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ABSTRACT 

 

The maritime industry includes all stationary and floating infrastructure needed for maritime 

transport and trade. Therefore, it is directly related to the marine environment. However, it is 

necessary to follow the regulations issued by the International Maritime Organization (IMO) to 

reduce the damage to the marine environment and reduce the maintenance caused by the marine 

environment. One of the techniques used for this purpose is Raman and photoluminescence 

spectroscopy (PL). Raman and PL spectroscopy are important analytical tools in materials 

science that provide information on the vibrational and electronic properties of molecules and 

crystals. This dissertation presents the results of a novel approach to Raman and PL 

spectroscopy that takes advantage of variable spectral resolution by using zoom optics in a 

monochromator in front of the detector. The results show that the spectral intervals of interest 

can be acquired at different zoom factors, significantly reducing the acquisition time and 

changing the spectral resolution for different zoom factors. The smallest spectral intervals 

acquired at the maximum zoom factor yield higher spectral resolution suitable for the Raman 

spectroscopy. In contrast, larger spectral intervals acquired with the minimum zoom factor yield 

the lowest spectral resolution suitable for the PL spectroscopy. The proof-of-concept was 

demonstrated using a zoom lens with a zoom factor of 6. Then prototype spectrometer was 

demonstrated using a zoom lens with a zoom factor of 18. Special electronics were developed 

to allow automated Raman and PL spectra acquisition. The graphical user interface (GUI) was 

developed for spectra acquisition. The resulted spectra obtained were compared to those 

obtained with a high-quality commercial spectrometer. The comparison was performed on 

several different materials for Raman and PL and the statistical analysis of variance (ANOVA) 

was used to evaluate the spectra obtained. The results show that such spectrometer could be an 

efficient and fast tool for the search of Raman and PL bands of unknown materials and the 

subsequent spectral acquisition of the spectral interval of interest with a suitable spectral 

resolution. Therefore, it can be used to develop new materials used in the marine industry to 

reduce damage caused by the harsh marine environment. 
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1. INTRODUCTION 

 

Nowadays, 80% of goods are transported by commercial maritime transport [1], which can 

significantly impact the marine environment. However, the marine environment affects all 

maritime infrastructures, including both floating and stationary objects. Therefore, in the field 

of maritime research, it is necessary to analyze the structural and electronic properties of 

materials to eliminate the damage caused by the marine environment. Scientists have developed 

various qualitative and quantitative analytic methods, including Raman and photoluminescence 

(PL) spectroscopies [2–4]. Raman effect is an inelastic photon scattering process in which a 

transfer of energy between the light and the system corresponds to the energy of a particular 

vibrational state of the material. The result of Raman scattering is a Raman spectrum, which is 

unique to the individual molecule or crystal and is therefore considered and studied as a 

"fingerprint" of the specific material [5],[6]. In recent times, since the signal of Raman 

scattering is very weak, a number of new techniques for Raman scattering enhancement have 

been developed and deployed [7–14]. When the luminescent molecule is excited by interaction 

with a photon of electromagnetic radiation, fluorescence or phosphorescence may occur. 

Furthermore, if the electromagnetic energy is released immediately, it is a fluorescence process; 

if the release of electromagnetic energy is delayed it is a phosphorescence process. Both 

fluorescence and phosphorescence are two forms of PL [15],[16]. 

Spectra obtained by the Raman spectroscopy are usually accompanied by a broad 

background in which the intrinsic PL dominates the sample [17]. In the case of a moderate or 

weak PL signal, it could be recorded with a Raman spectrometer as a superposition on the 

Raman spectrum.  However, if the PL signal is stronger, the recording process consists of a lot 

of spectral intervals (defined by the physical size of the CCD) combined into the single 

superimposed PL and Raman spectrum. This process is time-consuming and could produce 

unwanted artefacts depending on how the spectral intervals are combined into the single PL 

spectrum. In the case of a very strong PL signal, it completely masks the Raman signal 

[18],[19]. Therefore, the Raman spectrometer could be a great tool for providing information 

on the PL phenomenon. Besides, when the Raman and PL spectral information [20–23] are both 

taken from the same material or microscopic part, they could provide complementary 

information on the material's vibrational and electronic properties. Also, combining Raman and 

PL techniques allows the detection of specific structural features of complex chemical and 

biological samples [24],[25]. Raman and PL spectroscopy is used in biology, pharmaceuticals, 
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chemistry, environmental analysis, marine, electrical engineering, geology, and many other 

fields [26–34]. Several attempts [35–39] have been made to build cost-effective laboratory-

based and portable Raman spectrometers of low spectral resolution. Their main purpose is to 

record Raman spectra for fast inspection of materials. However, a middle or high-resolution 

Raman spectrometer is needed for the observation of the splitting of narrow spectral lines and/or 

small changes in the shift and width of the observed spectral lines. Furthermore, the most 

sensitive detectors are used in many commercial laboratory-based Raman spectrometers due to 

weak Raman scattering. These detectors could also be very useful in detecting PL signal, even 

for the cases of a moderate or weak PL signal which is below the threshold of detection of the 

conventional PL spectrometers. 

This thesis presents a novel concept for developing a Raman spectrometer with a variable 

spectral resolution by implementing zoom optics into the monochromator of the spectrometer. 

Within this approach, it is possible to measure both the large spectral intervals and fast low 

resolution acquisitions on the one end and high resolution, detailed spectral images on the other 

end. The large spectral intervals are obtained with the smallest zoom factor (ZF) of the inserted 

optics. This is suitable for recording PL spectra and the fast inspection of the whole Raman 

spectrum since the same amount of photons is distributed over a smaller number of pixels on 

the CCD. For the acquisition of detailed Raman spectra, a high spectral resolution is required. 

This is usually achieved by reducing the slit width, increasing the number of grooves on a 

diffraction grating, and increasing the focal length of the focusing mirror to the detector. 

Contrary to the usual solutions, the degree of spectral resolution in the proposed spectrometer 

can vary by the ZF of the focusing zoom lens to the detector [40],[41],[42].  

The dissertation is divided into eight chapters. After the introduction, Chapter 2 presents 

the theoretical basis of Raman and PL spectroscopy and the equipment used. Further, the 

chapter describes the basic setup of the current spectrometers, followed by an overview of 

Raman and PL spectrometry in maritime applications. Chapter 3 describes the dissertation’s 

primary goal and research plan, which addresses the idea of developing Raman and PL 

spectrometers with variable spectral resolution. Preliminary research is described in Chapter 4, 

which presents the first prototype developed and its results. Chapter 5 describes the 

methodology and components used to develop a second prototype. The results obtained with 

the second prototype and their evaluation are described in Chapter 6. Finally, an invention 

applied for the patented invention is described in Chapter 7, followed by a conclusion in Chapter 

8. 
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2. RAMAN AND PHOTOLUMINESCENCE SPECTROSCOPY  

This chapter covers the basic theory of Raman spectroscopy and used instrumentation, followed 

by the photoluminescence (PL) spectroscopy theory. Also, a review of a Raman and PL 

spectroscopy for maritime application is described. 

2.1. Raman spectroscopy 

Raman spectroscopy is based on inelastic incoherent scattering of light, discovered in 1928 

by Indian physicists Sir Chandrasekhara Venkata Raman and Kariamanickam Srinivasa 

Krishnan. When a beam of monochromatic light is incident on a material, a series of new 

spectral lines called Raman lines are observed in the scattered light in addition to the incident 

frequency [43]. Raman spectroscopy is a technique for observing vibrational, rotational, and 

other low-frequency states in a system. Raman scattering can be used for analyse surfaces, thin 

films, powders, all types of solutions,  gases, etc. [44]. The Raman spectrum is considered as a 

single molecule "fingerprint" [45]. Compared to the elastic light scattering, Raman scattering 

has a relatively low intensity, as only 1 in 106-108 photons is scattered in this way in comparison 

to the elastic scattered light [46]. However, thanks to modern technology and the development 

of lasers and sensitive detectors, this process can now be used for spectroscopic studies of 

various materials [47–49]. In Raman scattering, the photon energy changes by an amount equal 

to the energy of the individual vibrational transitions (Figure 1). In the Stokes process, which 

corresponds to absorption, the scattered photon’s frequency decreases due to the transfer of 

energies from the excited photon to the molecule. In the anti-Stokes process, which corresponds 

to emission, the scattered photon’s frequency increases due to the absorption of energy released 

by the molecules during the transition to the ground state [50]. However, most photons retain 

their original frequency and scatter elastically in the so-called Rayleigh scattering. 

 

Figure 1. Schematic diagram of a Rayleigh, Stokes and anti-Stokes Raman scattering (left) and 

difference in wavelength for each of the scattering (right). 
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Raman spectrometers were developed to record Raman spectra. Therefore, the basic 

setup of Raman spectrometers consists of an excitation source, a sampling unit, and a detection 

part, as shown in Figure 2. Depending on the sampling unit, Raman spectrometers can be used 

for micro and macro Raman spectroscopy. The sampling unit for micro-Raman spectroscopy 

consists of a standard optical microscope, which is used to obtain Raman spectra from the 

microscopic sample analysis. In macro-Raman spectroscopy, the excitation source is aimed 

directly at the sample, and the scattered light is collected with a detection unit. Monochromatic 

light is used as the excitation source i.e., a laser. The detection unit is a spectrometer with a 

Czerny-Turner configuration consisting of a diffraction grating, two collimating mirrors, and a 

detector (see the right side of Figure 2 where C1 and C2 represent collimating mirrors). 

 

Figure 2. Schematic diagram of a fundamental Raman spectrometer design. Note, that two different 

systems are used for micro (mid-top) Raman spectroscopy and macro (mid-bottom) Raman 

spectroscopy. 

In addition, the components of a Raman spectrometer can be coupled using optical 

fibers, which increases the instrument’s flexibility, especially for in situ monitoring. Since 

Raman scattering is a weak phenomenon and can be masked by the fluorescence of a sample, 

lasers with a different wavelength are used as excitation sources. For example, some samples 

(especially "organic" or "biological") are more fluorescent, so using a laser with a wavelength 

of 523 nm can promote fluorescence. To avoid this, lasers in the red region at 633 nm or in the 

near-infrared (NIR) at 785 nm can better detect Raman scattering [41]. Therefore, the choice of 

a laser is crucial because it directly affects the quality of the results, i.e., the quality of the 

spectrum and the spatial resolution. However, many different lasers are used in Raman 

spectrometers (Table 1). 
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Table 1. Different lasers and their technology used in Raman spectrometers [41]. 

Wavelength [nm] Spectrum Range Technology 

229 Ultra Violet (UV) Gas laser (Ar) 

244 UV Solid-state (tripled Nd: YAG) 

257 UV Gas laser (He: Cd) 

266 UV Solid-state (quadrupled Nd: YAG) 

325 UV Gas laser (doubled Ar) 

355 UV Gas laser (doubled Ar) 

364 UV Gas laser (doubled Ar) 

405 Violet Diode laser 

442 Blue Gas laser (He: Cd) 

457 Blue Gas laser (Ar) and Solid-state laser 

473 Blue Solid-state laser 

488 Blue Gas laser (Ar) and Solid-state laser 

514 Green Gas laser (Ar) and Solid-state laser 

532 Green Solid-state (frequency-doubled Nd: YAG) 

594 Orange Solid-state laser 

633 Red Gas laser (He: Ne) and diode laser 

638-640 Red Diode laser 

660 Red Solid-state laser 

671 Red Solid-state laser 

691 Red Diode laser 

785 Near Infra-Red (IR) Diode laser 

830 Near IR Diode laser 

980 IR Diode laser 

1064 IR Solid-state (Nd: YAG) 

 

The sampling unit for micro-Raman spectroscopy is an optical microscope. It can be a 

normal microscope where the focus on the sample is achieved by moving the sample up and 

down. Open microscope without a base so that larger samples can be measured. Inverted 

microscope, where the objectives are under the sample, and infinity-corrected microscope, 

where the image of the sample is focused at infinity so that additional optics can be added to 

the microscope tube, increasing the flexibility of measurements for different samples [51]. 

The filters used in Raman spectrometers are located at a scanning unit’s input beam 

(laser) and output beam (Raman path). Two main types of filters are used, bandpass filters 

(BPF), so that the sample can only receive radiation from the input laser beam and all other 

incoming light is rejected, i.e., for a laser with a wavelength of 532 nm, the BPF filter only 

allows light with a wavelength of 532 nm to pass. Since the Raman signal is very weak and 

masked by Rayleigh scattering, filters for the output beam can be edge or long pass filters (LPF) 

and notch or band stop filters (BPF). Edge filters block all wavelengths up to a certain point, 
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which can be useful when measuring only Stokes or anti-Stokes, while notch filters eliminate 

only the laser wavelength so that both Stokes and anti-Stokes can be measured. 

The detection unit consists of a monochromator with a Czerny-Turner configuration 

[52]. Since the term monochromator refers to a device that selects only one spectral interval, 

measurement of the entire spectrum can be achieved by rotating the diffraction grating. The 

grating is the main component of the monochromator and it is a dispersive element consisting 

of grooves, that direct diffracted light into a different optical path. At the end of the 

monochromator is the detector. The detector can be a charge-coupled device (CCD), an 

electron-multiplying CCD (EMCCD), or a complementary metal-oxide-semiconductor 

(CMOS) connected to a personal computer for acquisition and analysis of Raman spectra. The 

result obtained by a Raman spectrometer is a spectrum of a recorded sample where the x-axis 

shows Raman shift in cm-1 and the y-axis represent intensity of recorded photons in arbitrary 

units.  Figure 3 shows the Raman spectra of silicone (Si) recorded with the HORIBA Jobin 

Yvon T64000 spectrometer. Nowadays, there are many types of commercially available Raman 

spectrometers. Some of them are the Reinshaw inViaTM confocal Raman microscope, the 

B&WTEK i-Raman portable spectrometer, the Cora 100 handheld spectrometer from Anton 

Paar, and many others. The Raman LIDAR is also a remote sensing instrument for atmospheric 

aerosol analysis. It uses a laser as a light source that is directed into the atmosphere and absorbed 

by molecules and aerosols, resulting in backscattered light collected by a receiving telescope 

[53]. 

 

Figure 3. Raman spectra of silicon recorded with a HORIBA Jobin Yvon T64000 spectrometer. 
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2.2. Photoluminescence (PL) spectroscopy 

Luminescence phenomena may occur when light is directed onto the sample [54]. 

Luminescence is an emission of light from an irradiated sample after absorption of a certain 

form of energy. Depending on the excitation source, there are three forms of luminescence: 

fluorescence, phosphorescence and chemiluminescence. Both fluorescence and 

phosphorescence are forms of photoluminescence (PL) where the emission of light is caused 

by the energy of a photon excitation, while chemiluminescence is caused by the energy of a 

chemical reaction [55],[56]. Figure 4 shows a diagram of a PL process. When a molecule’s 

electron absorbs a photon’s energy, it becomes excited and transitions from the ground state 

(S0) to a higher electronic excited state. Since higher excited electronic states are intrinsically 

unstable, the excited electrons relax back to their ground state. During the relaxation process, 

energy is released by the emission of light. The difference between fluorescence and 

phosphorescence is the time in which the electromagnetic energy is released. Further, if the 

electromagnetic energy is released immediately, it is a fluorescence process, and if the 

electromagnetic energy is released with a time delay, it is a phosphorescence process [15],[16].   

 

 

Figure 4. Simplified Jablonski diagram for photoluminescence phenomena. Note that fluorescence is 

emission of light when an electron is relaxed to a ground state from a singlet electronic excited state 

level, and phosphorescence from a triplet state level. 
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A common application of PL is characterizing a semiconductor’s optoelectronic 

properties. This is done by measuring PL spectrum with a PL spectrometer or with a Raman 

spectrometer. The difference is that Raman spectrometers have a higher spectral resolution and 

the acquisition of a PL spectrum, which is spectrally much broader, takes a longer time. When 

recording PL spectra, the output of a PL spectrometer or Raman spectrometer is a spectrum 

where the x-axis represents the wavelength in nanometres, and the y-axis represents the 

intensity in arbitrary units. Figure 5 shows PL spectra of a Schott 550 glass recorded with a 

HORIBA Jobin Yvon T64000 spectrometer. 

 

Figure 5. Raman spectra of a Schott 550 glass recorded with a HORIBA Jobin Yvon T64000 

spectrometer. 
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2.3. Raman and PL for maritime applications 

In this chapter a review of Raman and PL spectroscopy application in maritime will be 

discussed.  

 

2.3.1. Microplastic 

Since plastics have entered the consumer realm, a major global pollution problem has 

begun. It is estimated that each person accounts for 35 kg of the total annual production of 

plastics [57]. Part of this waste is not disposed of or recycled, resulting in pollution, i.e., in the 

oceans, seas, freshwater, etc. Raman spectroscopy is a great analytical tool for detecting 

microplastic (MP) smaller than 50 μm [58]. The Raman spectra of detected polymers are 

compared with the commonly known composition’s Raman spectra, shown in Table 2.  

Table 2. Most recurring polymers in environment [59]. 

Polymer Abbreviation Application 

Expanded polystyrene EPS Bait boxes, floats, cups 

Low density polyethylene LDPE Plastic bags, bottles, gear, cages 

High density polyethylene HDPE Plastic bags, bottles, gear, cages 

Polypropylene PP Rope, bottle caps 

Polypropylene terephthalate PET Bottles, ger 

Styrene butadiene rubber SBR Car tyre 

Polyamide PA Gears, fish farm nets, rope 

Polystyrene PS Containers, packaging 

Polymethyl methacrylate PMMA Insulation, packaging 

Polyvinylchloride PVC Film, pipe, containers 

Polycarbonate PC Textiles, leisure boats 

Polyurethane PU Insulation, floats 

Alkyd ALK Paints, packaging 

Polyester PES Textiles 

Acrylonitrile butadiene styrene ABS Consumer products, auto parts 

Polytetrafluorethylene PTFE Personal care products 
 

 

Zettler et al. [57] collected and analysed plastic marine debris at several sites in North Atlantic. 

Plastics were collected in a rectangular net with 333 μm mesh size towed by the vessel SSV 

Corwith Cramer at the surface. The authors used PeakSeeker Pro Raman spectrometry system 

to identify the resin composition of the plastic fragment. Most of the collected fragments were 

positively identified as HDPE and PP, as shown in Figure 6. 
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Figure 6. Raman spectra of collected plastics compared with spectra of known standard (black line) 

[57]. 

 

Lenz et al. [58] investigated the comparison of MP identification with visual microscopy and a 

Raman micro spectroscopy. Samples were collected using a closed filter unit with a mesh size 

of 10 μm, and a preceding mesh size of 300 μm from a trans-Atlantic cruise on the research 

vessel R/V Dana. The authors used a DXR Raman spectrometer coupled to a microscope and a 

455 nm excitation laser to identify MP. First, a total of 452 fibres and 827 particles with size of 

<50 μm, 50-100 μm, and >100 μm were visually identified with the microscope. Then the 

Raman spectrometer was used. The results showed that 75% of the fibers and 68% of particles 

were confirmed using the Raman spectra. The success rate for visual plastic identification was 

83% for particles with a size of >100 μm, 67% for the group between 50 and 100 μm, and 63% 

for particles with a size <50 μm. Pure visual identification resulted in a misidentification for 

both particles (32%) and fibers (25%). The size of a particle plays an important role in the 

identification, and the success rate in identifying particles with a size of <50 μm is higher using 

Raman spectroscopy. 

Zhao et al. [60] investigated the accumulation of MP suspended in the subsurface water of three 

urban estuaries in southeastern China. Samples were collected using a Teflon pump at a water 

depth of 30 cm and poured through a 330 μm steel sieve. Randomly selected plastic particles 

were identified by micro-Raman spectroscopy and classified as PP, PE, PVC, and PTFE 

polymer types. 
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Naidu et al. [61] study the presence of MP in benthic fauna from the coastal waters of India. 

The sediment was collected and analysed using DXR Raman microscope with an excitation 

wavelength of 532 nm, and 98% of samples matched with polymer type PS. 

Choy et al. [62] collected and investigated the distribution of MP in the deep-sea water column 

of Monterey Bay using a remotely operated vehicle (ROV). Reinshaw InVia confocal 

microscope along with a Raman spectrometer was used to analyse the collected particles. The 

authors reported the presence of the polymers PET and PA, indicating the existence of MP in 

the deep-sea water column. 

Peng et al. [63] investigated MP contaminants in the deepest part of the world ocean. Water 

samples and sediment were collected from 2500-11000 m and 5500-11000 m depths, 

respectively. Identification was made using an optical microscope and a Raman spectrometer, 

revealing the MP abundance of several polymers, e.g., PVC, PA, ABS, PP, PE, PS, PET, PES, 

and PU. The authors suggested that “missing” MP in the ocean may have been transferred to 

the deep ocean. 

Catarina et al. [64] provided a review for MP identification using micro-Raman spectroscopy, 

where they outlined the advantages and limitations of MP identification. Therefore, micro-

Raman spectroscopy is a method of choice for detecting MP particles less than 20 μm. However, 

it stands out since it is a none-destructive method. To overcome limitations well-known for 

Raman spectroscopy, such as weak Raman signal and fluorescence interference, the authors 

suggested appropriate cleaning protocols, applying baseline algorithms, and using more 

efficient detectors.    

MP pollution is found in water bodies all over the world. Research by many authors in 

collecting such data has shown that visual detection of MP alone is insufficient, but other 

analytical methods must be applied and discovered to detect certain sizes of MP, including 

Raman spectroscopy.  Reports on the abundance of MP Raman spectroscopy is shown in Table 

3.  
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Table 3. Reports of MP detection using Raman spectroscopy. 

Authors Sample type Study Area 

Zettler et al. [57] Seawater North Atlantic Ocean 

Lenz et al. [58] Seawater Trans-Atlantic 

Zhao et al. [60] Seawater Estuaries in SE China 

Naidu et al. [61] Sediment Coastal waters of India 

Choy et al. [62] Seawater Monterey Bay 

Peng et al. [63] Seawater Mariana Trench 

Saeed et al. [65] Seawater Kuwait 

Pan et al. [66] Seawater NW Pacific Ocean 

Wang et al. [67] Seawater Mid-west Pacific Ocean 

Fytianos et al. [68] Seawater Mediterranean Sea 

Li et al. [69] Seawater Yellow Sea China 

Clunies-Ross et al. [70] Sediment Coastal location of New Zealand 

Esiukova et al. [71] Sediment Baltic Sea 

Mehdinia et al. [72] Sediment Caspian Sea 

Chen et al. [73] Sediment Western Pacific Ocean 

 

 

2.3.2. Marine corrosion     

Corrosion is a problem in general for any structure made of metal, specifically for the 

marine environment and maritime activities. It directly affects pollution and causes damage to 

structures, equipment, machinery, port installations, and ships. Both marine and maritime 

infrastructure consist of stationary and mobile structures. Stationary structures are port 

terminals, cargo handling terminals, shipyards, offshore platforms, underwater pipelines, etc. 

At the same time, mobile structures consist of vessels of various sizes and categories, such as 

general cargo ships, passenger ships, tankers, and others. The basic material of all these 

structures is steel, which is directly affected by corrosion caused by the electrochemical process 

during the interaction of the metal surface with water [74]. The most frequently found corrosion 

products in the rust layers of steel are shown in Table 4. 

Table 4. List of corrosion compositions found in rust layers. 

Name Type Formula 

Hematite Oxide 𝛼 − 𝐹𝑒2𝑂3 

Maghemite Oxide 𝛾 − 𝐹𝑒2𝑂3 

Magnetite Oxide 𝐹𝑒3𝑂4 

Ferrihydrite Oxide 𝐹𝑒5𝐻𝑂84𝐻2𝑂 

Goethite Oxyhydroxide 𝛼 − 𝐹𝑒𝑂𝑂𝐻 

Akageneite Oxyhydroxide 𝛽 − 𝐹𝑒𝑂𝑂𝐻 

Lepidocrocite Oxyhydroxide 𝛾 − 𝐹𝑒𝑂𝑂𝐻 

Feroxyhyte Oxyhydroxide 𝛿 − 𝐹𝑒𝑂𝑂𝐻 
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According to International Maritime Organization (IMO), one of the conventional steels 

used for ship plates is A36. Sun et al. [75] developed new steel for the bottom plate of cargo oil 

tanks, whose composition differs from A36 by lower content of carbon (C) and phosphor (P), 

and higher content of alloying elements. The authors used micro-Raman spectroscopy to gain 

insight into the corrosion mechanism of the newly developed steel. JY-HR800 Confocal 

Microprobe Raman Spectrometer with an excitation wavelength of 532 nm was used. Raman 

spectra revealed that the corrosion product of the newly developed steel consists of goethite and 

magnetite, which is a stable and protective rust layer that further improves the corrosion 

resistance.   

Li et al. [76] investigated the corrosion behaviour of low-alloy steel for cargo oil tanks under 

upper deck conditions, especially with the influence of elemental sulphur. For the test, the 

authors used E36, one of the conventional ship plate steel, and in-door apparatus was fabricated 

to simulate upper deck conditions. The test was conducted for 98 days. Raman spectroscopy 

was used to determine the corrosion composition. The final results revealed a spectral peak for 

elemental sulphur in the inner rust layer, which promotes cracking, fracturing, and peeling of 

the rust layer.   

In contrast to corrosion caused by the interaction of metal surface and water, corrosion can be 

caused by the influence of the marine atmosphere. Rust phases caused by marine atmospheric 

corrosion can be further identified and classified by Raman spectroscopy to study corrosion 

morphology [77],[78].     

Fuente et al. [79] investigated the use of different surface-sensitive techniques to characterize 

rust surfaces formed on mild steel exposed to marine atmospheres. The authors sought to 

elucidate where akageneite is located in the rust layer, a corrosion composition that forms when 

steel is exposed to marine atmospheres. Two cold-rolled mild steel panels were used and 

exposed to open air at two different sites with different marine salinity levels. One of the 

techniques used was micro-Raman spectroscopy. Raman spectra were obtained using a Raman 

module of the JEOL model JSM-6610LV spectrometer with an excitation source of 785 nm and 

an adjustable power between 0 and 30 mW. The results indicate two phases (lepidocrocite and 

goethite) are located at the outermost surface, while the phases akageneite and magnetite are 

formed in the innermost part of the rust layer, close to the steel base. 

Husain et al. [80] studied corrosion resistance for AISI 316 stainless steel in marine 

environment application with a new developed coating as a combination of polyvinylidene 
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fluoride and polymethylmethacrylate. The authors used the inVia Reinshaw Raman microscope 

with an excitation source of 514.5 nm to differentiate stainless steel and the surface coated with 

polyvinylidene fluoride, polymethylmethacrylate and surface coated with a combination of 

both. Results showed characteristic peaks of both polymers in the combined coating. The 

authors reported outstanding performances of combined coating for anticorrosion efficiency, in 

contrast to using only one of the polymers as a coating.  

Corrosion is the biggest problem in the maritime industry as it affects metal, which is a basic 

material for almost all mobile and stationary objects. To increase its durability and maintain its 

properties, new alloys and new coatings are being developed for corrosion protection. However, 

the newly developed alloys and coatings need to be investigated for their corrosion mechanisms. 

Therefore, Raman spectroscopy is one of the techniques that can provide information about the 

corrosion mechanism. 

