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Abstrakt 

Cílem této práce je seznámení se s problematikou detekce ionizujícího záření a jeho 

detekcí zejména pomocí proporcionálních detektorů a navrhnutí algoritmu pro jejich 

klasifikaci a jeho následná implementace do FPGA. V první části práce je obecně 

popsáno, jak jednotlivé typy plynem plněných detektorů fungují. V druhé části je věnován 

prostor algoritmům pro klasifikaci pulzů, které se objevují v literatuře. Následuje návrh 

vlastního algoritmu, jeho rozbor a rozebrání výsledků. Ve třetí části následuje popis 

samotné realizace navrhnutého řešení na platformě RedPitaya. Je zde rozebrána celková 

architektura navrhnutého systému, detailně popsány jak jednotlivé bloky v logice FPGA, 

tak i ostatní skripty zajišťující zpracování naměřených výsledků a jejich vizualizaci. 
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Abstract 

The aim of this thesis is to get acquainted with the detection of ionizing radiation with 

proportional counters and subsequently to design an algorithm for their classification with 

regard to the future implementation on the FPGA. The first part of this thesis describes 

how induvial types of gas-filled detectors work. The second part covers description of 

algorithms found in the scientific literature on the topic and the design of our own 

algorithm, its description and the analysis of results. In the last part of the present thesis, 

the main focus is on the implementation of the proposed algorithm on the RedPitaya 

platform. It consists of an overview of the system architecture, detailed description of the 

blocks in the FPGA logic and other scripts used to produce results. 

 

Keywords 

Proportional counter, spectroscopy, ionizing radiation, signal processing, FPGA. 

 

  



 

 

Prohlášení 

„Prohlašuji, že svou diplomovou práci na téma “klasifikace detekovaných pulzů v 

FPGA” jsem vypracoval samostatně pod vedením vedoucího diplomové práce a s 

použitím odborné literatury a dalších informačních zdrojů, které jsou všechny 

citovány v práci a uvedeny v seznamu literatury na konci práce.  

Jako autor uvedené diplomové (bakalářské) práce dále prohlašuji, že v souvislosti 

s vytvořením této diplomové (bakalářské) práce jsem neporušil autorská práva třetích 

osob, zejména jsem nezasáhl nedovoleným způsobem do cizích autorských práv 

osobnostních a jsem si plně vědom následků porušení ustanovení § 11 a následujících 

autorského zákona č. 121/2000 Sb., včetně možných trestněprávních důsledků 

vyplývajících z ustanovení části druhé, hlavy VI. díl 4 Trestního zákoníku č. 40/2009 

Sb. 

 

 

 

V Brně dne: 27. 5. 2020                 ………………………… 

        Author’s Signature 

 

 

 

 

  



 

 

 

 

 

Acknowledgement 

I would like to express my deep gratitude to the supervisor of this work, Ing. Michal 

Kubíček Ph.D for his valuable assistance and the time he spent giving me advices. 

 

 

In Brno 27. 5. 2020                        ………………………… 

        Author’s signature 

 

 

 

 

 

 

 



7 

 

Table of Contents 

Introduction ............................................................................................................... 13 

1. Radiation .......................................................................................................... 14 

1.1 Types of Radiation ........................................................................................... 14 

1.1.1 Charged Particulate Radiation .................................................................. 14 

1.1.1.1 Alpha Radiation ................................................................................. 14 

1.1.1.2 Beta Radiation ................................................................................... 14 

1.1.1.3 Proton Radiation ................................................................................ 14 

1.1.1.4 Heavy Ion Radiation .......................................................................... 15 

1.1.2 Uncharged Radiation ................................................................................ 15 

1.1.2.1 Gamma Radiation .............................................................................. 15 

1.1.2.2 Neutron Radiation ............................................................................. 15 

1.2 Current mode and Pulse mode ......................................................................... 16 

1.3 Detector Types ................................................................................................. 16 

1.4 Gas-Filled Radiation Detectors ........................................................................ 17 

1.4.1 Ionisation Chambers ................................................................................. 19 

1.4.1.1 Dose Calibrator .................................................................................. 20 

1.5 Proportional Region Detector .......................................................................... 20 

1.5.1 Townsend Avalanche ................................................................................ 20 

1.5.2 Gas Multiplication .................................................................................... 21 

1.5.3 Effects of Space Charge ............................................................................ 22 

1.5.4 Gas Inside the Detector ............................................................................. 23 

1.5.5 Multi-Wire Proportional Chambers (MWPC) .......................................... 24 

1.5.6 Drift Chamber and Time Projection Chambers ........................................ 25 

1.6 Other Types of Detectors ................................................................................. 26 

1.6.1 Geiger-Müller Region Detectors .............................................................. 26 

1.6.1.1 Geiger Discharge ............................................................................... 26 

2. Spectrometer Device ........................................................................................ 28 

2.1 Hardware .......................................................................................................... 28 

2.1.1 Ionization Detector ................................................................................... 28 



8 

 

2.1.2 FPGA Board ............................................................................................. 29 

3. Spectroscopy With Proportional Counter ........................................................ 30 

3.1 Microdischarge ................................................................................................. 30 

3.2 Other Phenomena Affecting the Results .......................................................... 32 

3.3 Pulse Discrimination Algorithms in Literature ................................................ 33 

4. Proposed script for Data Processing ................................................................ 35 

4.1 Functionality Selection ..................................................................................... 35 

4.2 Selecting the Pulses .......................................................................................... 36 

4.3 Calculation of the Edge Time .......................................................................... 37 

4.4 Displaying the Data .......................................................................................... 38 

4.5 Results of Proposed Algorithm ........................................................................ 38 

4.5.1 Pulse Shape ............................................................................................... 38 

4.5.2 Edge Thresholds and Filters Comparison ................................................. 40 

5. Implementation on FPGA ................................................................................ 49 

5.1 Architecture Overview ..................................................................................... 49 

5.2 FPGA Logic ..................................................................................................... 51 

5.2.1 Written RTL Blocks .................................................................................. 52 

5.2.2 IP Cores ..................................................................................................... 60 

5.3 Embedded Software ......................................................................................... 62 

5.3.1 Python ....................................................................................................... 62 

5.3.2 MATLAB Server ...................................................................................... 68 

5.4 Results of Implementation ............................................................................... 72 

5.4.1 Comparison of Savitzky-Golay filter and DWT ....................................... 72 

5.4.2 Conclusion of Filter Evaluation ................................................................ 80 

5.4.3 Data obtained by RedPitaya During Testing ............................................ 81 

Conclusion ................................................................................................................ 83 

Bibliography ............................................................................................................. 84 

 



9 

 

List of symbols and abbreviations 

ADC Analog to digital converter 

𝑎  Anode radius 

𝛼   Townsend coefficient, alpha decay 

AXI Advanced eXtensible Interface 

β             Beta decay 

Bq  Becquerel 

DC  Direct current 

DSP Digital signal processor 

DWT Discrete Wavelet Transform 

e   Elemental charge 

ECG Electrocardiogram 

FIFO First in first out 

FSM Finite state machine 

FPGA Field-programmable gate array 

H  Hydrogen 

He  Helium 

IDE Integrated development environment 

IP  Intellectual property 

keV Kiloelectron-volt 

LSB Least significant bit 

MSB Most significant bit 

MWPC Multi-Wire Proportional Chamber 

MeV Megaelectron-volt 

mR/h Milliröntgen per hour 

ns  Nanosecond 

M   Average gas multiplication factor characterizing the detector operation 

𝑛0
′    The number of excited molecules formed in an avalanche 

no    Number of original ion pairs 

n/s  Neutron per second 

𝑝    Chance of photoelectric absorption of any given photon 

PC  Personal computer 

Q   Total charge 

𝑟   Radius from the centre of anode wire 

𝑟𝑐    Critical radius  

R/h  Röntgen per hour 

S-G Savitzky-Golay (filter)  

µm  Microsecond 

 

 

 



10 

 

List of Figures 

Fig. 1.2-1 pulse on the output of detector ................................................................. 16 

Fig. 1.4-1: Gas filled detector from [1]. .................................................................... 17 

Fig. 1.4-2: Regions of operation [10]. ...................................................................... 18 

Fig. 1.4-3: Dose calibrator [5]. ................................................................................. 20 

Fig. 1-1: Plot of Townsend coefficient [1] ............................................................... 21 

Fig. 1.5-2 Electric field around anode wires [11]. .................................................... 24 

Fig. 1.5-3: Principle of planar drift chamber [12]. .................................................... 25 

Fig. 1.5-4: Time projection chamber [10]. ................................................................ 26 

Fig. 2.1-1: Spectrum of Pu-Be measured by H detector ........................................... 28 

Fig. 3.1-1 Microdischarge [19]. ................................................................................ 30 

Fig. 3.1-2 Neutron event [19]. .................................................................................. 31 

Fig. 3.1-3 Plot showing risetime versus pulse height. Microdischarges are below the 

thick black line [18]. ................................................................................................. 31 

Fig. 4.2-1 Pulse shapes. First pulse is from incident taking place near the tube end, 

second pulse is from incident taking place in the middle of detector tube. [21]. ..... 32 

Fig. 3.3-1 Histogram of pulse height [18]. ............................................................... 33 

Fig. 3.3-2 Risetime versus pulse height. The black lines show events from different 

sources of radiation [18]. .......................................................................................... 34 

Fig. 4.1-1 Functionality selection dialog .................................................................. 35 

 

Figure 4.5-1 Noisy pulse. .......................................................................................... 39 

Figure 4.5-2 Comparison of edge starts (vertical lines to the left) and edge ends 

(lines to the right) for different filters. ...................................................................... 39 

Fig. 4.5-3 Histogram of unfiltered data measured by H detector, 12:56:05,  

18:06:2019 (top). In the bottom histogram for the same data but filtered by DWT #1 

is shown. ................................................................................................................... 41 

Figure 4.5-4  Histogram of data measured by H detector, 12:56:05,  18:06:2019, 

filtered by DWT #2 (top) and DWT #3 (bottom). .................................................... 42 

Figure 4.5-5 Histogram of unfiltered data measured by H detector, 12:56:05,  

18:06:2019 (top). In the bottom histogram for the same data but filtered by DWT #1 

is shown. ................................................................................................................... 43 



11 

 

Figure 4.5-6 Histogram of unfiltered data measured by H detector, 12:56:05,  

18:06:2019 (top). Histogram of data filtered by filter 1 is in the bottom. ................ 44 

Figure 4.5-7 Histogram of unfiltered data measured by H detector, 12:56:05,  

18:06:2019 with thresholds 10% and 50% (top) and with thresholds 20% and 80% 

(bottom). ................................................................................................................... 45 

Figure 4.5-8 Histogram of data filtered by DWT #1. Thresholds 10% - 50% (top) 

and 20%-80% (bottom). ............................................................................................ 46 

Figure 4.5-9 Histogram of data filtered by DWT #2. Thresholds 10% - 50% (top) 

and 20%-80% (bottom). ............................................................................................ 47 

Figure 5.1-1 Flowchart Diagram .............................................................................. 49 

Figure 5.1-2 Simplified Block Diagram ................................................................... 50 

Figure 5.2-1 Flowchart Edge Time Calculation ....................................................... 57 

Fig. 5.2-2 Implemented Restoring Division. ............................................................ 59 

Figure 5.3-1 db2 Wavelet ......................................................................................... 63 

Figure 5.3-2 GUI ....................................................................................................... 71 

Figure 5.4-1 Zoomed in pulse ................................................................................... 72 

Figure 5.4-2 Zoomed in rising edge .......................................................................... 73 

Figure 5.4-3 Histogram of risetime divided by amplitude, no filter, H+3He detector, 

8:13:2019 11:11:48 ................................................................................................... 74 

Figure 5.4-4 Histogram of filtered data by DWT filter #2, H+3He detector, 

8:13:2019 11:11:48 ................................................................................................... 74 

Figure 5.4-5 Risetime/Amplitude, filtered by S-G filter, H+3He detector, 8:13:2019 

11:11:48 .................................................................................................................... 75 

Figure 5.4-6 Risetime/Amplitude, filtered by DWT filter #1, H+3He detector, 

8:13:2019 11:11:48 ................................................................................................... 75 

Figure 5.4-7 2D histogram of unfiltered data. H+3He detector, 8:13:2019 11:11:48

 .................................................................................................................................. 76 

Figure 5.4-8 2D histogram of data filtered by DWT #2, H+3He detector, 8:13:2019 

11:11:48 .................................................................................................................... 76 

Figure 5.4-9 2D histogram of data filtered by S-G filter, H+3He detector, 8:13:2019 

11:11:48 .................................................................................................................... 77 



12 

 

Figure 5.4-10 2D histogram of data filtered by DWT #1, H+3He detector, 8:13:2019 

11:11:48 .................................................................................................................... 77 

Figure 5.4-11 Data filtered by S-G filter with polynomial of 6,  and window of 41, 

H+3He detector, 8:13:2019 11:11:48 ....................................................................... 78 

Figure 5.4-12 Data filtered by S-G filter with polynomial 9 and window 91, H+3He 

detector, 8:13:2019 11:11:48 .................................................................................... 79 

Figure 5.4-13 Data filtered by S-G filter with polynomial 3 and window 11, H+3He 

detector, 8:13:2019 11:11:48 .................................................................................... 79 

Figure 5.4-14 Cf measured with 3He detector [20]. ................................................. 80 

Figure 5.4-15 Measured histogram of risetime divided by amplitude on RedPitaya 81 

Figure 5.4-16 Measured and zoomed in 2D histogram of amplitudes versus risetime 

on RedPitaya. ............................................................................................................ 82 

Figure 5.4-17 Measured histogram of amplitudes on RedPitaya. ............................. 82 

 

 

 

 

 

 

 

 

 

 



13 

 

INTRODUCTION 

The fact that some elements undergo radioactive decay is used in the wide selection of 

fields. From treating cancer patients to checking for structural fatigue of planes and 

providing power to the big portions of humanity. One of the ways how to measure 

ionizing radiation is to use proportional counter, which is usually somewhat small, gas-

filled device. 

