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THE SPECTRUM LENGTH METHOD IN QUANTITATIVE
INTERPRETATION OF SELECTED OPTICAL SPECTRA

Martyna Wawrzyk
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Abstract. Different algorithms are used for the quantitative interpretation of optical spectra. Regression methods e.g CLS (Classical Least Squares) or PLS
(Partial Least Squares) are often used in typical problems of laboratory spectroscopy. The spectra analysis is generally a multi-step process, in which,
depending on the spectra type, modification of individual regression methods or special dedicated methods are applied. For example, contour length
method or spectra length algorithm are used in this purpose. The basic version of the algorithm is very simple in terms of mathematics. It has been
proposed for the analysis of spectra in the OP-FTIR open path spectroscopy, where there are significant fluctuations in the spectrum baseline.
The spectrum length is a parameter closely related to the content of the analyzed gas component. Independently of spectral length algorithm, a method
has been developed in which difference length of two spectra (measured and reference) is used to compare the spectra. The minimum length of the spectral
difference is an indicator of their best fitting. The article presents two ways of using the spectrum length: as a direct and indirect parameter indicating
the measured quantity on the basis of the spectrum. There were performed the spectrum length algorithm as a digital differentiating filter with a specific
frequency response. There were also analyzed more advanced differentiating filter and the possibility of frequency spectrum filter design used
in an analysis of optical spectral signal. There were performed the analysis of the spectrum length method in the case of the synthetic calibration involving
the use of model spectra from simulations realized by HITRAN database. There were analyzed numerically the problem of the Instrument Line Shape
influence on the synthetic spectra and results of the determining the content of components by the minimizing the difference of spectral length.
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METODA DELUGOSCI WIDMA W ILOSCIOWEJ INTERPRETACJI
WYBRANYCH WIDM OPTYCZNYCH

Streszczenie Do ilosciowej interpretacji widm optycznych wykorzystuje sie wiele réznych algorytméw. W typowych zagadnieniach spektroskopii
laboratoryjnej wykorzystuje sie m. in. metody regresji CLS, PCR PLS. Interpretacja widm to czesto proces wieloetapowy, w ktorym w zaleznosci
od rodzaju widm wykorzystuje si¢ modyfikacje poszczegolnych metod regresji lub tez stosuje si¢ specjalne metody dedykowane. Jednq z takich metod jest
algorytm dlugosci konturu lub tez dlugosci widma. Jego podstawowa wersja jest bardzo prosta pod wzgledem matematycznym. Zostala zaproponowana
parametrem, ktory jest odwzorowany bezposrednio na zawartos¢ danego sktadnika gazowego. Niezaleznie od algorytmu diugosci widma powstata metoda,
w ktorej diugosé réznicy dwoch widm (mierzonego i odniesienia) stuzy do porownania widm. Minimalna diugosé roznicy widm jest wskaznikiem ich
najlepszego dopasowania. W pracy porownane zostang obydwa sposoby wykorzystania dlugosci widma: jako parametru bezposrednio lub posrednio
wskazujgcego wielkos¢ poszukiwang na podstawie widma. Przeanalizowany zostanie algorytm diugosci widma jako cyfrowy filtr rozniczkujgcy
posiadajgcy okreslong charakterystyke czestotliwosciowg. Przeanalizowane zostanie zagadnienie wykorzystania bardziej zaawansowanego filtru
rozniczkujgcego oraz mozliwos¢ uwzglednienia w wyborze i projektowaniu filtra widma czestotliwosciowego optycznego sygnatu spektralnego. Kolejno
poruszanym zagadnieniem bedzie analiza metody diugosci widma w przypadku tzw. kalibracji syntetycznej polegajgcej na wykorzystaniu jako widm
wzorcowych widm pochodzqcych z symulacji wykorzystujqcych baze danych Hitran. Przeanalizowany numerycznie zostanie problem wplywu ksztattu
odpowiedzi instrumentu pomiarowego na syntetyczne widma i wyniki wyznaczania zawartosci sktadnikéw metodg minimalizacji diugosci réznicy widm.