 

2.3.3. Antifouling 

Biofouling, in maritime terms, is the accumulation of microorganisms and other organisms 

on the surfaces of all stationary and floating objects [81]. These organisms can cause damage 

to equipment, including pumps, valves, and piping systems. In addition, they can affect vessel 

performance by increasing hull resistance, leading to higher fuel consumption and engine stress 

to maintain desired speeds [82–84]. Therefore, chemicals with antifouling agents are used to 

prevent the growth of marine organisms on the hull of ships or stationary objects. This 

ultimately leads to unnecessary maintenance costs and damage to the stationary and floating 

objects [85],[86]. 

Yong et al. [87] developed a nanopaint for marine antifouling applications by incorporating 

zinc oxide (ZnO) into the alkyd resin matrix. Raman spectroscopy was used to study the 

bonding interaction, resulting in a final product with ZnO nanoparticles mixed into the alkyd 

resin matrix. The paint thus developed can be used in the maritime industry as a coating for 

ship hulls, etc. 

Feng et al. [88] investigated the prevention of fouling using a pulsed high voltage electric field 

(HPEF) mediated by a carbon fiber coating. The Renishaw invia Reflex Raman spectrometer 

was used to analyze the coating with and without HPEF treatment. The Raman spectroscopy 

results show that the HPEF treatment did not change the molecular structure of the coating. In 
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addition, the HPEF method, which is mainly used in food sterilization and hospital wastewater 

treatment, could also be used as an antifouling method for materials in contact with seawater. 

Long et al. [89] investigated the surface wettability of modified Si nanowires in terms of their 

antifouling performance. The authors used a plasma CVD system to coat Si nanowires with 

diamond and other carbon materials. Raman spectroscopy was used to characterize the 

microstructure of the modified nanowires. The Raman system was Horiba, LabRAM HR 

Evolution with an excitation laser of 324 nm. The Raman spectra confirmed diamond formation 

leading to a superhydrophobic surface consisting of diamond-coated Si nanowires required for 

antifouling application. 

Researchers are developing new antifouling materials to meet International Maritime 

Organisation (IMO) [90] requirements for antifouling methods. However, the materials used to 

synthesise antifouling coatings must be characterised. Therefore, one of the techniques 

researchers use for characterisation is Raman spectroscopy [91–96]. 

 

2.3.4. Marine diesel engine 

Marine diesel engine operates on a bunker fuel containing high amounts of sulphur [97]. 

Therefore, IMO address the regulation of particle emissions from the fuel combustion in the 

maritime industry [98]. Phenomena that occur during the combustion process is carbonaceous 

particulate matter (PM) known as soot. Since soot is dependent on combustion characteristics, 

its structure can be analysed using the Raman spectroscopy technique to provide information 

about carbon particles.  

Lee et al. [98] studied diesel soot from 2-stroke and 4-stroke marine diesel engines under fixed 

load. The authors used two different bunker fuels (A and C), with the 2-stroke engine running 

on bunker A and the 4-stroke engine running on bunker C. The soot was collected directly from 

the exhaust pipe of the engines. Raman spectroscopy was used to characterise defects in the 

graphene structure based on the ratio of the intensity of the D/G band. The results showed the 

presence of graphitic and amorphous structures, i.e., D and G bands, with a higher degree of 

graphitization in the D/G ratio in 4-stroke engines than in 2-stroke engines, due to the different 

exhaust temperatures. Thus, the nanostructure of the soot is affected by the different engines 

and the different fuel burned. 
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Choi et al. [99] studied the characterization of PM from marine diesel engines for the Korean 

shipbuilding industry. The authors collected soot from a T/S Hanbada diesel engine burning 

Bunker B fuel at various cruise speeds. Raman spectroscopy was used to characterise the ratio 

of black carbon (BC) and organic carbon (OC) in the soot. The results showed that the ratio of 

BC to OC increased with increasing cruise speed and thus nitrogen oxides (NOx) emission. 

Baek et al. [100] investigated the use of marine diesel engine combustion products as anode 

material for lithium-ion batteries. The authors collected soot from the exhaust pipe of a diesel 

engine, which was characterised by Raman spectrometry. The Raman spectrometer used was a 

Lambda Ray P-1 with an excitation laser of 532 nm. The results show that the soot transformed 

to a highly crystalline graphite, which facilitate electrochemical performance and is suitable as 

an anode material. 

 

2.3.5. Photoluminescence 

A spectrofluorometer with excitation wavelengths from 200 nm to 480 nm and emission 

wavelengths from 260 nm to 700 nm was used to detect oil-contaminated seawater. Seawater 

samples were collected during the summer at five locations in the Southern Baltic Sea. The 

authors defined the fluorometric index as a tool for oil contamination. Only one oil was used 

for the tests (Petrobaltic crude oil). The results show the proposed method's independent 

universality, so the study can be extended to a larger area and different seasons [101]. Using 

PL spectroscopy, authors [102] proposed a future study to detect the distinction of organic and 

non-organic objects in the water surface. Since lubricating oil is an essential component of 

marine engines, the PL method can be used to characterise oil properties because monocyclic 

and polycyclic compounds are present that cause the PL phenomenon in oil. In [103], changes 

in oil PL were represented by synchronous spectra, considering the operating time of the 

lubricating oil in a marine engine. Bukin et al. [104] developed laser-induced fluorescence 

spectrometer for remote-operated vehicles (ROV) to record the concentration of chlorophyll A 

and organic matter of natural origin. 
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3. THESIS SCIENTIFIC CONTRIBUTION AND RESEARCH PLAN 

The development of a Raman spectrometer with a built-in zoom lens as a second collimating 

mirror is expected to enable a Raman spectrometer with variable spectral resolution. Further, 

such implementation will allow a Raman spectrometer to record photoluminescence spectra at 

the lowest zoom factor and record Raman spectra at the highest zoom factor in the same 

measurement. Therefore, based on the research object and taking into account the current 

research field state, and available literature, the working hypothesis is: 

• Using zoom optics, a variable spectral resolution spectrometer system can be built 

to record Raman and photoluminescence spectra. 

From the defined hypothesis, the main dissertation scientific contribution is: 

• To approve proof-of-concept of variable spectral resolution by using zoom optics. 

• To construct a Raman and PL spectrometer with a microscope using zoom optics to 

realize the concept of variable spectral resolution. 

• To develop the electronics and corresponding software for signal acquisition, 

control, and regulation of the newly installed optics’ optical gratings, focus, and 

zoom factors. 

• To test this spectrometer in recording Raman and PL spectra. 

Also, the additional contribution to the dissertation is: 

• Fast acquisition of PL spectra using minimum zoom factor and acquisition of high-

resolution Raman spectra using maximum zoom factor. 

Finally, upon building the proposed system, the dissertation will derive: 

• Realization of the Raman spectrometer for Raman and PL spectra for flexible 

material measurement. 

• Patent for an invention. 
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4. EXPERIMENTAL SETUP 

This chapter presents a macro-Raman spectrometer prototype that implements zoom optics 

to achieve variable spectral resolution suitable for recording both Raman and PL spectra. The 

prototype of the instrumental setup and its application in recording Raman and PL spectra are 

described and compared with the complementary information acquired on the same samples by 

the reference Raman spectrometer to validate the proposed concept. The proposed hardware for 

recording Raman and PL spectra, the samples used for measurements, and the results for 

validating the variable spectral resolution will be developed and described. 

 

4.1. Instrumental setup for the proof-of-concept spectrometer 

The schematic diagram of the proposed Raman spectrometer with the variable spectral 

resolution is shown in Figure 7, together with the implemented additional zoom lens 

component. 

 

Figure 7. Schematic diagram of the proposed Raman spectrometer with additional zoom lens 

component (red dashed rectangle) based on a typical Raman spectrometer configuration. 

In the proposed Raman spectrometer, contrary to the classical approach, the second 

collimating mirror that focuses Raman or PL signal to the CCD detector is replaced with a zoom 

lens, as shown in Figure 7. For such a case, a 6x zoom Fujinon-TV lens, f/=1.6, with a variable 

focus fco2 = 14 - 84 mm, was used. The working prototype assembly is shown in Figure 7a. It 

is based on commercial, off-the-shelf, and custom-built components. The excitation laser of 

wavelength λ = 532 nm was a DPSS laser (CNI, model DHL-W 532-500 mW). It was coupled 
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to the off-the-shelf Raman head with a notch filter (that blocks Rayleigh scattered light) via a 

multimode optical fiber (ThorLabs, 0.10 NA, d = 25μm). An additional 785-nm laser (CNI, 

model FC-D-785-450 mW) was used for the wavelength calibration. The same multimode fiber 

was used for the incoming laser excitation of the sample as well as the signal carrier to the 

custom-built spectrometer. The optical fiber's exit is placed in the focus of the first collimating 

lens (fco1 = 150 mm), which provides a parallel light beam of the signal after the exit from the 

optical fiber. This parallel light beam falls onto the diffraction grating with 800 grooves/mm. 

After grating, the dispersed beam is focused onto the CCD using a zoom lens. In this case, the 

CCD detector was Starlight Xpress, model MX716, with 752 x 580 pixels of size 8.6 x 8.3 μm.  

To validate the principles of the proposed spectrometer, a high-grade laboratory Raman 

spectrometer (Horiba, JY-T64000) shown in Figure 8b, was used to compare the recorded 

spectra [105]. The referenced spectrometer can operate as a single, a double or a triple 

monochromator spectrometer with the double foremonochromator usable as a subtractive filter, 

or as a double additive dispersive system for the ultimate resolution. The single monochromator 

mode has a spectral resolution of 0.55 cm-1. It contains liquid-nitrogen-cooled CCD (Cryogenic, 

Symphony I, 1024 x 256 pixels, pixel size 26 x 26 μm), 640 mm focal length monochromator, 

and a working spectral range from 400 to 1100 nm. To ensure the same conditions for the 

incoming Raman scattered photons in both spectrometers, the optical cable was detached from 

its entrance and attached to the entrance slit of the third (single) monochromator of the JY 

T64000 spectrometer. This way, the same Raman and PL signal was analysed on both 

spectrometers.   

 

(a) 
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(b) 

Figure 8. Assembled prototype of the proposed Raman spectrometer (a) and the reference Raman 

spectrometer JY-T64000 (b). 

 

4.2. The samples analysed for comparison 

Three samples with a different spectral resolution requirements were used to test the 

prototype's spectral zooming performance for Raman and PL spectra recording. The first two 

samples are powder forms of nanosized zirconium oxide (ZrO2) and titanium oxide (TiO2) 

crystals. These samples were used due to their strong and known Raman bands located at 335, 

475, and 620 cm-1 for ZrO2 and 400, 520, and 640 cm-1 for TiO2. The third sample is a powder 

of alumina oxide (Al2O3) which has a strong and broad PL signal in the spectral interval of 500 

- 850 nm. The samples were placed in separate transparent cuvettes for the measurements for 

both Raman spectrometers.  

 

4.3. Raman and PL spectra 

To record Raman and PL spectra, the wavelength interval on the CCD region of the 

proposed Raman spectrometer was first calibrated with two lasers (λgreen = 532 nm, λred = 785 

nm), converting each pixel to the corresponding wavelength value. A 300 – 1200 nm spectral 

range was obtained at the minimum ZF, and 490 - 616 nm at the maximum ZF. After the 

calibration, a 532-nm excitation laser was used for all samples. The output power was calibrated 

so that the laser power incident on the sample surface was 5 mW, measured with a portable 

laser power meter (Coherent Laser Check Power Meter). The exposure time was set at 1 s for 

Raman measurements and 3 s for PL measurements for both the prototype and the reference 

spectrometer. The wavelength interval for the Raman measurement was set according to the 

ZrO2 and TiO2 spectral lines which are located between 150 and 750 cm-1.  
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For all Raman spectra acquired with the proposed systems, the data were processed using 

Matlab R2018. It needs to be pointed out that by taking the moving average value of all pixels 

in the vertical axis and then normalizing it in the acquired spectra, the noise (such as hot pixels 

and salt-and-pepper noise) was eliminated. This resulted in one-dimensional spectra plotted as 

intensity vs. wave number. Equations (1) and (2) show the proposed system's spectral resolution 

analytically. Equation (1) is a Gaussian function used to fit Raman bands, and equation (2) is a 

Full Width at Half Maximum (FWHM) [106][107] for the Stokes lines of the ZrO2 Raman 

spectra at a minimum and maximum ZF. The variable parameters were peak intensity A, the 

peak center position b, and the standard deviation of the Gaussian fit σ. 

𝑦 = 𝐴𝑒
(𝑥−𝑏)2

2𝜎2        (1) 

𝐹𝑊𝐻𝑀 = 2𝜎√2𝑙𝑛2       (2) 

Assuming a Gaussian line profile [108], a reasonable approximation for the FWHM of the 

Raman lines is provided by the relationship: 

𝐹𝑊𝐻𝑀 =  √(∆𝜈𝑠𝑙𝑖𝑡)2 + (∆𝜈𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛)2 + (∆𝜈𝑙𝑖𝑛𝑒)2   (3) 

where:  

 ∆ν ̃slit is a true Raman bandwidth 

 ∆ν ̃resolution is a spectral resolution of the spectrometer 

 ∆ν ̃line is a Raman line width 

 

Raman spectra of ZrO2 were recorded with a different ZF. Then TiO2 and ZrO2 spectra 

were recorded with the maximum ZF and compared with Raman spectra of the same samples 

obtained with the JY-T64000 spectrometer. Next, the spectral resolution for the different ZF is 

analytically calculated. Finally, a comparison of the PL spectrum of Al2O3 obtained with the 

proposed system and JY-T64000 was performed. 
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4.3.1. Raman spectra 

The Raman spectra of ZrO2 acquired with the prototype Raman system with the different 

ZF are shown in Figure 9. 

   

(a) (b) (c) 

Figure 9. Acquired image over the CCD region and a Raman spectrum of a ZrO2 with different zoom 

factors, (a) for a ZF of 1x, (b) for 3x, and (c) maximum ZF of 6x. 

It has to be pointed out that on the top of each figure are recorded spectral lines of the 

used sample, and on the bottom, a spectre is shown as intensity vs. Raman shift. Figure 9a 

shows the spectral interval over the entire CCD region at a ZF of 1x range, i.e., from 340 to 

1200 nm. In this case, only a few spectral lines appear around the expected location of the 532 

nm laser. The spectrum shows a few anti-Stokes lines and three strong Stokes lines at 337.2, 

477.6, and 618.1 cm-1. However, more spectral lines appear when the ZF is increased three 

times, as shown in Figure 9b. The spectral interval over the CCD range is now from 440 to 670 

nm. Also, it can be observed that the obtained spectra have additional "hidden" Stokes lines at 

wavelengths 337.2 and 477.6 cm-1, which is due to the increased spectral resolution. 

Furthermore, if the ZF is set to the maximum value of 6x (Figure 9c), it can be observed that 

the spectral interval becomes even narrower across the CCD region, measuring only 490 - 616 

nm. It has to be pointed out that the spectral lines at this ZF are more distinct than at a lower 

ZF. Therefore, by increasing the ZF, the total spectral interval over the CCD region reduces, 

and the spectral resolution increases, which is evident from the appearance of new lines 

accompanied by the line narrowing. Figure 10 shows the Raman spectra of TiO2 and ZrO2 compared 

to the reference Raman spectra.  
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(a) (b) 

Figure 10. Comparison of Raman spectra of ZrO2 (a) and TiO2 (b) using the proposed spectrometer with 

a reference spectrometer. Note that the reference spectrometer spectra without binning at (a) does not 

match the spectral dispersion of the prototype spectrometer, therefore, binning is used.   

The ZF was set to the maximum 6x magnification, and the spectral interval from 537 to 

557 nm was recorded. From Figure 10, it can be seen that both spectrometers (prototype and 

the reference model, respectively) show similar spectra. However, in Figure 10a on the left-

hand side, the laboratory-grade spectrometer shows additional spectral lines at 552 and 630 cm-

1 for ZrO2. This is due to the reference spectrometer's high spectral resolution achieved with the 

long focal length and a minimum noise generated by deep-cooled CCD. However, for the TiO2 

sample seen in Figure 10b, the Raman spectra match the reference spectrometer's spectra, which 

is due to the strong Stokes peaks of a sample where additional "hidden" peaks don't exist.   

4.3.2. Spectral resolution 

The following equation gives the relationship between the reciprocal linear dispersion D-

1, the focal length f, the order of the diffraction n, and the distance between blazes d. 

𝐷−1 =
𝑑

𝑛∗𝑓
       (4) 

By substituting the value of the focal length f = 84 mm for the maximal ZF, the order of the 

diffraction n = 1, and the distance between rulings d = 1/800 mm, in the above equation 

reciprocal linear dispersion (D-1) for the first-order diffraction is 14.9 nm/mm. Per-pixel width 

of this value is 0.128 nm/pixel. The spectral dispersion at the position of the Raman band at 

483.5 cm-1, as shown in Figure 9c (546 nm wavelength of light) is 4.28 cm-1/pixel. The same 

calculation for the reference Raman spectrometer gives a dispersion of 0.756 cm-1/pixel, which 

is a 5.67 times smaller value. For this reason, to arrive at a similar spectral resolution, a binning 

factor of 4 times was used during recording by the reference Raman spectrometer. 
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The input slit also limits the spectral resolution. The input slit width of the proposed 

spectrometer was fixed and determined by the diameter of the coupled optical fiber core, which 

is 25 μm. At the maximal ZF of 6x, the total magnification of the monochromator is fco2/fco1 

= 0.56, which gives us the image size of 14 μm of the fiber core at the CCD. From Nyquist 

limit, which determines whether the CCD sensor can differentiate between two neighbouring 

spectral lines, i.e., 3 times image core size on CCD. Therefore, for the proposed system, the 

CCD sensor can differentiate between two adjacent spectral lines when their peaks are separated 

at 42 μm on the CCD, which is 21 cm-1 for the wavelength of 546 nm. The difference of the 

peak positions observed as two humps (overlapping lines) in the spectral interval 520 - 580 cm-

1 (shown in Figure 10a) is 28.2 cm-1, which is very close to the expected value. 

Further, the obtained resolution by measuring the linewidth for the band at 483.5 cm-1 

has been tested. By fitting Gaussian profile (Figure 11a,b), the linewidth at the minimal and 

maximal ZF was measured, resulting in 81.88 cm-1 at the minimum ZF and 27.62 cm-1 at the 

maximum ZF. By increasing the ZF, new Raman bands also appear due to the increased 

resolution.   

 

  

(a) (b) 

Figure 11. Calculation of the spectral resolution of the proposed system with a ZrO2 Raman spectrum 

using Gaussian fit for each Stokes peak at different ZF. Note the difference in the number of peaks and 

fitted curves at the same spectral interval for minimum ZF (a) and maximum ZF (b).  
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Table 5 shows the Gaussian fitting parameters for each peak at the minimum and 

maximum ZF, together with their FWHM. It is evident from the linewidth of the characteristic 

peak at 483.5 cm-1 that spectral resolution increased significantly, i.e., the spectral resolution 

calculated by the FWHM became more than three times larger. 

Table 5. Gaussian fit parameters for obtained spectral peaks 

Curves MIN ZF  MAX ZF 

 A b[cm-1] σ FWHM  A b[cm-1] σ FWHM 

P1 n/a n/a    46.1 306.34 11.14 26.22 

P2 241.9 346.8 41.43 97.57  171.77 340.44 12.63 29.74 

P3 n/a n/a    127.1 382.25 11.59 27.29 

P4 248.5 483.5 34.77 81.88  239.1 475.14 11.73 27.62 

P5 n/a n/a    42.2 503.97 8.76 20.63 

P6 n/a n/a    35.6 530.81 11.02 25.97 

P7 n/a n/a    61.97 558.99 14.61 34.41 

P8 n/a n/a    94.9 612.17 11.82 27.84 

P9 223.8 625.45 45.13 106.28  145.5 637.68 13.97 32.9 

 

Using the values ∆ν̃𝑠𝑙𝑖𝑡 = 7.0 cm-1, ∆ν̃𝑙𝑖𝑛𝑒 = 19.0 cm-1 (measured by the reference 

spectrometer without binning factor) and fitted FWHM = 27.62 cm-1, by Eq. (3), it was found 

∆ν̃𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛  = 18.78 cm-1, which also agrees with previously estimated values. By using Eq. (3) 

and FWHM = 81.88 cm-1 at the lowest ZF of the 483.5 cm-1 line, the estimated resolution in 

this case is ∆ν̃𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 = 78.42 cm-1, which is 4.17 times worse resolution in comparison with 

the ZF = 6. In general, most spectrometers are not routinely used at the limit of their resolution 

because of a number of different aberrations, so the slight differences from the expected value 

of 6 times change in resolution when applying ZF = 6 can occur.  

 

4.3.3. Photoluminescence spectra 

The PL spectra of an Al2O3 shown in Figure 12 were recorded using the proposed system 

and the reference Raman spectrometer with an excitation laser of 532 nm. The exposure time 

was set to 3 s for both spectrometers. ZF was set to 3x magnification so that the spectral interval 

from 450 to 850 nm is recorded in a single shot. However, the total acquisition time for the 

same spectral interval using the reference spectrometer was around 30 times longer because the 

signal of each spectral interval of 20 nm width (on average) is collected separately (scanning 

multichannel mode) and then combined into one single spectrum.  
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Figure 12. PL spectra of Al2O3 recorded with the proposed Raman spectrometer and the reference 

commercial JY-T64000 spectrometer. 

Such a procedure could result in artifacts like the one observed in the PL spectrum at 

wavelength of 690 nm shown in Figure 12, which does not exist in the PL spectrum of the 

Al2O3. The spectral stitching could explain this artefact in the reference spectrum, where the 

recording consists of 20-30 small sections of spectral intervals. These small sections of spectra 

are then merged, resulting in a spectrum with a large spectral interval. However, these small 

sections tend to carry variable slope backgrounds, which change during the recording. So, the 

combining procedure has the wrong information on the PL intensity data at the beginning and 

the end of each section, leading to the artificial peaks that occur after combining into a single 

spectrum. 
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5. METHODOLOGY AND MATERIALS FOR THE SPECTROMETER 

CONSTRUCTION 

This chapter describes the methodology used for designing a micro-Raman spectrometer 

prototype with a variable spectral resolution. Furthermore, the design of additional electronic 

hardware, firmware, and software to control the spectrometer and acquire spectra is described. 

Finally, the system was assembled, and the instrumental setup for acquiring Raman and PL 

spectra and the samples used for the measurements are described. 

5.1. Raman spectrometer components 

Every Raman spectrometer consists of three major parts, an excitation source, a sampling 

unit, and a detection unit. Component selection methodology was used to find all suitable 

components for the designed prototype to perform its operation. Furthermore, additional 

components were added for the prototype and are listed in Table 6. 

Table 6. List of all necessary mechanical and optical components used for the prototype. 

Major parts Description Model 

Excitation source 
A laser with λgreen = 532 nm was used for all 

sample measurement 

DPSS, DHL-W532-

500 mW 

Sampling unit 

A standard optical microscope was used as a 

sampling unit with an 80x and 0.7 NA 

microscope objective. 

AMDSP XUM102 

Monochromator unit 
The spectrometer was used for the analysis of 

scattered light. 

LSMO-6 Spectrum 

Acquisition System 

Additional parts Description Model 

Bandpass filter (BPF) 
Filter used for elimination of surrounding light 

at the entrance of microscope. 

Thor Labs FL532-1 

Notch filter (NF) 
Two filters were used to eliminate Rayleigh 

scattering at the exit of the microscope. 

Thor Labs NF533-17 

Focusing Lens 
Lens used to focus incoming scattered light from 

microscope to spectrometer. 

Solagon 1:1,2/25mm 

Zoom lens 

The zoom lens acts as a second collimating 

mirror, thus enabling variable spectral 

resolution. 

Fujinon Lynx II 

A18x8.5, 1:1.7/8.5-

153mm 

CCD detector 
They are sued for the acquisition of dispersed 

light from the spectrometer. 

Trius Pro 694 

Monochromatic 

Shutter Used for the acquisition of dark frame. Thor Labs SHB05 
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5.1.1. Excitation source   

The excitation source for the spectrometer is a monochromatic light, i.e., a laser. 

Therefore, the type of laser directly influences the quality of a spectrum and the spatial 

resolution. Since there are numerous types of laser wavelengths, it is necessary to select one or 

more that can detect the Raman and PL signal compared to the background noise, i.e., an 

appropriate S/N ratio. For the prototype, a laser with a wavelength of λgreen = 532 nm was 

selected because this laser energy is sufficient for both electronic and vibrational transitions of 

the used samples. However, another laser with a wavelength of λred = 785 nm is used to calibrate 

the wavelength interval on the detector area. 

5.1.2. Microscope  

For microscopic analysis of the samples, the prototype was extended to include the 

AMDSP XUM102 standard optical microscope shown in Figure 13, which enables micro-

Raman spectroscopy. The excitation source was placed at the entrance of the microscope. Inside 

the microscope two beam splitters were replaced. The first, which split the incident laser beam 

onto the sample, was a 30:70 beam splitter in which 30% of the incident light energy was 

transmitted to the sample through the microscope objective. The laser beam was focused on the 

sample with an 80x - 0.7NA microscope objective used for all sample measurements. The light 

scattered from the samples was collected back through the microscope objective and 

transmitted through a second beam splitter at the exit of the microscope. Since collecting as 

many Raman scattered photons as possible is necessary, the second beam splitter was a 70:30, 

where 70% of the scattered collected light is transmitted to the spectrometer. 

 

Figure 13. Standard optical microscope AMDSP XUM102 used for microscopic analysis of the samples 

with the prototype. 
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5.1.3. Filters 

Some unwanted scatter mask the Raman signal during the Raman measurement, so it is 

necessary to eliminate them all. The first one is the effect of natural light in the environment of 

the prototype and the second one is Rayleigh scattering. Further, to suppress the ambient light, 

a bandpass filter of wavelength λBPF = 532 nm is used at the entrance of the microscope so that 

only the light from the laser can enter the microscope. Also, at the microscope’s output, two 

notch filters or bandstop filters of wavelength λNF = 532 nm are used to eliminate Rayleigh 

scattering, which masks Raman scattering. 

 

5.1.4. Focusing lens 

Due to the natural divergence of the light and microscope’s distance between the light and 

spectrometer, it is necessary to focus scattered light at the spectrometer’s slit input. For this 

purpose, a focusing lens shown in Figure 14 with aperture of f/1.2 and focal length of f = 25 

mm was used. 

 

Figure 14. Off the shelf lens used for focusing the transmitted beam from the microscope to an entrance 

slit of the spectrometer unit. 

 

5.1.5. Monochromator 

The LSMO-6 monochromator was used for the proposed spectrometer. Its purpose is to 

analyse the scattered light and make the spectrum. A dispersive monochromator consists of a 

dispersive element i.e. a grating, and two concave collimating mirrors. The grating is mounted 

on a rotary platform connected to a screw mechanism by the arm. This mechanism converts a 
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linear motion into a rotary motion. The grating can be rotated with the described mechanism, 

and it scans different wavelength ranges. At the entrance to the spectrometer is a slit with 

adjustable width, which determines the spectral resolution. The wider the slit, the more scattered 

light can enter, and the resolution is lower; the narrower the slit, the less scattered light can 

enter, and the resolution is higher. For the prototype, the width of the entrance slit was set to 

35μm, as shown in Figure 15a. 

 

 

(a) (b) 

Figure 15. Variable entrance slit width with micrometer set at 35 μm (a), and the inside of spectrometer 

unit where the incoming beam is reflected (b). 

Furthermore, the following changes were made inside the spectrometer (see Figure 15b 

marked yellow) as follows. First, the grating C was replaced with a 1100 g/mm grating (the 

more grooves, the better the spectral resolution), then the flat mirror D is added so that the 

dispersed light is directed from the grating to the output of the spectrometer. The second 

concave collimating mirror was replaced with a Fujinon zoom lens E and it is attached to the 

output of the spectrometer. Entrance mirror A and the first collimating mirror B were adjusted 

so the scattered light is parallel through spectrometer.  

