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ABBREVIATIONS  

 
CAD                  Computer Aid Manufacturing 
CMM                  Coordinate Measuring Machine 
CMOS                Complementary Metal Oxide Semiconductor 
EMRP                European Metrology Research Programme  
GUM                 Guide to the Expression of Uncertainty in Measurement  
ISO                    International Organization for Standardization  
PDM                  Micro Photon Device 
PTB                   Physikalisch-Technische Bundesanstalt, National Metrology  
                           Institute of Germany 
RSD                   Relative Standard Deviation 
SI                       Le Système International d’Unîtes, International System of Units 
SIQUTE            Single-photon sources for quantum technologies  
Si-SPAD                                Silicon Single Photon Avalanche Diode 
SPAD                Single Photon Avalanche Diode  
SPCM-AQR      Single Photon Counting Module 
SPD                   Single Photon Device  
TOF                   Time of Flight  
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SYMBOLS 
 
a                        height of the curve peak 
A1                       amplification factor  
A2                      amplification factor 
A3                       amplification factor 
b                        center position of the peak 
c                        speed of light 
ci                            sensitivity coefficients for all input quantities  
d1, d2                  beam diameters 
EG                      parameter due to the specification of 3D CMM  
Ek                                                         parameter due to the specification of 3D CMM  
f                            objective focal plane 
f(Y)                   function of the form 
FFilt                    factor that uses two filters 
h                        Planck constant 
k                          coverage factor 
L                            distance between two points 
n                        independent observations 
Ncenter                 Si-SPAD count rate at the center position 
Nxi,yj                   Si-SPAD counts for the (x,y)-position 
Q1                      signal of the Si-diode attached to the integrating sphere                            
Q2                      signal of the Si-diode attached to the integrating sphere 
Q3                      signal of the Si-diode attached to the integrating sphere 
Q4                      ratio of the counter and the monitor detector signal 
R                        resolution of the 3D CMM 
smon                    signal of the monitor detector 
Si                         modified irradiance distribution over a scanning region 
SSi                        spectral responsivity of the integrating sphere with the  
                           attached Si-Diode 
TCombined                  filter transmission of combined filter 

TFilter2, TFilter3          transmissions of each individual filter 
U                       expanded uncertainty 
u(δxi)                 standard uncertainty of the input quantities of 3D CMM 
u(δηFfilt)             standard uncertainty due to the correction factor that uses  
                            two filters 
uc(y)                   combined uncertainty 
x                           measured value 
X                        coordinative measuring in X-direction 
x21                        distance between two points in X-direction 
xcenter                   center position of the detector in X-direction 
xdiameter                beam diameter in X-direction 
xi                         observed readings 
xm                         mean value of the readings 



8 

y                         estimate of the output quantity 
Y                        coordinative measuring in Y-direction 
Y                        scanning positions in Y-directions 
y21                      distance between two points in Y-direction 
ycenter                    center position of the detector in Y-direction 
ydiameter               beam diameter in Y-direction 
Z                          coordinative measuring in Z-direction 
Z1, Z2                  beam distances in Z-direction  
z21                         distance between two points in Z-direction 
 
δxcal                   correction from calibration of machine 
δxL                      correction from distance between two points 
δxprobe                correction from probing error 
δxread                  correction from reading of indication 
δxrep                     correction from repeatability 
δηi                       corrections from all input quantities in the detection efficiency of  
                            Si-SPAD detector 
η                        detection efficiency of Si-SPAD detector 
λ                        wavelength 
σ                        standard deviation of the count rate 
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INTRODUCTION  

 
In the modern automation technologies, the role of mechatronic systems in 
industrial product development processes is crucial. Simultaneously, mechatronic 
systems require adequate service techniques. A fundamental part of many 
mechatronic systems is a measurement system and a measurement procedure; 
thus, metrology as the science of measurement is omnipresent in today’s society 
[1, 2]. In many industrial systems, all activities connected with measurement and 
testing functions for providing the quality of the product are focused in the 
production metrology, as reported in [3]. The main function of production 
metrology is to record an object's quality criteria measurements. An object of 
measurement will be often a workpiece; however, it can also be a tool, a machine 
or even a measuring device within the scope of test equipment monitoring [3].  

3D Coordinate Measuring Machines (CMMs) and Machine Vision, as parts of 
mechatronic systems used in a broad range of application areas, have played an 
important role in many industrial manufacturing processes [4, 5].  

According to leading experts in Europe, it is expected that the 21st century 
will be the century of the photon [6]. The emerging technologies in photonics 
need accurate optical power measurement covering conventional detectors as 
well as advanced single photon measurement devices. This sets higher challenges 
to metrology institutions to develop improved and simplified traceability 
methods to meet these demands, as the annual market growth rate of photonics in 
Europe is about 8%. 

To realize a well-functioning detector for photonics, the opto-mechanical 
items should be carefully designed and thoroughly measured to fit the desired 
purpose. With an increasing demand of complex detector design, challenges for 
already manufactured mechanical parts are also increasing. To meet the needs for 
accurate measurements of complicated objects, 3D CMMs can be used. 
However, 3D CMMs have not been extensively used in optical radiometry 
community, mainly owing to lack of routine and reliable measurement methods 
for relatively small mechanical parts. 

When the detector is realized, its electro-optical properties have to be 
characterized traceable to SI units. This is important to ensure the accuracy of the 
3D imaging used in vision technologies whose area is gradually expanding 
towards few and single photon devices (SPD) to enable better imaging accuracy, 
higher data flow and to secure the communication. Amongst the other features, 
the accurate knowledge of SPD detection efficiency can increase image 
reliability and quality, and secure communication in machine vision channels.  

In the last decade, much research has been focused on the angle measurement 
methods for regular geometric objects by using 3D CMMs. In manufactured 
mechanical parts, the angle measurement method for complicated geometrical 
objects such as photodetectors by using 3D CMMs has attracted major research 
interest. The advantage of the angle measurement method in complicated 
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geometrical objects by applying 3D CMMs instruments over the other 
dimensional measuring instruments lies in reliability and accuracy. 

Another important aspect in this thesis research is how to improve accuracy of 
imaging in the vision technologies. Many researchers have focused on the 
integration of the Silicon Single Photon Diode (Si-SPAD) detectors to 
Complementary Metal Oxide Semiconductor (CMOS) and the Time of Flight 
(TOF) technique for the purpose of accurate imaging. The need for metrological 
characterization of the Si-SPAD detectors as a key component usable to ensure 
imaging accuracy has increased interest in research in this dissertation.   

This study is composed of two main parts: the first part focuses on a thorough 
state-of-the-art in metrology used for 3D CMM by measuring complicated 
geometrical object such as optical photodetector. The second part of the study 
focuses on characterizations of the Si-SPAD detectors as a key component used 
for accuracy of imaging purposes in vision technologies.  

Furthermore, it is obvious that from a metrological point of view, any 
significant measurement realized in this study is traceable to SI units and is 
accompanied with a stated measurement uncertainty. 
 
The Main Objectives of the Thesis 

The two main objectives of the thesis are as follows. Firstly, the objective is to 
elaborate a reliable and accurate angle measurement method for complicated 
geometrical objects by using 3D CMMs. The second objective is related to the 
metrological characterization of the Si-SPAD detectors. The tasks to be solved 
are as follows: 

 Development of the angle measurement method and uncertainty estimation 
for complicated geometrical objects by using a 3D Coordinate Measuring 
Machine (CMM) 

 Development of a high accuracy method for the characterization of Silicon 
Single photon avalanche diode (Si-SPAD) detectors used for imaging 
purposes that consists of: 
a. Methodology for investigation of the quantum detection homogeneity of 

Si-SPAD detectors  
b. Achievement of lower uncertainty in determination of the detection 

efficiency of Si-SPAD detectors used for imaging purposes.  

