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ABREVIATIONS 

MCSP - Method of Channeled Spectral Polarimetry 

CSP – Channeled Spectrum Polarimeter 

SOP – State of Polarization 

SPR - Surface Plasmon Resonance 

LLOD - Lower Limit of Detection 

ULOD - Upper Limit of Detection 

LOD - Limit of Detection 

LOQ - Limit of Quantity measurement 

SNR - Signal to Noise Ratio 

QF - Quality Factor 

FOM - Figure Of Merit 

FWHM - Full Width at Half Maximum 

RCWA - Rigorous Coupled Wave Analysis 

RI - Refractive Index 

TM - Transverse Magnetic 

TE - Transverse Electric 

AOM - Acusto-Optic Modulator 

DR - Dynamic Range 

PEM - Photo Elastic Modulator 

CCD - Charged-Coupled Device 

PZT - Piezoelectric Transformer 

VIS – Visible spectrum 

N-IR - Near-Infra Red spectrum 

CMOS - Complementary Metal-Oxide-Semiconductor 

BSC - Babinet-Soleil Compensator 

MOS – Magneto-Optic sensor 

MOM – Magneto Optic Materials 

MOE – Magneto-Optic Effect 

TEC) – Thermo-Electric Cooler 
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MSM – Method of Spectral Modulation 

OPD – Optical Path Differences 

 

INTRODUCTION 

MCSP (Method of Channeled Spectral Polarimetry) is a technique for determining the state of 

polarization (SOP) within a given spectral range, based on polarization interference that 

produces amplitude–phase modulation in the spectral domain. By using polarization-

modulating optical elements, typically two thick birefringent phase plates (quartz or calcite) 

with a specific thickness ratio, oriented at a defined azimuthal angle relative to each other, 

together with a linear polarizer, the amplitude–phase modulation is achieved. The modulated 

spectrum is analyzed by a spectrometer, and a “single-shot” measurement is recorded. After 

processing with a Fourier or another numerical algorithm, all Stokes parameters for the 

examined spectral range are extracted. The Stokes parameters fully determine the state of 

polarization. 

The MCSP is still not widely used in the field of optical sensing. Potential applications 

include: (1) optical sensors based on Surface Plasmon Resonance (SPR) for gas detection (H2 

and other hazardous gases) and for monitoring biomolecular interactions (biosensing); (2) 

magneto-optic sensors (MOS); (3) material characterization (composition, surface roughness, 

optical activity, internal structure such as chirality); (4) biomedical optics (investigating tissue 

structure and properties associated with specific diseases, e.g., carcinomas); (5) 

pharmaceuticals (measuring the optical activity of drug molecules) and (6) astronomy (object 

identification and tracking, atmospheric and surface – topological - studies, etc.). In this 

dissertation, the application of MCSP in SPR-based and MOS sensors is investigated. 

SPR is a particularly suitable method for sensor applications due to its exceptional 

sensitivity to changes in the refractive index of the surrounding medium, its direct and label-

free measurement capability, and its ability to monitor processes in real time. The interaction 

between light and the metal surface leads to the excitation of surface plasmon waves, with the 

resonance condition being strongly dependent on the properties of the surface. Even minimal 

changes caused by the adsorption of gas molecules or biological substances result in distinct 

phase or amplitude variations, making SPR an extremely sensitive optical method for detecting 

a wide range of reactions. 

An additional advantage of SPR lies in its spectral and geometrical versatility—the 

method can be implemented through a prism, a diffraction grating, or fiber-optic systems, 

thereby enabling adaptation to diverse applications and facilitating the miniaturization of 

sensing devices. The capability for phase-based measurement and detection, particularly when 

SPR is combined with the MCSP, provides enhanced sensitivity and improved noise resistance 

compared to amplitude-based measurement. As a result, reliable measurements can be achieved 

even at low concentrations of gases or biological molecules. 

MOS are highly sensitive devices based on the Faraday effect, in which the plane of 

polarization of light rotates as it propagates through a magneto-optic material (MOM) placed 

in a magnetic field. This phenomenon enables the conversion of magnetic induction into a 

measurable optical signal that can be recorded with high accuracy and reliability. Owing to their 
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immunity to electrical noise and their ability to operate under extreme conditions, MOS are 

widely used in industrial automation, power engineering, medical diagnostics, and scientific 

research. Their combination of precision, speed, and robustness establishes them as a key 

technology for modern measurement and control systems. 

Although the first reports on the practical implementation of the MCSP date back more 

than 25 years, issues related to the accuracy and type of algorithms for processing experimental 

data, design specifics, sources of error, and similar considerations are still being discussed in 

the specialized literature. These factors are likely the reason why the method is not being widely 

used in sensing. 

The application of the MCSP in SPR sensors would drastically improve parameters such 

as sensitivity, signal-to-noise ratio, and lower limit of detection, owing to the measurement of 

the phase difference between the two wave polarizations, p- and s-, at the onset of plasmon 

resonance. The method is highly promising for use in biosensors based on SPR excited in 

diffraction gratings - an area of investigation at IOMT - BAS. Diffraction gratings are not 

typically preferred for SPR excitation, since conventional amplitude detection is less efficient 

compared to other widely used SPR excitation schemes. Phase detection implemented through 

MCSP can overcome this limitation. This, together with the significant advantages of SPR in 

diffraction gratings - namely: (i) excitation of the plasmon wave by both p- and s- polarized 

light (achieved in the so-called conical mounting of the grating); (ii) the possibility for 

miniaturization (enabling field-deployable “point-of-care” applications); and (iii) the potential 

for high-throughput mass fabrication - could make them a leading platform for SPR sensors. 

In SPR sensors based on diffraction gratings for hazardous-gas detection, several 

significant challenges arise. First, the traditionally used amplitude measurement suffers from 

limited sensitivity - the changes in the intensity of the reflected or diffracted light are often 

small and difficult to distinguish from noise fluctuations. This results in reduced reliability 

when measuring low concentrations of gases such as hydrogen, methane, or other toxic 

substances. Another issue concerns signal stability: amplitude-based measurements are highly 

dependent on external factors such as fluctuations in the source intensity, mechanical vibrations, 

or temperature variations, which limit the practical applicability of these sensors in real-world 

environments. The application of the MCSP offers a solution to these limitations. By measuring 

the phase difference between the p- and s-polarized components, SPR sensors become 

significantly more sensitive to small refractive index changes induced by the adsorption of gas 

molecules on the metal surface of the grating. This enables the detection of concentrations that 

are unattainable with amplitude-based measurements. Moreover, the measurements become 

more robust against noise and intensity fluctuations, thereby improving overall accuracy. 

In conclusion, the limitations of diffraction-grating-based SPR sensors - namely, lower 

sensitivity and signal instability - can be overcome through the integration of the MCSP. This 

approach enables phase-based measurement with high sensitivity and strong noise immunity, 

making MCSP a key technology for the development of reliable and precise optical sensors. 

In the Faraday-effect-based MOS, the primary limitation is temperature instability. The 

MCSP has the potential to overcome this issue, since under certain conditions it enables direct 

measurement of the phase difference generated by the Faraday effect, which in turn is 

independent of temperature. 
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This determines the relevance of the issue of the application of MCSP in various types 

of optical sensors. The most suitable sensors are those in which the detection process is 

accompanied by a change in SOP, for example, sensors based on SPR and MOS sensors. Given 

the main problems for all types of sensors - sensitivity, resistance to external influences, and 

measurement accuracy, this dissertation examines the extent to which the application of MCSP 

can solve them. 

The CSP method has not been commercialized, and there is no equipment on the market 

that can perform such measurements. This determined one of the main tasks of the dissertation: 

to design and fabricate CSP. 

These are the grounds for formulating the objective of the dissertation: 

Investigation of the applicability and efficiency of the CSP method for different types of 

sensors. 