When proportional counter is connected to strong voltage source and ionizing 

radiation arrives in its volume, it collides with neutral gas particles and produces electrons 

and positive ions, which then triggers effect known as “Townsend Avalanche” which 

results in sharp and quick pulse appearing at the output of detector [1]. Type of the 

incident radiation can be found out by analysing shape and amplitude of the resulting 

pulse. 

 

Right now, there are no devices on the market that could be used for spectroscopy 

with proportional counter that would be compact and reasonably priced. Aim of this thesis 

is to develop algorithm for their classification based on length of their rising edge and 

their amplitude and subsequently to implement it on FPGA, which will be used to obtain 

the pulses, together with GUI that can be used to display the results on PC. It is part of a 

bigger project whose aim is to design and manufacture device, which can be used for 

measuring radiation, especially gamma and neutron. 

 

On the following pages, principle of operation of the gas-filled detectors will be 

described, together with several algorithms for pulse classification available in the 

literature. Subsequently, an own algorithm will be designed and then used to analyse the 

already measured data and obtained results evaluated. As a last step, the implementation 

of said algorithm on FPGA will be described. 
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1. RADIATION 

1.1 Types of Radiation 

 

The term radioactivity describes a process in which unstable atomic particles lose their 

energy. It was discovered by H. Becquerel at the end of 19th century. Radiation can be 

divided into two groups [1][2]: 

• Charged particulate radiation (fast electrons, heavy charged particles) 

• Uncharged radiation (electromagnetic radiation, neutrons) 

 

1.1.1 Charged Particulate Radiation 

1.1.1.1 Alpha Radiation 

This type of radiation occurs when strong interactions are unable to keep the original 

nuclei together and a stable helium nucleus, which starts to form on their periphery, can 

be, thanks to tunnel effect, emitted. The helium nucleus has two protons and two neutrons, 

which causes a shift of the original two spaces to the left in the periodic table, towards 

the more stable elements. Typical elements emitting alpha radiation are 239plutonium and 
241americium. The alpha particles effortlessly rip out the electrons from electron cloud of 

atoms they collide with, so they can be easily stopped with as little as 0.1mm of water 

[2]. 

 

1.1.1.2 Beta Radiation 

The energy spectrum of this type of radiation is continuous. The beta radiation is caused 

by weak interaction causing the change of either "d" quark into the "u" or vice versa, 

which changes the neutron to proton. This process is accompanied by emission of 

negatively charged electron and antineutrino or by the change of proton to neutron, 

together with emission of  positron and neutrino. The resulting stream of charged particles 

is called either β- or β+ radiation. This is caused by the fact that the neutrino (or 

antineutrino) is carrying some energy as well, not only the positron or electron. In most 

cases, the electron carries around 1/3 of total energy with neutrino carrying the rest. There 

is a specific process called internal conversion, which can be a source of monoenergetic 

conversion electrons, which can be used for example in device calibration [1][2]. 

  

1.1.1.3 Proton Radiation 

Most of the nuclei are stable due to the strong interactions. However, they may decay as 

a result of transmutation of neutrons and protons (beta radiation mentioned earlier) etc. 

The resulting atoms have nuclei with too many protons (or neutrons – this case is 

discussed in later sections), which can lead to the emission of protons or neutrons. 

Isotopes yielding protons are for example 25Sillicon or 41Titanium. The proton can be 
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released with the aid of tunnel effect directly from the unstable nucleus, or after β+ decay. 

Stream of protons is widely used in the medical field in the treatment of cancer patients 

[1][2]. 

 

1.1.1.4 Heavy Ion Radiation 

This type of radioactivity was first observed in 1980. It can be described as emission of 

charged heavy nucleus from the original radionuclide. It can be observed for example in 

emission of 14carbon from 223radium or 24neon from 230thorium,231protactinium or 
232uranium. This can occur because of the tunnel effect [3]. 

   

1.1.2 Uncharged Radiation 

1.1.2.1 Gamma Radiation 

This type of decay happens after particulate radiation. The resulting nucleus is seldom in 

the ground-state and it soon emits of one or more quanta of gamma-ray photon, thus 

deexciting, whose energy can be calculated as difference of the energies of the original 

and the ground-state atom. Energy spectrum of gamma-rays is not continuous [1][2]. 

  

The common gamma-ray sources usually have energies below 2.8 MeV. The 

exception is for instance 56Cobalt, which emits gamma-ray with the energy as high as 

3.55 MeV. The highest recorded energy so far was 11.26 MeV in short-lived 20Sodium 

[1][2]. 

 

The process of annihilation occurs when original nucleus undergoes β+ decay. The 

resulting positrons are annihilated with electrons because the source is encapsulated with 

other atoms and the positrons generally travel no more than a few millimeters. Because 

of that, gamma-photons with 511 keV energy emerge [1][2]. 

 

1.1.2.2 Neutron Radiation 

Transuranic heavy nuclides tend to have substantial spontaneous fission decay. In such 

fission event, several fast neutrons are emitted, therefore a certain amount of such 

radionuclide can be used as a neutron source. However, the selected sample emits not 

only neutrons, but also other charged particulate radiation and gamma-rays, therefore it 

must be encapsulated in a container of some sort which can be penetrated only by fast 

neutrons and gamma-rays if one wishes to use it as a neutron source [1][2].  

  

The commonly used source of spontaneous fission is one of the most widely produced 

transuranium 252Californium with half-life of 2.65 years. This isotope may be therefore 

used as a laboratory source of neutrons. It has the alpha decay as dominant type of 

radioactivity, the rate of spontaneous fission is 32 times lower and the sample is emitting 

neutrons in the rate of 0.116 n/s per Bq. Californium is rather potent source; it is 

producing 2.30*106 neutrons per second per microgram of sample. Energy spectrum has 

the biggest peak between 0.5 MeV and 1 MeV [1][2]. 



16 

 

1.2   Current mode and Pulse mode 

Because the types of radiation discussed earlier aren’t visible to the naked eye, it is 

necessary to use some kind of radiation detectors. The general purpose of any radiation 

sensor is to let the observer know that a particle has arrived somewhere into its volume. 

There are several types of the detectors, which differ in their intended usage, detection 

modes and output type. First mode is current mode, useful when there is a need to cut out 

random fluctuations. Detector operating in this mode outputs weak electric current 

proportional to the mean value of radiation which arrives to detector. [1][4] [5]: 

 

Detectors working in the second mode, called pulse mode, pulse are more common. 

This kind of detector enables the observer to obtain the information about amplitude and 

timing of the pulse, which can be then further processed.  

 

The detector itself is generally connected to an external circuit with a certain RC 

constant, which is much higher than the collection time of the detector. This makes the 

pulse look like Fig.1.2-1, with sharp edge and long "tail". In this case, the detector 

capturing the data was working in pulse mode [1]. 

 
Fig. 1.2-1 pulse on the output of detector. Thin vertical lines are showing 10% 

and 50% of rising edge. 

1.3 Detector Types 

There are several types of detectors available on the market. They can be divided into 

several groups, based on complexity and type of the measured information. In general, 

they can be divided into four sub-groups: [5] 

 

1. Detectors of Radiation – this type registers only the number of incoming 

radiation quanta and their intensity. This is the simplest type of detector 
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and this category includes for example film and thermoluminescent 

dosimeters and ionization chambers [5]. 

2. Spectrometers – This type of detector measures energy of the radiation and 

energy of radiation quanta, which allows construction of energy spectrum 

which shows number of quanta on vertical axis and its energy on 

horizontal axis. Examples are scintillation detectors, semiconductor 

ionizing-radiation detectors and magnetic spectrometers [5][6]. 

3. Imagining detectors – Cameras, which show distribution of radiation in 

the volume of detector. Can be using for example photographic film [5]. 

Nowadays, those detectors are often scintillation-based [7]. The most 

promising material for the future of detecting gamma and X-rays seems to 

be CdZnTe-based detectors [8]. 

4. Trajectory particle detectors – detectors which measure and show path of 

a particle and bending of the trajectory in magnetic field. One interesting 

type of this type of detector is a bubble chamber, a container filled with 

superheated transparent liquid. Prof. Donald A. Glaser, who invented this 

type of detector, used beer to fill his  early prototypes [5] [9]. 

 

 

 

1.4 Gas-Filled Radiation Detectors 

This type of detector is a container filled with gas. It is one of the oldest types of device 

used to detect radiation [1]. Its possible geometry is shown on fig. 1.4-1. 

 

 

 
Fig. 1.4-1: Gas filled detector from [1]. 

 

 

In the absence of charged particles hitting the gas between anode and cathode, there 

is no connection between the anode and cathode and therefore there is also no current 

flowing through the chamber. However, if an ionizing radiation enters the gas inside the 

chamber, it releases electrons and ions. Because both anode and cathode are connected to 

a strong voltage source, there is a large potential difference between them, which makes 

the positive ions drift towards the cathode in very slowly and, on the contrary, forces the 

electrons to race towards the anode. Their motion creates weak electric current flowing 

through the detector. The gas used inside the detector can be ordinary air (the insides 
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don’t have to be sealed then), but it is beneficial and sometimes necessary to use another 

gas, for example argon or helium [1][4][5][6]. 

 

 

 

There are several types of operation of those detectors. Operation regions are 

illustrated in the Fig. 1.4 – 2 [10]:  

 

Fig. 1.4-2: Regions of operation [10]. 

 

• Recombination region. The gas chamber operate in the first region, if the voltage 

applied to the anode and cathode is too small. The charged particles will slowly 

drift towards the electrodes, but they recombine before they reach their respective 

destination, therefore the current flowing through the chamber is equal to zero. 

This is the reason why no detectors commonly operate in this region [1][6][10]. 

 

• Ionization region – Saturation region. The electric field created between 

electrodes is too low to produce gas amplification. On the other hand, it is high 

enough for no recombination to occur. Almost all electrons and ions are thus 

collected at the anode or cathode. In this region, with increased voltage the number 

of charged particles does not rise significantly. Ionization chambers work in this 

region [1][6][10]. 

 

• Proportional region – proportional counters work in this region. The secondary 

ionization occurs in this region, because electrons now have, because of the strong 
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electric field, sufficient energy and the number of charged particles multiplies, 

which in turn increases the output current. This effect, which creates singles strong 

electric pulse, is called Townsend avalanche and will be described later [1][6][10]. 

 

For every primary event, there is certain number of secondary ions, around 

103 to 105. The principle of this type of detector is that the number of secondary 

ions is directly proportionate to the number of primary events. Therefore, the 

observer can count the incoming particles or even identify them based on the 

output.[1][6][10]. 

 

 

• Region of limited proportionality – In this region, the electric field is so strong 

that the electrons begin to be released from the cathode. Additional avalanches 

will happen, and free electrons quickly travel to the anode, whereas the positive 

ions move in much slower pace. Eventually, no more ionizations can take place 

and the number of secondary ionizations will not be proportional to the number 

of primary events, and therefore results provided by a detector working in this 

region would not be particularly useful [1][6][10]. 

 

• If the voltage is further increased, the detector enters the Geiger-Müller region of 

operation. Once an avalanche occurs, it keeps on triggering another avalanches 

until the anode is entirely surrounded by the positive ions. After that, no more ion 

pairs can be collected. Therefore, user can’t tell from the collected particles what 

was the initial number of ion parts and distinguishing between what type of 

particle hit the detector or determining its energy becomes impossible [1][6][10]. 

 

• If the voltage is increased again, the detector enters the continuous discharge 

region. No type of detector operates in this region [1][6][10]. 

 

 

 

1.4.1 Ionisation Chambers 

 

This is the simplest type of detector. They work in ionization region; therefore, they 

operate without gas multiplication. It is also possible to operate them by directly 

measuring the output current. As it was mentioned before, they can be filled with an inert 

gas or with air. Two types of ionization chambers include: Pulse counting chambers, 

which count pulses created by particles hitting the volume of detector, and integrating 

ionization chambers, which integrate pulses coming over a certain period of time. The 

design of chambers can be as follows: Either two parallel plates allowing for a clearly 

defined active-volume, or two concentric cylinders having less well-defined active 

volume because there is a need for insulator supporting the central cylinder [1] [10]. 
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One example of ionization chamber usage is a dose calibrator, used for measuring 

radioactivity of a sample. 

1.4.1.1 Dose Calibrator 

This device consists of ionization chamber and a measuring device. The main part is a 

hollow cylinder chamber with space for a measured sample and connection for electrodes. 

It can be seen on Figure 1.4-3 below [5].  

 

 

 

Fig. 1.4-3: Dose calibrator [5]. 

 

After the sample that needs to be measured is inserted into the device and 

measurement starts, the current registered by the measuring device is then proportional 

to the radioactivity of said sample and the Gamma–constant of said radionuclide [5]. 

 

1.5 Proportional Region Detector 

As the title suggest, this type of detectors operate in a proportional region. They can 

therefore utilize gas amplification, which enables them to detect even the particles with 

low energy. They work on the principle of the Townsend avalanche, which has been 

mentioned before and will be explained in more detail now[1] [10]. 

1.5.1 Townsend Avalanche 

As it was mentioned before, when the electric field within the detector is high enough 

(approximately 106 V/m and higher), and radiation hits the detector, the electrons and ions 

created by that event start moving towards their respective electrodes. The kinetic energy 

of electrons is, due to high voltage difference between electrodes, high enough, so when 

they collide with a neutral gas molecule, they may create an additional ion pair. The 

electron created in this incident will start drifting towards anode and it will collide with 

other gas molecules on the way, thus creating a sharp voltage pulse on the output of the 

detector- The amplitude of the pulse is proportional to the original energy of the original 
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particle,. The Townsend avalanche is terminated when all free electrons have been 

collected by the anode [1]. The Townsend coefficient is demonstrated in Fig. 1.5–1 

below: 

 

Fig. 1-5: Plot of Townsend coefficient [1] 

The α is known as the first Townsend coefficient for the gas [1]. As shown on the plot 

above, the avalanche does not occur if the voltage is below certain threshold.  