 
Structure of the thesis 

The study consists of four chapters. 
Chapter 1 contains a literature review composed of two main parts. Section 

1.1 describes the importance of the 3D CMM in the automated process of 
manufacturing technologies for ensuring the quality of products. It is complicated 
to establish traceability of the 3D CMM because of versatility and complexity of 
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this measurement instrument. The entire traceability chain for the 3D CMM and 
traceability arrangement according to the international standards of the angle 
measurements for complicated geometrical objects are briefly described. The 
second part reviews the importance of Si-SPAD detectors used for assuring the 
accuracy of imaging in vision technologies. Full traceability according to the 
national primary standards is briefly covered to ensure an unbroken calibration 
chain. 

Chapter 2 describes a method for dimensional measurements of complicated 
geometrical objects by the 3D CMM. Measurements were conducted for 
machined mechanical parts of a three-element optical photodetector. The 
measurement model and the results obtained are described in detail.  

Chapter 3 presents the alignment position procedure developed, which was 
realized in a completely automated manner. Precise alignment position of the Si-
SPAD detectors plays an important role in the investigation of homogeneity and 
determination of detection efficiency of the Si-SPAD detector. Further, the effect 
of the beam diameter on the detector homogeneity is analyzed and presented in 
terms of relative deviation. The measurement model and the measurement results 
are described in detail.   

Chapter 4 focuses on the development of a high accuracy measurement 
method for the calibration of the detection efficiency of Si-SPAD detectors. 
Double filter transmission technique and integrating sphere were employed. The 
measurement model, the method, the setup, and research results are described in 
detail.  
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1. LITERATURE REVIEW 

 
This chapter includes an overview of the current state-of-the-art in metrology 
used for Coordinate Measuring Machines (CMMs) and SPAD detectors applied 
for imaging in vision technologies. 
 
1.1 Overview of 3D CMM Metrology  
 
Manufacturing is the activity of producing components, products and systems, 
being one of the most important engineering activities. Economic success is 
linked directly to the development of user-driven, favored, manufacturing 
capabilities. It is important to record and collect data digitally during the 
development of the operation process. This knowledge, when properly used, 
makes it possible to save resources and time in the manufacturing of prototypes. 
Furthermore, the use of these data in digital manufacturing systems through 
Computer Aided Manufacturing (CAM) technology helps to maintain the quality 
of mass production, as can be seen in Figure 1.1 [8].  

 
 
 
 
 

 
 
 
 
 
 
 
 

 
 
 
 
 

Figure 1.1 Flowchart of manufacturing product design using CAM [8] 
 
CAM is the use of computer software for equipment control in all manufacturing 
activities, as shown in the flowchart of Figure 1.1 [8]. According to this 
flowchart of the automation process, it is clear that 3D Coordinate Measuring 
Machines (CMMs) play an important role in ensuring the quality of the product. 
3D Coordinate Measuring Machines (CMMs) are universal measurement 
instruments in dimensional metrology. As one of the most powerful and versatile 

CAD 
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metrological instruments, CMMs are widely used in most industrial applications, 
large and small in volumes [7]. Furthermore, 3D CMMs are intended for general 
purpose applications to achieve accurate dimensions of the measurement product 
where the operation probe system will identify the type of the measurement 
instrument usage like a contact or a non-contact probing system. Figure 1.2 
shows the most common types of 3D CMM configurations according to [7]. 
 

 
 
Figure 1.2 Summary of most common 3D CMM configurations associated with their 
general applications [7] 
 

In principle, the function of the 3D CMM consists of the measurement of the 
regular or complicated shapes of the workpiece and in accordance with the series 
standard ISO 10360, the 3D CMM will evaluate the metrological information 
such as size, distance, form, angle, radius, orientation and location [7, 9-18]. An 
example of the modeling of workpiece geometry for 3D CMM metrology is 
illustrated in Figure 1.3. 

The 3D CMM receives data points in terms of object coordinates measured at 
the surface of a certain of workpiece by using a guide to linearity transfer of the 
probing system along the X, Y and Z axes. In every 3D CMM, the software is 
installed to control coordinate transformation and to evaluate relevant geometric 
elements, such as size, distance, form, angle, radius, orientation, and location. 
Based on software operation, the required workpiece features are evaluated by 
combining the substitute elements and comparing dimensions and tolerances with 
the drawing given [7, 9-18]. 
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Figure 1.3 Illustration of the nature of CMM Metrology: (a) generating measurement 
data from CMM; (b) calculating the relevant substitute (mathematical) geometric 
elements in terms of parameters specifying size, distance, form, angle, radius, orientation 
and location; (c) evaluating the required workpiece features [7] 
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The entire traceability chain for 3D CMM is shown in Figure 1.4 [19]. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.4 Traceability chain for CMM [19] 
 

According to [19], traceability is established in a multi-step process, going all 
the way back in an unbroken sequence to national or international standards. The 
function of the 3D CMM, as a dimensional measurement instrument, entails a 
comparison of measured results to a standard of length [7]. The measurements by 
using the 3D CMM need to be traceable to the meter, which is one of the 
International System of Units (SI) [7, 20]. On the other hand, uncertainty of the 
length is determined by uncertainty in the measurements of intervals of time [7, 
19]. Each step contributes an uncertainty, therefore in developing the final 
estimate, task-specific uncertainty and traceability statements must be 
distinguished [19]. The most complicated part in the establishment of traceability 
of the 3D CMM can result from versatility and complexity of this measurement 
instrument.  

Chapter 2 will describe in detail the developed measurement model, the 
method and the standard uncertainty estimation of the measured angles for a 
complicated geometrical object, such as mechanical parts of a photodetector with 
a sophisticated construction. 
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1.2 SPAD detectors for imaging purposes 
 
In many industrial and non-industrial applications, machine vision has been used 
to ensure automatic inspection and analyses through an imaging-based 
technology. The accuracy of imaging is a key parameter that influences the 
quality of many applications of vision technology. Nowadays, the Time of Flight 
(TOF) camera is revolutionizing the vision technology by ensuring high accuracy 
3D imaging through using a complementary metal–oxide–semiconductor 
(CMOS) pixel array and a modulated light source [21-24]. Some of these 
important applications of the TOF technology are shown in Figure 1.5.  

 
Figure 1.5 Schematic view of some important applications of TOF technologies [22, 25]    
 

The basic principle of the TOF camera operation is illustrated in Figure 1.6. It 
is shown that the camera transmits modulated light (pulsed source) and measures 
its reflections on the scene [21]. From the reflected light, pulse modulation can 
be obtained by using a fast photodetector such as a single photon avalanche diode 
(SPAD) detector [22]. The perfect time resolution for detecting the photons at the 
arrival time enables SPAD detectors to yield high performance realization of 3D 
image sensors based on the TOF operations [25].  
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Figure 1.6 Illustration of the principle of TOF camera operation [21, 22, 26] 
 

One of the most useful detectors in quantum operations for imaging purposes 
is the silicon single photon avalanche diode (Si-SPAD) detector where the 
detection efficiency plays an important role. A major advantage of the Si-SPAD 
detector lies in its integration capability with a standard CMOS fabrication. This 
is a promising technology for combining the SPAD with quenching circuits and 
time resolving circuits for time correlated single photon counting and TOF for 
producing a 3D image [27, 28]. SPAD detectors are very useful in the TOF 
techniques due to their picosecond time resolution. The pulses from a light 
source vary across different ranges of time resolution from 350 picoseconds up to 
6.6 picoseconds. In today’s conditions, to achieve 1 millimeter distance accuracy 
timing at room temperature, a pulse of 6.6 picoseconds is required, which is 
almost impossible with the present Silicon technology [22]. Thus, a multi-
measurement technique, such as a time correlator, has been employed to achieve 
6.6-picosecond time resolution, as can be seen in Figure 1.8.  Additionally, there 
are different types of the CMOS fabrication; an example of the CMOS 8x8 
SPAD Array is shown in Figure 1.7 [29].  
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Figure 1.7 Block diagram of the CMOS 8x8 SPAD Array for the TOF operation [29] 
 
Further, Chapters 3 and 4 will characterize the Si-SPAD detectors, the key 

component for improved accuracy of imaging in the vision technologies. 
According to Chapter 4, high accuracy methods have been developed for 
determination of quantum detection efficiency of the Si-SPAD detector and 
investigation of the quantum detection homogeneity of Si-SPAD detectors. 