Stowa kluczowe: OP-FTIR, widma optyczne, ilosciowa analiza, cyfrowe filtry rézniczkujace

measurement is very complicated or even not possible to conduct
(e.g the atmospheric gas measurements). For these reasons
obtained measurement spectrum require implementation
of advanced spectrum processing techniques.

Introduction

Optical data can be measured in different ways. The optical
spectra measurement can be processed in laboratory or in situ.
Some kinds of industry require to conduct measurements from
a distance of atmospheric gases or gas products of chemical
reaction e.g outlet gases from as a product of combustion
of biogas [4]. In the context of sustainable urban design,
measurements of atmospheric gas, in particular greenhouse gases
are crucial [8]. The open path Fourier Transform Infrared
Spectroscopy (OP-FTIR) is a method using in situ measurements.
The main advantages of this method are: non-invasive
measurements, possibility of simultaneous measurement of many
components (the entire spectral range of the spectrum
is determined in one measurement act), simple measuring system,
quick process of conducting measurements and no necessity
of preparing samples for analysis [12]. Additionally, OP-FTIR
spectrometer enables measurements in difficult weather condition,
where there may be high temperature and high dust level [13].

Due to unstable measuring conditions, e.g. non-constant
temperature, frequent changes of the reference spectrum,
interference from water vapor and carbon dioxide, the data from
OP-FTIR spectrometer is not suitable for direct qualitative

1. Quantitative analysis in OP-FTIR

The conducting of a spectra quantitative analysis is mainly
aimed at construction a mathematical model on the basis of which
it will be possible to determine the content of a selected substance
in the spectrum. The construction of such a calibration model
allows to avoid additional costs and save time as a result
of carrying out subsequent measurements. In this regard, various
methods of regression analysis are used, e.g. regression
of principal components PCR (Principal Component Regression),
partial least squares regression PLS (Partial Least Square
Regression) and multiple linear regression MLR (Multi-linear
Regression) [7, 14].

Due to the characteristics of the OP-FTIR spectrometer
measurement data, in some cases it is not possible to perform
a direct calibration. It caused the development an alternative
methods as a quantitative analysis of optical spectra. For reference
spectrum measurements issue, there were developed quantitative

or quantitative analysis. The second major problem in the context
of optical spectral preprocessing is background spectra
measurements. In order to calculate the content of the spectrum
component, there is a need a knowledge of a sample single-beam
spectrum and  background spectrum  without spectrum
of the analyzed compound [11]. Background spectrum

methods for measuring analyte concentrations, for instance
spectral subtraction method of gas phase FTIR [10] and a single
beam titration method [16]. It was developed the spectrum length
method applied in gas concentration analysis [1] and was
successfully implemented in the context of quantitative analysis
of spectra measured by TFBG (Tilted fiber Bragg grating) [6].
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As concerns the spectrum analysis with any parameters,
spectral features modelling with mathematical methods are
applied. For this purpose, simulation spectra are most often used,
available e.g in the HITRAN database [9]. The influence
of temperature on OP-FTIR spectra quantitative analysis is very
significant and complicates conducting an appropriate model
calibration [5]. For high temperature measurements there
is a need to use a dedicated HITEMP database [15].

2. Materials and experimental methods

2.1. Data description

The analysis was performed on the basis of synthetic data
and measured data. The simulation spectra have been modelled
in accordance with HITRAN database [9] and there were
conducted modelling of carbon (Il) oxide spectra (CO)
for different concentrations (2.5%, 5%, 10%, 20%, 25%, 33%
and 50%). The analysis of calibration spectra was conduct using
the calibration spectra of CO [2] and methan (CH,) [3].
The calibration for two gases CO and CH4 was also performed for
different concentration. The conditions for the gases calibration
were as follows: path length was 10 cm, the spectra were collected
at 4 cm’? resolution [2, 3]. The concentrations for CO gas was as
below: 2.5%, 5%, 10%, 20%, 25%, 33% and 50% [2] and for CH,
gas: 2%, 5%, 7%, 10%, 20%, 30%, 40%, 50%, 60%, 70% [3].

2.2. Methods applied

The algorithm which was applied in this experimental has
been developed in MATLAB.