  

The one possible geometry of a proportional counter is a cylinder, acting as cathode, 

and an anode wire stretched between parallel planes at the end, as was shown before. Due 

to the fact that the electric field density decreases further away from the electrodes, the 

Townsend Avalanche will happen only when the electron is in very close proximity to 

the wire, in the so-called multiplication region. This means that almost all electrons 

generated by the incident radiation are created in the area where the electric field is weak, 

and then they drift towards the anode wire, where, once they get close enough, they start 

an avalanche. Therefore, the length of the path inside the multiplication region (and the 

multiplication factor) will be roughly the same for all primary electrons [1]. 

1.5.2 Gas Multiplication 

Under the right conditions, only one electron is produced per interaction. With the 

multiplication factor of 105, the pulses can be directly detected and their amplitude 

distribution gives user the information about intensity of multiplication in the gas. 

Therefore, if the response for one electron is known and the avalanche from unknown 

number of ion pairs is detected, the number of particles can be obtained from the total 

charge [1], as can be seen in equation 1.1:  

 

𝑄 = 𝑛0𝑒𝑀          (1.1) 

Q - Total charge 
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no  - number of original ion pairs 

e – elemental charge 

M – average gas multiplication factor describing the detector operation 

 

 

There is a way to calculate the M, albeit under rather simplified conditions when the 

photoelectric effect of generating electrons is not taken into consideration [1] (1.2): 

 

 

ln 𝑀 = ∫ 𝛼(𝑟)𝑑𝑟
𝑟𝑐

𝑎
        (1.2) 

 

𝛼 – Townsend coefficient  

𝑟 − Radius from the center of anode wire 

𝑟𝑐 −  Critical radius – boundary behind which the electric field is too weak to support 

gas multiplication 

𝑎 − Anode radius 

1.5.3 Effects of Space Charge 

During the Townsend avalanche, positive ions and negatively charged electrons are 

created. As mentioned before, while the electrons race rather quickly towards the anode, 

the positive ions slowly creep towards the wall of the detector, which acts as cathode. The 

positive ions are mostly created in the area close to the anode wire, where the gas 

multiplication takes place. If the number of positive ions is big enough, the electric field 

can become distorted (compared to the field where no ions would be present), and its 

value can be lowered by decreasing the radius where the can avalanches happen, therefore 

making the size of the output pulse smaller than one would expect. This effect is visible 

around the peak of the recorded pulses. Also, the effect of space charge will be different 

for different geometries of the ionizing event, which can decrease the energy resolution 

of the proportional counter [1]. 

 

The two types of space charge effects are:   

 

• Self–induced – This effect happens if  the gas gain is high, which will cause the 

positive ions which were created during the avalanche change the field and reduce 

the number of electrons which would be created during the following stages of 

the avalanche they were produced in. This type of space charge effect depends on 

the detector shape and gas gain but doesn’t depend on the rate of pulses [1]. 

 

• General – When the gas gain is lower, but the frequency of avalanches is high 

enough, the positive ions start to accumulate, and they start to distort the field and 

affect the amplitude of following pulses. Especially if one expects high rate of 

pulses appearing on the output of detector, it is advised to use gas multiplication 

factor that is quite low to avoid this effect [1].  
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The check for non-linearity caused by space charge effect is as follows: Assume that 

the detector is working in a proportional region, therefore the gas multiplication is linear. 

Then measure one pulse, lower the voltage between anode and cathode and measure the 

same pulse again but now amplify it with amplifier. If there are no space charge effects 

in place, the pulses should look the same [1]. 

 

 

 

1.5.4 Gas Inside the Detector 

While the other types of detectors might be filled with air, another gas is usually used 

in proportional counters, because the electron attachment coefficient needs to be low and 

the electrons must be able to move freely in the gas. To maintain the gas pure without any 

additions from the surroundings, the detectors need to be either permanently sealed from 

the surroundings, or the detector volume can be filled with slowly flowing pure gas [1]. 

 

Both methods have their advantages and disadvantages: If the detector is sealed and 

airtight, the gas inside detector can become contaminated because of microscopic cracks 

creating leaks, so its lifetime is severely limited. On the other hand, such detector is pretty 

small and can be easily carried around [1]. 

 

The other possibility is to use continuous flow of the gas through the detector, either  

"Once through" [1], where the gas is rather wastefully released into the surrounding 

environment after it had been used, or different type where it is run through the purifier, 

which allows the gas to be reused. If a carbon dioxide gas is used to fill the counter, 0.1 

% of oxygen inside the volume of detector can result in reducing the number of free 

electrons by 10 % per centimeter of travel [1]. 

 

     While the Townsend Avalanche is needed for the proportional counter to work, the 

collisions with neutral gas molecules can lead to their excitation and subsequent return to 

the ground-state, during which they create photon (which is the principle used in the 

Geiger-Müller detectors). This photon then might trigger additional ionization elsewhere, 

and this would lead to additional avalanches, which could decrease the proportionality 

and lead to unwanted pulses. It also could increase the dead time and decrease the spatial 

resolution of detector capable of detecting the particle, such as in Multi-wire proportional 

chambers, as mentioned hereinafter [1]. 

 

     For overcoming those undesirable side effects of ionization, the polyatomic gas can 

be added to the mixture of the gases inside the detector, for example methane. It is called 

the quench gas [1]. 

 

  

The gasses inside the proportional detector can be for instance pure noble gases, or 

binary mixture, can be used, however, for higher numbers of gas multiplication the 

quench gas is needed. One of those gases is the P-10, which consists of 90 % argon and 
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10 % methane. In more demanding applications, where the gamma-rays need to be 

detected the gases krypton or xenon can be used as well. If one does not require much 

stopping power, methane, ethylene or another hydrocarbon gas can be used too. 3He or 

BF3 is used for thermal neutron detection [1][10]. Another combination, used in Multi-

wire proportional chambers, the so-called “the magic gas”, which consists of 75 % argon, 

24.5 % isobutane and 0.5 % freon [10]. 

 

  

All detectors have a certain period of time in which they (or the wire in multi-wire 

detectors) are not able to record another event. It depends on the length of a pulse. For 

the proportional chambers it is (or rather was) around 200 ns (as of 2008) [10]. 

 

 

1.5.5 Multi-Wire Proportional Chambers (MWPC) 

Sometimes detecting mere presence of a particle is not enough, and one can find himself 

wondering if there is a way to find out more about the radiation hitting the detector: not 

only its energy, but also what was its path. In this case, multi-wire proportional chamber 

may come in handy [10]. 

 

This type of detector has several wires equally distanced from each other and placed 

between two parallel cathode plates (instead of cathode plates, fine mesh of wires or strips 

can be used too [1] [11]). The principle is then the same as in a normal proportional 

counter, each wire acts like a separate detector [15]. If more anode wires are placed at the 

90° angle to the original anode wires, this type of detector can be used to determine the 

path of a particle and its momentum when the detector is placed into a magnetic field [1]. 

The electric field around the anode wires is in Fig. 1.5-2 below.  

 

Fig. 1.5-1 Electric field around anode wires [11]. 

 

 

If incident radiation frees an electron, the electrons created during the following 

avalanche starts to head towards one of the positive wires, which then create negative 

pulse with fast rise time, and the other anode wires experience positive pulses. The 
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positive ions drifting towards the cathode then create another pulse, which, if read, allows 

the path of particle to be detected [1] [12][13] [14]. 

 

This type of sensors are widely used for experiments in particle physics as detectors 

for tracking the particles. They can be used separately, or as drift chambers or time 

projection chambers [10][12]. 

 

 

1.5.6 Drift Chamber and Time Projection Chambers 

This type of detector was invented in the Physikalisches Institut in Heidelberg, from 

whose windows you can see the majestic castle guarding the easternmost part of the 

picturesque Rheinland-Pfalz region. It can be used to measure drift time of the electron 

created by ionization to the anode wire. If the time is known, and so is its drift velocity, 

one then can determine electron’s starting position, which will greatly improve the 

resolution of the detector compared to MWPC (up to 20 μm for small chambers) [12] 

[14]. The planar drift chamber is in Fig. 1.5–3 below [12]: 

 

 

Fig. 1.5-2: Principle of planar drift chamber [12]. 

 

 

The drift chambers often utilize so-called field shaping wires, to sculpt the field in the 

volume of chamber, so that the uniform drift velocity for all particles can be achieved. 

This includes wires and strips on various potential [15]. 

 

 

 

If there is need to gain even more information about the particle, the time projection 

chamber can be used. It is constructed by placing two multi-wire grids at the both ends of 

a tube filled with gas. It allows the operator to document both radial and azimuthal 

coordinates.  
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Principle of the operation is following: The particle enters the tube at one end, 

triggering avalanche on the corresponding wire, and then travel through the chamber, 

creating more positive ions and electrons which are drawn by the plate at the opposite  

end. This allows for the tracking of the path that particle took in the chamber. Usual 

chamber length is around 2 meters. From the time difference between the particle entering 

the chamber and leaving it, the velocity can be calculated as well [6] [10].  Following 

diagram 1.5-4 shows the structure of the device.  

 
Fig. 1.5-3: Time projection chamber [10]. 

 

 

1.6 Other Types of Detectors 

While the most important type of detector for this thesis is the proportional detector, it is 

important to mention that there are other devices suitable for detection of the ionizing 

radiation, which can be used together with proportional detectors (for example scilintators 

in drift chambers for detection of the exact moment when the particle leaves the chamber) 

[14].  

 

1.6.1 Geiger-Müller Region Detectors 

The Geiger-Müller detector is a type of gas detector. As it was mentioned before, if the 

voltage applied to the electrodes of a detector is further increased, the Geiger-Müller 

plateau is reached. This is especially useful for detecting alpha, beta and gamma radiation 

[10]. 

 

The most important device working in this region is the Geiger-Müller tube, which 

is, as the name suggests, cylindrical piece of equipment, filled with noble gas and with a 

window at one end which is the entry point for particles. The window can be made from 

several types of materials, like glass or mica (which is superior, because it allows the 

passage of alpha particles) [1] [10] [12]. 

 

1.6.1.1 Geiger Discharge 

While in the proportional detectors, the emission of photons during the collision with 

electron from the excited gas molecules is not important for the function of the detector 
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(it is, in fact, a nuisance), it is the necessary for the proper functioning of the Geiger-

Müller region detector [1][10].  

 

The photon emitted by deexcitation (often in visible or ultraviolet wavelength) travels 

in the gas filling the tube, until either photoelectric absorption takes place and a new free 

electron is created, or until the photon reaches the wall (cathode) of the tube where it 

again releases a free electron. When the new electron is released, it is drawn towards the 

anode, creating another avalanche on the way [1][10]. 

 

 

While the multiplication factor of the gas is quite low in proportional counters, it is 

much higher in the Geiger discharge (106 to 108), so the situation is “critical”, and the 

number of avalanches sharply increases. The equation below (1.3) shows this [1]:  

 

𝑛0
′ 𝑝 ≥ 1        (1.3) 

    

 

𝑛0
′ − The number of excited molecules formed in an avalanche 

𝑝 −  Chance of photoelectric absorption of any given photon 

 

 

 

The photon-triggered avalanches spread quickly around the tube and the entire anode 

wire is soon engulfed in the avalanches, and the electrons are quickly drawn towards it 

and only the positive ions remain, because they are much slower. As it was mentioned 

before, big concentration of ions can start distorting the electric field around the anode. 

So, with the electrons gone and only positively charged particles remaining, the electric 

field inside the detector keeps decreasing until the avalanche cannot occur anymore, 

which is the end of the Geiger discharge [1]. 

 

 

 

 

 

 

 

 

 

 

 



28 

 

 

2. SPECTROMETER DEVICE 

So far, the theoretical aspects of detectors had been described, but now it is time to look 

at how exactly is the detector used: 

 

The device whose small part is this paper designing will is spectrometer used for 

measuring gamma and neutron radiation. As it was mentioned before, spectrometer is a 

device which can detect not only the fact that a particle arrived at the detector, but also 

what type of particle it was. Currently, the measurement is made with usage of Bonner 

spheres together with the detector of thermal neutrons. Results of several measurements 

are then combined to create interpolated energy spectrum in wider range. This type of 

measurement cannot be automated and it is rather ineffective, because it must be repeated 

several times. Last but not least, there is also a risk of the operators of measuring device 

getting hurt by radiation.  

 

2.1 Hardware 

The device consists of two main parts: The probe and spectrometer. They are be 

connected to each other by long cable (up to 20m). Advantage of this solution is simple: 

The probe can be inserted into, for example, nuclear reactor, while the spectrometer will 

be safely shielded from radiation that could damage it. The body of spectrometer contains 

card FD-23B, which digitalizes and further processes the signal and it is also used to 

connect touchscreen display and ethernet port connecting the device to PC, which can be 

used for displaying further results. 

 

2.1.1 Ionization Detector 

The ionization detector is made by US-based company LND. It is type of gas-filled 

proportional detector, so it requires high voltage source to operate. Fill gas is H and 

measured sample is Pu-Be. Its spectrum can be seen in Fig 2.1-1 below: 

 
Fig. 2.1-1: Spectrum of Pu-Be measured by H detector 
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In Fig 2.1-1., the number of particles depending on a channel can be seen. The 

numbers on x axis represent separate registers for data acquisition. Each value represents 

boundaries for particle’s energy [16]. 

 

 

2.1.2 FPGA Board 

The computational hearth of this project is Red Pitaya STEM 125-14 board, which is 

multifunctional device with ARM Cortex A9 processor, Xilinx Zynq 7010 SOC FPGA, 

Micro-USB connection, two RF input channels and ADC with 14-bit resolution. It also 

features 16 digital I/O pins and is equipped with UART, SPI and I2C for communication. 

 

 The FPGA itself has part number XC7Z010 and it features 28 000 programmable 

logic cells, 17 600 Look-Up Tables, 35 200 flip-flops and 80 DSP slices. Its performance 

should be therefore high enough to implement even more demanding algorithms. The 

maximum achievable frequency is 667 MHz [17]. 

 

 The results analyzed in this paper were obtained by this FPGA board. Sample was 

collected from the output of ADC and put into shift register. If the value of collected 

sample at certain position in the register was above the trigger level (most commonly 

20 mV), the content of shift register was saved and together with some following samples 

sent to PC, where it was stored in the .bin format for further processing.  
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3. SPECTROSCOPY WITH PROPORTIONAL 

COUNTER 

 

Once the pulses have been acquired by the detector and amplified, the output of ADC will 

be sent to FPGA. For now, let’s put the method of selection of good pulses aside and 

assume that all the pulses which have been recorded were valid – they had high enough 

amplitude, were free of saturation and their shape was decent enough so they can be used 

for further processing.  