 Full traceability to the national primary standards is assured via an unbroken 
calibration chain, as can be seen in Figure 1.8 [36]. According to [36], the 
detection efficiency is determined from the measurement of the photon count rate 
of the Si-SPAD and its comparison to the incoming photon flux, which is 
measured with a calibrated Si photodiode and calibrated attenuators (Filter 
transmission). Improvement of the detection efficiency of the Si-SPAD detector 
by using a new configuration setup is explained in detail in the following 
chapters.  
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Figure 1.8 Calibration chain for the determination of the Si-SPAD detection efficiency at 
PTB, λ is wavelength and Φ is radiant power [36] 
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2. ANGLE MEASUREMENT METHOD FOR 
UNCERTAINTY EVALUATION OF COMPLICATED 
GEOMETRICAL OBJECTS BY USING THE 
COORDINATE MEASURING MACHINE 

 
Many of the research works in relation with angle measurements have growing 
interest in certain industrial sector to respond their demands for increasingly 
strict tolerances tied to the production of mechanical pieces [33, 46-48]. The 
advantages by applying 3D CMM for determination of the angle measurements 
lies in degree of automation, obtaining data from pieces of different shapes and 
dimensions with maximum permissible error, reliability and accuracy [33, 49-
55]. Different scientific research in 3D CMM have been focused in determination 
of angles of the regular geometrical objects which corresponds to 90o. The needs 
for determination the angle measurements in complicated geometrical objects by 
using 3D CMM has attracted major research interest. The current research has 
aimed to develop a novel method for angle measurement method for complicated 
geometrical objects by using 3D CMM. 
     
 
2.1 Measurement instrument and methodology 
 

Angle measurements of the three-element photodetector with a complicated 
geometrical form were conducted using a 3D Coordinate Measuring Machine 
manufactured by the Swiss Company called TESA factory. Owing to versatility 
and complexity measurement instrument, we have used a simplified case for 
traceability arrangement of the 3D CMM in relation to our research task for the 
determination of angle measurements of the complicated geometrical objects 
shown in Figure 2.1.  
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Figure 2.1 3D CMM traceability arrangement for the determination of angle 
measurements  
 

Based on the traceability arrangement of angle measurements by using the 3D 
CMM and the series ISO 10360 standard, we have developed contributor factors 
of the 3D CMM that need to be considered during the calibration process, as 
shown in Figure 2.2.  

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

                                                                                                              
Figure 2.2 Flowchart of 3D CMM contributors 
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The TESA MICRO-HITE 3D coordinate measuring system is an affordable 

high accuracy measuring instrument designed to fill the operational gap between 
precision hand-held measuring instruments and high-end coordinate measuring 
machines [30]. The layout of the TESA MICRO-HITE 3D CMM used for the 
measurement setup is shown in Figure 2.3.  
 

 
 
 

 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 2.3 Layout of the measurement setup: 1 – moving bridge; 2 – guide in 3D (X/Y/Z); 
3 – exchangeable probe accompanied with probe command button; 4 – calibration ball; 
5 – workpiece place; 6 – measuring range volume; 7 – software controller  
 
The measurement principle of this 3D CMM consists of the contacting surface of 
a measurement object with a touch probe to the surface of the measurement 
object. A guide to linearity transfers the probing system along the X/Y/Z axes 
and can run at determined angles to each other. Furthermore, the TESA REFLEX 
program controller recognizes the dimensional measurements that arise from 
contacting the touch probe at the surfaces. Interactive software will allow 
complex measurements in a precise and routine way. The measuring range 
volume (X/Y/Z) of the TESA MICRO-HITE 3D CMM is equal to 460 mm x 510 
mm x 420 mm with the resolution R = 0,1 µm, as stated by the manufacturer.  

A complicated geometrical shape, such as a three-element photodetector body 
with an approximate volume size 40 mm x 32 mm x 32 mm, has been used to 
determine the dimensional accuracy (incidence angle) of this photodetector. The 



23 

photodiode type used is S1337-11 (windowless) from Hamamatsu. It is important 
to mention that photodiodes should be mounted in the three-element body part 
under radiation incidence angle close to 45o where for the best performance, the 
declination angle between the incoming and the outcoming beams for the 
photodiode should be less than 0,2o. This angle declination affects the reflection 
from the photodiode active surface and, thus, transmittance and responsivity of 
the whole detector [31]. 

 The measurement method is characterized by two measurement strategies to 
determine the incidence angle in the three-element photodetector. Firstly, the 
standard measurement procedure offered by the 3D CMM to guarantee the 
performance of the 3D CMM according to the manufacturer specification is 
applied and, secondly, the novel measurement procedure has been developed in 
relation to the specific needs, such as the determination of the incidence angle of 
the three-element photodetector. The measurement procedure for the 
determination of the incidence angle of the three-element photodetector 
illustrated in Figure 2.4 is outlined below in the following text.    
 

 
 

 

 
 

 

 

(a) 

 
 
 
 
 
 
 
 
 
 
 

  (b)                                                             (c) 
 
Figure 2.4 Illustration of the determination of the angle of photodetector: (a) Top view 
illustration picture of the angle determination of photodetector, (b) - scheme of three 
photodiodes aligned in the photodetector, the beam indicating the optical path between 
the centers of photodiodes shown as an arrowed line; (c) - schematic view of the 
photodiode active plane associated with uniform distributed measurement points (filled 
dots) 
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The measurement procedure starts with the calibration of the touching probe 
at the calibration ball of the 3D CMM shown in the layout picture of Figure 2.3. 
The touching probe was mounted in vertical positions under 0o angle and the 
calibration was realized on the distributed points around the calibration ball. 
Based on the instruction in the manual of the machine, to have accurate positions 
of the touching probe, the criteria of the distributed points were used, which 
should not be less than six points. Following a successful calibration position, the 
three-element photodetector body part is placed in the workpiece to continue the 
measurement procedure, as shown in Figure 2.4. In the measurements, angles 
were determined between the pairs of planes AB (position 1), CD (position 2) 
and EF (position 3). The measurements were conducted in the reference planes 
A, C, E and across the active planes B, D, F to cover each entire plane of the 
photodiode as uniformly as possible, as can be seen in Figure 2.2 a,b. The planes 
A, D, E were chosen as the reference planes because of their connection design 
with the planes of the active areas B, D and F. The planes B, D, and F were 
assumed to be parallel with the planes of photodiode active surfaces, i.e. close to 
45o in relation to reference planes. The uniform distribution readings for each 
active plane of the three photodiodes are shown in Figure 2.2 c. The maximum 
distance between the measurement points for each active plane was 22,3 mm. 
The maximum distance was used to determine some uncertainty components that 
arise from calibration and the measuring distance between two points of the 3D 
CMM. The number of the readings taken during the measurements for each angle 
plane was ten.  
 
2.2 Measurement model 
 
In accordance with [32], the measurement model can be expressed as follows: 
 

           



n

i

xxy
1

i  ,                                                                                              (2.1) 

 
where       y    –    estimate of the output quantity, 
                 x      –   measured value, 
                δxi   –   corrections that arise from input quantities.  
 

There is large number of uncertainty sources due to versatility and complexity 
of the 3D CMM, which makes the evaluation of the measurement uncertainty a 
multifaceted problem. In the following, it will be shown that some sources of 
uncertainty mentioned in Chapter 1 can influence in the measurement results. 
Thus, the measurement model can be expressed by the following equation: 

 
    Lrepreadprobecal xxxxxxy   ,                                        (2.2)                       
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where   δxcal     –   correction from the calibration of the machine, 
            δxprobe   –   correction from the probing error, 
            δxread    –   correction from the reading of indication, 
            δxrep       –   correction from repeatability,  
            δxL        –   correction from the distance between two points. 
 
2.3 Evaluation of measurement uncertainty and research results 
 
Evaluation of the measurement uncertainty of the angle of a three-element 
photodetector by using the 3D CMM has been determined according to the Guide 
to the expression of uncertainty in measurement (GUM) [32]. In general cases, 
output quantity y is not measured directly but rather is estimated from the input 
quantities mentioned in the above measurement model (Eq. (2.2)). Furthermore, 
all input quantities x in the measurement model during the estimation process can 
be characterized with a combined standard uncertainty.  