 

5.1.6. Zoom lens 

To obtain a spectrometer with variable spectral resolution suitable for recording both 

Raman and PL spectra, the second collimating lens of the spectrometer was replaced by a zoom 

lens. The Fujinon Lynx II A18x8.5, 1:1.7/8.5-153 mm (Figure 16) was used for the prototype. 

This zoom lens was chosen because of its high zoom factor of 18x and the barlow lens of 2x, 
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allowing a longer focal length between the CCD detector and dispersed light from the 

spectrometer. Therefore, different spectral intervals can be recorded by changing the zoom 

factor, i.e., the lower the zoom factor, the wider the spectral interval, and conversely, the higher 

the zoom factor, the narrower the spectral interval. This feature within a prototype allows 

recording of Raman spectra with a higher zoom factor and fast recording of a PL spectrum with 

a lower zoom factor. 

 

Figure 16. The Fujinon Lynx II A18x8.5, 1:1.7/8.5-153 mm attached to a spectrometer exit. 

 

5.1.7. Detector (CCD detector) 

It is necessary to use an optical sensor capable of collecting light to detect the scattered 

light from the spectrometer. Such detectors can be charge-coupled devices (CCD), metal oxide 

semiconductors with active pixel sensors (CMOS) or either electron-multiplying CCDs 

(EMCCD). For the proposed spectrometer, a Trius Pro 694 monochromatic CCD was used 

(Figure 17) mounted on the Fujinon zoom lens. This detector was chosen for its ability to 

capture high-resolution images with 2750 x 2200 pixels. The size of the pixels is 4.54 μm, 

giving an active area of 12.5 x 10 mm and a maximum binning of 16 x 16. A 16-bit analogue-

to-digital converter to processes the information for each pixel and internal Peltier cooling for 

noise reduction. 

 

Figure 17. Optical sensor Trius PRO-694 monochromatic CCD mounted on the Fujinon zoom lens. 
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5.1.8. Shutter 

During Raman or PL measurement, the information about the scattered light projected 

onto the CCD surface must be as noise-free as possible. This noise is a combination of unwanted 

ambient light and thermal and electrical effects within the camera. Thermal and electrical 

effects cause the camera to detect small signals. However, these signals do not contain light 

information but provide information about the state of the sensor, i.e., the detection of hot pixels 

and the noise pattern generated in the camera. The image taken when the incident laser beam is 

blocked is defined as a dark frame. To achieve blocking of the incident laser beam, a shutter 

was placed in front of the laser as shown in Figure 18. The shutter used for the prototype is the 

Thor Labs SHB05, which has an implemented controller so that it can be easily controlled by 

software. 

 

 

Figure 18. Thor Labs SHB05 shutter mounted in front of laser (blue rectangle A) and its controller (blue 

rectangle B). 

  

5.2. Electronic hardware printed circuit board (PCB) 

Additional electronic hardware is implemented to achieve automation to all the mechanical 

and optical components required to operate the prototype. Since no standard electronic 

hardware can be used for the prototype, and all commercial spectrometer manufacturers have 

their electronic hardware and software, it was necessary to design and build accompanying 

electronic hardware. This will allow automation to control the angle of the grating, zoom factor 

of the zoom lens, image acquisition, and shutter control. The selection of the electronic 

components and the development of the printed circuit board is described. The electronic 

hardware was developed after selecting all the necessary mechanical and optical components. 

The information gathered through the selected components for the proposed spectrometer 
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provided clear insight into what and how it could be controlled electronically. It was found that 

the electronic board must have the following:  

- Communication between the PCB board and the computer with USB. 

- Driver for the stepper motor that controls the grating angle of the spectrometer. 

- Pulse width modulation (PWM) driver to control the servo motors on the zoom lens. 

- I/O pins for controlling the shutter. 

- Additional general-purpose I/O pins. 

- Sufficient power supply for stepper and servo motors. 

 

5.2.1. Electronic components  

The design process for an electronic schematic begins with creating a block diagram that 

lists all the components needed for the prototype PCB. Figure 19 shows a block diagram with 

the essential parts of the board and additional parts that are not needed for basic functionality 

but are added as optional features that can be used for further improvements and upgrades. 

 

 

Figure 19. Block diagram of proposed embedded PCB for prototype.  
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Based on the block design, all active and passive electronic components had to be selected 

to meet the requirements of the prototype. Therefore, the microcontroller (MCU) is selected 

first. From the large number of MCUs, the selection was reduced by looking for an MCU that 

implement at least one USB interface, one PWM interface, enough I/O pins and memory for 

the complexity of the firmware. Therefore, the PIC18F45K50 MCU was selected. Information 

about the MCU capabilities and its peripherals are listed in Appendix A. However, there are 

two types of these MCUs, one that operates at 3.3V and another that operates at 5V. For the 

prototype, an MCU with 5V as the operating voltage was chosen because the stepper motor 

driver requires logic inputs of 5V. The stepper motor that controls the angle of the grating under 

the spectrometer is a DC 5-wire unipolar stepper motor, i.e., two coils of the motor are 

connected to the center tap wire, and four contacts (𝐴, �̅�, 𝐵, �̅�) are used to drive the motor. 

However, since the rotation of the grating depends on the motor steps, it is necessary to control 

the stepper motor with a high resolution, resulting in a small spectral motion. Therefore, a driver 

with implemented micro stepping function must be chosen. For the prototype, a unipolar stepper 

motor driver SLA7078WPRT was selected. This driver has a function to control a unipolar 

stepper motor and has a controllable micro stepping function that allows it to operate in full, 

half, quarter, eighth, and sixteenth steps. The detailed features of this driver are listed in 

Appendix B. The zoom factor of the zoom lens is controlled by a standard servo motor DC 

(HDKJ D3015), which has a maximum rotation angle of 300° and is connected to a zoom lens. 

Therefore, the board's power supply must consist of three separate voltage levels, i.e., 5V for 

the MCU, 6V for the servo motor, and 12V for the stepper motor. To achieve this, the Mean 

Well LRS-35-12 AC-DC Single Output Power Supply was used for the main power supply. It 

provides up to 3A of current at 12V, which is sufficient for the board and motors. From the 

main power supply, 12V is distributed through an integrated circuit (IC), a fixed 5V regulator 

MC7805 that supplies 5V to the MCU, and an adjustable positive low dropout regulator IC 

LM1084 that can be configured as a 6V regulator with a maximum output current of 5A for the 

servo motors. The driver for the stepper motor and the stepper motor is directly connected to a 

12V main power supply. Finally, according to the circuit diagrams described in the next chapter, 

all other passive and active components are selected according to the circuit diagrams. 
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5.2.2. Electronic circuit diagram    

After all of the components for the electronic circuit board have been selected, an 

electronic circuit diagram is designed. A circuit design starts in the schematic capture phase 

using KiCad electronic Computer-Aided Design (eCAD). The first schematic for power 

distribution is created. 

 

Figure 20. Electronic schematic diagram for the MCU power supply. 

 

Figure 20. shows a schematic diagram of the MCU power supply. It consists of a fixed 

5V regulator U2 IC MC7805 connected to a 12V main power supply. To prevent wrong 

connection at the input, i.e. wrong polarity, Schottky diode D3 is used. Capacitors C5 and C3 

are selected according to the regulator datasheet to filter the input voltage and ensure output 

voltage stability. The output of the regulator is connected to a resistor R10 in series with LED 

D11 to indicate that the power supply is connected and ready for operation. However, this 

option limits the testing and debugging of the MCU. Therefore, additional components are 

added to allow the MCU to operate using only the USB power supply. This way, the MCU can 

be easily debugged and tested. For this function, a P-channel metal oxide field effect transistor 

(MOSFET) Q1 is used in a switch configuration. When the voltage at the gate of Q1 is high, 

Q1 acts as an open switch, therefore, the LED D12 indicator is off, and the 12V main power 

supply powers the MCU. However, for a low gate voltage and the high source voltage of Q1, 

Q1 acts as a closed switch. Therefore, power is supplied to the MCU via the USB, as indicated 

by LED D12.  
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Figure 21. Electronic schematic diagram for the servo motor power supply. 

 

Figure 21. represents a schematic diagram for the servo motor power supply. It consists 

of a U1 adjustable low dropout positive regulator IC LM1084 configured as a 6V regulator. 

According to a regulator datasheet, passive components C1, R2, RV1, and C2 are selected. 

Input Schottky diode D2 is used as opposite polarity protection for connection. Additional LED 

D5 is added to indicate power supply is connected and operational.  

 

 

Figure 22. Electronic schematic diagram for MCU and step driver. 

 

Figure 22. represents a schematic diagram for MCU and step driver. From the left side 

of Figure 22. it can be seen everything that MCU controls. The configuration of the pins and 

their function is described in Table 7. 
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Table 7. Description and functionality of the used I/O that MCU controls. 

Pin Digital configuration Function 

M1, M2, M3 Output 

Controls the resolution of 

the step driver for driving 

step motor. 

LED_1, LED_2, LED_3, 

LED_4 and LED_5 
Output 

Multipurpose indicator 

LED-s used mainly for 

debugging. 

P1A, P1B, P1C, P1D Output 

PWM outputs for control of 

the servo motor, where four 

servo motors can be 

controlled separately. 

CLK Output Step clock for step driver. 

Rx, Tx Input / Output 
Pins used for serial RS232 

communication. 

USB_D-, USB_D+ Input / Output 
USB data communication 

pins. 

OSC1, OSC2 - 
Used for an external 

oscillator. 

SENS Input 

Used for limit switch 

information located under 

the spectrometer. 

RESET Output 
Used for resetting the step 

driver. 

SYNC Output 
Synchronous PWM control 

switch for step driver. 

DIR Output 
Used for step motor rotation 

direction control. 

PGC, PGD Input / Output 
Used for programming 

MCU. 

RA0-RA5, RB4, RB5 Input / Output Auxiliary multipurpose pins. 

RC0 Output Used for shutter control. 

 

According to their datasheets, all passive components connected to an MCU and step 

driver are selected and connected. A full schematic circuit diagram can be seen in Appendix C.  
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5.2.3. PCB layout 

PCB layout design begins with selecting the type of electronic components in the 

schematic. There are two types of components, surface mount devices (SMD) and through-hole 

plated devices (TH). Therefore, components that support the SMD type were selected, and the 

rest of the components were the TH type, i.e. step driver and connectors. However, there are 

different package sizes for the SMD components as well. Since the board dimensions are fixed 

(100 x 80 mm) and the area on the board is limited, the smallest SMD packages were used to 

fit all the components on it. It should be noted that the components in the power distribution 

part of the schematic (Figure 20 and Figure 21) were selected according to their power 

dissipation. Detailed information about the components and their respective type and package 

are listed in a bill of material (BOM) table at Appendix D. Next, using a generic standard for 

circuit board design IPC-2221 [109] that specifies PCB design requirements, the number of 

layers for the PCB, the width of the traces, and the size of the interconnecting points, called 

vias, had to be selected. Due to the high density of the components, two layers were used, i.e., 

one copper layer on the top and one on the bottom of the PCB, to allow the traces to cross over 

each other, resulting in easier connections. The width of the traces used to connect the 

components was determined according to their current rating. For the 12V main power line and 

the 6V power line for the servo motor, the trace width was set to 1.5 mm, as this allows current 

to flow up to 3A. For the 5V power supply line, the trace width was set to 0.5 mm and for the 

remaining data lines to 0.3 mm. The diameter of the vias was set to 0.8 mm. 
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(a) (b) 

 

(c) 

Figure 23. Completed two-layer PCB layout for an electronic hardware used in the prototype, where (a) 

is the top layer, (b) is the bottom layer and (c) is the assembled PCB.  

The final PCB layout is shown in Figure 23a,b, where the red layer represents the top 

copper layer and the green layer represents the bottom copper layer. The components were 

placed so that on the upper left side of the PCB is the power supply circuit, on the lower part is 

the MCU along with an additional input/output header, RS232 communication pins and 

additional LED indicators. On the left side of the PCB are the connectors for the servo motors 

and on the far right of the PCB is the connector for the stepper motor. It should be noted that 

the upper and lower copper layers consist of a common ground plane connected with vias. 

Therefore, multiple vias were inserted, especially in the area of power distribution on the PCB, 

as this increases the total ground plane and thus increases the efficiency of thermal dissipation 

of the PCB. Next, the PCB layout along with a BOM list was sent to a PCB factory where the 

PCB would be manufactured and assembled. Figure 23c shows the finished and populated PCB 

for the proposed spectrometer. 
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5.3. Micro-Raman spectrometer assembly 

The micro-Raman spectrometer with the variable spectral resolution was assembled after 

all necessary components were selected and designed.  

To achieve this, the Raman spectrometer shown in Figure 24a is configured to replace the 

spectrometer's second collimating mirror with zoom optics (Figure 24b). 

 
 

(a) (b) 

Figure 24. Implementation of a zoom optics in Raman spectrometer design to achieve spectrometer 

with variable spectral resolution. 

Assembly begins with feeding the laser beam into the microscope. However, the laser beam 

must be centered on the entrance of the microscope. Therefore, the laser was placed on a stage 

consisting of several micrometer screws that allow precise positioning of the laser in the X, Y, 

and Z directions. However, it is not trivial to achieve a parallel beam throughout the system. 

Therefore, the laser power was set to 100 mW so that it could be measured and compared at 

different locations on the spectrometer. A laser power meter (Coherent Laser Check Power 

Meter) was used to measure the laser power. After centering the laser beam on the entrance of 

the microscope, the 30:70 beam splitter in the microscope was set to an angle of approximately 

45° so that the reflected beam was parallel to a sample. The laser power measured at the sample 

was 21 mW, which proves that the beam is parallel because only 30% of the laser power is 

transmitted to the sample, and there is an additional power loss due to the optical losses of the 

optical components, such as the microscope objective. To obtain a parallel beam from the 

sample back to the output of the microscope, an aluminum plate was used as a sample since it 

reflects ~90% of the light. The reflected beam was transmitted to the output of the microscope 

using a 70:30 beam splitter with an angle of 45°. The beam power measured at the output was 

12.5 mW, which is approximately 90% of the reflected beam and 70% of the transmitted beam. 

The transmitted beam was then transmitted to a focusing lens with two mirrors and then 

adjusted to be approximately the same height as the focusing lens and the entrance slit of the 
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spectrometer. The focusing lens was mounted on a movable stage so that the focal length 

between the lens and the spectrometer entrance slit could be adjusted. Therefore, only minor 

adjustments were required to focus the transmitted beam onto an entrance slit. The slit width 

was set to a minimum, allowing only parallel and centered beams to pass through. Inside the 

spectrometer, a first collimating mirror was adjusted using its tilting screw to reflect the beam 

onto a grating center. The beam was then reflected to an output of the spectrometer using a flat 

mirror. A zoom lens connected to a CCD was attached and screwed to the output of the 

spectrometer. Electronic hardware was placed and connected to a stepper motor, a servo motor, 

a shutter controller, and a PC. Finally, the shutter was placed in front of the laser, and BPF and 

NF filters were attached. Figure 25. shows the fully assembled micro-Raman spectrometer with 

variable spectral resolution.  

 

 

Figure 25. Fully assembled micro-Raman spectrometer for Raman and PL spectra acquisition. 

 

 

5.4. Automation 

An automated spectra acquisition system was implemented to acquire and analyse the 

samples with the proposed spectrometer and a minimum of human intervention. The Raman 

spectrometer with the variable spectral resolution control system is arranged as shown in Figure 

26. 
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Figure 26. Raman spectrometer with variable spectral resolution control system. 

 

The process starts with user input from the graphical user interface (GUI), where the user 

defines spectral range of a grating, zoom factor of the zoom lens, and exposure time for spectra 

acquisition. When acquisition begins, everything is done automatically, first, grating and zoom 

is rotated to a user-defined spectral range and zoom factor, the shutter is closed, and the dark 

frame is acquired. Then, the shutter opens, and a true image is acquired. Image processing 

consists of subtracting a dark frame from a true image, and as a result image with reduced noise 

is generated. Finally, the spectrum is created from a processed image and displayed in GUI. 

The control of the grating, zoom factor and shutter was achieved with the designed electronic 

board, while the spectra acquisition and processing was done with a custom designed GUI. 

Therefore, the firmware of the electronic board and the GUI are described next.  

 

5.4.1. Firmware 

Since the electronic board is specific hardware developed for the prototype, it requires 

custom software, i.e., firmware, to operate as required. Therefore, firmware is an integral part 

of the electronic board that processes and carries out commands received from the host, i.e., 

GUI. Firmware was coded in a standard C language using a proprietary freeware MPLAB 

integrated development environment (IDE). However, the first flow chart was created, shown 

as Figure 27. 
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Figure 27. Flow chart of the firmware needed for electronic hardware to operate properly. 

When the electronic board is powered up, the initialization process starts. During 

initialization, pins are defined as digital input or output, PWM and USB peripheral are enabled, 

and step driver resolution is selected. For the prototype, the resolution of a half step was selected 

because it was found out that every half-step of a motor corresponds to a spectral shift of four 

pixels which will suffice for all measurements. After the initialization process is done, a grating 

is rotated to a starting position, the zoom is rotated to a minimum zoom factor, and the shutter 

is closed. It has to be pointed out that starting position of a grating was set according to a laser 

wavelength meaning if the laser with a wavelength of 532 nm is used then the grating will rotate 

to an angle where the 532 nm wavelength will be positioned on the centre of the CCD. Next, 

an infinite while loop is created where a device (MCU) waits for USB commands from a host 

(GUI) and controls the motors and shutter accordingly. Source code for firmware functions is 

in Appendix E.      

 



44 
  

5.4.2. Software and Graphical user interface (GUI) 

To control all the functions of the prototype, it was necessary to develop custom software 

and a corresponding graphical user interface (GUI). Software and GUI were developed using 

C# Visual Studio 2019 Windows Presentation Foundation (WPF).  

 

Figure 28. Interface layout of custom developed GUI. 

 

The custom developed GUI (Figure 28) consists of nine main components:  

- CCD type (Figure 28 red dashed rectangle 1),  

- CCD cooler setup (Figure 28 red dashed rectangle 2),  

- data field for basic information about material name, laser type, laser power, grating 

type (Figure 28 red dashed rectangle 3), 

- spectrometer control function for zoom factor, zoom lens shutter control, and zoom lens 

focus control (Figure 28 red dashed rectangle 4),  

- CCD exposure time (Figure 28 red dashed rectangle 5),  

- binning function for CCD (Figure 28 red dashed rectangle 6),  

- dark frame enable/disable function (Figure 28 red dashed rectangle 7),  
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- spectrometer grating control and (Figure 28 red dashed rectangle 8), 

- main area with graphical display of acquired spectra (Figure 28 red 9). 

 

 

 

(a) (b) (c) 

 

 (d)  

  

(e) (f) 

 

(g) 

 

 

(h) (i) 

Figure 29. Detailed view for a GUI control functions.  
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For all of these major components to operate accordingly, it is necessary to implement the logic 

behind GUI. The flow chart representing the logic behind is shown in Figure 30. 

 

Figure 30. Flow chart of the software needed for GUI to operate properly. 

 

When the application is first initialized, the user must select and connect to the 

appropriate camera model for the spectrometer (Figure 29a). This allows the user to define the 

parameters for recording spectra. First, the cooler must be set to the lowest possible 

temperature, reducing the noise generated by the camera (Figure 29b). When the user sets the 

cooling set point, it is automatically sent to the CCD. A minimum temperature of -20°C was 

set for the CCD used in this spectrometer. Next, information about the material and the 

spectrometer is not needed for the spectrometer to function properly, but it is good practice to 

have this feature for later data analysis (Figure 29c). Next, the exposure time, binning, and dark 

frame information will affect the results (Figure 29d,e,f). It is therefore essential to select them. 
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Detailed information about exposure time, binning and dark frame can be found in the next 

chapter. The position of the grating and the zoom factor are automatically sent to the electronic 

board via USB and positioned according to the user input (Figure 29g,h). There are two modes 

implemented for spectrum acquisition, namely single and continuous mode, which are self-

explanatory. However, the continuous mode allows the user to continuously acquire and 

generate spectra while scanning the spectral range, i.e., controlling the position of the grating 

and the zoom factor. Single-mode is often used when the spectral range and zoom factor are 

known and defined. The captured image is processed when the dark frame function is activated 

in both modes. An algorithm has been implemented for image processing that subtracts the dark 

frame from the true image and will be explained in more detail in the next chapter. The captured 

image is stored in a 2D array that contains information about the light intensity for each pixel 

in the CCD. To generate spectra from the 2D pixel array, an algorithm is used that sums the 

corresponding pixels on the y-axis for each pixel on the x-axis. Therefore, in the generated 

spectra, the x-axis represents the horizontal pixel count of the CCD, and the y-axis represents 

the summed totals, which are arbitrary units (Figure 29i). However, Raman spectra are 

represented as Raman shift (cm-1) on the x-axis, while PL spectra are represented as 

wavenumber (nm). Therefore, it is necessary to convert the pixels of the x-axis to a 

corresponding Raman shift or the wavenumber. First, the x-axis was calibrated, as this 

facilitates the conversion of pixels to the Raman shift. The calibration process was simple for 

the prototype by using two lasers with different wavelengths, i.e., λgreen = 532 nm and λred = 785 

nm.  

First, the zoom factor was set to a minimum 1x and the 532 nm laser was placed. Then 

the grating was rotated so that the laser spot could be seen on the far right of the CCD. Then 

the 532 nm laser was replaced with a 785 nm laser, and the spot was visible on the CCD. The 

distance between them was measured and was about 8 cm-1 per pixel. It should be noted that 

the calibration was performed for all different zoom factors. The result was about 0.44 cm-1 per 

pixel for the maximum zoom factor of 18x. The conversion between cm-1 and wavenumber was 

done with the formula 5 [41]. 

𝜆[𝑛𝑚] =
1

1

𝜆𝑒𝑥[𝑛𝑚]
−

𝑅𝑎𝑚𝑎𝑛 𝑠ℎ𝑖𝑓𝑡 [𝑐𝑚−1]

107

    (5) 
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Since GUI will show generated spectra, user can save recorded data in a comma separated 

value (.csv) file. This will allow importing recorded data in some other analytical software and 

more detailed analysis. Source code of main GUI functions is in Appendix F.  

5.4.3. Signal to noise ratio 

Since Raman scattering is weak, it can be masked by noise. This noise is a combination of 

unwanted ambient light and thermal and electrical effects in the CCD. When a CCD records 

the light scattered from a grating, the spectral image produced on the CCD is a thin horizontal 

line covering the surface of the CCD at the center of the y-axis and along the entire length of 

the x-axis. However, this image is composed of shot noise, dark noise, and readout noise 

associated with the CCD, and, finally, noise associated with ambient light. It is well-known that 

shot noise is associated with the square foot of an actual collected scattered light and, therefore, 

cannot be suppressed. The number of thermally generated electrons in a CCD generates dark 

noise, i.e., when there is no light, the signal level of a CCD is not zero. It has to be pointed out 

that this noise is strongly dependent on the device temperature and can therefore be suppressed 

by setting CCD to the cooling temperature of -20°C. Readout noise depends on the electronics 

inside the CCD when the electrons undergo analogue-to-digital conversion and amplification. 

It has to be mentioned that this noise cannot be eliminated, but it can be reduced by binning. 

Therefore, a binning of 1 x 16 is set to suppress the readout noise. At a maximum CCD 

resolution of 2750 x 2200, this binning produces an image with a resolution of 2750 x 137, 

preserving spectral resolution along the x-axis and increasing the readout speed, thereby 

reducing readout noise.  

The exposure time determines how long the CCD captures the light, i.e., the photons 

emitted from the sample, increasing the signal-to-noise (S/N) ratio. Hence, the minimum and 

maximum exposure time range depends on the CCD and ranges from 0.001 s to 60 min. 

Therefore, the laser power set to 15 mW for all samples to determine the optimal exposure time. 

Also, the exposure time was 1 s for the Raman measurement and for the PL measurement using 

the trial and the error. Furthermore, to reduce noise caused by unwanted ambient light, a dark 

frame is used. However, a dark frame also reduces the noise generated in the CCD. Hence, the 

dark frame is an image taken with the shutter activated, which blocks the laser beam. It should 

be noted that the dark frame image must be acquired with the same parameters (exposure time, 

binning) that are used to acquire the true image. This image contains information about pixel 

values that are not part of the spectrum. Finally, they are subtracted from the true image, 

resulting in an image with reduced noise. 
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5.5. Materials 

Various materials were used to record Raman and PL spectra, as listed in Table 8. All 

samples were provided by the Ruđer Bošković Institute. For the PL measurement, different 

Schott glasses were used because they provide a good PL spectrum with a known cutoff 

wavelength. Various minerals in solid-state were used for Raman measurement. Various 

powdered materials were also used for the Raman measurement. To test the effects of variable 

spectral resolution, sulphur and silicon were used because they provide strong Raman bands at 

known locations. All samples were placed on a separate microscopic glass and placed under the 

microscope. For each sample, the laser beam was manually focused on one sample. 

Table 8. Materials used for Raman and PL spectra measurement with a prototype. 

Material Measurement Material Measurement 

Schott 550 
 

PL Rhodonite 
 

Raman 

Schott 665 
 

PL Rock crystal 
 

Raman 

Amethyst 
 

Raman Rubelite 
 

Raman 

Azurite 
 

Raman Pure PE 
 

Raman 

Beryll 
 

Raman TiO2 - P25 
 

Raman 

Garnet 
 

Raman 
Rutile 

commercial  
Raman 

SiO 
 

Raman TiO2 - 800°C 
 

Raman 

Morion 
 

Raman Sulphur 
 

Raman with 

variable ZF 

Jasper 
 

Raman Silicon 
 

Raman with 

variable ZF 
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6. RESULTS AND DISCUSSION 

This chapter discusses the results obtained from the prototype and referent system (JY-

T64000). First, the Raman spectra were recorded on silicon (Si) and sulphur (S) materials 

varying the zoom factor (ZF). Further, several different samples were recorded with maximum 

ZF. Next, for different ZFs, a spectral resolution and signal-to-noise ratio (SNR) has been 

analytically calculated. Then, the results are presented, compared with JY-T64000, and 

discussed. It has to be noted that obtained results are validated using statistical metrics, the 

analysis of variance (ANOVA) method. Finally, a comparison of the PL spectrum of a Schott 

550 and 665 glass obtained from the prototype and JY-T64000 was performed.  

 

6.1. Raman spectra 

To record Raman spectra of all of the samples, the prototype was set to 1 s exposure time 

with Barlow lens set to 2x magnification, and laser power on the sample was 15 mW.  The 

Raman spectra of the Si (Figure 31) and S (Figure 32) acquired with the prototype at the 

different ZFs are shown. From Figure 31 and Figure 32, the x-axis denotes Raman shift, and 

the unit is cm-1, whereas the y-axis represents a relative intensity that has arbitrary units. It has 

to be highlighted that both Si and S ZF measurements were set to a value where Raman lines 

are visible and recognizable. Therefore, for both samples initial ZF was set to 4.5x. The grating 

was rotated, so the laser line was in the middle of the x-axis.  

