20 degrees Celsius to 22 
Celsius, the error becomes:

 

 

( )
3 ,

188
n air

e nm=
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The effect of the change of the refractive index could be an important influence on the 
drift.  
 
Other parameters that can cause drift in the measurement system are phase and gain 
changes of the 3x3 splitter, but also longitudinal stretching of the fibers in the splitter 
due to temperature changes. These fibers within the splitter are part of the 
measurement and reference arm of the fiber optic interferometer. 
There is little known about these effects. But it will be assumed that longitudinal 
stretching and contracting of the splitter due to temperature disturbances on the 3x3 
splitter is small compared to temperature disturbances in the measurement and 
reference arm. Because the length of the splitter is 4.5 (cm) and is relatively small 
compared to the length of the measurement and reference arm. These lengths are 
respectively 22 (cm) and 46 (cm). Simply by discussion it is difficult to make a good 
estimate of the effect of the temperature on the phase and gain changes of the splitter, 
but for the moment it will also be assumed that these effects are negligible. 
 
Temperature disturbances on the measurement and reference arm are considered. In 
chapter 4 the effect of these disturbances is estimated. Measured errors could become 
as high as 750 (nm). It was also seen that the change of the refractive index of the 
waveguide material over temperature could compensate or accumulate on the effect of 
the thermal strains caused by a change of temperature. 

During the first integration test of the software and electronics of SRON with the optical 
hardware of Technobis, measurements already showed that the measurement system is 
highly sensitive to temperature disturbances on the reference and the measurement 
arm. During the integration test, a measurement was performed over a small time 
period. The result of the measurement is shown in Figure 5-3. In the first time interval 
of 0-9 (s) the sensors is left at rest. After this period a hand that functions as a heat 
source, is held close to the reference and measurement fiber. Now a lot of fringes where 
measured. Then after a few seconds the hand was pulled away from the measurement 
and reference arm and the amount of fringes decreases.  
 

 
Figure 5-3 Fringe patterns measured during the integration test at SRON [9]. 

 
The measured displacement that corresponds to the three fringe patterns shown in 
Figure 5-3 is given in the figure below. 
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Figure 5-4 Measured displacement corresponding to the fringe patterns that has been 

measured during the integration test at SRON [9] 

 
As can be seen on the fringe signal of Figure 5-3, the measurement and reference arm 
are highly sensitive to temperature disturbances.  
 
It can be concluded that temperature disturbances on the measurement system are 
probably the main causes of the drift in the measurement system. 
 
 

5.2 Experiments 

 
Introduction 
The results from the previous section indicate that temperature disturbances on the 
measurement system are probably the main cause of the drift of the measurement 
system. In this section different experiments will be performed in order to locate where 
the impact of temperature disturbances in the fiber optic interferometer is at its 
greatest. Finally research sub-question c) will be answered.  
 
Assumptions 

- The temperature distribution over a fiber segment is homogeneous 
- Errors in the data from the temperature sensors are neglected 
- The materials are homogeneous and isotropic 
- Thermal coefficient of expansion is constant over temperature 
- The fiber consists of two materials; the coating and a single waveguide material 
- Young’s modulus is constant over temperature 
- No internal stresses are present within the fiber optic cable 
- For the calculations of the thermal expansion the reference and the 

measurement arm only consist of fiber optic cables 
- The effect of temperature disturbances on the 3x3 splitter has a negligible effect 

on the measured position drift 
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Modeling 
Consider the system model of the fiber optic interferometer given in Figure 5-2. This 
model has been used to model possible external temperature disturbances on different 
locations of the fiber optic interferometer. A temperature disturbance is a temperature 
change over time with respect to the initial temperature. The model with these 
disturbances is given in Figure 5-5. 
 

Temp,1
δ

Temp,3
δ

Temp,4
δ

Temp,8
δ

Temp,7
δ

Temp,5
δ

Temp,6
δ

Temp,9
δ

Temp,2
δ

Temp,10
δ

 
Figure 5-5 System model of the fiber optic interferometer with temperature 
disturbances acting on different components of the measurement system 

 
Consider the situation where the fiber optic interferometer is in thermal equilibrium with 
its surroundings. Now the effect of the temperature disturbance acting on the fiber optic 
interferometer will be analyzed one by one. 
The first temperature disturbance δTemp,1 acts on the laser. It is known that the laser 
casing temperature should be maintained constant in order to maintain frequency 
stability of the laser. The effect of a temperature disturbance on the laser is examined 
by looking at the measured position signal while the laser is heated with a shrink heater. 
Before the heating occurred the signal was already drifting. During the heating, no 
significant changes occurred in the position signal with respect to the position signal 
before the heating. From this there can be concluded that a temperature disturbance on 
the laser is not the dominant factor causing the drift.  
This same process has been repeated for disturbances δTemp,2 and δTemp,10. But again 
there was no visible effect of the temperature disturbance on the drift of the signal. 
Therefore it can be concluded that temperature disturbances on the detector electronics 
and on the circulator are not the dominant factor causing the drift either.  
The temperature disturbance δTemp,7 might have a considerable contribution on the 
measured drift. In section 5.1 an error of 94 (nm) could occur when the temperature of 
the air increased 1 degree Celsius. However for the SAFARI application the 
measurements will be performed in vacuum and in vacuum the refractive index remains 
constant with a change of temperature. Beside this, the order of magnitude of the 
impact on the drift for this temperature disturbance is smaller than the temperature 
disturbances acting on the measurement and the reference arm δTemp,4 , δTemp,5 , δTemp,8 

and δTemp,9. To verify this, drift measurements were performed where the effect of the 
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temperature disturbance δTemp,7 can be excluded. These drift measurements were 
performed with a grin lens without an AR coating and the moving mirror was removed 
from the experimental setup. This means that a Fresnel reflection on the outer surface 
of the lens that is in contact with the air reflects back into the fiber optic interferometer.  
A Fresnel reflection is a reflection that occurs when light passes through two waveguides 
of different refractive indices. A part of the light gets transmitted through the interfacing 
surface of these two refractive indices and a part of the light gets reflected on this 
interfacing surface. In these experiments this reflection is used to interfere with the 
signal reflected from the reference arm. As a consequence of this experimental setup, 
the effect of temperature disturbances on the moving mirror δTemp,6 are excluded as well 
besides δTemp,7. For now it is assumed that δTemp,3 , the effect of temperature 
disturbances on the 3x3 splitter have a negligible effect on the measured position drift 
of the  fiber optic interferometer. 
The thermal expansion and contraction of the fiber optic interferometer can be 
calculated by measuring the temperature on the reference and the measurement arm 
and using the known lengths and material types of the measurement and reference arm.  
By comparing the result of this calculation with the measured drift by the detector it can 
be determined if the effect of the disturbances δTemp,4 , δTemp,5 , δTemp,8 and δTemp,9 are the 
dominant factor causing the position drift of the fiber optic interferometer. 
 
Consider Figure 5-6. The reference and the measurement arm are subdivided into 
different segments by the purple lines. In each segment a temperature sensor is placed. 
The 3x3 splitter is considered as a different segment. 
 

 
Figure 5-6 Experimental model of the fiber optic interferometer for the drift 

measurements, where the green dots indicate the position of the temperature 

sensors and the purple lines the boundaries of the different fiber segments 

 
Pictures of the real implementation of the experimental setup are shown in the figures 
below. 
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Figure 5-7 Picture of the experimental setup with the temperature sensors where the 

measurement and reference arm are not covered by thermal insulation, built up by 

Finn van Rij 

 

 
Figure 5-8 Picture of the experimental setup with the temperature sensors where the 
measurement and reference arm are covered by thermal insulation, built up by Finn 

van Rij 

 
The reference arm is segmented in three elements and the measurement arm is 
segmented in six elements. The temperature sensor is placed in the middle of each 
element. In Table 5-1 the length of each element is given. 
 
Table 5-1 Length of the fiber segments in the reference and the measurement arm 

 

m (segment #) 1 2 3 4 5 6 7 8 9 10 

Length (m) 0.09 0.06 0.07 0.045  0.07 0.06 0.13 0.06 0.08 0.06 

 
The material properties of the materials of the fiber optic cable required to calculate the 
effective coefficient of thermal expansion are given in the table below. 
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Table 5-2 Material properties of the materials off which the fiber optic cable consists 

 

Element Material E (Pa) α (K
-1

) A (m
2
) n (-) dn/dt (K

-1
) 

cladding Pyrex 6,40E+10 8,50E-06 1,23E-08 1.55 -1,28E-05 

coating Acrylate 3,20E+09 7,50E-05 7,73E-07     

 
The given surfaces of the fiber are calculated in Appendix B.1 the other parameters are 
obtained from the Solidworks material library. One fiber segment will now be analyzed 
on its mechanical behavior due to thermal expansion. The cladding and the coating are 
fixed together, so the coating and the cladding cannot expand and contract freely from 
each other. 
 

f
d

cl
d

L

,
cl cl

Eα

,co coEα

,co coEα

 
Figure 5-9 Parameters of a fiber optic cable segment  

 

The left side of the fiber is fixed to the mechanical ground. The system is modeled by 
assuming that the cladding of the fiber and the coating of the fiber are able to expand 
and contract freely from each other. When the temperature in the fiber is raised 

homogeneously over the fiber, the two materials will have different elongations, 
1δ  for 

the coating and 
2δ  for the cladding, because

coα >
clα . This is shown in Figure 5-10. 
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Figure 5-10 Elongation model of a fiber optic cable segment, used for the equations 

of compatibility 

 
For the total elongation due to thermal expansion according to equation (4.31), there 

can be written: 
 

0l Tδ α= ∆  (5.2) 

 
Where: 

( ) Total elongation of the fiber optic cable segmentmδ =  

 
Because in reality the unfixed end is fixed to another segment of the fiber and the 
coating and the cladding are actually glued to each other, the expansion of the two 
materials must be the same. Now the axial forces in the coating and the sleeve must 
have magnitudes such that they shorten the coating and stretch the cladding until the 
final lengths of the coating and the cladding are the same. The force acting on the 
cladding and on the coating respectively is written in the next formula. 
 

FL

EA
δ =  (5.3) 
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Where: 

( )

( )

( )

( )

2

2

Force

Length

/ Young's modulus

Surface

F N

L m

E N m

A m

=

=

=

=

 

 
Now the equation of compatibility can be written for the fact that the elongation of the 
coating and cladding shown in Figure 5-10 must be the same in the next formula [2]. 
 

tot 1 3 2 4δ δ δ δ δ= − = +  (5.4) 

 
In Figure 5-10 only two forces are shown, one force acts on the cladding of the fiber Fcl 
and one force on the coating Fco. Note that the coating force is indicated as two arrows, 
but the resultant force on the coating is just Fco. The fiber doesn’t move, therefore the 
resultant force acting on the fiber is equal to zero. Then from force equilibrium in the 
longitudinal direction of the fiber in Figure 5-10 there can be written: 
 

co clF F=  
(5.5) 

 
Where: 

( )

( )

Resultant force acting on the fiber coating

Resultant force acting on the fiber cladding

co

cl

F N

F N

=

=
 

 

The total elongation of the fiber can be found by substituting 
coF  or 

clF  and solving the 

equation of compatibility for the total elongation, by combining equations (5.2), (5.3) 

and (5.4). 

 

( )( )1 1 1 2 2 2

1 1 2 2

E A E A T L

E A E A

α α
δ

+ ∆
=

+
 (5.6) 

 
An effective coefficient of thermal expansion for the entire fiber optic cable can now be 
determined. 
 

( )1 1 1 2 2 2

1 1 2 2

eff

E A E A

E A E A

α α
α

+
=

+
 (5.7) 

 
Where: 

( )1
Effective coefficient of thermal expansioneff Kα − =
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Using the material properties given in Table 5-2 and noting that in equation (5.7) 

subscript 1 corresponds to the coating of the fiber and subscript 2 corresponds to the 
fiber cladding, the effective coefficient of thermal expansion can be calculated. 
 

( )5 15.9 10
eff

Kα − −= ⋅
 

 
The OPD for the system model given in Figure 5-5 can be determined according to 
equation (5.8). 

 

( ) ( ) ( ) ( ) ( )2 f ref a f measOPD t n L t n t x t n L t = + −   (5.8) 

 
Where: 

( )

( )

( )

( )

Refractive index of the fiber core

Refractive index of the air

Length of the reference arm

Length of the measurement arm until the lens

f

a

ref

meas

n

n

L m

L m

− =

− =

=

=

 

 
If the length of the reference and the measurement arm are constant, then a constant 
offset of the phase of the fringe signal would be measured. In this case the phase of the 
fringe signal is a measure for the displacement of the moving mirror and if the refractive 
index of the air would be constant over time and equal to one, then equation (4.14) 

applies: 

 

4
x

n

λϕ

π
=  (5.9) 

 
However, with the new experimental setup the refractive index of air and the 
displacement of the moving mirror don’t affect the OPD anymore. In this case equation 
(5.8) changes to: 

 

( ) ( ) ( )( )2 f ref measOPD t n L t L t= −  (5.10) 

 
Now consider the model for the calculation of the position drift in Figure 5-11. 
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Figure 5-11 Model for the calculation of the position drift due to changes of length of 

the reference and the measurement arm 

 
The drift can be calculated from the optical path difference of the light traveling in the 
measurement arm and the light traveling in the reference arm. The measured 
displacement by the measurement system would be x, and this value is equal to half the 
OPD described in equation (5.10). The measured position signal as a consequence of the 

temperature drift for the model given in Figure 5-11 is described in the formula below. 
 

( ) ( ) ( )( )drift f meas refx t n L t L t= −  (5.11) 

 
In the algorithm equation (5.9) is used to calculate the displacement of the moving 

mirror. In this equation the value for the refractive index n is equal to one. This means 
that the drift signal that is calculated with the equation below should use the same value 
for the refractive index in order to correspond to the measured position drift. 
 

( ) ( ) ( )drift meas ref
x t L t L t= −  (5.12) 

 
Equation (5.12) will be used to calculate the drift due to the temperture disturbances. By 

rewriting equation (5.12) according to the parameters shown in Figure 5-11 the next 

formula is obained as a function of the initial length at time t=0. 
 

( ) ( ) ( )( ) ( ) ( )( )0 0drift meas meas ref refx t L L t L L t= + ∆ − + ∆  (5.13) 

 
Now the drift can be calculated by writing equation (5.13) for all the segments m. For 

the measurement arm the next formula applies: 
 

( ) ( ) ( )( )( )
3

0

1

1 0
meas m eff m m

m

L t L T t Tα
=

= + −∑  (5.14) 

 
Where: 

( )

( )

( )
0

Segment number

Initial length of segment m

Temperature of segment m

m
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And for the reference arm: 
 

( ) ( ) ( )( )( )
10

0

5

1 0
ref m eff m m

m

L t L T t Tα
=

= + −∑  (5.15) 

 
Now combining equations (5.12), (5.14) and (5.16) gives the final formula that is used 

for calculation of the drift due to the measured temperatures on the different segments 
of the reference arm and the measurement arm according to Figure 5-6. 
 

( ) ( ) ( )( )( ) ( ) ( )( )( )
3 10

0 0

1 5

1 0 1 0drift m eff m m m eff m m

m m

x t L T t T L T t Tα α
= =

= + − − + −∑ ∑  (5.16) 

 
For the calculation of the thermal expansion of the reference and the measurement arm 
it is assumed that the reference and the measurement arm only consist of fiber optic 

cables.  
The drift measurements from the OPD metrology are compared to the drift signal 
calculated with the measured temperatures and equation (5.16). 

 
Results 
It is expected that temperature disturbances have a low timeconstant in the order of 
several seconds or even minutes. The influence on the drift will therefore become more 
visible over a longer time period. Three drift measurements have been done. Two 
measurements have been perfomred that lasted for an hour and one measurement over 
a whole night. The night measurement is the most reliable, because at night the 
thermostat and the air circulation are minimal and therefore the environment is most 
stable. This will result in a more stable measurement. 
In the next figure the temperature of segment 2, a segment in the measurement arm 
and the temperature of segment 6, a segment in the reference arm is plotted over time.  
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Figure 5-12 Measured temperatures of fiber segment 2 and fiber segment 6 over 

time. It can be seen that the temperature profiles of the two plots don’t differ so 

much from each other 

 
It can be seen from Figure 5-12 that both segments have similar temperature behavior. 
The temperatures measured over the other segments all look similar to these two plots, 
but differ slightly in temperature value. All the temperature plots for this measurement 
can be seen in appendix E.4. 
In Figure 5-13 two measurements are shown. The left plot corresponds to the drift 
measured with the measurement system and the right plot corresponds to the 
calculated drift with the measured temperatures over all the segments. 
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Figure 5-13 Measured position drift and calculated position drift, for drift 

measurement 3. 

 
From Figure 5-13 it can be seen that the shape of the two plots are remarkably similar. 
This implies that the reference arm and the measurement arm are highly sensitive to 
temperature. Research sub question c) can now be answered. The question was: “Is 
temperature the dominant factor causing the position drift of LUNASYS?” From these 
experiments there can be concluded that the answer to this question is: “Yes”. In fact 
the temperature disturbances on the reference arm and the measurement arm are the 
dominant factor causing the position drift of LUNASYS. 
 
Validation 
At Technobis there is nothing known about the effect of temperature on the phase and 
gain changes of the 3x3 splitter. In the model for the experiments, it has been assumed 
that the effect of temperature disturbances on the 3x3 splitter has a negligible effect on 
the measured position drift. This assumption can be validated by looking at the fringe 
signals measured on the ADC that are given in Appendix E. Now consider the calibrated 

fringe signal from drift measurement 3 given in Figure E-15. Two black horizontal lines 
are plotted in this fringe signal in Figure 5-14. The lines are plotted at the height of the 
initial maximal value of the fringe signal and the initial minimal value of the fringe signal.  
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Figure 5-14 Calibrated fringe signal from drift measurement 3, showing how the 

initial peak to peak amplitude of the signal changes over time 

 
From Figure 5-14 it can be seen that the amplitude of the raw data slightly changes over 
time. Also it can be seen in the plot below, that the temperature of the splitter 
decreases over time.  
 

 
Figure 5-15 Measured temperature of the 3x3 splitter (fiber segment 4) for drift 

measurement 3 

 
From these results there can be concluded that the gain of the splitter is related to the 
temperature. This could be explained by drawing the evanescent field of the light that 
passes through the core of a single mode fiber. For a normal single mode fiber a part of 
the light travels through the core and a part of the light travels through the cladding of 
the fiber. During the fabrication process of the fiber the fibers are twisted around each 
other and then they are heated and stretched out [26]. This means that inside the 
splitter a part of the evanescent field of the fiber goes beyond the cladding of the fiber 
that wouldn’t have gone beyond the cladding of the fiber before the heating. On the 
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outside of the cladding of the fiber, where there is no overlap with the evanescent field 
of another fiber core, more light is lost. 
  

Fiber core

Evanescent field 

outside the cladding

Evanescent field 

inside the cladding

Fiber cladding

Evanescent field 

outside the cladding

 
Figure 5-16 Cross section of the 3x3 splitter, with the evanescent field around the 

fiber cores 

 
When the temperature of the splitter decreases, the fiber cores get closer to each other 
and the overlap of the evanescent field gets higher. Consequently less light is lost and 
the measured peak to peak amplitude of the three fringe signals becomes higher. 
However the amplitude of the fringe signal only changes slightly over time and the 
effect of an amplitude changes is not very high on the accuracy of a measurement, as 
can be seen from section D.4. In this section misalignment also creates a change of 
detected light over time. However, the longitudinal thermal expansion of the three fibers 
within the splitter is unknown and remains an uncertain factor. 
 
It has also been assumed that the thermal coefficient of expansion and the modulus of 
elasticity are constant over the temperature. Because the temperature changes are of 
small orders, namely maximal two degrees Celsius, it is valid to assume that these 
properties remain constant. 
 
Discussion 
The gain used to calculate the drift is not completely correct. This can be seen clearly in 
Figure 5-13 where the drift measurement is plotted over a long time period. It will now 
be discussed what the main reasons for this difference could be. 

 
For the experiments it is assumed that the errors in the data from the temperature 
sensors are neglected. The maximal error that can occur due to the tolerance band of 
the sensors can be determined by calculating the maximal position error due to a 
temperature change equal to the temperature tolerance band. The error band can be 
determined with the next formula: 
 

( ) ( )( )0 0sensor eff tol meas refe T L Lα= ∆ −  (5.17) 
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Where: 

( )

( )

m Error due to the tolerance band of the temperature sensors

K Temperature tolerance band of the PT100's

sensor

tol

e

T

=

∆ =  

 

( ) ( ) ( )

( ) ( ) ( )

6 15.9 10        0 0.46

0.3                  0 0.22

eff meas

tol ref

K L m

T K L m

α − −= ⋅ =

∆ = =
 

 
Using these values the total error band as a consequence of the tolerance band of the 
sensor can be determined. 
 

( )4.2sensore mµ= ±
 

 
This is a high error and decreases the reliability of the measurements. This error looks 
like a modifying input on the sensor, however the fact that this error is not the same for 
all measurements implies that something else could be the cause of this. 
But when looking at the measurements in Figure 5-13 it can be seen that the end point 
of the graphs differs more than this calculated tolerance. So the difference between the 
measured drift and the calculated drift would not be caused mainly by the tolerance 
band of the temperature sensor.  
In order to increase the reliability of the measurements, the measurements could be 
repeated with high tolerance temperature sensors. 
 