The combined standard uncertainty of uncorrelated input quantities is 
determined by the following equation: 
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 ,            (2.3)     

 
where     ci               –    sensitivity coefficients for all input quantities,  
              u(δxi)   –    standard uncertainty of the input quantities. 
 

The standard uncertainties of all input quantities were determined under the 
following circumstances. 

 In the measurement process, the calibration of the TESA MICRO-HITE 3D 
CMM was not realized due to the manufacturing specifications certificate of this 
device, which is based on the availability usage of the measuring time period. 
Therefore, in relation to our particular case for the determination of the accuracy 
of the 3D CMM, we have not considered the whole volume of the machine but 
only the volume of the three-element photodetector body which was subjected to 
the measurements. According to [30], uncertainty from the calibration of the 3D 
CMM in X, Y and Z axis can be expressed by the following equation: 
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where     k     –    coverage factor, in our case k = 2 for the level of confidence of  
                            approximately 95 %, 
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              L     –    distance between two points. 
 
The distance L can be referred to the maximum distance between the two 
measurements points of the pairs of planes. According to [33], the distance 
between the two points is calculated as follows: 
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Estimation of the uncertainty of the probing error can be related to the form 

error of the touching probe used before starting the measurement procedure. The 
calibration of the touching probe was realized by contacting the probe six times 
around the calibration ball mounted in the measurement table of the 3D CMM, as 
can be seen in Figure 2.1. TESA REFLEX software controller recognizes the 
measurements that come from the calibration ball. The diameter of the calibrated 
touching probe was 2 mm and uncertainty of the form error can be expressed as 
follows: 
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Standard uncertainty due to the readings of the angle measurements between 

the pairs of the planes was determined by the standard deviations of the readings, 
as expressed in the following equation:  
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where     n    –   number of independent observations, 
               xi    –   observed readings, 
               xm   –   mean value of the readings.  
 

Standard uncertainty due to repeatability was determined from the two series 
of the standard uncertainty of the readings in accordance with the following 
equation: 
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Evaluation of the standard uncertainty due to the distance between the two 

points was determined through the statistical behavior model of the 3D CMM. 
Using this model, the errors of the machine used related to orientation and length 
in the working volume were investigated. According to [33], uncertainty from the 
distance between the two points can be expressed as follows: 
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where       R    –   resolution of the 3D CMM, 
                 Ek   –   parameter due to the specification of the 3D CMM, which can  
                            be related to the maximum permissible measuring error of the  
                            linear spatial diagonal of the measuring volume, 
                EG   –   parameter due to the specification of the 3D CMM which can  
                            be related to the maximum permissible probing error. 
                             
                                 

The sensitivity coefficients (Eqs. (2.13) – (2.15)) were evaluated through the 
partial derivatives of the equations expressed as follows [33]: 
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These partial derivatives describe how the output estimate y varies with changes 
in the values of the input estimates xi [32]. In our particular case, we have 

 coscoscos  and 1221 xxx  , 1221 yyy  , 1221 zzz  . The 

maximum of the partial derivatives was chosen from
x
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;

y
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and determined by the following equations: 
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Hence, all standard uncertainties mentioned above associated with sensitivity 

coefficients were determined to evaluate the combined standard uncertainty. 
Afterwards, expanded uncertainty U was obtained through multiplication of the 
combined standard uncertainty uc(y) with a coverage factor, k = 2, as can be 
expressed in the following equation: 

 
   )(c yukU                                                                                  (2.16)          

 
In the 3D CMM, due to the variety of the uncertainty contribution, uncertainty at 
the 95% confidence level was used at the coverage factor 2.  

The results of the determination of each angle of the optical three-element 
photodetector body part associated with their uncertainty by using the 3D CMM 
are illustrated in Figure 2.5 and summarized in Tables 2.1 and 2.2.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Figure 2.5 Repeatability of angle measurement results between reference planes A, D, E 
and across active planes B, D, F 
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Table 2.1 Uncertainty budget of angle measurements of the photodetector body part  

Sources of 
Uncertainty 

Standard 
Uncertainty 

Probability 
Distribution 

Sensitivity  
Coefficient 

Uncertainty 
[o] 

Calibration 7,9 · 10-2 [mm] normal 1,7 · 10-2 [o/mm] 1,4 · 10-3 

Probing error 2 · 10-3 [mm] normal 1,7 · 10-2 [o/mm] 3,4 · 10-5 

Readings 3,5 · 10-2 [o] normal 1,0 3,5 · 10-2 

Repeatability 4,8 · 10-2 [o] normal 1,0 4,8 · 10-2 

Distance 7,8 · 10-2 [mm] rectangular 1,7 · 10-2 [o/mm] 1,3 · 10-3 

Combined standard uncertainty, k = 1 5,9 · 10-2 

Expanded uncertainty, k = 2 1,2 · 10-1 
 
Table 2.2 Measurement results for the estimation of each angle measurement associated 
with expanded uncertainty  

 
The measurement results above fulfill the target mentioned in Section 2.1 (45o 

± 0,2o) for the determination of the angle of the three-element photodetector. The 
results show that an expanded uncertainty of the declination angle between the 
incoming and outcoming beams is ± 0,12o. This means that a three-element 
photodetector meets the specification of the mechanical manufactured part that 
will be used for a well-functioning detector in photonics.  

The results of this study were implemented in the design of twelve element 
transmission trap detector to provide attenuation of a laser beam at the level of 
1,5 parts per million for studies of single photon sources and detectors in 
European Metrology Research Programme (EMRP) at project Single-photon 
sources for quantum technologies (SIQUTE).  

 In the future, it will be necessary to improve larger uncertainty components 
that arise from the readings of indication and repeatability of the measurement 
results, which simultaneously will improve the overall measurement uncertainty 
of the angle measurement of the three-element photodetector.  
 
 
 
 
 

Angle Estimated value [o] Expanded uncertainty [o] 

AB 45,11 0,12 
CD 44,96 0,12 
EF 45,08 0,12 
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3. ALIGNMENT POSITION METHOD FOR Si-SPAD 
DETECTOR CALIBRATION PROCESS AND 
INVESTIGATION OF THE DETECTION 
EFFICIENCY HOMOGENEITY  

 
Silicon single-photon avalanche diodes (Si-SPADs) are the most common choice 
for single-photon detection in the visible to near-infrared spectral range up to 
1000 nm [34, 35]. Si-SPADs play an important role in a variety of research 
fields, such as experimental quantum optics, quantum cryptography and quantum 
computing but also in medicine, biology, telecommunication and astrophysics 
applications [36]. The detection efficiency of a detector is one of the key 
parameters. However, most of the customers have to rely on the detection 
efficiency values given by the manufacturers or they have to measure the values 
themselves. Thus, in order to achieve reliable measurements, a compact setup for 
Si-SPAD calibration that uses traceable transfer standards has been recently 
established by PTB Germany [36, 37].  

The previous research work [36] has stated the problem for optimization of 
the Si-SPAD detector position and investigation of the homogeneity. Alignment 
position were in manual way and before starting calibration process it takes 
almost 3 days. The alignment position of the Si-SPAD detector in the incident 
beam has to be established with high accuracy to achieve low uncertainty 
measurements. Also, it has to be assured that the laser beam used for the 
calibration is completely within the active area of the Si-SPAD and hits 
reproducibly the same location on the detector’s active area. This requires some 
efforts and is very time consuming if aligned manually.  The current research will 
be focused in accurate and automatic alignment of the Si-SPAD which will 
reduce the measurement time in 10 minutes and secondly will analyze the 
detection efficiency homogeneity for two commercial Si-SPAD detectors with 
different sensor diameters.  
 
3.1 Measurement setup and method 
 
In the calibration process, alignment of the Si-SPAD detector with respect to the 
absolute position and to the reproducibility to re-align is of prime importance. 
The measurements of the detection efficiency of the Si-SPAD detector by using 
the double filter transmission technique will be explained in Chapter 4 by using a 
new configuration setup. Figure 3.1 shows the experimental setup used for the 
alignment of the Si-SPAD detector, which is based on the previous method for 
determination of the detection efficiency established at PTB [36, 37].  

