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Abstract

In this article a methodology for determining the transmission of two electronically tunable interference filters Varispec CRI-VIS and
CRI-SNIR had been described. The aim of the research was to determine the filter transmission values and to compare them with the
results provided by the filter’s producer. The tested interference filters are built with the intent of being integrated with panchromatic
video cameras (400—1100 nm). As a result of this integration, hyperspectral sensors can be created. The acquired data could then be used
to determine spectral reflectance characteristics, and on that basis, a methodology of the detection of physical, chemical and biological
pollutants in rivers, coastal zones and flood areas will be elaborated. The precise determination of the filters transmission values is
necessary to establish the correct exposure parameters. Thanks to a correct methodology of data acquisition, the collected images could be
used for qualitative and quantitative analyses of surface water pollutants. Within the framework of the presented research, laboratory
measurements of the filter transmissions were carried out for the CRI-SNIR-10-20 filter (for the interval from 650 nm to 1100 nm) and
the CRI-VIS-20-20 filter (for the interval from 400 nm to 720 nm). The main concept of the research was to calibrate a spectroradiometer
using a reference panel and then to perform a series of measurements of the light transmitted through the filter which had been tuned to a
specific wavelength. The measurements were conducted using Field Spec 3, Field Spec 4 Wide-Res spectroradiometers and a JASCO
V670 spectrophotometer. In addition, using a goniometer, an analysis of the influence of the measurement station geometry on the filters
transmission values were carried out.
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Nomenclature

n refractive index

d the thickness of the filter plate
T transmission value (%)

Greek symbols

A illumination angle

A wavelength (nm)

S the phase delay

1. Introduction

For several years, we have been able to observe a growing interest in the search for innovative remote sensing methods for
monitoring the state of pollution of inland waters using hyperspectral imaging [1], [2], [6], [9], [11], [18], [19]. To date, in
order to determine the various parameters of physical, biological and chemical properties of water, it was common to use
multi- and hyperspectral data acquired from satellite imaging systems (ALI/EO-1, CHRIS/PROBA, ASTER/TERRA,
HYPERION/EO-1, Landsat ETM+) [5], [7], [10], [13—16], [20]. When using these research methods, the value of the
ground sampling distance, which is often from ten to hundreds of meters, is primarily cause for restrictions. Therefore, it is
possible to perform a rough estimate of the water quality only for large water basins. In addition, the most complicated
process is often the search for relationships between the acquired satellite data and the values of water indicators measured
directly in the field. Therefore, in situ measurements are a much more reliable research method. With respect to researching
water quality and pollution, optical methods relying on a function of reflection of incident light in relation to the depth of
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the water reservoir are mostly used. It is possible to determine what part of the light spectrum penetrating the water depth is
absorbed by the optically active components on the basis of the measured reflectance spectrum of illumination on the water
surface [4]. While determining the value of the water reflectance factor [12] it is known, that the incident light beam is
reflected in all directions. However, optical sensors onboard of remote sensing satellites are designed for capturing radiant
flux from a particular direction, so the reflectance only from a small solid angle in a particular direction is registered which
causes considerable uncertainty in the results.

The paper presents a methodology for determining the transmission T of electronically tunable liquid crystal filters. At
the time of the research, the impact of the light incidence angle on the obtained values of the filters’ transmissions was
included. The developed methodology for determining the transmission of such filters, in the future will allow us to use
them in in situ measurements for determining inland water depths, and thus to indirectly detect certain water quality
indicators. In the future, the research will focus on the detection of specific physicochemical and biological contaminants
occurring in inland waters.