Another possible cause for the difference of the two plots shown in Figure 5-13 could be 
that the length is not measured accurate enough. Two other length configurations will 
be calculated below. Changing the length of element 3 and element 10: 
 

( ) ( ) ( )

( ) ( ) ( )
,2

,2

0 0 0.01

0 0 0.01

ref ref

meas meas

L L m

L L m

= +

= −
 

 
For these new lengths the calculated drift becomes: 
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Figure 5-17 Measured position drift and calculated position drift for drift 

measurement 3, when the length of the reference arm is assumed to be longer and 
the length of the measurement arm is shorter 

 
Increasing the reference arm with respect to the measurement arm gives a better 
approximation on the gain when the drift increases, but a worse approximation when 
the drift decreases. 
Now the length is changed of element 3 and element 10 is changed again: 
 

( ) ( ) ( )

( ) ( ) ( )
,3

,3

0 0 0.01

0 0 0.01

ref ref

meas meas

L L m

L L m

= −

= +
 

 
For these two new lengths the calculated drift becomes: 
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Figure 5-18 Measured position drift and calculated position drift for drift 

measurement 3, when the length of the reference arm is assumed to be shorter and 
the length of the measurement arm is longer 

 
Increasing the measurement arm with respect to the reference arm gives a better 
approximation on the gain when the drift decreases, but a worse approximation when 
the drift increases. From the graphs in Figure 5-17 and Figure 5-18 it can be seen that 
the accuracy of the measured initial length isn’t the main reason for the difference of the 
measured drift and the calculated drift.  

 
When the temperature decreases, the calculated drift is higher than the measured drift 
and when the temperature increases, the calculated drift is lower than the measured 
drift. For the temperature measurements it has been assumed that the temperature 
distribution over an element is homogeneous. This assumption is probably incorrect. 
The average temperature is lower than the outside coating temperature because the 
core of the fiber is thermally insulated from the coating. This temperature difference will 
be greater if the thermal coefficient of conduction is lower. The thermal coefficient of 
the coating material is relatively low. About two orders of magnitude lower than copper 
for example. From the magnitude of the thermal coefficient of conduction there can be 
concluded that the temperature is not homogeneous in the radial direction of the fiber. 
The core temperature of the fiber couldn’t be measured in this experiment. But when 
the temperature of the surroundings increases the core temperature will have a lower 
temperature than the surface temperature of the coating. Applying this temperature 
distribution to the equation of compatibility (5.4) will result in a lower effective 

coefficient of thermal expansion. For this reason the calculated drift will be higher than 
the measured drift when the temperature of the surrounding increases. 
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Figure 5-19 Temperature distribution over a fiber when the temperature of the 

surroundings increases and the core temperature is lower compared to the 

surroundings 

 
If the temperature of the surroundings decreases the core temperature will have a 
higher temperature than the surface temperature of the coating. Applying this 
temperature distribution to the equation of compatibility will result in a higher effective 
coefficient of thermal expansion. For this reason the calculated drift will be higher than 
the measured drift when the temperature of the surrounding decreases. 
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Figure 5-20 Temperature distribution over a fiber when the temperature of the 

surroundings decreases and the core temperature is higher compared to the 

surroundings 
 

Furthermore, if the coating temperature increases more rapidly the temperature 
difference between the fiber coating and the fiber core will be greater. So the effective 
coefficient of thermal expansion is a function of the temperature rate of the fiber 
coating. 
Though when looking at the drift measurements shown in appendix E.2 and E.3, this 
isn’t the case. From this there can be concluded that there must be another explanation 
for this difference. 
 
For the calculation of the thermal expansion of the reference and the measurement arm 
it is assumed that the reference and the measurement arm only consist of fiber optic 
cables. Actually they also consist of connectors, a lens and a mirror. The length of the 
lens and the mirror are respectively about 1 and 2 (cm). These lengths are relatively 
small compared to the total length of the fiber. The connectors are built up differently 
than the fiber optic cable, but also consist of a fiber cladding and some other material 
around it. For better measurements it can be recommended to remove these connectors 
from the setup and weld the fibers together.  
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Due to the low sample frequency and the cutoff frequency of the filter, higher frequency 
temperature fluctuations won’t be detected. It would be better to perform the 
measurements with a data acquisition system that could sample with a higher frequency 
and use temperature sensors with less noise. 
 
The longitudinal thermal expansion of the three fibers within the splitter is unknown and 
remains an uncertain factor, this is possibly the reason for the main difference between 
the two measured drift and the calculated drift shown in Figure 5-13. 
 
So even though there are still some uncertainties in the measurements, the conclusion 
that can be drawn from the measurements remains the same. Namely that temperature 
is the dominant factor causing the position drift of LUNASYS, because the main shape of 
the two plots in Figure 5-13 are very similar. 
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6 System specifications after improvements 
 
In chapter 4 the requirements for LUNASYS are stated. Since not all requirements are 
met, some improvements on the system need to be made. These improvements should 
eventually lead to a fiber optic interferometer that is operational for the SAFARI 
application. 
In this chapter different improvements on the system will be made and new system 
specifications will be formulated with these improvements. The chapter is subdivided 
into different sections and in each section a different improvement will be treated. 
System specifications that are formed in this chapter will mostly be based on models 
and simulations that are made in chapter 4. 
 

 

6.1 AR coating grin lens 

 
Introduction 
The largest optical disturbance signals in the fiber optic interferometer are caused by the 
grin lens. The maximal error caused by these optical disturbance signals was determined 
in section 4.9.2, and this error is 4.9 (nm). By using a grin lens with an AR coating the 
magnitude of the optical disturbance signals caused by the grin lens and therefore the 
maximal error in the measurement system could be reduced significantly.  
 
Modeling 
With a new grin lens that has an AR coating the return loss of the grin lens becomes 65 
(dB) instead of 11.55 (dB) for the grin lens used in the initial system configuration. Just 
like the model used in section 4.9.2 the power of the optical disturbance signals is 
displayed as a ratio of the power of optical disturbance signals over the original signal in 
Table 6-1. 
 
Table 6-1 Ratio of the power of each disturbance signal over the ideal calculated 

signal power that has been calculated in appendix C.3, given for all three photodiodes  

 
Disturbance # ratio photodiode 1 ratio photodiode 2 ratio photodiode 3 

1 1.4E-04 0.0E+00 0.0E+00 
2 2.6E-07 0.0E+00 0.0E+00 
3 0.0E+00 2.0E-06 2.0E-06 
4 4.4E-09 3.4E-09 3.5E-09 
5 6.9E-07 7.0E-07 6.1E-07 
6 6.9E-07 6.3E-07 5.5E-07 
7 6.2E-07 6.1E-07 7.1E-07 
8 1.6E-07 1.6E-07 1.9E-07 
9 1.4E-07 1.3E-07 1.6E-07 

Total disturbance 1.4E-04 4.2E-06 4.2E-06 
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In this scenario the largest optical disturbance signal comes from Iu1. In appendix D.2 it 
can be seen that this disturbance is caused by the circulator. 
 
Result 

 
Figure 6-1 Simulated error of the measurement system for two fringe signals, due to 

angular misalignment between the lens and the moving mirror 

 
The resulting error is a systematic error. The maximal error that can occur is equal to: 
 

( )opt,dis 0.03e nm=
 

 
This error is much more acceptable compared to the error obtained with the grin lens 
without the AR coating. From this it can be concluded that it is preferred to use a grin 
lens with an AR coating.  
 
 

6.2 Reduce the laser power 

 
Introduction 
In order to reduce the amount of stray light and the total heat load on the cryogenic 
cooled zone, the laser power could be downscaled. The effect of this would be a lower 
loss of optical power and therefore the amount of stray light and the total heat load on 
the cryogenic cooled zone are also reduced.  
Before the drift experiments where performed it was considered if it would be possible 
to place the 3x3 splitter in the cryogenic cooled zone in order to reduce the total length 
of the reference and the measurement arm. Another benefit of this system configuration 
would be that that the temperature in the cryogenic cooled zone is more stable and 
therefore the magnitude of the temperature disturbances would be lower. A drawback of 
this concept is that the 3x3 splitter would have to be able to function at 4.5 (K) but also 

that the heat load on the cryogenic cooled zone would become higher. The total heat 
load and the stray light power for this new situation will be determined in this section. 
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Assumptions 

- All optical power lost in the 3x3 splitter is absorbed and transferred to heat.  
 
Modeling 
Instead of using a power  output of the laser of 1 (mW), a 0.1 (mW) laser power output 
is used. Furthermore a new grin lens with an anti reflection coating is used. This new 
grin lens has an insertion loss of 1.0 (dB). The splitter is placed within the cryogenic 
cooled zone and it is assumed that all optical power lost by the 3x3 splitter is absorbed 
and transferred to heat. 
For the laser power losses the same model is used as in section 4.5. A lot of optical 
power is lost in the end stop fiber of the 3x3 splitter. For this reason this fiber is lead out 
of the cryogenic cooled zone, because of this three fiber optic cables pass through the 

wall of the cryogenic cooled zone. 
 
Result 
 
In the figure below the result of the model for the previously described situation is 
represented. 
 

 
Figure 6-2 Distribution of the laser power loss of the components within the 

measurement arm, the reference arm and the 3x3 splitter placed within the cryogenic 
cooled zone of 4.5 (K).  

 
The total power lost by the laser in the cryogenic cooled zone is two times less then for 
the situation described in section 4.5. 
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The new calculated amount of stray light: 
 

( ) ( ) ( ) ( )stray light grin lens measurement mirror reference mirror
7.4 0.8 0.9 9.1P P P P W W W Wµ µ µ µ= + + = + + =

 
 
The new total heat load on the cryogenic cooled zone can be calculated with this data. 
The standard heat load is slightly increased because now three cables pass through the 

wall of the cryogenic cooled zone. 
 

( )standard load fiber
3 0.9Q Q Wµ= =& &

 
 
With these results the new total heat load

 
can be calculated by applying equation (4.9).

 
 

( ) ( ) ( )total load 0.9 10.9 11.8Q W W Wµ µ µ= + =&
 

 
 
Discussion 
By reducing the laser power the magnitude of the signal also becomes lower. This 
means that the SNR is decreased when the laser power is decreased. From section 4.9.1 
it could be seen that the impact of the intensity noise on the precision of the 
measurement system was very low, 1.6 (pm) 

It can be expected that if the laser power is lowered one order of magnitude the 
influence of the intensity noise on the precision of the measurement system will remain 
low. 
 
From Figure 6-2 it can be seen that the heat load by the laser can significantly be 
reduced by welding all the optical fibers together instead of using connectors. 
 
As a result of this lower laser power the signals at the ADC will become lower and 
consequently the ADC won’t clip anymore. The gain of the electronics needs to be reset 
in order to use the total range of the ADC, so that the resolution doesn’t suffer from this 
smaller signal. 
 
 

6.3 Stray light maze 

 
Introduction 
The initial calculated stray light power in section 4.5 of 42.3 (µW) and the newly 
calculated stray light power of 9.1 (µW) in section 6.2 both don’t meet the required 
amount of stray light of 0.89 (µW). A measure needs to be taken in order to meet the 
requirement. A stray light maze has been designed in order to absorb most of the stray 
light power and transfer it to heat. In order to estimate the reduction of the stray light 

power due to the presence of this stray light maze the ray tracing method is used [1]. 
The maze is designed in such a way that the two moving parts of the maze don’t 
contact each other. In this way no extra hysteresis, damping or wear is introduced on 
the ODL. 
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Assumptions 

- The surfaces of the stray light maze are isothermal 
- The surfaces of the stray light maze are opaque 
- The emissivity of the black anodized Aluminium is 0.8 for all temperatures and 

for light with a wavelength of 1550 (nm) 
- All stray light power is concentrated in one ray. 
- Only specular reflections occur within the stray light maze 

 
Modeling 
For the model used to calculate the stray light power, that exits the stray light maze, the 
ray tracing method is used.  
The concept of the designed stray light maze is shown in F.1. Black anodized Aluminium 
is used as absorption material of the stray light maze, because it absorbs infrared light 
and it is also very stiff. It is assumed that the emissivity of the black anodized 
Aluminium is 0.8 for all temperatures and for light with a wavelength of 1550 (nm). 
Also, it is assumed that all stray light power is concentrated within 1 ray that only 
reflects specular. The stray light power that exits the stray light maze can be calculated 
using equation (6.1) [1]. 

 

( )stray light r 1
rm

Q Q ε= −& &  (6.1) 

 
Where: 

( )

( )
r Radiant energy leaving the fiber optic interferometer

Number of reflections
r

Q W

m

=

− =

&
 

 
Result 
A cross section of the stray light maze is shown in Figure 6-3. The stray light maze is 
drawn in the configuration when the moving mirror is as near as possible to the grin 
lens. 
 

 
Figure 6-3 Stray light maze cross section with possible optical path of the stray light 

 
18 Reflections are counted for the rays drawn in Figure 6-3. So by applying equation 
(6.1) the amount of stray light escaping from the fiber optic interferometer and entering 
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the cryogenic cooled zone can be calculated. The stray light power that has been 
calculated in section 6.2 has been used. 
 

( )12

stray light
2.4 10Q Wµ−= ⋅&  

 
This value is much lower than the required amount of stray light of 0.89 (µW), so the 
stray light requirement for LUNASYS is met. 
 
The stray light power is absorbed and transferred to heat, the total heat load that was 
calculated in section 6.2 has to be recalculated now. This is done below. 
 

( ) ( ) ( )total load 0.9 20 20.9Q W W Wµ µ µ= + =&  

 
All materials in the stray light maze, including the mirror, are chosen as Aluminium. The 
total added mass on the moving actuator of the ODL is calculated by 3D design software 
Solidworks. 
 

( )
( )

3

aluminium

added, act

2730 /

29.5

kg m

m g

ρ =

=
 

 
In section 3.7 it was determined that the maximal extra mass on moving actuator 
should not be greater than 48 (g). This concept meets this requirement. 
 
Validation 
The required number of reflections can be calculated with equation (6.1). By using the 

initially calculated stray light power in section 4.5 of 42.3 (µW) the required amount of 
reflections is can be calculated. 
 

2.4rm =

  
If the laser power is scaled down, the amount of stray light decreases and the needed 
amount of reflections also decreases. For the new calculated stray light power in section 
6.2 of 0.89 (µW) the required amount of reflections is: 
 

1.4rm =

  
The amount of reflections that occur in the stray light maze are higher than the minimal 
required amount of reflections for both situation, so the stray light power requirement is 
met for both situations mentioned above. 
 
Discussion 
For manufacturing reasons and weight saving reasons the shape of the stray light maze 
is chosen to be round. 
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Because the entire stray light maze is made out of 1 single material no thermal stresses 
occur that could cause undesired deflections of the mechanical structure resulting in 
contact between the two parts of the stray light maze. 
The stray light analysis should be verified with stray light analysis software like ZEMAX 
and ASAP. 
A more detailed design of the stray light maze should be made if more detailed 
requirements for the stray light maze are known. 
A stray light shield, in the form of a tube, should be surrounding the reference and the 
measurement arm and the splitter, as it is assumed in section 4.5. 
 
 

6.4 Thermal coefficient of expansion at 4.5 (K) 

 
Introduction 
The linear thermal coefficient of expansion of many materials decreases when extremely 
low temperatures are reached. If the thermal expansion of all the optical components of 
the measurement arm and the reference arm become zero, position drift due to thermal 
disturbances is completely eliminated. 
In this section the thermal coefficient of different materials is considered and it will be 
verified if thermal disturbances play a role at a cryogenic temperature of 4.5 (K). 
 

Modeling 
In the next three figures the thermal coefficient of expansion for three different 
materials are shown. Two construction materials, Aluminium and Invar36 (which is 
famous for its low thermal coefficient of expansion), are shown below. 
 

 
Figure 6-4 Linear thermal coefficient of expansion for Aluminium over the 

temperature [31] 
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Figure 6-5 Linear thermal coefficient of expansion for Invar36 over the temperature 
[31] 

 
The position drift due to temperature disturbances is mainly caused by expansion and 
contraction of the waveguide material Pyrex and the coating material Acrylate. The 
thermal coefficient of expansion of Pyrex is shown below in Figure 6-6. 

 
Figure 6-6 The thermal coefficient of expansion of Pyrex over temperature. PYREX is 

the waveguide material of the fiber optic cable. This data is obtained with the 

software Cryocomp from SRON. 

 
Result 
At 4.5 (K) Aluminium won’t expand or contract anymore. Pyrex however, has a thermal 
coefficient of expansion equal to zero at 3 (K). By lowering the temperature from 4.5 (K) 
to 3 (K), position drift due to thermal disturbances could be eliminated. 
 

Discussion 
In order to reduce the temperature of the room with the FTS from 4.5 (K) to 3 (K), 
more electric power is required. The maximal available electrical power is limited and 
already at the boundaries of the specified available electrical power [23]. Therefore it is 
not possible to cool the room with the FTS to 3 (K). 
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The effect of refractive index changes over temperature at cryogenic temperature is 
unknown, because no data could be found about this property at these temperatures. 
Another uncertainty is the exact material type of the waveguide material of fiber optic 
cables. Of what material exactly is the waveguide material of the fiber optic cable made 
of? This is a question that is not answered with certainty in this report. 
 
 

6.5 Drift improvements 

 
Introduction 
The main cause of the measured position drift, are the temperature disturbances acting 
on the measurement and the reference arm. The impact of these disturbances on the 
drift could be reduced by influencing some design parameters that determine the 
thermal expansion and contraction of a piece of material. 
In this section the accuracy will be specified by the performed drift experiments. For 
these drift measurements the improvements are added to the system. 
 
Modeling 
In equation (4.37) it can be seen that by reducing the magnitude of the temperature 

disturbances and by shortening the lengths of the fibers of the measurement arm and 

then reference arm the measurement system becomes less sensitive to temperature
 

disturbances. The initial length of the fibers in the reference arm was 1 (m) and the new 
lengths are given in section 5.2.  
 

( ) ( )

( ) ( )

0 0.46

0 0.22

meas

ref

L m

L m

=

=
 

 
For the drift measurements shown in Appendix E these improvements were added to the 
system.  
Besides that, the laser has been thermally insulated and the air in the measurement arm 
has been shielded with a tube around it to decrease the changes of the refractive index 
of the air.  
 
Result 
Over the measured time period the maximal temperature fluctuation on the 
measurement system was: 
 

( )max min 0.14T T K− =  

 
For this drift measurement (drift measurement 2), keeping the temperature disturbances 
to minimal has been successful. Drift measurement 1, described in appendix E.2, has a 
high temperature disturbance on the end of the measurement, which makes this 
measurement less reliable.  



   

95 
 

 Finn van Rij 
TU Delft | Technobis TFT-FOS 

The magnitudes of the other errors in the measurement system are much smaller than 
the error due to the drift. Therefore, the estimate of the new accuracy has been based 
on the error measured in drift measurement 2.  

 
Figure 6-7 Measured drift signal for drift measurement 2 

 
The error could be read from Figure 6-7. 
 

( )1100 nm  over 3600 (s) 

 
From this result it can be concluded that the accuracy of the measurement system still 
doesn’t meet the required accuracy of the system, which is 10 (nm). 
 
 

6.6 Lens and mirror choice 

 
Introduction 
Technobis has thought of some concepts for the grin lens and the moving mirror. In this 
section a choice will be made out of the concepts that meet the requirements for 
LUNASYS best. 
 
Modeling 
The concepts for the moving mirror and the lens are shown below in Figure 6-8. 
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Figure 6-8 Concepts for the type of grin lens and the moving mirror [22] 

 
The main design goals are: 

• Minimize the optical losses 
• Obtain the highest possible accuracy 

 
Consider Figure 2-7 that is shown below again. 

 

 
Figure 6-9 Schematic view of light beams collimated by a grin lens reflecting on a 
mirror [20] 

 
In this figure it can be seen that the light that is diffusely spread out of the fiber gets 
collimated. When the collimated beam reflects on a reflecting surface such as a mirror or 
a retro reflector and the light is returned normal to the surface of the lens, then the light 
gets coupled back into the fiber due to the working principle of the grin lens. 
 
Concepts A and B from Figure 6-8 both have light returning to the grin lens that is not 
normal to the surface of the grin lens. This means that most of the returning light 
doesn’t couple back into the optical fiber core or that the amount of light that couples 
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back into the fiber core is independent on the position of the moving mirror. For this 
reason concepts A and B won’t be used. 
 
Concepts C and D remain, because there respectively a retro reflector and a mirror are 
used. These two concepts both have benefits and drawbacks. The main benefit of using 
a mirror is that it is insensitive to concentricity between the grin lens and the mirror. 
However, as can be seen from section 4.9.5 this concept is sensitive to angular 
misalignment between the moving mirror and the grin lens. For the retro reflector this is 
exactly the other way around. The retro reflector is insensitive to angular misalignment 
between the retro reflector and the grin lens, but it is sensitive to concentricity between 
the retro reflector and the grin lens. 
A design choice has to be made based on the working conditions of the fiber optic 
interferometer. 
 
Result 
For the SAFARI application the next requirements for the FTS are given in section 3.4: 
 
FTS mirror rotation tilt [6]    <± 30 (arcsec) 
FTS mirror lateral displacement [6]   <100 (µm) 
 
With an assumed distance between the grin lens and the moving mirror of 0.05 (m), 
based on Figure D-23 a mirror tilt of 30 (arcsec) corresponds to a lateral displacement at 
the coupled light back at the grin lens of: 
 

( )420
offset

d mµ=  

 
From this calculation it can be concluded that a larger offset of the light at the lens is 
obtained due to a rotation tilt of the FTS mirror than due to the FTS mirror lateral 
displacement. For this reason the best design choice would be to choose a concept that 
is less sensitive to angular misalignment than to concentricity.  
Based on these considerations it can be concluded that concept C, using a retro reflector 
is the best design choice for the SAFARI application. 
 
