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Abstract 

This project aims to design, develop and build a low-cost portable Raman 

spectrometer. The spectrometer is based on a 100 mW, 785 nm red laser and an 

assembly of optical components to facilitate 180° back-scattering so that both solid and 

liquid samples can be used. An off-the-shelf detector setup was employed as a standard 

but due to its expensiveness an approach was made to design a detector with its 

associated optical and electronic components at an affordable cost. The complete design 

process, broadly categorised in - developing the laser power supply, assembling optical 

components for back-scattering and designing the interface electronics for the CCD 

detector, is explained in great details and accompanied with 3D models, wherever 

needed, for better understanding. The spectrum is projected with a diffraction grating 

on the detector, sampled by a 16-bit A/D converter to the micro-controller memory and 

finally transmitted to the computer via USB. In the computer it is digitally processed 

and displayed in a graphical user interface. Not only the optical setup and electronic 

circuit used to process the analog signal are described in this work, but also the software 

applications enabling the user to evaluate and save the measured spectra have been 

discussed.  

  



iv 

 

Acknowledgements 

While bringing out this thesis to its final form, I came across a number of people 

whose contributions in various ways helped my field of research and they deserve 

special thanks. It is a pleasure to convey my gratitude to all of them. 

I take this opportunity to express a deep sense of gratitude towards my guide 

Prof. Rajib Bandyopadhyay, for providing excellent guidance, encouragement and 

inspiration throughout the project work. Without his invaluable guidance, this work 

would never have been a successful one. I feel proud to say that I had the opportunity 

to work with an exceptionally experienced Professor like him. 

I am also highly grateful to Prof. Kalyan Majumder, Dept. of Instrumentation 

and Electronics, Jadavpur University, Kolkata for giving me suggestions and support 

from an early stage of this research and providing me extraordinary experiences 

throughout the work. I specially acknowledge him for his advice as and when required 

during this research. 

I would also like to thank Dilip Sing and Somdeb Chanda, scholars at the same 

University who are recently working in this field of research, for their valuable 

suggestions and helpful discussions and lending me their invaluable knowledge and 

support. I am greatly indebted to all the people mentioned above. 

  



v 

 

Table of Contents 
CERTIFICATE ......................................................................................................................... II 

ABSTRACT ........................................................................................................................... III 

ACKNOWLEDGEMENTS ........................................................................................................ IV 

TABLE OF CONTENTS ............................................................................................................ V 

LIST OF TABLES ................................................................................................................... VII 

LIST OF FIGURES ................................................................................................................ VIII 

LIST OF ABBREVIATIONS ....................................................................................................... X 

1 INTRODUCTION ............................................................................................................ 1 

1.1. WHAT IS RAMAN SPECTROSCOPY? .................................................................................. 1 
1.2. BIRTH AND DEVELOPMENT OF RAMAN SPECTROSCOPY ........................................................ 1 
1.3. MOTIVATION .............................................................................................................. 2 
1.4. LITERATURE REVIEW ..................................................................................................... 5 
1.5. OBJECTIVE AND SCOPE OF THE THESIS .............................................................................. 6 

2 THEORY ........................................................................................................................ 8 

2.1. ELECTROMAGNETIC RADIATION ....................................................................................... 8 
2.2. INTERNAL DEGREES OF FREEDOM .................................................................................... 9 
2.3. CLASSIC HARMONIC OSCILLATOR ................................................................................... 11 
2.4. QUANTUM MECHANICAL HARMONIC OSCILLATOR ............................................................. 13 
2.5. THE RAMAN SCATTERING PROCESS ................................................................................ 16 
2.6. CLASSICAL DESCRIPTION OF THE RAMAN EFFECT ............................................................... 18 

3 DEVELOPMENT OF PORTABLE RAMAN SPECTROMETER USING OFF-THE-SHELF OPTICAL 

ASSEMBLY AND CMOS LINEAR IMAGE SENSOR ............................................................................. 20 

3.1. COMPONENTS OF LASER POWER SUPPLY ......................................................................... 20 
3.1.1 Power Supply .................................................................................................... 20 
3.1.2 Constant current source ................................................................................... 21 
3.1.3 Laser ................................................................................................................. 22 
3.1.4 TEC controller ................................................................................................... 22 
3.1.5 Micro-controller ............................................................................................... 23 
3.1.6 DAC ................................................................................................................... 24 
3.1.7 Display LCD ....................................................................................................... 24 

3.2. DESIGN OF LASER POWER SOURCE ................................................................................. 25 
3.3. WORKING PRINCIPLE OF THE LASER POWER SOURCE .......................................................... 29 
3.4. COMPONENTS OF OPTICAL HEAD ................................................................................... 30 

3.4.1 Laser ................................................................................................................. 30 
3.4.2 Mirror ............................................................................................................... 31 
3.4.3 Focusing lens .................................................................................................... 31 
3.4.4 Notch filter ....................................................................................................... 32 
3.4.5 SMA connector and fiber optic cable................................................................ 32 

3.5. ASSEMBLY OF THE OPTICAL HEAD .................................................................................. 33 
3.6. WORKING PRINCIPLE OF THE OPTICAL HEAD ..................................................................... 35 
3.7. ACQUISITION OF RAMAN SPECTRA ................................................................................. 35 
3.8. RESULT AND CONCLUSION ........................................................................................... 39 

4 DESIGN AND DEVELOPMENT OF THE DETECTOR WITH ITS INTERFACE ELECTRONICS AND 

A PC-BASED GUI FOR RAMAN SPECTROMETER .............................................................................. 40 



vi 

 

4.1. COMPONENTS OF THE DETECTOR ................................................................................... 40 
4.1.1 CCD detector ..................................................................................................... 40 
4.1.2 Micro-controller ............................................................................................... 41 
4.1.3 FPGA ................................................................................................................. 41 

4.2. DESIGN OF THE DETECTOR ............................................................................................ 43 
4.2.1 Driving the CCD image sensor .......................................................................... 43 
4.2.2 Handling the output ......................................................................................... 45 
4.2.3 Circuit diagram for TCD1304AP ........................................................................ 47 
4.2.4 Programming the MCU .................................................................................... 48 
4.2.5 Electronic interfacing of the detector ............................................................... 52 

4.3. DESIGNING THE GUI ................................................................................................... 53 

5 CONCLUSION AND FUTURE SCOPE .............................................................................. 54 

5.1. SUMMARY OF THE WORK ............................................................................................. 54 
5.2. CHALLENGES FACED .................................................................................................... 55 
5.3. FUTURE SCOPE .......................................................................................................... 55 
5.4. CONCLUSION ............................................................................................................. 56 

6 REFERENCES ............................................................................................................... 57 

7 APPENDICES ............................................................................................................... 59 

7.1. LASER CURRENT VS CONTROL VOLTAGE DATA SET FOR CUBIC SPLINE INTERPOLATION ................ 59 
7.2. COEFFICIENTS FOR THE CUBIC SPLINE INTERPOLATION OF LASER CURRENT .............................. 60 
7.3. SCHEMATIC OF LASER POWER SUPPLY ............................................................................. 61 
7.4. ARDUINO CODE FOR THE USER INTERFACE OF THE LASER POWER SUPPLY................................ 62 
7.5. PROGRAMMING THE MCU .......................................................................................... 68 
7.6. PROGRAMMING THE FPGA ......................................................................................... 93 
7.7. SCHEMATIC OF THE DETECTOR INTERFACE ELECTRONICS ................................................... 100 
7.8. DESIGNING THE GUI FOR RAMAN SPECTRA ACQUISITION IN APP DESIGNER BY MATLAB ....... 101 

 

 

  



vii 

 

List of Tables 
 

TABLE 1-1 - COMPARISON OF DIFFERENT RAMAN SYSTEMS AVAILABLE IN MARKET [PRICE OF SOME 

ITEMS MAY NOT HAVE BEEN UPDATED][3] .................................................................................... 3 

TABLE 2-1 - GENERAL WAVENUMBER REGIONS FOR VARIOUS SIMPLE DIATOMIC OSCILLATOR GROUPS

 ...................................................................................................................................................... 13 

TABLE 3-1 - POLYNOMIAL FITTING OF LASER CURRENT DATA ............................................................... 25 

TABLE 3-2 - RAMAN SHIFT (CM-1) OF PURE BENZENE FROM VARIOUS LITERATURES ........................... 38 

TABLE 7-1 - LASER CURRENT VS CONTROL VOLTAGE DATA SET FOR CUBIC SPLINE INTERPOLATION ... 59 

TABLE 7-2 - COEFFICIENTS FOR THE CUBIC SPLINE INTERPOLATION OF LASER CURRENT ..................... 60 

 

  



viii 

 

List of Figures 
 

FIGURE 2.1 - THE AMPLITUDE OF THE ELECTRIC VECTOR OF ELECTROMAGNETIC RADIATION AS A 

FUNCTION OF TIME. THE WAVELENGTH IS THE DISTANCE BETWEEN TWO CRESTS. ..................... 8 

FIGURE 2.2 - ABSORPTION OF ELECTROMAGNETIC RADIATION .............................................................. 9 

FIGURE 2.3 - MOLECULAR MOTIONS WHICH CHANGE DISTANCE BETWEEN ATOMS FOR H2O AND CO2.

 ...................................................................................................................................................... 10 

FIGURE 2.4 - NORMAL MODE OF VIBRATION FOR A SIMPLE DIATOMIC SUCH AS HCL (A) AND A MORE 

COMPLEX SPECIES SUCH AS BENZENE (B). THE DISPLACEMENT VERSUS TIME IS SINUSOIDAL, 

WITH EQUAL FREQUENCY FOR ALL THE ATOMS. THE TYPICAL CARTESIAN DISPLACEMENT 

VECTORS ARE SHOWN FOR ........................................................................................................... 11 

FIGURE 2.5 - MOTION OF A SIMPLE DIATOMIC MOLECULE. THE SPRING CONSTANT IS K, THE MASSES 

ARE M1 AND M2, AND X1 AND X2 ARE THE DISPLACEMENT VECTORS OF EACH MASS FROM 

EQUILIBRIUM WHERE THE OSCILLATOR IS ASSUMED TO BE HARMONIC. ................................... 12 

FIGURE 2.6 - THE POTENTIAL ENERGY DIAGRAM COMPARISON OF THE ANHARMONIC AND THE 

HARMONIC OSCILLATOR. TRANSITIONS ORIGINATE FROM THE V=0 LEVEL, AND DO IS THE 

ENERGY NECESSARY TO BREAK THE BOND. .................................................................................. 14 

FIGURE 2.7 - POTENTIAL ENERGY, E, VERSUS INTERNUCLEAR DISTANCE, X, FOR A DIATOMIC 

HARMONIC OSCILLATOR. .............................................................................................................. 14 

FIGURE 2.8 - SCHEMATIC ILLUSTRATION OF RAYLEIGH SCATTERING AS WELL AS STOKES AND ANTI-

STOKES RAMAN SCATTERING. THE LASER EXCITATION FREQUENCY (ΝL) IS REPRESENTED BY THE 

UPWARD ARROWS AND IS MUCH HIGHER IN ENERGY THAN THE MOLECULAR VIBRATIONS. THE 

FREQUENCY OF THE ...................................................................................................................... 17 

FIGURE 2.9 - SCHEMATIC REPRESENTING RAYLEIGH AND RAMAN SCATTERING. ................................. 19 

FIGURE 3.1 - MEANWELL NET-50B SMPS (LEFT) AND ±9V VOLTAGE REGULATOR IC (RIGHT) ............... 21 

FIGURE 3.2 - LD1255R - 250 MA PRECISION CONSTANT CURRENT LASER DRIVER ................................ 21 

FIGURE 3.3 - TCM1000T - TEC CONTROLLER MODULE .......................................................................... 22 

FIGURE 3.4 – ARDUINO PRO MINI .......................................................................................................... 23 

FIGURE 3.5 – ATMEGA 328/P MICRO-CONTROLLER .............................................................................. 23 

FIGURE 3.6 - PCF8591 8-BIT DAC ............................................................................................................ 24 

FIGURE 3.7 - JHD162A 16×2 LCD MODULE ............................................................................................. 24 

FIGURE 3.8 - 3RD DEGREE POLYNOMIAL FIT OF LASER CURRENT DATA ................................................. 26 

FIGURE 3.9 – CUBIC SPLINE INTERPOLATION OF LASER CURRENT DATA ............................................... 26 

FIGURE 3.10 - 3D MODEL OF THE PROPOSED LASER POWER SUPPLY ................................................... 27 

FIGURE 3.11 - A PROTOTYPE OF THE LASER POWER SUPPLY ................................................................. 28 

FIGURE 3.12 - BLOCK DIAGRAM OF THE LASER POWER SOURCE .......................................................... 29 

FIGURE 3.13 – 785 NM LASER WITH THERMISTOR AND PELTIER COOLER ............................................ 30 

file:///C:/Users/KBera/Desktop/ThesisReport_KallolBera%20-%20Copy%20(2).docx%23_Toc9338945
file:///C:/Users/KBera/Desktop/ThesisReport_KallolBera%20-%20Copy%20(2).docx%23_Toc9338945
file:///C:/Users/KBera/Desktop/ThesisReport_KallolBera%20-%20Copy%20(2).docx%23_Toc9338946
file:///C:/Users/KBera/Desktop/ThesisReport_KallolBera%20-%20Copy%20(2).docx%23_Toc9338947
file:///C:/Users/KBera/Desktop/ThesisReport_KallolBera%20-%20Copy%20(2).docx%23_Toc9338947
file:///C:/Users/KBera/Desktop/ThesisReport_KallolBera%20-%20Copy%20(2).docx%23_Toc9338948
file:///C:/Users/KBera/Desktop/ThesisReport_KallolBera%20-%20Copy%20(2).docx%23_Toc9338948
file:///C:/Users/KBera/Desktop/ThesisReport_KallolBera%20-%20Copy%20(2).docx%23_Toc9338948
file:///C:/Users/KBera/Desktop/ThesisReport_KallolBera%20-%20Copy%20(2).docx%23_Toc9338948
file:///C:/Users/KBera/Desktop/ThesisReport_KallolBera%20-%20Copy%20(2).docx%23_Toc9338949
file:///C:/Users/KBera/Desktop/ThesisReport_KallolBera%20-%20Copy%20(2).docx%23_Toc9338949
file:///C:/Users/KBera/Desktop/ThesisReport_KallolBera%20-%20Copy%20(2).docx%23_Toc9338949
file:///C:/Users/KBera/Desktop/ThesisReport_KallolBera%20-%20Copy%20(2).docx%23_Toc9338950
file:///C:/Users/KBera/Desktop/ThesisReport_KallolBera%20-%20Copy%20(2).docx%23_Toc9338950
file:///C:/Users/KBera/Desktop/ThesisReport_KallolBera%20-%20Copy%20(2).docx%23_Toc9338950
file:///C:/Users/KBera/Desktop/ThesisReport_KallolBera%20-%20Copy%20(2).docx%23_Toc9338951
file:///C:/Users/KBera/Desktop/ThesisReport_KallolBera%20-%20Copy%20(2).docx%23_Toc9338951
file:///C:/Users/KBera/Desktop/ThesisReport_KallolBera%20-%20Copy%20(2).docx%23_Toc9338952
file:///C:/Users/KBera/Desktop/ThesisReport_KallolBera%20-%20Copy%20(2).docx%23_Toc9338952
file:///C:/Users/KBera/Desktop/ThesisReport_KallolBera%20-%20Copy%20(2).docx%23_Toc9338952
file:///C:/Users/KBera/Desktop/ThesisReport_KallolBera%20-%20Copy%20(2).docx%23_Toc9338952
file:///C:/Users/KBera/Desktop/ThesisReport_KallolBera%20-%20Copy%20(2).docx%23_Toc9338953
file:///C:/Users/KBera/Desktop/ThesisReport_KallolBera%20-%20Copy%20(2).docx%23_Toc9338954
file:///C:/Users/KBera/Desktop/ThesisReport_KallolBera%20-%20Copy%20(2).docx%23_Toc9338955
file:///C:/Users/KBera/Desktop/ThesisReport_KallolBera%20-%20Copy%20(2).docx%23_Toc9338956
file:///C:/Users/KBera/Desktop/ThesisReport_KallolBera%20-%20Copy%20(2).docx%23_Toc9338957
file:///C:/Users/KBera/Desktop/ThesisReport_KallolBera%20-%20Copy%20(2).docx%23_Toc9338958
file:///C:/Users/KBera/Desktop/ThesisReport_KallolBera%20-%20Copy%20(2).docx%23_Toc9338959
file:///C:/Users/KBera/Desktop/ThesisReport_KallolBera%20-%20Copy%20(2).docx%23_Toc9338960
file:///C:/Users/KBera/Desktop/ThesisReport_KallolBera%20-%20Copy%20(2).docx%23_Toc9338961
file:///C:/Users/KBera/Desktop/ThesisReport_KallolBera%20-%20Copy%20(2).docx%23_Toc9338962
file:///C:/Users/KBera/Desktop/ThesisReport_KallolBera%20-%20Copy%20(2).docx%23_Toc9338963
file:///C:/Users/KBera/Desktop/ThesisReport_KallolBera%20-%20Copy%20(2).docx%23_Toc9338964
file:///C:/Users/KBera/Desktop/ThesisReport_KallolBera%20-%20Copy%20(2).docx%23_Toc9338965
file:///C:/Users/KBera/Desktop/ThesisReport_KallolBera%20-%20Copy%20(2).docx%23_Toc9338966


ix 

 

FIGURE 3.14 – GOLD COATED RIGHT ANGLE PRISM MIRROR WITH L=5 MM ........................................ 31 

FIGURE 3.15 - ASPHERIC CONDENSER LENS (LEFT) AND PLANO-CONVEX LENS (RIGHT) ....................... 31 

FIGURE 3.16 - 785 NM NOTCH FILTER .................................................................................................... 32 

FIGURE 3.17 - SMA CONNECTOR (LEFT) AND FIBRE OPTIC CABLE (RIGHT) ............................................ 32 

FIGURE 3.18 - THE ASSEMBLED OPTICAL HEAD FOR RAMAN SPECTROMETER. (LASER NOT SHOWN) . 33 

FIGURE 3.19 - 3D MODEL OF THE PROPOSED OPTICAL HEAD. (IN THIS PICTURE THE CUVETTE HOLDING 

A LIQUID SAMPLE IS SHOWN IN ITS PLACE AND THE LASER HOUSING IS NOT SHOWN) ............. 34 

FIGURE 3.20 - A PROTOTYPE OF THE OPTICAL HEAD. (IN THIS PICTURE THE LASER HOUSING IS 

ATTACHED).................................................................................................................................... 34 

FIGURE 3.21 - BLOCK DIAGRAM OF THE OPTICAL ASSEMBLY WITH DETECTOR .................................... 35 

FIGURE 3.22 - OPTICAL COMPONENT LAYOUT OF THE DETECTOR ........................................................ 36 

FIGURE 3.23 - RAMAN SPECTRUM OF PURE BENZENE. (HERE THE SOURCE EXCITATION IS NOT 

SUPPRESSED) ................................................................................................................................ 37 

FIGURE 3.24 - RAMAN SHIFT FOR PURE BENZENE ................................................................................. 38 

FIGURE 4.1 - TCD1304AP FROM TOSHIBA .............................................................................................. 40 

FIGURE 4.2 - STM32 NUCLEO-H743ZI DEVELOPMENT BOARD .............................................................. 41 

FIGURE 4.3 - TINYFPGA BX DEVELOPMENT BOARD ............................................................................... 42 

FIGURE 4.4 - THE TCD1304AP'S TIMING CHART ..................................................................................... 43 

FIGURE 4.5 - TIMING REQUIREMENTS FOR TCD1304AP ........................................................................ 44 

FIGURE 4.6 - TIMING REQUIREMENTS FOR TCD1304AP ........................................................................ 44 

FIGURE 4.7 - OUTPUT SIGNAL OF TCD1304AP ....................................................................................... 45 

FIGURE 4.8 - CIRCUIT DIAGRAM FOR TCD1304AP PCB .......................................................................... 47 

FIGURE 4.9 CIRCUIT BOARD FOR HOLDING TCD1304AP ........................................................................ 47 

FIGURE 4.10 - WAVEFORM OF THE GENERATED 2MHZ CLOCK ............................................................. 49 

FIGURE 4.11 - VERIFICATION OF TIMING REQUIREMENTS FOR SH AND ICG PULSES ............................ 50 

FIGURE 4.12 - INTERFACE ELECTRONICS FOR THE CCD IMAGE SENSOR ................................................ 52 

FIGURE 4.13 - THE GUI FOR ACQUISITION OF RAMAN SPECTRA ........................................................... 53 

 