To achieve this goal, the following tasks were performed: 

1. Design and creation of CSP: 

- optimization of the parameters of the main structural elements in accordance with the existing 

measuring equipment. 

- Investigating and minimizing sources of error, establishing accuracy and resolution. 

2. Experimental determination of phase measurement characteristics: 

- high signal-to-noise ratio: achieved through pathogen detection in diffraction-grating-based 

SPR biosensors; 

- high sensitivity through: (i) detection of H2 in diffraction-grating-excited SPR gas sensors; 

(ii) model experiments performed to determine sensitivity; 

- through direct measurement of the phase difference associated with changes in the state of 

polarization in magneto-optic sensors. 

 

CHAPTER 1: LITERATURE REVIEW 

The main type of sensors to which we applied the МCSP are SPR-based sensors. The argument 

is that when plasmon resonance is excited, a sharp phase difference arises between the s- and 

p-polarizations, which can be effectively measured by CSP. The review begins with a brief 

overview of SPR sensors. 

Historically, the two main approaches for optical excitation of SPR are: 1) ATR 

(Attenuated Total Reflection) in prism-based systems, pioneered by Nylander and Liedberg. 

[1]. The method is used to characterize thin films [2] [3]and bio (chemical) sensors [4] [5] [6]; 

2) Diffraction in diffraction grating (grating) based systems, pioneered by Cullen et al. [7], 

thanks to whom this method is being implemented as an alternative to the prism method [8] [9]. 

The main parameters describing SPR-based sensors are: sensitivity S, resolution Δλ 

(spectral), Δϴ (angular) or Δφ (phase), depending on the measured quantity, linearity, 

reproducibility, dynamic range DR (Dynamic Range), lower limit of detection (LLOD), upper 
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limit of detection (ULOD), limit of quantification (LOQ), signal-to-noise ratio (SNR), quality 

factor (QF), and figure of merit (FOM) parameter for the overall system. With amplitude 

(spectral and angular) measurement and prism-excited SPR, we have higher values for the 

sensitivity, accuracy, and FOM parameters compared to the use of grating-excited SPR. 

Siqi Long et al. [10] examine grating excited SPR sensors using commercial BD-R, CD-

R, and lithographically fabricated gratings, and investigate the relationship between the period 

Λ and sensitivity S. Due to the lower sensitivity of grating excited SPR sensors, they perform a 

theoretical analysis of the limiting sensitivity, which would lead to methods for designing 

grating excited SPR sensors to achieve maximum sensitivity. The analysis shows that grating 

with the largest possible period Λ and angle of incidence 𝛳 ≈ 900 should be used to achieve 

maximum sensitivity for a given measured resonance wavelength 𝜆𝑟𝑒𝑠, as with an increase in 

𝜆𝑟𝑒𝑠, the maximum sensitivity 𝑆𝑚𝑎𝑥 also increases. 

They [10] establish that the theoretical 𝛳 ≈ 900 will weaken the absorption peak, 

experimentally establishing that at 𝛳 = 550 optimal SPR parameters are obtained. The 

parameters they achieve are: 1) BD-R (grating parameters – sinusoidal profile, period Λ = 314 

nm, grating depth 𝑑𝐺 = 20 𝑛𝑚, Ag film δAg = 50 nm deposited on the grating profile) – 

diffraction order m = 1, normalized reflection 𝑅𝑛𝑜𝑟𝑚 =
𝑅𝑚𝑎𝑥𝑦

𝑅𝑚𝑖𝑛𝑦

= 70 %, FWHM = 10 nm, S = 

319.96 nm/RIU, FOM = 32.00, spectral resolution Δλ = 0.2264 nm, RI (Refractive Index) 

resolution Δn = Δλ/S = 0.00071 RIU; 2) CD-R (grating parameters – profile – Gaussian-shaped 

peak with flat base, Λ = 1470 nm, 𝑑𝐺 = 119 𝑛𝑚, the half-width of the grating peak is 

𝐹𝑊𝐻𝑀𝐺 = 452 𝑛𝑚) - 𝑅𝑛𝑜𝑟𝑚 = 60 % (the reason for the low value is that the metal layer 

separated from the CD-R is not smooth enough, and the depth 𝑑𝐺 = 119 𝑛𝑚 is slightly too 

large to excite the SPR), FWHM = 42 nm, S = 1477.74 nm/RIU, FOM = 35.18, Δλ = 0.5760 

nm (the reason for the lower value compared to BD-R is the non-ideal surface profile of the 

grating); 3) grating manufactured using a photolithographic method (grating parameters - 

profile - rectangular with a working cycle of 1:1, Λ = 6733 nm, 𝑑𝐺 = 202 𝑛𝑚) – m = 3, 

𝑅𝑛𝑜𝑟𝑚 = 4 %, FWHM = 61 nm, S = 2077.26 nm/RIU, FOM = 34.05, Δλ = 2.7220 nm (the 

reasons for the lower value compared to those for BD-R and CD-R are: i) the use of m=3; ii) 

the relatively low resolution of the infrared spectrometer used by them); Δn = 0.00131 RIU (to 

increase the value of Δn, it is necessary to work with m = 1 and optimize the structural parameter 

of the grating). 

It is necessary to review and briefly analyze the achievements to date in the field of 

grating-based SPR sensors in terms of increasing their sensitivity. Metal gratings can be 

produced by laser interference lithography [11], thermal nano printing [12] [13], wet etching 

[14], and methods based on optical discs [15] [16]. One approach to achieving higher sensitivity 

is by increasing Λ [17] [18]. Xuan Dou et al. [19] numerically achieve S = 1610 nm/RIU using 

grating with Λ = 1600 nm. Y. Lang et al. [20] use a resonator array of Au nano rings as a sensor 

chip, achieving: FOM = 513 nm/RIU and Δn = 1.3219 RIU. 

Grating-based SPR sensors have great potential to meet the requirements for 

applications in biosensors, their main advantage being miniaturization, which in turn 

contributes to the implementation of the so-called "point of care". In this regard, Sharma and 

Pandey [21] numerically model an Al2O3 grating-based SPR sensor for measuring the 

concentration of hemoglobin in human blood. The effects of the parameters of the grating, the 
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metal, and the thickness of the dielectric film on the performance of this type of sensor are also 

investigated. 

The advantages of grating-based SPR are: 1) miniaturization; 2) adjustable rotation 

angle; 3) integration into a "lab on a chip"; 4) application in biosensors without the use of 

labeling. Despite the listed advantages, amplitude measurement cannot achieve sufficiently 

high accuracy and sensitivity compared to a prism-based SPR sensor. This necessitates the 

application of another measurement method: phase measurement of SPR, in which sensitivity 

and accuracy are an order of magnitude higher than prism-based SPR and grating-based SPR 

with amplitude measurement. 

Phase measurement of SPR is a method in which the change in the p- polarized 

component of light is monitored when SPR occurs. Lahav et al. [22] use interpolation in the 

SPR minimum region, thereby achieving an improved LOD (Limit of Detection). Nelsen et al. 

[23] developed the first SPR sensor based on an optical heterodyne with a He-Ne laser and an 

AOM (acousto-optic modulator), achieving 𝑆𝛥𝜑 = 5 ∙ 10−7 𝑅𝐼𝑈. Shen et al. [24] uses a 

frequency-stabilized Zeeman laser, achieving 𝑆𝛥𝜑 = 1 ∙ 10−7 𝑅𝐼𝑈. Kabashin et al. [25] 

investigated Δφ and the polarization transformations that occur during SPR, proposing the use 

of the “phase jump” caused by SPR, significantly improving sensitivity and LOD: 𝑆 =

105 °/𝑅𝐼𝑈, 𝐿𝑂𝐷 = 10−8𝑅𝐼𝑈. In the field of interferometry with spatial phase measurement: 

Kabashin et al. [26] [27] achieved 𝐿𝑂𝐷 = 4 ∙ 10−8𝑅𝐼𝑈 in gas detection; Yu et al. [28] achieved 

measurement accuracy of the interference fringes 𝛥𝜑 = 3 ∙ 10−5𝑅𝐼𝑈. 