Discussion 
By using a very thin retro reflector, the measurement system becomes less sensitive to 
temperature disturbances. It could also be chosen to use a retro reflector built on a 
piece of Aluminium, because this has a thermal coefficient of 0 at 4.5 (K). 
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6 System specifications after 
improvements 

6.7 New system specifications 

 
With all the improvements added to the system the new system specifications are given  
 
Table 6-2 Overview of the new system specifications of LUNASYS 

 

 
 
From Table 6-2 there can be concluded that with all the improvements added to the 
system, the new system specifications still do not meet all the requirements.  
 

Type of specification Old specified value New specified value Meets requirements?

Accuracy 750 (nm) over 1 hour 1100 (nm) over 1 hour No

Resolution 0.19 (nm) 0.19 (nm) Yes

Stroke 34.5 (mm) 34.5 (mm) Yes

Sample frequency 781 (Hz) 781 (Hz) Yes

Heat load 1.3 (µW) 20.9 (µW) Yes

Stray light power 42.3 (µW) 2.4E-12 (µW) Yes 

Space qualified No No No

Maximal required electrical power 6.67(W) 6.67 (W) No

Functionality at cryogenic temperature No No No

Relative displacement measurement Yes Yes Yes

Laser + electronics placed in room of 293 (K) Yes Yes Yes

Sensor head placed near the ODL Yes Yes Yes
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7 New interferometer concepts 
 
Introduction 
In the previous chapters it became clear that there are still four requirements for 
LUNASYS that are not met. It also became evident that the accuracy due to drift is the 
bottleneck of the design. Temperature disturbances on the reference and measurement 
arm are the cause of this drift. So in order to make LUNASYS operational for the SAFARI 
application the design needs to be improved. 
In this chapter new concepts for the interferometer will be suggested in order to solve 
the drift problem. First it will be shown that the improvements on the initial system 
configuration of the fiber optic interferometer won’t be enough to reach the targeted 
requirements. Then some concepts for possible solutions will be presented. The working 
principle of the concepts will be shown and the main benefits and drawbacks of these 

concepts will be treated. 
 
 
 
Modeling 
The drift has an order of magnitude of 104 (nm). This has been calculated in chapter 4 
and has been measured in chapter 5. 
There are three main parameters that determine the magnitude of the drift for a 
temperature disturbance on the reference or measurement arm. These parameters are 
described in equation (4.37). The main parameters that influence the drift are the 

thermal coefficient of expansion, the length of the measurement or the reference arm, 
and the magnitude of the temperature change.  
 
Not all materials could be used for fiber optic cable material. The waveguide material 
that is suitable for the laser light is limited. Pyrex glass, the material used for the fiber 
core and cladding is a suitable waveguide material. Pyrex has a thermal coefficient of 
expansion that is in the order of 10-6 (K-1). From Figure 6-6 it can be seen that 
decreasing the temperature also decreased the thermal expansion of Pyrex, but at 4.5 
(K) it still has the same order of magnitude. From this it can be concluded that the 
thermal coefficient of expansion of the waveguide material is not the parameter that has 
to be changed in order to effectively reduce the magnitude of the drift. 

Reducing the magnitude of the temperature disturbances will also give smaller errors. 
Applying thermal insulation material around the fiber optic cables will reduce the 
magnitude of the temperature disturbance. This will reduce the temperature 
disturbances by about one order of magnitude; based on the initial disturbance of 1 (K) 
used in section 4.9.4 and the drift measurements of the thermally insulated fibers in 
appendix E.2 and E.3, this won’t be enough to obtain the desired accuracy. It should 
also be considered that the lens can’t be thermally insulated completely. Consequently, 
a part of the system will endure higher thermal disturbances. 
The final parameter that remains to decrease the thermal expansion is the length of the 
measurement and the reference arm. The main reason why the initial system 
configuration was so highly sensitive to temperature disturbances is due to the long 
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lengths of the measurement and the reference arm. There are physical limitations of the 
optical components that prevent shortening the lengths of the measurement and the 
reference arm. E.g. the shortest length of the grin lens is still 1 (cm) and the splitter is 
4.5 (cm). The grin lens and the splitter are standard components that should be custom 
made and therefore become expensive and the functionality can’t be guaranteed. Also 
the amount of engineering that this would cost is very high. Possibly the entire system 
should be redesigned, e.g. by miniaturizing the reference arm and the measurement 
arm. The longitudinal thermal expansion of the fibers within the splitter could also 
become a problem. Therefore the splitter should also be miniaturized. This solution is 
used by TNO. However, the large investment required for this solution is not preferable. 
 
Applying feedback is also a possibility, but in order to apply feedback a second sensor is 
required that could measure the disturbances with very high accuracy. If this feedback 
sensor is not able to measure with high accuracy, the total accuracy of the fiber optic 
interferometer won’t be able to meet the targeted requirement. The problem with this 
solution is that finding a sensor that could measure all the disturbances is very difficult. 
Besides that, instead of solving the problems, it is preferred to prevent the problems 
from happening. 
 
New interferometer concept 1 
From the previous considerations, it can be concluded that by decreasing the length of 
the measurement and the reference arm the drift can be reduced effectively. With this 
in mind a new concept where those measures are applied has been developed. Consider 
Figure 7-1 where a new concept is shown for the fiber optic interferometer. In this 
concept instead of a moving mirror, a moving retro reflector is used.  
 

 
Figure 7-1 New interferometer concept 1  

 
A monochromatic laser is used as a light source. First the light passes through a single 
mode fiber and then through a circulator. The circulator is used for the same reason as 
in the initial system configuration, to prevent damage to the laser caused by reflection in 
the system. After the circulator the light arrives at a fiber end that is cut off.  
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Due to the transition of the refractive index from the waveguide material of the fiber to 
the vacuum Fresnel reflections will occur. When the light is near normal incidence the 
reflection can be described in the next equation [3]. 
 

2

1 2

1 2

n n
r

n n

 −
=  

+ 
 (7.1) 

 
Where: 

( )

( )

( )
1

2

Reflection

Refractive index of waveguide material 1

Refractive index of waveguide material 2

r

n

n

− =
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The refractive index in vacuum is 1, and the refractive index in the fiber core is about 
1.6, with these values the reflection can be calculated. 
 

0,053r =
 

 
This means that about 5 percent of the laser power will be reflected back into the fiber. 
This reflected light is undesired and can be considered as an optical disturbance signal. 
This optical disturbance signal should be prevented. This can be done by using an 8 
degrees facet fiber end or by depositing an AR coating on the fiber core. The AR coating 
is preferred, because in this way minimal light is lost and therefore less light is required. 
If less light is required, then the electrical power demands for the laser will be lower. 
The light that leaves the fiber end will diffusely spread into the surroundings. A positive 
lens is placed after the fiber end in order to collimate the light.  
On normal beam splitters used in interferometry, coatings are used to set a certain 
transmission and reflection for the light incident on the beam splitter. These coatings are 
referred to as splitter coating in this report. The light beam that is collimated by the lens 
partially gets reflected on a splitter coating and partially gets transmitted. The 
transmitted beam reflects on the moving mirror (or on the moving retro reflector) and 
this light interferes with the light that is reflected on the splitter coating. The 
interference signal then goes through the circulator to the detector. Because there is 
only a single interference signal blind spots as described in A.4 will occur and there is no 
extra signal with a quadrature phase relation to this signal. In other words, a relative 
displacement can’t be measured. 
 
Alignment of the lens with the fiber end is very important. By using an Aluminium 
structure for the mounting of the lens and the fiber end, the alignment won’t be affected 
by temperature disturbances, because the thermal coefficient of expansion of Aluminium 
is zero at 4.5 (K) as can be seen in Figure 6-4.  
It is assumed that the thickness of the splitter coating could be about 1 (µm) thick. For 
a temperature disturbance of 1 (K), a thermal coefficient of expansion of about 10-5 (K-1) 
and a refractive index of about 1.6 the error can be calculated. By applying equation 
(4.37) the following error in the measured position can be found: 
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( )0.75
Temp

e pm=
 

 
Clearly the effect of temperature disturbances on the accuracy is much smaller 
compared to the initial system configuration of the fiber optic interferometer. In fact this 
is in improvement of 6 orders of magnitude!  
By placing a highly accurate cryogenic temperature sensor (e.g. from the company 
Lakeshore) on the outer side of the splitter coating, it would even be possible to correct 
for this error.  
 
New interferometer concept 2 

The main problem with new concept 1 is that there is no quadrature phase related 
signal to the measurement signal. In order to obtain such a signal a second fiber end 
with a positive lens is added to the system.  This second signal is derived by measuring 
the distance to another retro reflector attached to the same moving mirror. This is done 
in such a way that both retro reflectors make the same displacement x. By placing a 1x2 
splitter just after the laser the same light source could be used for this second fiber.  
The two fibers leaving the 1x2 splitter then go to a circulator and go on in a similar way 
as the interferometer concept 1, as was shown in Figure 7-1. Unfortunately this causes a 
new problem, namely that the two interference signals that are detected at the detector 
system most likely won’t have an exact quadrature phase relation. The phase relation 
depends on the optical paths travelled from the exits of the 1x2 splitter to the two 
splitter coating. From appendix C.4 it could be seen that the manipulator needs to be 
placed between the cavity of the retro reflector and the splitter coating. 
This is why a manipulator behind the retro reflector of one of these two arms in order to 
manipulate the phase of the light that arrives at one of the splitter coatings. In this way 
a quadrature phase relation between the two signals is obtained. This concept is shown 
in Figure 7-2. 
 

 
Figure 7-2 New interferometer concept 2 
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The optical paths travelled by the light can be used to determine the OPD for the two 
arms of this concept. A simplified representation for the OPD for both arms in concept 2 
is shown in Figure 7-3. The lens is not considered in this model, only the splitter coating 
that is deposited on the lens. 
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Figure 7-3 Optical paths in the arms of new interferometer concept 2 

 
The 1x2 splitter splits the laser light in two arms. The OPD for the both arms of concept 
2, is determined in the next two equations according to the parameters given in Figure 

7-3.  
 

( ) ( )1 1 2 1 22 2OPD OP OP n x OP n x OP= + + ⋅ − = ⋅ +    (7.2) 

 

( ) ( ) ( )2 3 4 2 3 2 42 2OPD OP OP OP n x OP OP n x OP∆ ∆= + + + ⋅ − + = ⋅ +    (7.3) 

 
Where: 

( ) Difference in OPD for the two armsOP m∆ =

 
 
Now displacement x2 needs to be expressed as a function of the displacement x. 
 

( )2 2 4
n x n x OP OP OP∆⋅ = ⋅ + − +  (7.4) 

 
By combining equation (7.3) and (7.4) the two final equations for the OPD could be 
obtained. 
 

( )1 22OPD n x OP= ⋅ +  (7.5) 

 

( )2 22OPD n x OP OP∆= ⋅ + −  (7.6) 

 
Deleting the common initial phase results into the next two equations. 
 



  

104 
 

 Improving a fiber optic interferometer for the 
SAFARI instrument 

 

7 New interferometer concepts 

( )1 2OPD n x= ⋅  (7.7) 

 

( )2 2OPD n x OP∆= ⋅ −  (7.8) 

 
In order to obtain a quadrature phase relationship the difference in optical path must be 
equal to a quarter of a wavelength 
 

4
OP

λ
∆ =

 

 
Because the light travels from the lens to the moving mirror and from the moving mirror 
back to the lens the manipulator needs to change the distance from the lens to the 
moving mirror with respect to the other arm with a displacement x∆ that is half of OP∆. 

 

8
x

λ
∆ = ±  

 
As calculated Temperature disturbances acting on OP∆ over time will have a negligible 

effect on the accuracy. Because ( )0.75
Temp

e pm=  

If the interferometer would be used for commercial goals or in another surrounding 
where temperature disturbances or other disturbance would affect the quadrature phase 
relation between the two signals, equations (7.7) and (7.8) could be rewritten. 

 

( ) ( )1 2OPD t n x= ⋅  (7.9) 

 

( ) ( )( )2 2OPD t n x OP t∆= ⋅ −  (7.10) 

 
In order to compensate for this change of the phase of the of the two signals with 
respect to each other, the two measured signals at the detector system could be used to 
apply feedback to an actuator placed on the position of the manipulator shown in Figure 
7-2 or as shown in Figure 7-4. In Figure 7-4 contact with the moving mirror is avoided. 
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Figure 7-4 New interferometer concept 3 

  
It is important that the alignment of the two lenses relative to the fiber ends should be 

positioned with high accuracy. This concept has several beneficial aspects. The main 

benefit is that the effect of temperature disturbances acting on the measurement and 

reference arm is greatly reduced (with a factor of 1,000,000). 

The quadrature phase relation between the two signals should be corrected after the 
system is thermally stabilized. The direction of the compensation of the phase 
relationship relative to the non-compensated signal can be determined by trial and error. 
Another benefit is that the 1x2 splitter does not need to function at 4.5 (K), because it 

will be placed in an environment of 293 (K). Temperature disturbances are of low 

frequent nature. By using a high control bandwidth for the actuator the effect of 

temperature disturbances on the quadrature phase relation is minimized and the 

introduced time delay due to this feedback is minimal. 
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New interferometer concept 4 
Another concept that could be used is modulation of the drive current of the laser. This 
concept is called new interferometer concept 4 and is shown in Figure 7-5. 
 
 

I∆

 
Figure 7-5 New interferometer concept 4 

 
By changing the drive current of the laser the output wavelength of the laser can be 
tuned. If the drive current changes, then the wavelength changes. When the 
wavelength of the laser changes consequently the phase of the detected fringe signal 
will also change.  
If the drive current now for instance changes as a sine function over time, then the 
output wavelength also changes as a sine function over time. If the frequency of this 
sine function is high enough, then with this concept a quadrature phase relation can be 
obtained. The main benefit of this concept is that only a single measurement arm is 
required. 
 
New interferometer concept 5 
Another concept that could be used is also a based on the single arm interferometer 
concept, but now a multimode fiber core is used and a CCD camera to detect the fringe 
image. The light rays that leave the positive lens all travel a different path. Therefore 
the fringe pattern that is detected by the CCD camera will show different intensity 
profiles. From these different profiles a quadrature phase relation could also be obtained 
for instance by looking at the measured intensity in the points indicated by the two red 
dots. The upper red dot has a phase difference of approximately 90 degrees with 
respect to the phase of the lower red dot. 
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Figure 7-6 New interferometer concept 5 

 
 
 
Result 
From this section it can be concluded that in order to meet the requirements for the 
targeted accuracy and to make a relative displacement measurement, new 
interferometer concept 2 is the simplest concept and therefore should be used.  
The three concepts 3, 4 and 5 are more complex but could also function without the 
large sensitivity to temperature disturbances! 
 
Discussion 
Three configurations for the positive lens can be used. These configurations are shown 
in Figure 7-7. 
 

 
Figure 7-7 Three concepts for the positive lens used in the new interferometer 

concepts 

 
There are a few things that need to be considered when one of the three concepts 

mentioned above is chosen. 
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• The amount of lost light should be minimized 
• The light intensity coupled back into the fiber core should not be dependent on 

the position of the mirror 
• The undesired reflections that couple back into the fiber should be minimal 

 
The splitter coating should be placed on the right side of the lens in order to keep the 
size of the measurement and reference arm minimal and thereby keep the influence of 
the temperature disturbances to a minimum. The transmission of the left surface of the 
lens should be as high as possible in order to reduce the undesired reflections that 
couple back into the fiber core and reduce the amount of stray light. For this reason an 
AR coating is placed on the left side of the lens. 
 
The only concept of the positive lens that will function is concept 1. This is because of 
the reflected light on the splitter coating. If a curved face on the right side of the lens is 
used, then the light that is reflected on the splitter coating will not travel the same path 
back into the fiber core. Most of the light won’t couple back into the core at all! 
 
A detailed analysis for the choice of the lens still needs to be made. The curvature, the 
size of the lens and the distance away from the lens still needs to be determined. 
This analysis for the detailed choice of the lens is beyond the scope of this document. 
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8 Conclusion and recommendations 
 

8.1 Conclusions 

 
In this thesis report it has been researched if LUNASYS is operational for the SAFARI 
instrument. The requirements for LUNASYS were not clear yet. These have been 
gathered, determined and checked.  
 
After determining the requirements, the specifications of LUNASYS were checked. It 
became clear that the initial system configuration of LUNASYS does not meet the 
requirements. The most important design requirement that is not met, is the accuracy of 
the measurement system. 
 
The accuracy is mainly dominated by thermal drift caused by temperature disturbances 
acting on the reference and the measurement arm. This cause has been analyzed in 

detail and experiments were performed to validate this. The calculated and measured 
value had some difference between them. This difference is most likely caused by 
longitudinal expansions and contractions of the fibers within the splitter that were not 
taken into account in the predictive model. Still the measurements were similar in a 
large measure, that it is valid to conclude that temperature disturbances on the 
reference and measurement are the dominant factor causing the measured position 
drift. 
 
The setup of the fiber optic interferometer was improved in an attempt to meet the 
requirements. After applying the improvements, the new specifications of the system 
certainly improved, but still didn’t meet all the requirements. The new system 
specifications after the improvements are given in the table below. 
 
Table 8-1 New system specifications of LUNASYS after the improvements 

 

 

Type of specification Required value Specified value 

Meets 

requirements?

Accuracy 10 (nm) over 200(s) 1100 (nm) over 1 (hr) No

Resolution 1 (nm) 0.19 (nm) Yes

Stroke 34.5 (mm) 34.5 (mm) Yes

Sample frequency 439 (Hz) 781 (Hz) Yes

Heat load 100 (µW) 20.9 (µW) Yes

Stray light power 0.89 (µW) 2.4E-12 (µW) Yes 

Space qualified No No No

Maximal required electrical power 1.0 (W) 6.67 (W) No

Functionality at cryogenic temperature Yes No No

Relative displacement measurement Yes Yes Yes

Laser + electronics placed in room of 293 (K) Yes Yes Yes

Sensor head placed near the ODL Yes Yes Yes 
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From this table it can clearly be seen what needs to be improved on the current setup of 
LUNASYS in order to reach the targeted requirements. 
 
From this research it became clear that the maximal required power for the fiber optic 
interferometer doesn’t meet the requirements, while it was assumed that this 
requirement was met. 
 
In order to make the system space qualified, the exact requirements for space 
qualification need to be known.  
 
A possible solution has been worked out to reduce the stray light power to acceptable 
levels. With this solution the stray light has been reduced with a factor 1012. 
 
After applying the improvements, the drift remained a problem. Further reduction of the 
drift or even compensation of the drift is possible; however, it would be wiser to prevent 
the drift from happening at all. For this it would be better to come up with a completely 
new concept which is based on minimizing the drift. 
New concepts have been developed that need to be worked out in further detail. In 
these concepts the 3x3 splitter, which is an uncertainty factor for the accuracy and is 
limiting the functionality of the whole fiber optic interferometer at cryogenic 
temperature, is not used. The drift due to temperature disturbances acting on the 
measurement and the reference arm, that was limiting the accuracy will be reduced and 
only cause an error of eTemp=0.75 (pm), this error is 106 times lower compared to the 
error in the initial system.  
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8.2 Recommendations 

 
In order to comply with the requirements for the SAFARI instrument, the promising 
concept of the new interferometer concepts need to be worked out. 
 
Perform the recommended analysis for the splitter coating and the positive lens that has 
to be used. Once that is done, measurements should be performed in order to verify the 
accuracy and the precision of the fiber optic interferometer. 
 
The stray light analysis should be validated with stray light analysis software like ZEMAX 
and ASAP. Also, it was assumed that the stray light generated within the fiber optic 
cable could be neglected. This should be validated as well. 
 
The most important requirements to make the system space qualified are: vacuum 
tolerance, the maximum radiation dose and the maximum radiation dose rate. Also very 
important is the reliability about the origin of the batch of the component and the test 
results of the batch. For space qualification there exist clear rules. It is best to use the 
expertise of SRON for space qualification of the fiber optic interferometer, because they 
are familiar with the applicable rules for this. 
 
The heat load of LUNASYS on the cryogenic cooled zone is dominated by the laser 
power losses. The laser power losses are specified for room temperature. In order to 
verify that the requirements are still met at cryogenic temperature, measurements 
should be performed during cryogenic functionality tests. For this reason it would be 
convenient if the gain of the transimpedance amplifier could be set variable, f.e. by 
replacing the fixed resistor by a potentiometer. 
Other benefits of using a potentiometer are that it will be easier to perform polarization 
measurements and clipping of the ADC can be prevented. 
 
The lens needs to be custom made for the desired operating temperature. 
 
The required electrical power needs to be reduced. Further reduction of the laser output 
power, improving the efficiency of the laser and reducing the required cooling power for 
the Peltier element inside the laser will help to reach this goal. 
 
The laser casing temperature may deviate 0.1 (K) in order to follow the specs. If it 
deviates more, then the laser won’t behave according to the specs. For this reason a 
temperature controlled box should be placed around the laser. It should be investigated 
if it is really necessary to use this, because then the fiber optic interferometer will 
consume even more electrical power. 
 
Proper equipment for the alignment of the grin lens with the optic stage should be 
purchased. A linear stage with a higher resolution should be used to validate the 
accuracy of small displacements. 
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8 Conclusion and recommendations 

The decimation filter should be implemented correctly; else the contribution of noise will 
be much higher. A delta sigma ADC could be used. This ADC uses decimation and noise 
shaping and will result in much less noise power in the displacement signal. 
The bandwidth of the decimation filter is below the required sample frequency of 439 
(Hz). Averaging over less samples or increase the sample frequency of the ADC will 
increase the bandwidth of the digital filter.  
 