 

 

3.1 Microdischarge 

This is a well-known phenomenon especially in 3He detectors [18]. When there is high 

voltage difference between the electrodes on a detector, an event called microdischarge 

can happen. It demonstrates itself as a sharp pulse with very fast rising-edge time and 

various amplitude. The microdischarges usually occur on the small gaps (100µm and less) 

on the boundary between dielectrics and conductors. They also depend on the type of 

material of insulator and the gas which surrounds both parts [19] [20]. 

 

 The microdischarges are distinguishable from the normal gas ionization events 

triggered by incident radiation: The "tail" is missing and, as it was mentioned before, their 

rising edge is very fast compared to the rest of the pulses. The typical micro-discharge is 

demonstrated in Fig. 3.1–1 below [19]: 

 

 
Fig. 3.1-1 Microdischarge [19]. 
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In Fig 3.1-2, neutron capture event is shown [19]. 

 

 
Fig. 3.1-2 Neutron event [19]. 

 

 

 

 

A spectrum containing microdischarges is represented in the fig. 3.1-3 below [18]: 

 

 
Fig. 3.1-3 Plot showing risetime versus pulse height. Microdischarges are below 

the thick black line [18].  
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3.2 Other Phenomena Affecting the Results 

The shape of the resulting pulse is affected by the place where first interaction takes place. 

If it is in the middle of anode’s wire length, the resulting pulse has different shape than if 

the incident radiation hits the end of sensor tube. Additionally, it can happen if the first 

interaction with gas inside detector takes place too close to the wall which is acting as 

cathode, because then the proton can make it to the wall before all its energy is  exhausted 

by exciting molecules of the gas. This results in collecting less than full amount of its 

charge by the anode wire [21]. The difference between pulse shapes are in Fig. 3.2-1 

below: 

 
Fig. 3.2-1 Pulse shapes. First pulse is from incident taking place near the tube 

end, second pulse is from incident taking place in the middle of detector tube. 

[21]. 
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3.3 Pulse Discrimination Algorithms in Literature 

The proportional counters can be used as a spectrometer in various fields, either for 

medical purposes or in research. For example, the 3He detectors are often used to capture 

neutrons, even in the circumstances where their rate is rather low and the number of 

incoming alpha particles is several times higher [18]. For 3He detectors, it can be 

generally said that the Alpha particles create quite large signals with sharp rising edge, 

whereas the gamma-interactions and cosmic rays result in signals with smaller amplitude 

and wide range of rise-times [18]. The neutrons generally produce signals with higher 

amplitude than the gamma rays. However, if the gamma exposure rises, it can result in 

them piling up and overlapping and the amplitude of subsequent pulses increasing beyond 

the levels of neutron signals. Therefore, simple amplitude discrimination algorithm might 

not be sufficient [18] [20]. Simple amplitude spectrum is shown on the figure below [18]: 

 
Fig. 3.3-1 Histogram of pulse height [18]. 

 

 

In one of the experiments [20], researchers increased the gamma ray exposure of the 

detector from 100 mR/h to 5 R/h and it proved that the at 250 mR/h, the gamma ray 

signals started overlapping the neutron pulses. Therefore, it was decided that different 

algorithm needs to be developed for the discrimination of pulses. The proposed solution 

was to utilize information about the rise-time of the pulses. A following algorithm was 

developed: [20] 

 

• First, it was necessary to distinguish good pulses from noise. So, everything above 

certain threshold was deemed good enough to be a pulse[20].  

• Second step was to determine what the baseline of pulse is and its amplitude. The 

highest point of the pulse was deemed to be peak point and as a final move in this 

step, the pulse height was the difference between the baseline and the peak [20]. 

• Third phase of this algorithm was to find the starting point of a pulse. This was 10 

% of distance between the baseline and the peak. Afterwards, a rise time can be 



34 

 

calculated as the interval from the starting point to the peak point. As the last step, 

both rise time and amplitude of the pulse were stored [20]. 

• The algorithm continued by setting boundaries for amplitude and rise time levels 

to discriminate between gamma and neutrons. This allowed to discriminate 

between event origins quite efficiently [20]. 

 

Similar algorithm was developed by researchers in [18]. Their aim was to come up 

with a straightforward method to identify particles and reject background noise in 3He 

detectors. It consisted of following steps: 

• First, it was necessary to remove the DC offset to find the baseline. This was done 

by calculating the average of the first few hundred of samples before the pulse 

started and then subtracting them from the pulse [18]. 

• The pulse signal was noisy; therefore, it was required to use the Gaussian 

smoothing routine. Then the peak of the pulse was found. The fall time of the 

pulse (and the whole "tail") in this case has no informational value, because its 

value is governed only by properties of preamplifier and not the particle [18]. 

• The last step was calculating the risetime: It was decided that it will be the 

difference between 10 % and 50 % of pulse amplitude. The reason for this decision 

was that if the interval is too big, the slow component of the risetime (positive 

ions drift) would start affecting the results and the differences between events 

triggered by alpha particles and neutrons will become harder to distinguish [18]. 

 

After the risetime and amplitude were obtained and plotted, it became apparent, that 

it is possible to identify regions where events from different incident radiation occurred, 

as demonstrated below in Fig. 3.3-2 [18]. 

 
Fig. 3.3-2 Risetime versus pulse height. The black lines show events from 

different sources of radiation [18]. 
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4.  PROPOSED SCRIPT FOR DATA 

PROCESSING 

 

After reviewing the scientific literature on the topic, a MATLAB script was developed to 

process captured data (in form of .bin files) and display them. The core of the written 

code is edge calculation algorithm, which was inspired by [18] and [20]. It can be divided 

into three parts: 

 

• Data Processing – This is the most important part of algorithm. First, the 

waveforms containing pulses are loaded from .bin file, subsequently, the pulses 

which meet certain conditions are selected. 

• Edge time calculation – When certain number of valid pulses was selected, the 

duration of their rising edge is calculated. 

• Data displaying – Once calculations are finished, the results are saved and 

displayed. This involves simple plot of pulse amplitude versus rise time, 

histogram of amplitudes and histogram of pulse time divided by amplitude. 

 

Now, the script will be thoroughly explained, in the same sequence as it is 

encountered by the user. 

4.1 Functionality Selection 

When the user first starts the script, he is greeted with a window asking him what he wants 

to do. 

 

 

If he wishes to load the data in form of .bin file, he presses the first button. If he wishes 

to load said .bin file but browse the pulses as they are read in chunks (this will be 

explained later), he presses the second button. Third button is for creating plots from 

already processed data. Let’s now assume that the user selected the first option and dialog 

to select .bin file appears (Fig. 4.1-1): 

 

 

Fig. 4.1-1 Functionality selection dialog 
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4.2 Selecting the Pulses 

Each .bin file contains waveforms with the length of 216, separated by delimiter and with 

each data point being represented by signed 16-bit integer. Therefore, the number of 

waveforms which the file contains can be calculated. 

 

 

The size of the pulses varies. Where in some of the measured data the pulses are 

almost hidden in the noise, in other files their amplitude is very high and some of them 

might become saturated, therefore useless for further processing. Therefore, very simple 

(and one might say unnecessary) algorithm for detecting optimal threshold for pulses was 

developed, which goes through the first 100 recorded pulse waveforms (so 100 pulses are 

expected) and if their number is too high, it increases the threshold by small value, until 

the number of recorded pulses is lower than 105. The purpose of this algorithm is to find 

the optimal threshold which will be hardcoded in the HDL implementation. 

 

After the threshold is found, the reading takes place in two cycles. Part of the code 

that controls that is shown below: 

 
for j_cycle=1:read_cycles 

     

 for i_cycle=1:chunk_size 

  if (i_cycle==chunk_size && j_cycle==read_cycles) 

         raw_data=[];   

          while  ~feof(file_id) 

         raw_data = fread (file_id,Inf,'int16'); 

  else    

    raw_data_new=fread file_id,(waveform_length),'int16'); 

    raw_data(1:3600)=raw_data((length(raw_data)3599):length(raw_data)) 

    raw_data(3601:length(raw_data))=raw_data_new;   

 

  end   

 (...) 

 

Because the size of recorded pulses can be considerable, the cycle of reading was 

divided into several parts (chunks). For each chunk, 1000 waveforms are read and then 

processed. The only exception is the last waveform, whose size is unknown, so the data 

are being read until the end of file. 

 

At the beginning of new raw_data, the old raw_data are attached. The reason for this 

is simple: If there is pulse at the end of old raw_data, it is not possible to record it, because 

there might be not enough samples behind the "tail". To counter that, the part of data 

which could be a pulse at wrong position (or it might be just a noise) is attached to the 

beginning of new raw_data and it is checked that any hypothetical pulse does not begin 

too soon (if it began too soon, then it would be recorded in the old raw_data) This method 

also allows to record these pulses, which would have reached their maximum too soon 

after the beginning of the pulse, in new raw_data.  
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However, this method is not entirely necessary with this format of data, because it is 

expected that there is only one pulse per waveform recorded in predetermined distance 

from the beginning. However, it might be useful if there was bigger number of pulses in 

one waveform (which could theoretically happen, due to microdischarge etc.) or the 

pulses were not recorded properly. 

 

After the data were extracted from the .bin file, the waveform is scanned for any 

sample (2 bytes) with value above the pulse threshold. If it contains such sample, 800 

values of samples in front of it and 3199 values after it are saved. Next step is to remove 

the DC offset, which is done by calculating the mean value of first 300 samples and 

subtracting it from the whole recorded pulse.  

 

Afterwards, it is checked if maximum of the recorded pulse does not occur any sooner 

than 500 samples after the beginning, if there is only one maximum (which means that 

the saturated pulses will be removed), if the difference between beginning and maximum 

of the pulse is bigger than the pulse threshold and if the maximum of the pulse comes 

somewhere in the first 2000 samples. If all those conditions are met, the pulse is saved. 

After certain number of waveforms is loaded and processed, the next step, which is the 

calculation of the edge time, follows. 

4.3 Calculation of the Edge Time 

Following algorithm with inspiration taken from [18] and [20] was developed. For 

now, it has been decided that the rise time shall be calculated from difference between 

0.1 and 0.5 of the rising edge, however, the algorithm was tested for several values of 

rising edge thresholds. The script goes as follows: 

 

• The maximum value and its position are saved 

• The start of the rising edge is found by finding position of last sample which is 

smaller than the maximum multiplied by lower boundary value of the edge (its 

position must be somewhere between first sample and maximum sample, 

therefore the falling edge of a pulse is ignored) 

• The end of the rising edge is found the same way as its start: Last sample which 

is smaller than the maximum multiplied by higher boundary value of the edge. 

Again, falling edge is ignored. 

• The edge time in tens of nanoseconds is calculated by subtracting the time of the 

start of the edge from its end. 

 

Because the recorded data was rather noisy, it was decided that it might be useful to 

denoise them using MATLAB’s wavelet denoising function wden and plot the results 

obtained from filtered data alongside the ones obtained by noisy data for comparison. 

While the plots looked bit more promising (and the pulses smoother), it is debatable if it 

helped to obtain more useful results. 
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4.4 Displaying the Data 

 

After the edge times are calculated, the results will be displayed, either as a simple 

histogram of amplitudes, or a histogram of risetime divided by amplitude or as a 

histogram of risetime versus amplitude.  

 

The algorithm allows the user to not only process the data and display the resulting 

figures, but to browse the recorded pulses when their respective block was processed. 

This is done by pressing the second button in the functionality selection dialog. Once the 

pulses are loaded, he can browse them by pressing left and right arrow. The dotted lines 

show position of start and end of the rising edge as calculated for pulses with different 

filter settings. By pressing key "s" user can save the selected pulse. 

 

If the data were processed and saved earlier, the user can then select 3rd option in the 

functionality selection dialog to open them and display the results.  

 

4.5 Results of Proposed Algorithm 

 

The obtained results are shown in several figures below. It can be concluded that the 

algorithm is able to extract the data from .bin files, calculate edge times and plot 

histograms. It is however not entirely possible to determine how useful are the results for 

pulse discrimination, because in the time of writing the present chapter, calibration of the 

detecting apparatus was not finalized yet. 

 

There are two main questions that need to be asked: Which edge threshold is the best 

and if the data shall be filtered. To answer that, it is necessary to look at the results 

produced by the proposed algorithm. 

4.5.1 Pulse Shape 

The recorded pulses vary in both amplitude and shape. Because they were rather noisy, it 

was decided to try several settings of wavelet denoising function wden to filter them. 

After some experimentation, three settings of filtering were selected They shall be called 

as a filter 1, 2 and 3 from now on. The principle of Discrete Wavelet Transform will be 

described in the later chapters. A typical pulse is shown on Fig. 4.5-1 below. It exhibits 

typical sharp rising edge with long, slow-falling tail.  
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Figure 4.5-1 Noisy pulse. 

 

 
Figure 4.5-2 Comparison of edge starts (vertical lines to the left) and edge ends 

(lines to the right) for different filters. 

In the zoomed Fig. 4.5-2, several vertical lines are visible. They correspond where the 

lower and upper edge threshold is. It can be seen that every filter placed each threshold 

value at somewhat different position. The situation was similar with other samples. It 

cannot be clearly determined which filter is superior, although upon reviewing big 

number of samples, it seems that the filter 3 was rather often giving out different results 
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than the other two filters or unfiltered data, which was caused by different type of wavelet 

(to be mentioned hereinafter). 

 

4.5.2 Edge Thresholds and Filters Comparison 

In order to determine correct values of lower threshold and upper threshold and 

consequently calculate edge time, script was run several times with different values of 

upper and lower threshold (point on the rising edge where the calculation for rise time 

shall start and end). It was decided that it will be the difference between 10 % and 50 %, 

20 % and 80 % and 30 % and 70 % of the pulse amplitude. Values above 85 % would not 

result in valid edge time, because the top part of the pulse is clearly affected by the slow 

positive ion drift, therefore edge thresholds at 10 % and 50 % might seem beneficial, 

depending on what type of radioactivity is being measured.  
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In the following Fig. 4.5-3, data for edge thresholds 10% and 50% are shown. In the 

bottom part of figure, on filtered data, areas with concentration of same pulses are visible. 