  

file:///C:/Users/KBera/Desktop/ThesisReport_KallolBera%20-%20Copy%20(2).docx%23_Toc9338967
file:///C:/Users/KBera/Desktop/ThesisReport_KallolBera%20-%20Copy%20(2).docx%23_Toc9338968
file:///C:/Users/KBera/Desktop/ThesisReport_KallolBera%20-%20Copy%20(2).docx%23_Toc9338969
file:///C:/Users/KBera/Desktop/ThesisReport_KallolBera%20-%20Copy%20(2).docx%23_Toc9338970
file:///C:/Users/KBera/Desktop/ThesisReport_KallolBera%20-%20Copy%20(2).docx%23_Toc9338971
file:///C:/Users/KBera/Desktop/ThesisReport_KallolBera%20-%20Copy%20(2).docx%23_Toc9338972
file:///C:/Users/KBera/Desktop/ThesisReport_KallolBera%20-%20Copy%20(2).docx%23_Toc9338972
file:///C:/Users/KBera/Desktop/ThesisReport_KallolBera%20-%20Copy%20(2).docx%23_Toc9338973
file:///C:/Users/KBera/Desktop/ThesisReport_KallolBera%20-%20Copy%20(2).docx%23_Toc9338973
file:///C:/Users/KBera/Desktop/ThesisReport_KallolBera%20-%20Copy%20(2).docx%23_Toc9338974
file:///C:/Users/KBera/Desktop/ThesisReport_KallolBera%20-%20Copy%20(2).docx%23_Toc9338975
file:///C:/Users/KBera/Desktop/ThesisReport_KallolBera%20-%20Copy%20(2).docx%23_Toc9338976
file:///C:/Users/KBera/Desktop/ThesisReport_KallolBera%20-%20Copy%20(2).docx%23_Toc9338976
file:///C:/Users/KBera/Desktop/ThesisReport_KallolBera%20-%20Copy%20(2).docx%23_Toc9338977
file:///C:/Users/KBera/Desktop/ThesisReport_KallolBera%20-%20Copy%20(2).docx%23_Toc9338978
file:///C:/Users/KBera/Desktop/ThesisReport_KallolBera%20-%20Copy%20(2).docx%23_Toc9338979
file:///C:/Users/KBera/Desktop/ThesisReport_KallolBera%20-%20Copy%20(2).docx%23_Toc9338980
file:///C:/Users/KBera/Desktop/ThesisReport_KallolBera%20-%20Copy%20(2).docx%23_Toc9338981
file:///C:/Users/KBera/Desktop/ThesisReport_KallolBera%20-%20Copy%20(2).docx%23_Toc9338982
file:///C:/Users/KBera/Desktop/ThesisReport_KallolBera%20-%20Copy%20(2).docx%23_Toc9338983
file:///C:/Users/KBera/Desktop/ThesisReport_KallolBera%20-%20Copy%20(2).docx%23_Toc9338984
file:///C:/Users/KBera/Desktop/ThesisReport_KallolBera%20-%20Copy%20(2).docx%23_Toc9338985
file:///C:/Users/KBera/Desktop/ThesisReport_KallolBera%20-%20Copy%20(2).docx%23_Toc9338986
file:///C:/Users/KBera/Desktop/ThesisReport_KallolBera%20-%20Copy%20(2).docx%23_Toc9338987
file:///C:/Users/KBera/Desktop/ThesisReport_KallolBera%20-%20Copy%20(2).docx%23_Toc9338988
file:///C:/Users/KBera/Desktop/ThesisReport_KallolBera%20-%20Copy%20(2).docx%23_Toc9338989
file:///C:/Users/KBera/Desktop/ThesisReport_KallolBera%20-%20Copy%20(2).docx%23_Toc9338990


x 

 

List of Abbreviations 
 

AC Alternating Current 

ADC Analog to Digital Converter 

APB Advanced Peripheral Bus 

ARM Advanced RISC Machines 

ASIC Application Specific Integrated Circuits 

CCD Charge Coupled Device 

CDC Communication Device Class 

CLB Configurable Logic Blocks 

CMOS Complementary Metal-Oxide Semiconductor 

DAC Digital to Analog Converter 

DC Direct Current 

DMA Direct Memory Access 

DSLR Digital Single-Lens Reflex 

EM Electro - Magnetic 

EOS Electro-Optical System 

ESD Electro-Static Discharge 

FPGA Field Programmable Gate Arrays 

FWHM Full Width at Half Maximum 

GUI Graphical User Interface 

HDL Hardware Description Language 

HPLC High Performance Liquid Chromatography 

IDE Integrated Development Environment 

IR InfraRed 

LCD Liquid Crystal Display 

LUT Look Up Table 

MCU Micro-Controller Unit 

MSps Million Samples per second 

NA Numerical Aperture 

NTC Negative Temperature Coefficient 

OTG On-The-Go 

PC Personal Computer 

PCB Printed Circuit Board 

PWM Pulse Width Modulation 

RISC Reduced Instruction Set Computer 

RMSE Root Mean Squared Error 

SMA SubMiniature version A 

SMSR Side-Mode Supression Ratio 

SNR Signal-to-Noise ratio 

SPST Single Pole Single Throw 

SRAM Static Random Access Memory 

TE Thermo-Electric 

TEC Thermo-Electric Cooling 

USB Universal Serial Bus 

VHDL Very High-speed-IC Hardware Desciption 

Language 



1 

 

Chapter 1 

1 Introduction 
 

1.1. What is Raman spectroscopy? 

When light is scattered from a molecule or crystal, most photons are elastically 

scattered. The scattered photons have the same energy (frequency) and, therefore, 

wavelength, as the incident photons. However, a small fraction of light (approximately 

1 in 107 photons) is scattered at optical frequencies different from, and usually lower 

than, the frequency of the incident photons. The process leading to this inelastic scatter 

is termed the Raman effect. Raman scattering can occur with a change in vibrational, 

rotational or electronic energy of a molecule. If the scattering is elastic, the process is 

called Rayleigh scattering. If it’s not elastic, the process is called Raman scattering. 

 

1.2. Birth and development of Raman Spectroscopy 

The Indian scientist Chandrasekhara Venkata Raman was fascinated by the deep 

blue colour of the Mediterranean Sea. However, he was unsatisfied with Lord 

Rayleigh’s explanation that the colour of the sea was just a reflection of the colour of 

the sky, which was explained by the classical theory of light scattering for unchanged 

frequency in 1871. Thinking on the matter and working extensively on a series of 

measurements of light scattered by liquids as well as by some solids, Raman and his 

group in Calcutta managed in 1928 to show that the colour of the sea was the result of 

the scattering of sunlight by the water molecules[1]. However, the inelastic light 

scattering phenomenon had already been predicted a few years earlier by the Austrian 

physicist Adolf Smekal[2]. Smekal proposed that photons could be scattered 

inelastically by molecules and would consist of shorter and longer wavelengths in 

addition to the origin wavelength. Smekal also showed that the frequency shift between 

the incident and scattered light is due to the energy difference between two states of the 

molecule. Meanwhile, two Russian physicists, Landsberg and Mandelstam observed 

light scattering with change of frequency by investigating Brillouin scattering from 

quartz. After all, the theoretical basis had been provided by Smekal, though his work 
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was not widely known at that time. Moreover, the results of Landsberg and Mandelstam 

had been published after Raman’s work was in print. For these reasons, Raman was 

considered to be the first who explained the phenomenon of the light scattering effect 

which was named after him and that earned him the Nobel prize in 1930. 

The development of Raman spectroscopy, however, was relatively slow due to 

many reasons. First, the Raman effect is very weak. Typically, only one part in a 

thousand of the total intensity of the incident light is Rayleigh scattered, while for 

Raman scattering this value drops to one part in a million. Thus, as the Raman effect is 

quite weak, it is a major challenge to attenuate the light that is elastically scattered in 

order to detect the inelastically scattered Raman light. The second reason is that in all 

of the early light-scattering studies, the excitation source was sunlight and the samples 

used in the analysis were liquids. Furthermore, much of the early work in Calcutta was 

done by visual observation of colour rather than precise measurements of the light 

wavelength, which Raman has described as being a plentiful task to do. However, these 

difficulties have been overcome and things changed dramatically after the discovery of 

the lasers in 1960. The birth of the laser technique thus stimulated the traditional field 

of molecular spectroscopy and Raman spectroscopy in various ways. It also allowed 

the molecular spectroscopist to record and analyse Raman spectra of a great variety of 

compounds, from deeply coloured materials to highly fluorescent molecules. 

 

1.3. Motivation 

Raman spectroscopy is an ideal tool for chemical analysis due to its unique 

advantages over other analytical techniques. It is non-destructive and non-contacting 

method of obtaining the fingerprint spectrum of materials, requiring no special sample 

analysis. The sample can be as small as 1-2 µm across. A short amount of measuring 

time, normally a few seconds, is required to obtain a Raman spectrum. Thus, it can be 

used to monitor chemical reactions in real time. 

Raman spectroscopy has become more popular due to its new prospective field 

applications in forensic sciences, war against terrorism, environment protection and 

other field chemical analysis. Despite the fact that Raman spectroscopy has so many 

advantages, it still is not widespread in use. The main reason is the high cost typically 
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associated with Raman analyzer systems. Currently, high-resolution and high signal-

to-noise ratio Raman analyser costs $4000 and above. On the other hand, there is a 

market need for low-cost Raman analyser systems as general laboratory tools. 

However, those systems usually are equipped with low-resolution, low-power visible 

lasers, and low signal-to-noise ratios, which is not adequate enough to perform any 

high-performance chemical analysis. Therefore, better-resolution and lower-cost 

Raman systems are key to increasing and enabling greater acceptance and usage of 

Raman spectroscopy. Hence, in this project an attempt was made to develop a low cost, 

portable Raman system along with a software application for spectral acquisitions. 

Most of the Raman systems that are used today are either so large and bulky 

that it finds place only inside laboratories or are so expensive that it questions 

affordability. For instance, take the example of assessment tea quality. Instead of taking 

the tea leaves for quality testing at a laboratory using conventional methods like HPLC 

how nice it would be if the test can be done in-situ by just touching a probe over the 

leaves. Several such commercial devices are already in the market. A small comparison 

of them is given in Table 1-1. Most of them are above $30,000. Therefore, to make an 

affordable device with sufficient accuracy by using minimum number of components 

is the need of the hour so that it could serve satisfactorily both in industrial sectors and 

research laboratories. This thesis tries to offer a little contribution for this nobler cause. 

Table 1-1 - Comparison of different Raman systems available in market [Price of some items 

may not have been updated][3] 

Raman hand-held systems Specifications Price 

NanoRam Handheld RAMAN 

System, B&W Tek [4] 

• Laser Output Power - 300 mW Max 

Adjustable in 10% Increments 

• Excitation Wavelength - 785 nm 

• Spectral Range - 176 cm-1 to 2900 cm-1 

• Spectral Resolution - About 9 cm-1 at 912 

nm 

• Detector - TE Cooled Linear CCD Array 

• Power requirements - Battery 

Rechargeable Li-ion, Greater Than 4 hrs 

Operation 

• Electrical - AC Adaptor: 12V DC, 2A 

Minimum 

• Dimensions - 22 x 10 x 5 cm (8.8 x 3.9 x 

2.0") 

$ 46,405 
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Thermo Scientific™ TruScan™ 

RM Handheld Raman Analyzer 

[5] 

• Laser Output - 250 mW ±25 

• Laser Excitation Wavelength – 785 nm ± 

0.5 

• Spectral Range - 250 to 2875cm-1 

• Spectral Resolution - 8 to 10.5cm-1 

• Collection Optics - NA = 0.33, 18mm 

working distance; 0.2 to 2.5mm spot size 

• External Power Supply - DC Wall Adapter, 

100-240VAC 50/60Hz 

• Dimensions (L x W x H) - 8.2 x 4.2 x 1.7 

in. 

• Weight - 0.9kg 

$56,780 

Raman Systems Portable-

PinPointerTM [6] 

 

• Excitation Wavelengths - 785 nm 

• Laser Power - 5-300 mW 

• Spectral Range - 200 - 3000 cm-1 

• Spectral Resolution - 12 cm-1 

• Optics - NA = 0.22; Sample size = 0.1 to 

0.3mm 

• Power - Rechargeable battery, >4 

hrs./charge 

• Size - 8.5" x 4.3" x 2.5" 

• Weight - 3 lbs. 

$26,912 

Optosky ATR6500 4th Gen 

Handheld Raman Analyzer [7] 
• Operating System - Android 

• Excitation Wavelength - 785 ± 0.5nm 

• Wavenumber Range - 200-4000 cm-1 

• Resolution - 10 cm-1 

• Touch Screen - 5.5", 1920×1080, c 

• Weight - 450g 

• Size - 6.7"×3.1"×1.2" 

• Interface - WIFI, USB Type-C, 

Bluetooth, GSM 

• Battery - 4-6 hour continuous 

operation 

$19,800 

Metrohm Mira M-1 [6]  • Barcode Scanner - false 

• Height (mm) - 39.0 

• Laser class according to EN 60825-1 - 

Mira M-1 Basic Class 1 

• Laser output power (mW) - ≤ 100 mW 

• Laser Wavelength (nm) - 785.0 

• Length (mm) - 131.0 

• Width (mm) - 85.0 

• Resolution (cm⁻¹) (FWHM) - 16-18 

• Spectral Range (cm⁻¹) - 400-2300 

• Touchscreen Display - 2.7" Resistive oder 

6.9 cm 

• Weight (grams) - 650.0 

>  $17,500 

(basic) – 

$32,000 

(advanced) 
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1.4. Literature review 

With the advent of the continuous wave laser, Raman spectroscopy has 

become a reliable and a more convenient tool for structural and analytical chemistry. 

Earlier designs of Raman systems generally include a double monochromator to get rid 

of the stray light. Each surface in the pathway of a light beam, both optical surfaces and 

light shields, causes elastic scattering of the radiation and the primary contribution 

derives from optical surfaces themselves. Marechal[8] has shown that scattering from 

optically polished mirror surfaces obeys the fourth power law as a function of 

frequency, whereas that from ruled gratings is proportional both to the square of the 

frequency and the square of the grating spacing error. Thus, independently of exciting 

frequency, the quality of the grating plays an important role in the minimization of stray 

light. Several optimizations were suggested by Allemand[9] for the collection of Raman 

light and relaying to the spectrometer with a double monochromator setup. It was found 

that if the slit width is less than 100 µm in a well-designed 1-m Czerny-Turner double 

monochromator of the subtractive type, the resolution is improved as compared to a 

single monochromator. However, portability of Raman systems does not go hand in 

hand with the use of double monochromator owing to its large size. 

The optical setup can be done in two possible ways - 90° scattering and back-

scattering. In former case the scattered radiation is taken perpendicular to the direction 

of the laser radiation while in the latter case it is taken at 180° to the laser radiation. 

Though the back-scattering layout is slightly more complicated than the 90°- scattering 

layout but the signal provided in this configuration is typically larger than in 90°- 

scattering because the excitation and collection volumes in the sample are automatically 

aligned in this case. But the back-scattering configuration has typically more influence 

from stray light due to reflections of the laser on the lenses and cuvette[10]. In this 

design no notch filters were used but colour filter. C. Mohr[11] and others made an 

inexpensive modular Raman spectrometer based on a 4 mW, 532 nm green laser pointer 

and a compact monochromator equipped with glass fiber optical connections, linear 

CCD detector array, and a USB computer connection and power supply costing about 

$5000. With back-scattering configuration and use of notch filter a spectral resolution 

of about 20 cm-1 was achieved with a cut off wave number below 340 cm-1. 
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The most serious problems in design of the Raman spectrometers owing to low 

level of the useful Raman signal and existence of strong interfering optical signals, 

mainly external illumination and fluorescence induced by the laser beam can be 

overcome by proper choice of excitation laser wavelength, size of the sample and 

optical properties of investigated materials. Moreover, lasers for portable Raman 

spectrometers should have sufficient output power, narrow bandwidth of emission line, 

robust construction as well as small weight, size and moderate power consumption. 

Thus, diode lasers are the best solution. At present, most of the state-of-the-art portable 

Raman spectroscopic devices use the diode laser of the wavelength equal to 785 nm 

working in CW (continuous wave) mode as an excitation source. This near-infrared 

excitation wavelength, enabling quite efficient fluorescence reduction[12], is 

recognized as an industry standard, also this laser has sufficient output power (a few 

hundred milliwatts), compact size, long lifetime (at least 10,000 hours) as well as a 

relatively low price[13]. 

Some home-made approaches on the development of Raman systems are also 

worth mentioning. One of them is a low cost, about $3000, Raman spectrometer using 

consumer grade EOS DSLR camera, a green laser pointer at 532 nm for signal 

excitation of transparent liquid samples, in transmission mode. A spectral resolution of 

15 cm-1 was achieved with image processing techniques. The author calls it an 

‘alternative scientific instruments’ having good performance and at low cost though it 

does not fall strictly under the category of portable Raman systems. 

 

1.5. Objective and scope of the Thesis 

The objective of this thesis is to design, develop and build different components 

of a compact and portable Raman spectrometer. These components are – 

➢ Laser power supply 

➢ Optical assembly 

➢ Detector and interface electronics 

➢ A PC-based application for spectral acquisition 
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The design and development of various stages of a Raman spectrometer 

specially the scattering configuration hardware or the optical head along with the 

detector has been thoroughly discussed. For proper working of a Raman system a stable 

power supply for the excitation source is very important. After going through various 

literatures, it was found out that a 785 nm laser will suit our purpose and also 

fluorescence can be avoided. A user customizable constant current source with short-

circuit protection was designed with proper temperature controller circuit for stable 

operation. In building the optical head 180° back-scattering technique is employed 

which greatly increases the signal-to-noise ratio. Though, problems may be caused by 

stray light due to reflections from surfaces of optical components but it can be removed 

using proper filters. The developed optical head measures 20 cm in length and around 

5 cm in width and height. It is attached to the spectrometer by a small optical fibre. The 

system is portable but several modifications and addition of components are needed to 

actually make it a hand-held system. 

A detector comprising of image sensor and its associated electronics also have 

been designed and built in our laboratory. Many challenges have been faced in finding 

a suitable image sensor for our application and in making it work properly without any 

added complex electronic circuits and components. The design process for the same 

has been discussed in great details in Chapter 4. A working software application for 

acquiring the spectra was also developed. Though it is the first version but due to its 

simple layout and user-friendliness using the application will be a piece of cake for any 

new user. Though there are many limitations both on the hardware and software ends 

but they still provide acceptable results. Upon successful completion of this work a low-

cost, hand-held Raman system can be seen which will not only help greatly in 

agricultural industries for quality assessment but also serve academic scholars in their 

research. 

A brief summary of the subsequent chapters is given below: 

• Chapter 2: Discusses the theory behind Raman scattering in lucid 

language including Classical and Quantum explanations. 

• Chapter 3: Discusses about the design methodologies of laser power 

supply, optical head for Raman back-scattering and spectral acquisition. 

• Chapter 4: Discusses about the design and development of the interface 

electronics and a software application for spectral acquisition from a 

CCD detector. 

• Chapter 5: Gives concluding remarks and talks about future scopes. 
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Chapter 2 

2 Theory 
 

2.1. Electromagnetic radiation 

All light (including infrared) is classified as electromagnetic radiation and 

consists of alternating electric and magnetic fields and is described classically by a 

continuous sinusoidal wave like motion of the electric and magnetic fields. Typically, 

for IR and Raman spectroscopy we will only consider the electric field and neglect the 

magnetic field component. Figure 2.1 depicts the electric field amplitude of light as a 

function of time.  

The important parameters are the wavelength (𝜆, length of 1 wave), frequency 

(𝜈̅, number cycles per unit time), and wavenumbers (𝑛, number of waves per unit 

length) and are related to one another by the following expression: 

 𝜈̅ =
𝜈

(𝑐 𝑛)⁄
=

1

𝜆
 (2.1) 

where 𝑐 is the speed of light and 𝑛 the refractive index of the medium it is passing 

through. In quantum theory, radiation is emitted from a source in discrete units called 

photons where the photon frequency, 𝜈, and photon energy, 𝐸𝑝, are related by 

 𝐸𝑝 = ℎ𝜈 (2.2) 

Figure 2.1 - The amplitude of the electric vector of 

electromagnetic radiation as a function of time. The 

wavelength is the distance between two crests. 
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where h is Planck’s constant (6.6256 × 10−27 erg sec). Photons of specific energy may 

be absorbed (or emitted) by a molecule resulting in a transfer of energy. In absorption 

spectroscopy this will result in raising the energy of molecule from ground to a specific 

excited state as shown in Figure 2.2. Typically, the rotational (𝐸𝑟𝑜𝑡), vibrational (𝐸𝑣𝑖𝑏), 

or electronic (𝐸𝑒𝑙) energy of molecule is changed by ∆𝐸: 

 ∆𝐸 = 𝐸𝑝 = ℎ𝜈 = ℎ𝑐𝜈̅ (2.3)  

In the absorption of a photon the energy of the molecule increases and ∆𝐸 is 

positive. To a first approximation, the rotational, vibrational, and electronic energies 

are additive: 

 𝐸𝑇 = 𝐸𝑒𝑙 + 𝐸𝑟𝑜𝑡 + 𝐸𝑣𝑖𝑏 (2.4)  

We are concerned with photons of such energy that we consider 𝐸𝑣𝑖𝑏 alone and 

only for condensed phase measurements. Higher energy light results in electronic 

transitions (𝐸𝑒𝑙) and lower energy light results in rotational transitions (𝐸𝑟𝑜𝑡). However, 

in the gas-state both IR and Raman measurements will include 𝐸𝑣𝑖𝑏 + 𝐸𝑟𝑜𝑡. 

2.2. Internal Degrees of Freedom 

The molecular motion that results from characteristic vibrations of molecules is 

described by the internal degrees of freedom resulting in the well-known 3𝑛 − 6 and 

3𝑛 − 5 rule-of-thumb for vibrations for non-linear and linear molecules, respectively. 

Figure 2.3 shows the fundamental vibrations for the simple water (non-linear) and 

carbon dioxide (linear) molecules.  

Figure 2.2 - Absorption of electromagnetic radiation 
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The internal degrees of freedom for a molecule define 𝑛 as the number of atoms 

in a molecule and define each atom with 3 degrees of freedom of motion in the X, Y, 

and Z directions resulting in 3𝑛 degrees of motional freedom. Here, three of these 

degrees are translation, while three describe rotations. The remaining 3𝑛 − 6 degrees 

(non-linear molecule) are motions, which change the distance between atoms, or the 

angle between bonds. A simple example of the 3𝑛 − 6 non-linear molecule is water 

(H2O) which has 3(3) − 6 = 3 degrees of freedom. The three vibrations include an in-

phase and out-of-phase stretch and a deformation (bending) vibration. Simple examples 

of 3𝑛 − 5 linear molecules include H2, N2, and O2 which all have 3(2) − 5 = 1 degree 

of freedom. The only vibration for these simple molecules is a simple stretching 

vibration. The more complicated CO2 molecule has 3(3) − 5 = 4 degrees of freedom 

and therefore four vibrations. The four vibrations include an in-phase and out of- phase 

stretch and two mutually perpendicular deformation (bending) vibrations. 

The molecular vibrations for water and carbon dioxide as shown in Figure 2.3 

are the normal mode of vibrations. For these vibrations, the Cartesian displacements of 

each atom in molecule change periodically with the same frequency and go through 

equilibrium positions simultaneously. The centre of the mass does not move and the 

molecule does not rotate. Thus, in the case of harmonic oscillator, the Cartesian 

coordinate displacements of each atom plotted as a function of time is a sinusoidal 

wave. The relative vibrational amplitudes may differ in either magnitude or direction. 

Figure 2.3 - Molecular motions which change distance between atoms for H2O and CO2. 
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Figure 2.4 shows the normal mode of vibration for a simple diatomic such as HCl and 

a more complex totally symmetric CH stretch of benzene.  