By following up all these recommendations the fiber optic interferometer can be 
improved such that it fulfills the requirements for within the SAFARI instrument that are 
stated this moment. 
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Appendix A Background information 
 

A.1 MCU diode readout 

 
This electronic circuit is used for the analogue readout of the photodiodes [8]. 
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A.2 Baseline configuration of SPICA 

 

 
Figure A-1 Base line configuration of SPICA 
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Figure A-2 Conceptual view of the SPICA cryogenic system which consists of an 

effective radiative cooling system and mechanical cryogenic coolers [16]. 
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A.3 Drawing of the FTS mechanism 
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A.4 Quadrature 

 
A benefit of using a 3x3 splitter instead of using a normal beam splitter (1x2 splitter) is 
that it enables the possibility for the fiber optic interferometer to measure the 
displacement direction. Consider a fiber optic interferometer with a normal 1x2 splitter 
and a wavelength used of λlaser=1550 (nm). 
 

 
Figure A-3 Measured irradiances in a fiber optic interferometer based on a 1x2 

splitter corresponding to three positions of the measured object 

 
When the measured object has not displaced, a certain amount of irradiance on the 

photodiode is measured. Call this irradiance I1 as shown in Figure A-3.The exact value 
of the irradiance is not so important. So let’s say that the value of this irradiance is for 
example 1.7 (W/m2). Now the measured object starts to move in an unknown direction, 
we assume this direction to be positive. The measured object moves 1/16 of a 
wavelength (=97nm) and the signal reaches a peak value for the irradiance measured 
on the photodiode I2 = 2.0 (W/m2). Finally the object moves again. As before the 
direction of the displacement is not known, but only the Irradiance is measured by the 
photodiode. A value of 1.7 (W/m2) is measured, this implies that a displacement of 97 
(nm) is made but what is not known is if we measure I1 or I3. Both values correspond 
to a displacement of 97 (nm). So what would be interesting to know is if the object 
made a positive displacement (away from the starting point) or a negative displacement 
(back to the starting point). 
 
Now consider a fiber optic interferometer with a 3x3 splitter that has three interference 
signals with a phase difference of 120 degrees with respect to each other and the same 
laser wavelength as before. Now the same steps are repeated as for the 1x2 splitter. 
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Figure A-4 Measured irradiances in a fiber optic interferometer based on a 3x3 

splitter corresponding to three positions of the measured object 

 
From Figure A-4 we see that in the initial position we measure the three signals I1,b = 

1.7 (W/m2)  I1,r and I1,g. Then the measured object moves 1/16 of a wavelength (=97 
(nm)) in the direction considered positive and the blue signal reaches a peak value for 
the irradiance measured on the photodiode, namely I2,b = 2.0 (W/m2). The green signal 
I2,g increases with respect to its previous measured irradiance I1,g and the red value 
I2,r decreases with respect to its previous measured irradiance I1,r. If now the final 
displacement is made in an unknown direction and the blue photodiode measures an 
irradiance of = 1.7 (W/m2). Then in this case the direction of the displacement can be 
determined by comparing the other two signals (I3,g and I3,r) to its previous two 
values. For example if I3,r is smaller than I2,r or likewise if I3,g is larger than I2,g then 
the direction of the displacement must have been positive, as can be seen clearly from 
Figure A-4. 
 
In general it could be stated that two signals waveforms that have a phase difference of 
a quarter of their output period are said to have a quadrature phase relationship. A 
quadrature phase relationship between two signals makes it possible to measure the 
direction of an absolute displacement. 
 
Another additional benefit of using a quadrature phase relationship compared to a single 
interference signal is that the sensitivity is constant for a moving mirror. The sensitivity 
is defined as the sensor output (the power incident on the photodiode) divided by the 
sensor input. 
 

photoIOutput
S

Input x
= =  (A.1) 

 
Where: 
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( )

( )

( )

/  Sensitivity of the fiber optic interferometer

 Power incising on the photodiode

 Displacement of the moving mirror

photo

S W m

P W

x m

=

=

=
 

 
The sensitivity of the fiber optic interferometer is equal to the slope of the curve. Near 
the minimum and the maximum of Figure A-4 the slope is much less steep then near the 
inflection point. In Figure A-4 there is always a signal with a steep slope at any position. 
In this way so called blind spots are prevented. Blind spots are places where the slope 
of the signal is very low and almost zero. This occurs at the maxima and the minima of 
the signal. 
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Appendix B Power calculations 
 

B.1 Standard heat load calculation  

 
Introduction 
The maximal heat load on the cryogenic cooled zone by LUNASYS is limited. The fiber 
optic cables that are used for LUNASYS have to travel from a relatively ”warm” region of 
253 (K) to a cooler region  of 4.5 (K) as can be seen in Figure B-1. In this appendix the 
heat transferred by the fiber optic cables into the cryogenic cooled zone of 4.5 (K) called 
the standard heat load will be determined for a single cable. 

In order to determine the standard heat load it needs to be known how the temperature 
is distributed over the fiber between the heat shield of 30 (K) and 4.5 (K). This will be 
obtained by numerically solving the differential heat equation that will be formulated for 
this problem. With this information it will be possible to calculate how much heat passes 
through the cryogenic cooled wall of 4.5 (K) by means of conduction as a consequence 
of putting the fibers through this wall. Two situations will be treated, a constant 
coefficient of conductivity and a variable coefficient of conductivity. 
 
 

 
Figure B-1 Initial system configuration of the setup for LUNASYS 

 
Assumptions 

- LUNASYS is in steady state or in other words in thermal equilibrium with its 
surroundings 

- Heat transfer by convection can be neglected 
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- There are no internal heat sources in the fiber 
- All surfaces are opaque 
- The view factor has been approximated 
- All objects are considered to be gray objects 
- The view factors are the same for all discretized elements 
- Acrylate has the same thermal conductivity as Polyimide 
- The temperature over the elements is homogeneous 

 
Modeling 
To model the temperature distribution over a fiber optic cable between the heat shields 
of 30 (K) and 4.5 (K) the general heat equation [11] is used. 
 

{ { { {1 1

change of power of the sum of all external sum of all internalchange of heat flux
internal energy stresses heat sources heat sourcesthrough the system
density

0     in 
n m

iji

ij k v

k vi

qe
Q Q

t x t

ε
σ

= =

∂∂∂
+ − + − =

∂ ∂ ∂
∑ ∑

123
( )i

Volume of the solid

 V x
123

 

(B.1) 

 
Where: 

( )

( )

( )
( )

2

2

 Internal energy density

/  Component of the heat flux in direction 1,2,3

/  Mechanical stresses on surface j 1,2,3 in direction 1,2,3

 State of strain on surface j 1, 2,3 in direct

i

ij

ij

e J

q W m i

N m iσ

ε

=

= =

= = =

− = = ion 1, 2,3i =

 

 
The rate of change of the internal energy density is given in equation (B.2). 

 

( )
e T

c T
t t

ρ
∂ ∂

=
∂ ∂

 (B.2) 

 
Where: 

( )
( )

3/  Density of the material

/ Specific heat capacity of the material

kg m

c J kgK

ρ =

=
 

 
The amount of heat flux entering and exiting the system by conduction is described in 
the equation below. 
 

i

i

T
q k

x

∂
= −

∂
 (B.3) 

 
And: 
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i s

i

T
Q kA

x

∂
= −

∂
 (B.4) 

 
Where: 

( )2  Area
s

A m =  

 
The system is in vacuum so all heat transfer by convection can be neglected. By using 
equations (B.2) and (B.3) the general heat equation given in equation (B.1) can be 
rewritten. 
 

( ) ( ),

1

0     in  V x
n

ij

ij rad k

kii

T T
c T k Q

t x x t

ε
ρ σ

=

∂∂ ∂ ∂ 
− − + = 

∂ ∂ ∂ ∂ 
∑  (B.5) 

 
Where: 

( ),  Radiant heat component k
rad k

Q W =  

 
If after some time thermal equilibrium is reached and the heat problem is considered 
one-dimensional, then the temperature rate is equal to zero and equation (B.5) 
becomes: 
 

( ),

1

0     in  V x
n

rad k

k

T
k Q

x x =

∂ ∂ 
− + = 

∂ ∂ 
∑  (B.6) 

 
In the next figure, a fiber is displayed between the two final heat shields. The 
temperatures of the heat shields are considered to be homogeneous and the heat 
transfer from the hot shield to the cold shield is not relevant for this model. 
 

,rad off
Q

,rad on
Q

4,5
C

T K 
  
 

=30
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T K 
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1 12 1
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3 3
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2 23 2
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Figure B-2 Radiant heat exchange between a fiber and two heat shields 

 
Now consider the fiber optic cable and the heat shields to be gray bodies. A certain 

amount of radiation is radiating from the hot wall of 30 (K) on the fiber ,rad onQ  and a 
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certain amount of radiation is radiating from the fiber on the cold wall of 4.5 (K) ,rad offQ . 

Then the heat equation described in equation (B.6) becomes: 
 

( ) ( ), , 0     in  V xrad on rad off

T
k Q Q

x x

∂ ∂ 
− + − = 

∂ ∂ 
 (B.7) 

 
The surfaces are all considered to be opaque, this means that no light is transmitted 
through the surfaces and that the amount of absorbed radiation is equal to the 
emissivity ε  

 
The incoming radiating heat flux on the fiber can be determined with the following 
model. 
 

 
Figure B-3 Model for heat exchange between three surfaces [25]. 

 
The thermal network for the three surfaces shown in Figure B-3 can be written in the 
next three equations. 
 

( )( ) ( )( )4 4

,1 21 2 2 2 ,2 31 3 3 3 ,31 1inc inc incq F T q F T qε σ ε ε σ ε= + − + + −  (B.8) 

 

( )( ) ( )( )4 4

,2 12 1 1 1 ,1 32 3 3 3 ,3
1 1

inc inc inc
q F T q F T qε σ ε ε σ ε= + − + + −  (B.9) 

 

( )( ) ( )( )4 4

,3 13 1 1 1 ,1 23 2 2 2 ,2
1 1

inc inc inc
q F T q F T qε σ ε ε σ ε= + − + + −  (B.10) 

 
Where: 

( )
( )

2/  Incident heat flux

Emissivity

incq W m

ε

=

− =
 

 
Since the exact path of the fiber through the heat shields is unknown, the view factors 
are approximated as followed: 
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2 2
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1 1

21 23

2 2
32 31

3 3

 ,  1

0,5 ,  0,5

 ,  1

A A
F F

A A

F F

A A
F F

A A

= = −

= =

= = −

 
 
If the temperature of the fiber was constant over the length of the fiber, then the 
radiation on the fiber and from the fiber can be written in the next two equations [1]. 
 

, 2 2 ,2rad on inc
Q A qε=  (B.11) 

 
4

, 2 2 2rad off
Q A Tε σ=  (B.12) 

 
Where: 

( )2 4/  Stefan - Boltzman constantJ sm Kσ =  

 
Using these equations to fill into equation (B.7), leads to the following nonlinear 
differential equation: 
 

( )4

2 2 ,1 2 2 2 0     in  V xinc

T
k A q A T

x x
ε ε σ

∂ ∂ 
− + − = 

∂ ∂ 
 (B.13) 

 
For this equation the incident heat on the fiber optic cable needs to be solved by using 
equations (B.8), (B.9) and (B.10). 
 
The non linear differential equation will be solved numerically in Matlab. For this reason 
the fiber optic cable needs to be discretized over its length. This means that it has to be 
divided into many small pieces. For equation (B.13) it was assumed that the 
temperature of the fiber is constant over the length of the fiber, but this is not true. 

After discretization, it is assumed that the view factors 
12 21 23 32 , ,  and F F F F  are the 

same for all the elements. The radiation on the elements described in equations (B.11) 
and (B.12) can be rewritten into equations per element: 
 

, , 2 ,2rad on i i inc iQ A qε=  (B.14) 

 
4

, , 2rad off i i i
Q ATε σ=  (B.15) 

 
Where: 
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( )
( )

( )
( )

( )
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 Temeprature of element i

/  Incident heat flux on element i
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i
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=
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The sum of all the incident heat on all the elements is equal to the total incident heat on 
the fiber optic cable. 
 

,2 ,2inc e inc iq n q= ⋅  (B.16) 

 
Where: 

( )  Number of discretized elements
e

n − =  

In Figure B-4 two elements are displayed with the heat flows acting on the elements. 
Note that the radiation is divided by two. Half of the radiation component acts on the 
left side of each element and the other half of the radiation component acts on the right 
side of each element. This accounts for the total radiation on and from the elements. QC 
is the conducted heat. It is assumed that the temperature over the elements is 
homogeneous. 
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Figure B-4 Heat balance model for the discretized elements of the fiber optic cable 

 
The heat equation can now be solved by making a heat balance on the nodes between 

the elements. In the next equation a heat balance is made on node 
1i

T +
. At cryogenic 

temperatures, the coefficient of thermal conductivity is strongly dependent on 
temperature. Therefore, in this equation the coefficient of thermal conductivity is 
element dependent. 
 

, , , , 1, , , , 1

, , 1 0
2 2 2 2
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c i c i

Q QQ Q
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++
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 (B.17) 
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By using a discretized version of equation (B.3), the previous formula results in the next 
equation. 
 

, , , , 1, , , , 11 2 1
1

0
2 2 2 2

rad off i rad off irad on i rad on ii i i i

i c i c

Q QQ QT T T T
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x x
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Where: 

( )

( )
( )

2

/  Thermal coefficent of conduction of element i

 Cross section of the fiber optic cable
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i

c

k W mK

A m

x m

=

=

∆ =

 

 
The radiation acting on an element is determined by using the average temperature of 
an element. 
 

, , 2 ,1rad on i inc i
Q O xqε= ∆  (B.19) 

 

( )( )
4

, , 2 10,5
rad off i i i

Q O x T Tε σ += ∆ +  (B.20) 

 
Where: 

( ) Circumference of the fiber optic cableO m =  

 
The incident radiation per element can be rewritten by using equations (B.8), (B.9) and 

(B.10). 
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4
3 3

,1 21 2 1 2 ,2 31 3 ,30,5 1 1
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e

T
q F T T q F q

n

ε σ
ε σ ε ε+

 
= + + − + + − 

 
 (B.21) 
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,2 12 1 ,1 32 3 ,31 1inc i inc i inc i

e e
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( ) ( )( ) ( )( )
4

4
1 1

,3 13 1 ,1 23 2 1 2 ,21 0,5 1inc i inc i i i inc i

e

T
q F q F T T q

n

ε σ
ε ε σ ε+
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 (B.23) 

 
Rewriting these equations gives: 
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By writing these equations into a matrix form, the following matrix is obtained: 
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 (B.24) 

 
 
Combining equations (B.18), (B.19) and (B.20) into one single equation gives the final 
function f that needs to be solved numerically. 
 

( ) ( )( ) ( )( )( )( )

1 2 1
1

4 4

2 ,2 2 ,2 1 2 1 2 1 2
0,5 0,5 0,5 0,5 0,5 0,5 0
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+

+ + + +

− −   
= − − − +   

∆ ∆   

∆ + ∆ − ∆ + + ∆ + =

 

(B.25) 

Performing row operations until row reduced echelon form is obtained gives the incident 
heat by radiation on the three surfaces described by the model shown in Figure B-2. By 
applying the solutions for the incident radiation on all the fiber elements in equation 
(B.25), the final equations for all the elements described in function f needs to be solved 
numerically. With the assumption that the thermal conductivity is constant the heat 
equation f can be rewritten into the next form: 
 

( )1, 2 , ..., nf f T T T=  (B.26) 

 
If the thermal conductivity is not constant but a function of the temperature and the 
elements consist of two different materials, then the discretized model must be 
changed. 
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Figure B-5 Heat balance model for the discretized elements of the fiber optic cable, 

where the elements consists of two types of materials 

 
The thermal conductivity of materials at cryogenic temperatures is dependent of the 
temperature. This can be written as: 
 

( ) ( )1 1 2 2  and  i i i ik k T k k T= =  (B.27) 

 

The thermal conductivity of Polyimide ( )1 i
k T  as a function of the temperature is shown 

in Figure B-6. It is assumed that Polyimide has the same thermal conductivity as 
Acrylate. Acrylate is the material that the fiber coating is made of. 
 

 
Figure B-6 Temperature dependent thermal conductivity of Polyimide [31] 

 

The thermal conductivity of Pyrex ( )2 ik T  as a function of the temperature is shown in 

Figure B-7. 
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Figure B-7 Temperature dependent thermal conductivity of Pyrex [31] 

 
From the previous graphs it can be concluded that it is not valid to choose a constant 
thermal conductivity determined at room temperature. An average thermal conductivity 
has been chosen for the two materials between a temperature of 4.5 (K) and 30 (K).  
 

( )( ) ( )( )1 217 17
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For a constant thermal conductivity the final equation for f becomes: 
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(B.29) 

 
The heat transfer by conduction described in equation (B.17) becomes: 
 

( ) 1
1, 1 1 1 1

0,5 i i
c i i i c

T T
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= − +  
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( ) 1
2, 2 2 1 20,5 i i

c i i i c

T T
Q k k A

x

+
+

− 
= − +  

∆ 
 (B.31) 

 

The thermal conductivity of the cladding of the fiber is assumed to be constant. The 

value ( )( )2 17k K
 
for the thermal conductivity has been used. Therefore equation (B.31) 

can be simplified to the next equation. 
 

( )( ) 1
2, 2 217 i i

c i c

T T
Q k K A

x

+ − 
= −  

∆ 
 (B.32) 
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Rewriting equation (B.25) gives the equation for a thermal conductivity dependent on 
the temperature. 
 

( ) ( )( )

( ) ( )( ) ( )( )( )( )

1 2 1
1 1 1 2

4 4

2 ,2 2 ,2 1 2 1 2 1 2

0,5 17

0,5 0,5 0,5 0,5 0,5 0,5 0

i i i i
i i c c

inc i inc i i i i i

T T T T
f k k A k K A

x x

O xq O xq O x T T O x T Tε ε ε σ ε σ

+ + +
+

+ + + +

− −   
= − + − − +   

∆ ∆   

∆ + ∆ − ∆ + + ∆ + =

 

(B.33) 

The nonlinear equations for all the elements described in equation (B.29) for a constant 
average thermal conductivity and the non linear equations for a variable thermal 
conductivity described in equation (B.33) will be solved by using a Newton–Raphson 
iteration [10]. 
 
Consider a system of n equations: 
 

( )
( )

( )

1 1, 2

2 1, 2

1, 2

,..., 0

,..., 0

,..., 0

n

n

n n

f x x x

f x x x

f x x x

=

=

=

M

 
 
By taking the Taylor series expansion p to the first order over some estimate point 

( )1 , 2 , ...,k k nkx x x  rearrange it in a matrix-vector form, and then solve for ( )1, 2 , ..., nx x x  

gives: 

 

( )

( )
( )

1 , 2

1

1, 1 1 1 1 1 2 1 1 1 2

2, 1 2 2 1 2 2 2 2 1 2

, 1 1 2 1 2,...,

/ / / , ,...,

/ / / , ,...,

/ / / , ,.
k k nk

k k n k k nk

k k n k k nk

n k nk n n n n n k kx x x

x x f x f x f x f x x x

x x f x f x f x f x x x

x x f x f x f x f x x

−

+

+

+

∂ ∂ ∂ ∂ ∂ ∂     
     ∂ ∂ ∂ ∂ ∂ ∂     = −
     
     

∂ ∂ ∂ ∂ ∂ ∂    

L

L

M M M M O M M

L ( ).., nkx

 
 
 
 
 
  

 (B.34) 

 
And this could be rewritten to [10]: 
 

( ) ( ) [ ]1

1 k   with    J , /
k

k k k k m n x
m n f x

−
+ = − = ∂ ∂x x J f x  (B.35) 

 
Equation (B.35) will be used to solve the non linear equations. 
 
Explanation Matlab code 
Consider the case when the number of elements ne=5. By using equation (B.36) the 
next vectors could be written. 
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( )
( )
( )
( )
( )

( )

( ) ( )( )
( ) ( ) ( )( )
( ) ( ) ( )( )
( ) ( ) ( )( )
( ) ( )( )

1 1

, 1 , 21

1 , 2 , 32

3           2 , 3 , 4

4 3 , 4 , 5

5 4 , 5 ,

start

end

formule T x xx

formule x x xx

x D formule x x x

x formule x x x

x formule x x T

  
  
  
  = = =   
  
  
    

x f x

 
 
Where ”formule” a function is written in Matlab that uses equation (B.29) or equation 
(B.33). Now the Jacobian matrix is filled into the next matrix. 
 