 
Fig. 4.5-3 Histogram of unfiltered data measured by H detector, 12:56:05,  

18:06:2019 (top). In the bottom histogram for the same data but filtered by 

DWT #1 is shown. 
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The histograms for data filtered by DWT #2 and #3 are below, on Fig. 4.5-4 

 

 
Figure 4.5-4  Histogram of data measured by H detector, 12:56:05,  18:06:2019, 

filtered by DWT #2 (top) and DWT #3 (bottom). 

 

                             

                

 

   

   

   

   

    

    

 
  
 
   

 
  
 
 
 

                                                               

                             

                

 

   

   

   

   

    

    

 
  
 
   

 
  
 
 
 

                                                               



43 

 

In following Fig. 4.5-5, histograms of risetime divided by amplitude for unfiltered 

data and data filtered by filter #1 can be seen. Three areas with concentration of similar 

pulses are clearly visible on filtered histogram. 

 

 
Figure 4.5-5 Histogram of unfiltered data measured by H detector, 12:56:05,  

18:06:2019 (top). In the bottom histogram for the same data but filtered by DWT 

#1 is shown. 
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Next, histogram of amplitudes, on Fig. 4.5-6, for unfiltered data and filtered by DWT #1. 

 
Figure 4.5-6 Histogram of unfiltered data measured by H detector, 12:56:05,  

18:06:2019 (top). Histogram of data filtered by filter 1 is in the bottom. 
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In the following Fig. 4.5-7, the same data as on previous Figs are shown, however, 

this time compared to histograms created by edge times with 20% to 80% thresholds. 

 
 

 

 
Figure 4.5-7 Histogram of unfiltered data measured by H detector, 12:56:05,  

18:06:2019 with thresholds 10% and 50% (top) and with thresholds 20% and 

80% (bottom). 
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On the following Fig. 4.5-8, difference of the data with different thresholds can be 

seen. Shape of histogram is rather different for both thresholds and the bottom one seems 

much more "elevated" around 0.05 to 0.1V. 

 
 

Figure 4.5-8 Histogram of data filtered by DWT #1. Thresholds 10% - 50% (top) 

and 20%-80% (bottom). 
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In Fig. 4.5-9, the difference for data filtered by filter #2 and different thresholds is 

shown. This time, the difference is not as stark as it was on the previous Figure. 

 

Figure 4.5-9 Histogram of data filtered by DWT #2. Thresholds 10% - 50% (top) 

and 20%-80% (bottom). 
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As a conclusion for this chapter, it can be said different filters with different setting 

od edge thresholds can produce vastly different histograms. Which threshold and which 

filter is to use is however not yet known, since the reference measurement is hasn’t been 

yet done. However, from the shape of filtered pulse, it can be safely said that the filter 

number 3 using haar wavelet does not produce very promising results. 
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5. IMPLEMENTATION ON FPGA 

5.1 Architecture Overview 

 

The system architecture takes advantage of the fact that the frequency of pulses is 

expected to be rather low, so it was possible to implement a part of the logic on the 

embedded Linux on the ARM7l processor using Python language. Simplified flowchart 

diagram of the whole architecture can be seen in the diagram below, in fig.  and simplified 

block diagram is illustrated in Fig 5.1-1. 

 

 
Figure 5.1-1 Flowchart Diagram 
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Simplified block diagram is below in Fig 5.1-2: 

 
Figure 5.1-2 Simplified Block Diagram 
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The architecture can be divided into three parts: 

 

• The FPGA logic in a Pulse Catch block which constantly records and shifts the 

incoming pulses. Once the defined threshold is reached, the whole pulse is saved 

into one FIFO memory and the edge time and maximum to the second FIFO. 

• C and Python scripts running on the embedded Linux: Their purpose is to load the 

recorded data from the FPGA memory and then send them to the PC. There are 

two versions of the scripts, one for unfiltered data calculated by the FPGA, the 

other one for unfiltered data which also performs filtering. 

• MATLAB script running in PC receives the data from Python, saves them and 

plots the histograms and provides the user with simple GUI. 

 

 

 

The FPGA logic takes advantage of many built-in IPs from Xilinx, from simple counter 

core to more complicated ones, such as FIFO generator, or AXI GPIO blocks which 

transfer data to the logic core. Thanks to this, the development process can be accelerated 

because the designer does not have to spend weeks creating often  complex blocks but he 

can use the simple GUI in the block design interface to place and then configure the IPs 

to obtain the requested results. 

 

Some of the IPs which can be seen in the block design do not come from the Xilinx, but 

from two men: Anton Potocnik [22] and Pavel Demin [23]. Pavel Demin created several 

IP cores and rather advanced tutorials and published them on his GitHub page. Anton 

Potocnik then took some of them and  he slightly modified them in order to create 5 easy-

to-understand example projects which he published on his website, together with the 

description of their inner workings. This is especially handy because there are virtually 

no official tutorials from the creators of RedPitaya for people without Linux and FPGA 

development experience. 

 

 

Work of those two gentlemen who made the development on RedPitaya accessible to 

almost everyone serves as the basis for this thesis. The project file itself is built on Anton 

Potocnik’s frequency counter project.  

  

 

5.2 FPGA Logic 

As it was noted before, the main purpose of the FPGA part is to record pulse, calculate 

the edge time and then make the results available for Python. In the following chapters, 

some of the more interesting blocks shall be described, with the focus on the blocks 

written for this thesis. 
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5.2.1 Written RTL Blocks 

In this chapter, the description of blocks written specifically for this thesis will be shown: 

 

 

D_Catch 
The core of the logic is block named D_Catch, which will now be described extensively. 

Its simplified FSM diagram is presented below on Fig 5.1-1 

 

 
Fig. 5.1-1 Finite state machine diagram of the block D_Catch 

As one can see, it consists of several states, which are described in the following part 

of this chapter: 

 

• The reset state: This is the default state that comes after reset. It sets all the output 

and inner registers to zero and if the reset is not active anymore, the next state is 

the catch state. 

• Catch state: The logic first shifts all the recorded samples one position to the right 

and then records the fresh value coming from the ADC and saves it to the first 

position of the shift register. The shift register array is done as array of 14 600-

sample long registers, because we encountered some issues with synthesis when 

it was done as one big 600x14 register array. The device stays in the catch state 

as long as the samples do not cross user-defined threshold at certain position 
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(which is defined by parameter named CHECK_POS and can be modified before 

synthetizing the design), which allows the device to register the beginning of the 

pulse. When the threshold is reached, the device switches to the next state, which 

is called saving state. 

• Saving state: The logic in this state saves next LENGTH-CHECK_POS samples, 

until the shift register is filled with fresh data. This is controlled by counter named 

cnt_sample. When the counter reaches the predetermined value, the device 

switches to the next state, which is described below. Also, the busy flag is set to 

1, to indicate that the block is busy with recording pulses. With every tick of the 

adc_clk which is clocking this part of design, the ADC value is being recorded 

and compared the maximum value stored in the previous cycle (even if the 

previous cycle was during the Catch state) If the new maximum value is higher 

than the old maximum, the old value is replaced by the new, higher one. But the 

maximum alone would not be sufficient for the needs of the design. The block 

responsible for calculating the edge time also needs to know where the maximum 

in the sample is, therefore, the value of cnt_sample is stored as well. One has to 

bear in mind that this is not the true max position, but only the value of counter 

after the threshold is reached (or one tick after, to be precise), therefore to obtain 

the true maximum additional calculations are necessary. 

• Skipping state, as the name suggests, skips the date for the predetermined amount 

of time (which is controlled again by skipping counter). There are few reasons for 

this: firstly, the data need to be saved to FIFO memory, secondly, the edge time 

needs to be calculated, and, last but not least, the detector has some dead time 

before it is able to measure again, so this ensures that only valid values shall be 

measured. In this state, the busy flag is set to 0, and the skipping flag is set to 1. 

This is to signal to the rest of the FPGA logic that data on the register are valid 

and they are to start working. Once the counter cnt_skip, which is counting the 

skip time reaches the predetermined value, the skipping flag is set to 0 and the 

state is changed to Reset state. 

 

The whole block has also a chip enable input, which is set to low by default and which 

then can be kept that way until everything is ready for the measurement. 

 

 

 

 

 

 

 

Fill the FIFO 
 

As the name suggests, this is a block which fills the FIFO memory with data. The FIFO 

is implemented using Xilinx FIFO generator. This block consists of three states:  

 

• Reset state: Default state, the output data to FIFO and the write signal which 

enables writing are set to 0. If edge of the skipping_edge signal comes, the system 

transitions to the next state, which is described below: 
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• In this state, two things happen: first, the counter data_index is compared to the 

length of the data buffer. If it is equal, the system transitions to next state. If not, 

the counter is incremented by one and at the same time, the buffer data with the 

index of data_index are put to the input of FIFO and the write signal which is 

controlling writing to the memory is set high. 

• Last state is fairly similar to the reset state. Data_index counter is set to zero and 

the system waits for another edge that would switch it to the first state.  

 

 

  

Edge Detector 

 
The main purpose of this block is very simple: it is supposed too let the logic know that 

signal had changed its level from low to high (or vice versa). It is achieved by storing the 

previous value of the signal and then comparing it to current value. If the previous value 

was low and current is high, the output pos_edge is set high and then low again in the 

next clock cycle. For the negative edge, it works the other way around.. 

 

This block is prevalent in the design because major part of the logic takes place only 

after various blocks signal that they are done with their calculations, so another one can 

start working. 

 

Threshold 

 
The name of this module is again quite self-explanatory. Its main purpose is to set the 

threshold for the D_Catch and D_Edge_Time_Calc modules. The threshold for D_Catch 

comes from the Linux and the threshold for edge time calculation must be set before the 

synthesis.  

 

FIFO Control 

 
This simple module has two counters on its inputs: skipping counter and handshake 

counter. The skipping counter increases value when new pulse is recorded and the 

D_Catch block skips samples along with the handshake counter which increases its value 

when the data are being sent to Linux.  

 

If both counters have the same value, then there are no fresh data to be sent to the 

processor. If the value of the skipping counter is higher than the handshake counter, it 

means that there are some data available and the control port on this block is set too high, 

therefore the Send_Data_Handshake block knows that it should, if asked to do so, start 

loading data from FIFO and then send them to Linux. When that starts happening, the 

handshake counter is increased. 
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DC Offset Removal 

 
Because the data are expected to have some offset, two approaches could have been 

chosen: either to put some filter to get rid of DC component to the input, or to take the 

first part of the recorded pulse which should consist only of DC, and then calculate the 

offset from that. It was decided to opt for the second approach. 

 

The algorithm goes as follows: 

• The first state is initialization, where the block waits for an edge informing it that 

a pulse was recorded. Index is set to WIDTH-129. 

• After that, the first sample with the information on the position WIDTH-129 is 

put into work register. 

• In the next state, the index is increased, and the result is saved into a big register 

holding the temporary result. 

• If the last sample in a pulse was read, the whole register holding the temporary 

result is shifted by 7 bits to the right to achieve division. 

• The block then waits for another edge that will start the process again, therefore 

calculating fresh DC offset for each of the pulses. 

 

 

The resulting offset is saved into a FIFO memory together with the calculated edge time 

and maximum. 

 

 

Send Data Handshake 
 

The purpose of this block is to send the data to the Linux system using the AXI GPIO 

blocks. As the name implies, this is done by utilizing simple handshake protocol (which 

is  considered rather unhygienic in the time of pandemic). 

Beginning of the communication: the Block sets the gnt signal to 0 if there are any 

data available to be read. When the Linux registers that gnt is low, it sets the req signal to 

high, which is followed by the block setting the gnt to high, because the first data are 

already on the input (the FIFO is of a first-word-fall-through type). After the req is set to 

0 by Linux, FPGA then follows with setting the gnt to low. 

 

The second (and all the following) words are read using the standard handshaking: 

The Linux sets req to high, FPGA reads the word from FIFO, puts it to the output and 

then sets the gnt to high. Linux reads the word, lowers the req, which is followed by the 

FPGA setting the gnt to low as well. 

 

This whole block was developed with the idea of sending the calculated edge times 

to the Linux together with the maximum and its position and DC offset. However, later, 

it was expanded and modified to include the data of the whole pulses and the edge time. 

The other information is sent using standalone AXI GPIO blocks.  
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Also, at first, the pulse data were not stored in FIFO memory, but rather sent directly 

in the time when the D_Catch block was not recording the ADC samples. This of course 

proved to be unwise, because if the Linux had just a tiny delay in reading the data, the 

pulse would be lost forever. Therefore, reading from FIFO was added.  

 

There is also port called data_index and its purpose was to acquire the information 

from Linux about which data are supposed to be read. After the FIFO was added, the 

data_index serves as a control if the reading should progress or it should end. When Linux 

reads all the data from FIFO (controlled by counter inside the C script), it sets the 

data_index variable to 50 000, which signals the block that the reading transaction is 

complete, and it should wait for another positive edge. 

 

  

 

 

 

 

 

 

 

Edge Time Calculation 
 

Time of the rising edge of the pulse is calculated by subtracting the position of the upper 

threshold from the position of lower threshold. This block calculates the edge time of a 

recorded pulse. Its algorithm is rather straightforward and consists of several stages: 

 

• At first, wait for positive edge of a skipping signal from D_Catch. When the edge 

comes, then signal the divider to start division. The maximum value of the pulse 

needs to be divided by 10 and then multiplied by the value of lower threshold and 

higher threshold to obtain two real thresholds.  

• After the division is completed (signal div_busy is low),  switch the divider off 

and begin multiplication.  Because the multiplier multiplies the signals constantly 

and has no start nor finish flag, a delay was implemented to make sure that the 

result at output is valid. The calculation of the edge time itself begins: 

• From the position of the maximum to the time-wise beginning of the pulse (which 

is stored at the end of the register), each sample is checked if it is smaller than the 

real threshold value. If yes, it is saved and signal pos_UT_found (or 

pos_LT_found) is set high so it will not be overwritten anymore. 