 

2.3. Classic harmonic oscillator 

The molecular vibrations responsible for the characteristic bands observed in 

Raman spectra can be understood by considering a simple model derived from classical 

mechanics. Figure 2.5 depicts a diatomic molecule with two masses 𝑚1 and 𝑚2 

connected by a massless spring. The displacement of each mass from equilibrium along 

the spring axis is 𝑋1 and 𝑋2. The displacement of the two masses as a function of time 

for a harmonic oscillator varies periodically as a sine (or cosine) function. Although 

each mass oscillates along the axis with different amplitudes, both atoms share the same 

frequency and both masses go through their equilibrium positions simultaneously. The 

observed amplitudes are inversely proportional to the mass of the atoms which keeps 

the centre of mass stationary. 

Figure 2.4 - Normal mode of vibration for a simple diatomic such as HCl 

(a) and a more complex species such as benzene (b). The displacement 

versus time is sinusoidal, with equal frequency for all the atoms. The 

typical Cartesian displacement vectors are shown for 
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The classical vibrational frequency for a diatomic molecule is: 

 𝜈 =
1

2𝜋
√𝐾 (

1

𝑚1
+

1

𝑚2
) (2.5)  

where 𝐾 is the force constant in dynes/cm and 𝑚1 and 𝑚2 are the masses in grams and 

𝑛 is in cycles per second. This expression is also encountered using the reduced mass 

where 

 𝜇 =
𝑚1𝑚2

𝑚1 + 𝑚2
 (2.6)  

In vibrational spectroscopy wavenumber units, 𝜈̅ (waves per unit length) are 

more typically used 

 𝜈̅ =
1

2𝜋𝑐
√𝐾 (

1

𝑚1
+

1

𝑚2
) (2.7)  

where 𝜈̅ is in waves per centimeter and is sometimes called the frequency in cm-1 and 

𝑐 is the speed of light in cm/s. 

Figure 2.5 - Motion of a simple diatomic molecule. The spring constant is K, 

the masses are m1 and m2, and X1 and X2 are the displacement vectors of 

each mass from equilibrium where the oscillator is assumed to be harmonic. 
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If the masses are expressed in unified atomic mass units (𝑢) and the force 

constant is expressed in millidynes/Ångström then: 

 𝜈̅ = 1303√𝐾 (
1

𝑚1
+

1

𝑚2
) (2.8)  

where 1303 =
√𝑁𝑎×105

2𝜋𝑐
 and 𝑁𝑎 is Avogadro’s number (6.023 × 1023 mole-1). 

This expression shows that the observed frequency of a diatomic oscillator is a 

function of 

a) the force constant K, which is a function of the bond energy of a two-atom bond 

b) the atomic masses of the two atoms involved in the vibration. 

The general wavenumber regions for various diatomic oscillator groups are 

shown in Table 2-1, where Z is an atom such as carbon, oxygen, nitrogen, sulphur, and 

phosphorus. 

Table 2-1 - General wavenumber regions for various simple diatomic oscillator groups 

 

Diatomic oscillator  Region (cm-1) 

Z ̶ H  4000   ̶ 2000 

CC, CN  2300   ̶ 2000 

C=O, C=N, C=C  1950   ̶ 1550 

C ̶ O, C ̶ N, C ̶ C  1300   ̶ 800 

C ̶ Cl  830  ̶  560 

 

 

2.4. Quantum mechanical harmonic oscillator 

For the classical harmonic oscillation of a diatomic the potential energy (PE) is 

given by 
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 𝑃𝐸 =  
1

2
𝑘𝑥2 (2.9)  

A plot of the potential energy of this diatomic system as a function of the 

distance, 𝑋 between the masses, is thus a parabola that is symmetric about the 

equilibrium internuclear distance,𝑋𝑒. Here, 𝑋𝑒 is at the energy minimum and the force 

constant, 𝑘 is a measure of the curvature of the potential well near 𝑋𝑒.  

 

From quantum mechanics we know that molecules can only exist in quantized 

energy states. Thus, vibrational energy is not continuously variable but rather can only 

have certain discrete values. Under certain conditions a molecule can transit from one 

energy state to another (∆𝑣 = ±1) which is what is probed by spectroscopy. Figure 2.7 

Figure 2.7 - Potential energy, E, versus internuclear distance, 

X, for a diatomic harmonic oscillator. 

Figure 2.6 - The potential energy diagram comparison of the anharmonic 

and the harmonic oscillator. Transitions originate from the v=0 level, and 

Do is the energy necessary to break the bond. 
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shows the vibrational levels in a potential energy diagram for the quantum mechanical 

harmonic oscillator. In the case of the harmonic potential these states are equidistant 

and have energy levels 𝐸𝑖 given by 

 𝐸𝑖 = (𝑣𝑖 +
1

2
) ℎ𝜈    , 𝑣𝑖 = 0,1,2 … (2.10)  

Here, ν is the classical vibrational frequency of the oscillator and 𝑣𝑖 is a quantum 

number which can have only integer values. This can only change by ∆𝑣 = ±1 in a 

harmonic oscillator model. The so-called zero-point energy occurs when 𝑣 = 0 where 

𝐸 =
1

2
ℎ𝜈 and this vibrational energy cannot be removed from the molecule.  

Figure 2.6 shows the curved potential wells for a harmonic oscillator with the 

probability functions for the internuclear distance X, within each energy level. These 

must be expressed as a probability of finding a particle at a given position since by 

quantum mechanics, we cannot be certain of the position of the mass during the 

vibration (a consequence of Heisenberg’s uncertainty principle). 

The anharmonic oscillator as shown in Figure 2.6 provides a more realistic 

model where the deviation from harmonic oscillation becomes greater as the vibrational 

quantum number increases. The separation between adjacent levels becomes smaller at 

higher vibrational levels until finally the dissociation limit is reached. In the case of the 

harmonic oscillator only transitions to adjacent levels or so-called fundamental 

transitions are allowed (i.e., ∆𝑣 = ±1) while for the anharmonic oscillator, overtones 

(∆𝑣 = ±2) and combination bands can also result. Transitions to higher vibrational 

states are far less probable than the fundamentals and are of much weaker intensity. The 

energy term corrected for anharmonicity is 

 𝐸𝑣 = ℎ𝜈𝑒 (𝑣 +
1

2
) − ℎ𝜒𝑒𝜈𝑒 (𝑣 +

1

2
)

2

 (2.11)  

where 𝜒𝑒𝜈𝑒 defines the magnitude of the anharmonicity. 
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2.5. The Raman scattering process 

Light scattering phenomena may be classically described in terms of 

electromagnetic (EM) radiation produced by oscillating dipoles induced in the molecule 

by the EM fields of the incident radiation. The light scattered photons include mostly 

the dominant Rayleigh and the very small amount of Raman scattered light. The 

induced dipole moment occurs as a result of the molecular polarizability a, where the 

polarizability is the deformability of the electron cloud about the molecule by an 

external electric field. 

In a typical Raman experiment, a laser is used to irradiate the sample with 

monochromatic radiation. Laser sources are available for excitation in the UV, visible, 

and near-IR spectral region (785 to 1064 nm). Thus, if visible excitation is used, the 

Raman scattered light will also be in the visible region. The Rayleigh and Raman 

processes are depicted in Figure 2.8. 

No energy is lost for the elastically scattered Rayleigh light while the Raman 

scattered photons lose some energy relative to the exciting energy to the specific 

vibrational coordinates of the sample. In order for Raman bands to be observed, the 

molecular vibration must cause a change in the polarizability. Both Rayleigh and 

Raman are two photon processes involving scattering of incident light (ℎ𝑐𝜈̅𝐿), from a 

“virtual state.” The incident photon is momentarily absorbed by a transition from the 

ground state into a virtual state and a new photon is created and scattered by a transition 

from this virtual state. Rayleigh scattering is the most probable event and the scattered 

intensity is about 10-3 less than that of the original incident radiation. This scattered 

photon results from a transition from the virtual state back to the ground state and is an 

elastic scattering of a photon resulting in no change in energy (i.e., occurs at the laser 

frequency). 

Raman scattering is far less probable than Rayleigh scattering with an observed 

intensity that is about 10-6 that of the incident light for strong Raman scattering. This 

scattered photon results from a transition from the virtual state to the first excited state 

of the molecular vibration. This is described as an inelastic collision between photon 

and molecule, since the molecule acquires different vibrational energy (𝜈̅𝑚)and the 

scattered photon now has different energy and frequency.  
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As shown in Figure 2.8 two types of Raman scattering exist: Stokes and anti-

Stokes. Molecules initially in the ground vibrational state give rise to Stokes Raman 

scattering, ℎ𝑐(𝜈̅𝐿 − 𝜈̅𝑚) while molecules initially in vibrational excited state give rise 

to anti-Stokes Raman scattering, ℎ𝑐(𝜈̅𝐿 + 𝜈̅𝑚). The intensity ratio of the Stokes relative 

to the anti-Stokes Raman bands is governed by the absolute temperature of the sample, 

and the energy difference between the ground and excited vibrational states. At thermal 

equilibrium Boltzmann’s law describes the ratio of Stokes relative to anti-Stokes 

Raman lines. The Stokes Raman lines are much more intense than anti-Stokes since at 

ambient temperature most molecules are found in the ground state. 

The intensity of the Raman scattered radiation 𝐼𝑅 is given by: 

 𝐼𝑅 ∝ 𝜈4𝐼𝑜𝑁 (
𝜕𝛼

𝜕𝑄
)

2

 (2.12)  

where 𝐼𝑜 is the incident laser intensity, 𝑁 is the number of scattering molecules in a 

given state, ν is the frequency of the exciting laser, 𝛼 is the polarizability of the 

molecules, and 𝑄 is the vibrational amplitude. 

Figure 2.8 - Schematic illustration of Rayleigh scattering as well as 

Stokes and anti-Stokes Raman scattering. The laser excitation 

frequency (νL) is represented by the upward arrows and is much 

higher in energy than the molecular vibrations. The frequency of the 
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There is another classification of Raman scattering namely, resonance 

scattering and non-resonance scattering. Non-resonance Raman scattering occurs 

when the radiation interacts with a molecule resulting in polarization of the molecule’s 

electrons. The increase in energy from the radiation excites the electrons to an unstable 

virtual state; therefore, the interaction is almost immediately discontinued and the 

radiation is emitted (scattered) at a slightly different energy than the incident 

radiation.[14]. Resonance Raman scattering occurs in a similar fashion. However, the 

incident radiation is at a frequency near the frequency of an electronic transition of the 

molecule of interest. This provides enough energy to excite the electrons to a higher 

electronic state. Being so close to an excited state makes the Raman process much more 

likely to occur. That's why the signal is so much stronger and can be used to detect 

much lower concentrations of a substance than conventional Raman can. 

 

2.6. Classical description of the Raman effect 

When charged particles of a molecule get perturbed by the electromagnetic field 

a dipole moment is induced given by 

 𝜇 = 𝛼𝐸 (2.13)  

where 𝛼 is the polarizability, 𝐸 is the incident electric field, and m is the induced 

dipole moment. Both 𝐸 and 𝛼 can vary with time. The electric field of the radiation is 

oscillating as a function of time at a frequency 𝜈0, which can induce an oscillation of 

the dipole moment 𝜇 of the molecule at this same frequency, as shown in Figure 2.9a. 

The polarizability 𝛼 of the molecule has a certain magnitude whose value can 

vary slightly with time at the much slower molecular vibrational frequency 𝜈𝑚, as 

shown in Figure 2.9b. 
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The result is seen in Figure 2.9c, which depicts an amplitude modulation of the 

dipole moment oscillation of the molecule. This type of modulated wave can be 

resolved mathematically into three steady amplitude components with frequencies 𝜈0, 

𝜈0 + 𝜈𝑚, and 𝜈0 − 𝜈𝑚 as shown in Figure 2.9d. These dipole moment oscillations of 

the molecule can emit scattered radiation with these same frequencies called Rayleigh, 

Raman anti-Stokes, and Raman Stokes frequencies. If a molecular vibration did not 

cause a variation in the polarizability, then there would be no amplitude modulation of 

the dipole moment oscillation and there would be no Raman Stokes or anti-Stokes 

emission.  

  

Figure 2.9 - Schematic representing Rayleigh and Raman scattering. 

In (a) the incident radiation makes the induced dipole moment of the 

molecule oscillate at the photon frequency. 

In (b) the molecular vibration can change the polarizability, a, which 

changes the amplitude of the dipole moment oscillation. 

The result as shown in (c) is an amplitude modulated dipole moment 

oscillation. 

The image (d) shows the components with steady amplitudes which can 

emit electromagnetic radiation. 
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Chapter 3 

3 Development of portable Raman spec-

trometer using off-the-shelf optical 

assembly and CMOS linear image 

sensor 

A portable Raman spectrometer has been designed and developed with 

minimum number of components keeping the procurement cost of the components and 

associated optics to a minimum. The entire design process can be broadly divided into 

three parts – 1) Laser power source, 2) Optical head, and 3) Detector comprising of 

high-sensitivity CMOS linear image sensor. In the following sections these three 

categories have been explained in details with 3D illustrations wherever needed for the 

reader to understand easily. 

 

3.1. Components of laser power supply 

The laser power supply gives a constant supply of current up to 180 mA to the 

785 nm laser. It also consists of a temperature controller to control the operating 

temperature at 30 °C. The details of each component used in building the power source 

is described below. 

 

3.1.1 Power Supply  

The heart of the power supply is a MeanWell NET-50B triple channel SMPS 

power supply rated at 50W with output channels – 5V, 4A (CH1), 12V, 2A (CH2), -

12V, 500mA (CH3) and takes 84-264 VAC or 120-370 VDC to drive itself. The output 

voltage tolerance is well within acceptable range with ±2% variation for CH1 and 

around ±5% variation for CH2 and CH3. Its line and load regulations are also within 

acceptable limits. The power supply has over-voltage protection as well. To drive the 
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constant current source the output is reduced to ±9V with the help of voltage regulators 

LM7809 and LM7909 from STMicroelectronics.  

 

3.1.2 Constant current source 

 The constant current source is a LD1255R laser diode constant current driver 

from Thorlabs Inc. which has low current noise, low temperature drift and comes with 

ESD protection. It can source a current ranging from 0.2-250 mA. Its operating voltage 

is from ±8-12V but for safety conditions we have used ±9V to drive the LD1255R. It 

has an external current control pin which is used to drive the laser based on the input 

current given by the user. The transfer function at the control pin is Vctrl = 50×Ilaser, 

where Ilaser is the laser current in mA. The LD1255R operates the laser anode at ground 

potential for added protection against ESD. This requires that the LD1255R use a 

negative power supply to "pull" current from the ground-referenced laser anode. It has 

a warm-up time of 30 minutes. 

Figure 3.2 - LD1255R - 250 mA Precision Constant Current Laser Driver 

Figure 3.1 - MeanWell NET-50B SMPS (left) and ±9V voltage regulator IC (right) 
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3.1.3 Laser 

The laser is 785±0.5 nm single mode spectrum stabilized laser from Innovative 

Photonic Solution with part #I0785S50100B. It comes with a circularized and 

collimated output beam, integral lase line filter, internal thermistor and ESD protection. 

Lasing wavelength can be accurately specified and repeatedly manufactured to within 

0.1 nm. Its typical output power is 100 mW, optical beam diameter is 0.5-1.0 mm and 

maximum allowed current is 250 mA with a compliance voltage of 2.2 V within the 

typical temperature range of 30-35 °C. A Peltier cooler is fitted with laser housing so 

as to control its temperature through a TEC controller by measuring the 10kΩ NTC 

thermistor built inside the laser housing. 

 

3.1.4 TEC controller 

 The temperature controller is a TCM1000T 3W TEC controller from Thorlabs 

Inc. It controls current through the Peltier cooler attached to laser housing in order to 

maintain a constant temperature on the device. Operating from a +5 VDC power supply 

the module can provide up to 3 Watts of power and is current limited to 1 Amp. The 

module is designed to maintain temperature based on feedback provided from a 10 kΩ 

NTC type thermistor sensor. Temperature is set and monitored using a scaled voltage 

based on the thermistor resistance for a given temperature, and is available at test points 

Figure 3.3 - TCM1000T - TEC Controller Module 
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(TSET & TACT) referenced to system ground. System response can be adjusted for 

various thermal loads using a Proportional Gain adjustment pot and an Integral Gain 

adjustment pot. Maximum adjustment range is 5 kΩ to 25 kΩ. 

 

3.1.5 Micro-controller 

  The micro-controller is an ATmega328/P which is an 8-bit micro-controller 

from Atmel® having 32 Kbytes of flash memory and 2 Kbytes of SRAM. The micro-

controller is driven by a crystal of 16 MHz. The ATmega328/P has a 10-bit ADC inside 

which is used to sense the temperature from the NTC thermistor attached to the laser 

housing. The transfer function for conversion from resistance to temperature is given 

in the datasheet of the laser source which is as follows- 

 𝑇𝑒𝑚𝑝 𝑖𝑛 °𝐶 =
1

𝐴 + 𝐵 × ln(𝑘𝑂ℎ𝑚 × 1000) + 𝐶 × (ln (𝑘𝑂ℎ𝑚 × 1000))3
− 273.15 (3.1)  

 

where, 𝐴 = 0.00113, 𝐵 = 0.000234, 𝐶 = 8.78 × 10−8 and 𝑘𝑂ℎ𝑚 in the above 

equation is calculated from the transfer function mentioned in the datasheet of 

TCM1000T, which is 1 V = 10 kΩ. 

The micro-controller accepts input from four SPST buttons which are used to 

adjust the current through laser and monitor the laser operating temperature. The user 

defined value of laser current is then set through an 8-bit DAC.  

Figure 3.4 – Arduino Pro mini 

Figure 3.5 – Atmega 328/P micro-controller   



24 

 

3.1.6 DAC 

The DAC used is a PCF8591 which is a 8-bit A/D & D/A converter from NXP 

Semiconductors. It gives an analog voltage tto the control pin of the constant current 

module based on the user input value of the laser current through four SPST buttons. 

 

3.1.7 Display LCD 

The display unit is a JHD162A series with 16x2 display. The LCD module has 

16 pins and can be operated in 4-bit mode or 8-bit mode. Here we are using the LCD 

module in 4-bit mode. It is driven by the micro-controller. The user can interact with 

the display using the four push-buttons. The display shows the current passing through 

the laser diode and its temperature. A 10 kΩ trim-pot is used to set the contrast of the 

display. 

 

Figure 3.6 - PCF8591 8-bit DAC 

Figure 3.7 - JHD162A 16×2 LCD module 
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3.2. Design of laser power source 

The laser used in this project is a 785 ± 0.5 nm, 100 mW laser with 10 kΩ NTC 

thermistor attached to the housing itself. The temperature of the laser is electronically 

controlled by checking the resistance of the thermistor with the help of Peltier cooler 

which is also attached to the laser housing. The laser temperature is roughly kept at 29 

°C. The laser output power is limited by the current passing through it. This constant 

current is supplied by the LD1255R constant current module which is operated in 

external current control mode. The external current control pin can accept a voltage in 

the range of 0-5 V giving out maximum current at 5 V and minimum current at 0 V. 

For safe operation of the laser, the maximum value is chosen to be 180 mA and 

minimum current to be 5 mA. At first, polynomial fitting is employed and the result up 

to 3rd degree is tabulated below. 

Table 3-1 - Polynomial fitting of laser current data 

Degree RMSE R-square (%) 

1 12.17 95.24 

2 6.006 98.88 

3 2.293 99.84 

 

A cubic polynomial fit may seem to be a better a choice with an R-square value 

of 99.84 % with RMSE of about 2.3 but a careful observation of the data set in appendix 

7.1 shows that the current tends to saturate beyond 165 mA as shown in Figure 3.8 and 

hence deviation increases. The laser current vs. DAC control byte data was taken a 

number of times and each time it was noticed that at the same set of control bytes, which 

was taken in earlier measurements, the laser current is same. Therefore, cubic spline 

data interpolation method, which is a piecewise polynomial fit method, was employed 

to get a function that can satisfactorily describe the variation of the output voltage of 

DAC with its control byte. The plot is shown in Figure 3.9. The data set for the 

interpolation and the associated function is given in appendix 7.1 and 7.2 respectively. 



26 

 

 

  

Beside assembling the electronic components an interface is designed for the 

user to interact and change the laser current. For this purpose, a 16x2 LCD display was 

used along with four pushbuttons. The required code is provided in the appendix 7.4 

which is written in Arduino IDE. A switch is also provided to disable the laser, if 

needed, without turning off the entire power supply. 

Figure 3.9 – Cubic spline interpolation of laser current data 

Figure 3.8 - 3rd degree polynomial fit of laser current data 
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Before procuring the components, a 3D model was developed to determine its 

capacity, size and portability so that all the components can be housed properly inside 

the enclosure. For convenience, only the main PCBs and other important components 

were placed inside the housing and also the wiring is not shown in the 3D model. A 

schematic of the entire design is provided in the appendix 7.3. Figure 3.10 show the 

proposed prototype of the laser power supply while Figure 3.11 shows the developed 

prototype. 

Figure 3.10 - 3D model of the proposed laser power supply 
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Four push buttons provided in front allows the user to change the laser current 

either in fine/coarse mode. A piezo-buzzer is added to give audible feedback upon 

successful button press by giving a short ‘beep’ sound. The large red coloured 

pushbutton in front allows the user to turn off the laser without turning off the entire 

power supply. 

  

Figure 3.11 - A prototype of the laser power supply 
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3.3. Working principle of the laser power source 

The ±9V and 5V power rails supply power to all the modules and components 

which is shown by the red lines. The laser housing with built-in NTC thermistor is kept 

in contact with a Peltier cooler in order to control its temperature. This control signal is 

provided by the TEC controller in response to the temperature signal coming from the 

thermistor, thus forming a feedback loop. The user is provided with four SPST tactile 

buttons – Adjust (ADJ), SET, Increment (+) and Decrement (-), to set the laser current 

and monitor the laser temperature through a 16x2 LCD display unit. The SET button 

also acts as a fine/coarse adjustment knob which becomes useful when changing the 

current from a low to high value. Otherwise, for each step increase of 1 mA current the 

user has to press each time. Holding the SET button while at the ‘Adjust Laser current’ 

menu for 2 to 3 seconds turns on the ‘coarse’ mode and again holding the SET button 

for 2 to 3 seconds followed by a single tap returns the ‘fine’ mode. While at the main 

menu the laser temperature can also be monitored using the ‘+’ or ‘-’ button. After the 

user sets a current, the corresponding 8-bit control voltage value is transferred to the 

DAC by the micro-controller to produce a proportional voltage based on the spline 

interpolation coefficients given in appendix 7.2 which goes to the external control pin 

of the constant current module in order to produce a stable laser current as set by the 

user.  