( )

( ) ( )( ) ( ) ( )( )
( ) ( ) ( )( ) ( ) ( ) ( )( ) ( ) ( ) ( )( )

( ) ( ) ( )( ) ( ) ( ) ( )( ) ( ) ( ) ( )( )
( ) ( ) ( )( ) ( ) ( ) ( )( ) ( ) ( ) ( )( )

( ) ( )( ) ( ) ( )( )

1

2 , 1 , 2 3 , 1 , 2 0 0 0

1 1 , 2 , 3 2 1 , 2 , 3 3 1 , 2 , 3 0 0

0 1 2 , 3 , 4 2 2 , 3 , 4 3 2 , 3 , 4 0

0 0 1 3 , 4 , 5 2 3 , 4 , 5 3 3 , 4 , 5

0 0 0 1 4 , 5 , 2 4 , 5 ,

start start

k

end end

diff T x x diff T x x

diff x x x diff x x x diff x x x

C diff x x x diff x x x diff x x x

diff x x x diff x x x diff x x x

diff x x T diff x x T

= =J x

 
 
 
 
 
 
 
  

 
With ”diff1”, ”diff2”  and ”diff3”  as functions written in Matlab. In the m-file xx is used 
instead of x. Iterating for the next temperature according to the following relation: 
 

( )1

2 1 1 1

−= −x x J f x  

 
Iterating until the vector xk converges gives the final vector x that contains the 
temperature over the length of the fiber optic cable. 
 
Results 
The used parameters for the simulation can be found in the m-file “inputparameters.m”. 
Combined with the functions written in Matlab: “formule.m”, “diff1.m”, “diff2.m”, 
“diff3.m” and “tempiteratie.m” the temperature distribution over the fiber is numerically 
solved. 
The temperature distribution over the fiber optic cable is shown in Figure B-8 for the two 
described situations. 
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Figure B-8 Simulated temperature distributions for the scenario when the thermal 

conductivity is constant and for the scenario when the thermal conductivity is a 
function of the temperature 

 
For both cases of the thermal conductivity the temperature distribution on the end of 
the fiber is almost the same. By applying (B.4) for the last elements next to the 
cryogenic cooled wall of 4.5 (K), the results for both temperature distributions are 
obtained. The thermal conductivities that has been used for the calculation of the heat 
transferred by the fiber respectively are calculated according to equation (B.28) and by 

using k1(4.5 (K)). The results of these calculations are given below. 
 

( ) ( )

( ) ( )( ) ( )
fiber

fiber 1

1.7        for        0,069 W/mK

0.3        for        4.5 0,01104 W/mK

Q W k

Q W k k K

µ

µ

= =

= = =

&

&  

 
Validation 
It has been assumed that an average constant thermal coefficient of conductivity could 
be used for Pyrex. The cross section of the coating is much larger than the cross section 
of the cladding of the fiber optic cable, but the thermal coefficient of conductivity of the 
cladding is higher than the conductivity of the coating. 
 

( ) ( )( ) ( )

( ) ( )( ) ( )

7 2

1

8 2

2

7.73 10         and        4.5 0.011 /

1.23 10         and        4.5 0.089 /

coating

cladding

A m k K W mK

A m k K W mK

−

−

= ⋅ =

= ⋅ =
 

 
According to equation (B.4) the conducted heat is proportional to the parameter Ak . 

And the product of these two parameters gives the following result. 
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 k = constant

 k = k(T)
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( )

( )

9

1

9

1

8.3 10 /

1.1 10 /

coating

cladding

A k Wm K

A k Wm K

−

−

= ⋅

= ⋅  

 
From this result it can be concluded that most of the conducted heat will go through the 
coating and not through the cladding. Therefore it is a valid assumption to assume that 
an average constant thermal coefficient of conductivity for Pyrex could be used. 
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B.2 Laser power loss 

 
Introduction 
In order to determine the value of the signals at the photodiodes and to determine how 
much power will be lost in certain optical components, the laser power needs to be 
determined on different components within the system. 
A model will be made for the laser power losses within the system. For each part the 
parameters that determine the optical losses will be looked up in the datasheets and will 
then be used to determine the power losses within the fiber optic interferometer. 
 
Assumptions 

- The insertion loss is defined by the maximal loss of each component 
- Between the connector and the photodiode there are no losses 
- All losses are valid for a temperature of 20 degrees Celsius 
- Cross talk in the system is neglected 

Modeling 
Consider the system model of sensing in Figure B-9. The model consists of several 
blocks. These blocks represent different subsystems within the interferometer. When 
laser light travels through a certain subsystem a part of the light gets transmitted 
through the subsystem and a part of the light is lost within the subsystem. The power 
attenuation within a subsystem is described by equation (B.36).  
 

     or      10 dBA

out in IL out inP P A P P= =  (B.36) 

 
Where: 

( )

( )

( )

( )

Optical power on the input of the subsystem

Optical power on the output of the subsystem

Attenuation of the subsystem due to insertion loss

Attenuation of the subsystem due to inser

in

out

IL

IL

P W

P W

A

A dB

=

=

− =

= tion loss in dB

 

 
The power loss in a subsystem can be determined with the formula for the attenuation 
given in (B.36). By using this equation the following relation can be obtained. 
 

loss in out
P P P= −  (B.37) 

 
Where: 

( ) Optical power lost in a subsystemlossP W =
 

 
For the attenuation of the splitter, equation (2.1) can be applied. The power 

transformation matrix for the splitter used in the old system configuration is determined 
with the data from appendix G.6. Using equation (2.1) results in the next formula for the 

attenuation of the splitter to the outputs: 



   

137 
 

 Finn van Rij 

TU Delft | Technobis TFT-FOS 

 

11 12 13

, 21 22 23

31 32 33

0.318 0.357 0.259

0.301 0.305 0.318

0.352 0.305 0.280

bl bl bl

sp out or or or

wh wh wh

P T T T P P

P P T T T P P

P T T T P P

         
         = = =         
                    

 
Where: 

( )

( )

( )

Optical power in the blue cable

Optical power in the orange cable

Optical power in the white cable

bl

or

wh

P W

P W

P W

=

=

=
 

 
Result 
 
The attenuations that are used for the model given in Figure B-9  are summarized in 
Table B-1. The values in Table B-1 are obtained from the datasheets of all the optical 
components. The datasheets can be found in Appendix G. Note that for the photodiode 
the responsivity in (A/W) is used instead of the insertion loss. 

 
Table B-1 Insertion losses of all optical components used in the initial system 

configuration of the fiber optic interferometer 

 

Information source Component Name Insertion loss (dB) 

Datasheet connector Connector A2,A6,A11,A15,A20,A24,A28 0.40 

Test datasheet circulator Circulator 1-2 A4 1.10 

Test datasheet circulator Circulator 2-3 A4 1.10 

Datasheet fiber optic cable End stop A9 82.20 

Meas. from Baas BV Ref. mirror A13 0.22 

Meas. from Technobis Grin lens A17 0.36 

Datasheet photodiode Photodiode A22,A26,A30 0.22 
Approximation Meas. mirror A18 0.22 

Datasheet fiber optic cable Cable A1,A3,A5,A7,A8,A10,A12,A14, 0.0042 

A16,A19,A21,A23,A25,A27,A29 

Test datasheet 3x3 splitter 3x3 Splitter white => white 5.53 

white => orange 4.97 

white => blue 5.87 

orange => white 5.16 

orange => orange 5.16 
orange => blue 4.47 

blue => white 4.53 

blue => orange 5.21 

blue => blue 4.97 
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Figure B-9 Sensing model of the fiber optic interferometer, containing the 
attenuation, the power inputs and power outputs of all optical components in 

variable form. 
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Table B-2 Calculated optical power at different locations pointed out in Figure B-9. 

Entering light 

           

    

  Plaser(μW) Ploss(μW) 

    

    

Ie,1 1000.0 0.0 

    

    

Ie,2 999.0 1.0 

    

    

Ie,3 911.1 87.9 

    

    

Ie,4 910.2 0.9 

    

    

Ie,5 706.6 203.7 

    

    

Ie,6 705.9 0.7 

    

    

Ie,7 643.8 62.1 

    

    

Ie,8 643.2 0.6 

    
           or.

(1
 Plaser(μW) Ploss(μW) 

 

bl.
(1

 Plaser(μW) Ploss(μW) 

 

wh.
(1

 Plaser(μW) Ploss(μW) 

Ie,a1
(2

 193.8 17.9 

 

Ie,b1
(2

 204.8 17.9 

 

Ie,c1
(2

 226,6 17.9 

Ie,a2 193.6 0.2 

 

Ie,b2 204.6 0.2 

 

Ie,c2 226,4 0.2 

Ie,a3 0.0 193.6 

 

Ie,b3 186.6 18.0 

 

Ie,c3 206,5 19.9 

    

Ie,b4 186.4 0.2 

 

Ie,c4 206,3 0.2 

        

Ie,c5 194,1 12.2 

Reflected light 

           

    

bl.
(1

 Plaser(μW) Ploss(μW) 

 

wh.
(1

 Plaser(μW) Ploss(μW) 

    

Ir,b1 177.1 9.3 

 

Ir,c1 184.4 9.7 

    

Ir,b2 176.9 0.2 

 

Ir,c2 173.3 11.1 

    

Ir,b3 161.4 15.6 

 

Ir,c3 173.2 0.2 

    

Ir,b4 161.2 0.2 

 

Ir,c4 157.9 15.2 

        

Ir,c5 157.8 0.2 

Interfering light 

           bl.
(1

 Plaser(μW) Ploss(μW) 

 

wh.
(1

 Plaser(μW) Ploss(μW) 

 

or.
(1

 Plaser(μW) Ploss(μW) 

Ii,d1
(2

 92.2 27.0 

 

Ii,e1
(2

 101.0 27.0 

 

Ii,f1
(2

 98.8 27.0 

Ii,d2 92.1 0.1 

 

Ii,e2 100.9 0.1 

 

Ii,f2 98.7 0.1 

Ii,d3 84.0 8.1 

 

Ii,e3 92.0 8.9 

 

Ii,f3 90.0 8.7 

Ii,d4 83.9 0.1 

 

Ii,e4 91.9 0.1 

 

Ii,f4 89.9 0.1 

Ii,d5 65.1 18.8 

        Ii,d6 65.1 0.1 

        Ii,d7 59.3 5.7 

        Ii,d8 59.3 0.1 

        Output current 

           bl.
(1

 I (μA) 

  

wh.
(1

 I (μA) 

  

or.
(1

 I (μA) 

 Ii,d9 56.3 

  

Ii,e5 87.3 

  

Ii,f5 85.4 

 
           Power loss in 4,5K zone (µW) 

Meas. arm + ref. arm Meas. arm + ref. arm + 3x3 splitter 

43.0 157.4 
1) The splitter loss after entering and exiting is the accumulated loss for all three cables. 
2) The splitter has different losses depending on the color of the cable. These are blue, white and orange. 
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The power loss inside the 4.5 (K) zone is calculated for two configurations of the fiber 
optic interferometer: 
 

Configuration 1: 
The measurement arm and the reference arm inside the 4.5 (K) zone. 

 
 

Configuration 2: 
The measurement arm, the reference arm and the 3x3 splitter inside the 4.5 (K) zone. 

 
 
For configuration 1, the optical power loss within the cryogenic cooled zone is given in 
Figure B-10 below. 
 

 
 
Figure B-10 Distribution of the optical power loss of all the parts within the 

measurement arm and the reference arm in the cryogenic cooled zone of 4.5 (K)  

 
For configuration 1, where not only the measurement arm and the reference arm are 
placed within the cryogenically cooled zone of 4.5 (K), the optical power loss of the laser 
is determined again. Note that in the end stop a lot of power is lost. In order to prevent 
this power from being unleashed in the cryogenically cooled zone of 4.5 (K), the end 
stop should be placed outside of the 4.5 (K) zone.  
If a laser input power of 0.1 (mW) is used instead of 1 (mW). The result of the optical 
power loss is represented in Figure B-11. 
 
 

1.4%

61.2%
18.5%

18.9%
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Fiber optic cables

Grin lens
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( )laser, in laser, out 43Q Q Wµ− =& &
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Figure B-11 Distribution of the laser power loss of all the parts within the 

measurement arm, the reference arm and the 3x3 splitter in the cryogenically cooled 

zone of 4.5 (K)  

 
Discussion 
For the calculations with the reflection of the measurement and reference mirror a 
reflection coefficient of 95 percent was used. These values seemed realistic values for 
standard optic components, but unfortunately the components used in the initial system 
configuration had a lower reflection coefficient.  
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arm and 3x3 splitter in 4.5 (K)

Cables
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Appendix C Algorithm 
 
 

C.1 Wave superposition 

 
The superposition of waves of the same frequency is described in [3]. A solution of the 
differential wave equation can be written in the form: 
 

( ) ( )0, sin
OPD i

E x t E t kxω ε= − +    (C.1) 

 
Where: 

( )

( )

( )

( )

( )

( )

0

i

/ Amplitude of the harmonic disturbance

/ Wave frequency

Time

Wave number

Distance from the source of the wave to the point of observation

Initial phase at the emitter

OPD

E N C

rad s

t s

k

x m

rad

ω

ε

=

=

=

− =

=

=
 

 
For the wave number there can be written: 
 

2
k

π

λ
=  (C.2) 

 
To separate the time and space parts of the phase there can be written 
 

( ) ( ),
OPD i

x t kxα ε= − +  (C.3) 

 
Consider two different waves that propagate away from the point of observation, 
located in the origin. 
 

( ) ( )1 1 2 2kx kxϕ ε ε= + − +
 

( ) ( )1 2 1 2i ik x xϕ ε ε= − + −
 

 

With: 
 

( ) ( )1 2 1 2

2
i ix x

π
ϕ ε ε

λ
= − + −  (C.4) 
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Where: 

( )

( )

Wavelength

Phase

m

rad

λ

ϕ

=

=
 

 

If the waves are initially in phase at their respective emitters: 
1 2i i

ε ε=  

 

( )1 2

2
x x

π
ϕ

λ
= −  (C.5) 

 

In practice when the fiber optic interferometer is started up the initial phase is set to 
zero, so that the same result is obtained as in equation (C.5). The optical path difference 

OPD between the two travelling waves in the interferometer could be written in the next 
form if there is taken into account that the light travels twice the difference of the 
displacements of the two waves: 
 

( )1 2
2

OPD
x x x= −  (C.6) 

 

Then the final result for the displacement as a function of the phase of the interference 
pattern could be written as: 
 

4
OPD

x
n

λϕ

π
=  (C.7) 

 
Where: 

( ) Refractive index of the waveguiden − =

 
 
The refractive index in vacuum is equal to one. In air however it is almost equal to one. 
For some calculations in this report it is approximated that the refractive index in air is 

equal to one ( 1
air

n ≈ ). In this case the next formula applies. 

 

4
OPDx

λϕ

π
=  (C.8) 
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C.2 Clarke transform 

 
The magnitude of the currents produced by the photodiodes each have an absolute 
phase difference of 1200 with respect to each other. This is due to the main working 
principle of the 3x3 splitter. The currents are given in the next formulas:

 
 

( )1 1 1

2
1 cosI OPD A V OPD

π

λ

  
= +   

  
 (C.9) 

( )2 2 2

2 2
1 cos

3
I OPD A V OPD

π π

λ

  
= + +  

  
 (C.10) 

( )3 3 3

2 4
1 cos

3
I OPD A V OPD

π π

λ

  
= + +  

  
 (C.11) 

 

Where: 

( )

( )

( )

I Current signal

A Current offset

Visibility or contrast

A

A

V

=

=

− =

 

 
In order to reduce the error caused by the different offsets and amplitudes of the 
signals, the signals need to be calibrated [7]. Therefore the offsets of the signals needs 
to be deleted and the amplitudes need to be normalized to a value of one. Of course the 
calibration should be performed while losing as little information of the signal as 
possible. After calibration the signal I1 becomes Is, I2 becomes I+ and I3 becomes I- . The 
result for the calibrated three currents is written in the next three formulas: 
 

( ) 0 0

2
1 cossI OPD A V OPD

π

λ

  
= +   

  
 (C.12) 

( ) 0 0

2 2
1 cos

3
I OPD A V OPD

π π

λ
+

  
= + +  

  
 (C.13) 

( ) 0 0

2 4
1 cos

3
I OPD A V OPD

π π

λ
−

  
= + +  

  
 (C.14) 

 
Where: 

( )

( )
0

0

A Calibrated current offset

Calibrated visibility or the calibrated contrast

A

V

=

− =
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By projecting these formulas to a complex reference frame the three signals all consist 
of a real part and an imaginary part. Transformation to a complex reference frame can 
be written in a matrix transformation. In electrical engineering this transformation is 
known as the Clarke transform or a αβγ-transformation. This transformation is also 
known as sin-cos processing, this is because the projection basically consists of taking 
the sine of the phase of the three signals, which gives the horizontal component of the 
projection and the cosine of the phase of the three signals, which gives the vertical 
component of the projection. In this way a so called quadrature relationship of the 
signals is obtained. Applying this transformation to the equations (C.12), (C.13) and 

(C.14)is performed below. 

 

( )

( )
0

2 4
cos 0 cos cos

3 3

2 4
sin 0 sin sin

3 3

s

Re

Im

I
I

A I
I

I

π π

π π
+

−

    
             = ⋅                

    

 

0 0

1 1
1 2 1 112 2

1 1 2 0 3 3
0 3 3

2 2

s s

Re

Im

I I
I

A I A I
I

I I

+ +

− −

     − −  − −      = ⋅ = ⋅        −     −           
 
The final projection becomes: 
 

0

2 1 11

2 0 3 3

s

Re

Im

I
I

A I
I

I

+

−

 
− −    = ⋅    −      

 (C.15) 

 
Where: 

( )

( )

Real component of the projection

Complex component of the projection

Re

Im

I A

I A

=

=
 

 
The three projections of the signals on the complex plane are displayed in Figure C-1. 
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I

Re
I

Im
I

Q

I

Q

sI

I+

I−

ϕ

 
Figure C-1 Phase diagram of the three photodiode signals with 120 degrees phase 

difference with respect to each other, displayed in a Q-S plane. These signals are 

projected on the same plane after a Clarke transformation or sin-cos processing 

 
The argument of the complex vector corresponds to the phase of the projection of the 
intensities in the complex plane and can be determined geometrically. 
 

arctan Im

Re

I

I
ϕ

 
=  

 
 (C.16) 

 
Plugging in the relation obtained in (C.16) into (C.8) gives: 

 

( )
arctan 3

2 s

I I

I I I
ϕ + −

+ −

 −
=   − + 

 (C.17) 

 
With equation (C.17) the phase can be determined that is a measure for the 

displacement of the moving mirror. This formula is applied in the algorithm of the 
electronics and software made by SRON.   
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C.3 Detector signal 

 
Introduction 
With the results obtained in appendix B.2 the current signals produced by the three 
photodiodes will be determined in this appendix. The calibrated signals of these three 
currents will also be determined. These signals are required for further calculation of the 
errors of the measured mirror position.  
 
Assumptions 

- The laser power and the visibility of the three ideal signals at the photodiodes 
are determined for the situation where no other disturbances influence the 
signal. 

- The photodiode readout can be simplified to a single transimpedance amplifier 
and a first order active low pass filter. 

- ADC doesn’t clip. 
 
Modeling 
For certain calculations on the accuracy of the measurement system it is required to 
predict what the laser power and the visibility of the three ideal signals will be at the 
photodiodes if no other disturbances influence the signal. The three signals all consist of 
the interference pattern between the reflected light of the measurement mirror and the 
reference mirror. In the splitter and after the splitter the phase of the three signals has 
been changed with respect to each other. The offset and the amplitude of the three 
signals are different from each other as a consequence of the difference in attenuation 
or each signal exiting the splitter. Between the splitter and the detector the signals also 
have a different attenuation. Photocurrents are the currents created by the photodiodes. 
The ratio of the measurement signal over the reference signal after the splitter will be 
the same as on the photodiode. This relation is used in combination with the calculated 
photocurrents to determine the signals at the detector. 
 
Next example one of the three cables after the splitter leading the detector is considered 
to be P1. For the attenuation of the splitter, (2.1) can be applied. 

 

1 11 12 13 meas meas

, 2 21 22 23 ref ref

3 31 32 33

0.318 0.357 0.259

0.301 0.305 0.318

0 0.352 0.305 0.280 0

sp out

P T T T P P

P P T T T P P

P T T T

         
         = = =         
                  

 

 
Where: 
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( )

( )

( )

( )

( )

meas

ref

1

2

3

P Power of the laser returned from the measurement arm

P Power of the laser returned from the reference arm

P Power of the laser in detector arm 1

P Power of the laser in detector arm 2

P P

W

W

W

W

W

=

=

=

=

= ower of the laser in detector arm 3

 

 
The signal within P1 consists of an interference pattern of two signals.

  

1 1,meas 1,refP P P= +  (C.18) 

 
Where: 

( )

( )
1,meas

1,ref

P Laser power returned from the measurement arm in detector arm 1

P Power of the laser returned from the reference arm in detector arm 1

W

W

=

=
 

 
If these two signals are calculated separately before they interfere, then the equations 
(C.19) and (C.20) could be written for the visibility and the laser power of the signal at 

photodiode 1 described in equation (4.16). If the maximal value of this signal results 

from constructive interference the next equation can be written: 
 

1,ref 1,meas 1 1 1P P A A V+ = +  (C.19) 

 
Similar if the minimal value of this signal results from destructive interference in the 
case that the signal from the reference arm is bigger than the signal from the 
measurement arm the next equation can be written: 
 

1,ref 1,meas 1 1 1P P A A V− = −  (C.20) 

 
Solving equations (C.19) and (C.20) for the visibility and the laser power results in the 

next equations: 
 

1 1,refA P=  (C.21) 

 
And: 
 

1,meas

1

1,ref

P
V

P
=  (C.22) 

 

For the current at the photodiodes the following relation can be written. 
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1 1 1 photo,1AV A I+ =  (C.23) 

 
As mentioned before, the ratio of the laser power and visibility does not change by the 
attenuation of the light in the detector arm. With this ratio the visibility and the laser 
power can be calculated at all the photodiodes using the following formula. 
 