Various approaches are used to improve the parameters of phase measurement SPR 

sensors: 1) increasing sensitivity by using a combination of graphene with noble metals [29]; 

2) expanding the dynamic range DR – Ng et al. [30] achieve 𝐷𝑅 > 10−2𝑅𝐼𝑈 and 𝐿𝑂𝐷 =

2.2 ∙ 10−7𝑅𝐼𝑈 using differential spectral interferometry, while Ho et al. [31] [32], applying time 

modulation of the excitation beam by means of a photoelastic modulator, obtain DR > 0.06 RIU 

and 𝐿𝑂𝐷 = 2.89 ∙ 10−7𝑅𝐼𝑈; 3) improvement of spatial resolution: Somekh et al. [33] 

developed an interferometric microscopic system, and Gerber et al. [34] used graphene, 

applying NIR interferometry; 4) portable designs – Sepulveda et al. [35] implement a Mach-

Zehnder interferometer in a "lab on a chip", Ahn et al. [36] develop an SPR sensor with optical 

fiber and waveguide, Liu et al. [37] implement an SPR sensor based on optical fiber-based on 

a smartphone platform. 

There are several advantages of phase measurement SPR sensors over conventional SPR 

sensors based on intensity, angular, and spectral measurement: 1) greater sensitivity; 2) a self-

referencing method; 3) higher SNR. 

 The phase measurement SPR method can be further optimized by using various optical 

analysis techniques and subsequent signal processing. An extremely promising approach in this 

direction is the use of the MCSP method. The latter is considered in this dissertation not only 

as a means of improving phase measurement of the SPR in a biosensor for the detection of 

Helicobacter Pylori and a gas (hydrogen) sensor, but also applied in MOS, where, thanks to the 

complete characterization of SOP, the rotation of the Faraday plane under the influence of an 

external magnetic field can be determined directly, with high accuracy and sensitivity, and MOS 

is not affected by changes in the ambient temperature. 
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 Oka et al. [38] describes the principle of MCSP in its most complete form for the first 

time. The main advantages of the method are: 1) No mechanically moving components for 

polarization control or active components for polarization modulation are used to measure the 

spectrally resolved SOP; 2) The influence of vibrations and temperature is minimized; 3) All 

spectrally dependent parameters of Stokes 𝑆0(𝜎), 𝑆1(𝜎), 𝑆2(𝜎) and 𝑆3(𝜎) are determined by only 

one spectrum 𝑃(𝜎); 4) Unlike conventional polarimeters, it is not necessary to repeat the 

spectrum measurement for different optical settings for polarization analysis; 5) Higher values 

of: SNR, DR, and LOD. 

 

CHAPTER 2: DESIGN OF A CHANNELED POLARIMETER 

2.1 Design of the CSP. Experimental setup 

This chapter discusses the optimization procedure, considering the parameters of existing 

measuring equipment, and the construction of the CSP to achieve maximum phase shift. 

2.1.1 Calculation of phase plate thicknesses 

The thicker the phase plates, the higher the frequency of the spectral modulation. However, its 

registration depends on the resolution of the spectrometer.  

Task: Spectral resolution of the modulations with the highest spectral frequency.  

To accomplish the task defined above, it is necessary to calculate and optimize the 

thicknesses and thickness ratios of the phase plates in accordance with the spectral resolution 

of the spectrometer. 

A schematic representation of the experimental setup is shown in Figure 2. 1. 

 

Figure 2. 1 Schematic representation of the experimental setup. 

Source of polychromatic light (halogen lamp); R1, R2: double-refracting phase plates 

made of quartz; s-, p-: polarization planes; fast, slow: fast and slow optical axes of the quartz 
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crystal plates; d - plate thickness; C – collimator. Polarizers – Glan-Thompson, extinction 

coefficient 104. Spectrometer: Ocean Optics SpectraSuit USB2000 or AvaSpec – ULS2048CL-

EVO. 

Using the algorithm described in detail by N. Hagen [39], the correct thicknesses of the 

phase retarders were calculated and selected, considering the parameters of the spectrometer. 

OPD in one channel: half the range in OPD divided by the number of channels in the Fourier 

domain (channel width). 

OPD range: reciprocal value of the spectrometer's root mean square resolution. 

OPD half-bandwidth: due to symmetry in the Fourier domain, this is half the usable 

bandwidth. 

Delay caused by the thin delay line: (in terms of OPD) a function of the usable half-bandwidth 

in OPD and the number of channels. 

Allowable OPD error: error in the positions of the OPD channels with an allowable maximum 

amplitude error across the entire spectral range <1%. 

Delay line thickness error: this is the tolerance at which the allowable OPD error is not 

exceeded. 

• Calculation results for AvaSpec – ULS2048CL-EVO are presented in Table 2. 1: 

Table 2. 1 

 



 

11 
 

• Calculation results for Ocean Optics SpectraSuit USB2000 are presented in Table 

2. 2 

Table 2. 2 

 

Conclusion: Retarders have been manufactured with calculated thicknesses and 

thickness ratios at which the highest frequency modulations are spectrally resolved. Two 

variants of phase retarders: with a thickness ratio of 1:2 (R1 = 4.4 mm : R2 = 8.8 mm) and with 

a thickness ratio of 1:3 (R1 = 3.4 mm : R2 = 10.2 mm) were manufactured using the values 

obtained from the calculation with the AvaSpec-ULS2048 -CL-EVO spectrometer, which has a 

higher spectral resolution (we chose to work with what is specified in the official 

documentation, i.e. 1 nm) compared to that of the Ocean Optics SpectraSuit USB2000 (1.4 nm). 

2.1.2 Construction of the experimental setup 

 

Figure 2. 2 Real laboratory setup – variant 1 
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Figure 2. 3 Real laboratory setup – variant 2 

Figure 2. 2 and Figure 2. 3 show the developed variants of the experimental setup, while 

Figure 2. 4 shows only the CSP for variant 2. 

 

Figure 2. 4 CSP (consisting of retarder R1, retarder R2, and analyzer A) 

Once an experimental setup has been constructed, the next step is to correctly orient the 

optical elements in the system. This is a very important and mandatory condition, which also 

leads to the definition of the next task. 

Task: The Stokes parameters contained in each channel and the central position of each 

channel can be compromised by systematic errors inherent in the CSP. Therefore, precise 

orientation of all optical elements in the system is required. 

To solve this problem, we apply two different techniques for orienting the optical components 

(Section 2.1.3.1 and Section 2.1.3.2 of the dissertation). 

2.1.3 Orientation of optical elements 

2.1.3.1 Polarimetric orientation 

This orientation technique is applied using the setup shown in Figure 2. 5 (light source: He-Ne 

(632.8 nm), commercial polarimeter Thorlabs PAX 1000 VIS). 
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Figure 2. 5 Calibration procedure of the CSP – polarimetric orientation of components. 

2.1.3.2 Polarimetric-spectral orientation 

The procedure and settings for the entire calibration are shown in Figure 2. 6. It is 

performed using the experimental setup shown in Figure 2. 3, using two separate light sources: 

He-Ne (632.8 nm) or halogen lamp (Ocean Optics HL-2000). A commercial Thorlabs PAX 

1000 VIS polarimeter is used for polarimetric control. An AvaSpec-ULS2048-CL-EVO 

spectrometer is used for spectral control. 