Figure 3.12 - Block diagram of the laser power source 



30 

 

3.4. Components of optical head 

The optical head is an assembly of different mechanical and optical parts. It is 

basically a long cylindrical tube consisting of necessary optical parts for irradiating the 

sample and collecting the resultant scattered radiation and transferring it to the detector 

using an optical fibre thereby measuring the Raman spectra. Numerous components 

have been used to develop the optical head. However, for sake of simplicity, only the 

important components have been explained here. 

 

3.4.1 Laser 

The laser is procured from Innovative Photonic Solutions having part 

#I0785S50100B which is shown in Figure 3.13 . Much of the details about the laser 

have been given in section 3.1.3. It is in a TO-56 package with laser line filter present 

inside the housing. It has wavelength tolerance of ±0.5 nm having a spectral linewidth 

of about 100 kHz. The SMSR with integrated laser line filter is very high at 70 dB. The 

beam exit angle is less than 3 degrees and beam divergence is about 2 mrad. The 

thermistor and Peltier cooler are also attached to the laser housing.  

Figure 3.13 – 785 nm laser with thermistor and Peltier cooler 
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3.4.2 Mirror 

The mirror is a MRA05-M01 right-angle prism mirror from Thorlabs Inc. The 

reflective surface is formed by the hypotenuse and is gold coated. The other two sides 

are having a length of 5 mm. The gold coating provides high reflectance with both S- 

and P-polarized light from 800 nm to 20 µm. The gold coating features a protective 

overcoat of SiO2. It has an average reflectance of greater than 96% in the range of 800 

nm to 20 µm.  

 

3.4.3 Focusing lens 

Two focusing lens have been used, one with part #ACL25416U-B and another 

with part #LA1134-B from Thorlabs Inc. The former is an aspheric condenser lens of 

1” diameter with 16 mm focal length and having a high NA of 0.79. The anti-reflective 

coating on this lens permits transmittance of about 70% for wavelength in the range 

650 nm to 1050 nm. This type of lens is generally used in light collection. The latter is 

a plano-convex lens of 1” diameter with focal length of 60 mm. This lens also has anti-

reflective coating which transmits 70% of light in the range of 650 nm to 1050 nm. It 

is used here to focus the collimated beam, coming from first lens, on the SMA 

connector.  

Figure 3.14 – Gold coated right angle prism mirror with L=5 mm 

Figure 3.15 - Aspheric condenser lens (left) and Plano-convex lens (right) 
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3.4.4 Notch filter 

Notch filters, also commonly referred to as band-stop or band-rejection filters, 

are designed to transmit most wavelengths with little intensity loss while attenuating 

light within a specific wavelength range (the stop band) to a very low level. They are 

essentially the inverse of bandpass filters, which offer high in-band transmission and 

high out-of-band rejection so as to only transmit light within a small wavelength range. 

Notch filters are useful in applications where one needs to block light from a laser. For 

instance, to obtain good SNR ratios in Raman spectroscopy experiments, it is critical 

that light from the pump laser be blocked. This is achieved by placing a notch filter in 

the detection channel of the setup. The one that is used in this project has a part #NF785-

33 from Thorlabs Inc. which has a center wavelength of 785±2 nm. The passbands with 

more than 90% average transmittance are 590-760 nm and 810-1040 nm.  

 

3.4.5 SMA connector and fiber optic cable 

SMA is a fiber optic connector developed and manufactured by Amphenol Fiber 

Optic Products; it stands for SubMiniature version A. SMA connectors use a threaded 

plug and socket. It was the first connector for optical fibers to be standardized. In 

addition to their compact size, the SMA connector has exceptional mechanical 

durability. The SMA connector holds a single fiber. The one used here has a part 

#SM1SMA from Thorlabs Inc. The fiber optic cable is 1.5 m long cable with core 

diameter of 600 µm having NA of 0.22 having SMA905D on both ends.   

Figure 3.16 - 785 nm Notch filter 

Figure 3.17 - SMA connector (left) and Fibre optic cable (right) 
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3.5. Assembly of the optical head 

 

  

Figure 3.18 - The assembled optical head for Raman spectrometer. (Laser not shown) 
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Figure 3.19 - 3D model of the proposed optical head. (In this picture the cuvette holding a liquid 

sample is shown in its place and the laser housing is not shown) 

Figure 3.20 - A prototype of the optical head. (In this picture the laser housing is attached) 
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3.6. Working principle of the optical head 
 

A basic block diagram of the optical assembly is shown in Figure 3.21. A 

785 nm laser along with Peltier cooler and associated NTC thermistor for 

temperature feedback is fitted at right angle to the optical head. The radiation from 

the laser falls on a mirror which is placed at 45°. The right-angle prism mirror 

reflects the radiation towards the sample. The focusing lens L1 focuses the beam on 

to the sample. The radiation scattered by the sample is collected by the focusing 

lens itself. Since the size of the mirror is very small compared to the optical tube, 

most of the scattered radiation bypasses the mirror and reaches the notch filter. The 

notch filter greatly reduces the intensity at laser wavelength which is 785 nm and 

transmits the remaining light towards focusing lens L2. This lens then focuses at 

the SMA connector and falls almost normally on the optical fiber. The detector 

housing consists of the CMOS image sensor and the grating and convex lens 

assembly. The grating breaks the individual wavelengths and forwards to the image 

sensor. With the help of necessary electronic interface, the information from the 

image sensor is read and displayed via a computer. 

 

3.7. Acquisition of Raman spectra 

The scattered radiation from the optical head goes via the optic fibre to the 

detector containing the necessary optical components and the high-sensitivity 

CMOS image sensor. The detector consists of a slit of dimension 10 x 400 µm, a 

collimating lens, a transmission grating, a focusing lens and a CMOS image sensor 

Figure 3.21 - Block diagram of the optical assembly with detector 
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of 512 pixels as shown in Figure 3.22. The detector has a spectral resolution 

(FWHM) of 0.4 nm. The interface electronics has a 16-bit ADC and integrate from 

as low as 11 µs to 100 ms. It supports USB to facilitate connection with a PC and 

draws only a typical of 220 mA current.  

The data acquired at each pixel corresponds to each wavelength of the spectrum 

and is A/D converted in proportion to the light intensity. When saving this data with 

the evaluation software, the horizontal axis can be specified as pixels or wavelength. 

The following quantic equation can be used to calculate which pixel corresponds to the 

wavelength axis. 

 

𝑤𝑎𝑣𝑒𝑙𝑒𝑛𝑔𝑡ℎ (𝑛𝑚)

= 𝑎0 + 𝑎1 ∙ 𝑝𝑖𝑥 + 𝑎2𝑝𝑖𝑥2 + 𝑎3𝑝𝑖𝑥3

+ 𝑎4𝑝𝑖𝑥4 + 𝑎5𝑝𝑖𝑥5 

(3.2)  

, where 𝑝𝑖𝑥 is any pixel of the image sensor. The coefficients are as follows: 

• 𝑎0 = 778.6461498 

• 𝑎1 = 0.3585042305  

• 𝑎2 = −0.0001745020601 

• 𝑎3 = 1.85457711 × 10−7 

• 𝑎4 = −3.284555756 × 10−10 

• 𝑎5 = 2.567910792 × 10−13 

  

Figure 3.22 - Optical component layout of the detector 
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With an integration time of 100 ms, 64 Raman spectra of pure benzene were 

averaged. Then it is subtracted from its dark spectrum and then plotted as it is. This can 

be seen in Figure 3.23. 

Raman spectra generally consist in peaks and noise superimposed on a 

background. This background, or baseline can be either flat, linear with a positive or 

negative slope, curved or a combination of all three. It does not vary as quickly as the 

peaks do. This background is often due either to residual Rayleigh scattering at low 

Raman wavenumbers or to fluorescence of organic molecules intrinsic to the analysed 

sample or coming from contamination. Subtracting the estimation of the background 

from the raw spectrum gives a more interpretable signal, allowing to determine peak 

wavenumbers and to measure area and amplitude of peaks more accurately. 

Background removal requires a cost function to be minimized e.g. Huber 

function or Truncated quadratic function. In Ref. [15], it was concluded that the 

asymmetric truncated quadratic function is the cost function which gives the best results 

to estimate the simulated background on spectra with only positive peaks. The 

asymmetric truncated quadratic function is given by 

 ∀𝑥 ∈ ℝ, 𝜑(𝑥) = {
𝑥2  if 𝑥 < 𝑠,

𝑠2  otherwise
 (3.3)  

,where 𝑠 is the threshold value and 𝑥 needs to be minimized. 

Figure 3.23 - Raman spectrum of pure benzene. (Here the source excitation is not suppressed) 
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After removing the background with an asymmetric truncated quadratic cost function 

with threshold of 2 and order of 8, we get the baseline corrected Raman spectra which 

is shown in Figure 3.24. In the spectra the source excitation peak corresponding to 785 

nm was removed and presented in terms of Raman shift. Position of Raman peaks from 

various literatures have been listed in Table 3-2. 

 

Table 3-2 - Raman shift (cm-1) of pure benzene from various literatures 

Sl. No. Lit. #1 [16] Lit. #2 [17] Lit. #3 [18] Lit. #4 [19] Lit. #5 [20] 
1. 605.6 610 606 606 606 

2. 848.9   850 849 

3. 991.6 994 992 992 992 

4. 1178 1180 1177 1178 1178 

5. 1326     

6. 1584.6 1589-1609 1586 1585 1584 

7. 1606.4    1603 

8.     2460 

9.     2542 

10.     2597 

11.     2617 

12.     2784 

13.     2928 

14.   2950  2947 

15. 3046.8 3048  3047 3046 

16. 3061.9 3063 3063 3062 3060 

17.     3164 

18.     3183 

 

Figure 3.24 - Raman shift for pure benzene 
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3.8. Result and Conclusion 

The values mentioned in Table 3-2 are taken as standard Raman shifts for 

further analysis. After comparing Figure 3.24 and Table 3-2, it was found that the 

strongest peak of pure benzene is close to the value obtained from various 

literatures. In this experiment, the strongest Raman peak was found at 996.2 cm-1 

while literatures say, it should be 992 cm-1. So, we have obtained this peak with 

99.6 % accuracy. Another peak obtained at 1605 cm-1 is well within the range given 

by literatures. The second highest peak corresponding to 486.5 cm-1 does not belong 

to the Raman fingerprint. The peak at 1477 cm-1 is little off from literature value 

1585 cm-1 showing only 93.2 % accuracy. All other shifts which are not in 

accordance with the standard values may have occurred either due to accidental 

entry of impurities while taking measurement or over-aging of the sample. It was 

also noted that a significant amount of noise is present in the Raman spectra as can 

be seen from Figure 3.24. This may have been caused by several factors. One of 

them may be accumulation of dust on the optical components or due to the thermal 

noise of the image sensor since it is of non-cooled type. 

It can also be noted from Figure 3.23, that due to Rayleigh scattering the 

Raman scattering is greatly suppressed. The intensity of source excitation, though 

designed to be reduced by a factor of 106, is not getting suppressed properly. It may 

be due to a faulty notch filter which was supposed to suppress the 785 nm excitation 

wavelength. Also, the placement of the gold-plated mirror in the path of the 

scattered radiation coming from the sample towards the notch filter obstructs some 

of the scattered radiation thereby reducing the intensity of Raman peaks. It can be 

avoided by using a dichroic mirror in conjunction with the notch filter or a long-

pass filter. The image sensor can also be sufficiently cooled by use of Peltier cells 

to avoid thermal noise though it would increase the current requirement of the 

power supply. 
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Chapter 4 

4 Design and development of the 

detector with its interface electronics 

and a PC-based GUI for Raman 

spectrometer 
 

4.1. Components of the detector 

The detailed description of the components used in the design of the 

detector and its associated electronic parts are described in this section. 

4.1.1 CCD detector 

The charge coupled device, CCD, was originally designed not to be an 

optical detector, but a memory instead. It should work as an analog shift register, 

storing arbitrary charge in each of its cells and reading them sequentially. Later 

it was discovered that illumination causes internal photoelectric effect in the 

silicon substrate and fills up each memory cell with additional charge 

proportional to the incident light intensity. After that it found widespread 

application as a sensitive optical detector both in consumer electronics and in 

high-end scientific instruments such as astronomical telescopes. 

CCD detectors may be divided into two groups: linear CCDs, where one 

row of pixels is shifted to the output, and matrix CCDs, where the bottom row is 

fully shifted out always when all columns are shifted down by one pixel. The one 

that is used here is TCD1304AP from Toshiba which is a linear non-cooled CCD 

image sensor with 3648 pixels each having a size of 8 µm x 200 µm.  

Figure 4.1 - TCD1304AP from Toshiba 
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4.1.2 Micro-controller 

The micro-controller used in this project is STM32H743ZI from ST 

Microelectronics. STM32 is a family of 32-bit microcontroller integrated circuits 

by STMicroelectronics. The STM32 chips are grouped into related series that are 

based around the same 32-bit ARM processor core, such as the Cortex-M7F, 

Cortex-M4F, Cortex-M3, Cortex-M0+, or Cortex-M0. Internally, each 

microcontroller consists of the processor core, static RAM, flash memory, 

debugging interface, and various peripherals. STM32H743ZI is based on the 

high-performance ARM® Cortex® - M7 32-bit operating at up to 480 MHz. It has 

a flash memory of 2 MB and a RAM of 1 MB along with extensive range of I/O 

peripherals. It has four DMA controllers to unload the CPU. It also has three 12-

channels 16-bit ADCs with up to 3.6 MSps, two 32-bit timers with PWM feature, 

ten 16-bit general-purpose timers and supports USB OTG. The microcontroller 

comes with STM32 NUCLEO-144 development board. 

 

4.1.3 FPGA  

Field Programmable Gate Arrays (FPGAs) are semiconductor devices 

that are based around a matrix of configurable logic blocks (CLBs) connected via 

programmable interconnects. FPGAs can be reprogrammed to desired application 

or functionality requirements after manufacturing. This feature distinguishes 

FPGAs from Application Specific Integrated Circuits (ASICs), which are custom 

manufactured for specific design tasks. Logic blocks can be configured to 

Figure 4.2 - STM32 Nucleo-H743ZI development board 
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perform complex combinational functions, or merely simple logic gates like AND 

and XOR. In most FPGAs, logic blocks also include memory elements, which 

may be simple flip-flops or more complete blocks of memory. Many FPGAs can 

be reprogrammed to implement different logic functions, allowing flexible 

reconfigurable computing as performed in computer software. The FPGA 

configuration is generally specified using a hardware description language (HDL) 

like Verilog or VHDL. 

The one that is used here is of iCE40 LP8K from Lattice Semiconductor. It 

has 7680 logic cells (LUT + flip-flop) with 128Kb RAM. It has 22 PLLs and also 

features 178 maximum programmable I/O pins. It comes with TinyFPGA BX 

development board having its own bootloader where the user can program the 

FPGA through a simple micro-USB cable.  

 

  

Figure 4.3 - TinyFPGA BX development board 
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4.2. Design of the detector 

The image sensor and the interface electronics have been designed to 

obtain Raman spectra. Starting from the acquisition circuitry up to displaying 

the spectra in a custom designed GUI on PC has been thoroughly discussed in 

this section. 

 

4.2.1 Driving the CCD image sensor 

The TCD1304AP needs three driving pulses: 

• fM - the master clock, running at 0.8-4 MHz 

• SH - the shift gate 

• ICG - the integration clear gate 

 

For TCD1304AP the timing chart is given below.  

 

 

Figure 4.4 - The TCD1304AP's timing chart 
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From Figure 4.4 - The TCD1304AP's timing chart it is observed that 

• The data-rate is one-fourth of fM. 

• Pixels are only moved to the shift registers when ICG and SH 

coincide. If SH runs with a shorter period than ICG, the CCD runs 

in electronic shutter mode, and SH serves to control the integration 

time. 

• The shortest integration time is 10 µs. 

 

The datasheet gives the following timing requirements for the three 

pulses: 

  

It translates to 

1. SH must go high with a delay (t2) of between 100 and 1000 ns after 

ICG goes low. 

2. SH must stay high for (t3) a minimum of 1000 ns. 

3. ICG must go high with a delay (t1) of minimum 1000 ns after SH 

goes low. 

4. ICG must go high when fM is high. 

This is all handled by the FPGA. 

 

Figure 4.5 - Timing requirements for TCD1304AP 
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4.2.2 Handling the output 

CCDs are analog devices that collect photons and convert them into 

charge. The collected charge is then shifted to its internal pre-amplifier and the 

corresponding voltage signal occurs at OS pin. Sometimes the output voltage is 

stored in the sample-and-hold circuit. This output voltage then goes to the MCU, 

where an ADC digitizes it. The output signal from the TCD1304AP is provided 

in the figure below: 

It is noted that the output signal is the reverse of the intensity of the light 

hitting the pixels. The higher the exposure the lower is the output voltage. There 

are 32 dummy pixels at the beginning and 14 at the end. The pixels giving useful 

information lies after the first 32 dummy pixels. 

The CCD detector output shall depend on the illumination linearly. 

Under no illumination, the output is around 2.17 V, whereas under full 

saturation the output drops to 0.72 V. The influence of incident light on the CCD 

register itself and its supporting circuitry, along with thermal electrons, can 

interfere with measurement. 

• Blooming occurs when excess charge concentrates in one cell and it 

leaks into neighbouring cells. It manifests as a flat, fully saturated 

regions with sharp edges, effectively obscuring the signal in the 

vicinity of the intensively illuminated spot. Overexposed areas must 

be avoided by either reducing the light intensity or integration time. 

For instance, the saturation exposure of the used linear CCD is about 

0.004 lx·s. 

 

Figure 4.7 - Output signal of TCD1304AP 



46 

 

• Charge volatility: The stored charge decays over time. This is 

expected to be caused by both thermal electrons and incident light. 

This presents a time constraint to the data acquisition and 

transmitting time. 

 

 

• Oversaturation: When the CCD is illuminated by common daylight 

for a while (> 10 lx·s), the chip becomes so oversaturated that 

several full read-outs are needed to drain the integrated charge. 

Otherwise the output voltage may drop even under the saturation 

voltage. Since the occurrence of blooming is triggered by the 

saturation condition, it is useful to know the detector output voltage 

corresponding to its maximum charge capacity. This value, defined 

as the saturation voltage, represents the effective maximum output 

voltage of the CCD, and is calculated by multiplying the charge 

capacity by the charge-to-voltage conversion factor (the output 

sensitivity of the imaging device), as follows: 

 𝑉𝑠𝑎𝑡 = 𝑁𝑠𝑎𝑡  ×  
𝑑𝑉

𝑑𝑁
 (4.1)  

where is 𝑉𝑠𝑎𝑡 the saturation voltage, 𝑁𝑠𝑎𝑡 is the charge capacity, and 

𝑑𝑉
𝑑𝑁⁄  represents the charge-to-voltage conversion factor. This latter 

variable, which is equivalent to the CCD output sensitivity, is simply a 

ratio stating the change in output voltage for a given quantity of charge 

transferred onto the charge detection node of the device. 

 

• Thermal noise is caused by random thermal electron-hole pairs. It 

is probably lower than electronic noise in the sampling circuit used. 

Some of the aforementioned issues can be addressed by thermoelectrical 

cooling of the sensor, as a 20 °C temperature drop is expected to effectively 

suppress the thermal noise and conductivity. No cooling was used in this design 

because of rather high-power requirements of a Peltier cell. 
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4.2.3 Circuit diagram for TCD1304AP 

 A 22 pin IC holder was soldered on a Veroboard shown in and a 6-pin relimate 

connector was provided for easy wiring. A 10 µF capacitor is used between the power 

rails to remove any noise from power supply. 

Figure 4.8 - Circuit diagram for TCD1304AP PCB 

Figure 4.9 Circuit board for holding TCD1304AP 
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4.2.4 Programming the MCU 

This section includes the programming and initialization of the main 

components inside the Micro-controller Unit (MCU). 

 

4.2.4.1 The master clock signal 

The TCD1304 requires a master clock (fM) with a frequency in the range of 

0.8-4 MHz. The datasheet gives a typical value of 2 MHz. The CCD output data-rate is 

one-fourth of fM and the ADC must be able to keep up with this. Since, the MCU used 

has ADC with speed up to 3.6 MSps, it will be a piece of cake. 

With fM = 2 MHz the data-rate is 0.5 MHz which gives a maximum conversion 

time of (0.5 MHz)⁻1 = 2 µs. This is fine for the STM32H743ZI’s 3.6 MSps ADC, which 

runs with speeds up to 240 MHz, so fM is set to 2.0 MHz. 

Generation of fM is done by the FPGA. The FPGA system clock runs at 16 

MHz. So, for generation of 2 MHz, the pre-scalar value should be 7 (since 0 to 7 is 8 

counts) so that 16 MHz divided by 8 gives 2 MHz. Also, for 50% duty cycle the toggling 

of the clock is done at the exact half of pre-scalar value, i.e., 4. A snippet of the Verilog 

code is given below for better understanding.  

It can be verified from the generated waveform in Figure 4.10 also. A closer 

look at the green waveform shows the period of the FPGA clock is 62.5 ns which is 16 

MHz. Also, the orange waveform is the output 2 MHz master clock having time period 

0.5 µs. 

Code snippet 4.1 - Verilog code snippet for master clock of 2 MHz 
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4.2.4.2 The SH and ICG pulses 

The SH-pulses control the integration time, and the ICG-pulses the moment the 

pixel-values are sent to the shift register. These pulses are also generated by the FPGA. 

The integration time depends on the period of SH pulse. The integration time can be as 

low as 10 µs (specified in the data sheet) but the highest integration time in this design 

is limited to 2 s, though it is customizable. The image sensor is operated in electronic 

shutter mode with time period of ICG being twice that of SH. This multiplication factor 

can be easily modified but higher the value of this factor more will be the acquisition 

time. Generally, higher multiplication factor is preferred when the intensity of light 

frequently changes. A snippet of the Verilog code with explicit description on how to 

change this multiplication factor (mentioned in comment) is given in Code snippet 4.2.  

At each rising edge of the ICG pulse, a short pulse (ADC_start) is generated to 

initiate reading of the output voltage of the image sensor by the MCU. The generated 

output waveforms for SH and ICG satisfies the timing requirements as stated in the 

specification sheet for TCD1304AP (See Figure 4.5). This is shown in Figure 4.11.  