• When the last sample is checked, the block will signal that edge data are ready at 

its output. They are then concatenated with the maximum value of a sample and 

written to FIFO. 
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Figure 5.2-1 Flowchart Edge Time Calculation 
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Divider 
 

While for programmers who are used to microprocessors the division is rather simple 

task, the situation for HDL developers is a bit more complicated. The division can be 

implemented in three ways: by using look-up table (the fastest, but very area-intensive 

approach), by using specialized DSP blocks (if they are available) or by creating a simple 

divider from scratch. 

 

The third approach was chosen in this thesis (especially since the divider didn’t have 

to be created from scratch, but it was already written a year earlier). The restoring division 

algorithm is as follows [24]:  

 

 

 

• At first, all the variables are initialized. A is dividend, B is divisor and P is variable 

used to hold the data. The i is used as an index and WIDTH is parameter indicating 

the width of the input (and how many times the division cycle has to take place). 

In this case, it is set to 14. Then the division is started: 

• If the i is not equal to WIDTH parameter (which means that the division has not 

yet produced valid result), the P is shifted one to the left with the LSB position 

being occupied by MSB of A. A alone is shifted as well. Next, B is subtracted from 

P. 

• In the following step, it is checked if there is 1 at the MSB position of P. If that is 

the case, the P is restored as it was before subtraction (hence the name restoring 

division) and A [0] is set to 0. However, if there is 0 at the said position, the P will 

be kept and LSB of A will be set to 1. 

• This keeps happening while the condition in the second step is true. After that, the 

result is valid. 

 

 

This is rather fast, simple and resource-cheap algorithm perfectly suitable for this type 

of calculations that will happen no more than a few times per second. Its flowchart can 

be seen in Fig. 5.2-2 below. 
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Fig. 5.2-2 Implemented Restoring Division. 
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5.2.2 IP Cores 

In this chapter, the used IP cores (Xilinx as well as Pavel Demin’s) shall be briefly 

described. All documentation can be found in [25]. 

 

FIFO IP Core 

 
There are two FIFOs in this system: first memory holds the pulse, while the second 

contains the calculated edge time and maximum (concatenated to one value). Both FIFOs 

were placed using the FIFO generator tool and are of first word fall-through type. 

 

The Xilinx FIFO generator tool created them not using the general fabric of FPGA 

(which would be impossible due to their sheer size) but using the BRAM memory blocks.  

 

Each of the FIFO cores has several inputs, most notably the read, write, data_in and 

data_out signals. It behaves like a standard memory, when the write signal is turned high, 

the memory saves the data at the input and vice versa for reading. 

 

 

Multiplier 

 
The Xilinx Vivado IP integrator offers the designer to place various IPs utilizing the 

specialized DSP blocks in the FPGA, which are faster and more efficient resource-wise 

than normal logic. 

 

This is particularly handy if one wishes to implement a multiplier. All that they need 

to do is to select the correct block in the GUI, choose the correct function and then connect 

the appropriate ports. In this thesis, it is used to multiply the amplitude divided by 10 by 

the value of threshold. 

 

This multiplier does not have any signals signalizing if the data on the output are ready 

or not, therefore, it was necessary to implement simple delay which would allow the block 

to process the data before they are read. 

 

ZYNQ Processing System 
 

This block, placed using Vivado IP integrator, instantiates the processing system section 

of Zynq-7000 for both the board logic and external logic. It glues together interface 

signals with the embedded system in the programmable logic, such as EMIO (extended 

multiplexed I/O) programmable logic I/O and AXI I/O groups. 
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AXI I/O GPIO Interface: 
 

The AXI4 bus is used for communication between the logic and the processing system. 

In the frame of this thesis specialized GPIO cores were used. The processing system 

includes two general purpose master ports and two general purpose slave ports. The width 

of the ports can be configured.  

 

As it was mentioned, the designer’s job is further eased by the Vivado’s IP integrator, 

which helps with connecting the AXI blocks that the designer placed to the ARM core in 

the logic. All the user-placed blocks need to be connected to the core through AXI 

interconnect block. This can be done automatically upon placing the block and selecting 

the right choice in a wizard [25]. 

 

The GPIO blocks are clocked by the general adc_clk which, as its name implies, 

clocks the ADC.  

 

 

AXI Interconnect 
 

This block allows to connect any combination of AXI master or slave devices to be 

connected to the processing system. They can have various data width, clocking or AXI 

sub-protocol. When the designer connects any of his AXI blocks to the interconnect, it 

automatically places down necessary infrastructure cores so the communication can take 

place. Here are some of the infrastructure cores that the block can include: 

 

• AXI crossbar connects one or more AXI memory-mapped slaves to various 

number of memory-mapped slaves. 

• AXI Data Width Converter which connects master to slave when both have 

different data width of the data signal. 

• AXI Clock converter allows for connecting two AXI memory-mapped blocks 

with different clocking. This core was used in this design because the processing 

core AXI bus and the logic GPIO AXI cores are both clocked by different clock 

source. 

• AXI Protocol converter, which, as the name suggests, allows connecting master 

to slave using different protocols. 

• AXI Register Slice to break down critical timing path. 

 

 

The AXI Interconnect core is used to connect several AXI GPIO blocks to the 

processing system, which allows fast transfer of both measured and calculated data.  

The slave port of this IP core is connected to the master port of the processing system, 

which is also the source for the slave clock of this block. Because the AXI GPIO cores 

are not clocked by the same clock source (despite having the same frequency), the AXI 

Interconnect master clocks are connected to the adc_clk clock of the rest of the design 

[25]. 
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Another IP core placed down together with this core is Processor System Reset, which 

allows resetting the whole design when the need arises. It can select various reset sources 

and allows features such as reset-on-powerup [25]. 

 

Data Acquisition 

 
This core, written by Pavel Demin, acquires the data from both ADCs, convert its clock 

to the adc_clock by a buffer and then puts the resulting data to the output in the form 

which is ready for AXI4 bus. 

 

Because using the whole 32bits of AXI4 bus is not necessary for the rest of the design 

because only one ADC is used, the data coming from the first ADC are then collected by 

a slice core and sent to the D_Catch block. 

 

5.3 Embedded Software 

5.3.1 Python 

 

Client Script for unfiltered data 

 

The purpose of Python script is to communicate between the ARM7l processor and server 

running MATLAB. There are two versions of this script, one for filtered data and the 

other for unfiltered data. Both scripts utilize the NumPy, SciPy and socket libraries and 

run on the Python 3.5, which is the version installed in the RedPitaya Linux environment 

[26] 

 

Sockets are fairly old technique and still very popular [27]. Its big advantage is that it 

is available on many different platforms and can be easily written in various languages, 

be it C, Python or MATLAB. It allows for communication over network. The type of 

communication used in this thesis is client-server connection, with Python script being 

the client and server running on MATLAB machine. The Python script for loading 

unfiltered data can be divided into several stages: 

 

 

• Initialization: Create the variables and socket, define the port, address, and 

connect to the MATLAB server. Afterwards, an initialization script (written in C) 

is called to enable measuring on the FPGA logic and set the thresholds. 

• Next step is to run another C script, which is responsible for reading data from the 

FPGA GPIO blocks through the AXI bus to the Linux. The recorded data are then 

saved into text file. 

• Once the reading script is finished, python reads the acquired data and then 

appends them to their respective arrays. Running the C script is repeated for a few 

times, so the measured data are not constantly being send to the server, but rather 

in bursts of several samples. The number can be set by user as anything larger 
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than 0. However, appropriate changes then need to be done in the MATLAB 

server code as well. 

• Results are then sent to MATLAB using socket, so that the histogram can be 

plotted. 

 

 

Python script for the filtered data is very similar, except for the fact that it filters the 

data using Savitzky-Golay filter and then calculates the edge time itself, instead of on the 

FPGA logic. 

 

 

Proposed First Data Filtering Algorithm: 

 

Because the data from ADC are noisy, they might need to be filtered to obtain valid 

results. At first, it was decided to utilize the Discrete Wavelet Transform (DWT) to 

remove the noise, because it had worked well during the MATLAB part. For that, script 

using PyWavelets Python library was written. Principle of Wavelet Transform is 

decomposing the signal into group of signals called wavelets, which each has defined 

dominant frequency. They are of short duration, which is centred around a specific time 

[28]. 

 
Figure 5.3-1 db2 Wavelet 

 

When implemented as a Discrete Wavelet Transform, the signal is at first decomposed 

into several scales which represent frequency bands, (using different filters for different 

wavelets types to obtain needed coefficients), by filter bank that has usually has several 

levels. First, the signal gets filtered by high-pass and lowpass filter. The results are the 

downsampled by the scale of two. Afterwards, the low sub-band is again filtered by low 

pass and high pass filter and so on, until desired level is reached. Subsequently, procedure 

called thresholding is performed: all coefficients lower than the threshold are removed. 

Last step is the reconstruction of the signal from the coefficients using the wavelets. The 

written script goes as follows [28] [29] [30]. 
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• Load the data from a text file line by line, appending them to a list and finally 

converting the whole list to NumPy array. 

• Performing the wavelet decomposition using db2 wavelet. When doing the 

decomposition, one has to decide how many levels are there in a filter cascade 

that performs filtering to obtain the coefficients. The number 4 was chosen as a 

fitting for this application. 

• Next step was thresholding. It can be of two types: soft and hard. When soft 

thresholding is used, data values with absolute value less than the threshold value 

are replaced with substitute value. Data values with value higher or equal than the 

thresholding value are shrunk towards the zero by the thresholding value. When 

hard thresholding is used, the values smaller than the threshold are replaced by 

defined value and the values higher are left untouched. Both thresholding types 

seemed to produce valid results in this application. 

• Last step was to reconstruct the signal, using again the db2 wavelet. 

 

During MATLAB implementation, three DWT filters were used, with different 

wavelets each. (Daubechies2 for DWT #1, Sym4 DWT #2 and Haar DWT #3). All of 

them had soft thresholding. All of them provided different results, as it was seen in chapter 

4. The levels for decomposition were 8 for DWT #1 and #3 and 4 for DWT #2. As it was 

seen, the results did not depend only on the level of filter cascade, but also on the type of 

wavelet. 

 

 

For people who have very little to no experience with Python, setting it up and getting 

the right packages might be quite difficult process. For those people, the software 

Anaconda is the easiest route to start using Python. It allows the user to create his own 

Python environment, install the right packages (and their dependencies) and even to 

choose between several IDEs. This software was used during the development of the 

Python scripts for this thesis [31]. 

 

 

 

Miniconda 

 

Because the above-mentioned algorithm worked quite well on PC and seemed to produce 

valid results comparable to the ones obtained using the MATLAB script described in the 

earlier chapters, it was decided that it shall be implemented on the RedPitaya Linux. At 

first, installing the PyWavelets package with its dependencies using Pip was tested, 

unfortunately, it froze during the installation. Having tried this, it was decided that to 

install PyWavelets using Python wheels or building the package on the Linux might be a 

better option. Unfortunately, both approaches resulted in failure.  

 

The software Anaconda itself is rather big, requiring several gigabytes of drive space 

and it has many features which are not very useful for people writing just a few dozens 

of lines of code. So, while it had been extremely useful during working on the Windows 
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device, it could not be used for managing the environments on the RedPitaya Linux. 

Therefore, another solution had to be reached. After some time of searching, it was found 

that the Anaconda has a little brother Miniconda, which, as the name suggests, is much 

smaller and more streamlined [32]. 

 

The Miniconda seemed like a perfect fit for the current RedPitaya Linux environment: 

It was 32bit, tiny and there was even version for ARM microprocessors. However, two 

challenges appeared: while the Miniconda for x86 Linux was updated quite often, the 

ARM7l version was rather old and it supported only Python 3.16. This however did not 

seem like big problem, even though the PyWavelets package required Python 3.5 or 

newer, because new Python environment could be easily installed in Minoconda, as it 

was demonstrated by one user on the Stack Overflow forums [33]. 

 

 

Therefore, the latest Miniconda installation was obtained, then the installation was 

started and soon the new environment with Linux 3.16 was created. It worked flawlessly. 

Because there were no distribution channels in the Minoconda dedicated to the RedPitaya 

version of the Linux that would contain any PyWavelets package or newer Python 

distributions (which was not surprising), the channels for Raspberry 3 were added. 

 

Later, newer Python environment was obtained (3.6.0) and successfully tested on 

menial Python script which used the already installed packages. However, after obtaining 

the PyWavelets, whole Python environment broke down and every command ended 

returning the “illegal instruction”, which was not the expected result. 

 

Nevertheless, there were many Python environments for the ARM7l. So, few of them 

were again obtained and tested with PyWavelets, unfortunately, all of them ended up not 

working. Although the Miniconda seems like powerful tool, it was therefore not possible 

to use it in this application. 

 

Thus, the pursue of installing PyWavelets on RedPitaya couldn’t be achieved. While 

it definitely should be possible in theory to get the said package running on the embedded 

Linux (because Python is platform independent), the way of making it happen was too 

winding and complicated, so the idea was abandoned. However, if one finds a way (or 

maybe future update of Minoconda/PyWavelets library will make the task easier) of doing 

it, this solution might prove itself suitable. 

 

 

Alternative filtering 

 

Creating the DWT without PyWavelets package was considered and it was ultimately 

ruled against. While the algorithm is not overly complicated, the issue of fine-tuning it, 

so that it produces valid results and is fast enough to filter the results on time could take 

very long time and might easily end up as a failure. Therefore, it was deemed necessary 

to find a comparable filter. 

 

After some time spent looking at possible filters and experimenting with the already 

installed Python packages, it was found out that there is Savitzky-Golay filter readily 
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available in SciPy [34], which can be used to filter the noisy data. This filter is also 

included in MATLAB, which allows to compare the results filtered by the Savitzky-

Golay filter to the earlier results filtered by the DWT. The comparison had shown that the 

results are not significantly different from each other. The results will be described in the 

later chapters. 