From Figure 31a,c and Figure 32a,c the spectral interval over the entire CCD region at a 

ZF of 4.5x ranges from 480 to 596 nm. Further, there are four noticeable spectral peaks. Spectral 

peaks appear around the expected wavelength of the 532 nm laser. The spectrum of Si (Figure 

31a) shows a line of transferical optical (TO) vibrational mode at 520 cm-1, a TO second 

harmonic mode at 900-1000 cm-1, and the Anti-Stokes line spectrum. The S spectrum (Figure 

32a) shows a strong optical phonon line at 472.8 cm-1. However, it is necessary to increase a 

resolution by adjusting a ZF to see more spectral components. It has to be pointed out that lines 

become distinct with a further increase of ZF by factor 2x, i.e., from the initial value of ZF, the 

resolution is a 9x magnified. Figure 31b shows that for Si, Stokes and Anti-Stokes peaks 

become narrower due to the increased spectral resolution. The similar observation for Stokes, 

and Anti-Stokes peaks have been observed for S (Figure 32b). It has to be emphasized that the 

spectral interval over the entire CCD region at ZF of 9x ranges from 505 to 562 nm wavelength. 
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(a) 

 

(b) 

 

(c) 
Figure 31. Acquired Raman spectrum with a prototype of a Si with different zoom factors 4.5x (a), 9x 

(b) and 18x (c). 
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(a) 

 

(b) 

 

(c) 

Figure 32. Acquired Raman spectrum with a prototype of a S with different zoom factors 4.5x (a), 9x 

(b) and 18x (c). 
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 Furthermore, if the ZF is set to the maximum value of 18x (Figure 31c and Figure 32c), 

in that case, it can be observed that the spectral interval across the CCD region becomes even 

narrower, measuring 516 - 549 nm wavelengths. It has to be pointed out that spectral lines both 

for Si and S at this ZF are more distinct then at lower ZF. However, it can be seen from Figure 

31c that the TO mode second harmonic for Si disappears. Therefore, the total spectral interval 

over the CCD region reduces by increasing the ZF, and the spectral resolution increases, which 

is evident from the line narrowing. 

Furthermore, the first measure taken was the spectral dispersion which is calculated 

using the Equation (2) from Chapter 4 i.e., the reciprocal linear dispersion (D-1). By substituting 

the value of the focal length f = 306 (with Barlow 2x magnification) for the maximal ZF, the 

order of diffraction n = 1, and the distance between rulings d = 1/1100 mm, the reciprocal linear 

dispersion (D-1) for the first-order diffraction is 2.97 nm/mm. The per pixel width of this value 

is 0.0135 nm/pixel. The spectral dispersion at the position of the Raman band for Si at 520 cm-

1, as shown in Figure 31c (547.14 nm wavelength of light), and for S at 472.77 cm-1, as shown 

in Figure 32c (545.73 nm wavelength of light), is 0.48 cm-1/pixel. The same calculation for the 

reference system gives a dispersion of 0.756 cm-1/pixel which is 1.575 times higher value. 

Therefore, in order to have a similar spectral resolution, a binning factor of 1x was used during 

recording by the prototype. 

Spectral resolution depends on an input slit of a spectrometer. Therefore, the input slit 

width for the prototype was set to 35 μm. At the maximal ZF of 18x, the total magnification of 

the monochromator is fco2/fco1 = 1.33, which gives an image size of 46.55 μm at the CCD. From 

the Nyquist limit, it can be determined whether the CCD can differentiate between the two 

neighbouring spectral lines, i.e., three times the image size over the CCD. Therefore, the CCD 

can differentiate between two adjacent spectral lines when their peaks are separated 139.65 μm 

on the CCD, which spectrally is 14.76 cm-1. This can be seen from Figure 32b at a position 

about -240 cm-1, where two peaks appear with a 15 cm-1 difference between them, while in 

Figure 32a same Raman band is shown as one peak. 

Figure 33. shows the Raman spectra of several different materials in comparison with 

the reference Raman spectra. It has to be pointed out that the prototype was set to the maximum 

of 18x magnification so it could record approximately the same spectral range as the reference 

system, therefore the spectral interval from 540 - 571 nm was recorded. 
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(a) 

 

(b) 

 

(c) 
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(d) 

 

(e) 

 

(f) 
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(g) 

 

(h) 

 

(i) 
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(j) 

 

(k) 

Figure 33. Comparison of the prototype Raman spectra of a several different materials with a reference 

system.  

 

It should be noted that for the prototype, the intensity is calculated as the sum of the y-

axis pixels for each x-axis pixel, whereas for the reference system, the intensity is calculated as 

the average of the y-axis pixels for each x-axis pixel. Therefore, to better compare the Raman 

spectrum of the reference system with that of the prototype, the intensity was multiplied by an 

arbitrary factor so that the intensity of each spectrum was approximately equal to the intensity 

of a spectrum obtained with a prototype. In addition, the Raman spectrum obtained with the 

reference system was shifted along the y-axis to facilitate comparison, as shown in Figure 33 

and Figure 34 for all spectra. Furthermore, it should be pointed out that spectral range using 

maximum ZF is approximately two times larger than the spectral range of the reference system. 

Therefore, Raman spectra of the reference system was obtained by stitching two small sections 
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of the spectra into one spectrum. Furthermore, exposure time for both the prototype and 

reference system was 1 s (note that for the reference system it was total of 2 s because of 

recording two small sections), and the microscope objective used in the reference system was 

50x-0.5 NA, whereas for the prototype was 80x-0.7 NA. Laser power for the prototype was 15 

mW, whereas for the reference system was 11.5 mW.  

It can be seen from Figure 33 that all Raman spectra recorded with the prototype have 

similar spectra to the Raman spectra of the reference system. However, the reference system 

performs better in some measurements. Therefore, the reference system shows additional 

Raman lines for Amethyst (Figure 33a) at about 510 cm-1, for Azurite (Figure 33b) at about 

740, for Garnet (Figure 33d) at about 380 and 590 cm-1, for Jasper (Figure 33g) at about 460 

and 1090 cm-1. This can be contributed to a high-resolution spectrum obtained by stitching two 

smaller sections. However, the prototype also performs better for Jasper (Figure 33e) where 

distinct lines can be seen at about 400 cm-1, and additional lines at about 510 and 750 cm-1. It 

is also evident from Figure 33 from all of the spectrums obtained by the reference system that 

SNR is better than the prototype, which shows better results for lines that are small enough to 

be hidden under the noise. Therefore, (note that the reference spectrum was multiplied by an 

arbitrary factor so the spectrums can be compared), for Rhodonite (Figure 33g), the Raman 

lines at 460 and 1000 cm-1 are clearly visible with the reference system, while the prototype 

shows none at those locations. 

 

(a) 
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(b) 

 

(c) 

 

(d) 

Figure 34. Spectrums obtained by reference system and proposed system used for difference analysis 

between two systems.  
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To evaluate the collected data between the two systems, a comparison of the spectra was 

calculated using ANOVA analysis [110–112]. Figure 34 shows the spectra of the prototype and 

the reference system for the analysis ANOVA. It should be noted that the spectral interval was 

set according to the strong Raman lines for each material. Therefore, the interval 450 - 600 cm-

1 was chosen for Si (Figure 34a), 400 - 550 cm-1 for S (Figure 34b), and 350 - 800 cm-1 for TiO2 

P25 and TiO2 - 800° (Figure 34c,d). An ANOVA table was calculated for each material using 

Excel. The calculated ANOVA analysis is shown in the Table 9. It contains the values for the 

sum of squares (SS), the degrees of freedom (df), the mean square values (MS), the p-values, 

and the calculated F and Fcritical values. The significance level alpha of 0.05 was chosen for all 

materials. However, the null hypothesis used for the analysis of ANOVA was that there is no 

significant difference between two sets of data, which means that the F-value must be less than 

the Fcritical value and the p-value must be greater than the alpha value. If the F-value is greater 

than the Fcritical value and the p-value is less than alpha, the null hypothesis is rejected, and the 

alternative hypothesis is accepted. In Table 9, the calculated F, Fcritical and p-values show no 

statistical differences in all the compared materials (F < Fcritical and p > 0,05), so the null 

hypothesis was not rejected.   

Table 9. Calculated ANOVA analysis for Raman peaks obtained with two systems using alpha value of 

0.05. 

Interval 

[cm-1] 
Material SS df MS F p-value Fcritical 

 Si       

450 - 

600 

Between groups 63.43 1 63.43 0.035 0.86 3.86 

Within groups 1580470 852 1855.02    

 Total 1580533 853     

 S       

400 - 

550 

Between groups 5.79 1 5.79 0.003 0.96 3.86 

Within groups 1623253 862 1889.70    

 Total 1623259 863     

 TiO2 P25       

350 - 

800 

Between groups 9096.03 1 9096.03 0.44 0.51 3.85 

Within groups 60507703 2899 20871.92    

 Total 60516799 2900     

 TiO2 – 800°       

350 - 

800 

Between groups 5382.30 1 5382.30 0.32 0.58 3.85 

Within groups 44032882 2603 16916.21    

 Total 44038264 2604     
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6.1.1. Spectral resolution 

 

Spectral resolution of a prototype was calculated by measuring the linewidth for the line 

at 520 cm-1 for Si (Figure 31a) and for the line at 472 cm-1 for S (Figure 32a). Therefore, the 

Gaussian function (Equation (1) from Chapter 4) is used to fit Raman lines and Equation (2) 

from Chapter 4 shows a full width at half maximum (FWHM) for the stokes line of a Si and S 

Raman spectra at a minimum and maximum ZF. 

Figure 35a,b shows measured linewidth for S, while Figure 36a,b shows measured 

linewidth for Si at the minimal and maximal ZF by fitting the Gaussian profile.  

Using Gaussian profile (Figure 35a,b) measured linewidth at the minimal and maximal ZF 

for 472 cm-1 Raman band results in 76.97 cm-1 at the minimum ZF and 18.25 cm-1 at the 

maximum ZF. It has to be pointed out that due to the increased resolution new Raman bands 

also appear. From Figure 36a,b measured linewidth at the minimal and maximal ZF for 520 cm-

1 Raman band results in 63.61 cm-1 at the minimum ZF and 12.81 cm-1 at the maximum ZF. 

 

(a) 
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(b) 

Figure 35. Calculation of the spectral resolution of the prototype with S Raman spectrum using the 

Gaussian fit for each peak at different ZF. Note that peak at location 0 cm-1 is the peak of the excitation 

source. Therefore, Gaussian fit was not calculated for that peak.  

 

Table 10 shows the Gaussian fitting parameters for each peak at the minimum and 

maximum ZF, together with their FWHM value. It is evident from the calculated linewidth of 

the characteristic peak at 472.44 cm-1 that the spectral resolution increased significantly, i.e., 

the spectral resolution became more than four times larger. 

Table 10. Gaussian fit parameters for obtained Si spectral peaks. 

Curves MIN ZF MAX ZF 

 A b[cm-1] σ FWHM A b[cm-1] σ FWHM 

P1 3073.43 -479.84 37.99 89.48 9557.08 -474.18 7.55 17.8 

P2 n/a n/a   2308.23 -439.01 10.33 24.30 

P3 n/a n/a   3064.33 -257.13 7.26 17.11 

P4 5439.25 -247.75 34.02 80.11 22768.3 -229.7 6.08 14.33 

P5 n/a n/a   2932.75 208.63 6.69 15.74 

P6 3566.65 250.08 39.2 92.28 6432.75 236.03 12.07 28.43 

P7 n/a n/a   9199.62 433.24 10.51 24.76 

P8 16268.6 475.94 32.68 76.97 49008.5 472.44 7.76 18.25 
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Using the values ∆𝜈𝑠𝑙𝑖𝑡 = 4.92 cm-1, ∆𝜈𝑙𝑖𝑛𝑒 = 9 cm-1 (measured by the reference system 

without binning factor), and fitted FWHM = 18.25 cm-1 for the characteristic peak at 472.44 

cm-1 at maximum ZF (Table 10). By Equation (3) from Chapter 4, it was found that ∆𝜈𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 

= 15.09 cm-1. Furthermore, for the same peak and fitted FWHM = 76.97 cm-1 at the minimum 

ZF (Table 10), it was found out that  ∆𝜈𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 = 76.28 cm-1, which is 5 times worse resolution 

in comparison with the ZF = 18. However, the initial ZF = 4.5 is not exact, meaning that there 

are slightly aberrations due to the motor positioning the ZF on the zoom lens. Therefore, 

spectral resolution changes approximately the same as the ZF since the difference between the 

initial minimum ZF = 4.5 and maximum ZF = 18 is 4 times.  

 

(a) 
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(b) 

Figure 36. Calculation of the spectral resolution of the proposed system for Si Raman spectrum using 

Gaussian fit for each peak at different ZF. Note that peak at location 0 cm-1 is the peak of the excitation 

source. Therefore, Gaussian fit was not calculated for that peak. 

 

Table 11 shows the Gaussian fitting parameters for each peak at the minimum and 

maximum ZF, together with their FWHM value. It is evident from the calculated linewidth of 

the characteristic peak at 520.24 cm-1 that the spectral resolution increased significantly, i.e., 

the spectral resolution became more than four times larger. 

Table 11. Gaussian fit parameters for obtained S spectral peaks. 

Curves MIN ZF MAX ZF 

 A b[cm-1] σ FWHM A b[cm-1] σ FWHM 

P1 1967.66 -526.66 41.20 97.02 7636.75 -518.7 5.67 13.35 

P2 2372.75 334.23 70.51 166.05 n/a n/a   

P3 20646.45 524.01 27.01 63.61 72894.81 520.24 5.44 12.81 

 

Using the values ∆𝜈𝑠𝑙𝑖𝑡 = 4.92 cm-1, ∆𝜈𝑙𝑖𝑛𝑒 = 4 cm-1 (measured by the reference system 

without binning factor), and fitted FWHM = 12.81 cm-1 for the characteristic peak at 520.24 

cm-1 at maximum ZF (Table 11). By Equation (3) from Chapter 4, it was found that ∆𝜈𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 

= 11.13 cm-1. Furthermore, for the same peak and fitted FWHM = 63.61 cm-1 at the minimum 

ZF (Table 11), it was found out that  ∆𝜈𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 = 63.29 cm-1, which is 5.6 times worse 

resolution in comparison with the ZF = 18. This difference in spectral resolution is the same as 
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mention above, slightly aberrations due to the motor positioning the ZF of the zoom lens. Using 

the values ∆𝜈𝑠𝑙𝑖𝑡 = 1,01 cm-1, ∆𝜈𝑙𝑖𝑛𝑒 = 4 cm-1 and FWHM = 5.66 cm-1 (calculated by Gaussian 

fit for the characteristic peak at 520.62 by the reference system from Figure 34a), it was found 

that ∆𝜈𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 = 3.87 cm-1. Therefore, due to the difference in the focal length of the reference 

spectrometer, which is more than twice that of the prototype, the spectral resolution of the 

reference system is more than twice as high. 

 

6.1.2. Signal to noise ratio 

 

To measure the quality of a peak versus background noise obtained by the prototype, the 

signal-to-noise ratio (SNR) is estimated from experimental spectra and then compared with the 

reference system. Therefore, Si and S were used as samples for experimental spectra since they 

provide a strong Raman band at 520 cm-1 for Si and 472.22 cm-1 for S. Estimation was done by 

applying Savitzky-Golay (SG) smoothing [113–115] on raw data recorded by both systems 

setting polynomial to 3rd order and window frame to 11. Then, filtered spectra were subtracted 

from the experimental spectra to create a noise spectrum. The standard deviation was calculated 

from the noise spectrum, showing a background noise level. The SNR was roughly estimated 

(Equation 6) by relation between max peak intensity (S) and standard deviation of background 

noise (σb) [116].   

𝑆𝑁𝑅 =  
𝑆

𝜎𝑏
     (6) 

It has to be pointed out that reference system intensity is calculated as a mean value of the y-

axis pixels for each x-axis pixel, while for the prototype, intensity is calculated as a sum of the 

y-axis pixels for each x-axis pixel. Therefore, to evaluate the SNR difference between the two 

systems, the prototype intensity was calculated the same way as the reference system. Filtered 

spectrum using SG smoothing and generated background noise is shown in Figure 37a,b for Si, 

and Figure 38a,b for S.   
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(a) 

 

(b) 

Figure 37. SNR estimation of obtained Si Raman spectra from prototype system a, and reference system 

b using SG smoothing. 
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(a) 

 

(b) 

Figure 38. SNR estimation of obtained S Raman spectra from prototype system a, and reference system 

b using SG smoothing. 

 

Estimated SNR (Table 12) shows that the reference system performs better regarding peak 

visibility over the background noise. Moreover, the background noise level is approximately 

10 counts over the y-axis for Si, and 37 counts for S. However, a background noise level is 

higher for the prototype system, resulting in 22 counts over the y-axis for Si and 129.4 counts 
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for S. That can be due to the liquid-nitrogen-cooled CCD of a reference system, while CCD 

used for prototype was cooled only using its implemented Peltier cooling, reaching a maximum 

of -20°C. Therefore, as expected estimated SNR of a reference system is at least two times 

higher than the prototype regarding Si and approximately three times for S. Nevertheless, the 

background noise level of a prototype is consistent throughout spectra acquisition of different 

materials. 

Table 12. Calculated parameters for SNR evaluation. 

Material System Max peak [ar. units] σb [arb. units] SNR 

Si 
reference 6056.7 9.5831 632.0173 

prototype 4281.1 22.0753 193.9335 

S 
reference 58326 37.0754 1573.2 

prototype 106940 129.4070 826.3716 

 

6.2. Photoluminescence spectra 

The PL spectra of a Schott 550 and Schott 665 glass shown in Figure 39. were recorded using 

the proposed system and reference system using an excitation laser of 532 nm. The ZF of the 

proposed system was set to 4.5x so that the spectral interval of 116 nm could be recorded in a 

single shoot. The exposure time was set 2 s for both systems. However, the total acquisition 

time for the same spectral interval using the reference system was around five times longer 

because the signal of each spectral interval of 20 nm width (on average) was collected 

separately and then combined into one single spectrum. For Schott 550 (Figure 39a), the grating 

was rotated in such a way that the laser is on the far left side, and the visible spectral range for 

Schott 550 of 538 – 654 nm was captured. To reach the spectral interval for Schott 665, the 

grating was rotated so that the spectral interval from 570 – 686 nm can be recorded as can be 

seen in Figure 39b.  

It can be seen from Figure 39 that both PL spectrum of a proposed system shows similar 

spectra as the PL spectra of a reference system. However, PL spectra is much more detailed for 

reference system, since each of the segment with wavelength width of 20 nm was recorded 

across full CCD (1024 pixels) resulting in more than 5000 data points. It has to be pointed out 

that PL spectra from 580 – 654 nm of the proposed system (Figure 39a) show descending 

spectra due to the procedure of a reference system for PL acquisition. This could be explained 

by the spectral stitching of small spectrums into one spectrum in the reference spectrum. 

However, these small sections tend to carry a variable background of the slope which change 

during the recording. Therefore, the PL spectrum recorded by the reference system can show 
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wrong information. Moreover, from Figure 38b it can be seen that the PL spectrum recorded 

by the prototype shows the same PL spectrum as the reference system, also this points out that 

reference system during this measurement stitched all spectrums correctly. Therefore, resulting 

in same PL spectrum as a PL spectrum of a prototype. 

 

(a) 

 

(b) 

Figure 39. PL spectra of a Schott 550 (a), and Schott 665 (b) recorded with prototype and reference 

system. 
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7. INVENTION – PATENT APPLICATION 

In this chapter, an invention with the patent application number P20211818A will be 

described. It has to be pointed out that the invention was applied for a patent at the State 

Intellectual Property Office of the Republic of Croatia and was done in collaboration with 

Institute Ruđer Bošković and Maritime Faculty – Split.   

The present invention relates to a Raman spectrometer which allows a change in a spectral 

resolution that is suitable for recording Raman and photoluminescent spectra. 

 

In order to obtain information about the vibrational states of an individual molecule, one of the 

most commonly used techniques for analysis is Raman spectroscopy, and devices developed 

for this purpose are called Raman spectrometers. On the other hand, in order to gain insight into 

the electronic states of the molecule, photoluminescent spectroscopy is used, for which there 

are appropriate instruments. When shooting the Raman effect, which is essentially very weak, 

there is a problem of backlighting, i.e., a strong photoluminescent background that needs to be 

eliminated. Since photoluminescent phenomena occur when recording the Raman effect, it can 

be concluded that the Raman spectrometer is also suitable for photoluminescent recordings. 

Today's Raman spectrometers are mainly intended for recording the Raman effect, but they also 

have the ability to record the photoluminescent spectrum. However, currently, during the 

acquisition of the photoluminescent spectrum, the time of acquisition is long, and there is a 

possibility of creating artifacts that are not part of the observed spectrum. This innovation brings 

the Raman spectrometer as a unique device for recording Raman and photoluminescent spectra. 

This design of the Raman spectrometer significantly reduces the acquisition time and 

undesirable artifacts during photoluminescent recordings and allows the selection of the desired 

spectrum recording areas that are suitable for the Raman effect. The presented innovation is the 

implementation of a zoom lens on the output part of the spectrometer. This innovation allows 

changing the spectral resolution during spectrum acquisition. An increased zoom factor allows 

you to record the desired range of the spectrum, which is suitable for recording the Raman 

effect and the full spectrum at a minimum zoom factor suitable for the photoluminescent 

spectrum. 

The innovation consists of the mechanical connection of additional optics (zoom lens) to the 

optical detector of the Raman spectrometer. The zoom lens can be any gain factor with the 

possibility of infinite focusing and may or may not contain a built-in shutter function. It should 
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also be suitable for easy installation in such a way that its connection connectors are of the 

standardized type for today's optical detectors. Zoom, focus, and cover position control can be 

divided into two variants: a) manual. b) automatically. 

It is an object of the presented invention to provide a Raman spectrometer capable of recording 

the Raman and photoluminescent spectra. 

In accordance with the presented invention, a Raman spectrometer for recording the Raman and 

photoluminescent spectra is provided, comprising an excitation laser source, a Raman head or 

a microscope for supplying an excitation source to the observed material and scattering 

scattered light from the material, with collimation lens and diffraction grating, zoom lens and 

an optical detector. 

 

The following figures show an embodiment of the presented invention: 

Figure 40 is a schematic representation of Raman spectrometer components in accordance with 

the presented invention 

Figure 41 is a schematic representation of the operation of a zoom lens in accordance with the 

presented invention 

 

The method of using the invention is as follows: The laser source (1) produces a laser beam 

that passes through a band-pass filter (2) and is fed via a light guide (3) or otherwise to a Raman 

head (4) or microscope (4) on the observed sample (5). Feeding the beam on the sample (5) 

creates Raman and photoluminescent light which is collected by the Raman’s head (4) or 

microscope (4) and led to the notch filter (6), then through the fiber (3) or otherwise reflected 

to the spectrometer (8) via the input collimation lens (7). In the spectrometer (8) on the 

diffraction grating (11), the scattered light is decomposed into frequency components and 

directed to the optical detector (10). On the path to the optical detector (10), light passes through 

the zoom lens (9), which with its magnification factor regulates the range of light in the physical 

space that falls on the optical detector (10). Since light is decomposed in physical space into 

frequency components, the zoom lens (9) thus actually regulates the frequency range of light 

incident on the optical detector (10). Furthermore, because the optical detector (10) consists of 

a certain finite number of pixels, changing the frequency range of the light falling on the optical 

detector (10) simultaneously regulates the resolution or level of detail of the spectrum. In other 
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words, if the zoom lens (9) is adjusted to cover the narrower part of the spectrum (zoom-in), 

better spectral resolution, i.e., more detail, will appear at the same time. The opposite is also 

true, by decreasing the zoom factor of the lens (9), the spectral resolution decreases, but the 

range of the spectrum falling on the optical detector (10) increases. 

In this way, this innovation allows a single device to capture wide photoluminescence spectra 

in one mode (when the zoom lens (9) is at low magnification), and narrow and detailed Raman 

tapes in another mode (when the zoom lens (9) is at high magnification). In addition to the high 

flexibility in the work that innovation brings, the advantage of the invention is the ability to 

record wide ranges of frequencies or photoluminescent bands in a single window without the 

need for a so-called stitching method. In addition to being slow, the stitching method results in 

artifacts in the measurement due to the merging of multiple spectra into one. Furthermore, the 

advantage of the invention is that with wide spectrum ranges, the device quickly becomes a 

high-resolution spectrometer that can display very fine details of narrow Raman bands in such 

a way that the zoom lens (9) zooms. The upper limit of the spectral resolution of our invention 

is defined by the zoom lens magnification factor, which is a parameter that is very adaptable in 

the production of the invention, and subsequently easily changeable for various customer needs. 

A zoom lens (9) can be any set of optical elements within a housing that allows for dynamic 

optical zooming or reduction of the image it transmits. It can consist of different convergent 

and divergent lenses at different distances and mutual arrangement. The magnification factor 

can be dynamically changed by rotating the inner or outer element, manually or via an electric 

motor or otherwise. The proposed invention's zoom lens (9) receives diffused light at its input 

to the spectral components, optically increases or decreases it depending on the magnification 

factor, and sends it to the optical detector (10) at the output. 

In the case of the manual zoom lens variant (9), control of the zoom lens (9) is performed by 

manually rotating the zoom lens elements (9). 

In the case of a motorized zoom lens variant (9), control of the zoom lens (9) is performed by 

starting the motor via the program interface. The software interface can be any interface that 

has the ability to collect data from the optical detector (10) and control the zoom lens control 

motors (9) and depends on the user's requirements. A typical sample measurement might look 

like this: The experimenter places the sample (5) of interest under the microscope (4) or in front 

of the Raman head (4), focuses the microscopic (4) lens on the position of interest on the sample 

(5), and illuminates it with a laser beam. (1) through a microscopic (4) lens. It then sets the 
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spectral range manually or via a programming interface to the widest mode. It triggers a quick 

acquisition and gets a rough but wide spectral window. He notices various peaks and bands in 

the recorded spectrum. He notices a wide photoluminescent tape, which was recorded correctly 

and completely without artifacts in this way. In addition, he notices narrow bands on the tail of 

the photoluminescent hill. It indicates a small part of the interest in the measured spectrum via 

a user-friendly software interface. Then the zoom lens magnification factor (9) is increased 

manually or motorized to the marked or selected spectral range. The experimenter starts the 

second measurement where a much narrower beam of light now falls in the same range on the 

optical detector (10), and therefore the collected spectrum has a much higher spectral resolution. 

The experimenter can now spot the tiny details of the narrow Raman ribbons. 

The mode of operation of the zoom lens (9) in the present invention is as follows: Figure 2 

shows the role of the zoom lens (9) in the Raman spectrometer. The beam of decomposed 

frequency components coming from the diffraction grating (11) comes to the zoom lens (9). 

The zoom lens (9) consists of a focusing lens (12), a zoom lens (14), and a cover (15). The 

focusing lens (12) is set to the infinite focusing position. The zoom lens position (14) is set to 

the lowest gain factor, and the cover (15) is set to the fully open position. The beam of 

decomposed frequency components of spectral width λ1 coming from the spectrometer (8) 

passes to the zoom lens (9). Such a beam passes through the focusing lens (12) and passes 

through the zoom lens (14) to the optical detector (10). Then the focal length d2 is smaller 

between the zoom lens (14) and the optical detector. The spectral interval of the beam λ1 is 

larger and falls on the surface (17) of the optical detector (10). When moving the zoom lens 

(14) to the maximum magnification in position (13) then, a smaller part of the beam of 

decomposed frequency components of spectral width λ2 enters through the focusing lens (12) 

on the zoom lens (14). Then the focal length d1 is greater between the zoom lens (14) and the 

optical detector (10). The spectral beam interval λ2 is narrower and falls on the surface (17) of 

the optical detector (10). 