The setup in Figure 3.1 shows that the laser emits optical radiation on 770 nm 
wavelength with  instability of less than 1 %, focused on a 20X microscope 
objective lens (Mitutoyo M Plan Apo, numerical aperture = 0,42, working 



31 

distance = 20 mm) on the detectors. A variable filter is used to adjust optical 
power in the laser beam. A beam splitter is used to split the beam of light in two 
where one transmits the light to the detector and the other reflects the light to the 
monitor detector. The monitor detector is used to reduce the instability of the 
laser optical power. Individual Filters 2 and 3  is moved in the beam path to 
measure the  optical power with the standard Si-Diode and both Filters combined 
as well as the Si-SPAD have been moved in the beam path to measure the 
corresponding optical power with the Si-SPAD detector.  
 

 
 
 

(a) 
 

 
 

(b) 
 

Figure 3.1 Setup for Si-SPAD detector calibration at PTB: (a) Schematic setup for 
determination of the detection efficiency of Si-SPADs; (b) top view of the setup for Si-
SPAD detector calibration [36, 37]  
 

The present measurement method will be focused on the alignment of the Si-
SPAD detector by determining an absolute position for setting the detector prior 
to starting the calibration process of the Si-SPAD detector. The Si-SPAD 
detector with respect to the focused beam is aligned using motorized XYZ-
translation stages in an automatic manner. The measurement procedure consists 
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in scanning the beam profile by using the Si-SPAD detector itself. The scanning 
is carried out before and after the focal plane, i.e. the working distance of the 
objective lens, as can be seen in Figure 3.2: 

 

 
Figure 3.2 Schematic view for the determination of the objective focal plane 
accompanied with two measurement Gaussian beam profiles: f is the objective focal 
plane, d1 and d2 are beam diameters, Z1 and Z2 are beam distances  
 
To find a criterion for the optimization of the Si-SPAD detector position with 
respect to the incoming laser beam, PTB is using the “Agilent VEE” programme 
for performing the automated measurement scan. The data is collected by 
scanning the detector with laser beam (in the X, Y plane) several times at various 
work distances Z from the microscope objective. For this measurement the 
environment setup was set with a work point reference position (Z = 20 mm) 
between the Si-SPAD detector window and the objective lens before starting the 
scan. The reference position is valid only for this measurement setup. In the three 
measurements, firstly, the two Gaussian beam profiles, which correspond to the 
front of and behind the objective focal plane and in the end, the objective focal 
plane (Rectangular profile), were determined. The scanning procedure was 
realized such that the Z-position of the detector was moved by 1 mm steps 
towards the microscope objective and for each Z position, a full (X, Y)-scan was 
performed. Two different types of Si-SPAD detectors with different sensor 
diameters (ϕD1=180 µm and ϕD2=50 µm) were used in the measurements, as can 
be seen in Figure 3.3. The (X, Y) scanning ranges for the SPCM-AQR-16 
detector were 0,5 mm x 0,7 mm and for the MPD detector, 0,2 mm x 0,4 mm 
with a resolution of 0,01 mm. This scanning procedure allowed us to find the 
optimum (X, Y, Z)-position of the Si-SPAD detector with respect to the 
incoming beam.  
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(a) 
 
 
 
 
 
 

 
 
 
 

(b) 
 

Figure 3.3 Si-SPAD detectors used in measurements: (a, b) Single Photon Counting 
Modules (left) and their corresponding sensors (right); (a) SPCM-AQR-16(PerkinElmer) 
and (b) PDM (Micro Photon Devices) [38, 39] 
 

Figure 3.3 shows the pictures of Si-SPAD detectors used in the measurements; 
the characteristics of these detectors are as follows:  

 The first type SPCM-AQR-16 (Perkin-Elmer) is a self-contained module 
with a circular active area. The detection efficiency exceeds 70% at 650 
nm for 180 µm detector diameter where the dark counts are 250 counts/s 
[38].  

 The second type is a PDM series photon counting detector module with a 
square active area whose peak photon detection efficiency over a 50 µm 
diameter detector exceeds 49% at 550 nm and dark counts 49 counts/s 
[39].  

 
3.2 Si-SPAD detector alignment  
 
The accurate method for determining the optimal position of the Si-SPAD 
detector and the investigation of the homogeneity are based on the evaluation of 
these important steps: 
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 centroid and the diameter of each measured beam profile,  
 objective focal plane,  
 Gaussian fitting curve, 
 error from Gaussian fitting curve, 
 relative standard deviation within the selected region. 

The MATLAB program was implemented to the Agilent VEE program to 
evaluate the steps mentioned above automatically.  

Firstly, the centroid and the diameter of each measured beam profile were 
determined by the following equations: 
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where      is      –   modified irradiance distribution over a scanning region 
                             (Sxi, yi ≥ threshold),  
                xi, yi  –   scanning position in (X, Y)-coordinate directions. 
   

The objective focal plane that approximated the beam propagation to a simple 
geometric beam propagation (dashed line, Figure 3.3) was evaluated by the 
following equation: 
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where      f           – objective focal plane,  
              21 , ZZ   – beam distances,  

              21 , dd    – beam diameters. 
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The calculation of the Gaussian fitting curve is based on the function of the 
form, as can be seen in the following equation: 
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where    a – height of the curve’s peak, 
              b – center position of the peak, 
              σ – standard deviation of the count rate, 
              Y  – scanning positions in the y-direction.  
 

The error from the Gaussian fitting curves was evaluated by the following 
equation: 

 
Error (%) = Gaussian (Model) – Gaussian (Measurement)                        (3.7)                    

 
The minimum error from the Gaussian fitting curve will give information for two 
scan beam profiles that can be performed in front of and behind the objective 
focal plane.  

The relative homogeneity was obtained for the mean quantum detection 
within the selected region (regions 1 and 2 in Figure 3.6) and evaluated through 
the relative standard deviation (RSD) by the following equation:  
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where    σ   – standard deviation of the count rate within the selected region,  
              xm   – mean value of the count rate within the selected region. 
 
 
3.3 Research Results  
 
3.3.1 Results of Si-SPAD alignment position  
 
The measurement results for three performed scans of the SPCM-AQR-16 
detector in relation to the different Z – positions are summarized in Table 3.1 and 
illustrated in Figures 3.4 – 3.6. For the Z – position 13,6 mm (closer to objective 
lens), the scan profile corresponds dominantly to the Gaussian beam profile 
where the error from the Gaussian fitting curve is equal to 8,1 %. The other 
dominantly Gaussian profile corresponds to the Z – position 15,6 mm, which is 2 
mm away from the reference position and the error from the Gaussian fitting 
curve is closer to 8,5 %. For the Z – position 14,6 mm, calculated from the 
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objective focal plan, the scan profile corresponds dominantly to a rectangular 
profile.  

 
 
Figure 3.4 Scanning results for the SPCM-AQR-16 detector at position Z = 13,6 mm 
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Figure 3.5 Scanning results for the SPCM-AQR-16 detector at position Z = 15,6 mm 
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Figure 3.6: Scanning results for the SPCM-AQR-16 detector at position Z = 14,6 mm 

Table 3.1 Summary results of the SPCM-AQR-16 detector  
 

No Z – position 
(mm) 

x – center 
(mm) 

y – center 
(mm) 

Error 
(%) 

Diameter 
(mm) 

1 13,6 235,11 6,26 8,1 0,35 
2 14,6 235,11 6,28 - 0,22 
3 15,6 235,12 6,30 8,5 0,35 
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According to Eq. (3.7), the error calculated from the Gaussian fitting curve 
was used to obtain distinct information of the presence of the Gaussian profile. 
Minimizing the error will give information for the position and diameter of the 
measured beam profile. On the basis of this information and the scanning results, 
we have determined the optimal (X, Y, Z) - position for the detector. It is in the 
(X, Y) - center position of the scan profile with the smallest diameter, i.e. at xcenter 
= 235,11 mm, ycenter = 6,28 mm and Z = 14,6 mm.  