 

 

 

Figure 2. 6 Calibration procedure of the CSP: polarimetric-spectral orientation of the components. 
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2.1.4 Experimental verification: selection of phase plate thicknesses 

A monochromatic source of 632.8 nm – He-Ne laser and Thorlabs polarimeter are used, in 

which the input analyzer is polarimetrically oriented, giving us a known SOP for this λ. In place 

of He – Ne, a halogen lamp is placed, the light from which passes through the CSP, the signal 

is received by the spectrometer, and we obtain the so-called channeled spectrum, which, after 

applying Fourier processing, we must extract the SOP for the entire measured spectral range (in 

this case from 500 to 800 nm). Phase retarders with a thickness ratio of 1:3 (R1 = 3.4 mm : R2 

= 10.2 mm) are used. Experimental verification establishes that after applying the Fourier 

algorithm, the Stokes parameters demodulated after CSP coincide with good accuracy with the 

initially set values of the known input polarization at a wavelength of 632.8 nm, with differences 

only in the 
𝑆2

𝑆0
≠ 1 parameter, which is probably due to the insufficiently high degree of 

polarization (which is a factor of the entire system). Another factor is the fluctuation of the 

orientation of the fast axes across the thickness of the crystal, due to inhomogeneities in the 

crystalline structure of the quartz crystal (a change in the orientation of the crystal lattice). 

This requires checking the possible orientation options for the retarders, where we have 

maximum correspondence between the Stokes parameters of the incoming polarization and 

those after processing with the Fourier algorithm. The latter assumption requires us to conduct 

additional experimental tests to determine the fast axes of both quartz retarders, which leads to 

the definition of the following task. 

Task: Minimizing the error in the orientation of the phase retarders. 

2.1.5 Determination of the fast axes of the two phase retarders 

The precise orientation of all optical components is extremely important for achieving high 

measurement accuracy. The fast axes of the two phase retarders were oriented (using a Thorlabs 

polarimeter at λ = 632.8 nm – He-Ne laser) for the following plate thicknesses and arrangements 

(Table 2. 3). Table 2. 4 presents data only for the orientation of the R3.4 and R10.2 phase 

retarders. 

Table 2. 3 

d1:d2=1:3 d1:d2=3:1 

R3.4_⟷_R10.2_45˚ R10.2_⟷_R3.4_45˚ 

d1:d2=1:2 d1:d2=2:1 

R4.4_⟷_R8.8_45˚ R8.8_⟷_R4.4_45˚ 
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Conclusions: The fast axes of the phase plates are determined (Var. 3 Table 2. 4, where 

the best match between the measured SOP from the Thorlabs polarimeter and the demodulated 

SOP at the output after the CSP is achieved; the other variants are presented in the dissertation). 

2.1.6 Experimental verification of the orientation of the optical elements and the Fourier 

algorithm 

To verify the correctness of the results obtained in Section 2.1.5, it is necessary to determine 

the Stokes parameters at the input of the polarimetric system and at any elliptical input 

polarization, using again the configuration of the R3.4 and R10.2 plate set. When checking with 

an input polarization with a Stokes vector [1, 0.12, 0.37, 0.92] T at 632.8 nm, we obtain a good 

match between the Stokes parameters at the input and those after processing with the algorithm, 

with an accuracy of ≤ 10 %. The accuracy is determined by: 1) the degree of collimation due to 

the degree of plane parallelism of the wave fronts (chromatic and spherical aberration); 2) DOP 

(Degree of Polarization); and 3) parasitic reflections from the retarder planes. 

2.1.7 Comparison of the effectiveness of the two phase plate configurations: R3.4 and 

R10.2 versus R4.4 and R8.8, in phase measurement of SPR with CSP 

2.1.7.1 Configuration R4.4 and R8.8 

Var. 

R3.4 R10.2 Input 

polarization  

(S1/SO, S2/SO , 

S3/SO ) - He-Ne 

 

Angle 

of the 

holder 

Polarimetric 

orientation 

Angle 

of the 

holder 

Polarimetric 

orientation 

 

3 600 
 

3120 

 S1/SO =0.12;  

S2/SO =0.37;  

S3/SO =0.92 

Ref. in. pol. 450  linear/ – 

peaks 0,1,2 

In. elip. pol.  – peaks 0,1,3 
S1=0.19; 

S2=0.18; 

S3=0.68 
Ref. in. pol. 450  linear/ – 

peaks 0,1,3 

In. elip. pol.  – peaks 0,1,3 
S1=0.19; 

S2=0.19; 

S3=0.64 

Table 2. 4 

H L 
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Figure 2. 7 Measurement of SPR - resonance minimum, phase jump, and S3/S0 with R4.4 and R8.8. 

2.1.7.2 Configuration R3.4 and R10.2 

 

Figure 2. 8 Measurement of SPR - resonance minimum, phase jump, and S3/S0 with R3.4 and R10.2. 
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2.1.7.3 Analysis of results 

In both configurations are obtained: 

• sufficiently high amplitude-phase modulation in the spectral domain. 

• The positioning and number of channels in the Fourier domain also corresponded to 

expectations [40]. 

• SPR meaurement is also successful (Figure 2. 7 and Figure 2. 8): the polarimetric parameters 

S3/S0 and phase jump (inflection point and zero crossing) coincide in spectral position with the 

minimum of resonance. 

• The slope of the phase jump is steep enough to ensure high sensitivity and accuracy of SPR 

measurement. 

Conclusion: The 1 : 3 (R3.4 : R10.2) phase plate configuration offers higher spectral 

resolution in each channel, as there are 9 channels, compared to the 1 : 2 (R4.4 : R8.8) 

configuration, which has 7 channels. With 1 : 3, we have an additional channel containing 

information about the normalized S2 and S3, allowing for more accurate calibration of the CSP, 

which leads to more accurate extraction of the Stokes parameters. 

CHAPTER 3: SENSORS BASED ON SPECTRAL POLARIMETRIC DETECTION 

Phase measurement performed by MCSP aims to solve the main problems of sensors by 

providing higher detection sensitivity, higher SNR, and, accordingly, lower LOD. This 

motivated us to develop CSP and take advantage of its benefits, mentioned in Section 1.3.1 of 

the dissertation, by applying it to the detection of various quantities. In this chapter, we 

investigate the extent to which the developed CSP meets expectations through studies 

conducted with it on three types of sensors, two of which are grating based SPR sensors: 

- biosensor; 

- gas sensor; 

- magnetic field sensor. 

3.1 Biosensor: detection of Helicobacter pylori bacteria 

A disadvantage of grating based SPR sensors is that light passes through the analyte when 

detecting the interaction under study, which leads to scattering of the reflected light and 

significantly worsens the SNR. The hypothesis that phase measurement of SPR successfully 

overcomes this disadvantage is the subject of experimental verification in the conducted study. 

For this purpose, the detection of H. pylori was performed in a flow cell by amplitude and phase 

measurements, and the results were compared. 

The development of a biosensor for H. pylori is dictated by the socio-economic 

significance of the infection. More than 90 % of people infected with H. pylori are diagnosed 

with gastroduodenal ulcer. According to the World Health Organization, H. pylori infection 

causes approximately 75 % of stomach cancer cases and 5.5 % of all types of cancer. Therefore, 

timely diagnosis of the infection is imperative. 

In [41], a direct method for detecting H. pylori was reported, based on the binding reaction 

between BabA, the protein that builds the bacterial cell membrane, and the blood antigen Levisb 
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(Leb). The experiment presented uses the same recognition reaction, with Leb being the 

bioreceptor immobilized on a gold-plated diffraction grating, as shown in Figure 3. 1. 

 

Figure 3. 1 AFM image of immobilized Leb on the diffraction grating 

The procedure for preparing bacterial suspensions does not differ from that described in 

[41]. There are two differences with [41]: incubation is performed in a flow cell (Figure 3. 2) 

and the measurement of the SPR after incubation/fixation of the bacteria on the biochip (Figure 

3. 3) is performed in phase, in addition to amplitude. The measurement is performed in the flow 

cell. One of its channels is treated with deionized water and serves to measure the reference 

resonance, while the other is treated with bacterial suspension and measures the signal 

resonance. During the measurements, the light passes through the analyte, which significantly 

worsens the SNR. 