1
1

1

A
r

V
=  (C.24) 

 
From the results displayed in Table B-2 the exact values of the currents on the three 
photodiodes and the power of the two interfering signals after the splitter can be 
obtained. Combining equations (C.23) and (C.24) for the given returned laser power in 

the reference arm and the measurement arm results in the next values. 
 

( )

( )
ref

meas

161.2

157.8

P W

P W

µ

µ

=

=  

 
Table C-1 Parameters for the calculated current signals defined by equations 
(C.9),(C.10) and (C.11).

 

 

Photocurrent Current offset Visibility of the contrast 

( )photo,1 56.3I Aµ=  ( )1 32.4A Aµ=  1 0.74V =  

( )photo,2
87.3I Aµ=  ( )1

44.5A Aµ=  1 0.96V =  

( )photo,3 85.4I Aµ=  ( )1 48.3A Aµ=  1 0.77V =  

 

For noise calculations it is desired to express the signals generated in the photodiodes in 
rms currents. The rms values of the signals at the photodiodes can be determined with 
equation (C.25). This equation could also be used for signal 2 and 3. 
 

1 1
rms,1

2 2

AVAmp
I = =  (C.25) 

 
Where: 

( )

( )rms,1

Amplitude of the signal

Rms current amplitude of the signalrms

Amp A

I A

=

=  

 

This gives: 
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( )

( )

( )

1 1
1,rms

2 2
2,rms

3 3
3,rms

16.9
2

30.3
2

26.2
2

AV
I A

A V
I A

A V
I A

µ

µ

µ

= =

= =

= =

 

 
The maximal voltages at the ADC can be determined taking the gains of the 
transimpedance amplifier and the gain of the low pass filter into account. 
 

max photo trans filter
V I G G=  (C.26) 

 
Where: 

( )

( )

( )

( )

max

photo

trans

trans

Maximal voltage at the ADC

Current created in the photodiode

/ Gain of the transimpedance amplifier

/ Gain of the low pass filter

V V

I A

G V A

G V V

=

=

=

=

 

 
The gains for equation (C.26) are determined with the electrical scheme displayed in 

Figure C-2 and the component values given in Table C-2. 
 

 
sU

f1
C

 

1
R

photo,1
I

f2
C

3
R

2
R

1,max
V

 
Figure C-2 Simplified electrical scheme used for the photodiode readout in the 

detector system. 

 
The resistor and capacitor values used in Figure C-2 are given in the table below. 
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Table C-2 Values of the electrical components used in Figure C-2 

 

Component R1 R2 R3 Cf1 Cf2 

Value 12.4 (kΩ) 3.33 (kΩ) 10 (kΩ) 1 (pF) 680 (pF) 

 
The gains described in equation (C.26) are: 

 

( )

( )

3

trans 1

3
filter

2

12.4 10 /

3 /

G R V A

R
G V V

R

= = ⋅

= =
 

 
Applying equation (C.26) results in the following maximal voltages at the ADC. 

 

( )

( )

( )

1,max

2,max

3,max

2.38

3.68

3.64

V V

V V

V V

=

=

=
 

 
The range of the ADC is 0-3 Volts so a few signals at the ADC will clip. For now it is 
assumed that the ADC won’t clip. 
 
A plot of the three voltage signals resulting from equations (4.16), (4.17) and (4.18) for 

a mirror moving at constant velocity is shown in Figure C-3. 

 
Figure C-3 Non-calibrated simulated signals in the ADC for a mirror moving with 

constant velocity 

 
Similar to the current signals described in equations (C.27), (C.28) and (C.29) now at the 

ADC three voltage signals are obtained. 
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( )1 1 1

2
1 cosv vU OPD A V OPD

π

λ

  
= +   

  
 (C.27) 

( )2 2 2

2 2
1 cos

3
v vU OPD A V OPD

π π

λ

  
= + +  

  
 (C.28) 

( )3 3 3

2 4
1 cos

3
v vU OPD A V OPD

π π

λ

  
= + +  

  
 (C.29) 

 
For calibration of the voltage signals described in equations (C.27), (C.28) and (C.29) the 

next equation is applied: 
 

( )
( )( )v

c

v v

U OPD A
U OPD

A V

−
=  (C.30) 

 
Where: 

( )

( )

( )

( )

c Calibrated voltage signal

Voltage signal at the ADC

Voltage offset of the voltage signal at the ADC

Visibility of the voltage signal at the ADC

v

v

U V

U V

A V

V

=

=

=

− =

 

 
Rewriting this equation in Matlab results in the next algorithm: 
 

( )
( ) ( )( ) ( )( )

( )( ) ( )( )

1
max min

2
1

max min
2

c

U OPD U OPD U OPD

U OPD

U OPD U OPD

 − + 
=

 − 

 (C.31) 

 
Performing the calibration on the three voltage signals at the ADC, results in the three 
signals below. After calibration the signal U1 becomes Us, U2 becomes U+ and U3 
becomes U- . 
 

( ) 0 0

2
1 cossU OPD A V OPD

π

λ

  
= +   

  
 (C.32) 

( ) 0 0

2 2
1 cos

3
U OPD A V OPD

π π

λ
+

  
= + +  

  
 (C.33) 

( ) 0 0

2 4
1 cos

3
U OPD A V OPD

π π

λ
−

  
= + +  

  
 (C.34) 

 
A plot of these three signals is shown in Figure C-4 below: 
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Figure C-4 Calibrated simulated signals in the ADC for a mirror moving with constant 

velocity 
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C.4 Interference signal 

 
The Poynting vector is described by: 
 

2

0c ε= ×
r r r
S E B  (C.35) 

 

The magnitude of 
r
S is the power per unit area crossing a surface whose normal is 

parallel to 
r
S . 

Now consider a linear polarized harmonic plane wave of an electric field and a magnetic 

field traveling through free space in the direction of 
r
k : 

 

( )cos - tω⋅
rr r r

0
E = E k r  (C.36) 

( )cos - tω⋅
rr r r

0
B = B k r  (C.37) 

 
Now filling in the equations (C.36) and (C.37) into (C.35) results into the next equation, 
that describes the instantaneous flow of energy per unit area per unit time. 

( )2

0

2
c cos - tε ω= × ⋅

r rr r r
0 0

S E B k r  (C.38) 

The irradiance is defined as the average energy per unit area per unit time. The time 

averaged value of the magnitude of the Poynting vector, symbolized by 
T

S , is a 

measure of the irradiance. Over a time interval T  that is much larger than the period τ  

of the electromagnetic wave ( )T τ>> there could be written: 

 
2

0

2T

c
I S

ε
≡ = ×

r r
0 0

E B  (C.39) 

 
The previous equation could be written, because the next two relations are valid. 

( ) ( )
/ 2

/ 2

1 1
     for    

2

t T

2

t T

cos - t dt T
T

ω τ
+

−

⋅ = >>∫
r r
k r  

c=E B
 

 
The irradiance is proportional to the square of the electric field. An alternative way of 
describing equation (C.39) as a function of the electric field is given below.  
 

2

0 T
I c Eε=  (C.40) 

 
Consider now the superposition of two electromagnetic waves that are out of phase by 

k x∆ radians. The parameter x∆ could be considered as the OPD of the two waves. 

Figure C-5 that is shown below, shows two these waves. 
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Figure C-5 Interference of two electromagnetic waves 

 
The two waves are described by the next two equations. 
 

( ) ( )( )1 01, sinE x t E t k x xω= − + ∆  (C.41) 

 

( ) ( )2 01, sinE x t E t kxω= −  (C.42) 

 
Where: 

( ) Optical path differencex m∆ =

 

 
It now the amplitudes of the waves have the same magnitude and the difference 
between the space parts of the phase of the waves is defined by k x∆  as shown below: 

 

01 02 2 1      and      E E k xα α= − = ∆
 

Then by combining equations (C.43), (C.44), (D.34) and (D.35)  and taking the 
assumptions mentioned

 
above into account it can be proven that the resultant wave is

 
described in equation (C.43)  For this the next trigonometric relation is used: 
 

( ) ( )
1 1

sin sin 2cos sin
2 2

β γ β γ β γ− = − +

 
 

The resultant wave is described below. 

 

012 cos sin
2 2

k x x
E E t k xω

∆  ∆    
= − +    

    
 (C.43) 

 
The irradiance of the resultant wave described in equation (C.40)  can be determined by 
combining equation (C.40) and (C.43). This leads to the next result. 
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2

0

2

0 01

22

0 01

2 2

0 01

2 cos sin
2 2

2 cos sin
2 2

1
4 cos

2 2

i T

i

T

i

T

i

I c E

k x x
I c E t k x

k x x
I c E t k x

k x
I c E

ε

ε ω

ε ω

ε

=

 ∆  ∆    
= − +     

     

  ∆   ∆    
= − +       

       

 ∆  
=   

  

 

 
Rewriting the result obtained above gives: 
 

2 2

0 01
2 cos

2
i

k x
I c Eε

∆ 
=  

 
 (C.44) 

 
In general there is defined 

 

2
      and         k x OPD

π

λ
= ∆ =  

 
Filling this in into equation (C.44) gives: 

 

2 2

0 01

2
2 cos

2
i

OPD
I c E

π
ε

λ

  
=   

  
 (C.45) 

 
By using the next trigonometric relation the irradiance could be rewritten: 

2 1 1
cos cos 2

2 2
A A= +  

2 2

0 01

2

0 01

2
2 cos

2

1 1 2
2 cos

2 2

i

i

OPD
I c E

I c E OPD

π
ε

λ

π
ε

λ

  
=   

  

  
= +   

  

 
 

2

0 01

2
1 cos

i
I c E OPD

π
ε

λ

  
= +   

  
 (C.46) 

 
The equation below is the relation for the signal at the three photodiodes obtained from 
SRON; it seemed that this relation is not implemented correctly in the software by 
SRON. 
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( ) 0 0

2
1 cossI x A V x

π

λ

  
= +   

  
 

The parameter x should be replaced by OPD. 
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Appendix D Errors 
 

D.1 Intensity noise 

 
Introduction 
Due to the presence of noise, the signals that are used for the algorithm to determine 
the displacement deviate from the mean measured value and this causes an uncertainty 
in the measurement. This uncertainty can be expressed as a factor that influences the 
precision of the mirror position.  
In the content of this report by intensity noise there is meant; the noise on the detected 
signal that seems to be a fluctuation of the intensity of the signal. This includes all 
different noise sources that have an effect on the value of the processed signal into the 
algorithm, except for phase noise of the laser. 
In this paragraph the effect of intensity noise on three simulated signals from appendix 
C.3 will be modeled. By comparing these noise signals to ideal signals the effect of the 
intensity noise on the precision of the measured mirror position is estimated. 
 
Assumptions 

- The noise sources are assumed to be white; this means that they have a 
constant voltage spectral density (VSD) over the entire frequency spectrum 

- The influence of the diode capacitance and resistance is neglected 
- Active electronic components of analogue electronics besides the active first 

order low pass filter don’t affect the VSD of the noise 
- The influence of noise and/or jitter on the digital electronics is negligible 
- Other noise sources besides intensity noise are neglected 
- It is assumed that the filter transfer functions are the same for all three signals 
- The dark current of the photodiode is neglected 
- The temperature of the electronics is assumed to be at room temperature. That 

is 293 (K). 
- The maximal signal voltage at the ADC is equal to the peak to peak voltage 
- Phase of the three signals is not affected by the filters 

 
Modeling 
Noise must be treated as power, so the sum of two uncorrelated noise sources is a 
superposition of the powers. The resulting value for the power dissipated in a resistor is

tot
P . The voltages over an impedance or voltage sources in series are called 

tot
v and 

currents through an impedance or parallel current sources are called 
tot
i . 

 

1 2tot
P P P= +  (D.1) 

 

For the total noise voltage there can be written: 
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2 2 2

1 2 ...tot nv v v v= + + +  (D.2) 

  

And for the total noise current: 
2 2 2

1 2 ...
tot n

i i i i= + + +  (D.3) 

 
Where 

( )

( )

Rms noise voltage

Rms noise current

n rms

n rms

v V

i A

=

=
 

 
The relation between Power spectral density and the voltage spectral density is given in 
equation (D.4). 

 
2

PSD VSD=  (D.4) 

Where: 

( )

( )

2 / Power spectral density

/ =Votage spectral density

PSD V Hz

VSD V Hz

=
 

 
The relation between the noise power and the noise power spectral density is described 
in relation (D.5) from [4]. 

 
Bf

CPS PSD df= ⋅∫   (D.5) 

 
Where: 

( )

( )

Cumulative power spectrum

Spectral bandwidth
B

CPS W

f Hz

=

=
 

 
In Figure D-1 a simplified model is made for the intensity noise generated within the 
analogue electronics for the detector system of the fiber optic interferometer based on 
[14] and [15]. Referring to Appendix C.3, the electronic schematic for the readout of 
signal 1 is modeled. It is assumed that all filter transfer functions are the same for each 
signal. 



  

160 
 

 Improving a fiber optic interferometer for the 

SAFARI instrument 

 

Appendix D 

shot
i

amp1
i

therm1
v

amp1
v

adc
v

 
conU

 
sU

f1
C

 

1
R

 
sf

photo,1
I

 
conU

amp2
i

therm3
v

f2
C

3
R

2
R

therm2
v

ADC n,tot1,max
V v+

amp2
v

Decimation

     filter

 
Figure D-1 Simplified intensity noise model of the analogue electronics based on the 
electronic circuit shown in Appendix A.1 

 
The working principle of a decimation filter basically works as follows. A signal is 
oversampled and a low-pass anti-aliasing filter is applied. Then the bit stream exiting the 

ADC is averaged and down sampled.  The filter takes ns samples, adds the values 
together, and then divides them by ns again. The difference equation is described in 
equation (D.6). 

 

[ ] [ ]
1

0

1 M

k

y n x n k
M

−

=

= −∑  (D.6) 

 
Where: 

( )

( )

Number of samples that are averaged

Sample number
s

M

n

− =

− =
 

 
Now a Discrete Time Fourier Transform (DTFT) is performed on equation (D.6). For a 

DTFT the next formula is used. 
 

( ) [ ] j n

n

X x n e
∞

− Ω

=−∞

Ω = ∑  (D.7) 

 
Where: 
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( )/ Frequency in the digital domainrad sΩ =  

 
The DTFT of equation (D.6) results in: 

 

( ) ( )
1

0

1 M
j k

k

Y X e
M

−
− Ω

=

Ω = Ω ∑  (D.8) 

 
Using this formula the following frequency response in the digital domain of the 
decimation filter can be obtained. 
 

( )
( )
( )

1

0

1 M
j k

D

k

Y
H e

X M

−
− Ω

=

Ω
Ω = =

Ω
∑  (D.9) 

 
Note that by applying a z-transform to the difference equation (D.6) and using relation 

(D.10) the same result should be obtained. 

 
1 j nz e− − Ω=  (D.10) 

 

The magnitude of the decimation filter ( )DH Ω  described in (D.9) is shown in the figure 

below for a sample frequency of the ADC of 100 (kHz). 
 

 
Figure D-2 Frequency response of the digital decimation filter 

 
Off coarse only the positive frequencies of the decimation filter are considered. These 
are shown in a logarithmic plot below. Also indicated is the required sample frequency of 
439 (Hz) in order to prevent aliasing. 
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Figure D-3 Frequency response of the digital decimation filter plotted on a 

logarithmic scale 

 
So basically a decimation filter effectively reduces the amount of noise by averaging. 
This effect could easily be illustrated by showing two PSD plots for a white noise source. 
When a PSD is plotted against the spectral bandwidth and the signal is sampled with 
sample frequency fs1, then the area under the curve corresponds to the cumulative 
power spectrum of the noise. If now the signal is oversampled with a sample frequency 
fs2, then the power spectral density of the noise is lower but the power of the noise is 
the same. It’s just “spread out” over a larger bandwidth. If now an ideal digital low pass 
filter is applied at frequency fs1 = fF, clearly the surface under the PSD curve is much 
less, depending on how much the signal is oversampled. 
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Figure D-4 Effect of oversampling and applying a digital low pass filter, on the power 

spectral density of a white noise source 
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The other filter used in Figure D-1 is an analogue first order active low pass filter. The 
transfer function for this filter is given below. 
 

( )
( )

3

2 3 2

1

1
A

f

R
H

R R C
ω =

+
 

 (D.11) 

 

The magnitude of this low pass filter ( )AH ω  is shown in Figure D-5. 

 
Figure D-5 Frequency response of the active first order analogue low pass filter 

 
By combining equations (D.4) and (D.5) the cumulative power spectrum can be 

expressed as a function of the voltage- or current spectral densities of the different 

noise sources given in Figure D-1. This results in the next equation. 

 

2
Bf

CPS VSD df= ∫
 

 (D.12) 

 
Because it is desired to know what the voltage root mean square value of the intensity 
noise is after the decimation filter, the cumulative amplitude spectrum at fB can be used. 
This is at the fully cumulated end value [4]. The same conclusion could be taken when 
looking at the equivalent noise bandwidth [13]. 
 

( ) ( )B B
C A S f C PS f=

 

 (D.13) 

 
Where: 

( ) Cumulative amplitude spectrumrmsCAS V =  

 
With this newly obtained relation, equation (D.12) can be rewritten into: 
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( ) 2
Bf

B out
CAS f VSD df= ∫

 

 (D.14) 

 
Where: 

( )/ Voltage spectral density on the output of the decimation filter
out

VSD V Hz =  

 
Now it needs to be determined what the spectral bandwidth of the noise is. The ADC 
samples the signal at 100 (kHz), but the digital filter only works until 50 (kHz). This is 
because of the next reason: “When sampling, the signal frequency is not allowed to 
contain frequencies above the Nyquist frequency” [4]. So as a consequence of this, the 
spectral bandwidth for the intensity noise is defined as: 
 

( ),
50

2

sample ADC

B

f
f kHz= =  

 
The different noise sources shown in Figure D-1 are all placed in the noise model at 
different points. For the effect of the filters on the voltage spectral density, two 
situations are described in Figure D-6. A VSD of a noise source entering before the 
analogue low pass filter and a VSD of a noise source entering after the analogue low 
pass filter. 
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Figure D-6 Two given possible configurations for the noise VSD generated within the 
analogue electronics that affect the measured signal before it enters the algorithm. 

The plots in this figure are made for the signal from photocurrent 1. 

 
The contribution of all the noise based sources on the total noise v1,tot on the voltage 
signal before the algorithm can be determined by calculating the effect of each noise 
source on the output separately. 
 

2 2 2 2 2 2 2 2 2

n,tot n1 n2 n3 n4 n5 n6 n7 n8 n9v v v v v v v v v v= + + + + + + + +  (D.15) 

 
Where: 
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( )n,tot
Total noise contribution on the processed data signal on photodiode n

rms
v V =

 
 
When reading out the photodiode different types of noise are generated within the 
readout. Some noise sources are specified in datasheets of the components and some 
noise sources need to be calculated. First the types of noise that need to be calculated 
are given.  The first is thermal noise. Thermal noise arises from the thermally induced 

random motion of charge carriers like electrons. For the amount of thermal noise within 
a resistor equation (D.16) is given [12]. 

 

4therm B Rv k T R=

 

 (D.16) 

 
Where: 

( )
( ) ( )

( )

( )

23

V/ Hz Thermal noise voltage spectral density

/ Boltzmann's constant 1.380 10 /

Resistor temperature

Electrical resistance

therm

B

R

v

k J K J K

T K

R

−

=

= = ⋅

=

Ω =

 

 
The shot noise results from the random passage of individual charge carriers across a 
potential barrier. The amount of shot noise generated within a photodiode is described 
in the next formula [12]. 
 

2
shot DC

i qI=

 

 (D.17) 

 
Where: 

( )
( ) ( )

( )

19

/ Shot noise current spectral density

Charge of the electron 1,602 10

Average DC diode current

shot

DC

i A Hz

q C C

I A

−

=

= = ⋅

=

 

 
Finally the quantization noise of an ADC is described by (D.18) according to [12] and 

[23]. 
 

bits
adc

bits ,2

signal

n

s adc

U
v

n f
=

 

 (D.18) 

 
Where: 
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According to [14] and [15] the static amplification of noise vamp2 through the analogue 
low pass filter can be written as:

 
 

2 3
n6 2

2

amp

R R
v v

R

+
=

 

 (D.19) 

 
Where: 

( )2 V/ Hz Amplifier 2 noise voltage spectral density
amp

v =  

 
For this noise source the frequency dependent amplification by the analogue low pass 
filter can be rewritten. 
 

( )( )n6 2 1
amp A

v v H ω= +

 

 (D.20) 

 
From the datasheet of the OPA656, the opamp used for the transimpedance amplifier, 
the VSD is shown in the next plot. 

 

Figure D-7 Voltage spectral density of the voltage noise generated in the OPA656 

 

The noise calculations for 1amp
v  will be performed for the voltage spectral density shown 

in Figure D-7. 
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With all these given equations, the effect of each noise source displayed in Figure D-1 

on the output of the decimation filter before the algorithm v1,tot can be modeled. This is 

done in Table D-1 below. The surroundings of the electronics will be at a temperature of 

253 (K). For the calculation it is assumed that the temperature of the electronics is very 

high, 293(K), due to heating of the electronics. Furthermore it is assumed that the 

maximal signal voltage at the ADC is equal to the peak to peak voltage. Also the phase 

of the three signals is not affected by the filters, because the frequency of the fringe 

signals is the same, the phase shift due to filtering is also the same. 