The results of the three PDM detector scans in relation to the different Z – 
positions are summarized in Table 3.2 and Figures 3.7 – 3.9.  

 
 
 
 

 
    Figure 3.7 Scanning results for the PDM detector at position Z = 13,6 mm 
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Figure 3.8 Scanning results for the PDM detector at position Z = 15,6 mm 
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Figure 3.9 Scanning results for the PDM detector at position Z = 14,6 mm 
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Table 3.2. Summary results of the PDM detector  
 

No Z – position 
(mm) 

x – center 
(mm) 

y – center 
(mm) 

Error 
(%) 

Diameter 
(mm) 

1 13.6 228.81 6.52 7.2 0.23 
2 14.6 228.80 6.55 - 0.07 
3 15.6 228.79 6.56 7.3 0.23 

 
The same strategy was used to determine precisely the optimal (X, Y, Z) – 
position of the PDM detector. The results mentioned above have shown that the 
optimal position is in the (X, Y) - center position of the scan profile with the 
smallest diameter, i.e. at xcenter = 228,80 mm, ycenter = 6,55 mm and Z = 14,6 mm. 

The results also reveal that the Si-SPAD quantum detection critically depends 
on the irradiated area and on the beam location in the sensor active area. 
 
3.3.2 Homogeneity studies 
 
The homogeneity of the Si-SPAD detector was studied as a relative standard 
deviation (Eq. (3.8)). Homogeneity studies of the detection efficiency of the Si-
SPAD detector were conducted at 770 nm laser wavelength, determined by 
scanning the active area of the Si-SPAD sensor with a laser beam of a diameter 
of approx. 10 µm. However, in this case, a monitor detector was used for 
suppressing a possible fluctuation of the laser optical power that may occur 
during the measurement. The scanning was carried out with a step resolution of 5 
µm over the complete active area of the sensor.  

 It should be noted that only relative measurements are required to determine 
the homogeneity of the Si-SPAD detection efficiency. Therefore, here each 
signal obtained from the Si-SPAD for each (x,y) scanning position is normalized 
to the one obtained when the laser beam is impinging at the center of the sensor 
active area, i.e.     
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where    Nxi,yj   –  Si-SPAD counts for the (x, y)-position,  
             Ncenter –  Si-SPAD count rate at the center position Nx=0,y=0  
             smon    –  signal of the monitor detector.  

 
The homogeneity of the detection efficiency may be defined as the relative 

standard deviation of the relative detection efficiency for a defined region. The 
summary results for the quantum detection homogeneity of two commercial Si-
SPAD detectors are summarized in Table 3.3 and illustrated in Figure 3.10. 
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(a) 

 
(b) 

 
Figure 3.10 Relative spatial quantum detection efficiency of the Si-SPAD detectors: (a) 
SPCM-AQR determined with a beam diameter ϕB ~ 10 µm and circled sensor area with 
diameter ϕD1=180µm; (b) PDM determined with a beam diameter ϕB ~ 10µm and circled 
sensor area with diameter ϕD2 =50µm  
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Table 3.3 Results of the mean value and homogeneity (relative standard deviation) of the 
Si-SPAD relative detection efficiency for two selected regions of the active area of 
SPCM-AQR-16 (PerkinElmer) and PDM detectors  

 
 
 

Regions Region Diameter 
           ϕCircle (µm) 

Mean Value 
(rel.) 

Homogeneity 
RSD 

SPCM-AQR-16 
Region 1 120 0.9941 0.85 % 
Region 2 40 0.9996 0.34 % 

PDM 
Region 1 40 0.9906 2.21 % 
Region 2 20 1.009 0.13 % 

 
Figure 3.10 shows the relative spatial responsivity obtained for the Si-SPAD 

Perkin-Elmer SPCM-AQR-16 and the Micro Photon Devices PDM detector, 
respectively. As can be observed, for the applied beam diameter of 10 µm, the 
relative values are within ± 1 % for the main active region of the detectors, 
however, as expected, at the border of the active regions, the values drop. 

To estimate the homogeneity, the standard deviation of the detection 
efficiency in a specific region of the detector was chosen; see e.g. the circled 
regions in Figure 3.10. In Figure 3.10 a, the homogeneity of the detection 
efficiency obtained for the mean detection efficiency within the circled area 
(region 1) is ≤ 0.85 %. The homogeneity can be improved by selecting smaller 
regions, i.e. for region 2 with a diameter of 40 µm, the obtained homogeneity is ≤ 
0,3 %. Figure 3.10 b shows the results of the homogeneity studies of the PDM 
detector. The results reveal that the obtained homogeneity has been improved 
from ≤ 2,2 % for region 1 (diameter 40 µm) to ≤ 0,13 % for region 2 (diameter 
20 µm). 

Additionally, the relative deviation of the detection efficiency of the Si-SPAD 
detectors for different beam diameters is shown in Figure 3.11. For this analysis, 
the relative deviation of the detection efficiency for different beam diameters has 
been normalized to the detection efficiency obtained for a beam with a diameter 
of ϕB = 20 µm impinging on the center of the active areas of the Si-SPAD 
detectors. Figure 3.11 shows that the change of the detection efficiency for 
different beam diameters originating from the non-perfect homogeneity is larger 
for the PDM detector than for the PerkinElmer SPCM-AQR-16 detector. 
However, this behavior is caused by the smaller active area of the PDM detector. 
The smaller the active area, the more sensitive is the detection efficiency with 
respect to an increase in the beam diameter. Therefore, in order to compare the 
sensitivity of the detection efficiency of these two detectors with different beam 
diameters, the relative detection efficiency as a function of the ratio between the 
beam diameter and the active area (sensor diameter) is shown in Figure 3.12. 
Here it is observed that the detection efficiency of the PerkinElmer SPCM-AQR-
16 Si-SPAD detector is more sensitive to changes in the beam diameter. These 
results clearly show that, depending on the active area of the SPAD sensor, an 
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appropriate laser beam diameter must be used to achieve low measurement 
uncertainties in the determination of the detection efficiency of a Si-SPAD 
detector.  

The results have shown that homogeneity of the detection efficiency depends 
on the beam size and the evaluated region. 

 
 

Figure 3.11 Relative deviation of the detection efficiency for different beam diameters at 
770 nm laser wavelength 
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Figure 3.12 Relative deviation in the function of the ratio of beam diameter and beam 
detector for two commercial Si-SPAD detectors at 770-nm laser wavelength  
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4. HIGH-ACCURACY FILTER TRANSMISSION 
MEASUREMENT METHOD FOR CALIBRATION OF 
THE DETECTION EFFICIENCY OF Si-SPAD 
DETECTOR 

Based on two-photon correlation techniques and on comparison to classically 
calibrated detectors, absolute detection efficiency of photon-counting devices has 
been studied for a number of years [40-45]. In this photon correlation technique, 
traceability is not necessary because in principle, a calibrated standard detector is 
not needed. However, from a metrological point of view, a validation with a 
standard detector traceable to the cryogenic radiometer or to a calibrated lamp is 
necessary, as we can refer to the calibration chain of Figure 1.8 for the 
determination of the Si-SPAD detection efficiency [36]. The previous research 
work has stated the problem in improvement of the measurements of the filter 
transmission which should lead to a significantly reduced measurement 
uncertainty [36]. Based on it, the current research work will focus on updating a 
high-accuracy filter transmission measurement method by using integrating 
sphere for determination the detection efficiency of Si-SPAD detector. 