 

Figure 3. 2 Flow cell 

 

Figure 3. 3 Fixed H. pylori on diffraction grating, resulting from Leb/BabA reaction 

The diagram of the experimental setup is shown in Figure 3. 4. The universal diagram 

for spectral measurement of SPR is shown at the top right; the schematic diagram of the CSP, 

as described in Section 1.3 of the dissertation, the holder in which the phase plates and the 



 

19 
 

analyzer are mounted is shown at the bottom right – this holder is placed at position 9 on the 

goniometer to perform phase measurement. Without it, the SPR is measured by amplitude. 

 

Figure 3. 4 Experimental setup for amplitude/phase measurement of SPR 

Figure 3. 5 shows the results of amplitude (solid curves) and phase (dashed curves) 

measurements of the normalized intensity of reflected light in the zero-diffraction order. SPR 

occurs at certain wavelengths because of the binding reaction of H. pylori - Leb for two different 

bacterial concentrations (black and red curves). The resonance manifests itself as a smooth and 

blurred decline in the reflection spectrum during amplitude measurement. Therefore, the 

accurate determination of the resonance wavelength is difficult and associated with a large error. 

The dotted curves show the spectral distribution of the phase measured by MCSP, as described 

in section 1.3 of the dissertation. The spectral dependence of the phase is steep, which is why 

the resonance position is determined with high accuracy. This experimental result illustrates 

the dramatically higher signal-to-noise ratio (SNR) in phase measurement. 

 

Figure 3. 5 Amplitude (solid lines) and phase (dashed lines) measurement of SPR for detecting BabA/Leb interaction at 

different bacterial concentrations in a flow cell 

The spectral shift shown in Figure 3. 6, caused by the BabA/Leb interaction at different 

bacterial concentrations, is evaluated relative to the reference resonance wavelengths of 
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untreated biochips. The resonance for each concentration was measured 20 times to establish 

the measurement error. 

 

Figure 3. 6 Spectral shift of resonance as a result of the interaction between H. pylori and Leb; a – during amplitude 

measurement; b – during phase measurement 

In amplitude measurement, the spectral position of resonance is found by determining 

the minimum of the spectral dependence of the normalized intensity of the reflected light. The 

binding of Leb to H. pylori is well expressed for concentrations in the range between 103 and 

108 CFU/ml: the spectral shift is in the range of 1 to 7 nm. Interaction with 103 and 102 CFU/ml 

of H. pylori generates a spectral shift slightly above the measurement accuracy of the 

spectrometer, which is about 1 nm. The overall measurement accuracy was estimated to be 

approximately ± 1 nm for amplitude measurement, while the LOD was close to 1.8 nm – Figure 

3. 6 (a). Thus, a concentration of 102 CFU/ml cannot be distinguished from 103 CFU/ml. The 

minimum concentration of H. pylori with a reliably established binding to Leb is approximately 

3000 CFU/ml. 

In phase measurement, the spectral position of the resonance is determined by the 

position of the inflection point in the spectral dependence of the phase jump. 

In phase measurement, the overall detection accuracy was estimated to be 

approximately ± 0.3 nm, while the LOD was lower than 1 nm - Figure 3. 6 (b). Thus, statistically 

reliable measurements establish binding reactions at approximately 200 CFU/ml, i.e., an 

improvement in LOD of about 35 % has been achieved. 

3.2 Gas sensor: hydrogen detection 

In addition to the high SNR inherent in phase measurement, another key advantage is high 

sensitivity, i.e., the ability to measure small changes in the measured quantity. In the case of 

SPR sensors, this is the refractive index (RI) or the quantity that determines it, e.g. 

concentration. The high sensitivity is due to the steep spectral dependence of the phase, which 

we call the "phase jump". This gives us two measurement options, the second of which is 

alternative: 

• To determine the spectral position of the inflection point of the phase jump, which 

corresponds to the position of resonance with much greater accuracy. 

• To record large changes in the phase value for small changes in RI measured at a fixed 

wavelength (Figure 3. 7) determined by the amplitude measurement. 
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Figure 3. 7 Measurement of small ΔRI with high sensitivity 

Figure 3. 7 explains the principle of the alternative measurement method: 

- the change ΔRI determines Δphase; 

- the change ΔRI ϵ (phase-, phase+) is necessary to ensure a phase change in the linear section 

of the spectral dependence; outside this range, high-sensitivity measurement cannot be 

achieved. 

The aim of the study presented below is to experimentally determine whether phase 

measurement provides better sensitivity than amplitude measurement, as well as to compare the 

two alternative phase measurements. Given the requirement ΔRI ϵ (phase-, phase+), the 

experiment requires a small and precisely controllable change in the refractive index. This can 

be achieved in gas detection. For this purpose, a diffraction grating-based hydrogen SPR sensor 

was developed. 

This sensor was chosen because of the specific technological challenge associated with 

the widespread use and large-scale distribution of hydrogen gas — the high flammability of 

H2/air mixtures at H2 concentrations above 4 %. This determines the exceptional importance 

of reliable and fast sensors for detecting hydrogen gas leaks. 

H2 detection is performed by measuring the characteristics of Pd or WO3, which interact with 

H2 and whose characteristics, changed because of the interaction with H2, are measured. In our 

sensor, WO3 was used as the sensitive material. The interaction of H2 with WO3 is achieved 

through a chemical reaction in which oxygen atoms from the WO3 molecule interact with 

hydrogen. The reaction is completely reversible, and the relaxation time is short. The chemical 

reaction changes the complex refraction index of the material, which is the basis of optical 

detection. 

Like all grating based SPR sensors, the sensitive material WO3 was deposited on a gold-plated 

diffraction grating. A nanostructured layer with high roughness and porosity was achieved, as 

shown in Figure 3. 8. 



 

22 
 

 

Figure 3. 8 AFM image of deposited WO3 nanostructured layer on diffraction grating 

The chip thus prepared is mounted in a flow cell shown in Figure 3. 2. One channel of 

the cell is continuously purged with Ar, and the measured resonance is taken as a reference. The 

other channel is initially purged with Ar and then sequentially with different concentrations of 

H2, with Ar as the accompanying gas. The result of the amplitude and phase shift at 0 % H2 

(Ar only), 37.5 % H2, and 75 % H2 is shown in Figure 3. 9. 

 

Figure 3. 9 Amplitude and phase measurement of SPR during H2 detection: 0%, 37.5%, and 75% 

The spectral shifts shown in Figure 3. 10, caused by the H2/WO3 interaction at different 

hydrogen concentrations, were evaluated relative to the reference resonance wavelengths of Ar-

blown chips. The resonance for each concentration was measured 20 times to establish the 

measurement error. In Figure 3. 10, the black graph shows the spectral shift of the resonance at 

different hydrogen concentrations, measured in phase by determining the spectral position of 

the inflection point; the red graph shows the same value determined by amplitude measurement. 
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Figure 3. 10 Spectral shift of resonance as a result of H2/WO3 interaction; red curve – for amplitude measurement; black 

curve – for phase measurement 

No hydrogen is detected during amplitude measurement: spectral shift is recorded, 

identical for the entire concentration range. The shift is within the margin of error, given the 

resolution of the spectrometer (1 nm) and the established standard deviation (0.5 nm).  

In phase measurement, the established standard deviation is five times less than that of 

amplitude measurement (0.1 nm) due to the high steepness of the spectral dependence of the 

phase. This determines the statistical reliability of the measurements. Given the refractive 

indices of the gases (nAr=1.0000282, nH2= 1.000263), the detection sensitivity is at least 1.10-

5 RIU/nm, determined as (nAr - nH2)/Δλ at 100 % H2. Although the concentration dependence 

is well expressed, concentrations up to 40 % H2 are not statistically distinguishable, as are 

concentrations in the range 50 - 100%. This is probably due to poor control of the volume ratio 

of the gases. A linear dependence of the refractive index of the gas mixture on the concentration 

can reasonably be assumed, giving a detection sensitivity of about 2.5.105 nm/RIU (4.10-6 

RIU/nm). 