In order perform the quantitative analysis of spectra
for different concentrations there were applied a spectrum length
method (SLM) , which was based on a very simple idea. The main
goal of this method is compute the spectrum length by summing
up the differences between two adjacent points of analyzed
spectrum [1].

The length of absorbance spectrum, which contains N points
can be obtained by formula below:

L=% A0 — Al @
where A is the absorbance of spectrum [1]. The difference
between two points of spectrum can be received by subtracting
absorbance values from two adjacent points. However, digital
differentiating filters may be used as a spectrum length algorithm.
In this paper, there were designed several digital differentiating
filters depending on the frequency spectrum of optical spectral
signal.

2.3. Digital differentiating filter designing

Before the designing of digital differentiating filters, there
were computed the frequency spectrum of selected optical spectra
by using FFT (Fast Fourier Transform), which computes the DFT
(Discrete Fourier Transform). This procedure was conducted with
the aim to define the frequency ranges with useful information
and the others ranges with unwanted signal e.g. signal noise.
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Fig. 1. Frequency spectrum of CH4 spectra and CO spectra
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Based on received frequency spectrum of two gases (Fig. 1),
the frequency ranges necessary for the design of differential filters
were obtained. In the case of the CH, spectra, there were observed
the useful information in the range 0-0.2 frequency and for the CO
spectra is the range 0-0.1 frequency. For this reason, it was
important to design differentiating filters, which will attenuate
signal out of defined ranges with information.

With the aim to conduct optimal signal filtration, there were
used built-in functions in MATLAB. Three types of filters were
selected. Firstly, the Savizty-Golay filter was applied, where there
were selected seventh filter order. With using the function firpm
the Parks-McClellan FIR differential filter was designed. It was
selected the 30" order of filter. The Least-square linear-phase FIR
filter with 15" filter order was designed based on the firls
function. Fig. 2 presents the frequency response of designed
filters.
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Fig. 2. Frequency response of selected digital filters

In the next step of spectrum processing, there were used
constructed digital filters in order to compute the differential
of the gas spectra as a SLM procedure. The spectra differentiation
was performed on the preprocessing data (e.g. selection
of wavenumber ranges with characteristic peaks of analyzed gas).
In the final processing step, the contour spectra length
was calculated. As an example there were presented
the differential of spectra of 50% concentration CO obtained
by Savizty-Golay filter.
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Fig.3. The differential signal and contour length for CO spectra

To perform the SLM procedure, there were selected three
types of digital differential filters to demonstrate the difference
between them. The two calibration spectra (CO and CH,) was
processed by using the same types of digital differential filters.

2.4. SLM procedure with synthetic spectra

On the base of HITRAN database, there were calculated
synthetic spectra using by line-by line method. The CO synthetic
spectra was selected with different concentrations (as the same
in the case of calibration spectra). It was computed the proper
Instrument Line Shape (ILS) function with measurement
resolution 4 cm™. The data loading and processing also was
supported by MATLAB. In the next step, it was added to synthetic
spectra the modeled errors representing the signal noise
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and inappropriate ILS distortion. This process was performed
to demonstrate the SLM procedure as a parameter to evaluate
of modeling synthetic spectra.

Additionally, there were designed the Difference Length
Spectrum (DLS) parameter to evaluate the ILS function
adjustment. The algorithm of DLS parameter was based
on calculation of difference between analyzed contour length
(CL,) and ideal contour length (CL;) with correct parameters.
The algorithm of DLS parameter was based on formulas below:

DLS(w) = CL, — CL; )

DLS parameter was described as a function of wavenumber
(w). In the next step, there were calculated a derivative of DLS(w)
and NDLS (Normalized Difference Length Spectrum):

NDLS(w) = — 2kl

max(|DLS'(w)|) (3)
The optimal synthetic calibration result is obtained
by the minimum of NDLS.

3. Results

In this section there were presented the results of SLM
procedure in the case of concentrations analysis of calibration
spectra and of evaluation correct synthetic spectra modeling.