2. Construction and operation principles of the tested LCTF

In our research, two electronically tunable liquid crystal filters — CRI-VIS-20-20 and CRI-SNIR-10-20 were used, with EM
radiation ranges from 400 nm to 720 nm and from 650 nm to 1100 nm respectively [24].The operational principle of LCTFs
is similar to high-quality interference filters, except that the wavelength of the light which is transmitted is electronically
controlled to assure prompt and a vibration-free selection of any wavelength within a specified range of the spectrum. They
operate by using two phenomena: polarization [8], [21] and birefringence [23], [25]. Generally, the VariSpec CRI-VIS-20-
20 and CRI-SNIR-10-20 filters are multilayer Lyot-Ohman type interference filters, but with a liquid crystal surface (called
a waveplate) in each layer, which allows us to electronically control the corresponding difference in phase of the wave
surface. The filter includes optical linear polarizers, a layer of quartz and liquid crystal elements. Liquid crystal components
used in the filter allow us to tune the operating range of the filter by applying an electrical voltage to the liquid crystal,
which changes the angle of plane polarization of the passing light. More details on the principle of their operation is shown
in [22]. Each polarizer introduces a transmission loss of about 5%, resulting in a total loss of transmission which can be as
high as 50-70% [17]. It should be noted, that in the case, where the incident light is polarized then the transmission may
increase up to double compared to randomly polarized light [26]. The bandwidth which is passed through the filter is
defined by the width at half height of the transmission curve — FWHM — i.e. the number of adjacent wavelength carried in
FWHM, besides the wavelengths tuned at the moment. For the Lyot filters, full width at half maximum is constant and
changes every 1/8 of the wavelength [24]. The considered VariSpec liquid crystal filters can retune every 1 nm, however, it
does not mean, that the filter passes such a narrow range of wavelength. In reality it is a bandwidth of 7, 10 or 20 nm,
depending on the filter model used. Filter transmission is a constant value, set at manufacturing and this parameter can’t be
changed by the user and it is defined as the spectral distance between two points, where filter transmission reaches 50% of
the peak of the wave.

During the study of above mentioned VariSpec filters — CRI, the values of transmission had been determined. The values
of transmission specified by the filters manufacturer for different wavelengths are shown in Figure 1.
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Fig. 1. The transmission of the studied filters CRI-VIS-20-20 (a) i CRI-SNIR-10-20 (b) — manufacturers data

The spectral transmission profile of liquid crystal filters is similar in shape to the Gaussian distribution function. In
optical terms, the basics of retuning filters of this type were first formulated by Bernard Lyot in 1933. As is known,
birefringent materials are characterized by different refractive indices #n, and n, for two perpendicular polarization planes,
which are usually defined as ordinary planes with extending along them ordinary rays. The difference 4n = ny—n,
determines the so-called phase delay between the entering and exiting radii from the filter. For birefringent plates with a d
thickness, the phase delay J between the two radii is (A — wavelength in vacuum):
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In order to derive an equation for the value of the filters transmission a simple relationship between the amplitude value
A and the phase delay J can be formulated:

A” = Acos(0) (2)

Because the transmission is defined as the ratio of the polarized light / exiting from the filter to the light incident onto the
filter, therefore between the amplitude and the light intensity there is the following relationship:

TooA? 3)

On the basis of Eqns (2) and (3) it can be stated, that the transmission value 7(A) of a single layer of the Lyot liquid
crystal filter can be expressed by the formula [3]:

7(2) = cos? ZZ4A% )
A
As seen in the above relationship, the filter transmission is dependent on wavelength — the shorter the wavelength, the
transmission is smaller. This is a serious defect in the tested filters, because for the wavelength of 400 nm the transmission
value is about 3%. Such small light transmission causes significant difficulties in the use of these filters for image
registration in selected spectral bands. This involves a considerable lengthening of the exposure times for transmission in
the short wavelength ranges. This can cause a significant impact on the amount of detector dark current and also the effect

of blurring while imaging from onboard an aircraft operating at considerable speeds.

3. Characteristics of the measuring devices used for the determination of filter transmission

During the VariSpec CRI filter tests, Field Spec 3, Field Spec 4 spectroradiometers and a JASCO V-670 spectrophotometer
were used. Field Spec spectroradiometers are high-class devices, which perform measurements within the field of a single
beam in the visible, near-and mid-infrared wavelength ranges. Spectroradiometers are equipped with sensors with a 1° or
25° field of view (FOV). The spectral resolution of the Field Spec 3 spectroradiometer is equal to 3 nm in the range of A
from 350 to 1000 nm and 10 nm in the range of 1000 to 2500 nm, whereas for Field Spec 4 — 30 nm in the range from 1000
to 2500 nm. In this study, spectral data were generalized to intervals of 10 nm. During the research, in addition to the
spectroradiometers, a JASCO V670 spectrophotometer was also used. It measures the absorption spectrum from 190 to 2700
nm, and the reflection spectrum in the range from 250 to 2500 nm. In the range of 190 to 350 nm (UV) a deuterium lamp is
used, and in the range of 330 to 2700 nm (visible and NIR), the spectrophotometer uses a halogen lamp. The principle of
operation of the spectrophotometer and its technical data are shown in [27].