The alternative phase measurement method illustrated in Figure 3. 7 was also 

investigated. The database is the same as in the previous study, but the difference Δphase between 

the reference phase (when blown with Ar) and the phases at different hydrogen concentrations 

was calculated. The standard deviation of the CSP was determined to be 0.2 deg. The results 

are shown in Figure 3. 11. 

 

Figure 3. 11 The difference between the reference phase and the phases measured at different hydrogen concentrations 
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Unlike the previously described phase measurement method, here all hydrogen 

concentrations are statistically reliable, despite the difficulties with controlling the volume ratio 

of the gases. Under the same assumptions for the dependence of the refractive index of the gas 

mixture on concentration change, the measured detection sensitivity is about 5.105 deg/RIU 

(2.10-6 RIU/deg). It can be estimated that the sensitivity of this measurement method is three 

times higher than that of the alternative, although the measured values are different: nm/RIU  or 

deg/RIU 

The established sensitivity of the phase measurement method is about two orders 

of magnitude higher than that of the amplitude measurement. However, this is achieved 

with small changes in the RIU of the analyte, which is the main disadvantage of the 

method – the small dynamic range. To address this issue, a model experiment has been 

developed in which liquids with different refractive index units (RIU) are detected across 

a wide dynamic range, as described in detail in the dissertation. 

3.3 Magneto-optical sensor (MOS) 

A major advantage of MCSP is the determination of the spectral dependence of Stokes 

parameters from a single measurement of the amplitude-polarization modulated spectrum. This 

offers two advantages: fast detection and determination of the spectral dependence of all 

polarization characteristics of the light under investigation. 

MOS are very suitable for the application of MCSP and determining its effectiveness, 

as they are based on the Faraday effect, and measurement is accompanied by a change in SOP. 

The measurable quantity is the angle of rotation of the polarization plane, which is easily 

determined once the Stokes parameters have been defined. It is important that the MCSP 

provides the spectral dependence of the Faraday rotation angle, which is necessary for 

accounting for temperature changes. 

3.3.1 Magneto-optical effect 

In MOS, magnetic field measurement is based on the linear magneto-optical effect 

(MOE) (Faraday effect), in which the plane of linearly polarized light rotates when it passes 

through a material subjected to a magnetic field in the direction of light propagation. This 

rotation is proportional to the magnetic field induction and the distance the light travels through 

the material. It is quantified by the Verdet constant, which depends on the material itself, the 

wavelength of the light, and the temperature. The Faraday rotation angle Θ can be expressed 

as: 

𝛩 =  𝑉. 𝐵. 𝐿, 

where V is the Verdet constant, B is the magnetic induction, and L is the distance that 

light travels through the material. 

Two main methods are used to measure the azimuth of the polarization rotation induced 

by the magnetic field: polarimetric and interferometric. 

The simplest polarimetric scheme consists of a polarizer and an analyzer with magneto-

optical materials (MOM) between them, as shown in [42]. Various signal analysis techniques 

are used to measure the Faraday rotation angle. In [41], a method is investigated in which 

Faraday rotation is converted into spectral modulation. Interferometric measurement schemes 

(3.1) 
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measure the Faraday rotation angle as the phase difference between the two orthogonal circular 

polarizations. 

MOMs are crystals or doped glasses that have a high Verdet constant and a low 

absorption coefficient. In the early 1990s, the Bi12SiO20 (BSO) crystal was established as a 

promising MOM. In addition to its high Verdet constant, BSO is not birefringent and is 

characterized by high optical activity. Optical activity contributes to spectral modulation but is 

the main cause of temperature instability in measurement. 

3.3.2 MCSP applied in MOS 

The study aims to establish the advantages of MCSP when applied in MOS, which would lead 

to improved sensitivity and measurement accuracy. This includes measurements of parameters 

dependent on current strength, as well as deviations of these parameters caused by temperature. 

For this purpose, the experimental setup is shown in Figure 3. 12 was created. 

The MOM used in the experiment is a BSO crystal with dimensions (4 x 4 x 25) mm 

and is mounted in an aluminum holder, as shown in Figure 3. 12 and Figure 3. 13. 

 

Figure 3. 12 Experimental setup of the MCP: P — polarizer; θ — angle of orientation of the polarizer; BSO—Bi12SiO20 

crystal; TEC — thermoelectric coolers; R1 and R2 — birefringent quartz retarders; d1 and d2 — thicknesses of the retarders; 

A — analyzer 

Using a thermoelectric cooler (TEC), the temperature of the crystal is changed within 

the range of -32 °C to +62 °C with an accuracy of ±1 °C. A polarizer is placed in front of the 

crystal, through which collimated light is transmitted from a quartz-polymer optical fiber with 

a core diameter of 600 μm. The light source is a white halogen lamp (Ocean Optics HL-2000, 

Ocean Optics, Orlando, FL, USA). The light passing through the crystal and the analyzer is 

focused by a collimator into a similar optical fiber connected to a spectrometer (Avantes 

AVASPEC-ULS2048CL-EVO, Avantes, Apeldoorn, Netherlands) with a resolution of 1 nm and 

a range from 400 to 900 nm. The BSO crystal and TEC mounted in the holder are placed in the 

center of a solenoid that creates a homogeneous magnetic field with an intensity of up to 700 G 

along the crystal axis. The power supply provides a current I in the range from -30 A to +30 A 

(±0.1 A) to power the coil. 

CSP is in a standard configuration: two birefringent retarders R1 and R2, with fast axis 

orientations of 0° and 45° respectively, and an analyzer A (Glan-Thompson calcite polarizer), 

whose transmission axis defines the reference 0°. The BSO crystal and the CSP are in a common 
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construction, as shown in Figure 3. 13. If necessary, CSP is removed and replaced with analyzer 

5, transforming the optical scheme into a standard polarimetric one. 

 

Figure 3. 13 Photo of the sensor element, including a CSP. (b) Schematic drawing of the sensor element: 1 collimators; 2 

polarizer; 3 holder; 4 BSO crystal; 5 analyzer; 6, 7 - retarders with thicknesses d1 and d2, respectively; 8 analyzer; 6, 7, 8 

constitute a CSP, which can be structurally replaced by the analyzer. 

The sequence of measurements is as follows: 

At a fixed temperature T between -20 °C and +50 °C, the current varies in the range 

from -24 A to +24 A. For each current value, the spectrum modulated by polarization 

interference is measured (Figure 3. 14(a)). 

After scanning the currents, a new temperature value is selected, and step (a) is repeated. 

The normalized values of Stokes parameters S1(λ,I)/S0(λ,I), S2(λ,I)/S0(λ,I) и 

S3(λ,I)/S0(λ,I) were extracted from the stored spectra. 

3.3.3 Working hypothesis 

The spectral parameters of Stokes are determined from the amplitude-polarization-modulated 

spectrum (Figure 3. 14) using the procedure described in Section 1.3 of the dissertation. Then, 

the spectral dependence of the azimuth of the polarization plane is easily determined: 

Θ = atan2(S2,S1)/2, 

where atan2 is the four-quadrant inverse tangent. 

After changing the current, the new spectral dependence of the azimuth of the 

polarization plane is determined from the new spectrum. The difference between the two 

dependencies gives the angle of Faraday rotation. 

(3.2) 
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Figure 3. 14 (a) Measured spectrum modulated by polarization interference. (b) Autocorrelation function 

The experimental verification of the measurement protocol was performed by 

measuring the intrinsic optical activity of BSO. Given the well-known data for this 

characteristic, we expected to obtain similar results. However, they differed dramatically. The 

Stokes parameters determined as a function of current did not correspond to the expected model 

of physical interaction. The behavior of S3/S0, illustrated in Figure 3. 15, is indicative. 