 
Table D-1 an overview of the contribution of all different intensity noise sources on 

the output voltage signal before the algorithm. These formulas are made for the 
readout of photodiode 1 and could also be applied to the readout of photodiodes 2 

and 3 

 

Noise source Formula Output noise 
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The result for the noise rms voltages on the output of the decimation filter before the 
algorithm is determined with numerical integration in Matlab. The total noise follows by 
applying equation (D.15) to the result shown in Table D-1.  

As discussed in appendix C.3 the irradiance of the light on the three photodiodes differs 
from each other. Therefore the photocurrents created in the photodiodes also have 
different values. As a consequence of this the shot noise in the three photodiodes is 
different and the voltage signal on the three ADC’s that is proportional to the 
photocurrent will also be different from each other. This can be seen in Table D-2, 
where the noise contributions of all the intensity noise sources on the output after the 
decimation filter are given for the three photodiode readouts. 
 
 
Table D-2 Noise VSD on the output signal before the algorithm 

 

 VSD Number vn1 vn2 vn3 vn4 vn5 vn6 vn7 vn8 vn9 

VSD photodiode 1 (µV/sqrt(Hz)) 3.1 0.0 1.4 0.8 0.0 4.0 0.4 0.3 9.3 

VSD photodiode 2 (µV/sqrt(Hz)) 3.9 0.0 1.4 0.8 0.0 16.1 0.4 0.3 14.4 

VSD photodiode 3 (µV/sqrt(Hz)) 3.8 0.0 1.4 0.8 0.0 16.1 0.4 0.3 14.0 

 
The total noise contribution of the three signals after filtering on the main signal is given 
below in Table D-3 by similar calculations performed for photodiode 1. 
 
Table D-3 CAS voltages on the output signal before the algorithm 

 

 Total noise voltage vn,tot 

CAS photodiode 1 (µV) 11.0 

CAS photodiode 2 (µV) 24.3 

CAS photodiode 3 (µV) 24.1 
 

 
Now it will be explained how this noise is coupled on the precision of the signal. 
Consider again the three non-calibrated signals shown in Figure C-3. For each signal the 
noise is calculated separately and a different noise source is added to each signal. If the 
total calculated intensity noise is added to the signal before the algorithm, the result is 
shown in Figure D-8. Note that the noise is so small that it is not visible in the signal on 
this scale. 
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Figure D-8 Non-calibrated simulated signals in the ADC with added noise for a mirror 

moving with constant velocity. 

 

If this signal with the noise on it is calibrated, and on the calibrated signal the Clarke 
transformation is applied and the displacement of the mirror is calculated, then this will 

give the displacement noisex . If for an ideal signal without noise the displacement simx is 

calculated, then the error resulting from the difference between these two 
displacements can be described according to equation (D.12) 

 

int,n ideal noisee x x= −

 

 (D.21) 

 
Where: 
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( )

( )
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noise

nm Displacement error due to the intensity noise
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nm Simulated displacement with intensity noise within the signal

e

x nm

x

=

=

=

  
Result 
 
Simulating the noise and the three signals on the photodiode for a mirror moving with 
constant velocity and applying equation (D.21) gives the simulated error shown in Figure 

D-9. 
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Figure D-9 Simulated error signal due to the presence of intensity noise on the three 

signals that are used to calculate the displacement 

 
The standard deviation of this noise signal is equal to the error caused by the analogue 
electronics: 
 

( )int,n 1.7e pm=  

 
Validation 
The dark current of the photodiode is maximal 3 (nA), compared to the smallest noise 
current from the photodiodes of 56.3 (µA) this is negligible. 
 
All diodes have a certain parasitic capacitance called the junction capacitance [36]. The 
junction capacitance of the photodiode is 1.5 (pF), if the frequency behavior of this 
parasitic capacitance is modeled then the effect of this capacitance on the voltage 
spectral density of the opamp noise can be modeled. For stability of the opamp a 
feedback capacitance Cf1 is placed in the feedback path of the transimpedance amplifier. 
This can be seen in Figure D-10. 
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Figure D-10 Voltage noise model of the transimpedance amplifier 

 
The transfer function for the voltage noise to the output is determined below. 
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An asymptotic approximation of the magnitude bode plot of Hamp is shown below in 
Figure D-11. 
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1+

f
+1

fs,ADC
f  

Figure D-11 Asymptotic approximation for the frequency behavior of the opamp noise 

caused by the junction capacitance of the photodiode 

 
The frequency of f+1 could be algebraically determined by stating: 

( ) 2
amp

H s =  

But with Matlab it is calculated that f+1 is in the order of (Ghz). Clearly the effect of the 
junction capacitance is negligible. A similar result could be obtained for the noise current 
of the opamp and the shot noise of the photodiode. If the impedance of the two 
capacitances has about the same order of magnitude as the resistor, then the effect of 
the parasitic capacitance of the diode would become visible. Then the photocurrent 
would be split up in a current component that goes directly to the ground and another 
part that is amplified by the transimpedance amplifier. Roughly speaking this happens 
when the impedance of the junction capacitance 1 (pF) of the diode is about the same 
order as the impedance of the resistor 10 (kΩ). 
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      10 /       101
10

10

R C
Z Z

rad s f Hzω

ω −

= 


= ≈ =
= 

 

 
Because this frequency is also much higher than the sample frequency of the ADC, the 
effect of the diode capacitance is also negligible. 
 
The anti aliasing filter (passive low pass filter) before the ADC, is not included into the 
noise model, because the cutoff frequency of this filter is much higher than the sample 
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frequency of the ADC. This will not affect the noise VSD. The anti aliasing filter is shown 
in appendix A.1. R = 22 (Ω) and C = 0.01 (µF). This gives: 
 

( )5

aliasing,filter

1
7.2 10

2
f Hz

RCπ
= = ⋅  

 
The effect of the anti aliasing filter is shown in the asymptotic approach of the 
magnitude plot. Figure D-12 shows that the cutoff frequency of this filter is higher than 
the sample frequency of then ADC, so the effect of the anti aliasing filter should not be 
taken into account.  
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f
s,ADC

f
aliasing,filter

f  
Figure D-12 Asymptotic approach of the magnitude plot for the anti aliasing filter 

 
From the performed drift measurements that are shown in appendix E.4 the peak to 
peak precision error could be seen. In the figure below the black circle shows the region 
of the graph where there is zoomed in on the graph. 
 

 
Figure D-13 Drift measurement 3 with the black circle indicating the area of the 

graph where there is zoomed into 

 
The region that is zoomed into in Figure D-13 is shown in the next figure. 
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Figure D-14 Zoomed in on an area of drift measurement 3  

 
In this figure mainly two effects can be seen: Thermal effects that are low frequent of 
nature and electric effects that are high frequent of nature. These electric effects are a 
good indication of the precision of the measurement system. It is presumed that the 
precision is mainly caused by electric noise. 
From this figure it seems that the measured peak to peak noise amplitude is about 5 
(nm). Expressed in nmrms, this is about: 
 

( ) ( )int,n

5
1.8

2 2
rms rms

e nm nm= =
 

 
This value is 3 orders of magnitude higher than the calculated noise in this appendix.  
 
During an experiment a 50 (mA) input for the laser is used, one voltage signal over time 
is considered on one of the ADC’s (ADC3).This signal is shown in the figure below. 
 

 
Figure D-15 Voltage signal on an ADC measured over time, during a noise experiment 

 
This noise signal is analyzed in Matlab by making a FFT of this signal. The result is 
plotted on a linear scale below 
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Figure D-16 FFT of the voltage signal on the ADC, during a noise experiment 

 
In this figure it can clearly be seen that there are low frequency components present in 
the signal, but the signal is dominated by frequency component between 15 (Hz) and 22 
(Hz).  
 
The same figure is plotted on a logarithmic scale in the figure below. The red dashed 
line indicates an ideal 1/f line.  
 

 
Figure D-17 of the voltage signal on the ADC plotted on a logarithmic scale, during a 
noise experiment 
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In this plot it can be seen clearly that signal is not only dominated by frequency 
components between 15 (Hz) and 22 (Hz), but it also shows strong 1/f characteristics.  
 
This result indicates that it was not valid to model most of the noise sources as white 
noise sources or another 1/f noise source was not modeled.  
Probably the photon noise is the cause of this 1/f characteristic. Photon noise results 
from the inherent statistical variation in the arrival rate of photons incident on the 
photodiode. 
 
Discussion 
By using a Delta Sigma ADC in combination with a digital filter even lower noise levels 
can be reached [4].  
 
The noise in the opamps has a 1/f noise component in the noise spectrum; this can be 
seen in the datasheets of the opamps. Therefore it is not correct to assume that the 
opamp VSD is completely white. An asymptotic approach of the effect on a logarithmic 
scale is shown in Figure D-18. This spectral noise distribution is applicable for the noise 
voltage spectral density in the opamp.  
 

VSD

0

1−

f  
Figure D-18 Asymptotic approach of the VSD of the opamp noise 

 
The 1/f noise for the OPA656 has been modeled, but the 1/f behavior of the OP2177 is 
specified in the datasheet as 0.1 (Hz) to 10 (Hz) as 0.4 (µV) p-p. If this value was 
amplified by the analogue low pass filter by three, the noise voltage from this OPAMP at 
the ADC would be 5.4 (µV) instead of 4.0 (µV). The effect of this on the total noise 
would still be very small. 
Also it should be noted that the analogue low pass filter should be filtering but in fact it 
is only amplifying the noise. This effect is most clearly seen for the input voltage noise in 
this amplifier. From Table D-1 it can be seen: 

( )2
7.9 /

amp
v nV Hz=  gives:  ( )n6 rms4.0 Vv µ=

 
While the ADC noise is a lot bigger but in the final noise signal after filtering the 
amplification is less compared to the input voltage noise of the amplifier. 

( )adc 725 /v nV Hz=    gives:  ( )n9 rms9.2 Vv µ=
 

Utilizing a higher order low pass filter would result in a lower noise on the output. Then 
the ADC noise would become dominant. The ADC noise could be reduced by increasing 
the number of bits of the ADC. 
 
On 29-11-2011 it became known to me that the decimation filter is not implemented in 
the system as mentioned in this report. The decimation filter treated in this report 
averages the last M samples and the latest sample is equal to the average of the 
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previous 127 (which have been averaged already). Continuing like this would give 128 
averaged samples. In this report it is assumed that the 127 are not used and the one 
sample left is used. In the implemented filter 128 samples saved in a buffer, these 
samples are averaged and the averaged value is used. Then the buffer is cleared and 
the process is repeated. This means that the transfer function for the decimation filter is 
not correct and therefore the estimation of the noise is not correct for the initial 
configuration of the fiber optic interferometer. In fact the noise in the current setup will 
be higher than the estimated noise in this thesis report. 
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D.2 Optical disturbance signals 

 
Introduction 
Undesired reflections and cross talk can create undesired optical signals within the 
measurement system that interact with the optical signal that’s containing the 
information about the measured position of the moving mirror. The position error 
caused by these optical disturbances is modeled and determined in this appendix. 
 
Assumptions 

- Losses in the fiber optic cables are neglected 
- The reflections on the grin lens are also modeled on the way back from the 

moving mirror. Other reflections on the way back from the moving mirror are 

neglected 
- All optical disturbance signals interfere constructively with the ideal signal 
- The phase between the disturbance signal and the ideal signal doesn’t change in 

time 
 
Modeling 
The error caused by optical disturbance signals is modeled as followed. The influence of 
an optical disturbance signal on the accuracy is determined when the ideal signal 
interferes constructively or destructively with the optical disturbance signal. The 
attenuation of all these optical signals can be calculated in the same way as in equation 
(B.36) in appendix B.2. In Figure D-19 the location of the place where the optical 
disturbance signals arise are shown. In Table D-4 the magnitude with respect to the 
main optical signal, source, the type and the source of the optical disturbance signals 
are given. Also the name of the optical disturbance signal in Figure D-19 is given. 
 
Table D-4 Information about the optical disturbance signals 

 
Part Information source Description Name Magnitude(dB) 

Circulator test datasheet circulator directivity Iu,1 50.00 

Connector 2 datasheet connector return loss Iu,2 75.00 

3x3 splitter 
test datasheet 3x3 splitter and 
datasheet 3x3 splitter directivity Iu,3 65.00 

Con. + end 
stop Datasheet fiber optic cable End stop return Iu,4 82.20 

Connector 3 datasheet connector return loss Iu,5 60.00 

datasheet connector return loss Iu,6 60.00 

Connector 4 measurements from Technobis without AR coating Iu,7 11.55 

Grin lens measurements from Technobis 
without AR coating way 
back Iu,8 11.55 
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Figure D-19 Location of the optical disturbance signals that arise within the fiber 

optic interferometer 
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By applying equation (B.36) on the disturbance signals like in appendix B.2, the power 
of each disturbance signal can be calculated for each photodiode. The result of this 
calculation is displayed as a ratio of the power of the original signal in Table D-5. Also 
the ratio of the ideal signal over the sum of all optical disturbance signals (the total 
disturbance) is shown in this table for all three photodiodes. 
 
Table D-5 Ratio of each disturbance signal over the ideal calculated signal that has 

been calculated in appendix C.3. This ratio is given for all three photodiodes 

 
 

Disturbance # Ratio photodiode 1 Ratio photodiode 2 Ratio photodiode 3 

Iu,1 1.4E-04 0.0E+00 0.0E+00 

Iu,2 2.6E-07 0.0E+00 0.0E+00 

Iu,3 0.0E+00 2.0E-06 2.0E-06 

Iu,4 4.4E-09 3.4E-09 3.5E-09 

Iu,5 6.9E-07 7.0E-07 6.1E-07 

Iu,6 6.2E-07 6.1E-07 7.1E-07 

Iu,7 3.6E-02 3.6E-02 4.2E-02 

Iu,8 3.0E-02 3.0E-02 3.5E-02 

Total disturbance 6.7E-02 6.6E-02 7.6E-02 

 
Now these disturbances need to be coupled to the error that they cause in the 
measurement system. The ideal current signals defined by equations (C.9), (C.10) and 

(C.11) with the parameters given in Table C-1 are used as the ideal signal and then the 

signal is calibrated. Now with this ideal signal the displacement xideal is simulated with 
the algorithm for a mirror moving over a distance of 1550 (nm) with constant velocity. 
A new simulation is performed for the situation where the disturbance signals are added 
to the ideal signal as it is assumed that they constructively interfere with each other. 
Then the system is calibrated for this ideal signal with the disturbances and the 
displacement xopt,dis is calculated for this signal. Again the signal is simulated with the 
algorithm for a mirror moving over a distance of 1550 (nm) with constant velocity. The 
simulated error signal can be determined by subtracting these two signals from each 
other like in (D.21). 

 

opt,dis ideal opt,dise x x= −

 

 (D.22) 

 
Where: 

( )

( )
opt,dis

opt,dis

Displacement error due to optical disturbances

Simulated displacement with optical disturbances within the signal

e nm

x nm

=

=
 

 
Result 
 
The error due to the optical disturbance signals for a mirror moving over a distance of 
1550 (nm) with constant velocity is shown below in Figure D-20.  
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Figure D-20 Simulated error of the measurement system due to the influence of 

optical disturbance signals 

 
The resulting error is a systematic error. The maximal error that can occur is equal to: 
 

( )opt,dis 4.9e nm=  

 
Validation 
The losses in the fiber optic cables are neglected for this model. In appendix B.2 the 
power losses within the fiber optic cables seemed to be very small compared to the 
other optical losses. From the modeled results in Table B-2 the exact loss is calculated: 
 

( )
( )

,

,

5.8
100% 0.8%

758.9

loss fibers

loss total

P W

P W

µ

µ
= ⋅ =

 

 

As expected this is very low compared to the other losses, so the assumption to neglect 
the losses for this model is valid. 
 
In this appendix it is assumed that the reflections on the way back from the moving 

mirror besides the reflections from the grin lens can be neglected. From Table D-5 it can 

be seen that the only significant reflection occurs from the grin lens. Other reflections 

are at least two orders of magnitude smaller than the grin lens reflection. 

It is assumed that the phase between the disturbance signal and the ideal signal doesn’t 

change in time. This assumption is not very realistic because this would mean that in 

time all the waveguide material where the laser light passes through should have a 

constant length. In reality temperature rates will occur and the influence of the optical 

disturbance signals on the measurement signal will therefore also change in time. 

However for a constant length of the light waveguide material this is a good 

approximation for the error caused by optical disturbances in the system. 
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D.3 Laser frequency deviations 

 
In order to determine the effect of frequency deviations on the error of the measured 
position by the interferometer, these deviations need to be coupled to equation (C.7). 

This equation couples the detected fringe pattern to the measured displacement. Now 
first there need to be started from the basic light equations. The frequency of an 
electromagnetic wave is described as:  
 

c
v

λ
=  (D.23) 

 

Where: 

( ) ( )

( )

8
/ Speed of light in vacuum 3.0 10 /

Frequency

c m s m s

v Hz

= = ⋅

=
 

 

Another basic equation in optics is given below. 
 

0

n

λ
λ =  (D.24) 

 

Where: 

( )0 Wavelength in vacuummλ =

 
 

Now defining the number m as the normalized phase for one wavelength: 
 

2 mϕ π=  (D.25) 

 
Where: 

( ) Parameter as a measure for the wavelengths fractionm − =

 
 

 

Figure D-21 plot of 2 sine periods as a function of parameter m 
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In general the optical path difference for two electromagnetic waves (EM) traveling 
through two different waveguide materials is defined as: 
 

2 2 1 1OPD n x n x= −  (D.26) 

 

Where: 

( )

( )

( )

( )

( )

1

2

1

2

Optical path difference

Refractive index of waveguide material 1

Refractive index of waveguide material 2

Distance travelled by EM wave 1

Distance travelled by EM wave 2

OPD m

n

n

x m

x m

=

− =

− =

=

=
 

 

The optical path difference for two electromagnetic waves (EM) traveling through the 
same waveguide with the refractive index n is defined as: 
 

( )2 1OPD n x x= −  (D.27) 

 

The dimensionless parameter m is related to the OPD as follows: 
 

OPD
m

λ
=  (D.28) 

 

Now the model of the fiber optic interferometer given in Figure 2-3 is considered. The 
relation between the displacement of the moving mirror of the fiber optic interferometer 
and the measured phase of the fringe signal is described by equation (C.7) given below. 

 

4
x

n

λϕ

π
=  (D.29) 

 
The wavelength deviation needs to be expressed in terms of the frequency deviations of 
the laser. The next two formulas are obtained by using equation (D.23). 

 

laser

laser

           and             
c c

v v
λ λ

∆ = =
∆

 

 
Where: 

( )

( )

Frequency deviation from the center frequency of the laser

Frequency of the laserlaser

v Hz

v Hz

∆ =

=
 

 
Combining the two previous equations and rewriting: 
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laser

laser

laser

laser

v v
c

v

v

λ λ

λ λ

∆
= =

∆

∆
∆ =

 

 
And now rewriting this result and rewriting the frequency deviation by using equation 
(D.23), gives equation (D.30) 

 
2

laser
laser

laser

vv

v c

λ
λ λ

∆∆
∆ = =  (D.30) 

 
 
 
Now the wavelength of the laser is changing because the frequency of the laser 
changes. As a result of this difference in frequency an error in the measured position is 
caused. The effect of this error is modeled by assuming that the laser wavelength is 
constant, but the measured phase of two situations changes due to the laser stability. 
The first scenario is the ideal case when the measured phase as it should be. The 

second case is a change of phase due to the fact that the frequency of the laser 

changes. The difference in phase measured by these signals called driftϕ  is a measure 

for the effect of the deviation of the frequency of the laser on the measured position of 
the moving mirror. This process is described in the equation below. The deviation of the 
frequency of the laser over time is called laser drift. 
 

( )laser drift
4

laser

normal driftx
λ

ϕ ϕ
π

= −  (D.31) 

 
Where: 

( )

( )

( )

laser drift Change of detected position due to laser drift

Ideal phase

Drifted phase

normal

drift

e m

rad

rad

ϕ

ϕ

=

=

=
 

 
Rewriting equation (D.31) gives: 

 

laser drift
2 2 2

driftlaser normale
ϕλ ϕ

π π

 
= − 

 
 

 
Using equation (D.25) results in: 

 

( )laser drift
2

laser

normal drifte m m
λ

= −
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Now applying (D.28) and taking into account that the wavelength of the drifted signal is 

equal to the laser wavelength plus a change in wavelength caused by the laser 
frequency deviation. The optical path difference in both cases remains the same. 
 

laser drift
2

laser

laser laser

OPD OPD
e

λ

λ λ λ

 
= − 

+ ∆ 
 

 
Where: 

( ) Wavelength deviation from the center wavelength of the lasermλ∆ =  

 
Now applying simple algebra gives: 
 

laser drift

laser drift

1
2

2

laser

laser

laser laser

laser laser

OPD
e

OPD
e

λ

λ λ

λ λ λ

λ λ λ λ

 
= − 

+ ∆ 

 + ∆
= − 

+ ∆ + ∆ 

 

 
And the final result is the relation between  
 

( )laser drift
2 laser

OPD
e

λ

λ λ

⋅∆
= −

+ ∆
 (D.32) 
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D.4 Mirror and lens alignment 

 
Introduction 
Due to angular misalignment between the grin lens and the moving mirror the light 
that’s reflected from the moving mirror and coupled back into the fiber optic 
interferometer, is dependent on the position of the moving mirror relative to the position 
of the grin lens and the magnitude of the angular misalignment. 
In this section, first it will be shown why the angular misalignment affects the accuracy 
of the measurement system. Then a 2 dimensional geometric model of an angular 
misalignment will be given and for this model it will be shown how the effect on the 
accuracy is determined. Finally the error due to misalignment will be given. 
 