3.1. Calibration spectra

There were processed three types of digital differential filters
in SLM procedure. As the results there were obtained charts
presents the contour length spectra as an analysis of gas
concentrations of CO and CH, Fig. 4 and Fig. 5 presents
the implementation results of SLM procedure to determine
gas concentrations for CO and CH, spectra.
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Fig. 4. SLM procedure with Savizty-Golay filter. CO calibration spectra
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Fig. 5. SLM procedure with Least-square linear-phase FIR filter. CH, calibration
spectra

The received contour length results could be used to support
interpretation of gas content in the case of input spectra data with
fluctuating baselines. There is possibility to distinguish
the concentrations values of analyzed gases.

In order to compare three filters applied, there were obtained
max values of contour length method for each gases. The Fig. 6
and Fig. 7 shows the differences between DDF applied.
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Based on the obtained results of three types of DDF, there
were observed the lowest value of contour length in the case
of CO spectra and CH, spectra. Additionally, the highest values
were presented by the same DDF least square linear phase FIR
in both cases of spectra.

3.2. Synthetic spectra

SLM procedure was used in processing of modelling synthetic
spectra as parameter to determine the simulation spectra quality.
In the first case, there were modelled signal noise and added
to analyzed synthetic spectra to illustrate the SLM sensitivity
to added noise.
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Fig. 8. Influence of adding signal noise to SLM results

Fig. 8 presents the significant influence of signal noise with
small coefficient. The SLM procedure has a high sensitivity
to noise signal.

In the second case, there were considered the influence
of spectrometer measurement resolution to ILS function,
which is selected during simulation synthetic spectra in order
to modelled influence of measuring instrument.



p-ISSN 2083-0157, e-ISSN 2391-6761

Measurement resolution

1em”

©o o o
N ® ©

o
o

°
kS

Normalized amplitude
) )

o
N

e

/ / Q3 RN

= s, S O W ASEEESER W G5 . ~ i,

5 4 3 2 4 0 1 2 3 4
Wavenumber [cm™]

Fig. 9. Measurement resolution influence on ILS function

The Fig. 10 describes the impact of inappropriate ILS function
on SLM results. The contour length spectra obtained by selected
measurements resolution presents significant differences, which
are caused by selection small measurement resolution range.
Therefore, there is a need to make property selection of ILS
function to calculate correctly simulation synthetic spectra.

sSsS—_—
4
35
=
w3
c
@
=25
=
=
2, Measurement resclution
c 1
=] 3.8cm
Q15 -1
3.9¢em
1 4em”
41em”
05
42cm”
0 . . .
2500 2400 2300 2200 2100 2000 1900

Wavenumber [cm™]

Fig. 10. Measurement resolution influence on SLM results
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Fig. 11. NDLS parameter results

The NDLS parameter was designed to support the correct
selection of measurement resolution (Fig. 11). The lowest value
of NDLS parameter indicate the best adjustment of ILS functions.
To demonstrate the NLDS operation, the 4 cm™? measurement
value was taken as a reference value.

4. Summary

The spectrum length method as a quantitative analysis method
of optical spectra meets the assumptions. There were processed
the gas concentrations analysis by using different digital filters.
The method is fast and very simple to implement. Regard
to possibility of many filters selection, the SLM procedure could
be matched to several kinds of input data. It worth to point out,
that due to the reduction of computational complexity, the DDF
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with the lowest filter order are desirable. On the other hand,
the processing SLM with synthetic spectra demonstrated
inadequacies of this method in the case of spectra with signal
noise or inappropriate ILS function. For this reason, further
research will be focus on development SLM procedure, which will
be not sensitivity to noise signal and imperfect ILS model.

Acknowledgments

This work was supported by Szkola Doktorska-Grant-Martyna
Wawrzyk.

References

[1] Bak J.: Retrieving CO concentrations from FT-IR spectra with nonmodeled
interferences and fluctuating baselines using PCR model parameters. Applied
Spectroscopy 55(5), 2001, 591-597.

[2] Bochentyn B., Blaszczak P.:Carbon (Il) oxide (CO) calibration set
of FTIR spectra [Data set]. Gdansk University of Technology. 2021
[http://doi.org/10.34808/nnej-je87].