 

Figure 3. 15 Spectral dependence of the normalized S3 Stokes parameter at a constant temperature of +25 °C and a current 

change from -24 A to +24 A 

The spectral dependencies of S2/S0 and S3/S0 show well-defined, specific (locus) points 

at certain λ (marked in the figure above), where the SOP is approximately the same for all values 

of the current/magnetic field. 

It is surprising that S3/S0 ≠ 0, given that the input polarization is linear and that the BSO 

crystal is assumed to be non-birefringent, as it is an ideal circular retarder. The observed S3/S0 

≠ 0 can only be explained by the presence of birefringence in the crystal due to residual stresses 

caused during the processing and mounting of the crystal in the holder. To illustrate this, we 

will discuss ellipticity and its spectral dependence. 

3.3.4 Determination of SOP in MOS based on BSO 
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With respect to the Poincare sphere, each possible SOP can be represented by a point with two 

spherical angular coordinates (2η, 2ε), namely length (i.e., azimuth angle) and width (i.e., 

ellipticity). As stated in [43], the optical rotator can produce any output SOP that has the same 

initial width, i.e., ε = 0 for the input linear polarization, as is the case with our sensor. Any 

polarization state with ε ≠ 0 can be achieved by adding the effect of a linear retardation to the 

effect of the rotator. The phase difference introduced by the two elements in our sensor depends 

not only on their orientation but also on the dispersion due to the polychromatic light source. 

This explains the complex nature of the ellipticity shown in Figure 3. 16 and obtained from 

S3/S0: 

 

Figure 3. 16 Calculated ellipticity at varying current from +0 A to +24 A at T  = +25 ℃ 

The BSO crystal in our experiment is optically equivalent to an optical system consisting 

of two elements: a linear retarder and a rotator. The phase difference introduced by the optical 

rotator consists of the intrinsic optical activity ρ (deg/mm) of the BSO and the additional optical 

activity ρF = VBB caused by the Faraday effect, amplified by the crystal length L (VB and B are 

the Verdet constant and the magnetic field, respectively). Both the intrinsic optical activity ρ 

and the Verdet constant VB depend on λ and T. The total phase difference ΔΦ between left- and 

right-circularly polarized waves can be expressed as: 

ΔΦ(λ, T) = (ΔΦLR(λ, T) + ϱ(λ, T) ± VB(λ, T)B)L, 

ΔΦLR(λ, T) is introduced by the linear retardation, the last two terms of the equation 

are the phase difference introduced by the optical rotator. The sign depends on the direction of 

the magnetic field: in the direction of light propagation or opposite. 

3.3.5 Direct measurement of Faraday's phase difference 

The surprising presence of double refraction in the BSO crystal does not explain the physical 

meaning of the locus points. To clarify this, the MCSP experiment described in Section 3.3.2 of 

the dissertation was tested on an experimental setup (Figure 3. 12) but modified – CSP was 

(3.3) 
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replaced with an analyzer. In the simple polarimetric scheme thus implemented, the spectral 

response has the form shown in Figure 3. 17. 

 

Figure 3. 17 Spectral response of the polarimetric sensor: (a) when increasing the angle of the analyzer from 0° to 90°; (b) 

when increasing the current in the coil from −28 A to +28 A 

The information about temperature and current (magnetic field) is encoded in spectral 

modulation, which is why we call this measurement method the MSM (Method of Spectral 

Modulation) [42], [44]. 

The periodic modulation of the broadband spectrum of the source is caused by the 

dispersions of the optical activity and the Verdet constant of the BSO crystal. The intensity of 

the periodic modulation is determined by the expression: 

𝐼 =
1

4
+ {1 +  𝑐𝑜𝑠[2(𝛷 +  𝜃 −  𝛼)]}, 

𝜃 and 𝛼 are the orientations of the polarizer and analyzer, Φ is the accumulated 

phase along the length of the circular birefringent BSO crystal with length L, and Δβ is the 

difference in the propagation constant between the left and right circularly polarized waves: 

𝛷 =  𝛥𝛽𝐿 

𝛥𝛽 = 𝛥𝛽𝐿 −  𝛥𝛽𝑅 

The states of linear polarization at two adjacent maximum/minimum 

points are mutually perpendicular, or more precisely, the phase difference is 900. Figure 3. 

17 (a) shows that the position of the minima/maxima can be changed by rotating the analyzer. 

Figure 3. 17 (b) shows that the positions of the minima/maxima depend on the magnetic field: 

Faraday's phase difference is introduced and the polarization plane is rotated, and due to the 

dispersion of the Verdet constant , the wavelengths with minimum/maximum intensity change. 

Based on this effect, a method for measuring magnetic field/current has been proposed [42]. 

Figure 3. 18 shows the polarimetric response to temperature changes in the absence of 

a magnetic field (I = 0 A). The polarimetric response is measured at each temperature. Since 

the difference Δβ depends on both λ and T [42], its changes manifest themselves as a shift of λ 

in the polarimetric response, which can be seen in Figure 3. 18. 

(3.4) 

(3.5) 

(3.6) 
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Figure 3. 18 The polarimetric response measured by MSM at I = 0 A and temperature changes from -20 °C to +50 °C 

At I0 = 0 A, we can orient the analyzer so that the maximum spectral response is at 588 

nm, i.e., it coincides with one of the locus points. It turns out that the other maxima/minima 

coincide with the remaining locus points. Since the analyzer was oriented at I0 = 0 A, the change 

in ellipticity due to the current (magnetic field) must be considered relative to the ellipticity at 

I0 = 0 A: 

∆ɛ𝑛(𝐼𝑛, 𝜆)  =  ɛ(𝐼𝑛, 𝜆)  −  ɛ(𝐼0, 𝜆) 

These spectral dependencies are shown by the colored curves in Figure 3. 

19. The locus points have zero ordinate and coincide exactly with the minima/maxima of the 

spectral polarimetric response shown by the black curve. 

 

Figure 3. 19 Correlation between the zero crossing points of Δεn (the points of the locus of S3/S0) and the minima/maxima of 

the spectral polarimetric response at +25 °C and when the current changes from 0 A to +24 A 

(3.7) 
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Therefore, the phase difference introduced between two consecutive points on the locus 

is 900. Consequently, the spectral change in ellipticity is due to the phase difference between 

the orthogonal circularly polarized waves. Thus, the phase difference is not a consequence of 

the linear retarder and its own optical activity, since the term ɛ(I0, λ) in equation (3.7) accounts 

for their contribution. Therefore, it can be concluded that the Faraday rotator causes a phase 

difference in the plane ε = const of the Poincare sphere, manifested as a spectral dependence 

of the ellipticity. This was observed in our experiment and corresponds to the dependence 

shown in Figure 3. 12 [39]. In fact, the magnitude of the spectral dependence of the 

ellipticity is the phase difference caused solely by the Faraday rotation 𝜌F. 

∆𝜀𝑛(𝐼𝑛, 𝜆) = cos (𝑉𝐵( 𝜆, 𝑇)𝐵𝑛𝐿) 

3.3.6 Magnetic field measurement 

The magnetic field induced by the current can be determined from the spectrally manifested 

Faraday phase shift in the linear part of the dependence (3.8), around the locus point. Figure 3. 

20 shows the dependence of the phase shift on the current/magnetic field for fixed λ (dotted 

curves) in this part of the dependence. The Verdet constant for the corresponding λ is determined 

from [44], [45]. The theoretical expectation according to (3.8) is shown by solid lines and is in 

good agreement with the experiment. 

 

Figure 3. 20 Faraday phase shift measured by MCSP (dots) and theoretical data (solid lines) 

3.3.7 Temperature stability 

As shown in [46], the ellipticity and zero crossing points observed in our experiment depend 

on the birefringence and orientation of the polarizer. In principle, the temperature dependence 

of birefringence is minimal when the input polarization is parallel to the linear retarder's own 

axis. With this in mind, we experimentally find an orientation of the input polarization at which 

the spectral position of the locus points does not change by more than 0.3 % in the temperature 

range from −20 °C to +50 °C, as shown in Figure 3. 21(a). 