Figure 4.10 - Waveform of the generated 2MHz clock 



50 

 

 

 

4.2.4.3 The ADC trigger signal  

The data-rate is 500 KHz, and to start the conversion of each pixel at the proper 

time, the ADC is triggered at the same rate. The ADC clock is generated by a 16-bit 

timer TIM4 of the STM32H743ZI MCU. Since TIM4 is present on APB1 bus which is 

running at 64 MHz (user-defined), so we need to divided it by 128 to get 500 KHz 

clock. Hence, the pre-scalar value is 127. TIM4 is enabled in an interrupt generated 

when the ICG-pulse is created, and disabled in a different interrupt created by the 

DMA-controller servicing the ADC. 

 

Figure 4.11 - Verification of timing requirements for SH and ICG pulses 

Code snippet 4.2 - Verilog code snippet for generating SH and ICG 

pulses for 10 ms integration time 
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4.2.4.4 ADC 

The STM32H743ZI has a 16 bit 3.6 MSps ADC and it used to collect the pixel 

values from the CCD. The output from the CCD is clocked out at 1/4th of the frequency 

of the master clock, i.e., 0.5 MHz. To accurately sample at this rate the ADC is triggered 

by a timer (TIM4) running at this frequency. 

The ADC runs with a typical frequency of 64 MHz. That means each cycle 

takes: (64 MHz)-1 = 15.625 ns. It’s a 16-bit ADC, and each bit takes one cycle, so the 

conversion process itself of course takes: 16 x 15.625 ns = 0.25 µs. The output-rate is 

0.5 MHz, so the total conversion time cannot exceed: (0.50 MHz)-1 = 2.0 µs. With 0.25 

µs for a 16-bit conversion, there’s (2 - 0.25) = 1.75 µs to sample in. This gives a 

sampling time (in ADC clock cycles) of: 1.75 µs / 15.625 ns = 112. Reading through 

the datasheet of STM32H743ZI it is found that the nearest available setting is 64.5 

cycles. The converted values are stored in memory using DMA. 

 

4.2.4.5 DMA 

DMA stands for Direct Memory Access. It represents the fastest and easiest way 

of transferring data between memory and the peripherals. The DMA1 Stream 0 of the 

STM32H743ZI has been used in circular mode to store the ADC converted values. It is 

implemented as a double buffer, i.e., when the 1st half of the DMA gets filled up, data 

from the 2nd half is transferred to PC and when the 2nd half of the DMA gets filled up, 

data from the 1st half is sent to PC, thus avoiding any overwrite issue and 

simultaneously increasing the overall acquisition time. 

 

4.2.4.6 USB 

The data sent over USB are encoded using non-return-to-zero format: when a 

”0” bit is transmitted, the D– and D+ differential lines switch their state. When a “1” 

bit is transmitted, no change occurs. However, when more than 6 consecutive “1” bits 

are to be transmitted, one “0” bit is stuffed after them to enable the receiver to 

synchronize its clock at an edge of incoming signal. The data lines do not have to be 
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always differential. For several low-level signals, e. g. end of packet, the D– and D+ 

lines may go both to logical “0” or “1”. 

All data are sent in packets. The packet contains an initial sync sequence, the 

packet identification number and optionally payload or control data along with its 

checksum. Some packets transmit payload data, while other packets are used for 

handshake and identification only. Three packets, token, data and handshake, usually 

form a transaction. The USB protocol is handled fully by the USB CDC library 

provided by ST Microelectronics. 

After being requested by the host, each USB device identifies itself by a vendor 

number and an USB class. The communication device class at USB Full Speed (12 

Mbps) is chosen for simplicity of coding. 

 

4.2.5 Electronic interfacing of the detector  

 

Image sensor FPGA 

MCU 

Figure 4.12 - Interface electronics for the CCD image sensor 
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4.3. Designing the GUI 

The user interface on PC end has been designed with the help of App Designer 

by MATLAB. The user interface is designed is such a way that the user can set a wide 

range of integration time options – 10 ms, 100 ms, 200 ms, 500 ms, 1000 ms, 1500 ms 

and 2000 ms. Though no limit has been put on the number of sample averages but the 

user should remember that more the sample average more will be the acquisition time. 

For the sake of convenience, the y-axis of the plot is reversed since the CCD sensor 

gives low voltage on high intensity incident light. The user can take dark spectra or 

reference spectra and can zero it out. Also, two filtering algorithms have been 

implemented – Exponential Moving Average and Savitzky-Golay. The user can 

observe spectra either in one-shot mode or continuous mode by clicking on the 

‘Measure’ or ‘Monitor’ respectively and can save it to a Microsoft Excel file. Various 

error messages and notification messages have been incorporated to aid the user operate 

the graphical interface properly. This interface is the not the final version and user may 

face some bugs here and there. Restarting the application may solve the issue. The user 

interface is shown below in Figure 4.13. The plot is not of an actual spectrum but 

obtained by using visible light and a very narrow slit almost at the middle position of 

the image sensor. The code for the same is attached in the appendix 7.8.  

  

Figure 4.13 - The GUI for acquisition of Raman spectra 
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Chapter 5 

5 Conclusion and Future scope 

 

5.1. Summary of the work 

The initial objective of the work was to design, develop and build a low-

cost, portable Raman spectrometer. There are numerous portable and hand-held 

commercial Raman systems out there in the market as mentioned in section 1.3 of 

this report. A major drawback of these instruments are their sky-high prices. This 

is mainly because they can be used to identify and quantify various unknown 

samples. Now, this versatility may not be required in every sector. For example, a 

tea industry needs to only assess the quality of their tea production, they may not 

need a highly expensive versatile Raman device which could also work with other 

samples. Therefore, application-specific Raman systems are required. This would 

bring down the cost of the product. By proper choice of optical and electronic 

components such systems can be designed at an affordable cost. 

We have been successful to a large extent in designing a portable Raman 

system. Still, much work is needed to materialise this idea and develop an actual 

commercial Raman device. In Chapter 3, the design methodologies of building a 

constant current source for the 785 nm laser used in this project were discussed. The 

built power supply not only sources constant current but also features a temperature 

feedback loop in association with a Thermo-electric controller to maintain the laser 

temperature at a constant value for its stable operation. Also, an optical head, 

consisting of least number of optical components, was set up to facilitate Raman 

back-scattering. This is also illustrated in details in section 3.5. Finally, a spectrum 

of pure benzene was taken with the help of an off-the-shelf detector using CMOS 

linear image sensor. Though some peaks corresponding to the Raman shift matched 

with the literatures but still there were many others that were absent. Also, there 

was significant amount of noise in the spectra. This goes to say that more fine-

tuning is needed both on the hardware and software ends. 
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Keeping the afore-mentioned points in mind and also knowing the fact that 

CCD image sensors are superior to CMOS image sensors in terms of thermal noise, 

an electronic interface consisting of MCU and FPGA was developed for spectral 

acquisition. The CCD image sensor used in this project has complex timing 

requirements. The calculations and generation of pulses have been discussed in 

great details in section 4.2. Finally, a GUI was designed on the PC end with 

necessary filtering algorithms to get data from the image sensor and display the 

corresponding spectrum on PC. 

 

5.2. Challenges faced 

It is a very difficult job to design a Raman spectrometer from scratch. Many 

difficulties were faced right from the beginning of the project. The first challenge was 

how to build the basic structure of the optical head for back-scattering and finding the 

right components that can be procured from optical equipment companies online. Every 

component has to be compatible in size and specification for working properly. It was 

truly not an easy task to find compatible components online at the same place. Buying 

from multiple vendors will certainly increase the cost of the project, not to mention the 

different delivery delays. The second challenge was the procurement time. The work 

remained idle for a few months owing to delivery delays and other issues during the 

post-purchase days. More trouble was waiting till the actual design and development 

process started. Moreover, due to a limited time frame of around one year during 

M.Tech. and added complexity of the work, the project has been only partially 

completed and much work is remaining to achieve the set target, i.e., to witness a fully 

operational portable Raman system. 

 

5.3. Future scope 

The interface electronics for spectral acquisition along with the GUI can be 

used to develop a Raman spectrometer by using necessary optical components. 

Also, the assembly of the optical head being modular can be redesigned to suite 

various application. The long tubular part of the optical head also enables user to 
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introduce various filters as and when required. The laser power source though looks 

bulky can be made to fit in one’s palm using Li-ion batteries and SMD components 

along with few minor changes. Since, the CCD image sensor has wide spectral 

range from visible to near-IR so one can get higher Raman shift by using different 

excitation source along with proper filters. Therefore, the flexibility that the design 

provides to a user is manifold. 

 

5.4. Conclusion 

The report demonstrates the feasibility of the implementation of a Raman 

system that combines many favourable qualities – low cost, ease of construction, 

operation etc. that can give satisfactory results. Though there are several limitations, 

and lots of room for improvement since the developed system is still a prototype 

still the strongest peak of pure benzene was achieved with 99.6% accuracy. This 

shows that that the system has potential and once perfected it may serve as a great 

tool not only in industrial sectors but also research labs. 
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7 Appendices 
 

7.1. Laser current vs control voltage data set for cubic 

spline interpolation 
 

Table 7-1 - Laser current vs control voltage data set for cubic spline interpolation 

Sl. 

No. 

8-bit control volt. 

level 

Laser current 

(mA) 

Sl. 

No. 

8-bit control volt. 

level 

Laser current 

(mA) 

1 12 9.8 17 185 163.9 

2 23 19.5 18 190 167.3 

3 34 29.1 19 195 168.3 

4 46 39.7 20 200 169 

5 57 49.5 21 205 169.4 

6 68 59.4 22 210 169.7 

7 79 69.3 23 215 170 

8 90 79.3 24 220 170.3 

9 101 89.2 25 225 170.6 

10 112 99.1 26 230 170.8 

11 123 109.1 27 235 171 

12 134 118.9 28 240 171.1 

13 145 128.8 29 245 171.3 

14 156 138.6 30 250 171.6 

15 167 148.4 31 255 171.9 

16 178 158.1    
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7.2. Coefficients for the cubic spline interpolation of laser 

current 
 

         Table 7-2 - Coefficients for the cubic spline interpolation of laser current 

Coeff. of x3 Coeff. of x2 Coeff. of x Constant term 

3.54E-05 -0.00158 0.894938 9.8 

3.54E-05 -0.00041 0.872986 19.5 

-1.73E-05 0.000756 0.876756 29.1 

1.68E-05 0.000132 0.887416 39.7 

-3.31E-05 0.000688 0.896439 49.5 

4.04E-05 -0.0004 0.899556 59.4 

-5.35E-05 0.00093 0.905337 69.3 

2.33E-05 -0.00084 0.90637 79.3 

3.52E-05 -6.55E-05 0.896455 89.2 

-8.92E-05 0.001098 0.90781 99.1 

9.62E-05 -0.00185 0.899577 109.1 

-7.02E-05 0.001329 0.893883 118.9 

3.45E-05 -0.00099 0.897619 128.8 

7.53E-06 0.000148 0.888369 138.6 

-0.00014 0.000397 0.894361 148.4 

0.000116 -0.00421 0.85237 158.1 

-0.00486 -0.00177 0.810472 163.9 

0.005832 -0.07474 0.427913 167.3 

-0.00166 0.012733 0.117876 168.3 

0.000815 -0.01219 0.120583 169 

1.66E-06 3.33E-05 0.059792 169.4 

-2.16E-05 5.83E-05 0.06025 169.7 

8.49E-05 -0.00027 0.059209 170 

-0.00032 0.001007 0.062913 170.3 

0.000387 -0.00376 0.049138 170.6 

-0.00043 0.002042 0.040535 170.8 

0.000532 -0.0044 0.028723 171 

-9.79E-05 0.003574 0.024575 171.1 

-0.00014 0.002106 0.052979 171.3 

-0.00014 5.69E-16 0.063511 171.6 
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7.3. Schematic of laser power supply 
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7.5. Programming the MCU 

The STM32 Nucleo-H743ZI development board is programmed with the help 

of STM32 CubeMX and Keil µVision 5. Only those files are given here that are 

modified. Rest of the files generated by STM32 CubeMX are kept as it is. Though the 

I/O pin configurations can be understood from the above figure, still they are given 

below. 

PA9: USB_OTG_FS_VBUS 

PA11: USB_OTG_FS_DM 

PA12: USB_OTG_FS_DP 

PA15: INT1000ms 

PB0: ADC_start 

PB1: ADC1_INP5 

PB5: INT2000ms 

PB7: Blue_LED 

PB12: INT500ms 

PB13: INT200ms 

PB14: Red_LED 

PB15: INT100ms 

PC6: INT10ms 

PC7: INT1500ms 

PD12: TIM4_CH1 

PD13: En_FPGA 

PH0: RCC_OSC_IN 

PH1: RCC_OSC_OUT 



���������	
�����
������������������������������������������������������������������������������������������������������������������������������������������������������� !����� �"�������������������������������������������������������������������������������������#$�%�� &����������%�& ���"���������� �&� �%� ��&$�%���������&$�&������ &���&'����� ����&�����%�������	
�����
���������������	
����
��	&$���� �&� �%� ��&$�%�����(�'$�&$���������%��&����"�&$��)%��� ���"�% �&'������*�� ����&�&  �%�������� '�����"�&$������%���&�*��� �"��!$&� '���%���������	+,�
��#-�.�/012��#���� ����&� ���%�����������%&���)&� ������)%�����% )�������������"�� ��%(�'�&$� ��'�&$ )&�� ������&� �(�������������&&����� *�����&$�&�&$��� �� '��!�� ���&� �%�������&�������1������%&���)&� �%� ��% )����� ����)%&���&����&$���� *��� �"��!$&�� &���(���������&$�%���%&� ��� ���&� �%�����&$��� �� '��!���%��������������/������%&���)&� �%���������"�� ����)%&����� �)���&$���� *��� �"��!$&�� &���(���������&$�%���%&� ��� ���&� �%�����&$��� �� '��!���%�����������&$��� �)���&�&� �������������� �� &$�����&�����%��� *�����'�&$�&$����%&���)&� ��������3�����&$���&$������� ���#���� ����&� ���%�� ��&$������%� ���&%�� �&���)& �%�����������"����)%���& ���� �%�� ���� � &���� �)�&%�����*����� ��&$�%�% �&'������������'�&$ )&�%����������� ��'��&&��������%%� ���������#�
���	4#56���
��+�	7

�
��,�#����	+,�
��#��	8
����6�
��	�#�
��#	���96��
�9����6�
�6�,��:+�����	��
�+8
�
�56��6�#
��(�
��8�

��(���#��	#�8
�
#�
�#	(�#������
�+8
�
�56��6�#
���	4������6�#6�
8
#,�6�
�4
#�����4	��6�+6�#
��86��+��+	���6������

��86
��
��
���	��7��#���688�#����	+,�
��#��	8
���	���	�#�
��#	������8
6�8�����4	��6�,�

���#(�
�

���#(�
��

��#68(��+��
68(��:��+86�,(�	���	���;���#
68����
6�6����-
��8�

��(���#��	#�8
�
#�
�#	(�+�	�������#�	4�����#
#�#���		
��	��������7
���<�8	���	4����(�
6#6(�	��+�	4
#�<�	�����
�����
�#����+#
	�.��	5�7�������6���
�6�
�	��6�,�#��	�,�	4�8
6�
8
#,(�5��#����
���	�#�6�#(��#�
�#�8
6�
8
#,(����	��#	�#�-
��8�

������8
������	��	#���5
��.�6�
�
���
��6�,�56,�	�#�	4�#����������	4�#�
���	4#56��(��7���
4�6
7
��
�	4�#���+	��
�
8
#,�	4������
6�6���������������������������������������������������������������������������������������������������	
����
�������������
���)��%�==================================================================��>����)���9�����$9>����)���9)%�?��*����$9���+��*�&������)��%�==========================================================�����������	
�����
��
���)��%���>����)���9)%��?���?���$9>����)���9%&�3/$@AA?�&�$9���������	
����
�
���)��%������+��*�&��&"������===========================================================�����������	
�����
��+#
������������	
����
�+#
������+��*�&���������============================================================�����������	
�����
��+
������������	
����
�+
������+��*�&������ �=============================================================�����������	
�����
��+�������������	
����
�+�������+��*�&��*�������%�=========================================================��6
�?������#"��
���$���1<
�6?������#"��
���$���?���1<#
�?������#"��
���$&��B<

1/3BCD@E210111/131B1C1D1@1E12/0/1///3/B/C/D/@/E/230313/333B3C3D3@3E32B0B1B/B3BBBCBDB@BEB2C0C1C/C3CBCCCDC@CEC2D0D1D/D3DBDCDDD@DED2@0
69



���������	
�����
���������������������
���������� �������������
!��"�#�$%������ �������������
!�&����"�#�$%������ ����'(����)*���+,(-�. ����'(����)*����+/,��. ���������	
����
������������#��0����*��"��%�"�"�1%0��22222222222222222222222222222222222222222222222��#"�)��1��0$��"*3��"����4#"�)5 �����*�#"�)�!6���
	�
���4#"�)5 �����*�#"�)�!6�
!��
���4#"�)5 �����*�#"�)�!6�7
!-�
���4#"�)5 �����*�#"�)�!6��
�'�
���4#"�)5 ���������	
�����
���8�������������	
����
��8����������#��0���0��*")0�222222222222222222222222222222222222222222222222222222222�����������	
�����
���������������	
����
������������9:��0���7;0��%%��*���"��0���1�%"���<����9�0�#��������������$���4#"�)5=�����������	
�����
��'��������������	
����
�'��������!����"���������"�22222222222222222222222222222222222222222222222222222222��������0�0��"������%0��%;0����>�
�������?0���;0�8���;����0���*0���)��;0��1���*3<�����&�@�
���45 �����������	
�����
��
�����������������	
����
�
������������"������0��;0��1��0$�*�"*3������1��0$��"*3��"����45 �����������	
�����
���1�
�����������������	
����
��1�
�����������
�������?0�����*"������0)�%0��%;0���������!6���
	�
���45 ��!6�
!��
���45 ��!6�7
!-�
���45 ��!6��
�'�
���45 ��!6�����
��
���
���45 �����������	
�����
��A��������������	
����
�A��������
������0��""%��������������	
�����
��B&
@������C;��0�4'5��=�������������	
����
�B&
@�����������������	
�����
��,���������4������
��������'5���������0���%���0*0�#0)����=������&�@�7
!��B!������4D;��$->�7
!��&����@�'5 ����������
��*�"*3

/'/A/,/-/E/(///�/F���'�A�,�-�E�(�/���FF�F'FAF,F-FEF(F/F�FF'��'�''�A'�,'�-'�E'�('�/'��'�F''�'''''A'',''-''E''(''/''�''F'A�'A''AA'A,'A-'AE'A('A/'A�'AF',�','',A',,',-',E',(',/',�',F'-�
70



������������	
�	����
��
�����
���	���	��
���������������  !	
�	����"����������#
$����!	
�	�%�&�����'������

�#
$�����
#��(�)�*+#	�,,��#
$�����(�)�*+#	��������-��������
�#
$�����
#��(�)�*+#	�%%����  ��������!�.&/���##0�������-���������#
$�����
#��(�)�*+#	�%�&�������������12��34���	(+
��	�*5�12�����667������  !	(+������#(�8������������1�
�!*�	�9�

���	��	��
��������������  	�
�!*�	�	(�3�������'������0#!0���
�#
$�����(�)�*+#	�%%����  ��������!��&&/���##0�������-���������#
$�����(�)�*+#	�%�&�������������12��34���	(+
��	�*5�12�����667��������������(�
��	���%����:����;����5���""��
��<
#=�>���:?%
������=�?�������������1�
�!*�	�9�

���	��	��
��<
#�������������'�����'��'�� ��@�7A��B�7�76����� ' ������CD��0���E!	0*��#(�8��(���$��
	�(�����C�0	)
#�6(�0��� )(����E!	0*�#(�8��(���$
)(���-��A���B!�2��	1E+0�0��A���B!�2��	�	���	�%�-&'���A����#82��	1E+0�0��A����#82��	�	���	�%�-&'���A���30��+���F2��	1E+0�0��30��+��#82��	�	���	�%�-&'��� ����++#E��(���$��
	�(���+�
	0�0�
D#0���� ���B�29G�A7H
34A>I�A���34A��A����@76��&���� ���(���$��0�	�0�*
�����	0��
#��0$�#
	(��(�	+�	�)(#	
$0���� ��������34A�<B�1�H7����26H��B692H
34A�A7H@��1BA�<B�1�H7�����7�����J��#0�

34A>I���A���
34A����A�<B�A�G���K%�34A����A�<B�A�G����-������'�� ���
��(�	(��(���$��0�	�0�3����#(�8�!(���0���� ��������A���3���3���B@A�7��B692H
A���3���B@A�7���7���� ��2��	�
#�L0!�	�0��3@������
����3��D�!!0!��#(�8!���� ��A���B!�2��	�	���	MB!��##
	(�1E+0�%�A���B��2���1BA1G37���7���A���B!�2��	�	���	M��7�	
	0�%�A�����7�B6���A���B!�2��	�	���	M3��M3���	
	0�%�A���3���B6���A���B!�2��	�	���	M3��M3���(���0�%�A���3���B@A�7���7���A���B!�2��	�	���	M3��M3����%�����A���B!�2��	�	���	M3��M3��6�%�5����A���B!�2��	�	���	M3��M3��3�%�:���A���B!�2��	�	���	M3��M3��N�%�����A���B!�2��	�	���	M3��M3��A�%�����A���B!�2��	�	���	M3��M3��AH7�%�A���3���<�2A�6H7�����A���B!�2��	�	���	M3��M3��<�B�7��%�A���3���<�B42�7���A���B!�2��	�	���	M3��M3��9A��6�%�&������
����A���B!��(���$
�A���B!�2��	�	���	��K%�����BF���-����7��(���
��#0�
����'�� ��2��	�
#�L0!�	�0��3@������
����3��D�!!0!��#(�8!���� ��A����#82��	�	���	M�#(�81E+0�%�A�����B�F1G37����F,A�����B�F1G37��G���F������������������������������,A�����B�F1G37�3��F�,A�����B�F1G37�3��F�������������������������������,A�����B�F1G37���3��F�,A�����B�F1G37���3��F��

�5��5��5��55�5.�5:�5��5��5O�.&�.��.��.��.5�..�.:�.��.��.O�:&�:��:��:��:5�:.�::�:��:��:O��&�����������5��.��:��������O��&�����������5��.��:��������O�O&�O��O��O��O5�O.�O:�O��O��OO�&&�&��&��&��&5�&.�&:�&��&��&O��&
71



�����������	
�
�
�
���������
�����������������������������������������	
�
�
�
��������	�	���������������������������������	
�
�
�
� !"����	�	����������!��������������������	
�
�
�
� �"#����	�	���������� �"#�����������������	
�
�
�
� �"�����	�	���������� �"������������������	
�
�
�
� �"$����	�	���������� �"$�����������������	
�
�
�
� �"%����	�	���������� �"%��������	&�'! ��������������&	(')���������	
�
�
�
*�+� �!�� ,�-���./�0��! ����/��1����������!2�����'/���3�����	45�����	
�
�
�
����	45����������
	��������������!���� ��6���������!������"������	45�����	
�
�
�
����$����$7����������	45�����	
�
�
�
����$����$-����8������	45�����	
�
�
�
����$����$�����������	45�����	
�
�
�
����$����$9���$������	45�����	
�
�
�
����$����$����$������	45�����	
�
�
�
����$����$�:�����������$���� -:��#������	45�����	
�
�
�
����$����$����������������$���7����7������	45�����	
�
�
�
����$����$+� �-���.������	45�����	
�
�
�
��;<����������
	�����������"�������������������	45�����	
�
�
�
� ������������
	��������� ���������������$���	&�'! ������=����	45������&	(')���	45�����	
�
�
�
/�0��! ����/��1����������!2�����'/���33>??��?�@<�	�&� ������	
	2�	A2
	���+
��
	����?�@42�2B�-�����?�@��
�2��-�����?>;
2
	����	��7C� ������	
'��	�/1��>?�����������"�:�-� ������	
�.�?>��>?������������-�� ������	
�.�?>�� ���7
�
	7���,D4���&�B
�
	B������1.3��� ����52�������&,D4���&�;���&	(���1.3���>?�����������"�:�-� ������	
���?>��>?������������-�� ������	
���?>��>??��BB������&	(���?>��52������;
2������ ������52������	
���������;�2������ ��������� ��-���������52������	
���;��

	����� ���������,��-��E"���52������	
���2�����7������ ����� -���� "�����52������	
���������
	����� ���������-:�����-����52������	
���F��F�� 

�G2	
������ "�����52������	
����
	�
�
;����7��������� "�����52������	
�-<��&������;	���������52������	
��	;���
	�
�
;����7��������� "�����52������	
��=
���2�,�	(������� ����C,��- �,��:�,%�,�:����52������	
��=
���2�,�	(������(���� ����C,��- �,��:��-���:������-:���52������	
�������;	���2
272�2(�B��
��� �����-������-� , ��7 ������� ����52������	
������
���� �������� , �������������52������	
���&
"	
�5	&
��� �����+,"�,�!�+,�-�-����52������	
�"��;
7��������� "�����52������	
�����;2B4�	�(7��������� "�����	&�'! �� �����	
')52���/�0��! ����/��1����������!2�����'/���3��>??���&	(
���
5�� ���B
�
	HB����

$��$�$$�#$�%$�I$�E$�J$�K$�8$$.$$�$$$$$#$$%$$I$$E$$J$$K$$8$#.$#�$#$$##$#%$#I$#E$#J$#K$#8$%.$%�$%$$%#$%%$%I$%E$%J$%K$%8$I.$I�$I$$I#$I%$II$IE$IJ$IK$I8$E.$E�$E$$E#$E%$EI$EE$EJ$EK$E8$J.$J�$J$$J#$J%$JI$JE$JJ$JK$J8$K.
72



������������	
��
	
��������
��������������������������������
����
	
��	��� �!"�����#!"
$%&�#������	
�'�(�������)'��*�����++	+��"�
��+�'���,������	��� �+��-� ��"+��!"�����������.�	��� ��!"�������������������/���.�	��� �-"�0�������-�12��-�-��)�%���.�	��� �3"�4��� �����������3�
�����
��56�7���3�/���.�	��� �3�� �������������3��1�����������.�	��� ����.�����8�+��������993����������.�	��� ����.�����:����������������	��� �!"�����#!"
$%&�#.�	��� '�(�������)'��*�����++	+��"�
��+�'���,�����23�-������;�1������%������<��������23�-�������������%������<���,�������=8+������
6������"��>"��	��9��$��	�����=4"+"���	������=+��?"���	������.�"��$�?	�
�
@���
6������?	�
'*�����23�-������;�1�����
6������:��������23�-������������
6������:�������
���	$0�	��� �A4�����.��	$03	�+$��	��� ���*:,�����
�
".��+�	��� �A4�����.
".��+�	��� ���*:,�����
���������A4�����.�	��� �����*:,������23�-������;�1�����
6������%��������23�-������������
6������%�����!���6���.�"�$������
6���!���6�������+�.$"��+���:���!���6�������	����+
	
������
���2���-
����2����!���6��������+�	
���%<B���!���6��������	$0��?�.�	������
�����)��C�3������C%���!���6���������	-��	"
�+��	"
�����
��2��-�������-��������3�;���������������
�;".�������#!���6'�(�������)'��*�����++	+��"�
��+�'���,��.��	$03	�+$��	��� ���	$03	�+$������
�����)3�2-�������-����������������
��	��� ��	$03	�+$��#!���6&�#.��	$03	�+$��	��� '�(�������)'��*�����++	+��"�
��+�'���,������������
��D
������#!���6'�(�������)'��*�����++	+��"�
��+�'���,��.
".��+�	��� �
".��+���4���+�  �+�����
��-1��2��������.
".��+�	��� �
".��+3�"?�
	
������
�
�3��-3��C�
������3�;���������������
���
".��+�	��� 3A�$!+	��>"��	��#!���6&�#.
".��+�	��� '�(�������)'��*�����++	+��"�
��+�'���,��.�	��� �����
	
������
���
�����D
%���.�	��� ������.����%5�

<E%<E<<EF<E6<E/<E5<EB<EE<EG<G:<G%<G<<GF<G6<G/<G5<GB<GE<GGF::F:%F:<F:FF:6F:/F:5F:BF:EF:GF%:F%%F%<F%FF%6F%/F%5F%BF%EF%GF<:F<%F<<F<FF<6F</F<5F<BF<EF<GFF:FF%FF<FFFFF6FF/FF5FFBFFEFFGF6:F6%F6<F6FF66F6/F65F6BF6EF6GF/:
73



���������	�
	����
�����������	��	���������������������	�
	��
�������������	��� ��!� �"�#������$���������%���������&
����$'&��()*�'�������	�*��������++#��,-�.������	/-��0����#������
�����$-���1��23�4 #���	!#�"#��+����)������5�32��23�4 #���	!#�#+!����)������5�32������������6��������$'&��()-�1233���3�#�
7���!���8����������8��89��32��
��8�:�����;�!�������$:���-�0��23�!���8����������8��89���
7���32������������!��,���/�#+�"�#$-���23�!���������<6�������32��23�!��,� ���
(=���>��������<6��8�����<�
�����32������+?��� ����������$!��,� ���
(=���>�*�=*�=-�������+?���#�
7����>$!��,� ���
(=���>�-�1233��3�@7��������	������
��A
������<�8������3�@6
�
(�+�����3�@���:
��+�����32��
��8�:�����;����	�����$:���-0�����	�������6�!������	����� ��<8����0=1���23����	����������89�#�
7���32���������������	����/�#+�"�#$-����������������	"���/�#+�"�#$-����������������	!���/�#+�"�#$-����������������	����/�#+�"�#$-����������������	����/�#+�"�#$-���23������<������	�6���	<�6<����:���32���������	�%�������$���	"*��+�B==(�����C�+�5==(�����C�����#!����C�+�,==(��������������������������������C�+�5===(�����C"�<���#!����*����	���+��# #�-���23������<������	�6���	<�6<����:���32���������	�%�������$#����������	�����*�#����������*����	���+��# #�-���23������<������	�6���	<�6<����:���32���������	�%�������$���	�*��+�,=(�����C�+�,B==(�����*����	���+��# #�-���23������<������	�6���	<�6<����:���32���������	�%�������$�+�,===(�����	�����*��+�,===(�����*����	���+��# #�-���23������<������	�6���D��!����
�������32�����	����� ��<8�
�������!����
������������	����� ��<8�
����������	��	!#������ �+�������	����� ��<8�
�<��������	�+	�4������������	�����$�!����
������	�����*�'���	����� ��<8�-���23������<������	�6����D��+�B==(�������+�5==(�����������#!������+�,==(����������������������������������+�5===(������"�<���#!�����32�����	����� ��<8�
�������+�B==(�����C�+�5==(�����C�����#!����C�+�,==(��������������������������������C�+�5===(�����C"�<���#!����������	����� ��<8�
����������	��	!#�	4��4����������	����� ��<8�
�<��������	�+	�4��������	����� ��<8�
 6���������	� �##!���#>��	%�

EB,EB5EBEEB)EBBEBFEBGEBHEBIEF=EF,EF5EFEEF)EFBEFFEFGEFHEFIEG=EG,EG5EGEEG)EGBEGFEGGEGHEGIEH=EH,EH5EHEEH)EHBEHFEHGEHHEHIEI=EI,EI5EIEEI)EIBEIFEIGEIHEII)==)=,)=5)=E)=))=B)=F)=G)=H)=I),=),,),5),E),)),B),F),G),H),I)5=
74



���������	��
��
���	�������	��
����������������
����������	���
��� 
�!������
��������	��
��������"��
�#� 
�!������
������	��
��������"$�%��#����	�$	& �	'(�'(���������	��
��������"��))�#����	�*	�'��������	��
��������"����%�#����	���  &�!+ ,��	-����������	��
��
 
�!�������	�����������	��
����������������
����������	���
.����*(/01.���
��*(/2001.���
��������	��
��������"��
�#��*(/01.���
3�*(/2001.���
������	��
��������"$�%��#����	�$	& �	'(�'(���������	��
��������"��))�#����	�*	�'��������	��
��������"����%�#����	���  &�!+ ,��	-����������	��
��
���	�������	��
����������������
����������	���
����*(/0001.���
��������	��
��������"��
�#��*(/0001.���
������	��
��������"$�%��#����	�$	& �	'(�'(���������	��
��������"��))�#����	�*	�'��������	��
��������"����%�#����	���  &�!+ ,��	-����������	��
��
�*(/0001.����	�����������	��
��������������� 4(���
���������
����������*5�������������6
 4(�0��+,
��0��0��������*5��� 
78)��+,
 4(�0��+,
��9���'� +��	& �� ��*�:���;��%������&����
;�7)���)��7))87�<
�&���7
%)�(6��&����=7%��>��������;�
���
�.�%�7���1�
�
.����1��)7���
�?7�
�
������'*'� &
=7%������)7��&$��7)���
;�1�)��#�/����)7��&$���
;�1�)��#�0�9;��%������&����
;��)��7))87�<
�&���7
%)�(6��&����=7%��>��������;�
���
�.�%�7���1�
�
.����1��)7���
�?7�
�
������'*'� &
=7%������)7��&$��7)���
;�1�)��#�0����)7��&$���
;�1�)��#�/�9;��%��&��+����;��1�)��7))87�<
��
�@����8������
�AB���)�
�>������(=����
���)�86��.�7����.�%�86��=��7��)��7���
��
�����
%������
���7���7
%����1�
7���%7�7�7�C��.����
"��������
�8���##�B22�����
���7���7��/01.��
���"���1���>�����������	�(���)���

+�%�� &����	�������+�%�� &���
�������������	�-������

�*(/01.����	�������*(/01.���
����	���*�� (����9������
�8���##�B2:�������1�
7��������
���
���7)�D7���
��>�����������	�(���)���

�)���� &����	��������)���� &���
����������(�$��-$�����
�=��1:��(�$����** ��/�������������	�-������

�*(/01.����	�������*(/01.���
����	���*�+ � (����9����
�8���##�B2A�����
���7���7��/001.��
���"���1���>�����������	�(���)���

+�%�� &����	�������+�%�� &���
�������������	�-������

�*(/001.����	�������*(/001.���
����	���*�� (����9������
�8���##�B2B�������1�
7��������
���
���7)�D7���
��>

:B/:BB:BA:B::B2:BE:BF:B@:BG:A0:A/:AB:AA:A::A2:AE:AF:A@:AG::0::/::B::A:::::2::E::F::@::G:20:2/:2B:2A:2::22:2E:2F:2@:2G:E0:E/:EB:EA:E::E2:EE:EF:E@:EG:F0:F/:FB:FA:F::F2:FE:FF:F@:FG:@0:@/:@B:@A:@::@2:@E:@F:@@:@G:G0
75



�����������	�
���
������
����������	��������
��������������������
������������� ��!"��
���#��$$���%�������������	�����������$
%&&!'����	�������$
%&&!'��������	���$�(���
����)���*�+,�*�--�./%��00�����1���1��.&&!'������2���!���3�����������	�
���
�����(�4��������	�������(�4���������������������	�����������$
.&&!'����	�������$
.&&!'��������	���$���
����)�����*�+,�*�--�./&��00���!��1���5������������1
�61������3�����������	�
���
������
����������	��������
��������������������
������������� ��!"��
���#��$$���%�������������	�����������$
.&&!'����	�������$
.&&!'��������	���$�(���
����)���*�+,�*�--�."7��00�����1���1��/&&!'������2���!���3�����������	�
���
�����(�4��������	�������(�4���������������������	�����������$
/&&!'����	�������$
/&&!'��������	���$���
����)����*�+,�*�--�."8��00���!��1���5������������1
�61������3�����������	�
���
������
����������	��������
��������������������
������������� ��!"��
���#��$$���%�������������	�����������$
/&&!'����	�������$
/&&!'��������	���$�(���
����)���*�+,�*�--�."9��00�����1���1��%&&&!'������2���!���3�����������	�
���
�����(�4��������	�������(�4���������������������	�����������$
%&&&!'����	�������$
%&&&!'��������	���$���
����)�����*�+,�*�--�.":��00���!��1���5������������1
�61������3�����������	�
���
������
����������	��������
��������������������
������������� ��!"��
���#��$$���%�������������	�����������$
%&&&!'����	�������$
%&&&!'��������	���$�(���
����)���*�+,�*�--�."/��00�����1���1��%/&&!'������2���!���3�����������	�
���
�����(�4��������	�������(�4���������������������	�����������$
%/&&!'����	�������$
%/&&!'��������	���$���
����)�����*�+,�*�--�.""��00���!��1���5������������1
�61������3�����������	�
���
������
����������	��������
��������������������
������������� ��!"��
���#��$$���%�������������	�����������$
%/&&!'����	�������$
%/&&!'��������	���$�(���
����)���*�+,�*�--�.";��00�����1���1��.&&&!'������2���!���3�����������	�
���
�����(�4��������	�������(�4���������������������	�����������$
.&&&!'����	�������$
.&&&!'��������	���$���
����)�����*�+,�*�--�.".��00���!��1���5������������1
�61������3�����������	�
���
������
����������	��������
��������������������
������������� ��!"��
���#��$$���%�������������	�����������$
.&&&!'����	�������$
.&&&!'��������	���$�(���
����)���*�+,�*�--�."%��00*���5 �5<����5����5������3�����������	�
���
������
����������	��������
����������������#�#�
�1�'!���=��,�*��
������))0+�>��(�#	����$��"�+0

"7%"7."7;"7""7/"7:"79"78"77/&&/&%/&./&;/&"/&//&:/&9/&8/&7/%&/%%/%./%;/%"/%//%:/%9/%8/%7/.&/.%/../.;/."/.//.:/.9/.8/.7/;&/;%/;./;;/;"/;//;:/;9/;8/;7/"&/"%/"./";/""/"//":/"9/"8/"7//&//%//.//;//"/////://9//8//7/:&
76



������������	��
����	
��������������
�������������	����������
���������������������������������������������������������� �!�"#$��%�&'����������������$��
(��������������������������)���*+��*��������������+���������,-����������
����������������� �!�"#$����$���������������$��
(���./�	��	��� ��0�--�,  �!
������������	��!�+�����������*���	�������
����	��������������
����������
*���������������)����������������+���*��������������
����������+���*��	���1�+����������������
����	������*������+���*������1��������+���*��������������
�����
*�����������������������������������	������
���2����	���3�
���45���������������� �!�"#$��%�&'��6��������������������������)���*+��*��������������+��������	������*������������
*���3��������1�+����	�78���(�+���*���������
�1�	����9����������9�:�:�73�	���3��������������� �!�"#$����$�6���./����	����� ��0�--�,  �!
������������������������������"��"#;<!'&�
� 
=�����������������������$�#0�0'-������

>6?>65>64>6@>6>>66>6A>62>6B>AC>A?>A5>A4>A@>A>>A6>AA>A2>AB>2C>2?>25>24>2@>2>>26>2A>22>2B>BC>B?

77



���������	
�����
�������������������������������������������������������������������������������������������������������������������� ��!"�����#�������
$����%&�����'�"���(%��$��!����������������������������������������������������������������������������������������	)*�
��+,"-��./0��+1�"�(���"��($�"����������������#%��($��$��%����$��(%�"���$��#�$��2��(���3�4����(��4���(%���(����"���($3��������&���������&�('���������������(��(4�$5�"($����($���������6������/!���������#%��($��(���(%�"��"(����%��������$������#('��"(&2��5���$(��"�3�������������������(��"($����($���$�������(��(4�$5����"������!�������!���������#%��($���$�#�$��2��(����%�����&�(�%"�������#('��"(&2��5���$(��"�3�������������������(��"($����($���$�������(��(4�$5����"��������$������("%��$����($����������$��(��(���������������&�('�����4��������������#%��($!�������!�������������$����(���+1�"�(���"��($�"��$(������$�����(������"($���#%�(�������������2�#��%�����(��$�(����(��&�(�(���&�(�%"�������'�����(��������(��4������������4���(%���&�"���"�&��(��4�����$�&�������($!�������+�
���	7+89���
��)�	:

�
��*�+����	)*�
��+��	;
����9�
��	�+�
��+	���<9��
�<����9�
�9�*��=)�����	��
1);
�
�89��9�+
��3�
��;�

��3���+��	+�;
1
+�
�+	3�+������
1);
�
�89��9�+
���	7�1����9�+9�
;
+*�9�
�7
+�����7	��9�)9�+
��;9��)��)	���9������

��;9
1�
!�
���	��:��+���9;;�+����	)*�
��+��	;
���	���	�+�
��+	������;
9�;�����7	��9�*�

���+3�
�

���+3�
��

��+9;3��)��
9;3��=�1);9�*3�	���	���>���+
9;����
919����,
��;�

��3���+��	+�;
1
+�
�+	3�)�	����1��+�	7�����+
+�+���		
��	��������:
���?�;	���	7����3�
9+93�	��)�	7
+�?�	�����
�����
�+����)+
	�-��	8�:�������9���
�9�
�	��9�*�+��	�*�	7�;
9�
;
+*3�8��+����
���	�+�9�+3��+�
�+�;
9�
;
+*3����	��+	�+�,
��;�

������;
������	��	+���8
��-�9�
�
���
��9�*�89*�	�+�	7�+����������	7�+�
���	7+89��3��:���
7�9
:
��
�	7�+���)	��
�
;
+*�	7������
919��!������������������������������������������������������������������������������������������������	
����
�������������
$"�%����@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@��A�$"�%���<���$!�<A�$"�%���<��������� ��!�<���)��'�����$"�%����@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@�����������	
�����
��
$"�%���������������	
����
�
$"�%���������)��'�����2&�����@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@�����������	
�����
��+
������������	
����
�+
������)��'��������$��@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@�����������	
�����
��)
�������������	
����
�)
������)��'������"�(�@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@�����������	
�����
��)1������������	
����
�)1������)��'����'����#����@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@�����������	
�����
��):��������$�%�$�B �����5 9
������?���������	
����
�):������)��'�����%$"��($�&�(�(�2&���@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@�����������	
�����
��)7)������������	
����
�)7)������)��'����%����"(���@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@�����������	
�����
��.���

/��CDE�B0/.///�/�/C/D/E/�/B/0�.�/�����C�D�E���B�0�.�/�����C�D�E���B�0C.C/C�C�CCCDCEC�CBC0D.D/D�D�DCDDDED�DBD0E.E/E�E�ECEDEEE�EBE0�.
78



���������	
����
���������
����������������������������������������������������������������������������
�������
�����������
� �!�"����#�	�$�%�&�
�����
'(�����������
� �!�)����"*&�
������+'�����������
� �!��),&���������	
��#�$+���-������������	
����
��-�������������������������������������������������������������������������������������������������.���
���."���.��+�����/���.�������
"����.��������������������������������������������������������������������������������������������������������������0���� ��!��� /�"��.��!��������.��)��1�����������/��2�����.����'+��������3�.��45�����������	
��#�$+���.�'��1����+���+�6�����������������	
����
��.�'��1����+���+�6�����������������	
��#�$+���.�'��1����+���+�6��*��������������	
����
��.�'��1����+���+�6��*���7�������0���� ��!��� /�"��.��!������������ �/���������/��2�����.�������%�/����������3�.��45�����������	
��#�$+������%�/���+�6�����������������	
����
�����%�/���+�6��������8!����3*4��5�������������	
��#�$+��9*�����%�/���+�6�������������������	
����
�9*�����%�/���+�6��������77�������0���� ��!��� /�"��.��!�������'�).���)���:�)���� �/��2�����.���'�)'���:���������3�.��45�����������	
��#�$+��'�).��'���:�)����+�6�����������������	
����
�'�).��'���:�)����+�6��������8!����3*4��5�������������	
��#�$+��9*�'�).��'���:�)����+�6�������������������	
����
�9*�'�).��'���:�)����+�6��������77�������0���� ��!��� /�"��.��!����������� ��"!� �/��;�)�).����""���� �/��2�����.���#/�%�/����������3�.��45�����������	
��#�$+��#/�%�/���+�6�����������������	
����
�#/�%�/���+�6��������8!����3*4��5�������������	
��#�$+��9*�#/�%�/���+�6�������������������	
����
�9*�#/�%�/���+�6��������77

<*<=<><,<?<@<<<A<BA�A*A=A>A,A?A@A<AAABB�B*B=B>B,B?B@B<BABB*��*�**�=*�>*�,*�?*�@*�<*�A*�B**�*****=**>**,**?**@**<**A**B*=�*=**==*=>*=,*=?*=@*=<*=A*=B*>�*>**>=*>>*>,*>?*>@*><*>A*>B*,�
79