[3] Bochentyn B., Blaszczak P.: Methane (CH4) calibration set of FTIR
spectra  [Data  set]. Gdansk  University —of Technology. 2021
[http://doi.org/10.34808/4vzx-0y14].

[4] Chlipata M., Blaszczak P., Wang S. F., Jasinski P., Bochentyn B.: In situ study
of a composition of outlet gases from biogas fuelled Solid Oxide Fuel Cell
performed by the Fourier Transform Infrared Spectroscopy. International
Journal of Hydrogen Energy 44(26), 2019, 13864-13874.

[5] Cigszezyk S.: A local model and calibration set ensemble strategy for open-path
FTIR gas measurement with varying temperature. Metrology and Measurement
Systems 20(3), 2013, 513-524.

[6] Cigszczyk S., Harasim D., Kisata P.: A novel simple TFBG spectrum
demodulation method for RI quantification. IEEE Photonics Technology Letters
29(24), 2017, 2264-2267.

[7] Gautam R., Vanga S., Ariese F., Umapathy S.: Review of multidimensional data
processing approaches for Raman and infrared spectroscopy. EPJ Techniques
and Instrumentation 2(1), 2015, 1-38.

[8] Griffith D. W., Péhler D., Schmitt S., Hammer S., Vardag S. N., Platt U.: Long
open-path measurements of greenhouse gases in air using near-infrared Fourier
transform spectroscopy. Atmospheric Measurement Techniques 11(3), 2018,
1549-1563.

[9] Hill C., Gordon I. E., Kochanov R. V., Barrett L., Wilzewski J. S.,
Rothman L.S.: HITRANonline: An online interface and the flexible
representation of spectroscopic data in the HITRAN database. Journal
of Quantitative Spectroscopy and Radiative Transfer 177, 2016, 4-14.

[10] Kozlov D., Besov A.: Method of spectral subtraction of gas-phase Fourier
transform infrared (FT-IR) spectra by minimizing the spectrum length. Applied
Spectroscopy 65(8), 2011, 918-923.

[11] Lin C. H., Grant R. H., Heber A. J., Johnston C. T.: Application of open-path
Fourier transform infrared spectroscopy (OP-FTIR) to measure greenhouse gas
concentrations from agricultural fields. Atmospheric Measurement Techniques
12(6), 2019, 3403-3415.

[12] Mroczka J. (red.): Problemy metrologii elektronicznej i fotonicznej. Oficyna
Wydawnicza Politechniki Wroclawskiej, Wroctaw 2008.

[13] Oppenheimer C., Kyle P. R.: Probing the magma plumbing of Erebus volcano,
Antarctica, by open-path FTIR spectroscopy of gas emissions. Journal
of Volcanology and Geothermal Research 177(3), 2008, 743-754.

[14] Roggo Y., Chalus P., Maurer L., Lema-Martinez C., Edmond A., Jent N.:
A review of near infrared spectroscopy and chemometrics in pharmaceutical
technologies. Journal of Pharmaceutical and Biomedicalanalysis 44(3), 2007,
683-700.

[15] Rothman L. S., Gordon I. E., Barber R. J. et al.: HITEMP, the high-temperature
molecular spectroscopic database. Journal of Quantitative Spectroscopy
and Radiative Transfer 111(15), 2010, 2139-2150.

[16] Sung L. Y., Lu C. J.: A single-beam titration method for the quantification
of open-path Fourier transform infrared spectroscopy. Journal of Quantitative
Spectroscopy and Radiative Transfer 145, 2014, 43-49.

M.Sc. Eng. Martyna Wawrzyk
e-mail: m.wawrzyk@pollub.pl

Ph.D. student, M.Sc. Eng. of Biomedical Engineering
at Lublin University of Technology in the Faculty
of Electrical Engineering and Computer Science.
The author several articles about biomedical signal
processing, data analysis, data classification
and spectrum analysis. Her current research interests
include algorithms applied in pre-processing of data,
for example filtering data or baseline correction.
Additionally, her other scientific interests involve
analysis spectrum of optical data and open path FT-IR
spectroscopy.

http://orcid.org/0000-0002-0380-0949



https://doi.org/10.34808/nnej-je87