To record photoluminescence, it is necessary to include the largest possible spectral interval of 

the beam divided by the diffraction grating (11), this is achieved with the smallest possible 

zoom factor (14), or the smallest focal length between the zoom lens (14) and optical detector 

(10). To record the Raman effect and spectral range of spectral interest, i.e. to increase the 

spectral resolution, it is necessary to increase the zoom lens gain factor (14) to the appropriate 

gain, i.e., increase the focal length between the zoom lens (14) and optical detector (10). 
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List of marks 

(1) Laser source, laser wavelength from 229 - 1064 nm, various technologies: gas (eg 

Ar, He: Cd, He: Ne), diode and semiconductor (eg Nd: YAG) and the like. 

(2) Bandpass filter whose wavelength transmittance corresponds to the wavelength of 

the selected laser source (1) 

(3) Fiber optic that can be the single or multimodal optical fiber of different core sizes 

(4) Raman head or microscope capable of collecting Raman scattering and reflect it to 

the spectrometer (8) 

(5) Measurement sample 

(6) Notch filter which has the role of eliminating strong illumination of the laser 

source (1) from the output beam consisting of scattered Raman light of the sample 

(6) together with strong illumination of the laser source (1). 

(7) The collimation input lens into the spectrometer (8), which can be part of the 

spectrometer or additionally installed, is an important function of creating a 

parallel beam toward the diffraction grating (11) inside the spectrometer (8). 

(8) A spectrometer consisting of an input collimation lens (7) for generating a parallel 

beam within the spectrometer (8), a mirror guiding the parallel beam to the 

diffraction grating (11) and a mirror for directing the split beam of the diffraction 

grating (11) towards the spectrometer output (8). 

(9) The zoom lens that contains the least focus lens (12) and zoom lens (14). It may or 

may not contain a cover (15), and control of all these elements can be automatic or 

manual. It is also necessary to have a standard type of connector to connect to the 

various optical detectors (10). The maximum gain factor can be different. It may 

also contain a barrel lens for added focal length enhancement. 

(10) Optical detector of various technologies CCD, CMOS, EMCCD detector that can 

be adapted to various computer software solutions. High resolution, 16 - bit A / D 

conversion. 

(11) Diffraction grating which can contain from 600 - 1200 grooves / mm. 

(12) Focus lens zoom lens (9) 

(13) Position at maximum zoom lens magnification factor (14). 

(14) Zoom lens 

(15) Lens cover 
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(16) Magnified display of recorded spectrum on CCD or CMOS detector (10) at 

minimum and maximum zoom lens magnification factor (14). For the smallest 

magnification factor the recorded wider spectral interval λ1 falls on the whole 

surface (17) of the CCD or CMOS detector (10), while for the largest 

magnification, the recorded narrower spectral interval λ2 falls on the whole surface 

(17) OR CMOS detector (10). 

(17) The area of a CCD or CMOS detector (10) depends on the number and pixel size 

of the CCD or CMOS detector (10) itself. 

  

Patent claims 

1. Optoelectronic device for recording Raman and photoluminescent spectra with a variable 

spectral resolution, comprising: 

a laser light source (1) with a corresponding bandpass filter (2); 

a microscope (4) or Raman heads (4); 

a notch filter (6), and a spectrometer (8) containing a minimum of an input collimation 

lens (7) and a diffraction grating (11) with 600 - 1200 grooves / mm; 

and by which the output collimation lens of the spectrometer (8) is thus replaced by a 

zoom lens (9). 

An optoelectronic device, according to claim 1, characterized in that the zoom lens (9) 

minimally comprises a focusing lens (12) and a zoom lens (14). 

An optoelectronic device, according to claims 1 and 2, characterized in that the control of 

the zoom lens (9) can be manual or automatic 

An optoelectronic device, according to any one of the preceding claims, characterized in that 

said device is useful for recording Raman and photoluminescent spectra with different zoom 

lens magnification factors (14) 

An optoelectronic device, according to any one of the preceding claims, characterized in 

that it is adaptable to standard computer interfaces and software solutions for displaying data 

obtained from CCD or CMOS detectors (10). 
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Figure 40. Schematic representation of Raman spectrometer components in accordance with the 

presented invention. 

 

Figure 41. Schematic representation of the operation of a zoom lens in accordance with the presented 

invention. 
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8. CONCLUSION 

 

The maritime industry is the key factor in terms of trade and industry. It includes all 

activities related to maritime transport, including shipping, shipbuilding, marine engineering, 

marine infrastructure, etc. Therefore, the maritime industry is directly associated with the 

marine environment. However, in order to reduce maintenance caused by the marine 

environment and damage caused to a marine environment, it is necessary to comply with the 

regulations addressed by the International Maritime Organisation (IMO). Nowadays, this is 

achieved by analysing existing problems (corrosion, microplastics, emissions, etc.). One of  the 

techniques used for the analysis is Raman and Photoluminescence (PL) spectroscopy.  

Therefore, a novel Raman and PL spectroscopy approach based on a variable spectral 

resolution is described. The variable spectral resolution was achieved in Raman and PL spectra 

by using zoom optics in the collimating part of the monochromator. It was shown that the 

collimating optics' different zoom factors directly affect the spectral resolution of the observed 

spectral interval. With the minimum ZF, the lowest spectral resolution with the largest spectral 

interval was achieved on the detector. On the contrary, with the maximum ZF, the largest 

spectral resolution with the smallest spectral interval was demonstrated on the detector. This 

approach allows the acquisition of Raman and PL spectra with significantly reduced time. Also, 

the ability to vary the spectral range and resolution offers great flexibility in terms of 

applications and conditions of usage of such device, ranging from quick Raman measurements 

for detection or confirmation of substances, broad spectrum PL measurements, to high-

resolution measurements for detailed chemical and structural analysis. 

 First, a macro-Raman spectrometer prototype was built with a maximum 6x zoom lens 

and a low-resolution CCD. To evaluate the performance of the first prototype, a comparison 

was made with a high-grade laboratory Raman spectrometer (a reference spectrometer). The 

prototype approach outperforms the reference spectrometer in the PL measurement, in 

acquisition time as well as in avoiding the spectral artifacts produced by combining more 

spectral intervals into a single spectrum. Contrary to the spectral merging of the reference 

spectrometer, the variable spectral resolution spectrometer can be easily adjusted to collect the 

whole PL spectral interval at once.  

Next, a second prototype was built for micro-Raman spectroscopy using a zoom lens 

with a maximum 18x magnification and a high-resolution CCD. It has to be pointed out that the 
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second prototype was automated at a certain level, enabling the rotation of grating, positioning 

the zoom lens, and shutter control. Therefore, custom electronic hardware was built together 

with custom software for spectra acquisition. To evaluate performance of a second prototype, 

the comparison was made on the same reference spectrometer. Also, evaluation of obtained 

spectrums was done using statistical analysis of variance (ANOVA). Results indicate no 

significant difference between the prototype and the reference spectrometer. Furthermore, the 

signal-to-noise (SNR) ratio of a second prototype was evaluated, indicating at least two times 

higher background noise in comparison with the reference spectrometer. However, this is due 

to the liquid-nitrogen-cooled CCD used in the reference spectrometer.  

Finally, it is shown that the Raman spectrometer with the zoom lens changes the spectral 

resolution and significantly reduces the acquisition time for Raman and PL spectra. However, 

there are already a couple of commercial spectrometers holding dual-mode acquisition for both 

Raman and PL. Simply rotating the grating to reach blazing angles, a broad spectrum is obtained 

quickly. The advantage of the proposed system is not only to have two gratings and two fixed 

sizes of the spectrum on the detector but to have a variable spectrum size at the detector with a 

single grating. This approach enables the recording of Raman and PL spectra within a single 

spectrometer. Moreover, results show that such a spectrometer could be an efficient tool for 

inspecting Raman and PL bands of unknown materials and, thereafter, recording wanted 

spectral intervals at appropriate spectral resolution. 

In addition, the developed prototype requires special software, i.e., a graphical user 

interface (GUI) that records and displays the spectra of the observed material. It is well known 

that GUI must implement functions to control hardware components (grating, shutter, and 

zoom) and functions to acquire pixel information from the detector. Therefore, the developed 

GUI is designed only for the developed prototype, as all functions are intended for the 

components used in the prototype. 

Potential limitations of this prototype in terms of software are the lack of a multi-

platform GUI and flexibility in operation with different CCD/CMOS, motors, and electronic 

boards. Since the developed GUI can only record and display spectra, it can be enhanced with 

additional algorithms that improve data analysis. Therefore, algorithms such as baseline 

correction, Gaussian fit, smoothing, etc. can be implemented. In addition, a database of acquired 

spectra can also be implemented so that the acquired spectra can be automatically classified.  

Potential limitations of this prototype in terms of hardware are the overall dimensions, the 
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influence of the surrounding light, manual adjustment of the optical path, optical mirrors, and 

few excitation sources. To reduce the dimensions, the monochromator can be replaced by a 

grating attached directly to the output of the microscope. Surrounding light can be eliminated 

by using optical fibers as the optical path for the scattered light. Finally, the adjustment of the 

optical components can also be automated by using appropriate electronic and mechanical 

components. 

The possibilities for further development of this approach are numerous. For example, 

one way is to increase the spectral resolution by using a zoom lens with higher ZF, using a 

longer focus at the highest ZF, and involving a higher pixel number CCD/CMOS detector.  

On the software side, there is room for improvement in the ability to vary the resolution, 

data acquisition, and similar elements.  

Finally, it has to be noted that the proposed prototype and this novel approach to 

spectroscopy will also serve as a foundation for future research and open up a gateway for future 

innovative developments in the field. 
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APPENDIX A: PIC18(L)F2X/45K50 SPECIFICATIONS 

 

Universal Serial Bus Features: 

• USB V2.0 Compliant 

• Crystal-less Full Speed (12 Mb/s) and 

Low-Speed Operation (1.5 Mb/s) 

• Supports Control, Interrupt, 

Isochronous and Bulk Transfers 

• Supports up to 32 Endpoints (16 

Bidirectional) 

• 1 Kbyte Dual Access RAM for USB 

• On-Chip USB Transceiver 

 

Flexible Oscillator Structure: 

• 3x and 4xPLL Clock Multipliers 

• Two External Clock modes, Up to 48 

MHz (12 MIPS) 

• Internal 31 kHz Oscillator 

• Internal Oscillator, 31 kHz to 16 MHz 

- Factory calibrated to ± 1% 

- Self-tune to ± 0.20% max. from 

USB or 

secondary oscillator 

• Secondary Oscillator using Timer1 @ 

32 kHz 

• Fail-Safe Clock Monitor: 

- Allows for safe shutdown if any 

clock stops 

 

Peripheral Highlights: 

• Up to 33 I/O pins plus 3 Input-Only 

Pins: 

- High-current Sink/Source 25 mA/25 

mA 

- Three programmable external 

interrupts 

- 11 programmable interrupts-on-

change 

- Nine programmable weak pull-ups 

• Programmable slew rate 

• SR Latch 

• Enhanced Capture/Compare/PWM 

(ECCP) module: 

- One, two or four PWM outputs 

- Selectable polarity 

- Programmable dead time 

- Auto-shutdown and auto-restart 

- Pulse steering control 

 

 

• Capture/Compare/PWM (CCP) 

module 

• Master Synchronous Serial Port 

(MSSP) module Supporting 3-Wire 

SPI (all four modes) and I2C™ 

Master and Slave modes  

• Two Analog Comparators with Input 

Multiplexing 

• 10-Bit Analog-to-Digital (A/D) 

Converter module: 

- Up to 25 input channels 

- Auto-acquisition capability 

- Conversion available during Sleep 

• Digital-to-Analog Converter (DAC) 

module: 

- Fixed Voltage Reference (FVR) 

with 1.024V, 2.048V and 4.096V 

output levels 

- 5-bit rail-to-rail resistive DAC with 

positive and negative reference 

selection 

• High/Low-Voltage Detect module 

• Charge Time Measurement Unit 

(CTMU): 

- Supports capacitive touch sensing 

for touch screens and capacitive 

switches 

• Enhanced USART module: 

- Supports RS-485, RS-232 and 

LIN/J2602 

- Auto-wake-up on Start bit 

- Auto-Baud Detect 

 

Extreme Low-Power Management with 

XLP: 

• Sleep mode: 20 nA, typical 

• Watchdog Timer: 300 nA, typical 

• Timer1 Oscillator: 800 nA @ 32 kHz 

• Peripheral Module Disable 

 

Special Microcontroller Features: 

• Low-Power, High-Speed CMOS Flash 

Technology 

• C Compiler Optimized Architecture for 

Re-Entrant Code 

• Power Management Features: 



 
  

- Run: CPU on, peripherals on, 

SRAM on 

- Idle: CPU off, peripherals on, 

SRAM on 

- Sleep: CPU off, peripherals off, 

SRAM on 

• Priority Levels for Interrupts 

• Self-Programmable under Software 

Control 

• 8 x 8 Single-Cycle Hardware 

Multiplier 

• Extended Watchdog Timer (WDT): 

- Programmable period from 4 ms to 

131s 

• Single-Supply In-Circuit Serial 

Programming™ (ICSP™) via Two 

Pins 

• In-Circuit Debug (ICD) with Three 

Breakpoints via Two Pins 

• Optional dedicated ICD/ICSP Port (44-

pin TQFP Package Only) 

• Wide Operating Voltage Range: 

- F devices: 2.3V to 5.5V 

- LF devices: 1.8V to 3.6V 

• Flash Program Memory of 10,000 

Erase/Write Cycles Minimum and 20-

year Data Retention. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
  

APPENDIX B: SLA7078WPRT SPECIFICATION

• Power supply voltages, VBB: 46 

V(max.), 10 to 44 V normal operating 

range 

• Logic supply voltages, VDD : 3.0 to 5.5 

V 

• Maximum output currents: 1 A, 1.5 A, 

2 A, 3 A 

• Built-in sequencer 

• Simplified clock-in stepping control 

• Microstepping at full-, half-, quarter-, 

eighth-, and sixteenth-steps 

• Built-in sense resistor, RSInt 

• All variants are pin-compatible for 

enhanced design flexibility 

• ZIP type 23-pin molded package (SLA 

package) 

• Self-excitation PWM current control 

with fixed off-time; off-time adjusted 

automatically by step reference current 

ratio (3 levels) 

• Built-in synchronous rectifying circuit 

reduces losses at PWM off 

• Synchronous PWM chopping function 

prevents motor noise in Hold mode 

• Sleep mode for reducing the IC input 

current in stand-by state 

• Built-in protection circuitry against 

motor coil opens/shorts option 

available 

 

ABSOLUTE MAXIMUM RATINGS 

AT TA = 25°C 

• Load (Motor) Supply Voltage, VM  46 

V 

• Main Power Supply Voltage, VBB 46 V 

• Logic Supply Voltage, VDD 7 V 

• Output Current, IOUT 

SLA7075M .................................1.0 A 

SLA7076M .................................1.5 A 

SLA7077M .................................2.0 A 

SLA7078M .................................3.0 A 

• Logic Input Voltage, VIN –0.3 to VDD 

+0.3 V 

• REF Input Voltage, VREF –0.3 to VDD 

+0.3 V 

• Sense Voltage, VSint tw < 1 μs is not 

considered ±2 V 

• Power Dissipation, PD 

Without heat sink 4.7 W 

• Junction Temperature, TJ 150°C 

• Ambient Temperature, TA –20 to 85°C 

• Storage Temperature, Tstg –30 to 

150°C 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
  

APPENDIX C: ELECTRONIC SCHEMATIC FOR SERVO MOTOR CONTROL  

 



 
  



 
  

APPENDIX D: BILL OF MATERIALS 

 

Designator Qty Manufacturer Mfg Part# Package/Footprint  Type 

C1, C2, C5 3 KEMET T491C106K025AT 

CAP TANTALUM 

10UF 25V 10% 

CASE-C 6032 

SMD 

C3, C4, 

C7, C8, 

C9, C10, 

C12 

7 
Samsung Electro-

Mechanics 
CL05B104KO5NNNC 

CAP CER 100nF 

16V 10% X7R 

0402 

SMD 

C6, C16, 

C17, C18 
4 

Samsung Electro-

Mechanics 
CL10A106MO8NQNC 

CAP CER 10UF 

16V 20% X5R 

0603 

SMD 

C11 1 Lelon VE-101M1ETR-0607 

CAP ELEC 100UF 

25V 20% 

6.3x7.7mm 

SMD 

C13, C14 2 
Samsung Electro-

Mechanics 
CL05C120JB5NNNC 

CAP CER 12pF 

50V 5% 0402 
SMD 

C15 1 
Samsung Electro-

Mechanics 
CL05A474KP5NNNC 

CAP CER 470nF 

10V 10% X5R 

0402 

SMD 

D1, D2, 

D3, D4 
4 BORN B5817W 

SBD 20V 1A 

750mV SOD-123 
SMD 

D5, D11, 

D12 
3 Everlight Elec 19-217/GHC-YR1S2/3T LED Green 0603 SMD 

D6, D7, 

D8, D9, 

D10 

5 Everlight Elec 
19-217/BHC-

ZL1M2RY/3T 
LED Blue 0603 SMD 

J1 1 MOLEX 0022272021 

CONN HEADER 

2POS 2.54MM 

VERT 

thru-

hole 

J2, J4, J7 3 MOLEX 0022284036 

CONN HEADER 

3POS 2.54MM 

VERT 

thru-

hole 

J3 1 
CJT(Changjiang 

Connectors) 
A2541HWV-2x6P 

FEMALE 

HEADER 12 2 

STRAIGHT 

2.54MM 

180degrees 

thru-

hole 

J5 0     

J6, J9 2 MOLEX 0022284061 

CONN HEADER 

6POS 2.54MM 

VERT 

thru-

hole 

J8 0     

Q1 1 VBsemi Elec NDS352AP 

P-CHANNEL 30V 

(D-S) MOSFET 

SOT-23-3 

SMD 

R1, R3, 

R4, R5, 

R6, R7, 

R10, R11 

8 

UNI-

ROYAL(Uniroyal 

Elec) 

0603WAF1001T5E 

RESISTOR 

1KOhm 1% 0.1W 

0603 

SMD 



 
  

R2 1 

UNI-

ROYAL(Uniroyal 

Elec) 

0603WAF1200T5E 

RESISTOR 

120Ohm 1% 0.1W 

0603 

SMD 

R8 1 

UNI-

ROYAL(Uniroyal 

Elec) 

0603WAF1003T5E 

RESISTOR 

100KOhm 1% 

1/10W 0603 

SMD 

R9 1 

UNI-

ROYAL(Uniroyal 

Elec) 

0603WAF3302T5E 

RESISTOR 

33KOhm 1% 0.1W 

0603 

SMD 

R12, R13 2 

UNI-

ROYAL(Uniroyal 

Elec) 

0603WAF1203T5E 

RESISTOR 

120KOhm 1% 

0.1W 0603 

SMD 

R14, R17 2 

UNI-

ROYAL(Uniroyal 

Elec) 

0603WAF1002T5E 

RESISTOR 

10KOhm 1% 

1/10W 0603 

SMD 

R15 1 

UNI-

ROYAL(Uniroyal 

Elec) 

0603WAF4700T5E 

RESISTOR 

470Ohm 1% 0.1W 

0603 

SMD 

R16, R18, 

R19 
3 

UNI-

ROYAL(Uniroyal 

Elec) 

0603WAF0000T5E 
RESISTOR 0Ohm 

1% 0.1W 0603 
SMD 

RV1 1 Bourns Inc. 3314J-1-102E 

TRIMMER 

1KOhm 0.25W J 

LEAD TOP 

SMD 

RV2 1 Bourns Inc. 3314J-1-103E 

TRIMMER 

10KOhm 0.25W J 

LEAD TOP 

SMD 

SW1 1 C&K 
PTS645SM43SMTR92 

LFS 

SWITCH 

TACTILE SPST-

NO 0.05A 12V 

SMD 

U1 1 Texas Instruments LM1084IS-ADJ/NOPB 

IC ADJ VOL REG 

5A  TO-263-3 (D2-

PAK) 

SMD 

U2 1 STMicroelectronics L7805ABD2T-TR 

IC REG LINEAR 

5V 1.5A TO-263-2 

(D2-PAK) 

SMD 

U3 0     

U4 1 
Microchip 

Technology 
PIC18F45K50-I/PT 

IC PIC MCU 32K 

FLASH, 2K RAM, 

44TQFP 

SMD 

U5 1 STMicroelectronics USBLC6-2SC6 

ESD 

PROTECTION 

DEVICE 5.25V 6V 

17V  5A SOT-23-6 

SMD 

Y1 1 Yangxing Tech X322516MLB4SI 

CRYSTAL 16MHz 

SMD-3225_4P 

3.2x2.5mm 

SMD 



 
  

APPENDIX E: C# GUI SOURCE CODE 

 

Main Window XAML Code: 

<Window x:Class="RamanApp.MainWindow" 
        xmlns="http://schemas.microsoft.com/winfx/2006/xaml/presentation" 
        xmlns:x="http://schemas.microsoft.com/winfx/2006/xaml" 
        xmlns:d="http://schemas.microsoft.com/expression/blend/2008" 
        xmlns:mc="http://schemas.openxmlformats.org/markup-compatibility/2006" 
        xmlns:oxy="http://oxyplot.org/wpf" 
        xmlns:local="clr-namespace:RamanApp" 
        mc:Ignorable="d" 
        Title="Raman &amp; PL" 
        WindowState="Maximized" 
        Height="800" 
        Width="1200" 
        Loaded="Window_Loaded" 
        Closing="Window_Closing" 
        Background="#222222"> 

<DockPanel Background="#07090f"> 
        <ToolBarTray DockPanel.Dock="Top" Background="#07090f"> 
            <ToolBar Background="#07090f"> 
                <Button ToolTip="Open File"> 
                    <Image Source="./Resources/Open.png"></Image> 
                </Button> 
                <Button x:Name="btnSaveData" ToolTip="Save File" 
Click="btnSaveData_Click" IsEnabled="False"> 
                    <Image Source="./Resources/Save.png"></Image> 
                </Button> 
                <Separator></Separator> 
                <Label Content="Set Exposure time:" Foreground="#E4E4E4"/> 
                <RibbonRadioButton x:Name="radioMin" Label="Min." Margin="0,5,0,5" 
CheckedBackground="#045757" ToolTip="Select minutes for exposure" 
Checked="radioMin_Checked"  Foreground="#E4E4E4"></RibbonRadioButton> 
                <RibbonRadioButton x:Name="radioSec" Label="Sec." Margin="0,5,0,5" 
CheckedBackground="#045757" ToolTip="Select seconds for exposure" 
Checked="radioSec_Checked"  Foreground="#E4E4E4"></RibbonRadioButton> 
                <RibbonRadioButton x:Name="radioTen" Label="Ten." Margin="0,5,0,5" 
CheckedBackground="#045757" ToolTip="Select tenths for exposure" 
Checked="radioTen_Checked"  Foreground="#E4E4E4"></RibbonRadioButton> 
                <RibbonRadioButton x:Name="radioMs" Label="ms" Margin="0,5,0,5" 
CheckedBackground="#045757" ToolTip="Select miliseconds for exposure" 
Checked="radioMs_Checked"  Foreground="#E4E4E4"></RibbonRadioButton> 
                <Slider x:Name="timeSlider" Value="20" Minimum="1" Maximum="100" 
Width="100" SmallChange="1" VerticalAlignment="Center" 
ValueChanged="timeSlider_ValueChanged"  LargeChange="5" TickFrequency="1" 
IsSnapToTickEnabled="True" Foreground="#E4E4E4"></Slider> 
                <Label x:Name="lblSetTime" Content="0 sec." Width="70" 
Foreground="#E4E4E4"></Label> 
                <Button x:Name="btnSetExpTime" Content="Set Time" Foreground="#E4E4E4" 
ToolTip="Apply Exposure Time" Width="65" Height="Auto" 
VerticalContentAlignment="Center" HorizontalContentAlignment="Center"  
Margin="0,0,10,0"  Background="#045757" BorderBrush="DarkOrange" IsEnabled="False" 
Click="btnSetExpTime_Click"> 
                </Button> 
                <Label x:Name="lblRemain" Width="100" Content="T - 0 ms" 
Foreground="#E4E4E4"></Label> 
                <Separator></Separator> 
                <Label Content="Binning:" Foreground="#E4E4E4"></Label> 



 
  

                <Label Content="Set X" Foreground="#E4E4E4"></Label> 
                <ComboBox x:Name="ComBoxBinX" Width="30" Background="#045757" 
BorderBrush="Orange" BorderThickness="1" 
SelectionChanged="ComBoxBinX_SelectionChanged_1"> 
                    <ComboBoxItem Content="1" Foreground="#E4E4E4"></ComboBoxItem> 
                    <ComboBoxItem Content="2" Foreground="#E4E4E4"></ComboBoxItem> 
                    <ComboBoxItem Content="3" Foreground="#E4E4E4"></ComboBoxItem> 
                    <ComboBoxItem Content="4" Foreground="#E4E4E4"></ComboBoxItem> 
                    <ComboBoxItem Content="8" Foreground="#E4E4E4"></ComboBoxItem> 
                    <ComboBoxItem Content="16" Foreground="#E4E4E4"></ComboBoxItem> 
                </ComboBox> 

<Label Content="Set Y" Foreground="White"></Label> 
                <ComboBox x:Name="ComBoxBinY" Width="30" Background="#045757" 
BorderBrush="Orange" BorderThickness="1" 
SelectionChanged="ComBoxBinY_SelectionChanged"> 
                    <ComboBoxItem Content="1" Foreground="#E4E4E4"></ComboBoxItem> 
                    <ComboBoxItem Content="2" Foreground="#E4E4E4"></ComboBoxItem> 
                    <ComboBoxItem Content="3" Foreground="#E4E4E4"></ComboBoxItem> 
                    <ComboBoxItem Content="4" Foreground="#E4E4E4"></ComboBoxItem> 
                    <ComboBoxItem Content="8" Foreground="#E4E4E4"></ComboBoxItem> 
                    <ComboBoxItem Content="16" Foreground="#E4E4E4"></ComboBoxItem> 
                </ComboBox> 
                <Separator></Separator> 
                <Button x:Name="btnOneExposure" ToolTip="One Time Exposure" 
Width="Auto" Height="Auto" Margin="0,0,10,0" IsEnabled="False" 
Click="btnOneExposure_Click"> 
                    <Image Source="./Resources/Run_16x.png" Height="15"></Image> 
                </Button> 
                <Button x:Name="btnConExposure" ToolTip="Continuos Exposure" 
Width="Auto" Height="Auto" Margin="0,0,10,0" IsEnabled="False" 
Click="btnConExposure_Click"> 
                    <Image Source="./Resources/RecordG.png" Height="15"></Image> 
                </Button> 
                <Button x:Name="btnStopExposure" ToolTip="Stop Exposure" Width="Auto" 
Height="Auto" Margin="0,0,10,0" IsEnabled="False" Click="btnStopExposure_Click"> 
                    <Image Source="./Resources/StopG.png" Height="15"></Image> 
                </Button> 
                <Separator></Separator> 
                <Label Content="Download Time:" Foreground="#E4E4E4"></Label> 
                <Label x:Name="lblDwn" Content="{Binding LblDown}" Width="60" 
Foreground="#E4E4E4"></Label> 
                <Separator></Separator> 
                <Grid> 
                    <ProgressBar x:Name="proBar" Width="80" Height="15" 
Background="#E4E4E4" Foreground="Orange"></ProgressBar> 
                    <TextBlock x:Name="proBarText" HorizontalAlignment="Center" 
VerticalAlignment="Center" Foreground="#222222"></TextBlock> 
                </Grid> 
                <Separator></Separator> 
                <Button x:Name="btnCanvas" Content="Hide" Click="btnCanvas_Click" 
Width="40" Background="#045757" BorderBrush="DarkOrange" Foreground="#E4E4E4" 
ToolTip="Show/Hide Image" HorizontalContentAlignment="Center" 
VerticalContentAlignment="Center"></Button> 
                <Separator></Separator> 
                <Button x:Name="btnDarkFrame" Grid.Column="0" Content="Dark Frame is 
OFF" Click="btnDarkFrame_Click" Width="105" Background="#045757" 
BorderBrush="DarkOrange" Foreground="#E4E4E4" ToolTip="Enable/disable Dark Frame Mode" 
HorizontalContentAlignment="Center" VerticalContentAlignment="Center"></Button> 
                <Separator></Separator> 
                <Grid> 