 

 

 

 

Savitzky-Golay Filter 

 

This filter was first designed in 1964 by researchers Savitzky and Golay in their paper in 

the Analytical Chemistry. They proposed a method of data smoothing based on local 

least-squares polynomial approximation. They proved that fitting polynomial on a set of 

data samples and then evaluating it at a single point within the approximation interval can 

be used as an alternative to discrete convolution with a fixed impulse response. The 

resulting filter is named after them. 

 

 

This filter uses method of approximation by linear least squares, which approximates 

the values of a samples in a such way that the sum of squared residuals is as small as 

possible. The approximation is always done across certain odd number of samples. The 

output at the next sample is then found by shifting the analysis interval to the right by one 

sample, which establishes new centre position. By repeating this across the data one 

wishes to filter, this will produce new polynomial and new value at the output. It is 

required to have more than twice as much data samples as there are coefficients in the 

polynomial, otherwise the smoothing will be done poorly or not at all. It is also beneficial 

if the number of coefficients of the polynomial is not too high, otherwise this solution 

might prove useless. For purpose of this thesis, polynomial order of 9 and window size 

of 91 seem to be a good fit. The filter is also remarkably good at preserving the peaks of 

a signal [35][36] [37]. 

 

 

Performance of Savitzky-Golay filter compared to Discrete Wavelet Transform 

 

An important aspect of the whole design is its performance. Because the Python part 

should take as little time as possible, it was necessary for the filtering to be as fast as 

possible. Therefore, it was required to take the look at performance of Savitzky-Golay 

filter and determine if it is fast enough not to slow the design down  so much that it would 

render it unusable. The literature on the topic states that Savitzky-Golay filter is quite 

lightweight and the speed is the main advantage of it [36]. 

 

 

During the MATLAB phase of implementation, a DWT was used. In the literature 

[37], comparison between those two filters on an ECG signal can be found. A number of 

samples was filtered using both techniques and the resulting SNRs of signal filtered by 

each filter were compared. It was found that the SNR of a signal filtered by DWT was 

usually around 2 to 3dB higher than of a signal filtered by Savitzky-Golay filter [37]. 
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Another filter that could be used for data filtering is for example moving average FIR 

filter, which would probably not produce great results, but it should be not very resource 

intensive and would be really easy to implemented on FPGA and very fast (if the window 

is chosen well). 

 

Because the DWT could not be implemented on RedPitaya without the PyWavelets 

in a timely manner, it was necessary to perform the speed tests of the filters on a PC 

running Python. For the duration of the test, all background tasks were closed to make 

sure that the results are as accurate as possible. However, they still should not serve as a 

proof that some filter is faster by an exact percentage than another. 

 

The data filtered in the speed test were gathered by RedPitaya hooked to the signal 

generator. The test itself took place on a PC in Python 3.6 environment. It took the 

Savitzky-Golay filter 2363100ns to filter the data, while the DWT did the same task in 

522000ns only (approximately 4 times faster).  

 

The results are dependent on many things: first of all, on the effectivity of the written 

code, complexity of data, chosen threshold and levels for DWT, parameters of Savitzky-

Golay filter etc. So, while it can be said that the Savitzky-Golay filter implemented in 

Python SciPy is slower, its speed is still sufficient for the current application. 

 

To find out the exact execution time on RedPitaya, time.time() function was used and 

it was found that it takes around 0.01s to filter the set of data captured on the RedPitaya 

platform. However, one must keep in mind that the data measured during testing with 

signal generator will differ from the data measured during the real usage of the device. 

 

Client Script for Filtered Data 

 

This version of the script does not take the provided edge data from the FPGA logic but 

calculates them out itself from the filtered pulse. The filtering is done by the Savitzky-

Golay filter described previously: 

 

The script is fairly similar to the one sending the unfiltered data, so in the following 

section only the part which is different shall be described: 

 

• Load the pulse and save it to an array. DC offset is in the last position of the text 

file. 

• Remove DC offset from the pulse. 

• Filter the recorded data using Savitzky-Golay filter. 

• Find out value and position of the first maximum in the pulse. Because the pulse 

is stored in a way that the first values are the oldest, the first maximum is the last 

maximum in the time aspect. 

• Find out what the threshold values are (similarly as in the FPGA logic) and then 

go through the recorded sample from the maximum to the end (time-wise the 

beginning) and look for first value that is smaller than the threshold. Do this two 

times for each of the threshold values. Note the position of both samples. 
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• Subtract the two values, which will result in the edge duration, which will be sent 

to the MATLAB afterwards. 

 

 

 

Communication Between FPGA Logic and Linux 

 

It has been mentioned before that Python scripts are obtaining data from the FPGA 

through the AXI bus. It is done by a C script inspired by [18], which utilizes the nmap() 

function that creates new mapping in the virtual address space of the calling process, 

which is used to access the information from GPIO cores. The script for loading unfiltered 

data goes as follows: 

 

• Initialization: Maps the addresses of AXI GPIO cores, removes the old data files. 

• Get the gnt signal from the FPGA if there are any data ready. If not, then keep 

reading it until there are. 

• After the gnt is signalizing presence of fresh data in the FPGA logic, the transfer 

of data starts. Previously described handshake protocol is used. Data index is 

increased after each sample is read. 

• When all the samples are read, the data index variable is then set to 50 000 to 

signalize that the reading is complete. 

• After that, the recorded raw data are saved into text file, which is then loaded by 

Python. 

 

 

The above-mentioned approach is not very sleek and elegant, but it is working reliably 

and can be easily modified. The first idea was to create own Python libraries from the C 

code written but attempting this did not result in any success. Probably it would not be 

even possible. Therefore, it was decided that starting the compiled C file directly from 

Python will be the fastest and easiest solution. 

 

 

 

5.3.2 MATLAB Server 

 

When the Python script has the data ready, they are sent using the socket to MATLAB 

server. 

 

The server script is written using the MATLAB app designer to create GUI. Its aim 

is simple: To provide the user with means to easily start and finish the measuring and then 

plot the data. 

It allows for two modes: First one plots fresh histogram once user-defined number of 

samples has been received, the other one keeps plotting histogram from the cumulative 

data once the number of samples has been received. The types of histograms are the same 

as in the earlier MATLAB script which was used to analyse data. Description of the script 

is found below: 
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• When the “Start Measuring” button is pressed, the server accepts pending 

connection from the client, which then initializes the logic and starts measuring. 

• When the first mode is selected, the server counts how many bursts of data had 

been received (can be changed by the field “save cycles” in the GUI). If it is equal 

to the user-defined value, the histogram is then plotted and the received data are 

saved as .csv file, whose name bears time and date when the data were received. 

When the second mode is selected and the server receives data burst, the data are 

appended to an array holding the data from previous save cycles. When the user-

defined number of bursts is reached, the accumulated data are saved, and 

histograms are plotted.  

• This keeps repeating until user presses the “Stop Measuring” button, which then 

plots histogram from data that had been received until that moment.  

 

 

Received Data Format 

 
The data acquired from the FPGA logic are then loaded to Python where they are 

processed using the NumPy package before being sent to the server. The NumPy uses in 

its arrays format where number consists of 4 bytes, of which, in this case, the last 2 are 0. 

Theosition of the first bytes is then swapped around.  

 

When the data are sent to MATLAB, it first removes the last two bytes of each value 

(therefore every third and fourth byte). The next step is to swap the bytes and then convert 

them to hex values using the MATLAB dec2hex() function (because the received data are 

stored as integer numbers that does not make any sense at first glance). 

 

The next step is to make sure that the data are stored properly in a format that makes 

sense. After the conversion, they are stored as an char array where the on the first line 

there is the first byte and on the second line there is the second byte, on the third line there 

is the first byte etc. Therefore, it was necessary to do another operation to solve this.  

As it was noted before, the data of rising edge time and maximum are received hurdled 

together in one big array, with the always number of edge times coming first (for example 

5 of them) and then number of amplitudes. Therefore, it was necessary to extract the data 

types and append them to their respective arrays, which are then used for plotting the 

histogram. 

 

Known Limitations of the Server Script 

 
While the MATLAB script is guaranteed to work most of the times, it is not completely 

fail-proof. The RedPitaya is sending measured results in bursts. Especially in the second 

mode, when the MATLAB server is receiving bursts of data and appending them to 

existing data and then plotting them, it can happen that the number of received data is so 

high that it takes considerable time to plot and save the data. If the time is longer than 

what it takes for the new data to arrive, it will result in failure. Therefore, user should 

choose the number of saving cycles and length of the measuring carefully in order not to 

find himself without valid results in the middle of the measurement he wanted to perform. 
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This can be partly circumvented by setting higher number of data in one burst in the 

Python client script. However, this could result in uncomfortably low refresh rate.  

 

Histograms and Data Format 

 

Upon measuring the values, the histogram is plotted. As it was mentioned in the 

theoretical part of the thesis, there are three types of histogram that can be plotted: 

histogram of amplitudes, histogram of pulse height divided by risetime and 2D histogram 

of amplitudes by risetimes.  

 

 

 

User Guide 

 

To test the design that had been described above, first the RedPitaya needs to be plugged 

into power outlet and connected to the network using network cable and the GUI .mlapp 

file started on the PC that is intended to be used as a server. 

 

First step would be to determine if filtered or unfiltered client should be used and the 

IP address of the server PC should be filled at the beginning of the python script and on 

in the GUI MATLAB app. 

 

Next step is to program the RedPitaya logic using command: 
cat /root/system_wrapper.bit > /dev/xdevcfg 

  

After that, the device is ready to measure. It only needs to be instructed to do so. 

Therefore, as a next step, either the filtered or unfiltered client should be run by typing: 
python3 filtered_client.py 

 

The script will then try to connect to the server, which will be accepted by pressing 

the “Start Measuring” button. Once the connection is established, the client script then 

starts the measurement and keeps measuring until it is aborted. Picture of GUI is on the 

Figure 5.3-2.  below: 
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Figure 5.3-2 GUI 
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5.4 Results of Implementation 

5.4.1 Comparison of Savitzky-Golay filter and DWT 

In the following figures, comparison between Savitzky-Golay filter and DWT on 

previously measured pulses from proportional counter in MATLAB can be seen. The 

difference between the filters had been described on results obtained with thresholds of 

0.2 and 0.8 of the amplitude. 

 

At first, the rising edge of a pulse with the different filters should be considered. 

Filters number 1 and 2 are DWT with different wavelets, filter number 3 is Savitzky-

Golay filter with window size 11 and polynomial rank of 3. The thin vertical lines are 

showing where the thresholds were found. It can be seen that Savitzky-Golay filter 

produces results which look comparatively good at first glance (Fig. 5.4-1) 

 
Figure 5.4-1 Zoomed in pulse 
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However, as it can be seen in the middle of following figure 5.4-2, sometimes it can 

give out non-optimal results, as can be seen on the figure below. However, if one looks 

closely, to the bottom left corner at a red spike of signal filtered by filter 1, this also 

happens for DWT, albeit much less often.  

 

 

 
Figure 5.4-2 Zoomed in rising edge 

 

 

Furthermore, the differences between DWT and Savitzky-Golay filter will be shown on 

one set of data. 
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First, the histogram of non-filtered data can be seen on following figure:  

 
Figure 5.4-3 Histogram of risetime divided by amplitude, no filter, H+3He 

detector, 8:13:2019 11:11:48 

Histogram for the same data, however this time filtered by DWT #2. Please note three 

peaks around 0.25V, 0.42V and 0.6V 

 
Figure 5.4-4 Histogram of filtered data by DWT filter #2, H+3He detector, 

8:13:2019 11:11:48 
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Next figure 5.4-5 is histogram from data filtered by Savitzky-Golay filter. One can 

easily see that the three peaks that are present around values 0.25ns/V, 0.42ns/V and 

0.6ns/V are here much smaller and borderline non-existent. For comparison, on the 

following fig. 5.4-6 is histogram filtered by the most “aggressive” DWT, filter 1, with 

well-defined peaks at 0.25 and 0.6 ns/V. 

 
Figure 5.4-5 Risetime/Amplitude, filtered by S-G filter, H+3He detector, 

8:13:2019 11:11:48 

 
Figure 5.4-6 Risetime/Amplitude, filtered by DWT filter #1, H+3He detector, 

8:13:2019 11:11:48 
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On the following pages, 2D histograms from the same dataset filtered by the same 

filter are shown. One can see that there is one area with higher concentration of pulses on 

fig. 5.4-7. 

 
Figure 5.4-7 2D histogram of unfiltered data. H+3He detector, 8:13:2019 

11:11:48 

On a fig. 5.4-8 below, histogram for the same data can be seen, however, this time 

filtered by DWT filter #2.  It can be said that it looks quite similar to the unfiltered 

histogram, except that it is less “bent” around 0.05 pulse height, much more “compact” 

and there hits of areas with higher concentration of pulses. 

 
Figure 5.4-8 2D histogram of data filtered by DWT #2, H+3He detector, 

8:13:2019 11:11:48 
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And on the fig. 5.4-9 is 2D histogram of data filtered by S-G filter, not much different 

from the data filtered by DWT #2. Fig. 5.4-10 is histogram filtered by DWT #1. Notice 

two distinct areas with high concentration of very similar pulses.  

 
Figure 5.4-9 2D histogram of data filtered by S-G filter, H+3He detector, 

8:13:2019 11:11:48 

 
Figure 5.4-10 2D histogram of data filtered by DWT #1, H+3He detector, 

8:13:2019 11:11:48 
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So far, the Savitzky-Golay filter of frame length 11 and polynomial of rank 3 has been 

used to filter the data. On the following pages, it will be compared to the S-G filter with 

polynomial size of 9 and window 91 and of polynomial size of 6 and window 41 samples 

long. Results can be observed on figures 5.4-11 to 5.13. As it can be seen from the results, 

the S-G filter with polynomial of 9 and window of 91 produces results that look the most 

compact and not unsimmilar to DWT filter #2.  