 
4.1 Measurement method 
 
The measurement method for the determination of the detection efficiency of Si-
SPAD detectors is based on the comparison of the Si-SPAD detector count rate 
with the optical power, i.e. photon flux, measured with a calibrated integrating 
sphere with attached silicon diode by using the double filter transmission 
technique [36, 37]. To determine the Si-SPAD detection efficiency by this 
technique, the transmission of the filters is required to calculate the optical power 
impinging on the Si-SPAD detector. However, the requirement of a very low 
filter transmission makes the direct measurement by an analogue detector 
impossible; thus, a two-step measurement procedure for the filter transmission 
determination has been developed at PTB, as can be seen in Figure 4.1.  
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(a) 

 

 
 

(b) 
 
Figure 4.1 New configuration setup for Si-SPAD detector calibration at PTB: (a) 
Schematic view for the calibration of the detection efficiency of Si-SPAD; (b) Top view 
illustration setup pictures for the determination of the detection efficiency of Si-SPAD 
detectors by using an integrating sphere with an attached Si-Diode 
 

A tunable laser source with a wavelength range from 766 nm to 781 nm was 
used. The laser beam is focused through a microscope objective APO M-PLAN 
20x with a 0,42 numerical aperture and a working distance of 20 mm. In the 
measurement, we used a neutral density filter NG9 D 2.6 for Filter 2 and neutral 
density filter NG9 D 3.0 for Filter 3. The total transmittances for Filter 2 and 
Filter 3 used in the wavelength ranges mentioned above are shown in the 
summary results of the Table 4.1. 

We have developed the measurement method by using an integrating sphere 
instead of using a single silicon detector (Si-Diode) for the filter transmission 
measurement. The use of the integrating sphere with an attached detector has two 
main advantages: 
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1) The optical power is not sensitive to the beam size used during the 
calibration. 

2) Specular reflections that may occur between the objective lens and the 
detection system were strongly minimized. 

Thus, these advantages will minimize any systematic error for the filter 
transmission measurement. Figure 4.2 shows a schematic illustration of the 
integrating sphere with an attached detector. 
 

 
Figure 4.2 Schematic view of the integrating sphere with an attached detector 
 
The integrating sphere with a diameter of 101,6 mm is coated with spectralon and 
a Si photodiode is attached to one port. The absolute responsivity of the sphere is 
calibrated against a trap detector traceable to a cryogenic radiometer. 

 The filter transmission was measured individually for each filter (TFilter2, 
TFilter3) by using high accuracy translation position stages and the filter 
transmission of the two filters was measured as a filter package (TCombined). An 
Agilent VEE program was used to realize automated measurements, as can be 
seen in the flowchart fragment in Figure 4.3. The measurement program is 
composed of four modules. 

All the modules were connected to each other for the entire measurement 
procedure. The signals of the integrating sphere and the monitor detector were 
taken from the readings of two digital multi-meters, which will play an important 
role in the determination of the filter transmission [36]. The main view of the 
flowchart of Agilent Vee program shows that the measurement setup is 
composed of two translation stages. 

The first translation stage was used to identify the filter transmission position 
and the second to identify the position of the integrating sphere. After alignment 
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into the beam path, the position of the integrating sphere is stationary during the 
whole measurement procedure. In module 1, the optical power is measured with 
the integrating sphere without any filter transmission with initial positions (XFilter1 
= 0 mm, XFilter2 = 0 mm and XFilter3 = 0 mm). The second measurement step means 
that to switch to module 2,  a time interval of 35 seconds was needed to wait for 
Filter 2 positioning  ( XFilter2 = 37 mm) in the beam path. The delayed time is 
related to the movement time of the filters through the translation stage from the 
initial position to the beam path and vice versa. The waiting time to switch from 
one module to the other was kept the same in every step of the measurement 
procedure. The third block view is related to the measurement of module 3, 
which continues with the individual filters by moving Filter 2 and Filter 3 to 
different positions (XFilter2 = 0 mm and XFilter3 = 37 mm). The fourth view is 
focused in module 4 to complete the measurement procedure by measuring the 
total filter transmission while Filter 2 and Filter 3 were positioned in the beam 
path simultaneously (XFilter2 = 37 mm and XFilter3 = 37 mm). Totally, 100 
measurements for a single wavelength were realized. The procedure was the 
same for each wavelength used in this research work.  
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Figure 4.3 Flowchart of the filter transmission measurement by Agilent Vee program  
 
 
4.2 Measurement model 
 
The measurement model can be expressed as follows in accordance with [32]: 
  

           



n

i

xxy
1

i ,                                                                                                 (4.1) 
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where        y    –    estimate of the output quantity, 
                 x     –   measured value (detection efficiency of the SPAD), 
                δxi   –    corrections that arise from input quantities.  
 
According to [36], the measurement model for the determination of the detection 
efficiency of the Si-SPAD accompanied with all possible contribution factors 
based on Eq. (4.2) is expressed in Eq. (4.3): 
 

         FiltSi
32

41

1

32 Fs
QQ

QQ

A

AAhc


  ,                                                                   (4.2)   

 
where        η         –   detection efficiency of the Si-SPAD detector, 
                 h          –   Planck constant, 
                 c          –   speed of light, 
                 λ          –   wavelength, 
                 A1         –   amplification factor,  
                 A2        –   amplification factor, 
                 A3         –   amplification factor, 
                 Q1        –   signal of the Si-diode attached to the integrating sphere,                               
                 Q2        –   signal of the Si-diode attached to the integrating sphere, 
                 Q3        –   signal of the Si-diode attached to the integrating sphere, 
                 Q4        –   ratio of the counter and the monitor detector signal, 
                 SSi         –   spectral responsivity of the integrating sphere with an  
                                      attached Si-Diode, 
                 FFilt      –   factor that uses two filters. 
 
and  
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where        δηi        –   corrections from all input quantities. 
                      
 
4.3 Uncertainty evaluation in the detection efficiency and research 
results 
 
The measurement uncertainty in the detection efficiency of the Si-SPAD detector 
was evaluated by the following propagation law of uncertainty and uncertainty of 
input quantities in accordance with [32, 36]. The combined standard uncertainty 
of uncorrelated input quantities was determined by the following equation: 
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,     (4.4)   

 
where     ci              –    sensitivity coefficients for all input quantities,  
              u(δηi)   –    standard uncertainty of the input quantities. 
 
Most of the standard uncertainties of the input quantities associated with 
sensitivity coefficients were determined previously [36]. Focus of this research 
work is on the quantity of the use of two filters as one of the major contributions 
of the standard uncertainty. 

The deviation between the individual filter measurements and the overall filter 
combination was evaluated by the following equation: 
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Filter3Filter21
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                                                                        (4.5) 

This deviation is taken as the overall uncertainty contribution of the filter 
transmission for the determination of the detection efficiency of Si-SPAD 
detectors [36].  

Table 4.1 and Figure 4.4 shows the maximum deviation of the filter 
transmission measurements determined by Eq. (4.5) for different wavelength 
ranges required for the estimation of the standard uncertainty of the correction 
factor.   
 
Table 4.1 Summary of the filter transmission measurement results and deviations 
calculated by Eq. (4.5) 

Nr λ (nm) Filter 2 Filter 3 Combined Filters Deviation (%) 
1 766 0,0186882 0,0086968 0,0001626 0,020 
2 768 0,0188345 0,0087792 0,0001654 0,012 
3 770 0,0189695 0,0088636 0,0001681 -0,023 
4 772 0,0190674 0,0089108 0,0001699 0,016 
5 774 0,0191954 0,0089864 0,0001724 -0,044 
6 776 0,0193084 0,0090481 0,0001748 0,030 
7 778 0,0194161 0,0091136 0,0001769 -0,012 
8 780 0,0195284 0,0091665 0,0001791 0,035 
9 781 0,0195746 0,0091978 0,0001800 -0,011 
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Figure 4.4 Deviation of the filter transmission measurements calculated by Eq. (4.5) for 
different wavelengths 
 

Based on the results presented in Table 4.1 and Figure 4.4, the standard 
uncertainty due to the correction factor that arises from two filters was chosen 
from the largest deviation of approximately 0,05 %, resulting from the 
transmission measurements at =774 nm. It is expressed by the following 
equation:  
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where    TFilter2, TFilter3    –    filter transmission of each individual filter, 
              TCombined          –    filter transmission of a combined filter. 

 
The sensitivity coefficient was evaluated through the partial derivative of Eq. 