 
  

                    <CheckBox x:Name="chcRemoveDark" Grid.Row="0" Grid.Column="1" 
IsChecked="False" Checked="chcRemoveDark_Checked" Unchecked="chcRemoveDark_Unchecked" 
Width="15" Height="15" HorizontalAlignment="Right"></CheckBox> 
                </Grid> 
                <Separator></Separator> 
            </ToolBar> 
        </ToolBarTray> 
        <ScrollViewer> 

<Grid DockPanel.Dock="Left" Width="170"> 
                <Grid.RowDefinitions> 
                    <RowDefinition Height="220"></RowDefinition> 
                    <RowDefinition Height="160"></RowDefinition> 
                    <RowDefinition Height="210"></RowDefinition> 
                    <RowDefinition Height="270"></RowDefinition> 
                </Grid.RowDefinitions> 
                <GroupBox Grid.Row="0"> 
                    <GroupBox.Header> 
                        <TextBlock FontWeight="Bold" Foreground="#E4E4E4"> 
                       <Run Text="select camera"></Run> 
                        </TextBlock> 
                    </GroupBox.Header> 
                    <StackPanel Background="#07090f"> 
                        <TextBlock Foreground="#E4E4E4"> 
                        <Run Text="Connect to Camera"></Run> 
                        </TextBlock> 
                        <Button x:Name="btnConnect" Content="CONNECT" 
Foreground="#E4E4E4" Background="#045757" BorderBrush="DarkOrange" 
Click="btnConnect_Click"></Button> 
                        <TextBox x:Name="txtBox" Background="#07090f" Height="100" 
TextWrapping="Wrap" VerticalScrollBarVisibility="Auto" Foreground="White"></TextBox> 
                        <Label x:Name="lblSelCam" Content="Select camera model" 
Visibility="Hidden" HorizontalAlignment="Left" Foreground="White"></Label> 
                        <ComboBox x:Name="comBoxSelCam" Visibility="Hidden" 
SelectionChanged="comBoxSelCam_SelectionChanged"></ComboBox> 
                    </StackPanel> 
                </GroupBox> 
                <GroupBox Grid.Row="1"> 
                    <GroupBox.Header> 
                        <TextBlock FontWeight="Bold" Foreground="#E4E4E4"> 
                       <Run Text="camera cooler"></Run> 
                        </TextBlock> 
                    </GroupBox.Header> 
                    <StackPanel Background="#07090f"> 
                        <CheckBox x:Name="checkBoxCool" Content="Turn OFF cooler" 
Checked="checkBoxCool_Checked"  Unchecked="checkBoxCool_Checked" 
Foreground="#E4E4E4"></CheckBox> 
                        <TextBlock Foreground="#E4E4E4" ><Run Text="Temp. setpoint 
[°C]:"/></TextBlock> 
                        <Label x:Name="lblTempSet" Content="0.0" 
Foreground="#E4E4E4"/> 
                        <TextBlock Foreground="#E4E4E4" ><Run Text="Actual temp 
[°C]:"/></TextBlock> 
                        <Label x:Name="lblTempAct" Content="0.0" 
Foreground="#E4E4E4"/> 
                        <Slider x:Name="slidTemp" Value="0" Maximum="350" Minimum="-
400" SmallChange="1" LargeChange="5" TickFrequency="50" IsSnapToTickEnabled="True" 
ValueChanged="slidTemp_ValueChanged"></Slider> 
                    </StackPanel> 
                </GroupBox> 
                <GroupBox Grid.Row="2"> 
                    <GroupBox.Header> 
                        <TextBlock FontWeight="Bold" Foreground="#E4E4E4"> 



 
  

                       <Run Text="data"></Run> 
                        </TextBlock> 
                    </GroupBox.Header> 
                    <StackPanel Background="#07090f"> 
                        <Label Content="Material Name:" Foreground="#E4E4E4"></Label> 
                        <TextBox x:Name="testBox"></TextBox> 
                        <Label Content="Laser type:" Foreground="#E4E4E4"></Label> 
                        <ComboBox x:Name="ComBoxLaserType" Width="100" 
Background="#045757" BorderBrush="Orange" BorderThickness="1" 
SelectionChanged="ComBoxLaserType_SelectionChanged"> 
                            <ComboBoxItem Content="532"></ComboBoxItem> 
                            <ComboBoxItem Content="785"></ComboBoxItem> 
                        </ComboBox> 
                        <Label Content="Laser Power [mW]:" 
Foreground="#E4E4E4"></Label> 
                        <TextBox x:Name="textLaserPower"></TextBox> 
                        <Label Content="Gratting type [gr/mm]:" 
Foreground="#E4E4E4"></Label> 
                        <TextBox x:Name="textGrating"></TextBox> 
                    </StackPanel> 
                </GroupBox> 
                <GroupBox Grid.Row="3"> 
                    <GroupBox.Header> 
                        <TextBlock FontWeight="Bold" Foreground="#E4E4E4"> 
                       <Run Text="camera controls"></Run> 
                        </TextBlock> 
                    </GroupBox.Header> 
                    <StackPanel Background="#07090f"> 
                        <Label x:Name="lblBoardStatus" Content="Board Connected" 
Foreground="#E4E4E4"></Label> 
                        <Label Content="Camera Zoom" Foreground="#E4E4E4"></Label> 
                        <ComboBox Width="40"></ComboBox> 
                        <Label Content="CCD position" Foreground="#E4E4E4"></Label> 
                        <Button x:Name="btnCCD" Width="50" 
Click="btnCCD_Click"></Button> 
                        <Label Content="Camera Shutter" Foreground="#E4E4E4"></Label> 
                        <ComboBox Width="40"></ComboBox> 
                        <Label Content="Gratting Angle" Foreground="#E4E4E4"></Label> 
 
                        <Button x:Name="btnMove" Content="Move" Margin="0,5,0,0" 
Background="GreenYellow" Click="btnMove_Click"></Button> 
                    </StackPanel> 
                </GroupBox> 

            </Grid> 

        </ScrollViewer> 
        <Grid DockPanel.Dock="Bottom"> 
 
            <Grid.RowDefinitions> 
                <RowDefinition Height="40"></RowDefinition> 
                <RowDefinition></RowDefinition> 
            </Grid.RowDefinitions> 
            <Grid.ColumnDefinitions> 
                <ColumnDefinition></ColumnDefinition> 
                <ColumnDefinition Width="120"></ColumnDefinition> 
            </Grid.ColumnDefinitions> 
            <TextBox x:Name="txtGrating" Text="{Binding ElementName=slidGrating, 
Path=Value, Mode=TwoWay}" Grid.Row="0" Grid.Column="0" VerticalAlignment="Center" 
HorizontalAlignment="Center" Width="70" Height="20" Margin="0,0,200,0"></TextBox> 
            <Button x:Name="btnStopMove" Content="GO TO" Grid.Row="0" Grid.Column="0" 
HorizontalAlignment="Center" VerticalAlignment="Center" Width="70" Height="20" 



 
  

Background="#045757" BorderBrush="DarkOrange" Foreground="#E4E4E4" 
Click="btnStopMove_Click"></Button> 
            <Slider x:Name="slidGrating" Grid.Row="1" Grid.Column="0" 
ValueChanged="slidGrating_ValueChanged"  IsSnapToTickEnabled="True" Width="Auto" 
Maximum="65535" AutoToolTipPlacement="TopLeft" AutoToolTipPrecision="0" Value="200" 
Minimum="1"></Slider> 
            <ProgressBar x:Name="proMoving" Grid.Row="0" Grid.Column="0" Width="100" 
HorizontalAlignment="Center" Margin="200,0,0,0" Background="#E4E4E4" 
Foreground="Orange" Height="15"></ProgressBar> 
            <CheckBox x:Name="chcBoxCont" Grid.Row="0" Grid.Column="0" 
HorizontalAlignment="Left" IsChecked="False" Checked="chcBoxCont_Checked" 
Unchecked="chcBoxCont_Unchecked" IsEnabled="False"></CheckBox> 
            <CheckBox x:Name="masterBiasFrame" Grid.Row="0" Grid.Column="0" 
HorizontalAlignment="Right" Margin="0,0,250,0" Checked="masterBiasFrame_Checked" 
Unchecked="masterBiasFrame_Unchecked"></CheckBox> 
            <CheckBox x:Name="masterFlatFrame" Grid.Row="0" Grid.Column="0" 
HorizontalAlignment="Right" Margin="0,0,200,0" Checked="masterFlatFrame_Checked" 
Unchecked="masterFlatFrame_Unchecked"></CheckBox> 
            <CheckBox x:Name="masterBiasGen" Grid.Row="0" Grid.Column="0" 
HorizontalAlignment="Right" Margin="0,0,150,0" Checked="masterBiasGen_Checked" 
Unchecked="masterBiasGen_Unchecked"></CheckBox> 
            <CheckBox x:Name="masterBiassubfromDark" Grid.Row="0" Grid.Column="0" 
HorizontalAlignment="Right" Margin="0,0,100,0" Checked="masterBiassubfromDark_Checked" 
Unchecked="masterBiassubfromDark_Unchecked"></CheckBox> 
            <CheckBox x:Name="masterFlatMax" Grid.Row="0" Grid.Column="0" 
HorizontalAlignment="Right" Margin="0,0,50,0" Checked="masterFlatMax_Checked" 
Unchecked="masterFlatMax_Unchecked"></CheckBox> 
            <CheckBox x:Name="flatDivide" Grid.Row="0" Grid.Column="0" 
HorizontalAlignment="Right" Margin="0,0,0,0" Checked="flatDivide_Checked" 
Unchecked="flatDivide_Unchecked"></CheckBox> 
 
 
            <Label x:Name="lblRealTime" Grid.Row="0" Grid.Column="1" 
Background="#1E2529" Height="30" Foreground="#E4E4E4"></Label> 
            <Label x:Name="lblClock" Grid.Row="1" Grid.Column="1" Background="#1E2529" 
Height="30" Foreground="#E4E4E4"></Label> 
        </Grid> 
 
        <Grid x:Name="LayoutRoot"> 
            <oxy:PlotView x:Name="myPlot"> 
 
            </oxy:PlotView> 
            <Canvas x:Name="Backplane" HorizontalAlignment="Right" 
VerticalAlignment="Top" Width="550" Height="440"  Margin="0,10,50,0" 
MouseLeftButtonDown="Backplane_MouseLeftButtonDown"  
MouseLeftButtonUp="Backplane_MouseLeftButtonUp"  MouseLeave="Backplane_MouseLeave"  
MouseMove="Backplane_MouseMove"  MouseRightButtonDown="Backplane_MouseRightButtonDown" 
Visibility="Hidden"> 
 
                <Canvas.Background> 
                    <VisualBrush Stretch="Fill"> 
                        <VisualBrush.Visual> 
                            <Image x:Name="img"></Image> 
                        </VisualBrush.Visual> 
                    </VisualBrush> 
 
                </Canvas.Background> 
 
                <Rectangle Stroke="DarkOrange" Margin="270,230,0,0"  
HorizontalAlignment="Right" VerticalAlignment="Top" Width="4" Height="4" 
Visibility="Visible" Fill="DarkOrange" ></Rectangle> 



 
  

                <Rectangle x:Name="Rect" Stroke="DarkOrange" Visibility="Collapsed" 
></Rectangle> 
                <Thumb DragDelta="Thumb_DragDelta" Canvas.Left="0" Canvas.Top="0"> 
                    <Thumb.Template> 
                        <ControlTemplate> 
                            <Line x:Name="uppLine" X1="0" X2="550" Y1="10" Y2="10" 
StrokeThickness="2" Stroke="DarkOrange" StrokeDashArray="1"></Line> 
                        </ControlTemplate> 
                    </Thumb.Template> 
                </Thumb> 
                <Thumb DragDelta="Thumb_DragDelta" Canvas.Left="0" Canvas.Top="0"> 
                    <Thumb.Template> 
                        <ControlTemplate> 
                            <Line X1="0" X2="550" Y1="430" Y2="430" 
StrokeThickness="2" Stroke="DarkOrange"></Line> 
                        </ControlTemplate> 
                    </Thumb.Template> 
                </Thumb> 
            </Canvas> 

        </Grid> 
    </DockPanel> 
</Window> 

 

 

Main Window CS Code:     

public BackgroundWorker worker1; // thread for one time exposure 
public BackgroundWorker worker2; // thread for drawing image 
public static BackgroundWorker worker3; // thread for USB   
public BackgroundWorker worker4; // thread for expo timer 
public static BackgroundWorker worker6; // thread for clock display   
public static DispatcherTimer gratingTimer; 
public static Color buttonBack; 
public MainWindow() 
{ 

InitializeComponent(); 
       Timers timers = new Timers(this); 
       Exposure exposure = new Exposure(this); 
       DrawImage drawImage = new DrawImage(this); 
       DrawSpectra drawSpectra = new DrawSpectra(this); 
       Admin admin = new Admin(this); 
       buttonBack = Color.FromArgb(255,4,87,87); 
 
       DrawSpectra.initPlotModel(); 
 
       worker1 = new BackgroundWorker(); 
       worker1.DoWork += Worker1_DoWork; 
       worker1.RunWorkerCompleted += Worker1_RunWorkerCompleted; 
       worker1.WorkerSupportsCancellation = true; 
 
       worker2 = new BackgroundWorker(); 
       worker2.DoWork += Worker2_DoWork; 
       worker2.RunWorkerCompleted += Worker2_RunWorkerCompleted; 
       worker2.WorkerSupportsCancellation = true; 
 
       worker3 = new BackgroundWorker(); 
       worker3.DoWork += Worker3_DoWork; 
 
       worker4 = new BackgroundWorker(); 
       worker4.DoWork += Worker4_DoWork; 



 
  

       worker4.WorkerSupportsCancellation = true; 
 
       worker6 = new BackgroundWorker(); 
       worker6.DoWork += Worker6_DoWork; 
 
 
       gratingTimer = new DispatcherTimer(); 
       gratingTimer.Interval = TimeSpan.FromMilliseconds(500); 
       gratingTimer.Tick += gratingTimer_Tick; 
} 
 
private void Window_Loaded(object sender, RoutedEventArgs e) 
{ 

btnSetExpTime.IsEnabled = false; 
       radioTen.IsChecked = true; 
       checkBoxCool.IsEnabled = false; 
       updateTime(); 
       Timers.TimerSetup(); 
       worker6.RunWorkerAsync(); 
            for (Int32 index = 0; index <Variables.maxNumberOfCameras; index++) 
                Variables.cameraImageData[index] = Variables.camImgData; 
} 
 
private void Window_Closing(object sender, System.ComponentModel.CancelEventArgs e) 
{ 

if (Variables.numberOfCameras > 0) 
       { 
        for (Int32 index = 0; index >= Variables.numberOfCameras; index++) 
              { 
                    SxSDKAccess.sxClose(Variables.camHandles[index]); 
              } 
       } 
       Variables.ms.Dispose(); 
       IntPtr windowHandle = new WindowInteropHelper(this).Handle; 
       HwndSource source = HwndSource.FromHwnd(windowHandle); 
       source.RemoveHook(new HwndSourceHook(this.WndProc)); 
} 
 
 
private void updateTime() 
{ 
    Int32 multiplier = 1000; // assume milliseconds 
    if (radioMin.IsChecked == true) 
    { 
        multiplier = 60000; 
        lblSetTime.Content = timeSlider.Value.ToString() + " min."; 
    } 
    if (radioSec.IsChecked == true) 
    { 
        multiplier = 1000; 
        lblSetTime.Content = timeSlider.Value.ToString() + " sec."; 
    } 
    if (radioTen.IsChecked == true) 
    { 
        multiplier = 100; 
        lblSetTime.Content = (timeSlider.Value * 100).ToString() + " ms"; 
    } 
    if (radioMs.IsChecked == true) 
    { 
        multiplier = 1; 
        lblSetTime.Content = timeSlider.Value.ToString() + " ms"; 
    } 



 
  

    Variables.timerValue = (UInt32)(timeSlider.Value * multiplier); 
} 

 
private void radioMin_Checked(object sender, RoutedEventArgs e) 
{ 
    updateTime(); 
} 
 
private void radioSec_Checked(object sender, RoutedEventArgs e) 
{ 
    updateTime(); 
} 
 
private void radioTen_Checked(object sender, RoutedEventArgs e) 
{ 
    updateTime(); 
} 
 
private void radioMs_Checked(object sender, RoutedEventArgs e) 
{ 
    updateTime(); 
} 
 
private void timeSlider_ValueChanged(object sender, 
RoutedPropertyChangedEventArgs<double> e) 
{ 
    updateTime(); 
} 

 
private void btnConnect_Click(object sender, RoutedEventArgs e) 
{ 
 
    txtBox.Text += "Raman & PL software\r\n"; 
    Variables.numberOfCameras = SxSDKAccess.sxOpen(Variables.camHandles); 
            
    if (Variables.numberOfCameras > 0) 
    { 
        btnConnect.IsEnabled = false; 
        btnConnect.Content = "Connected"; 
        txtBox.Text += "Number of cameras = " + Variables.numberOfCameras.ToString() + 
"\r\n\r\n"; 
                
        for (Int32 index = 0; index < Variables.numberOfCameras; index++) 
        { 
            txtBox.Text += "Handle" + index.ToString() + " = " + 
Variables.camHandles[index].ToString() + "\r\n"; 
            Variables.cameraInfo[index] = 
sxInfo.readInfoPack(Variables.camHandles[index]);//, ref tempInfo); 
            if (Variables.cameraInfo[index].result == 1) 
            { 
                // Display some of the data 
                txtBox.Text += "Firmware = " + 
Variables.cameraInfo[index].upperFirmwareVersion.ToString() + "." 
                                        + 
Variables.cameraInfo[index].lowerFirmwareVersion.ToString("D2") + "\r\n"; 
                txtBox.Text += "Build = " + 
Variables.cameraInfo[index].buildNumber.ToString() + "\r\n"; 
                txtBox.Text += "Model = 0x" + 
Variables.cameraInfo[index].cameraModel.ToString("X2") 
                                        + ", Name = " + 
Variables.cameraInfo[index].cameraName + "\r\n"; 



 
  

                txtBox.Text += "Width = " + 
Variables.cameraInfo[index].imageWidth.ToString() + "\r\n"; 
                txtBox.Text += "Height = " + 
Variables.cameraInfo[index].imageHeight.ToString() + "\r\n"; 
                txtBox.Text += "Fitted = "; 
                if (Variables.cameraInfo[index].hasStar2K) 
                    txtBox.Text += "Star2K "; 
                if (Variables.cameraInfo[index].hasEEProm) 
                    txtBox.Text += "EEprom "; 
                if (Variables.cameraInfo[index].hasGuider) 
                    txtBox.Text += "Guider "; 
                if (Variables.cameraInfo[index].hasCooler) 
                    txtBox.Text += "Cooler "; 
                if (Variables.cameraInfo[index].hasShutter) 
                    txtBox.Text += "Shutter "; 
                if (Variables.cameraInfo[index].isInterlaced) 
                    txtBox.Text += "Interlaced CCD "; 
                txtBox.Text += "\r\n\r\n"; 
                comBoxSelCam.Items.Add(Variables.cameraInfo[index].cameraName); 
            } 
        } 
        lblSelCam.Visibility = Visibility.Visible; 
        comBoxSelCam.Visibility = Visibility.Visible; 
        Variables.firstMove = true; 
        Variables.test = true; 
        Variables.darkShutter = true; 
    } 
    else 
        txtBox.Text += "No cammeras Found!\r\n"; 
} 
 
private void comBoxSelCam_SelectionChanged(object sender, SelectionChangedEventArgs e) 
{ 
    btnSetExpTime.IsEnabled = true; //allow timer setting once camera selected 
 
    Timers.timer1.Stop();         //assume no cooler 
    checkBoxCool.IsChecked = false; //assume no cooler 
    checkBoxCool.IsEnabled = false; //assume no cooler 
    Variables.selectedCamera = comBoxSelCam.SelectedIndex; 
    txtBox.Text += "selectedCamera = " + Variables.selectedCamera.ToString() + "\r\n"; 
    txtBox.Text += "hasShutter = " + 
Variables.cameraInfo[Variables.selectedCamera].hasShutter.ToString() + "\r\n"; 
    txtBox.Text += "Name = " + 
Variables.cameraInfo[Variables.selectedCamera].cameraName + "\r\n"; 
    if (Variables.cameraInfo[Variables.selectedCamera].hasShutter) 
    { 
        SxSDKAccess.sxSetShutter(Variables.camHandles[Variables.selectedCamera], 1); 
    } 
    if (Variables.cameraInfo[Variables.selectedCamera].hasCooler) 
    { 
        Timers.timer1.Start(); 
        checkBoxCool.IsEnabled = true; 
        checkBoxCool.IsChecked = true; 
        Variables.setPointChanged = true; 
        btnSetExpTime.IsEnabled = true; 
    } 
} 

 
private void checkBoxCool_Checked(object sender, RoutedEventArgs e) 
{ 
    if (checkBoxCool.IsChecked == true) 
    { 



 
  

        checkBoxCool.Content = "ON"; 
        Variables.setPointChanged = true; // ensure set point is updated after switch 
on 
    } 
    else 
    { 
        checkBoxCool.Content = "OFF"; 
    } 
 
} 
 
private void slidTemp_ValueChanged(object sender, 
RoutedPropertyChangedEventArgs<double> e) 
{ 
    Variables.normalisedTemperature = (UInt16)(slidTemp.Value + 2730); 
    lblTempSet.Content = ((Single)((Variables.normalisedTemperature - 2730.0) / 
10.0)).ToString(); 
    Variables.setPointChanged = true; 
} 
 
 
private void btnSetExpTime_Click(object sender, RoutedEventArgs e) 
{ 
    if ((Variables.numberOfCameras > 0) && (Variables.timerValue > 0))    // must be 
connected 
    { 
        Int32 Result = 
(Int32)SxSDKAccess.sxSetTimer(Variables.camHandles[Variables.selectedCamera], 
Variables.timerValue); 
        Timers.timer2.Start(); 
        btnStopExposure.IsEnabled = true; 
    } 
} 
 
private void btnOneExposure_Click(object sender, RoutedEventArgs e) 
{ 
    proBarText.Text = "exposing"; 
    worker1.RunWorkerAsync(); 
    btnOneExposure.IsEnabled = false; 
    btnConExposure.IsEnabled = false; 
    Variables.continues = false; 
} 
 
private void btnConExposure_Click(object sender, RoutedEventArgs e) 
{ 
    btnStopExposure.IsEnabled = true; 
    btnConExposure.IsEnabled = false; 
    btnOneExposure.IsEnabled = false; 
    Variables.continues = true; 
    worker1.RunWorkerAsync(); 
} 
 
private void Worker1_DoWork(object sender, DoWorkEventArgs e) 
{ 
        Boolean waitForExposureEnd = false; 
        Exposure.getData(); 
 
        // For exposures of less than 1 second wait for the exposure to complete 
        if (Variables.timerValue < 1000) 
            waitForExposureEnd = true; 
 
        if (Variables.cameraInfo[Variables.selectedCamera].hasShutter) 



 
  

            SxSDKAccess.sxSetShutter(Variables.camHandles[Variables.selectedCamera], 
0); ; 
        Variables.Result = 
makeExposure(Variables.cameraImageData[Variables.selectedCamera], waitForExposureEnd); 
        Dispatcher.Invoke(new Action(() => 
        { 
            proBarText.Text = "exposing"; 
            lblRealTime.Content += "Result = " + Variables.Result.ToString() + ",  
Time - " + 
SxSDKAccess.sxGetTimer(Variables.cameraImageData[Variables.selectedCamera].camHandle).
ToString() + "\r\n"; 
        })); 
 
 
        // Start the exposure checking timer 
        if (!waitForExposureEnd) 
        { 
            worker4.RunWorkerAsync(); 
        } 
        else        // Short exposure is already completed so read image now 
        { 
            if (Variables.cameraInfo[Variables.selectedCamera].hasShutter) 
                
SxSDKAccess.sxSetShutter(Variables.camHandles[Variables.selectedCamera], 1); 
            Exposure.getImage(Variables.Result); 
        }            
} 
 
private void Worker2_RunWorkerCompleted(object sender, RunWorkerCompletedEventArgs e) 
{ 
    if(Variables.continues) 
    { 
        worker1.RunWorkerAsync(); 
    } 
    Dispatcher.Invoke(new Action(() => 
    { 
        //img.Source = Variables.bitmap; 
        if(Variables.continueDraw) 
        { 
            Backplane.Visibility = Visibility.Hidden; 
            btnCanvas.Content = "Show"; 
        } 
        else 
        { 
            Backplane.Visibility = Visibility.Visible; 
            btnCanvas.Content = "Hide"; 
        } 
        img.Source = Variables.bitmap; 
        //img.ImageSource = Variables.bitmap; 
        btnOneExposure.IsEnabled = true; 
        btnConExposure.IsEnabled = true; 
        proBar.Value = 0; 
        proBar.IsIndeterminate = false; 
        proBarText.Text = "done"; 
    })); 
    Variables.abortExposure = false; 
    if (Variables.continueDraw) 
        selectedSpectra(); 
} 
 
private void Worker2_DoWork(object sender, DoWorkEventArgs e) 
{ 



 
  

    DrawImage.panelImage_Paint(); 
} 

 
private void Worker4_DoWork(object sender, DoWorkEventArgs e) 
{ 
    Timers.expoTimer.Start(); 
} 
// Takes exposure using information in sxExposurePack 
private Int32 makeExposure(sxExposurePack exposureInfo, Boolean 
waitForExposureCompleted) 
{ 
    Int32 Result = 0; 
 
    Result = SxSDKAccess.sxClearPixels(exposureInfo.camHandle, Variables.CCD_WIPE_ALL, 
(UInt16)(exposureInfo.useGuider ? 1 : 0)); 
    SxSDKAccess.sxSetTimer(exposureInfo.camHandle, exposureInfo.exposureTime); 
 
    if (waitForExposureCompleted) 
    { 
        Dispatcher.Invoke(new Action(() => 
        { 
            proBarText.Text = "exposing"; 
 
        })); 
 
        while (SxSDKAccess.sxGetTimer(exposureInfo.camHandle) > 0) 
        { 
            Dispatcher.Invoke(new Action(() => 
            { 
                proBar.Value++; 
                         