 

 

 
Figure 5.4-11 Data filtered by S-G filter with polynomial of 6,  and window of 41, 

H+3He detector, 8:13:2019 11:11:48 
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Figure 5.4-12 Data filtered by S-G filter with polynomial 9 and window 91, 

H+3He detector, 8:13:2019 11:11:48 

 
Figure 5.4-13 Data filtered by S-G filter with polynomial 3 and window 11, 

H+3He detector, 8:13:2019 11:11:48 
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5.4.2 Conclusion of Filter Evaluation 

As a conclusion, it can be said that the Discrete Wavelet transform seems to be 

somewhat superior method of filtering. It allows for greater customization of the result 

by setting different thresholds, wavelet, levels of the filter cascade etc. and, when properly 

implemented in Python, it is faster. However, when one takes look at the histograms, it is 

can be said that Savitzky-Golay filter is useful at least as a temporary substitute, until 

DWT can be implemented, probably using the PyWavelets package. However, this could 

be only tested on data measured previously. 

  

Another important thing to note is that, while it is general knowledge about the 

spectrum of 252Californium from the previously mentioned literature with the used type 

of detector (Fig. 5.4-14) [20], there is no reference measurement done for the proportional 

counter used to gather data in this thesis that would show how the resulting histograms 

should exactly look like and therefore which filter is better suited for the current 

application. Therefore, chapter can only conclude that each filter produces slightly 

different results and since the data acquired by RedPitaya are rather noisy, the filtering is 

most likely necessary, and for that, the DWT would be better choice, either on Linux or 

implemented in the FPGA logic using the MATLAB coder. 

 
Figure 5.4-14 Cf measured with 3He detector [20]. 
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5.4.3 Data obtained by RedPitaya During Testing 

In the following figures, the results measured by the RedPitaya connected to signal 

generator are shown. 5 pulses of the same amplitude and time were sent by the generator, 

with amplitude of 800 mV, 50 mV DC component and rising edge of 600 ns.  

 

An example of data measured by the RedPitaya is in the table below, showing that the 

calculated edge times for all the pulses are quite similar, as one would expect. 

 

Pulse number Amplitude [V] Edge Time [ns] 

1 0.78687 504 

2 0.78625 504 

3 0.79004 512 

4 0.78381 512 

5 0.78503 512 

Table 6.4-1T – Data measured during testing 

  

In figures 6.4-15,16 and 17 resulting histograms as produced by the GUI can be seen, 

showing the pulses nicely fitting in the defined bins, which can of course be easily 

changed to allow bigger or smaller resolution. 

 
Figure 5.4-15 Measured histogram of risetime divided by amplitude on 

RedPitaya 
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Figure 5.4-16 Measured and zoomed in 2D histogram of amplitudes versus 

risetime on RedPitaya. 

 
Figure 5.4-17 Measured histogram of amplitudes on RedPitaya. 
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CONCLUSION 

 

The aim of this thesis was to develop an algorithm for classification of pulses obtained 

from proportional counter and its subsequent implementation on FPGA. 

 

It the beginning, different types of ionizing radiation detectors are described, as well 

as their inner workings and underlying physics phenomena they utilize. Close attention 

was paid to the proportional region detectors because proportional counter will be utilized 

to measure ionizing radiation. Afterwards, the thesis dealt with the hardware, describing 

the detector used to obtain results and FPGA board that was for measuring.  

 

Subsequently, a script for pulse classification based on duration of the rising edge was 

developed and was used for processing the measured data. The obtained results were 

thoroughly evaluated and described with focus on different types of filtering and various 

values of threshold. It was decided that Discrete Wavelet Transform shall be used to filter 

the data and the risetime of pulse shall be calculated as the duration between 10 % and 

50 % of the amplitude.  

 

In the last part, implementation on the FPGA logic, embedded Linux and MATLAB 

server is described. Most of the attention is paid to the FPGA logic, where recording of 

pulses is done. DC offset and risetime is then calculated and the results, along with the 

recorded pulse, are saved to FIFO memory. Subsequently, when Python script running on 

embedded ARM sends a request to read the data, the results are transferred. If the risetime 

from unfiltered data is needed, it is then transferred together with the amplitude of the 

pulse to MATLAB server on PC. If there is a need to obtain filtered data, the pulse and 

recorded offset are loaded to Python and filtered. Because the package necessary for 

performing DWT could not be installed for some reason, alternative filtering, using 

Savitzky-Golay filter was chosen. Comparison between DWT and Savitzky-Golay filter 

on measured pulses is shown in the final chapter, together with histograms of the 

calculated data. It was concluded that while the Savitzky-Golay filter does not seem to 

produce as promising results as DWT, it can still be used as a temporary replacement. 

 

Because of the global pandemic which took place in the time of writing this thesis, 

the device could not be tested with the proportional counter, therefore all the results 

shown in the final chapter were obtained by either recording pulses from signal generator, 

analysing previously-measured results in MATLAB or by creating pulses in the onboard 

FPGA logic. 

 

 

 

 

 

 

 

 

 



84 

 

 

BIBLIOGRAPHY 

 

[1] KNOLL, Glenn F. Radiation detection and measurement. 3rd ed. New York: 

Wiley, c2000. ISBN 0-471-07338-5 [cit. 14.12.2019]. 

[2] ULMAN, Vojtěch. Jaderná a radiační fyzika [online]. [cit. 2019-12-16]. 

Dostupné z: http://www.astronuklfyzika.cz/strana2.htm 

[3] Radioactive and gamma decay [online]. [cit. 2019-12-16]. Dostupné z: 

https://www.britannica.com/science/radioactivity/Gamma-decay 

[4] Evolution of ionizing radiation research [online]. [cit. 2019-12-16]. Dostupné z: 

https://www.intechopen.com/books/evolution-of-ionizing-radiation-

research/ionizing-radiation-detectors 

[5] Vojtěch. Detekce ionizujícího záření a spektrometrie [online]. [cit. 2019-12-16]. 

Dostupné z: http://www.astronuklfyzika.cz/DetekceSpektrometrie.htm#4 

[6] FRASS, William. Particle detectors: C4:Particle Physics Major Option [online]. 

2016 [cit. 2019-12-16]. Dostupné z: 

https://www.researchgate.net/publication/307593954_Chapter_Seven_Nuclear_Dete

ctors 

[7] SCHULMAN, Tom. Si, CdTe and CdZnTe radiation detectors for imaging 

applications: [online]. 2006 [cit. 2019-12-16]. Dostupné z: 

https://directconversion.com/wp-content/uploads/2017/05/sicdtean.pdf). 

[8] TAKAHASHI, Tadayuki a Shigeto WATANABE. Recent progress in CdTe and 

CdZnTe detectors: 2001 [cit. 2019-12-16]. Dostupné z: 

https://www.researchgate.net/publication/3137480_Recent_progress_in_CdTe_and_

CdZnTe_detectors 

[9] Bubble chamber [online]. [cit. 2019-12-16]. Dostupné z: 

https://en.wikipedia.org/wiki/Bubble_chamber 

 [10] FRASER, William. Particle Detectors [online]. 2009 [cit. 2019-12-16]. 

Dostupné z: https://www2.physics.ox.ac.uk/sites/default/files/Detectors.pdf 



85 

 

[11] ALFARO, R. Construction and operation of a small multiwire proportional 

chamber [online]. 2005 [cit. 2019-12-16]. Dostupné z: 

https://iopscience.iop.org/article/10.1088/1742-6596/18/1/011/pdf 

[12] KLINGENMEYER, Hannah. Invention and development of the multiwire 

proportional chamber [online]. 2014 [cit. 2019-12-16]. Dostupné z: 

https://iopscience.iop.org/article/10.1088/1742-6596/18/1/011/pdf 

[13] CHARPAK, G. Wire Chambers: A Review and Forecast [online]. 1976 [cit. 

2019-12-16]. Dostupné z: https://iopscience.iop.org/article/10.1088/1742-

6596/18/1/011/pdf 

 [14] Drift Chamber for dummies [online]. [cit. 2019-12-16]. Dostupné z: 

https://www.phenix.bnl.gov/WWW/tracking/dc/experts/Drift_Chamber__Principle_

of_operation.html#proportional%20chamber 

[15] BOCK, Rudolf K. Field shaping in drift chambers [online]. 1998 [cit. 2019-12-

16]. Dostupné z: https://pe2bz.philpem.me.uk/Comm01/-%20-%20Ion-Photon-RF/-

%20-%20Scintillation/Site-004/node70.html#69 

[16] What does 'channel' mean? [online]. 1998 [cit. 2019-12-16]. Dostupné z: 

https://physics.stackexchange.com/questions/160358/what-does-channel-

mean?fbclid=IwAR3Hm4IxBfF9q9Nge_M5bmGTeDO53DnswToc0fO2c618HkX

wAZkbPFpmmR0 

[17] Zynq-7000 SoC Data Sheet: Overview [online]. 2018 [cit. 2019-12-16]. 

Dostupné z: Zynq-7000 SoC Data Sheet: Overview 

[18] LANGFORD, T.J, C.D BASS, E.J. BEISE, H. BREUER, D.K ERWIN, C.R. 

HEIMBACH a J.S. NICO. Event identification in 3He proportional counters using 

risetime discrimination. Elsevier [online]. 2013 [cit. 2019-12-16]. Dostupné z: 

https://www.sciencedirect.com/science/article/pii/S0168900213003720 

[19] HEEGER, K.M., S.R. ELLIOTT, R.G.H. ROBERTSON, M.W.E. SMITH, T.D. 

STEIGER, J.F. WILKERSON a J.S. NICO. High-voltage microdischarge in ultra-low 

background /sup 3/He proportional counters. IEEE Transactions on Nuclear 

Science [online]. 2013, 47(6), 1829-1833 [cit. 2019-12-16]. DOI: 

10.1109/23.914454. ISSN 00189499. Dostupné z: 

http://ieeexplore.ieee.org/document/914454/ 



86 

 

[20] Nuclear Engineering and Technology. 2019, 51(1). ISSN 17385733. Dostupné 

také z: https://linkinghub.elsevier.com/retrieve/pii/S1738573318301050 

[21]BERRY, Kevin. Neutron Lifecycle Series: Helium-3 Gas Detectors at the SNS 

and HFIR [online]. 2016 [cit. 2019-12-16]. Dostupné z: 

https://conference.sns.gov/event/56/attachments/64/192/Lecture_6a-

_Neutron_Detection_with_He3_-_Kevin_Berry.pdf 

[22] POTOCNIK, Anton. RedPitaya Guide [online]. 2020 [cit. 2020-05-28]. 

Dostupné z: http://antonpotocnik.com/ 

[23] DEMIN, Pavel. RedPitaya Notes [online]. 2020 [cit. 2020-05-28]. Dostupné z: 

http://pavel-demin.github.io/red-pitaya-notes/ 

[24] Restoring Division. In: Wikipedia: the free encyclopedia [online]. San Francisco 

(CA): Wikimedia Foundation, 2001- [cit. 2020-05-28]. Dostupné z: 

https://en.wikipedia.org/wiki/Division_algorithm#Restoring_division 

[25] Xilinx IP Documentation [online]. [cit. 2020-05-28]. Dostupné z: 

https://www.xilinx.com/support.html#documentation 

[26] Socket Programming HOWTO [online]. [cit. 2020-05-28]. Dostupné z: 

https://docs.python.org/3.5/howto/sockets.html 

[27] Socket Programming in Python (Guide). Python Documentation [online]. 2020 

[cit. 2020-05-28]. Dostupné z: https://realpython.com/python-sockets/ 

[28] RAMOS, Rogelio, Benjamin VALDEZ-SALAS, Roumen ZLATEV, Michael 

SCHORR WIENER a Jose María BASTIDAS RULL. The Discrete Wavelet 

Transform and Its Application for Noise Removal in Localized Corrosion 

Measurements. International Journal of Corrosion [online]. 2017, 2017, 1-7 [cit. 

2020-05-28]. DOI: 10.1155/2017/7925404. ISSN 1687-9325. Dostupné z: 

https://www.hindawi.com/journals/ijc/2017/7925404/ 

[29] LEE, Gregory, Ralf GOMMERS, Filip WASELEWSKI, Kai WOHLFAHRT a 

Aaron O'LEARY. PyWavelets: A Python package for wavelet analysis. Journal of 

Open Source Software [online]. 2019, 4(36) [cit. 2020-05-28]. DOI: 

10.21105/joss.01237. ISSN 2475-9066. Dostupné z: 

http://joss.theoj.org/papers/10.21105/joss.01237 

 



87 

 

[30] Understanding Wavelets [online]. [cit. 2020-05-28]. Dostupné z: 

https://www.mathworks.com/videos/understanding-wavelets-part-1-what-are-

wavelets-121279.html 

[31] Anaconda Documentation [online]. 2020 [cit. 2020-05-28]. Dostupné z: 

https://docs.anaconda.com/anaconda/ 

[32] Miniconda Documentation [online]. 2020 [cit. 2020-05-28]. Dostupné z: 

https://docs.conda.io/en/latest/miniconda.html 

[33] STROBER, Paul. How To Install Anaconda on Raspberry Pi-3 [online]. 2020 

[cit. 2020-05-28]. Dostupné z: https://stackoverflow.com/questions/39371772/how-

to-install-anaconda-on-raspberry-pi-3-model-b 

[34] SciPy Savitzky-Golay filter [online]. [cit. 2020-05-28]. Dostupné z: 

https://docs.SciPy.org/doc/SciPy-

0.16.1/reference/generated/SciPy.signal.savgol_filter.html 

[35] SCHAFER, Ronald. What Is a Savitzky-Golay Filter? [Lecture Notes]. IEEE 

Signal Processing Magazine [online]. 2011, 28(4), 111-117 [cit. 2020-05-28]. DOI: 

10.1109/MSP.2011.941097. ISSN 1053-5888. Dostupné z: 

http://ieeexplore.ieee.org/document/5888646/ 

[36] GANDER, Walter a Jiří HŘEBÍČEK. Solving Problems in Scientific Computing 

Using MAPLE and MATLAB. Berlin: Springer Verlag, 1995. ISBN 3-540-58746-2. 

[37] KAUR, Harjeet a Raj NI. ECG Signal Denoising with Savitzky-Golay Filter and 

Discrete Wavelet Transform (DWT). International Journal of Engineering Trends 

and Technology [online]. 2016, 36(5), 266-269 [cit. 2020-05-28]. DOI: 

10.14445/22315381/IJETT-V36P249. ISSN 22315381. Dostupné z: 

http://www.ijettjournal.org/archive/ijett-v36p249 

 