������������	�
����	
�������������������	����������
���������������������������������������
������������������������ !�"#$ �% &'(��������
���'!)��*���������� !�"#$ � ($��������
���'!)��*�����+������,������������� !�"#$ �% &'(�-,��������
���'!)��*������������ !�"#$ � ($�-,��������
���'!)��*�����..������������	�
����	
����������������/���0�������������������-'������
����������������1"���������������������� !�"#$ �% &'(��1"����'!)��*���������� !�"#$ � ($��1"����'!)��*���������� !�"#$ �% &'(��1"����'!)��,���������� !�"#$ � ($��1"����'!)��,���.������������	�
����	
���������������$��
��0����������������$��
�2������������������������ !�"#$ �% &'(�$��
�2�������'!)��*���������� !�"#$ � ($�$��
�2�������'!)��*���������� !�"#$ �% &'(�$��
�2�������'!)��,���������� !�"#$ � ($�$��
�2�������'!)��,���.������������	�
����	
���������������3����������4
����	����/���0������������������3����1���������������������� !�"#$ �% &'(�3����1�'!)��*���������� !�"#$ � ($�3����1�'!)��*���������� !�"#$ �% &'(�3����1�'!)��,���������� !�"#$ � ($�3����1�'!)��,���.������������	�
����	
����������������/���0����5���0�������������/�
��5���������������������� !�"#$ �% &'(��/�
��5�'!)��*���������� !�"#$ � ($��/�
��5�'!)��*������67�'��
��5��8������� !�"#$ �% &'(��/�
��5�'!)��,���������� !�"#$ � ($��/�
��5�'!)��,���.��������������������������������������������������������������������������������

,9,,9:,9;,99,9<,9=,9>,9?,9@,<*,<,,<:,<;,<9,<<,<=,<>,<?,<@,=*,=,,=:,=;,=9,=<,==,=>,=?,=@,>*,>,,>:,>;,>9,><,>=,>>,>?,>@,?*,?,,?:,?;,?9,?<,?=,?>,??,?@,@*,@,,@:,@;,@9,@<,@=,@>,@?,@@:**:*,:*::*;:*9:*<:*=:*>:*?:*@:,*
80



��������	
����
����
�������
������	����
������������������������������������������������
�
���
����
������	����
���������
���
���
����
����������������������������������
������� �
��
����
�������
�����������
����!
�"�����������������������������
��
��
�
�������
������������
�#�������$��!���
����%��������������������������������������������������������������������������������������������������������������& ��
����������'����������
��()������
*����
���������������()��*$�+,	����
�#����%-�����.�(+�/01(�2(3�4�()��*$�+,��*��������5$�1/������6�78�����.�(+�/01(�(41�()��*$�+,��*�����	�9$3��0$()��$�+,	����
�#3��0$��4$*%8�����.�(+�/01(�2(3�4�()��*$�+,��7��������.�(+�/01(�(41�()��*$�+,��7���:�������& ��
����������'����������
��1��7����
�!*�5�� ������
���������������1��7$���
�!*$�+,	����
�#����%-�����.�(+�/01(�2(3�4�1��7$���
�!*$�+,��*��������.�(+�/01(�(41�1��7$���
�!*$�+,��*�����	�9$1��$�+,	����
�#;��!�$��'7%8�����.�(+�/01(�2(3�4�1��7$���
�!*$�+,��7��������.�(+�/01(�(41�1��7$���
�!*$�+,��7���:�������& ��
����������'����������
�����<�5�� ������
������������������<$�+,	����
�#����%-�����.�(+�/01(�2(3�4����<$�+,��*��������.�(+�/01(�(41����<$�+,��*�����	�9$���$�+,	����
�#;���!<%8�����.�(+�/01(�2(3�4����<$�+,��7��������.�(+�/01(�(41����<$�+,��7���:�������& ��
����������'����������
��.�2�0����
�3�����(���������7�0���5�� ������
���������������0�3$��$(�7$0.�$�+,	����
�#����%-�����.�(+�/01(�2(3�4�0�3$��$(�7$0.�$�+,��*��������.�(+�/01(�(41�0�3$��$(�7$0.�$�+,��*�����	�9$�/1$�+,	����
�#;��'�$.�2$0�3$��%8�����.�(+�/01(�2(3�4�0�3$��$(�7$0.�$�+,��7��������.�(+�/01(�(41�0�3$��$(�7$0.�$�+,��7���:�������& ��
����������'����������
��.�2�0����
�3�����(���������7����5�� ������
���������������0�3$��$(�7$�4$�+,	����
�#����%-�����.�(+�/01(�2(3�4�0�3$��$(�7$�4$�+,��*��������.�(+�/01(�(41�0�3$��$(�7$�4$�+,��*���

�77�7��7��7<�7=�7>�7
�7?�7@��*��7��������<��=��>��
��?��@��*��7��������<��=��>��
��?��@�<*�<7�<��<��<<�<=�<>�<
�<?�<@�=*�=7�=��=��=<�==�=>�=
�=?�=@�>*�>7�>��>��><�>=�>>�>
�>?�>@�
*�
7�
��
��
<�
=�
>�

�
?�
@�?*
81



����������	
���
������������������������� !���"
����"��"�	#��������"�$�	#�	
�
�$�! �� !���"
����"�"#���������"�$�	#�	
�
�$�! % !!��!�&'�(�)���(*�)+
�,(-
���
���*������
������-����.�-'���(
,���+�,/��! 0-(���������	
���
�����0-(��1�� !���"
����"��"�	#��������	
�
�2�! �� !���"
����"�"#���������	
�
�2�! ����������	
���
������������������������� !���"
����"��"�	#��������	
�
�$�! �� !���"
����"�"#���������	
�
�$�! % !���"
����"��"�	#�$�!  !���"
����"�"#��$�!  !!!!!!!!!!!!!!!!!!!!!!!!��������3
	������4(��-����,�-
(�*�!!!!!"#������	�"!!!! 

56$56556756856956:56;56656<5<25<$5<55<75<85<95<:5<;5<65<<72272$725727728

82



�������������������������������������������������������������������������������������������������������	�
��
��
��������������������������	�������
����������������������	�����
��������������
�������������������������������������������������������������������������������������������������������������  ����������!���
����� ����������������������������������������"������������ ������#$%��&'$�($)*+���
�����#$%��&'$�$+'��&����� ��������������������,�"������������������
��!�����
��������!�����"����
����� �������������������"��
��!���������� ��������� !��-����"�������������� !��-���.�/�0��1�#�2����������������*�������������+��������3�����-�����������
��������%�
������
�������
�
��������
������
������!������,�"�������"����
��������
���������,����� �������
,� ����
�
���������������"��-����
��������������	����������%�
������
����������
������
���
���������������������� !��-���������,������������������������
���������
����������"��-�
��������������0��%�
������
��������������!�������
����� ��

��������������� !��-���������,�����������������������
���������
����������"��-�
�����������������
��
������������������
�������������������� ����
�
�"��������
������
���������4��+�������������������#�2�����������������������������������������������������
�����������������"������!����
��
������
�������� ������� ��

�����������
�����
���������������"����"����
��� �������"������� ��������������5�����������"���,�����

��-���
�������������
����
����������"��6���������������������"���,��
����7��
��������!���
��7��
�����!���������������������������������� ���������
����������
����
��
��!��������#�2��������������������8��%�
������
�������
�
���������������"������������������ �������
�
�
�����������������������������
���
�"�����
����������!�����������!�
����-����
�
��������������������������������9*#�#&:�;3%$�*#��%&�*'$'�(<�#�2*�%&$=$��%&+*�#�3+'��&+�%*(��&%#�>3#�*#>�����3+'�3+<�$?�%$##,�*2�=*$'�&%�#�3���&%<�;3%%3+�*$#,�*+�=�'*+),�(���+&������=*2*�$'��&,��9$�*2�=*$'�;3%%3+�*$#�&:�2$%�93+�3(*=*�<,�:*�+$##�:&%�3������3%�*��=3%���%�&#$�3+'�+&+@*+:%*+)$2$+��&:��9*%'��3%�<�*+�$==$���3=��%&�$%�<����%*)9�#�3%$�'*#�=3*2$'��&��9$�:�==$#��$?�$+���$%2*��$'�(<�=3;��*+�+&�$�$+������#93==�#�2*�%&$=$��%&+*�#�&%��&+�%*(��&%#�($�=*3(=$�:&%�3+<�'*%$��,�*+'*%$��,����*+�*'$+�3=,�#�$�*3=,�$?$2�=3%<,�&%��&+#$A�$+�*3=�'323)$#�.*+�=�'*+),�(���+&�����=*2*�$'��&,��%&��%$2$+��&:�#�(#�*���$�)&&'#�&%�#$%�*�$#B�=&##�&:��#$,�'3�3,�����&%��%&:*�#B�&%�(�#*+$##�*+�$%%���*&+/�9&;$�$%��3�#$'�3+'�&+�3+<��9$&%<�&:�����=*3(*=*�<,�;9$�9$%�*+��&+�%3��,�#�%*���=*3(*=*�<,�&%��&%��.*+�=�'*+)�����+$)=*)$+�$�&%�&�9$%;*#$/�3%*#*+)�*+�3+<�;3<�&���&:��9$��#$�&:��9*#�#&:�;3%$,����$�$+�*:�3'�*#$'�&:��9$��&##*(*=*�<�&:�#��9�'323)$�������������������������������������������������������������������������������������������*���

���@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@��C����

��>
��
��
������>����#$%��&'$�($)*+�*+�=�'$�������#$%��&'$�$+'�*+�=�'$���������������! �
���@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@�������������
������@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@�������������������@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@������#$%��&'$�($)*+���������������������������@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@������#$%��&'$�$+'������������

��-��
 �#�240��#(�&�)�'$�*�$�=*(%3%<���������������
������������!������D����

�0458EFG1�����0�4�5�8�E�F�G�10�0�000405080E0F0G014�4�404445484E4F4G415�5�505455585E5F5G518�8�808485888E8F8G81E�E�E0E4E5E8EEEFEGE1F�
83



����������	
����
����������������������������	
����
������������
�����������������������
������������
����������������������������
�����
����������� �������������
�!"��#�!��!$�%��"�&'�!��(�!�������
�!"��#�!�!%���"�&'�!��(�!������������)������������	
����
������������
��������������
������������
�������������������
�����
������������� �������������
�!"��#�!��!$�%��"�&'�!��!��%!����������������*����
��+��
�,����������
���-��������
����
������������.�����������
����
�������������
�
�-�����+�������������/�������'���"0��'�'���1!��2345/�������'����0��'�'���1!��2345���
�!"��#�!�!%���"�&'�!��!��%!������������)������������	
����
������������
������6�,
���
������������
������6�,
��������
�����
������-�,
�� �������������
�!"��#�!��!$�%��"�&'�!�6'�"#������
�!"��#�!�!%���"�&'�!�6'�"#�����������)������������	
����
������������
������&�
���7���
������������
������&�
���7��������
�����
��������
���7�� ��������������
����������
���
�
�,������������
���-������������������������.�����������
����
�������������
�
�-�����+�����������������"�,��������������
�
����
�����
�������+��������
������������5���
��
"8�����
��9'���"0��'�'���1!:;��������������������
�
��������
�����
�������+��������
���������5���
��
�8�����
��9'����0��'�'���1!:;���
�!"��#�!��!$�%��"�&'�!�&'"�'�<!�������
�!"��#�!�!%���"�&'�!�&'"�'�<!������������)������������	
����
�����������!8��
����&�
���7���
�����������!8��
����&�
���7��������
�������7�,���
���7�� ������

=>=2=?=4=@=A===5=B535>525?545@5A5=555BB3B>B2B?B4B@BAB=B5BB>33>3>>32>3?>34>3@>3A>3=>35>3B>>3>>>>>2>>?>>4>>@>>A>>=>>5>>B>23>2>>22>2?>24>2@>2A>2=>25>2B>?3>?>>?2>??>?4>?@>?A>?=>?5>?B
84



�����������	
��
���������������	���������
����	
��� !�����"#$��%&!����
'(�#(�)�
������	
��� !����$���%&!����
'(�#(�)�
����������*+��������*���,�-.��	
��
 � 
#�
&������
�.����-�&�-�-������	
��
 � 
#�
&������
�.����-�&�-�-���������*������&��������.����-������������-�/����*0��������������1
�� � 
#���
�
2�-��3�����������1
�� � 
��#���
�
2�-��3�����������1
�� � 
 -���-�
�
2.���1
���4�5�.���1
�����.�5�.���67
�����,��3�����������1
�� � 
�������
�
2.���1
�����.�5�.���89
���)��3����	
��� !�����"#$�&�#'(��
�	$ �#!$

�� )(�(�#!$������	
��� !����$��&�#'(��
�	$ �#!$

�� )(�(�#!$����������*+����	
��
 � 
#����������	
��
#��������
�-��
�
�:0�� � 
#���
�
5�� � 
��#���
�
5�� � 
 -���-�
�
5�� � 
�������
�
+����&��������.����-���;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;���������*�������#�������<������� � �4������-=�������-���������
�	
��#&����*�������	
��
!>��������-������-�������!>������	
��
�(#)��������������1
�� � 
#���
�
2�-��30�����	
��� !�����"#$�8��������
���(��������-���.����������	
��
 � 

�����.����2?�	���������
5�	������.�����
5�@3���	
��
 � 

�����.����2?�	���������
5�	������.�����
3������.���2	
��
!>3������	
��� !����$��8���+�������*���������#�������<������� � �4������-=����������*�������	
��
!>��������-������-�������!>������	
��
�(#)��������������1
�� � 
��#���
�
2�-��30�����	
��� !�����"#$�A��������.���2	
��
!>3������	
��� !����$��A���+�������*�������B���,������ � ���������C.��������*����4���4�D� -44�����-������*����4����.�D��.������-�������,��-44���������2��C.��������4�����3����*����4�����,��D�$.4����-��������-���������2��������3

6A@6A66A96A86AA6AE6A76AF6A16AG6E@6E66E96E86EA6EE6E76EF6E16EG67@67667967867A67E67767F67167G6F@6F66F96F86FA6FE6F76FF6F16FG61@61661961861A61E61761F61161G6G@6G66G96G86GA6GE6G76GF6G16GG9@@9@69@99@89@A9@E9@79@F9@1
85



����������	�
���	��
������
������
���������������		�
������
�����������	��������������������� ����!���"�"�"
���
	���#����!��� $%&�����!�����'��&�����()���	��*��+,�������-
�"��-��-.�/�0������1�� �# $%+��,���� ����"�"��-/��-/"�2����3-��"�44�/������'���56���� ����"�"�.-3�-/"�2����3-��
-�2�/�-�����'���56���� ����"�"��-3�"�44��-�3�
-�����'���56���� ����"�"�.-3�"�44��-�3�
-�����'���56���� ����"�"�"�-�
�"�44��-�3�
-�����'���56���������������������������������������������������������������������������������������������"
%��*����� �����������������������������������������������������������������77777777777777777777777777777777777777777777777777777777777777777777777777777��������������8����	%�������8���9��8�:�	����8���� �����
����������������������������������;������8�%1�3-
������8���<��8�/�$'���8��������$���	�����&����'���������� 
�%�������<������8�'"����
�$���8���(��8�/�$'���8���
��'�����������������������������������������������������������������������������;�7�(���
��'�����������������������������������������������������������������������(�7�(=0���
��'���������������������������������������������������������������������>�7�>���
��'��������������������������������0������8�'2����?3?���8��(���8�/�$'���8�2����?�����������������������������������������������������������������������������;�7�/
�����������������������������������������������������������������������������(�7��%%����������������������������������������������������������������������������>�7�-������������������������������������������������������������������������������@�7�4��5���������������������������������������������������������������������������<�7���� ������������������������������������)������8�'����������8���(���8�/�$'��������'����#0&�)&�A&�!�
��()+=��������������������������������������������������������������������������������������������������� ����"�"��-3���/-�"���/.�����'���56���� ����"�"�.-3���/-�"���/.�����'���56���� ����"�"��-3�"�/3
�����/-��3�3-�����'���56���� ����"�"��-/���
-�������'���56��%����	������'���56��B���������#�������+6�������-
�"��-�-/��0���B��������'������������� ����%�
����������3���%�
�������������
����"�"�������� �

>;C>(;>((>(>>(@>(<>(0>()>(A>(!>(C>>;>>(>>>>>@>><>>0>>)>>A>>!>>C>@;>@(>@>>@@>@<>@0>@)>@A>@!>@C><;><(><>><@><<><0><)><A><!><C>0;>0(>0>>0@>0<>00>0)>0A>0!>0C>);>)(>)>>)@>)<>)0>))>)A>)!>)C>A;>A(>A>>A@>A<>A0>A)>AA>A!
86



����������������������	
����
�	�������������������������������������	
����
�	����	������
������������
������
���	���������������	�����������������	�����	�	�����	
����
�	�������������	����	
����
�	��������������
���������������	
�
� ���������!"!�	������
��#	����
	���"$%�
���������&�	���	�����
���������������	����
�	'	��� �����������	������'	��
����
�����
�	�������
���������������� �����(������������������������
�	'����������� ��)��(�*� ��������������
�	'���#	������
&��������'���+�
�����������������	��(����",�-�	������������	��
������-���
�����",.%�)���/
���	
�	��0,��!"!,+�
�	'�,.�#�	��0,������1��	��23,���)��&4��/����5+�!�"5��56�*�7��/�����",!"!,���+�������#8��
�"�'	
�.�1�8���9:;&<�����",!"!,+�
�	'�=�
���#8��
�"�'	
�.�&<��!"!,+�
�	'�! ���!�����
�#���1�)��9:;&<���������#���",�-&<��/����5+�!�"5�5*"�7��/>/���������	����!"!,����
 	�,.�������������"�������
�����'��������*������	�������
�����'���!"!�	������
�����������������������	
����
�	����������������������������������� �����(����������������������
������������ ��)��(�*� ������������������
����#	������
&��������'������",�-�	������������	��
������-���
�����",.%�)�������",���?���/�	��0,��!"!,����
 	�,.�#�	��0,������1��	��@7,��)��&4���	��0,����
����A����",�-<��/����5+�!�"5��56�*�B��/�����",!"!,C���������"�����
�
�A�#���",!"!,C���������"���&��
�"�'	
�.���!��

"���<��	��#�
�
DE��������FA�:&4��������������",���?<��>�����",!"!,�����������#8��
�"�'	
�.�1����1�)��&<����
����A����",!"!,����
 	�=�
���#8��
�"�'	
�.�&<��/����5+�!�"5�5*"�B��/�����������
���<>/����5+�!�"5��56�*�=+�G%�5,.�*!���*�,�$=)5$5*�%���*��/,,�����'�	��!"!,+�
�	'�! ���!�����
�#�	��0,������1��	��23,�����&4>/����5+�!�"5�5*"�=+�G%�5,.�*!���*�,�$=)5$5*�%���*��//�������>���//�������>���//�������������������������#!&�!�=?+�6C����$	
�����
����	

������5*"��.�.�)5����/

3BH30:30@30330230I30J30730B30030H3H:3H@3H33H23HI3HJ3H73HB3H03HH2::2:@2:32:22:I2:J2:72:B2:02:H2@:2@@2@32@22@I2@J2@72@B2@02@H23:23@23323223I23J23723B23023H22:22@22322222I22J22722B22022H2I:2I@
87



�������������������������������������������������������������������������������������������������������	�
��
��
��������������������������	�������
����������������������	����
�������
��
��
�����������������������������������������������������������������������������������������������������������������������������
�����������������������������������������������������  ����������!"#$��%&#�'#()*���
����!"#$��%&#�#*&��%��������������������������+��������������������
��������
�������������������
������ ���������������������
���������������������������,�����������������������,���-�.�/��0�"�1����������������)�������������*�2������3�����,�����������
��������$�
������
�������
�
��������
������
����������� �+��������������
������ �
���������+�������� ����
+������
�
������������������,����
����������� ��	����������$�
������
����������
������
�� 
��������������������������,���������+������������������������
���������
�������������,�
������ �������/��$�
������
������������������� � 
��������

�������������������,���������+�����������������������
���������
�������������,�
������ ����������
��
 �����������������
���������� ��������������
�
����������
������
���������4��*������������� �����"�1�������������������������� ��������������������������
���������������������� ������
��
������
����������� �������

�����������
�����
���� ��������������������
���������������������� �����������5���������������+�����

��,� �
�������������
����
�������������6�������������������������+� 
����7��
������������
��7��
���������� ������������������������ ��������������
������� ��
����
��
�����������"�1��������������������8��$�
������
�������
�
������������������������������������� ����
�
�
�����������������������������
���
�������
�� ������������ ��������
����,����
�
���������������������������������)"�"%9�:3$#�)"�;$%2)&#&�'<�"�1)�$%#=#��$%*)�"�3*&��%*�$)'!�%$"�>3"�)">�����3*&�3*<�#?;$#""+�)1;=)#&�%$�"�3�!�%$<�:3$$3*�)#"+�)*�=!&)*(+�'!��*%������=)1)�#&��%+���#�)1;=)#&�:3$$3*�)#"�%9�1#$��3*�3')=)�<+�9)�*#""�9%$�3�����;3$�)�!=3$�;!$;%"#�3*&�*%*@)*9$)*(#1#*��%9���)$&�;3$�<�)*�#==#��!3=�;$%;#$�<����$)(��"�3$#�&)"�=3)1#&��%���#�9!==#"��#?�#*��;#$1)��#&�'<�=3:��)*�*%�#2#*������"�3==�"�1)�$%#=#��$%*)�"�%$��%*�$)'!�%$"�'#�=)3'=#�9%$�3*<�&)$#��+�)*&)$#��+����)*�)&#*�3=+�";#�)3=+�#?#1;=3$<+�%$��%*"#A!#*�)3=�&313(#"�-)*�=!&)*(+�'!��*%�����=)1)�#&��%+�;$%�!$#1#*��%9�"!'"�)�!�#�(%%&"�%$�"#$2)�#"B�=%""�%9�!"#+�&3�3+�����%$�;$%9)�"B�%$�'!")*#""�)*�#$$!;�)%*.��%:#2#$��3!"#&�3*&�%*�3*<���#%$<�%9�����=)3')=)�<+�:�#��#$�)*��%*�$3��+�"�$)���=)3')=)�<+�%$��%$��-)*�=!&)*(�����*#(=)(#*�#�%$�%��#$:)"#.�3$)")*(�)*�3*<�:3<�%!��%9���#�!"#�%9���)"�"%9�:3$#+����#2#*�)9�3&2)"#&�%9���#�;%"")')=)�<�%9�"!���&313(#�������������������������������������������������������������������������������������������&��������������������
����������
�����@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@��C���
�����!"'&��&��)9����C
��������!"'&��&��)9����C��
��������
���
���7�����>�>�DC��
�����)���

���@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@��C����

��>
��
��
���>���!"#$��%&#�'#()*�)*�=!&#������!"#$��%&#�#*&�)*�=!&#���������

��,��
��"�14/�!"'�%�(�&#2)�#�=)'$3$<�����������9���!���
�����������D�����������
��,��
��!"'&��&��)9�!"'&��&��)9

�/458EFG0�����/�4�5�8�E�F�G�0/�/�///4/5/8/E/F/G/04�4�4/4445484E4F4G405�5�5/5455585E5F5G508�8�8/8485888E8F8G80E�E�E/E4E5E8EEEFEGE0F�
88



�����������	
����
���������������������������������������	������������ ���!�������"�
�	������������ ���!�������"�
���������������"�
#�������������	��$��%�����&�'��(
%$)�������'��������	��$��%����'���(
%$)�������'�������������*������������������	������������ ���!���)+��
�	������������ ���!���)+��
�����������)+��
#�������������	��$��%�����&�'��(
%$)���),
��������	��$��%����'���(
%$)���),
�������������*������������������	������������ ���!���-.���
�	������������ ���!���-.���
�����������/��.
�
#�������������	��$��%�����&�'��(
%$)���-/�$%������	��$��%����'���(
%$)���-/�$%�����������*������������������	������������ ���!����.��.���
�	������������ ���!����.��.���
�����������
�������.��.���
#�������������������"!���.����.���.�0#���� !��"�	���������!�)+������	�����"!���.������
���1���	��$��%�����&�'��(
%$)����/$�/�2��������	��$��%����'���(
%$)����/$�/�2�������������*������������������	������������ ���!�����"�!��"

��!�!+���	������������ ���!�����"�!��"

��!�!+�������������
��������"�!��"
�����.�.!��"#������������"!3�!�����)�."
��!���4��"!3�!�����5���"!67�!�2�"81���	��$��%�����&�'��(
%$)����	'�)�%'������9�.0����������$����������!�.���.�04��"!3�!�����5���"!:;�!���"81���	��$��%����'���(
%$)����	'�)�%'����

<6<;<:<=<><7<<<3<?3@363;3:3=3>373<333??@?6?;?:?=?>?7?<?3??6@@6@66@;6@:6@=6@>6@76@<6@36@?66@66666;66:66=66>66766<66366?6;@6;66;;6;:6;=6;>6;76;<6;36;?6:@6:66:;6::6:=6:>6:76:<6:36:?
89



������������������������������������������	
�����
���
�����
�	���
�	�������������������������������������������������������������� �!��!"��#$
�
�%#$����������&'�������(&�����
)*+)*))*,)*-)**)*.)*/)*0)*1)*2).+).)).,).-).*)..)./).0).1

90



�������������������������������������������������������������������������������������������������������	�
��
����������������������������	�����
�
����������������������	������������������������������ �����������������������������������������������������������������������������������������������������!����������!�"�!���!������������������������������!��!����������#�������������!������$%��& $��$'()�!��������$%��& $�$) ��&��������������������������*�#���������������������"�����
��������"�����#!������������������������!����#�����"���������������������"��+����#���������������"��+���,�-�.��/���0����������������(�����!����!��)�1������2�����+��������������������%��������
�����!���
��������
����!������!�"������*�#�������#����
�������������!����*�!������������*������������!�����������#��+������������!������	����������%��������
����������
����������
������!�������!��������"��+���������*��������������������������������!������������#��+������!���������.��%��������
������������!�"�������
���������
�������!��������"��+���������*�������������������������������!������������#��+������!���������������
����!�����������!�������������!����!������������#���������������
���������3��)������������!��������0�������������������������!���������������������������
�����������������#!����!"����
������������������������������
���������������������������������#!���#����
�����������#����������������������4�����������#!��*�����
���+��������!������!�����������!�����#��5���������������������#!��*��
����6��
��������"�!����6��
�����"�����������������������������������������������������!�
�!��
�����"����������0��������������������7��%��������
�����!���
���������������#!�����������!��!������������
���������������������������������!���#����!
���!���!��"�������!���"�
����+����
����������������������������������8(���&9�:2%$�(��;%&1( $ ��<���0(�%&$=$��%&)(���2) ��&)�%(���&%��>2��(�>�����2) �2)<�$?;%$��*�(0;=($ �&%���2���&%<�:2%%2)�($�*�()�=� ()'*�����)&������=(0(�$ ��&*��8$�(0;=($ �:2%%2)�($��&9�0$%�82)�2�(=(�<*�9(�)$���9&%�2�����;2%�(��=2%�;�%;&�$�2) �)&)@()9%()'$0$)��&9��8(% �;2%�<�()�$==$���2=�;%&;$%�<����%('8���2%$� (��=2(0$ ��&��8$�9�==$���$?�$)��;$%0(��$ ��<�=2:��()�)&�$1$)�������82==���0(�%&$=$��%&)(���&%��&)�%(���&%���$�=(2�=$�9&%�2)<� (%$��*�() (%$��*����()�( $)�2=*��;$�(2=*�$?$0;=2%<*�&%��&)�$A�$)�(2=� 202'$��,()�=� ()'*�����)&�����=(0(�$ ��&*�;%&��%$0$)��&9������(���$�'&& ��&%��$%1(�$�B�=&���&9���$*� 2�2*�����&%�;%&9(��B�&%����()$���()�$%%�;�(&)-�8&:$1$%��2��$ �2) �&)�2)<��8$&%<�&9�����=(2�(=(�<*�:8$�8$%�()��&)�%2��*���%(���=(2�(=(�<*�&%��&%��,()�=� ()'�����)$'=('$)�$�&%�&�8$%:(�$-�2%(�()'�()�2)<�:2<�&���&9��8$���$�&9��8(���&9�:2%$*����$1$)�(9�2 1(�$ �&9��8$�;&��(�(=(�<�&9����8� 202'$�������������������������������������������������������������������������������������������(���
����@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@��C����
���>
��
��������>C����
���>
���
������>C����
���>
���
������>C����
���>
���
�����>C����
���>
���
���
����>�����$%��& $��$'()�(���
�����������$%��& $�$) �(���
�����������$%��& $��$'()�;1������;���!����!��!�����@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@�������$%��& $�$) �;1��������$%��& $��$'()�;9;������;���!����
�������������"����@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@�������$%��& $�$) �;9;���

�.347DEF/�����.�3�4�7�D�E�F�/.�.�...3.4.7.D.E.F./3�3�3.3334373D3E3F3/4�4�4.4344474D4E4F4/7�7�7.7374777D7E7F7/D�D�D.D3D4D7DDDEDFD/E�
91



���������	
����
������������������

������������������������������	
����������  �!�������
"��	��
��������������

�������  ��������#$��%�#��#&!'�(��������#$��%�#�#'��(��������  �!�������
"���)��������"���

����������

�������  ��������#$��%�#��#&!'�*��������#$��%�#�#'��*����������!�
��������	
���+
�����,������"��
��������������������������
���������-���	���'
������	

��./������#0!�#�!�
�1	

�23�������#$��%�#��#&!'������#0!�#�!�
��4�������5���������������#$��%�#�#'�������#0!�#�!�
��4�������5�������������!�
����	
���+
�����,������"��
��������������������������
����������������!�
�16������	
����,�6�������,��#0!�#���2��������$�7
���������16������	
����,�6��������2������������$�7
����!��������16������	
����,�6�����!����������
�����2�������������16������	
����2��������#$��%�#��#&!'������#0!�#�!�
��4
�������5���������8+�49$#)�#��������0
���7�������
�12��������#$��%�#�#'�������#0!�#�!�
��4
�������5������:�������-:�����������-:������������������������������1�2��%4;$!&�����.
��
������
�
��������#'��%���!+#�����

<*<=<><?<@<A<<<B<CB(B*B=B>B?B@BAB<BBBCC(C*C=C>C?C@CAC<CBCC*((*(**(=*(>*(?*(@*(A*(<*(B*(C**(*****=**>**?**@**A**<**B**C*=(*=*

92



�����������������������������������������������������������������������������������������	�
���
	��������������������������������������������������������������������������������������������������
���
����������
���������
�

�����
�������
�����������
����� ���!����
��
����"���
� ��!#$%����&�'()���������
� ��*+�&,��%���
� ��*+�&,,��%���
� ��*+�-,,��%���
� ��*+�.,,��%���
� ��*+�&,,,��%���
� ��*+�&.,,��%���
� ��*+�-,,,��%��� �� ��!#$/-'%���-'()��������� �� ��0(%��� �� ��*!�%��� �� ���1!/��
��%���.,,$()��������� �� ��20��2�����20��� ��3 ������������45��������6��20��� ��3 ��������������7,7�������
����20���
���	
�20��2�8�,5����	9:&;,<��� 
����8�:-7�,5����	9:&;,<��� 
���&�8�:-7�,5����	9:&;,<��� 
���-�8�:-7�,5����	9:&;,<��� 
���&-�8�:-7�,5����	9:&;,<��� 
���:�8�:-7�,5����	9:&;,<��� 
���&:�8�:-7�,5����	9:&;,<��� 
���=�8�:-7�,5����	9:&;,<��� 
���&=�8�:-7�,5����	9:&;,<��� 
���.�8�:-7�,5����	9:&;,<��� 
���&.�8�:-7�,5����	9:&;,<��� 
�����8�:-7�,5����	9:&;,<��� 
���&��8�:-7�,5����	9:&;,<��� 
�����8�:-7�,5����	9:&;,<��� 
���&��8�:-7�,5����	9-;,<��� 
���-'5����	�����0(�8�&7�,5����	�����*!��8�&7�,5����	�����0(-�8�&7�,5����	�����*!�-�8�&7�,5����	�����0(:�8�&7�,5����	�����*!�:�8�&7�,5����	�����0(=�8�&7�,5����	�����*!�=�8�&7�,5����	�����0(.�8�&7�,5����	�����*!�.�8�&7�,5����	�����0(��8�&7�,5����	�����*!���8�&7�,5����	�����0(��8�&7�,5����	�����*!���8�&7�,5����	�����-'�8�&7�,5����	������1!�8�&7�,5����	������1!-�8�&7�,5����	������1!:�8�&7�,5����	������1!=�8�&7�,5����	������1!.�8�&7�,5����	������1!��8�&7�,5����	������1!��8�&7�,5��>�����

���5��
���	
��

����8�*+�&,���?�*+�&,,���?�*+�-,,���?�*+�.,,���?�*+�&,,,���?�*+�&.,,���?�*+�-,,,��5��
�>
���@"�����	��!#$����
�	��	���

���4����	�
������"�

����88�&7�,4����������-'�A8�&7�,5��������

&-:=.��BC&,&&&-&:&=&.&�&�&B&C-,-&---:-=-.-�-�-B-C:,:&:-:::=:.:�:�:B:C=,=&=-=:===.=�=�=B=C.,.&.-.:.=...�.�.B.C�,�&�-�:�=�.�����B�C
93



�������������������	
����
�����������������
�
���	
�����

�����
������������	
����
���������������� ���������	
����
������	
����
���!����������������	
����
��������"��������#�	#	������	#	�� �$��$��%�&�������������������������������������� �������������������������������������'�($�������
���������
)��
�������	
�����
)��
� )
���
���*��$����	�

��	� $����
��
���+,�)��-�������./0��'12�!�������������3�4 �
�	)��	$)�����$�5)����
�����#��
���#�����$��	
����
�5)��� �����	)����#�./0�)���12����	
����� 3'���)�*)# �6��
 �����/789���

���������.,(��� ���������������.,(��� ����������������������	
����
��������������	
����
������������������������ ��������������������	
����
��������"��������./0��������	
����
�������������� ���������	
����
����	
����
�!�������������	
����
��������%�������������./0����������������� �������������./0�������������������	
����
������������������12��������	
����
��������������� ���������	
����
�����	
����
��!�������������	
����
��:�������;;�	
����
��������%�������������12����������������� �������������12�����������������������)�*)# �6��
 �����/789���

���������.,(���� ���������������.,(���� ������������������������	
����
�����������������	
����
������������������������� ��������������������	
����
���������"���������./0��������	
����
��������������� ���������	
����
�����	
����
��!�������������	
����
���������%�������������./0������������������ �������������./0��������������������	
����
��������������������12��������	
����
���������������� ���������	
����
������	
����
���!�������������	
����
���:�������;;�	
����
���������%�������������12������������������ �

���������"�%�<���=�>=�=�=�=�="=%=<=�===>>�>�>�>�>">%><>�>=>>��������������"��%��<�����=��>��������������"��%��<�����=��>��������������"��%��<�����=��>��������������"��%��<�����=��>
94



����������������	
���
����������������������������������������� ���������!"#�����$��
��%�����%&�!"#������

���
�$����
��%�������'�(��� )�	
�)�����������'�(��� �)�	
�)������������������������
��%�������%&��'�(��� )�

�)���*�����$�++!�,��������'�(��� )�	
���������������������'�(��� )�	
�'�(��� )�-���������%&��'�(��� )�	�)����.$������������!�,)�	
���
������������������������!�,)�	
���
��������%&��'�(��� �)�

�)���/�����$�++����������'�(��� �)�	
���������������������'�(��� �)�	
�'�(��� �)�-���������%&��'�(��� �)�0�)�����11�'�(��� �)�	�)���.$��������������)�	
���
��������������������������)�	
���
����������������������������������������� ���������!"#.����$��
��%�����%&�!"#.�����

���
�$����
��%�������'�(��� /�	
�)�����������'�(��� �/�	
�)������������������������
��%�������%&��'�(��� /�

�)����������$�++!�,��������'�(��� /�	
���������������������'�(��� /�	
�'�(��� /�-���������%&��'�(��� /�	�)����.$������������!�,/�	
���
������������������������!�,/�	
���
��������%&��'�(��� �/�

�)����������$�++����������'�(��� �/�	
���������������������'�(��� �/�	
�'�(��� �/�-���������%&��'�(��� �/�0�)�����11�'�(��� �/�	�)���.$��������������/�	
���
��������������������������/�	
���
����������������������������������������� ���������!"#������$��
��%�����%&�!"#�������

���
�$����
��%�������'�(��� .�	
�)�����������'�(��� �.�	
�)������������������������
��%�������%&��'�(��� .�

�)���/������$�++!�,

�/��/��/��/)�//�/.�/2�/3�/*�/4�.��.��.��.)�./�..�.2�.3�.*�.4�2��2��2��2)�2/�2.�22�23�2*�24�3��3��3��3)�3/�3.�32�33�3*�34�*��*��*��*)�*/�*.�*2�*3�**�*4�4��4��4��4)�4/�4.�42�43�4*�44�����������)��/��.��2��3��*��4
95



���������������	�
���
�������������������������	�
���������	����
�����������������	�
������	����������������	�
������
�������������������������	�
������
������������������	�����������������  !"����������������	�
���
��������������������������	�
����������	����
������������������	�#�������$$���������	�
�����	�������������!"	�
������
����������������������!"	�
������
��������������%�&%'��(������)���*+,�-������)��)���./�	���������)����������./�	�������������������)���������������0�
�������
��������������0�
�������
���������������������)�������������������0��������1��������  ������������������0�
���
�������������������������0�
���������0����
�����������������0�
������	����������������0�
������
�������������������������0�
������
������������������0�����������������  !"����������������0�
���
��������������������������0�
����������0����
������������������0�#�������$$���������0�
�����	�������������!"0�
������
����������������������!"0�
������
��������������%�&%'��(������)���*+,�-������)��)���./�����������)����������./���������������������)���������������2�
�������
��������������2�
�������
���������������������)�������������������2��������3��������  ������������������2�
���
�������������������������2�
���������2����
�����������������2�
������	����������������2�
������
�������������������������2�
������
������������������2��������1��������  !"����������������2�
���
��������������������������2�
����������2����
������������������2�#�������$$���������2�
�����	�������������!"2�
������
����������

��������������1��	��0��2��3��4��������������1��	��0��2��3��4��������������1��	��0��2��3��4�1��1��1��1��11�1	�10�12�13�14�	��	��	��	��	1�		�	0�	2�	3�	4�0��0��0��0��01�0	�00�02�03�04�2��2��2��2��21�2	�20�22�23�24
96



����������������	
���
���������������������������������������
��������� �!�"���#�

�$%���&������'(��	
���
���������������'(��	
���
������� �!�"���#%�

�$%���&������'(�%�	
���
���������������'(�%�	
���
������� �!�"���#$�

�$%���&������'(�$�	
���
���������������'(�$�	
���
������� �!�"���#)�

�$%���&������'(�)�	
���
���������������'(�)�	
���
������� �!�"���#*�

�$%���&������'(�*�	
���
���������������'(�*�	
���
������� �!�"���#&�

�$%���&������'(�&�	
���
���������������'(�&�	
���
������� �!�"���#��

�$%���&������'(���	
���
���������������'(���	
���
�������������������+%,�
�����%,����������'(�+���#��
�����'(��-�����'(�%�-�����'(�$�-�����'(�)�-�����'(�*�-�����'(�&�-�����'(���������������
��������-�������%�-�������$�-�������)�-�������*�-�������&�-������������������.�/�
�����.�/�-�����.�/%�-�����.�/$�-�����.�/)�-�����.�/*�-�����.�/&�-�����.�/����������"��

%0�%0�%0%%0$%0)%0*%0&%0�%00%01%1�%1�%1%%1$%1)%1*%1&%1�%10%11$��$��$�%$�$$�)$�*$�&$��

97



����������������������������������������������������������������������������������������	
����
������������������
������������������������������������������������������������������������������������������������
����� !�"#$��%��������
���������������&�'����(�'�����)#�������'�#��������#�
����'�)���������*�!�+�������+����#���*�'���
�����!��������*����'����&�'�'���������������+����
��'�����������*��,������(�'�����)#�����������#�
��
�'��*#���������������)�&��
�������������
�!������������������
��'���������'����������+����'��
���*��������(�'�����)#���������)���������*�*#��������'#
�������)�&��
�������������
�!������������������
��'���������'����������+����'��
���*����������'�
#*���������������'-���������*������������&�'�'�+��������'�����)#���������./0�01��2
(3�/0��(1%/434��5��.3��1�5(/	.��.1"43(0�
64��16�(/�7�1(0�8
0�/08�
64��
65�3��(300�1(�/9�"/34�2
((
6�/30!�/6�"74/6	!��7��61��"/9/�34��1!��.3�/9�"/34��2
((
6�/30�1��93(�.
6�
�/"/�5�
64��/�6300��1(�
��
(�/�7"
(��7(�103�
(3��4/0�"
/934��/6�61�3%36��0.
""��.3��1�5(/	.��1263(�1(��16�(/�7�1(0��3�"/
�"3��1(��
65�4/(3��!�/64/(3��!�/6�/436�
"!�0�3�/
"!�3�39�"
(5!�1(��1603:736�/
"�4
9
	30���/6�"74/6	!��7��61��"/9/�34��1!��(1�7(3936��1��07�0�/�7�3�	1140�1(�03(%/�30;��"100�1��703!�4
�
!�1(��(1�/�0;�1(��70/6300�/6�3((7��/16��.123%3(��
7034�
64��16�
65��.31(5�1��"/
�/"/�5!�2.3�.3(�/6��16�(
��!�0�(/���"/
�/"/�5!�1(��1(����/6�"74/6	�63	"/	36�3�1(�1�.3(2/03��
(/0/6	�/6�
65�2
5�17��1���.3�703�1���./0��01��2
(3!�3%36�/��
4%/034�1���.3��100/�/"/�5�1��07�.�4
9
	3��������&��+����'�
��
�#������
�������'������������+������'�'�
#*����������������������������#��������'����#�'�����)������������'���������������������
��������
���!����������<������'�����*����'!��������=���>�
����*�?����>�
����������������������������������������������������������������������������������������������	
���������*�����,������,--����#)�
�*-��������-������	
@��-������"������'�����)���'���A���@@+���@��@������/6A��
����A���@@+���@��@������/6A��
����A���@@+���@��@������/6AB������A���@@+���@��@������/6AC������A���@@+���@��@������/6AD������A���@@+���@��@������/6AE�4����A���@@+���@��@�����/6���*��4����A���@@+���@��@�����/6����*��3����A���@@+���@��@�����/6����*��3����A���@@+���@��@�����/6�D��*��	����A���@@+���@��@�����/6�����*��.����A���@@+���@��@�����/6��D��*��F����A���@@+���@��@�����/6�����*��.���(�������'�����)���'���A���@@+���@��@������/6A�C�.G���A���@@+���@��@������/6A�D�4G���A���@@+���@��@������/6A�E�4 ���A���@@+���@��@������/6A�H��G���A���@@+���@��@������/6A� �
G���A���@@+���@��@������/6A�G�� ���A���@@+���@��@������/6A���
 ���A���@@+���@��@�����
4�A�������H���A���@@+���@��@�����/�	�
H���A���@@+���@��@�����0.��E���A���@@+���@��@������"IA�9�
E��0�/��������������
�����)����*����)���'���A���@@+���@��@�����0�/A00��H���A���@@+���@��@�����0�/A0�I�	H

��BCDEH G�������B�C�D�E�H� �G�������B�C�D�E�H� �GB�B�B�BBBCBDBEBHB BGC�C�C�CBCCCDCECHC CGD�D�D�DBDCDDDEDHD DGE�E�E�EBECEDEEEHE EGH�
98



���������	
������
�����������������������	
������
�����������������������	
������
�����������������������	
������
���������������������
��
��
����
������� ����!��"� �
�#���������	
������
������$��%������������	
������
������$���������������	
������
������$���������������	
������
������$�����&���������	
������
������$��&��&���������	
������
������$����'����������	
������
������$��������(')���������	
������
����(')�*���+�*���������	
������
����+�*��*����������	
������
����+�*$�,����������	
������
����+�*�+�,�����-�.�/��/0���������	
������
����1(2�*������
��

���������%�������&�����������%�������&&�&�&�&�&�&%

99



100 

7.7. Schematic of the detector interface electronics 
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