Assumptions 

- All optic parts are assumed to be ideal, in surface roughness, surface flatness, 
aberrations etc. do not influence the accuracy 

- The entire surface of the lens is used (the actual value is 90%) 
- The distribution of the power density over the optic fiber core diameter is 

homogeneous over the diameter of the fiber core. All power is in the core 
- The grin lens cross section has a square shape 
- The minimal misalignment of the grin lens and the measurement mirror is 0.5 

degrees with the current alignment facilities for these parts 
- The OPD is equal to 0.1 (m) 
- The misalignment of the linear optical stage can be neglected 

 
Modeling 
The following configuration is used for the moving mirror and the measurement mirror 
in this appendix. 
  

stroke
l

stroke

1
2

l

 
Figure D-22 Configuration of the moving mirror and the grin lens. 

 
The moving mirror is shown placed in two positions away from the grin lens, which is in 
a fixed position. 
Now consider an angular misalignment between the fixed grin lens and the moving 
mirror in the 2 dimensional representation shown in Figure D-23. 
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stroke
l

offsetd
α

lensd

2α

 
Figure D-23 Geometric model of the angular misalignment of the mirror with the grin 

lens 

 
The amount of light coupled back into the grin lens is dependent on the position of the 
moving mirror. When the mirror moves away from the grin lens, the amount of light that 
is coupled back into the grin lens is reduced. From the next equations it will be shown 
that the phase of the fringe signal, which is a measure for the displacement of the 
moving mirror, is influenced by the intensity of the two interfering waves. 
 
The linear superposition of two waves can be written as [3]: 
 

( ) ( ) ( )0 01 1 02 2sin sin sinE t E t E tω α ω α ω α+ = + + +  (D.33) 

 

Where: 

( )

( )

Wave phase

Amplitude

rad

E

α =

− =
 

 
The amplitude of the resultant wave can be written as [3]: 
 

( )2 2 2

0 01 02 01 02 2 12 cosE E E E E α α= + + −  (D.34) 

 
And the phase of the resultant wave can be written as [3]: 

 

01 1 02 2

01 1 02 2

sin sin
tan

cos cos

E E

E E

α α
α

α α

+
=

+
 (D.35) 

 
From equation (D.35) it can be seen that the amplitude of the both waves influences the 

phase of the resultant wave. So if there is an angular misalignment between the surface 

of the grin lens and the mirror, the amount of light coupled back into the grin lens will 
be dependent on the position of the measurement mirror and therefore the error will be 
a function of the position of the measurement mirror. The error will be greatest when 
the displacement is maximal. 
It is assumed that the entire surface of the grin lens is used to couple light back into the 
lens and that the OPD is 0.1 (m). 
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By using standard geometry the angular misalignment of the lens and the moving mirror 
can be calculated when no light couples back into the lens. The lens diameter can be 
obtained from the datasheet of the grin lens from appendix G.7 and the length of the 
stroke is equal to half the OPD. 
 

( )

( )

1

50

offset

stroke

d mm

l mm

=

=
 

 
With these values the angular misalignment when no light couples back into the grin 
lens can be calculated. 
 

0.55
offset

α = °  

 
Between the situations of a perfectly aligned mirror and a misaligned mirror, where all 
light is lost into the surrounding, a part of the light is coupled back into the lens, 
depending on the position of the mirror. In order to calculate how much light couples 
back into the lens for a given angular misalignment, a few assumptions have to be 
made. The first assumption is that the lens has a square cross section. The second 
assumption is that the distribution of the power density over the lens is homogeneous 
over the square surface of the lens. This means that the light intensity is not Gaussian 
distributed over the lens surface. 
With these assumptions it will be shown how misalignment between the grin lens and 
the moving mirror will affect the accuracy. 
 
The lost power of the light due to misalignment is expressed as a percentage of the light 
that is coupled back into the lens, when there would be no misalignment. This can be 
written as followed: 
 

loss,lens

,

no loss,lens

100%
loss lens

P
p

P
= ⋅  (D.36) 

 
Where: 

( )

( )

( )

,

loss,lens

no loss,lens

% Percentage of lost light

Power of lost light

Power coupled back into the lens

loss lens
p

P W

P W

=

=

=  

 
The light just before the splitter interferes with the light from the reference arm. There 
is a constant attenuation on the light entering back into the grin lens towards the splitter 
(equation (B.36) applies). This means that the percentage of the lost light at the grin 
lens is the same percentage of the lost light before the splitter. 
The measurement system is calibrated for the case where no light is lost. Similar to 
section D.1 two signals are simulated and the error is determined by calculating the 
difference between the two signals. The first signal is the ideal signal when no light is 
lost due to misalignment and the second signal is the signal where a certain percentage 
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of the light is lost due to misalignment. The simulated error signal can be determined by 
subtracting these two signals from each other like in (D.21). 

 

align ideal loss,lense x x= −

 

 (D.37) 

 
Where: 

( )

( )
align

loss,lens

Displacement error due to angular misalignment

Simulated displacement with optical losses due to misalignment

e m

x m

=

=
 

 
The error is determined when the lost optical power is maximal; this is when the moving 
mirror is in the most distant position away from the grin lens. 
 
Result 
The grin lens and the moving mirror are manually aligned with each other, without the 
use of any optical alignment equipment. It is assumed that the moving mirror and the 
grin lens have a maximal angular misalignment of 0.25 degrees.  
The offset of the light bundle on the grin lens caused by this angle can be calculated by 
applying basic geometry. This situation is graphically illustrated in Figure D-23. 
 

( )0.44offsetd mm=
 

 

The offset of the light bundle on the grin lens is proportional to the optical loss of the 
light. The result for an alignment error of 0.25 degrees between the lens surface and 
the measurement mirror, corresponds to the loss percentage that can be calculated 
using the following equation. 
 

offset
,

lens

100%
loss lens

d
p

d
= ⋅  (D.38) 

 
Where: 

( )

( )
offset

lens

Offset of the light bundle on the grin lens

Diameter of the grin lens

d m

d m

=

=
 

 
Applying equation (D.38) with the previous results gives: 

 

,
44%

loss lens
p =  

 
The maximal error due to the angular misalignment between the grin lens and the 
moving mirror can be seen below in Figure D-24. The main causes for this error depend 
on the exact distance between the grin lens and the moving mirror and the initial phase 
of the optic wave when it exits the splitter towards the grin lens.  
The maximal error is determined when the moving mirror is exactly 0.05 (m) away from 
the grin lens. On this distance a plot of the maximal error is made for different initial 
phases of the optic wave. 
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For the simulation of the error the same signal inputs as determined in appendix C.3 are 
used. 
 

 
Figure D-24 Error due to angular misalignment of the grin lens and the moving mirror 

 
The maximal error due to misalignment is: 
 

( )align 5.1e nm=
 

 
 
Validation 
The misalignment of the linear optical stage is 100 – 200 (µrad). This corresponds to 
0.0055 – 0.011 (degrees). Compared to the angular misalignment of the moving mirror 
and the grin lens, this is negligible. 
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Appendix E Experimental data 
 

E.1 Specifications of the experimental setup 

 
In order to read out the temperature sensors, the Fluke Data acquisition system 2640A 
is used. The temperature is measured with a PT100 DM-301 class B  temperature sensor 
from company Labfacility. Four wire resistance measurements with sensor wires are 
performed on the PT100 to read out the temperature. The DAQ system has 20 analogue 
inputs, so this means that maximal 10 temperature sensors could be used. Furthermore 
the PT100 sensors are set by using a calibration table [40].  
A Class B PT100 has a tolerance band of ±0.3 degrees Celsius at 0 degrees Celsius and 
a temperature error of 0.8 degrees Celsius at 200 degrees Celsius. It is assumed that 
the temperature error is about 0.3 degrees Celsius over the used temperature range. 
The temperature could be calculated from the measured resistance with equation (E.1). 

 

m mT aR b= +  (E.1) 

 
Where: 

( )

( )

( )

( )

 Measured temperature

 Measured resistance

/  Sensitivity of the PT100

b K Conversion factor

m

m

T C

R

a K

° =

Ω =

Ω =

=
 

 
From [40]: 

 

( )( ) ( )100 0 273.15
m

T C KΩ = ° =  

 
And the sensitivity is: 
 

( )
( )

1
2.597 /

0.385055 /
a K

K
= = Ω

Ω
 

 
The conversion factor becomes: 
 

( ) ( ) ( )2.597 / 100 259.7032b C C C° = − ° Ω ⋅ Ω = − °  

 
By using these calculated values, equation (E.1) becomes: 
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( )
( )

( )
1

259.7032
0.385055 /

m mT C R C
C

° = − °
Ω °

 (E.2) 

 
The measurement system of the inteferometer measured 5 minutes longer than the 
DAQ for the temperature sensors. So when the data has been processed in Matlab the 
last 5 minutes of measurements are not used. 
 
The temperature signal is sampled at 2 (Hz) and the signal of the fiber optic 
interferometer is plotted at 5 (Hz). 
Because the signal of the temperature sensors suffers a lot from noise the calculated 
drift signal has to be filtered with a low pass filter. A digital tenth order butterworth low 
pass filter is used. The cutoff frequency of this filter is 0.025 (Hz), the same filter is 
applied for all three measurements. 
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E.2 Drift measurement 1 

 

 
Figure E-1 Measured temperatures on the different fiber segments for drift 

measurement 1 
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Figure E-2 Measured position drift and calculated unfiltered position drift for drift 

measurement 1 

 

 
Figure E-3 Measured position drift and calculated filtered position drift for drift 
measurement 1 
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Figure E-4 Raw data from the three ADC’s for drift measurement 1 

 
 

 
Figure E-5 Calibrated data from the three ADC’s for drift measurement 1 
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E.3 Drift measurement 2 

 
 

 
Figure E-6 Measured temperatures on the different fiber segments for drift 
measurement 2 
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Figure E-7 Measured position drift and calculated unfiltered position drift for drift 

measurement 2 

 
 

 
Figure E-8 Measured position drift and calculated filtered position drift for drift 
measurement 2 
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Figure E-9 Raw data from the three ADC’s for drift measurement 2 
 

 

 
Figure E-10 Calibrated data from the three ADC’s for drift measurement 2 
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E.4 Drift measurement 3 

 

 
Figure E-11 Measured temperatures on the different fiber segments for drift 
measurement 3 
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Figure E-12 Measured position drift and calculated unfiltered position drift for drift 
measurement 3 

 
 

 
Figure E-13 Measured position drift and calculated filtered position drift for drift 

measurement 3 
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Figure E-14 Raw data from the three ADC’s for drift measurement 3 

 

 
Figure E-15 Calibrated data from the three ADC’s for drift measurement 3 
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Appendix F System improvements 
 

F.1 Stray light maze 

 
Figure F-1 Stray light maze in folded out configuration 

 

 
Figure F-2 Stray light maze in folded in configuration 
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F.2 Stray light maze dimensions 

 
Figure F-3 Dimensions of the stray light maze 
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Appendix G Datasheets 
 

G.1 Laser datasheets 
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G.2 Laser test report 
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G.3 Datasheet circulator 
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G.4 Test datasheet circulator 
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G.5 Datasheet 3x3 splitter 
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G.6 Test datasheet 3x3 splitter 
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G.7 Datasheet Grin lens 
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G.8 Datasheet connector 
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G.9 Datasheet optical fiber 
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G.10 Datasheet photodiode 
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Nomenclature and abbreviations 
 
 
Nomenclature 
 

Symbol Meaning SI Units 

Psp,out Power of the splitter on the output W 

Psp,in Power of the splitter on the input W 
TP Splitter power transformation matrix - 

fin Optic wave function entering the splitter - 

fout Optic wave function exiting the splitter - 

S Sensitivity of the fiber optic interferometer W/m 

Pphoto Power incident on the photodiode W 

x Displacement of the moving mirror m 

I Emissive power W 

λ Wavelength of the electromagnetic wave m 

T Temperature of the blackbody K 

h Planck's constant m2kg/s 

kB Boltzmann's constant m2kg/s2K 

NEPdet Allowable noise equivalent power at the focal plane array W/sqrt(Hz) 

TFTS Desired reference temperature in the MZFTS K 

Tmax,FTS Maximum allowable temperature in the MZFTS K 

tscan Scan time of the FTS mechanism s 

Pmax,FTS Maximal available power for the FTS W 

ffpa Sample frequency Hz 

fsignal Signal frequency Hz 

AttODL-foc 1550(nm) light attenuation, from the ODL to the focal plane array - 

NEPODL Allowable noise equivalent power at the ODL W/sqrt(Hz) 

NODL Noise level or stray light power at the ODL W/sqrt(Hz) 

ffringe Fringe signal frequency at the photodiode Hz 

vmax Maximal velocity of the moving mirror m/s 

fsample,ADC Sample frequency of the ADC Hz 

res Resolution of the measurement system m 

nbits Number of bits in the ADC - 

Urange Total voltage range of the ADC V 

Usignal Total peak to peak voltage range of the signal V 
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E Measure to what displacement Usignal corresponds m 

OPD Optical Path Difference m 

λlaser Laser wavelength m 

feff Effective sample frequency Hz 

dU Change of internal energy J 

dQ Heat added to the system J 

dW Work done by the system J 

inQ&  Power entering the cryogenic cooled zone W 

outQ&  Power exiting the cryogenic cooled zone W 

total load
Q&  Total heat load on the cryogenic cooled zone W 

laser load
Q&  Heat load on the cryogenic cooled zone caused by the laser W 

standard loadQ&  Standard heat load on the system W 

laser in
Q&  Laser power entering the cryogenic cooled zone W 

laser out
Q&  Laser power exiting the cryogenic cooled zone W 

fiberQ&  Heat reaching the cryogenic cooled wall by conduction of the fiber W 

Pstray light Stray light power within the cryogenic cooled zone W 

I Current signal A 

A Current offset A 

V Visibility or contrast - 

ε Strain - 

∆l Change of length m 

l0 Initial length m 

α Linear thermal expansion coefficient K-1 

∆T Change of temperature K 

OPDnew New Optical Path Difference m 

dt1 Time interval s 

eT Error due to a temperature disturbance on the reference arm m 

nb Number of bits in the ADC - 

eADC Quantization error in the ADC m 

er,tot Standard deviation of the total random error mrms 

en Error due to a change of refractive index mrms 

δ Total elongation of the fiber segment m 

F Force  N 

L Length m 

E Young's modulus N/m2 

A Surface m2 

Fco Resultant force acting on the fiber coating N 
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Fcl Resultant force acting on the fiber cladding N 

αeff Effective coefficient of thermal expansion K-1 

nf Refractive index of the fiber core - 

na Refractive index of the air - 

Lref Length of the measurement arm m 

Lmeas Length of the reference arm m 

m segment number - 

L0m Initial length of segment number m m 

Tm Temperature of segment m K 

esensor Error due to the tolerance band of the temperature sensors m 

∆Ttol Temperature of the tolerance band of the PT100's K 

QDr Radiant energy leaving the fiber optic interferometer m 

mr Number of reflections - 

r reflection - 

n1 Refractive index of waveguide material 1 - 

n2 Refractive index of waveguide material 2 - 

OP∆ Difference in OPD for the two arms m 

S1 Signal 1 measured at the detector system  A 

S2 Signal 2 measured at the detector system  A 

S Sensitivity of the fiber optic interferometer W/m 

Pphoto Power incident on the photodiode W 

x Displacement of the moving mirror m 

e Internal energy density  J 

qi Component of the heat flux in direction i N/m2 

σij Mechanical stresses on surface i=1,2,3 in direction j=1,2,3 N/m2 

εij State of strain on surface i=1,2,3 in direction j=1,2,3 - 

ρ Density of the material kg/m3 

c Specific heat capacity of the material J/kgK 

As Surface m2 

Qrad,k Radiant heat component k W 

qinc Incident heat flux W/m2 

ε Emissivity - 

σ Stefan Boltzmann constant J/sm2K4 

Ai Pouter surface of element i m2 

Ti Temperature of element i K 

qinc,2i Incident heat flux on element i W/m2 

Qrad,on,i Radiating heat entering element i W 
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Qrad,off,i Radiating heat exiting element i W 

ne Number of discretized elements - 

ki Thermal coefficient of conduction of element i W/mK 

Ac Cross section of the fiber optic cable m2 

∆x Element length m 

O Circumference of the fiber optic cable m 

Qrad,off,i Radiating heat exiting element i W 

ne Number of discretized elements - 

Pin Optical power on the input of a subsystem W 

Pout Optical power on the output of a subsystem W 

AIL Attenuation of the subsystem due to insertion loss - 

AdB Attenuation of the subsystem due to insertion loss in dB dB 

Ploss Optical power lost in a subsystem W 

E0 Amplitude of the harmonic disturbance N/C 

ω Wave frequency rad/s 

t Time s 

k Wave number - 

xOPD Distance from the from the source of the wave to the emitter m 

εi Initial phase at the emitter rad 

λ Wavelength m 

φ Phase rad 

n refractive index of the waveguide - 

A0 Calibrated current offset A 

V0 Calibrated visibility or calibrated contrast - 

Ire Real component of the projection A 

Iim Complex component of the projection A 

Pmeas Power of the laser returned from the measurement arm W 

Pref Power of the laser returned from the reference arm W 

P1 Power of the laser in detector arm 1 W 

P2 Power of the laser in detector arm 2 W 

P3 Power of the laser in detector arm 3 W 

P1,meas Laser power returned from the measurement arm in detector arm 1 W 

P1,ref Laser power returned from the reference arm in detector arm 1 W 

Amp Amplitude of the signal A 

Vmax Maximal voltage at the ADC V 

Irms,1 Rms current amplitude of the signal Arms 

Iphoto Current created in the photodiode A 
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Gtrans Gain of the transimpedance amplifier A/V 

Gfilter Gain of the low pass filter V/V 

Uc Calibrated voltage signal V 

U Voltage signal at the ADC V 

Av Voltage offset of the voltage signal at the ADC V 

Vv Visibility of the voltage signal at the ADC - 

vn Rms noise voltage Vrms 

in Rms noise current Arms 

PSD Power spectral density V2/Hz 

VSD Voltage spectral density V/sqrt(Hz) 

CPS Cumulative power spectrum W 

fB Spectral bandwidth Hz 

M Number of samples that are averaged - 

ns Sample number - 

Ω Frequency in the digital domain rad/s 

CAS Cumulative amplitude spectrum Vrms 

VSDout Voltage spectral density on the output of the decimation filter V/sqrt(Hz) 

vn,tot Total noise contribution on the processed data signal on photodiode n Vrms 

vtherm Thermal noise voltage spectral density V/sqrt(Hz) 

kB Boltzmann's constant J/K 

TR Resistor temperature K 

R Electrical resistance Ω 

ishot Shot noise current spectral density I/sqrt(Hz) 

q Charge of the electron C 

IDC Average DC diode current A 

vadc Quantization noise voltage spectral density V/sqrt(Hz) 

fs,adc Sample frequency of the ADC Hz 

nbits Number of bits in the ADC - 

Usignal Total peak to peak voltage range of the signal at the ADC V 

vamp2 Amplifier 2 noise voltage spectral density V/sqrt(Hz) 

eint,n Displacement error due to intensity noise nm 

xideal Simulated ideal displacement nm 

xnoise Simulated displacement with intensity noise within the signal nm 

eopt,dis Displacement error due to optical disturbances nm 

xopt,dis Simulated displacement with optical disturbances within the signal nm 

c Speed of lght in vacuum m/s 

v Frequency Hz 
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λ0 Wavelength in vacuum m 

m Parameter as a measure for the wavelength fraction - 

OPD Optical path difference m 

x1 Distance travelled by EM wave 1 m 

x2 Distance travelled by EM wave 2 m 

elaser drift Change of detected position due to laser drift m 

φnormal Ideal phase rad 

φdrift Drifted phase rad 

Δλ Wavelength deviation from the center wavelength of the laser m 

Δv Frequency deviation from the center frequency of the laser m 

vlaser Laser frequency Hz 

α Wave phase rad 

E Amplitude - 

ΔλFWHM Wavelength deviation due to the FWHM m 

ploss,lens Percentage of lost light % 

Ploss,lens Power of lost light W 

Pno loss,lens Power coupled back into the lens W 

ealign Displacement error due to angular misalignment m 

xloss,lens 
Simulated displacement with optical losses due to angular 
misalignment m 

doffset Offset of the light bundle on the grin lens m 

dlens Diameter of the grin lens m 

Tm Measured temperature C 

Rm Measured resistance Ω 

a Sensitivity of the PT100 K/Ω 

b Conversion factor K 
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Abbreviations 
 
SPICA = Space Infrared telescope for Cosmology and Astrophysics 
SAFARI = SpiCA far infrared Instrument 
FTS = Fourier Transform Spectrometer 
FTSM = Fourier Transform Spectrometer Mechanism 
FOI = Fiber Optic Interferometer 
ADC = Analogue to Digital Converter 
FFT = Fast Fourier Transform 
TBC = To Be Considered 
OPD = Optical Path Difference 
ODL = Optical Delay Line 
GBW = Gain Bandwidth product 
RMS = Root Mean Square 
DTFT = Discrete time Fourier transform 
FFT = Fast Fourier transform 
ADC = Analogue to digital converter 
EM = Electro magnetic 
FC APC SM  = Fixed connection angled physical contact single mode 
FWHM = Full width at half maximum 
MZFTS = Mach Zehnder Fourier Transform Spectrometer 
TBC = To be considered 
LSB = Least significant bit 
EOM = Electro Optic Modulator 
SPOF = Single Point Of Failure 
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