(3.8) 
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Figure 3. 21 Experimentally observed temperature stability: (a) of the spectral position of the zero-crossing points and (b) of 

the magnitude of the Faraday phase difference 

Compared to the deviation of the extremes at different temperatures in MSM (Figure 3. 

18), the temperature stability is significantly better in MCSP. 

The zero-crossing points can be considered as operating points of the output SOP. Since 

they are independent of temperature, the phase differences that lead to spectral changes between 

these two points are also independent of temperature. This has been observed experimentally 

and is illustrated in Figure 3. 21 (b), showing the spectral dependence of the phase difference 

at currents of +24 A in the specified temperature range. The same behavior has been observed 

at other current values. 

The magnitude of the Faraday phase difference at 602 nm is 1.9 ± 0.10 (Figure 3. 21 (b)) 

for the entire temperature range. This means that the magnetic field measurement is practically 

temperature independent. This can be considered a very good achievement, given the accuracy 

with which the temperature of the BSO crystal is controlled ± 1 °C. 

3.3.8 Main conclusions 

To our knowledge, MCSP is being applied for the first time for magnetic field/current 

measurement. 

This method offers the unique opportunity to determine the operating point of the initial 

polarization state, to control its spectral position and temperature drift by directly measuring 

the phase shift caused by the Faraday effect. This allows high temperature stability of 

measurement to be achieved, overcoming the main problem with MOS. 
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Conclusions 

The research conducted within the framework of the dissertation enabled the accumulation of 

substantial experimental expertise in the design and investigation of precise optical schemes, in 

which the quality of the collimated polychromatic beam was of critical importance. The design 

and fabrication of the CSP represented a significant challenge, which was successfully 

overcome, in part due to the precisely manufactured phase retarders. 

 Phase retarders were fabricated with pre-calculated thicknesses and ratios, ensuring that 

the highest-frequency modulations are spectrally resolvable. Two structural variants were 

implemented: with a thickness ratio of 1:2 (R1 = 4.4 mm and R2 = 8.8 mm) and with a ratio of 

1:3 (R1 = 3.4 mm and R2 = 10.2 mm). Their design and fabrication were based on values 

obtained through calculations aligned with the spectral resolution of the AvaSpec-ULS2048-

CL-EVO spectrometer, which provides higher spectral resolution — 1 nm compared to 1.4 nm 

for the Ocean Optics SpectraSuit USB2000. 

The fast axes of the phase plates were aligned according to Variant 3 from Table 2. 3, 

under which the best agreement was observed between the Stokes parameters measured with 

the Thorlabs polarimeter and those demodulated at the output after the CSP. 

The configuration of the phase plates with a thickness ratio of 1:3 (R3.4 : R10.2) 

provides higher spectral resolution in each channel, and with the presence of 9 channels — 

compared to the 1:2 configuration (R4.4 : R8.8) with 7 channels — it includes an additional 

channel containing information on the normalized parameters S2 and S3. This enables more 

precise calibration of the CSP and leads to more accurate extraction of the Stokes parameters. 

The experimental results obtained with the biosensor for the detection of Helicobacter 

pylori demonstrate a drastically higher signal-to-noise ratio (SNR) under phase-based 

measurement, achieving an overall detection accuracy of approximately ±0.3 nm, while the 

limit of detection (LOD) is below 1 nm, as shown in Figure 3. 6 (b). Statistically valid 

measurements indicate the presence of binding reactions at concentrations around 200 CFU/ml, 

corresponding to an improvement in the LOD of approximately 35 %. 

In gas sensors, phase-based measurement exhibits a standard deviation approximately 

five times lower than that of amplitude-based measurement (0.1 nm), which is attributed to the 

steep spectral dependence of the phase. This ensures the statistical reliability of the conducted 

measurements. Considering the refractive indices of the gases (nAr = 1.0000282, nH₂ = 

1.000263), the detection sensitivity can be estimated at no less than 1.1·10⁻⁵ RIU/nm, defined 

as (nAr – nH₂)/Δλ at a concentration of 100 % H2. Despite the clearly expressed concentration 

dependence, concentrations up to 40 % H2 and within the range of 50 – 100 % do not exhibit 

statistically significant differences due to insufficient control over the volumetric ratio of the 

gases. Assuming a linear dependence of the refractive index on concentration, the detection 

sensitivity is estimated at approximately 2.5·10⁵ nm/RIU (4·10⁻⁶ RIU/nm) (Figure 3. 10). 

An alternative method for measuring the phase difference was applied, in which the 

same experimental data were used, but the phase variation was recorded as a function of 

changes in the refractive index at a fixed wavelength. This approach provided statistically 

reliable results for all hydrogen concentrations despite the difficulties in controlling the 
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volumetric ratio of the gases. Assuming a linear dependence of the refractive index on 

concentration, a sensitivity of approximately 5·10⁵ deg/RIU (2·10⁻⁶ RIU/deg) was established 

(Figure 3. 11), which is about three times higher than that obtained with the alternative method, 

although the measured quantities differ — nm/RIU versus deg/RIU. 

To evaluate the sensitivity of phase-based measurement under conditions of a large 

dynamic range of the refractive index, a model experiment was conducted. The aim was to 

determine the extent to which phase measurement provides an advantage in cases of significant 

variations in the refractive index. Measurements were performed using diffraction gratings with 

different periods, integrated into a flow cell with model aqueous solutions, in which the 

refractive index varied within the range of 1.33–1.35. The results for gratings with periods of 

300 nm and 900 nm (Figure 49 of the dissertation) demonstrated that the sensitivity of phase 

measurement was on average about 25 % higher compared to amplitude measurement, while in 

this case the dynamic range was five orders of magnitude greater than in the experiments for 

H2 detection. 

The channeled polarimetry method was also applied in magneto-optical sensors based 

on the Faraday effect. To the best of our knowledge, channeled polarimetry is being employed 

for the first time in the measurement of magnetic field and current. The method provides a 

unique opportunity to determine the operating point of the output polarization state, to control 

its spectral position and thermal drift, as well as to directly measure the phase shift induced by 

the Faraday effect. In this way, high thermal stability of the measurements is ensured, thereby 

overcoming the principal limitation of magneto-optical sensors. 

In summary, the measurements of the spectral dependence of phase variation in sensors, 

where the measurement is associated with changes in the state of polarization, demonstrated 

the effectiveness of the CSMP through the achieved high sensitivity and signal-to-noise ratio. 

This defines the future directions of research: refinement of the algorithm for processing 

experimental data, miniaturization of the design, optimization of the diffraction grating 

parameters, applications for ultra-sensitive detection of biomolecular interactions, and 

implementation in the measurement of other physical quantities. 

 

Main contributions 

1. The method of channeled spectrum polarimetry has been experimentally developed, 

which includes: 

- design and manufacture of a channeled spectropolarimeter with optimal parameters of 

the structural elements, in line with the accompanying measuring equipment; 

- established measurement accuracy and resolution. 

2. The effectiveness of the method of channeled spectrum polarimetry has been 

experimentally proven: 

- in SPR biosensors for the detection of Helicobacter Pylori, where a reduction in the lower 

detection limit of about 35 % was recorded due to improved signal to noise ratio;  
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- in SPR gas sensors for hydrogen detection, where sensitivity two orders of magnitude higher 

than that of conventional amplitude measurement were achieved in a small dynamic range;  

- in model experiments in a large dynamic range, the improvement in sensitivity is about 25 % 

of that in conventional amplitude measurement. 

3. The CSMP (Channeled Spectral Polarimetry Method) has been applied for the first time 

to magneto-optic sensors based on BSO, enabling temperature-independent direct measurement 

of the phase difference generated by the Faraday effect. The validity of CSMP has been 

confirmed through the developed MSM (Method of Spectral Modulation), which was applied 

for magnetic-field measurement. 
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