            })); 
        } 
        Dispatcher.Invoke(new Action(() => 
        { 
            proBarText.Text = "done"; 
            proBar.Value = 0; 
        })); 
    } 
 
    return (Result); 
} 
 
 
private void btnStopExposure_Click(object sender, RoutedEventArgs e) 
{ 
    proBarText.Text = "canceling"; 
    Variables.continues = false; 
    Variables.abortExposure = true; 
} 
 
private void ComBoxBinY_SelectionChanged(object sender, SelectionChangedEventArgs e) 
{ 
    switch (ComBoxBinY.SelectedIndex) 
    { 
        case 0:{Variables.yyBin = 1; 
                break;} 
        case 1:{Variables.yyBin = 2; 
                break;} 
        case 2:{Variables.yyBin = 3; 
                break;} 
        case 3:{Variables.yyBin = 4; 



 
  

                break;} 
        case 4:{Variables.yyBin = 8; 
                break;} 
        case 5:{Variables.yyBin = 16; 
                break;} 
                     
        default: 
            break; 
    } 
} 
 
private void ComBoxBinX_SelectionChanged_1(object sender, SelectionChangedEventArgs e) 
{ 
    switch (ComBoxBinX.SelectedIndex) 
    { 
        case 0:{Variables.xxBin = 1; 
                break;} 
        case 1:{Variables.xxBin = 2; 
                break;} 
        case 2:{Variables.xxBin = 3; 
                break;} 
        case 3:{Variables.xxBin = 4; 
                break;} 
        case 4:{Variables.xxBin = 8; 
                break;} 
        case 5:{Variables.xxBin = 16; 
                break;} 
        default: 
            break; 
    } 
} 
 
private void Backplane_MouseLeftButtonDown(object sender, MouseButtonEventArgs e) 
{ 
    double pixelWidth = img.Source.Width; 
    double pixelHeight = img.Source.Height; 
    Variables._anchorPoint.X = (int)(pixelWidth * e.GetPosition(Backplane).X / 
Backplane.ActualWidth);//img.ActualWidth); 
    Variables._anchorPoint.Y = (int)(pixelHeight * e.GetPosition(Backplane).Y / 
Backplane.ActualHeight);//img.ActualHeight); 
    Variables._drawPoint.X = (int)e.GetPosition(Backplane).X; 
    Variables._drawPoint.Y = (int)e.GetPosition(Backplane).Y; 
    Variables._isDragging = true; 
} 
 
private void Backplane_MouseLeftButtonUp(object sender, MouseButtonEventArgs e) 
{ 
 
    double pixelWidth = img.Source.Width; 
    double pixelHeight = img.Source.Height; 
    Variables.x = (int)(pixelWidth * e.GetPosition(Backplane).X / 
Backplane.ActualWidth);//img.ActualWidth); 
    Variables.y = (int)(pixelHeight * e.GetPosition(Backplane).Y / 
Backplane.ActualHeight);//img.ActualHeight); 
    chcBoxCont.IsEnabled = true; 
    Variables.matName = testBox.Text; 
    selectedSpectra(); 
    ResetRect(); 
} 
 
private void Backplane_MouseLeave(object sender, MouseEventArgs e) 
{ 



 
  

    ResetRect(); 
} 
 
private void ResetRect() 
{ 
    Rect.Visibility = Visibility.Collapsed; 
    Variables._isDragging = false; 
} 
 
private void Backplane_MouseMove(object sender, MouseEventArgs e) 
{ 
    if (Variables._isDragging) 
    { 
        Variables.x = e.GetPosition(Backplane).X; 
        Variables.y = e.GetPosition(Backplane).Y; 
 
        Rect.SetValue(Canvas.LeftProperty, Math.Min(Variables.x, 
Variables._drawPoint.X)); 
        Rect.SetValue(Canvas.TopProperty, Math.Min(Variables.y, 
Variables._drawPoint.Y)); 
 
        Rect.Width = Math.Abs(Variables.x - Variables._drawPoint.X); 
        Rect.Height = Math.Abs(Variables.y - Variables._drawPoint.Y); 
 
        Variables.rWidth = (int)Rect.Width; 
        Variables.rHeight = (int)Rect.Height; 
 
 
        if (Rect.Visibility != Visibility.Visible) 
            Rect.Visibility = Visibility.Visible; 
    } 
} 
 
private void slidGrating_ValueChanged(object sender, 
RoutedPropertyChangedEventArgs<double> e) 
{ 
    d = (UInt16)slidGrating.Value; 
} 
 
private void btnMove_Click(object sender, RoutedEventArgs e) 
{ 
} 
 
private void btnCCD_Click(object sender, RoutedEventArgs e) 
{ 
    Variables.ToggleRedLEDPending = true; 
} 
 
private void Backplane_MouseRightButtonDown(object sender, MouseButtonEventArgs e) 
{ 
 
} 
 
private void btnStopMove_Click(object sender, RoutedEventArgs e) 
{ 
    if (!Variables.btnStopGratingActive) 
    { 
        Variables.ToggleYellowLEDPending = true; 
        btnStopMove.Content = "GO TO"; 
        btnStopMove.Background = (SolidColorBrush)(new 
BrushConverter().ConvertFrom("#045757")); 
        Variables.btnStopGratingActive = true; 



 
  

        proMoving.IsIndeterminate = false; 
 
    } 
    else 
    { 
        Variables.ToggleGratingPending = true; 
        Variables.isMoving = true; 
        btnStopMove.Content = "STOP"; 
        btnStopMove.Background = Brushes.Red; 
        Variables.btnStopGratingActive = false; 
        if (d < Variables.helpGov) 
            proMoving.FlowDirection = FlowDirection.RightToLeft; 
        else 
            proMoving.FlowDirection = FlowDirection.LeftToRight; 
        proMoving.IsIndeterminate = true; 
    } 
 
} 
byte[] INBuffer = new byte[65];     //Allocate a memory buffer equal to the IN 
endpoint size + 1 
uint BytesRead = 0; 
private void gratingTimer_Tick(object sender, EventArgs e) 
{ 
    ReadFileManagedBuffer(ReadHandleToUSBDevice, INBuffer, 65, ref BytesRead, 
IntPtr.Zero); 
    UInt16 gov = (UInt16)((INBuffer[2] << 8) | INBuffer[1]); 
    System.Diagnostics.Trace.WriteLine(gov); 
} 
 
private void btnCanvas_Click(object sender, RoutedEventArgs e) 
{ 
    if(Backplane.IsVisible == true) 
    { 
        btnCanvas.Content = "Show"; 
        Backplane.Visibility = Visibility.Hidden; 
    } 
    else 
    { 
        btnCanvas.Content = "Hide"; 
        Backplane.Visibility = Visibility.Visible; 
    } 
             
} 
 
private void btnDarkFrame_Click(object sender, RoutedEventArgs e) 
{ 
    if(!Variables.darkFrame) 
    { 
        Variables.darkShutter = true; 
        Variables.darkFrame = true; 
        Variables.darkFrameSubtract = true; 
        btnDarkFrame.Content = "Dark Frame is ON"; 
        btnDarkFrame.Background = Brushes.Red; 
    } 
    else 
    { 
        Variables.darkShutter = true; 
        Variables.darkFrame = false; 
        btnDarkFrame.Content = "Dark Frame is OFF"; 
        btnDarkFrame.Background = (SolidColorBrush)(new 
BrushConverter().ConvertFrom("#045757")); 
    } 



 
  

 
} 
 
private void btnSaveData_Click(object sender, RoutedEventArgs e) 
{ 
    string sName = testBox.Text; 
    string sLaser = "532"; 
    string sGrating = textGrating.Text; 
    string sZF = "2"; 
    string sBin = Variables.xxBin.ToString() + "x" + Variables.yyBin.ToString(); 
    string sExpoTime = Variables.timerValue.ToString(); 
    string sImage = sName + ".tiff";  
    Spectra spectra = new Spectra(sName, sLaser, sGrating, sZF, sBin, sExpoTime, 
sImage); 
    var dlg = new FolderBrowserForWPF.Dialog(); 
    dlg.Title = "Select folder"; 
    if (dlg.ShowDialog() == true) 
    { 
                
        Variables.saveFolder = dlg.FileName; 
        Admin.saveSpectraToFile(spectra); 
    } 
 
} 
 
private void chcBoxCont_Checked(object sender, RoutedEventArgs e) 
{ 
    Variables.continueDraw = true; 
} 
 
private void chcBoxCont_Unchecked(object sender, RoutedEventArgs e) 
{ 
    Variables.continueDraw = false; 
} 
 
private void chcRemoveDark_Checked(object sender, RoutedEventArgs e) 
{ 
    Variables.removeDark = true; 
} 
 
private void chcRemoveDark_Unchecked(object sender, RoutedEventArgs e) 
{ 
    Variables.removeDark = false; 
} 
 
private void Thumb_DragDelta(object sender, 
System.Windows.Controls.Primitives.DragDeltaEventArgs e) 
{ 
             
    var thumb = sender as Thumb; 
    var p = 0; 
    Canvas.SetTop(thumb, Canvas.GetTop(thumb) + e.VerticalChange); 
    p = (int)e.VerticalChange; 
             
} 
 
private void masterBiasFrame_Checked(object sender, RoutedEventArgs e) 
{ 
    Variables.masterBiasFrame = true; 
} 
 
private void masterBiasFrame_Unchecked(object sender, RoutedEventArgs e) 



 
  

{ 
    Variables.masterBiasFrame = false; 
} 
 
private void masterFlatFrame_Checked(object sender, RoutedEventArgs e) 
{ 
    Variables.masterFlatFrame = true; 
} 
 
private void masterFlatFrame_Unchecked(object sender, RoutedEventArgs e) 
{ 
    Variables.masterFlatFrame = false; 
} 
 
private void masterBiasGen_Checked(object sender, RoutedEventArgs e) 
{ 
    Variables.masterBiasGen = true; 
} 
 
private void masterBiasGen_Unchecked(object sender, RoutedEventArgs e) 
{ 
    Variables.masterBiasGen = false; 
} 
 
private void masterBiassubfromDark_Checked(object sender, RoutedEventArgs e) 
{ 
    Variables.masterBiassubfromDark = true; 
} 
 
private void masterBiassubfromDark_Unchecked(object sender, RoutedEventArgs e) 
{ 
    Variables.masterBiassubfromDark = false; 
} 
 
private void masterFlatMax_Checked(object sender, RoutedEventArgs e) 
{ 
    Variables.masterFlatMax = true; 
} 
 
private void masterFlatMax_Unchecked(object sender, RoutedEventArgs e) 
{ 
    Variables.masterFlatMax = false; 
} 
 
private void flatDivide_Checked(object sender, RoutedEventArgs e) 
{ 
    Variables.flatDivide = true; 
} 
 
private void flatDivide_Unchecked(object sender, RoutedEventArgs e) 
{ 
    Variables.flatDivide = false; 
} 
 
private void ComBoxLaserType_SelectionChanged(object sender, SelectionChangedEventArgs 
e) 
{ 
    switch (ComBoxLaserType.SelectedIndex) 
    { 
        case 0: 
            slidGrating.Value = 47235; 
            Variables.ToggleGratingPending = true; 



 
  

            Variables.isMoving = true; 
            break; 
        case 1: 
            break; 
    } 
} 
 
public static void selectedSpectra() 
{ 
             
    UInt32 suma = 0, k = 0; 
             
    Variables.pixNumBuf2 = 0; 
    Variables.bmpBuffer2 = new UInt32[(Variables.imageHeight / Variables.yyBin) * 
(Variables.imageWidth / Variables.xxBin)]; 
 
    for (int i = (int)Variables._anchorPoint.X; i <= Variables.x; i++) 
    { 
        for (int j = (int)Variables._anchorPoint.Y; j <= Variables.y; j++) 
        { 
            suma = suma + 
Variables.bmpBuffer[(j*(Variables.imageWidth/Variables.xxBin))+i]; 
            k++; 
        } 
        Variables.bmpBuffer2[Variables.pixNumBuf2++] = (UInt32)suma; 
        suma = 0; 
        k = 0; 
    } 
    DrawSpectra.drawGraph(Variables.pixNumBuf2); 
    Variables.flagImage = true; 
} 
} 
}  

 

 

Draw Image CS file 

 
public class DrawImage 
    { 
        public static MainWindow mainWindow; 
 
        public DrawImage(MainWindow window) 
        { 
            mainWindow = window; 
        } 
        public static void panelImage_Paint() 
        { 
            if (Variables.imageFlag) 
            { 
                if (!Variables.imageMemFlag) 
                { 
                    var width = 
Variables.cameraInfo[Variables.selectedCamera].imageWidth / Variables.xxBin; 
                    var height = 
Variables.cameraInfo[Variables.selectedCamera].imageHeight / Variables.yyBin; 
                    Variables.stride = 2 * width; 
                    int i, j, k, index, l; 
                    Int32 numBytes = width * height; 
                    var pixelFormat = PixelFormats.Gray16; 
                    var dpiX = 96d; 
                    var dpiY = 96d; 



 
  

                    Variables.bmpBuffer = new UInt16[numBytes]; 
                    Variables.bmpBuffer3 = new UInt16[numBytes]; 
 
 
                    ///////////////master bias frame/////////////////////// 
                    /// expo lowest, average of 20 shoots 
                    //////////////////////////////////////////////// 
                    if (Variables.masterBiasFrame) 
                    { 
                        index = 0;      // index to Int16 pixels in pixelBuffer 
                        k = 0; 
                        l = 0; 
                        for (i = 0; i < height; i++) 
                        { 
                            for (j = 0; j < width; j++) 
                            { 
                                
Variables.bpmBufferMasterBias[l++]=Variables.bpmBufferMasterBias[k++] + 
(Variables.pixelBuffer[index++]); 
                            } 
                        } 
                        Variables.biasMasterControl++; 
                    } 
                    //////////////master dark frame////////////////////////// 
                    // expo as real expo, average of 20 shoots 
                    ////////////////////////////////////////////////////// 
 
                    ///////////////master substract dark frame/////////////// 
                    //// master dark - master bias 
                    ////////////////////////////////////////////////////// 
 
                    ///////////////master flat frame///////////////////// 
                    //// expo 1 second, average of 20 shoots 
                    //////////////////////////////////////// 
                    /// 
                    else if (Variables.masterFlatFrame) 
                    { 
                        index = 0;      // index to Int16 pixels in pixelBuffer 
                        k = 0; 
                        l = 0; 
                        for (i = 0; i < height; i++) 
                        { 
                            for (j = 0; j < width; j++) 
                            { 
                                Variables.bpmBufferMasterFlat[l++] = 
Variables.bpmBufferMasterFlat[k++] + (Variables.pixelBuffer[index++]); 
                            } 
                        } 
                        Variables.flatMasterControl++; 
                    } 
 
                    else if (Variables.darkFrame) 
                    { 
                        Variables.bmpBufferDark = new UInt16[numBytes]; 
                        index = 0;      // index to Int16 pixels in pixelBuffer 
                        k = 0; 
                         
                        for (i = 0; i < height; i++) 
                        { 
                            for (j = 0; j < width; j++) 
                            { 



 
  

                                Variables.bmpBufferDark[k++] = 
(Variables.pixelBuffer[index++]); 
                                 
                            } 
                        } 

 
                        if (Variables.masterBiasGen) 
                        { 
                            index = 0;      // index to Int16 pixels in pixelBuffer 
                            k = 0; 
                            l = 0; 
                            for (i = 0; i < height; i++) 
                            { 
                                for (j = 0; j < width; j++) 
                                { 
                                    Variables.bpmBufferMasterBias[l++] = 
Variables.bpmBufferMasterBias[k++] / Variables.biasMasterControl; 
                                } 
                            } 
                        } 
 
                        if (Variables.masterBiassubfromDark) 
                        { 
                            index = 0;      // index to Int16 pixels in pixelBuffer 
                            k = 0; 
                            l = 0; 
                            for (i = 0; i < height; i++) 
                            { 
                                for (j = 0; j < width; j++) 
                                { 
                                    Variables.bmpBufferDark[k++] = 
(UInt16)(Variables.bmpBufferDark[index++] - Variables.bpmBufferMasterBias[l++]); 
                                } 
                            } 
                        } 
 
 
                        Variables.imageFlag = false; 
                        mainWindow.Dispatcher.Invoke(() => 
                        { 
 
                            mainWindow.chcRemoveDark.IsChecked = true; 
                        }); 
                         
                    } 
                    else 
                    { 
                        if(!Variables.removeDark) 
                        { 
                            Array.Clear(Variables.bmpBufferDark, 0, 
Variables.bmpBufferDark.Length); 
                        } 
                        index = 0;      // index to Int16 pixels in pixelBuffer 
                        k = 0; 
                        l = 0; 
                        for (i = 0; i < height; i++) 
                        { 
                            for (j = 0; j < width; j++) 
                            { 
                                 
                                if(Variables.darkFrameSubtract) 
                                { 



 
  

                                    if (Variables.pixelBuffer[index++] >= 
Variables.bmpBufferDark[l++]) 
                                        Variables.bmpBuffer[k++] = 
(UInt16)(Variables.pixelBuffer[index-1] - Variables.bmpBufferDark[l-1]); 
                                    else 
                                        Variables.bmpBuffer[k++] = 0; 
                                } 
                                else 
                                { 
                                    Variables.bmpBuffer[k++] = 
(Variables.pixelBuffer[index++]); 
                                } 
                            } 
                        } 
 
                        //Master flat Maximum  
                        if (Variables.masterFlatMax) 
                        { 
                            index = 0;      // index to Int16 pixels in pixelBuffer 
                            k = 0; 
                            l = 0; 
                            double max = Variables.bpmBufferMasterFlat[0]; 
                            for (i = 0; i < height; i++) 
                            { 
                                for (j = 0; j < width; j++) 
                                { 
                                    if (Variables.bpmBufferMasterFlat[index++] > max) 
                                    { 
                                        max = Variables.bpmBufferMasterFlat[k++]; 
                                    } 
                                } 
                            } 
 
                            index = 0;      // index to Int16 pixels in pixelBuffer 
                            k = 0; 
                            l = 0; 
                            for (i = 0; i < height; i++) 
                            { 
                                for (j = 0; j < width; j++) 
                                { 
 
                                    Variables.bpmBufferMasterFlat[index++] = 
Variables.bpmBufferMasterFlat[k++] / max; 
 
                                } 
                            } 
                        } 
 
                        // divide flat from Image 
                        if (Variables.flatDivide) 
                        { 
                            index = 0;      // index to Int16 pixels in pixelBuffer 
                            k = 0; 
                            l = 0; 
                            for (i = 0; i < height; i++) 
                            { 
                                for (j = 0; j < width; j++) 
                                { 
 
                                    Variables.bmpBuffer[k++] = 
(UInt16)(Variables.bmpBuffer[l++] / Variables.bpmBufferMasterFlat[index++]); 
 



 
  

                                } 
                            } 
                        } 
 
                        Variables.bitmap = BitmapSource.Create(width, height, dpiX, 
dpiY, pixelFormat, null, Variables.bmpBuffer, Variables.stride); 
                        Variables.bitmap.Freeze(); 
 
 
                        using (var fileStream = new FileStream(@Variables.privremeni + 
"image.tiff", FileMode.Create, FileAccess.ReadWrite)) 
                        { 
                            BitmapEncoder encoder = new TiffBitmapEncoder(); 
                            encoder.Frames.Add(BitmapFrame.Create(Variables.bitmap)); 
                            encoder.Save(fileStream); 
                        } 
 
                        mainWindow.Dispatcher.Invoke(() => 
                        { 
 
                            mainWindow.proBar.Value = 100; 
                            //Variables.winImage.img.ImageSource = Variables.bitmap; 
                        }); 
                        Variables.imageFlag = false; 
 
                        if (Variables.flagImage) 
                        { 
                           // DrawSpectra.drawGraphFull(); 
                        } 
                    } 
                else 
                { 
                } 
 
            } 
        } 
 } 

 

Draw Spectra CS file 

 
class Spectra 
{ 
            string sName, sLaser, sGrating, sZF, sBin, sExpoTime, sX, sY, sImage; 
  
            public string SName 
            { 
                get { return sName; } 
            } 
            public string SLaser 
            { 
                get { return sLaser; } 
            } 
            public string SGrating 
            { 
                get { return sGrating; } 
            } 
            public string SZF 
            { 
                get { return sZF; } 
            } 
            public string SBin 
            { 



 
  

                get { return sBin; } 
            } 
            public string SExpoTime 
            { 
                get { return sExpoTime; } 
            } 
 
            public string SImage 
            { 
                get { return sImage; } 
            } 
 
             
public Spectra (string sname, string slaser, string sgrating, string szf, string sbin, 
string sexpotime, string simage) 
            { 
                sName = sname; 
                sLaser = slaser; 
                sGrating = sgrating; 
                sZF = szf; 
                sBin = sbin; 
                sExpoTime = sexpotime; 
                sImage = simage; 
            } 
 
    } 

 



 
  

APPENDIX F: C FIRMWARE SOURCE CODE 

 

Main system configuration 

/** CONFIGURATION Bits **********************************************/ 

#pragma config PLLSEL = PLL3X // PLL Selection (3x clock multiplier) 
#pragma config CFGPLLEN = OFF // PLL Enable Configuration bit (PLL Disabled (firmware 
controlled)) 
#pragma config CPUDIV = NOCLKDIV // CPU System Clock Postscaler (CPU uses system clock 
(no divide)) 
#pragma config LS48MHZ = SYS48X8 // Low Speed USB mode with 48 MHz system clock (System 
clock at 48 MHz, USB clock divider is set to 8) 
#pragma config FOSC = HSH //INTOSCIO  // Oscillator Selection (Internal oscillator) 
#pragma config PCLKEN = OFF // Primary Oscillator Shutdown (Primary oscillator shutdown 
firmware controlled) 
#pragma config FCMEN = OFF // Fail-Safe Clock Monitor (Fail-Safe Clock Monitor disabled) 
#pragma config IESO = OFF // Internal/External Oscillator Switchover (Oscillator 
Switchover mode disabled) 
#pragma config nPWRTEN  = OFF // Power-up Timer Enable (Power up timer disabled) 
#pragma config BOREN = SBORDIS // Brown-out Reset Enable (BOR enabled in hardware (SBOREN 
is ignored)) 
#pragma config BORV = 190 // Brown-out Reset Voltage (BOR set to 1.9V nominal) 
#pragma config nLPBOR = ON // Low-Power Brown-out Reset (Low-Power Brown-out Reset 
enabled) 
#pragma config WDTEN = SWON // Watchdog Timer Enable bits (WDT controlled by firmware 
(SWDTEN enabled)) 
#pragma config WDTPS = 32768 // Watchdog Timer Postscaler (1:32768) 
#pragma config CCP2MX = RC1 // CCP2 MUX bit (CCP2 input/output is multiplexed with RC1) 
#pragma config PBADEN   = OFF // PORTB A/D Enable bit (PORTB<5:0> pins are configured 
as digital I/O on Reset) 
#pragma config T3CMX = RC0 // Timer3 Clock Input MUX bit (T3CKI function is on RC0) 
#pragma config SDOMX = RC7 // SDO Output MUX bit (SDO function is on RC7) 
#pragma config MCLRE = ON // Master Clear Reset Pin Enable (MCLR pin enabled; RE3 input 
disabled) 
#pragma config STVREN = ON // Stack Full/Underflow Reset (Stack full/underflow will 
cause Reset) 
#pragma config LVP = OFF // Single-Supply ICSP Enable bit (Single-Supply ICSP disabled) 
#pragma config ICPRT = OFF // Dedicated In-Circuit Debug/Programming Port Enable (ICPORT 
disabled) 
#pragma config XINST = OFF // Extended Instruction Set Enable bit (Instruction set 
extension and Indexed Addressing mode disabled) 
#pragma config CP0 = OFF // Block 0 Code Protect (Block 0 is not code-protected) 
#pragma config CP1 = OFF // Block 1 Code Protect (Block 1 is not code-protected) 
#pragma config CP2 = OFF // Block 2 Code Protect (Block 2 is not code-protected) 
#pragma config CP3 = OFF // Block 3 Code Protect (Block 3 is not code-protected) 
#pragma config CPB = OFF // Boot Block Code Protect (Boot block is not code-protected) 
#pragma config CPD = OFF  // Data EEPROM Code Protect (Data EEPROM is not code-protected) 
#pragma config WRT0 = OFF // Block 0 Write Protect (Block 0 (0800-1FFFh) is not write-
protected) 
#pragma config WRT1 = OFF // Block 1 Write Protect (Block 1 (2000-3FFFh) is not write-
protected) 
#pragma config WRT2 = OFF // Block 2 Write Protect (Block 2 (04000-5FFFh) is not write-
protected) 
#pragma config WRT3 = OFF // Block 3 Write Protect (Block 3 (06000-7FFFh) is not write-
protected) 
#pragma config WRTC = OFF // Configuration Registers Write Protect (Configuration 
registers (300000-3000FFh) are not write-protected) 
#pragma config WRTB     = OFF // Boot Block Write Protect (Boot block (0000-7FFh) is not 
write-protected) 



 
  

#pragma config WRTD = OFF // Data EEPROM Write Protect (Data EEPROM is not write-
protected) 
#pragma config EBTR0 = OFF // Block 0 Table Read Protect (Block 0 is not protected from 
table reads executed in other blocks) 
#pragma config EBTR1  = OFF // Block 1 Table Read Protect (Block 1 is not protected from 
table reads executed in other blocks) 
#pragma config EBTR2 = OFF // Block 2 Table Read Protect (Block 2 is not protected from 
table reads executed in other blocks) 
#pragma config EBTR3 = OFF  // Block 3 Table Read Protect (Block 3 is not protected from 
table reads executed in other blocks) 
#pragma config EBTRB = OFF // Boot Block Table Read Protect (Boot block is not protected 
from table reads executed in other blocks) 
 
 

PIN configuration 

#define PIN_M1_LAT LATEbits.LATE0 
#define PIN_M2_LAT LATEbits.LATE1 
#define PIN_M3_LAT LATEbits.LATE2 
#define PIN_LED_1_LAT LATDbits.LATD0 
#define PIN_LED_2_LAT LATDbits.LATD1 
#define PIN_LED_3_LAT LATDbits.LATD2 
#define PIN_LED_4_LAT LATDbits.LATD3 
#define PIN_LED_5_LAT LATDbits.LATD4 
#define PIN_P1B_LAT LATDbits.LATD5 
#define PIN_P1C_LAT LATDbits.LATD6 
#define PIN_P1D_LAT LATDbits.LATD7 
#define PIN_RC0_LAT LATCbits.LATC0 
#define PIN_CLK_LAT LATCbits.LATC1 
#define PIN_P1A_LAT LATCbits.LATC2 
#define PIN_SENS_LAT LATBbits.LATB0 
#define PIN_RESET_LAT LATBbits.LATB1 
#define PIN_SYNC_LAT LATBbits.LATB2 
#define PIN_DIR_LAT LATBbits.LATB3 
#define PIN_RB4_LAT LATBbits.LATB4 
#define PIN_RB5_LAT LATBbits.LATB5 
#define PIN_RA0_LAT LATAbits.LATA0 
#define PIN_RA1_LAT LATAbits.LATA1 
#define PIN_RA2_LAT LATAbits.LATA2 
#define PIN_RA3_LAT LATAbits.LATA3 
#define PIN_RA4_LAT LATAbits.LATA4 
#define PIN_RA5_LAT LATAbits.LATA5 
 