4. The method of determining the VariSpec CRI filters transmission

In the frame of research, the LCTF CRI-VIS-20-20 and CRI-SNIR-10-20 filters, both with a nominal bandwidth of 20 nm,
were studied. Measurements of the LCTF transmission were conducted in a laboratory, although it is also possible to test
and verify them outside of a laboratory. These studies are extremely important from the point of view of future research in
the “Innovative remote sensing system for the monitoring of pollutants in rivers, offshore waters and flooded areas” project.
Knowledge of the filters transmission values is necessary to establish guidelines for future research concerning determining
spectral characteristics of the most common physical, biological and chemical water pollutants. The first set of the
laboratory tests were carried out using the Field Spec 3 spectroradiometer and then, controls measurements were obtained
with the JASCO V670 spectrophotometer. The VariSpec filter CRI-VIS-20-20 was tested in a 400—720 nm range, while the
CRI- SNIR-10-20 in 650—1100 nm.

The spectrophotometric laboratory measurement set consisted of a light source, white reflectance standard, a
spectroradiometer and two interchangeably used LCTF filters. The white reference standard was positioned centrally
relative to the pistol grip of the measuring device and was illuminated by a homogeneous non-polarized light, whose source
was a halogen lamp. Before starting the measurement, the spectroradiometer was calibrated using the reference standard.
Then the tested filters were mounted directly to the pistol grip. To prevent the scattering of the radiation, the space between
the end of the pistol grip and the surface of the filter was sealed with a light-impermeable material. During the
measurements collected spectral data were generalized to intervals 10 nm, and for each spectrum 10 measuring series were
performed. First, the filter was tuned electronically to a certain wavelength (in the range of 400 to 700 nm for CRI-VIS-20-
20 and from 650 to 1100 nm for CRI-SNIR-10-20 with 10 nm intervals), and next, after filter retuning, the received
transmission was recorded using a portable computer. As a result of these measurements, the obtained data were used to plot
graphs, which were in fact the tested filters transmission curves for a given wavelength (Fig. 2 and Fig. 3).
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Fig. 2. VariSpec CRI-VIS-20-20 transmission values measured with Field Spec 3 spectroradiometer

Analyzing the filter transmission curves of the CRI-VIS-20-20 filter, we can conclude, that as expected, the transmission
increases with increasing wavelength. The minimum value of the transmission was recorded at a wavelength of 400 nm and
amounted to only 0.002%. The maximum transmission value was reached at a wavelength of 720 nm and amounted to
8.3%. Transmission values for wavelengths of 520—570 nm were at a similar level and its average value was 4.1%. For the
transmission of the CRI-SNIR-10-20 filter, it can be concluded that for A tuned every 10 nm in the range from 650 nm to
670 nm the transmission does not exceed the value 3.0%, and for the 1 from 680 nm to 890 nm it reaches maximum values
in the range from 4.3% to 5.6%. It then gradually decreases, to 4 equal to 1050 nm, 1060 nm and 1070 nm achieving
maximum transmission values below 0.4%. For A equal to 1080 nm, 1090 nm and 1100 nm the transmission increases
rapidly and reaches a maximum equal to 9.3% , 9.4% and 8.2% respectively.
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Fig. 3. VariSpec CRI-SNIR-10-20 transmission values measured with Field Spec 3 spectroradiometer