(4.2) expressed as follows: 
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The uncertainty contribution of the factor which uses two filters is expressed 

by the following equation:  
 
           212

12
2
12Filtc )()( ucFu                                                                            (4.8) 

 
The updated measurement uncertainty budget for this improved measurement 

setup is shown in Table 4.2.  
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Table 4.2 Measurement uncertainty budget for the determination of the detection 
efficiency 

Uncertainty components Uncertainty (%) 
Planck constant, h 2,52 x 10-7 
Speed of light, c 0,0 
Wavelength, λ 0,0075 
Amplification factor, A1 0,0021 
Amplification factor, A2 2,08 x 10-6 
Amplification factor, A3 2,08 x 10-6 
Ratio V1/VMon1, Q1 0,004 
Ratio V2/VMon2, Q2 0,015 
Ratio V3/VMon3, Q3 0,05 
Ratio CR/VMonSPAD, Q4 0,036 
Spectral responsivity of integrating sphere with Si-Diode, sSi 0,15 
Factor for the use of two filters, Ffilt 0,005 
Combined uncertainty, uc 0,16 
Expanded uncertainty, k=2 0,32 

 
Taking into account all uncertainty components, the detection efficiency of 

the Si-SPAD detector at 770 nm for a photon rate of approx. 100 000 photons/s 
and its associated expanded uncertainty is:  

 
ηSPAD = 0,5968 ± 0,32 % , (k = 2) 
 
In comparison to [36] and with reference to our objective targeted to achieve 

better uncertainty, the results have shown that expanded uncertainty was reduced 
by a factor of about two. The new configuration setup that was used for the filter 
transmission measurements has lead to a practically negligible uncertainty 
contribution due to the factor that uses two filters. Currently, the main 
contribution is derived from the absolute responsivity calibration of the 
integrating sphere with the attached detector.  
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5. CONCLUSIONS 

 
The main objectives of this research work have been gained and two general 
conclusions can be presented as follows:  

Firstly, an accurate angle measurement method for the mechanical 
components of a multi-element photodetector and uncertainty estimation were 
investigated by using the 3D CMM at high accuracy in accordance with the 
series standards ISO 10360 and GUM. A measurement and uncertainty 
estimation model were developed. The sources of uncertainty were described in 
detail. It was observed that the major uncertainty contribution arises from the 
reading of indication and repeatability of the measurement results. The developed 
dimensional measurement method by using the multifunctional 3D CMM allows 
reliable measurements of the complicated shapes with high accuracy, which can 
play an important role to ensure the quality of the desired performance of a final 
product in many modern automation technologies.  

Secondly, a novel method was elaborated and tested to characterize the Si-
SPAD detectors and to improve the accuracy of imaging in vision technologies.  
A measurement model for precise alignment position of Si-SPAD detectors was 
developed. The MATLAB-based program was implemented to Agilent Vee 
program for precise Si-SPAD detector alignment. The quantum detection 
homogeneity, as one of the key parameters for the characterization of the 
detection efficiency, depends on the beam size and evaluated region. The 
quantum detection of the Si-SPAD detector with a large active area is more 
sensitive to changes in the beam diameters. The determination of the detection 
efficiency of Si-SPAD detector, as the second key parameter, was improved by 
using an integrating sphere with the attached detector. The results obtained by 
using this new configuration setup have shown that one of the major uncertainty 
contributions due to the filter transmission measurement was reduced by about 
two times and became practically negligible as compared to other contributions. 
The improved method for determination of the detection efficiency of Si-SPAD 
detectors by using filter transmission measurement can play an important role for 
the accuracy of imaging purpose in vision technologies.      

 
Scientific Novelty 
 
The scientific novelty of the thesis lies in the following: 

 An angle measurement method associated with thorough uncertainty estimate 
can be used for complicated geometrical objects measured at high accuracy 
by the 3D CMM.  

 High accuracy method for the characterization of Silicon Single photon 
avalanche diode (Si-SPAD) detectors can be used for imaging purposes. It is 
followed by:  
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a. Method for investigation the quantum detection homogeneity study of 
Si-SPAD detectors.  

b. Using the integration sphere with the attached detector, the accurate filter 
transmission measurement method has been updated in order to achieve 
the lowest measurement uncertainty for detection efficiency of the Si-
SPAD detectors.   

 
Future research work 
 
During this research work, some ideas and problems that emerged require further 
investigation as follows: 

 Further studies would reveal whether this method can be applied for any 
angle measurement with lower uncertainty. 

 To improve the overall measurement uncertainty of the Si-SPAD detection 
efficiency, the last major uncertainty contribution resulting from spectral 
responsivity should be improved.  

 New configuration setup needs to be developed or existing updated to 
improve the uncertainty component that arises from spectral responsivity.      
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ABSTRACT 

 
“Measurement methods with 3D Coordinate Measuring Machine and 
improved characterization setup for detector performance” 
 
The present thesis is focused on the state-of-the-art in metrology used for the 3D 
CMM by measuring a complicated geometrical object and on the characterization 
of the Silicon Single Photon Diode (Si-SPAD) detectors as a key component that 
would provide accuracy of imaging in Machine Vision.  

In accordance with the main objectives of this research work, the following 
tasks were developed: 

 Literature review with a focus on the nature of the 3D Coordinate 
Measuring Machine (CMM) Metrology and Single Photon Avalanche 
Diode (SPAD) detectors used for imaging purposes in Machine Vision.       

 Development of the measurement model for dimensional accuracy 
measurement, in particular angle measurement for a complicated 
geometrical object, such as a three-element photodetector by using the 
3D CMM.  

 Development of the position alignment procedure for precise Si-SPAD 
detector calibration and investigation of the quantum detection 
homogeneity. 

 Updating of the existing accurate filter transmission measurement 
method for calibration of detection efficiency of Si-SPAD detectors. 
New configuration setup was developed to improve measurements of the 
detection efficiency of the Si-SPAD detector and uncertainty was 
reduced by about two times. 

In general terms, this research work proposes novel measurement models and 
calibration methods for dimensional accuracy of complicated measurement 
shapes and detection efficiency of Si-SPAD detectors. Every significant 
measurement in this study is traceable to SI units and is accompanied with a 
stated measurement uncertainty.  
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KOKKUVÕTE 
 
 

“Mõõtemeetodid detektori toimimise iseloomustamiseks 3D- 
koordinaatmõõtemasinaga ja arendatud mõõteskeemiga” 
 
Antud töös keskendub autor nüüdisaegse metroloogia rakendusvõimaluste 
uurimisele mõõtetehnoloogiates, mida kasutatakse 3D-koordinaatmõõtemasinas 
keeruliste geomeetriliste objektide mõõtmete määramisel ning räni-põhiste 
üksikfootonidetektorite (Si-SPAD) kui masinnägemise kujutise loomisel täpsust 
tagavate võtmekomponentide iseloomustamisel. 

Vastavalt töö põhieesmärkidele on see jagatud järgmisteks osadeks: 

 Kirjanduse analüüs, mis keskendub 3D-koordinaatmõõtemasina metro-
loogiale ja SPAD detektoritele, mida kasutatakse masinnägemisel 
kujutise loomiseks. 

 Mõõtemudeli väljatöötamine mõõtemääramatuse hindamiseks nurkade 
mõõtmisel keerukate objektide puhul, kasutades 3D-koordinaat-
mõõtemasinat. 

 Positsiooni justeerimise protseduuri väljatöötamine Si-SPAD detektori 
täpseks kalibreerimiseks ja analoogsete detektorite  kvantdetekteerimise 
pinnaühtluse uurimiseks. 

 Filtrite läbilaskvuse mõõtmise parandamine Si-SPAD detektorite 
kvantefektiivsuse määramisel. Olemasolevat kalibreerimise süsteemi 
täiendati, mille tulemusel mõõtemääramatus vähenes umbes kaks korda. 

Antud uurimistöö pakub uudseid mõõtemudeleid ja kalibreerimismeetodeid 
keeruliste uuritavate geomeetriliste objektide mõõtmise täpsuse tõstmiseks ja Si-
SPAD detektorite kvantefektiivsuse mõõtemääramatuse vähendamiseks. Iga 
oluline mõõtetulemus antud töös on seostatud SI-ühikutega ja on esitatud koos 
vastava mõõtemääramatuse hinnanguga. 
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