#define PIN_M1_TRIS TRISEbits.TRISE0 
#define PIN_M2_TRIS TRISEbits.TRISE1 
#define PIN_M3_TRIS TRISEbits.TRISE2 
#define PIN_LED_1_TRIS TRISDbits.TRISD0 
#define PIN_LED_2_TRIS TRISDbits.TRISD1 
#define PIN_LED_3_TRIS TRISDbits.TRISD2 
#define PIN_LED_4_TRIS TRISDbits.TRISD3 
#define PIN_LED_5_TRIS TRISDbits.TRISD4 
#define PIN_P1B_TRIS TRISDbits.TRISD5 
#define PIN_P1C_TRIS TRISDbits.TRISD6 
#define PIN_P1D_TRIS TRISDbits.TRISD7 
#define PIN_RC0_TRIS TRISCbits.TRISC0 
#define PIN_CLK_TRIS TRISCbits.TRISC1 
#define PIN_P1A_TRIS TRISCbits.TRISC2 
#define PIN_SENS_TRIS TRISBbits.TRISB0 
#define PIN_RESET_TRIS TRISBbits.TRISB1 
#define PIN_SYNC_TRIS TRISBbits.TRISB2 
#define PIN_DIR_TRIS TRISBbits.TRISB3 
#define PIN_RB4_TRIS TRISBbits.TRISB4 



 
  

#define PIN_RB5_TRIS TRISBbits.TRISB5 
#define PIN_RA0_TRIS TRISAbits.TRISA0 
#define PIN_RA1_TRIS TRISAbits.TRISA1 
#define PIN_RA2_TRIS TRISAbits.TRISA2 
#define PIN_RA3_TRIS TRISAbits.TRISA3 
#define PIN_RA4_TRIS TRISAbits.TRISA4 
#define PIN_RA5_TRIS TRISAbits.TRISA5 
 
#define PIN_M1_ANSEL ANSELEbits.ANSE0 
#define PIN_M2_ANSEL ANSELEbits.ANSE1 
#define PIN_M3_ANSEL ANSELEbits.ANSE2 
#define PIN_LED_1_ANSEL ANSELDbits.ANSD0 
#define PIN_LED_2_ANSEL ANSELDbits.ANSD1 
#define PIN_LED_3_ANSEL ANSELDbits.ANSD2 
#define PIN_LED_4_ANSEL ANSELDbits.ANSD3 
#define PIN_LED_5_ANSEL ANSELDbits.ANSD4 
#define PIN_P1B_ANSEL ANSELDbits.ANSD5 
#define PIN_P1C_ANSEL ANSELDbits.ANSD6 
#define PIN_P1D_ANSEL ANSELDbits.ANSD7 
#define PIN_P1A_ANSEL ANSELCbits.ANSC2 
#define PIN_SENS_ANSEL ANSELBbits.ANSB0 
#define PIN_RESET_ANSEL ANSELBbits.ANSB1 
#define PIN_SYNC_ANSEL ANSELBbits.ANSB2 
#define PIN_DIR_ANSEL ANSELBbits.ANSB3 
#define PIN_RB4_ANSEL ANSELBbits.ANSB4 
#define PIN_RB5_ANSEL ANSELBbits.ANSB5 
#define PIN_RA0_ANSEL ANSELAbits.ANSA0 
#define PIN_RA1_ANSEL ANSELAbits.ANSA1 
#define PIN_RA2_ANSEL ANSELAbits.ANSA2 
#define PIN_RA3_ANSEL ANSELAbits.ANSA3 
#define PIN_RA5_ANSEL ANSELAbits.ANSA5 
 
#define PIN_ON  1 
#define PIN_OFF 0 
 
#define PIN_INPUT           1 
#define PIN_OUTPUT          0 
 
#define PIN_DIGITAL         0 
#define PIN_ANALOG          1 
 
void PIN_On(PIN pin) 
{ 
    switch(pin) 
    { 
        case PIN_M1: 
            PIN_M1_LAT = PIN_ON; 
            break; 
             
        case PIN_M2: 
            PIN_M2_LAT = PIN_ON; 
            break; 
 
        case PIN_M3: 
            PIN_M3_LAT = PIN_ON; 
            break; 
             
        case PIN_LED_1: 
            PIN_LED_1_LAT = PIN_ON; 
            break; 
             
        case PIN_LED_2: 



 
  

            PIN_LED_2_LAT = PIN_ON; 
            break; 
 
        case PIN_LED_3: 
            PIN_LED_3_LAT = PIN_ON; 
            break;  
             
        case PIN_LED_4: 
            PIN_LED_4_LAT = PIN_ON; 
            break; 
             
        case PIN_LED_5: 
            PIN_LED_5_LAT = PIN_ON; 
            break; 
 
        case PIN_P1A: 
            PIN_P1A_LAT = PIN_ON; 
            break; 
             
        case PIN_P1B: 
            PIN_P1B_LAT = PIN_ON; 
            break; 
             
        case PIN_P1C: 
            PIN_P1C_LAT = PIN_ON; 
            break; 
 
        case PIN_P1D: 
            PIN_P1D_LAT = PIN_ON; 
            break;  
 
        case PIN_RC0: 
            PIN_RC0_LAT = PIN_ON; 
            break; 
             
        case PIN_CLK: 
            PIN_CLK_LAT = PIN_ON; 
            break; 
 
        case PIN_RB4: 
            PIN_RB4_LAT = PIN_ON; 
            break; 
             
        case PIN_RB5: 
            PIN_RB5_LAT = PIN_ON; 
            break; 
             
        case PIN_DIR: 
            PIN_DIR_LAT = PIN_ON; 
            break; 
 
        case PIN_SYNC: 
            PIN_SYNC_LAT = PIN_ON; 
            break;  
             
        case PIN_RESET: 
            PIN_RESET_LAT = PIN_ON; 
            break; 
             
        case PIN_SENS: 
            PIN_SENS_LAT = PIN_ON; 
            break; 



 
  

 
        case PIN_RA0: 
            PIN_RA0_LAT = PIN_ON; 
            break; 
             
        case PIN_RA1: 
            PIN_RA1_LAT = PIN_ON; 
            break; 
             
        case PIN_RA2: 
            PIN_RA2_LAT = PIN_ON; 
            break; 
 
        case PIN_RA3: 
            PIN_RA3_LAT = PIN_ON; 
            break;  
 
        case PIN_RA4: 
            PIN_RA4_LAT = PIN_ON; 
            break;              
 
        case PIN_RA5: 
            PIN_RA5_LAT = PIN_ON; 
            break;  
    } 
} 
 
void PIN_Off(PIN pin) 
{ 
    switch(pin) 
    { 
        case PIN_M1: 
            PIN_M1_LAT = PIN_OFF; 
            break; 
             
        case PIN_M2: 
            PIN_M2_LAT = PIN_OFF; 
            break; 
 
        case PIN_M3: 
            PIN_M3_LAT = PIN_OFF; 
            break; 
             
        case PIN_LED_1: 
            PIN_LED_1_LAT = PIN_OFF; 
            break; 
             
        case PIN_LED_2: 
            PIN_LED_2_LAT = PIN_OFF; 
            break; 
 
        case PIN_LED_3: 
            PIN_LED_3_LAT = PIN_OFF; 
            break;  
             
        case PIN_LED_4: 
            PIN_LED_4_LAT = PIN_OFF; 
            break; 
             
        case PIN_LED_5: 
            PIN_LED_5_LAT = PIN_OFF; 
            break; 



 
  

 
        case PIN_P1A: 
            PIN_P1A_LAT = PIN_OFF; 
            break; 
             
        case PIN_P1B: 
            PIN_P1B_LAT = PIN_OFF; 
            break; 
             
        case PIN_P1C: 
            PIN_P1C_LAT = PIN_OFF; 
            break; 
 
        case PIN_P1D: 
            PIN_P1D_LAT = PIN_OFF; 
            break;  
 
        case PIN_RC0: 
            PIN_RC0_LAT = PIN_OFF; 
            break; 
             
        case PIN_CLK: 
            PIN_CLK_LAT = PIN_OFF; 
            break; 
 
        case PIN_RB4: 
            PIN_RB4_LAT = PIN_OFF; 
            break; 
             
        case PIN_RB5: 
            PIN_RB5_LAT = PIN_OFF; 
            break; 
             
        case PIN_DIR: 
            PIN_DIR_LAT = PIN_OFF; 
            break; 
 
        case PIN_SYNC: 
            PIN_SYNC_LAT = PIN_OFF; 
            break;  
             
        case PIN_RESET: 
            PIN_RESET_LAT = PIN_OFF; 
            break; 
             
        case PIN_SENS: 
            PIN_SENS_LAT = PIN_OFF; 
            break; 
 
        case PIN_RA0: 
            PIN_RA0_LAT = PIN_OFF; 
            break; 
             
        case PIN_RA1: 
            PIN_RA1_LAT = PIN_OFF; 
            break; 
             
        case PIN_RA2: 
            PIN_RA2_LAT = PIN_OFF; 
            break; 
 
        case PIN_RA3: 



 
  

            PIN_RA3_LAT = PIN_OFF; 
            break;  
 
        case PIN_RA4: 
            PIN_RA4_LAT = PIN_OFF; 
            break;              
 
        case PIN_RA5: 
            PIN_RA5_LAT = PIN_OFF; 
            break;  
    } 
} 
 
void PIN_Toggle(PIN pin) 
{ 
    switch(pin) 
    { 
        case PIN_M1: 
            PIN_M1_LAT ^= 1; 
            break; 
             
        case PIN_M2: 
            PIN_M2_LAT ^= 1; 
            break; 
 
        case PIN_M3: 
            PIN_M3_LAT ^= 1; 
            break; 
             
        case PIN_LED_1: 
            PIN_LED_1_LAT ^= 1; 
            break; 
             
        case PIN_LED_2: 
            PIN_LED_2_LAT ^= 1; 
            break; 
 
        case PIN_LED_3: 
            PIN_LED_3_LAT ^= 1; 
            break;  
             
        case PIN_LED_4: 
            PIN_LED_4_LAT ^= 1; 
            break; 
             
        case PIN_LED_5: 
            PIN_LED_5_LAT ^= 1; 
            break; 
 
        case PIN_P1A: 
            PIN_P1A_LAT ^= 1; 
            break; 
             
        case PIN_P1B: 
            PIN_P1B_LAT ^= 1; 
            break; 
             
        case PIN_P1C: 
            PIN_P1C_LAT ^= 1; 
            break; 
 
        case PIN_P1D: 



 
  

            PIN_P1D_LAT ^= 1; 
            break;  
 
        case PIN_RC0: 
            PIN_RC0_LAT ^= 1; 
            break; 
             
        case PIN_CLK: 
            PIN_CLK_LAT ^= 1; 
            break; 
 
        case PIN_RB4: 
            PIN_RB4_LAT ^= 1; 
            break; 
             
        case PIN_RB5: 
            PIN_RB5_LAT ^= 1; 
            break; 
             
        case PIN_DIR: 
            PIN_DIR_LAT ^= 1; 
            break; 
 
        case PIN_SYNC: 
            PIN_SYNC_LAT ^= 1; 
            break;  
             
        case PIN_RESET: 
            PIN_RESET_LAT ^= 1; 
            break; 
             
        case PIN_SENS: 
            PIN_SENS_LAT ^= 1; 
            break; 
 
        case PIN_RA0: 
            PIN_RA0_LAT ^= 1; 
            break; 
             
        case PIN_RA1: 
            PIN_RA1_LAT ^= 1; 
            break; 
             
        case PIN_RA2: 
            PIN_RA2_LAT ^= 1; 
            break; 
 
        case PIN_RA3: 
            PIN_RA3_LAT ^= 1; 
            break;  
 
        case PIN_RA4: 
            PIN_RA4_LAT ^= 1; 
            break;              
 
        case PIN_RA5: 
            PIN_RA5_LAT ^= 1; 
            break;  
    } 
} 
 
 



 
  

bool PIN_Get(PIN pin) 
{ 
    switch(pin) 
    { 
        case PIN_M1: 
            return ( (PIN_M1_LAT == PIN_ON) ? true : false ); 
             
        case PIN_M2: 
            return ( (PIN_M2_LAT == PIN_ON) ? true : false ); 
 
        case PIN_M3: 
            return ( (PIN_M3_LAT == PIN_ON) ? true : false ); 
             
        case PIN_LED_1: 
            return ( (PIN_LED_1_LAT == PIN_ON) ? true : false ); 
             
        case PIN_LED_2: 
            return ( (PIN_LED_2_LAT == PIN_ON) ? true : false ); 
 
        case PIN_LED_3: 
            return ( (PIN_LED_3_LAT == PIN_ON) ? true : false ); 
             
        case PIN_LED_4: 
            return ( (PIN_LED_4_LAT == PIN_ON) ? true : false ); 
             
        case PIN_LED_5: 
            return ( (PIN_LED_5_LAT == PIN_ON) ? true : false ); 
 
        case PIN_P1A: 
            return ( (PIN_P1A_LAT == PIN_ON) ? true : false ); 
             
        case PIN_P1B: 
            return ( (PIN_P1B_LAT == PIN_ON) ? true : false ); 
             
        case PIN_P1C: 
            return ( (PIN_P1C_LAT == PIN_ON) ? true : false ); 
 
        case PIN_P1D: 
            return ( (PIN_P1D_LAT == PIN_ON) ? true : false );  
 
        case PIN_RC0: 
            return ( (PIN_RC0_LAT == PIN_ON) ? true : false ); 
             
        case PIN_CLK: 
            return ( (PIN_CLK_LAT == PIN_ON) ? true : false ); 
 
        case PIN_RB4: 
            return ( (PIN_RB4_LAT == PIN_ON) ? true : false ); 
             
        case PIN_RB5: 
            return ( (PIN_RB5_LAT == PIN_ON) ? true : false ); 
             
        case PIN_DIR: 
            return ( (PIN_DIR_LAT == PIN_ON) ? true : false ); 
 
        case PIN_SYNC: 
            return ( (PIN_SYNC_LAT == PIN_ON) ? true : false );  
             
        case PIN_RESET: 
            return ( (PIN_RESET_LAT == PIN_ON) ? true : false ); 
             
        case PIN_SENS: 



 
  

            return ( (PIN_SENS_LAT == PIN_ON) ? true : false ); 
 
        case PIN_RA0: 
            return ( (PIN_RA0_LAT == PIN_ON) ? true : false ); 
             
        case PIN_RA1: 
            return ( (PIN_RA1_LAT == PIN_ON) ? true : false ); 
             
        case PIN_RA2: 
            return ( (PIN_RA2_LAT == PIN_ON) ? true : false ); 
 
        case PIN_RA3: 
            return ( (PIN_RA3_LAT == PIN_ON) ? true : false ); 
 
        case PIN_RA4: 
            return ( (PIN_RA4_LAT == PIN_ON) ? true : false );              
 
        case PIN_RA5: 
            return ( (PIN_RA5_LAT == PIN_ON) ? true : false );  
    } 
     
    return false; 
} 
 
void PIN_Enable(PIN pin) 
{ 
    switch(pin) 
    { 
        case PIN_M1: 
            PIN_M1_TRIS = PIN_OUTPUT; 
            PIN_M1_ANSEL = PIN_DIGITAL; 
            break; 
             
        case PIN_M2: 
            PIN_M2_TRIS = PIN_OUTPUT; 
            PIN_M2_ANSEL = PIN_DIGITAL; 
            break; 
 
        case PIN_M3: 
            PIN_M3_TRIS = PIN_OUTPUT; 
            PIN_M3_ANSEL = PIN_DIGITAL; 
            break; 
             
        case PIN_LED_1: 
            PIN_LED_1_TRIS = PIN_OUTPUT; 
            PIN_LED_1_ANSEL = PIN_DIGITAL; 
            break; 
             
        case PIN_LED_2: 
            PIN_LED_2_TRIS = PIN_OUTPUT; 
            PIN_LED_2_ANSEL = PIN_DIGITAL; 
            break; 
 
        case PIN_LED_3: 
            PIN_LED_3_TRIS = PIN_OUTPUT; 
            PIN_LED_3_ANSEL = PIN_DIGITAL; 
            break;  
             
        case PIN_LED_4: 
            PIN_LED_4_TRIS = PIN_OUTPUT; 
            PIN_LED_4_ANSEL = PIN_DIGITAL; 
            break; 



 
  

             
        case PIN_LED_5: 
            PIN_LED_5_TRIS = PIN_OUTPUT; 
            PIN_LED_5_ANSEL = PIN_DIGITAL; 
            break; 
 
        case PIN_P1A: 
            PIN_P1A_TRIS = PIN_OUTPUT; 
            PIN_P1A_ANSEL = PIN_DIGITAL; 
            break; 
             
        case PIN_P1B: 
            PIN_P1B_TRIS = PIN_OUTPUT; 
            PIN_P1B_ANSEL = PIN_DIGITAL; 
            break; 
             
        case PIN_P1C: 
            PIN_P1C_TRIS = PIN_OUTPUT; 
            PIN_P1C_ANSEL = PIN_DIGITAL; 
            break; 
 
        case PIN_P1D: 
            PIN_P1D_TRIS = PIN_OUTPUT; 
            PIN_P1D_ANSEL = PIN_DIGITAL; 
            break;  
 
        case PIN_RC0: 
            PIN_RC0_TRIS = PIN_OUTPUT; 
            break; 
             
        case PIN_CLK: 
            PIN_CLK_TRIS = PIN_OUTPUT; 
            break; 
 
        case PIN_RB4: 
            PIN_RB4_TRIS = PIN_OUTPUT; 
            PIN_RB4_ANSEL = PIN_DIGITAL; 
            break; 
             
        case PIN_RB5: 
            PIN_RB5_TRIS = PIN_OUTPUT; 
            PIN_RB5_ANSEL = PIN_DIGITAL; 
            break; 
             
        case PIN_DIR: 
            PIN_DIR_TRIS = PIN_OUTPUT; 
            PIN_DIR_ANSEL = PIN_DIGITAL; 
            break; 
 
        case PIN_SYNC: 
            PIN_SYNC_TRIS = PIN_OUTPUT; 
            PIN_SYNC_ANSEL = PIN_DIGITAL; 
            break;  
             
        case PIN_RESET: 
            PIN_RESET_TRIS = PIN_OUTPUT; 
            PIN_RESET_ANSEL = PIN_DIGITAL; 
            break; 
             
        case PIN_SENS: 
            PIN_SENS_TRIS = PIN_INPUT; 
            PIN_SENS_ANSEL = PIN_DIGITAL; 



 
  

            break; 
 
        case PIN_RA0: 
            PIN_RA0_TRIS = PIN_OUTPUT; 
            PIN_RA0_ANSEL = PIN_DIGITAL; 
            break; 
             
        case PIN_RA1: 
            PIN_RA1_TRIS = PIN_OUTPUT; 
            PIN_RA1_ANSEL = PIN_DIGITAL; 
            break; 
             
        case PIN_RA2: 
            PIN_RA2_TRIS = PIN_OUTPUT; 
            break; 
 
        case PIN_RA3: 
            PIN_RA3_TRIS = PIN_OUTPUT; 
            break;  
 
        case PIN_RA4: 
            PIN_RA4_TRIS = PIN_OUTPUT; 
            break;              
 
        case PIN_RA5: 
            PIN_RA5_TRIS = PIN_OUTPUT; 
            PIN_RA5_ANSEL = PIN_DIGITAL; 
            break; 
             
    } 
} 
 

Main file code  

MAIN_RETURN main(void) 
{ 
    SYSTEM_Initialize(SYSTEM_STATE_USB_START); 
    TMR0_Initialize(); 
    TMR1_Initialize(); 
    USBDeviceInit(); 
    USBDeviceAttach(); 
    INTCONbits.GIE=1;//enable global interrupts 
    INTCONbits.PEIE=1;//enable peripheral inter 
     
    PWM1 = 54; 
    PIN_Enable(PIN_LED_4); 
    PIN_Enable(PIN_LED_5); 
    PIN_Enable(PIN_M1); 
    PIN_Enable(PIN_M2); 
    PIN_Enable(PIN_M3); 
    PIN_Enable(PIN_DIR); 
    PIN_Enable(PIN_SYNC); 
    PIN_Enable(PIN_RESET); 
    PIN_Enable(PIN_CLK); 
    PIN_Enable(PIN_SENS); 
    PIN_Enable(PIN_RA0); 
    PIN_Off(PIN_RA0); 
    PIN_Enable(PIN_P1D);//SERVO III 
    PIN_Enable(PIN_P1C); //SERVO II 
    PIN_Enable(PIN_P1B); // SERVO I 
    PWM1 = 125; // 10 i 54 
    PWM2 = 125; // 10 i 54 



 
  

    PWM3 = 125; // 10 i 54 
    uint8_t i = 0; 
    uint16_t stepp=0; 
     
    PIN_On(PIN_RESET); 
    PIN_Off(PIN_RESET);// reset sla 
    PIN_Off(PIN_SYNC); // pwm sync sla 
    PIN_Off(PIN_M1); //M1 
    PIN_Off(PIN_M2); //M2 
    PIN_Off(PIN_M3); //M3 
    PIN_On(PIN_DIR); // direction 
     
    while(PORTBbits.RB0==0) 
    { 
 
        PIN_Toggle(PIN_CLK); 
          delayTMRs(1);//__delay_ms(1);//delayTMRs(2);           
    } 
     
    PIN_Off(PIN_DIR); // direction 
    for(stepp=0; stepp<32767; stepp++) 
    { 
        PIN_Toggle(PIN_CLK); 
        delayTMRs(1);//__delay_ms(1);//delayTMRs(2); 
    } 
    PIN_On(PIN_M1);//M1 
    PIN_On(PIN_M2);//M2 
    PIN_On(PIN_M3);//M3 
 
 
    while(1) 
    { 
        SYSTEM_Tasks(); 
 
        #if defined(USB_POLLING) 
            USBDeviceTasks(); 
        #endif 
 
        //Application specific tasks 
        APP_DeviceCustomHIDTasks(); 
 
    }//end while 
}//end main 

 

Interrupt code for motor movement 

void INTERRUPT SYS_InterruptHigh(void) 
{ 
    #if defined(USB_INTERRUPT) 
        USBDeviceTasks(); 
    #endif 
    // interrupt handler 
    if(INTCONbits.TMR0IE == 1 && INTCONbits.TMR0IF == 1) 
    { 
        INTCONbits.TMR0IF = 0; 
        TMR0L = 0x01; 
         p++;              // Count pieces of seconds 
           if(p == 12 ) 
           { 
               p=0; 
               brojac++; 
               brojac2++; 



 
  

               if(brojac2 == 2) 
               { 
                   if(check==1 && zbroj<kkk) 
                   { 
                       PIN_Toggle(PIN_CLK); 
                       kkk--; 
                   } 
                   else if (check == 2 && zbroj>kkk) 
                   { 
                       PIN_Toggle(PIN_CLK); 
                       kkk++;                        
                   } 
                   else if (check == 0) 
                   { 
                       PIN_On(PIN_M1);//M1 
                       PIN_On(PIN_M2);//M2 
                       PIN_On(PIN_M3);//M3                         
                   } 
                   brojac2 = 0; 
               } 
               if(brojac==1000) 
               { 
                  PIN_Toggle(PIN_LED_5); 
                   brojac = 0; 
               } 
           } 
    } 
    else if(INTCONbits.PEIE == 1) 
    { 
        if(PIE1bits.TMR1IE == 1 && PIR1bits.TMR1IF == 1) 
        { 
            TMR1 = 65067;    
            PIR1bits.TMR1IF = 0; 
            k++; 
            if (k>=PWM1) 
            { 
                PIN_Off(PIN_P1B); 
            } 
            if (k>=PWM2) 
            { 
                PIN_Off(PIN_P1C); 
            } 
            if (k>=PWM3) 
            { 
                //PIN_Off(PIN_P1D); 
            } 
            if(k==512) 
            { 
                PIN_On(PIN_P1B); 
                PIN_On(PIN_P1C); 
                PIN_On(PIN_P1D); 
                k = 0; 
            }      
        }  
        else 
        { 
            //Unhandled Interrupt 
        } 
    }       
    else 
    { 
    }} 



 
  

Function for receiving data from USB 

 
void APP_DeviceCustomHIDTasks() 
{    
    if( USBGetDeviceState() < CONFIGURED_STATE ) 
    { 
        return; 
    } 
    if( USBIsDeviceSuspended()== true ) 
    { 
        return; 
    } 
     
    if(HIDRxHandleBusy(USBOutHandle) == false) 
    {    
        switch(ReceivedDataBuffer[0])     
        { 
            case 0x32: 
                PIN_Toggle(PIN_RA0); 
                break; 
            case 0x90: 
                if(!HIDTxHandleBusy(USBInHandle)) 
                { 
                    ToSendDataBuffer[0] = 0x22;     
                    ToSendDataBuffer[1] = (uint8_t)kkk; //LSB 
                    ToSendDataBuffer[2] = kkk >> 8;     //MSB  
                    USBInHandle = HIDTxPacket(CUSTOM_DEVICE_HID_EP, 

(uint8_t*)&ToSendDataBuffer[0],64); 
                }  
                USBInHandle = HIDTxPacket(CUSTOM_DEVICE_HID_EP, 

(uint8_t*)&ToSendDataBuffer[0],64); 
                break; 
             
            case 0x64: 
                check = 0; 
                break; 
                 
            case COMMAND_TOGGLE_LED:  //Toggle LEDs command 
                PIN_Toggle(LED_USB_DEVICE_HID_CUSTOM); 
                PWM1--; 
                if(PWM1==10) 
                { 
                    PWM1=54; 
                } 
                break; 
 
            case COMMAND_GET_BUTTON_STATUS:   
                if(!HIDTxHandleBusy(USBInHandle)) 
                { 
                    ToSendDataBuffer[0] = 0x81;     
                    if(BUTTON_IsPressed(BUTTON_USB_DEVICE_HID_CUSTOM) == false)  
                    { 
                            ToSendDataBuffer[1] = 0x01; 
                    } 
                    else          
                    { 
                            ToSendDataBuffer[1] = 0x00; 
                    } 
                     
                    USBInHandle = HIDTxPacket(CUSTOM_DEVICE_HID_EP, 

(uint8_t*)&ToSendDataBuffer[0],64); 



 
  

                } 
                break; 
 
            case COMMAND_READ_POTENTIOMETER:  
                { 
                    uint16_t pot; 
 
                    if(!HIDTxHandleBusy(USBInHandle)) 
                    { 
                        pot = ADC_Read10bit(ADC_CHANNEL_POTENTIOMETER); 
 
                        ToSendDataBuffer[0] = 0x37;    
                        ToSendDataBuffer[1] = (uint8_t)pot; //LSB 
                        ToSendDataBuffer[2] = pot >> 8;     //MSB 
 
 
                         
                        USBInHandle = HIDTxPacket(CUSTOM_DEVICE_HID_EP, 

(uint8_t*)&ToSendDataBuffer[0],64); 
                    } 
                } 
                break; 
                 
            case COMMAND_GRATTING:  
                { 
                     
                    zbroj = (ReceivedDataBuffer[5]<<8)|ReceivedDataBuffer[4]; 
                    if(zbroj < kkk) 
                    { 
                        PIN_On(PIN_M1);//M1 
                        PIN_On(PIN_M2);//M2 
                        PIN_Off(PIN_M3);//M3 
                        PIN_On(PIN_DIR); // direction    
                        check = 1; 
                    } 
                    else 
                    { 
                        PIN_On(PIN_M1);//M1 
                        PIN_On(PIN_M2);//M2 
                        PIN_Off(PIN_M3);//M3 
                        PIN_Off(PIN_DIR); // direction 
                        check = 2; 
                    } 
                     
                }     
                break; 
        } 
        USBOutHandle = HIDRxPacket(CUSTOM_DEVICE_HID_EP, 

(uint8_t*)&ReceivedDataBuffer[0], 64); 
    } 
     
} 