The results of transmission obtained for both filters differ significantly from the data presented by the manufacturer, so as
a control measurement we tested them using a JASCO V670 spectrophotometer (Fig. 4 and Fig. 5). The transmission values
were found to be noticeably higher in relation to the results obtained in studies conducted Field Spec 3 spectroradiometer.
For the CRI-VIS-10-20 filter, the maximum recorded transmission value was achieved for A = 719 nm, and it amounted to
26.8%. But for the CRI-SNIR-20-20 filter the transmission reaches its maximum for 2 = 1080 nm, and it was equal to
18.7%. Similarly, as in the case of measurements performed with spectroradiometer, for some wavelengths (A = 1050 nm,
A = 1060 nm and 1 = 1070 nm) sharp declines can be observed in the transmission of the SNIR-CRI-20-20 filter. The
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recorded transmission curves generally do not depict any noise or sudden fluctuations in the transmission of other
wavelengths than that which is being investigated at the moment. Although, values registered with a higher class equipment,
such as the JASCO V670 spectrophotometer, were far greater than the values obtained with the Field Spec 3, they are still

several fold lower than those presented by the manufacturer.
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Fig. 4. VariSpec CRI-VIS-20-20 transmission values measured with JASCO V670 spectrophotometer
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5. CRI-VIS-10-20 and CRI-SNIR-20-20 filters transmission values as a function of the illumination angle a

The purpose of this part of the research, was to develop methods and to assess the studied filters transmission variability as a
function of illumination angle a. For this purpose a special goniometer was designed, so that it was possible to adjust the
light incidence angle relative to the reflective pattern with an interval equal to 10° in the range from 10° to 80°. The research
scheme during this measurement procedure was the same as in the previous case, except that this time the Field Spec 4 Wide
Res spectroradiometer was used. The measurement results are shown in Figures 6 and 7.
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Fig. 6. The maximum values T,y of the filter transmission LCTF VariSpec VIS averaged for different light incidence angles
with the distribution of the mean errors
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Fig. 7. The maximum values T,y of the filter transmission LCTF VariSpec SNIR averaged for different light incidence angles
with the distribution of the mean errors

On the basis of the conducted studies, it can be concluded, that the transmission values of the VariSpec filters vary
depending on the lighting angle a. The standard deviation of the maximum of transmissions is on average 0.45% for CRI-
SNIR-10-20 and 0.49% for CRI-VIS-20-20, which is within the measurement margin of error. On the basis of the test
results, it can’t be clearly determined for which illumination angle a, we achieve the highest transmission values for all 4,
and at which it is the lowest. However, the closer the lighting angles of the white reference panel were to 90°, the higher the
transmission. As noted in previous studies, due to the fact, that the tested filter operates based on light polarization, our
research had confirmed that the obtained filter transmission values are dependent on the incidence angle of the light.
However, the values by which the individual results differ, are of the order of the measurement error, and therefore they can
be considered negligible.
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6. The method of determining the VariSpec CRI filters transmission

As part of this research, laboratory measurements were made of the transmission of the CRI-VIS-20-20 filter in the 400 nm
to 720 nm range and of the CRI-SNIR-10-20 filter in the 650 nm to 1100 nm range in steps of 10 nm. Analyzing the results
of transmission measurements obtained by three independent devices, we can conclude, that they are almost 10 times lower
than the values given by the manufacturer. The reason for this may be that during laboratory work the filter was illuminated
with a halogen lamp, whose light is scattered and isn’t polarized. Whereas filters tested by the manufacturer, probably
already at the input of the filter, were illuminated by polarized light, and the light coming out of them were re-polarized,
which gave transmission values in excess of 50%. Based on the study’s results of the influence of illumination angle on the
transmission values, it can be said, that it affects the transmission of VariSpec CRI-SNIR and CRI-VIS filters, but the
differences are within the measurement error and can be considered as negligible. Overall, the data provided by the
manufacturer may not be possible to achieve in natural measurement conditions, especially in the case when it comes to the
use of a filter CRI-SNIR-10-20 for recording the water surface and analyzing its contaminant. As a result of above, it had
been observed that these filters will be adequate in imaging studies using a microscope etc., but when registering images of
the Earth's surface, it is necessary to take into account the filter transmission determined using a spectroradiometer (to
respectively increase exposure time). In terms of the project IRAMS, designated tested filters transmission parameters will
be particularly important in the image acquisition in laboratory conditions, and therefore it was necessary to make a special
test station, which is the subject of other research.
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