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TEST OBJECT FOR AUTOMATED
MEASUREMENT OF CHARACTERISTICS OF
POLARIZING THERMAL IMAGERS

The growing popularity of increasing the efficiency of remote surveillance by analyzing the degree of
polarization of optical radiation in the infrared spectrum requires the development of theoretical and
practical methods for determining the characteristics of a new class of optoelectronic devices -
polarizing thermal imagers. In contrast to the calculation methods, the issues of practical
implementation of measuring benches are currently insufficiently studied. This paper proposes and
analyzes options for the structure of test objects for experimental studies of polarizing thermal imagers.
A metal plate is considered, which can tilt relative to the line of sight, as well as a spherical metal
surface that does not require additional mechanical drives. In the former case, the degree of
polarization, ellipticity, and polarization angle are varied by changing its angular orientation in the
vertical and horizontal planes. The spherical surface forms a photometric body, in which the radiation
of concentric zones has a certain constant degree of polarization. Such test objects provide
measurements of the noise equivalent temperature difference NETD and the minimum resolvable
temperature difference MRTD of polarizing thermal imagers for different polarization states of the
input radiation, which is characterized by the intensity, degree of polarization, ellipticity and
polarization angle. Bibl. 17, Figs. 9.

Key words: polarizing thermal imager, test object, spatial resolution, temperature resolution,
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Introduction

Thermal imaging surveillance systems are widely used in various fields of science and
technology [1-3]. Thermal imagers can be particularly effective in the study of thermoelectric effects,
which are understood as a set of physical phenomena due to the relationship between thermal and electrical
processes in metals and semiconductors [4]. Thermoelectric phenomena include the Seebeck, Peltier and
Thomson effects. To evaluate the efficiency of thermoelectric converters, there is a need for non-contact
measurement of the static and dynamic temperature state of the converters [5].

The principle of operation of classical thermal imagers is based on the conversion of the brightness
(intensity) of the radiation of the surveillance object and the background of the plane of objects into an
adequate distribution of the brightness of the image of the target environment (TE) on the display screen.
The limiting characteristics of such thermal imagers are determined by the radiation contrast of the TE. In
recent years, developers have been actively trying to use the polarization properties of the radiation of TE
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elements to significantly improve these characteristics. As a rule, radiation from the target is partially
polarized, while radiation from the background is natural [3,6]. Thus, under certain conditions, polarimetric
images demonstrate a significant increase in the signal from the object and suppression of background
noise.

The main characteristics of polarized radiation are intensity, degree of polarization, azimuth and
ellipticity of polarization [7-9]. To measure these characteristics in the infrared (IR) region of the spectrum,
polarizing thermal imagers (PT) are used. At the same time, the main characteristic of any classical thermal
imager is the energy resolution, which is determined by the threshold radiation contrast of the surveillance
object located against the background.

To determine and measure the energy (temperature) resolution, test objects specified by the
relevant standards or methods are used. There is a considerable body of monographs and papers devoted to
the calculation and measurement of the energy resolution of classical thermal imagers [2, 10-12]. At the
same time, there is practically no scientific and technical information on the choice of test object for
modeling and measuring the main characteristics of PT. A rather important factor in the experimental
determination of the characteristics of the PT at the present stage is also the possibility of automating this
process, for example, in conditions of large-scale production.

Problem statement

The purpose of this paper is to substantiate the choice of a test object and develop methods for
measuring the characteristics of polarizing thermal imagers. These measuring instruments must take into
account the current standards for modern thermal imaging and be amenable to automation of measurement
processes.

The main characteristics of thermal imagers

The generalized characteristics of thermal imagers are spatial and thermal resolution, which
determine the quality of thermal imaging and temperature sensitivity. To measure the temperature
sensitivity, the noise equivalent temperature difference NETD is used [2,10].

Polarization parameters of partially polarized radiation

Test object must assure measurement of the noise equivalent temperature difference NETD and
minimum resolvable temperature difference MRTD for different polarization states of output radiation
which is characterized by the intensity lo, polarization degree P, ellipticity y and polarization
angle 0 (Fig. 1).

The process of obtaining elliptically polarized light has been considered in monographs [13-15]. The
generalized equation of this type of polarization can be represented as:

2 2
% + % - 2§%COS A =sin’Ag, Q)
where Ag is phase difference between linearly polarized in mutually perpendicular planes components Eo
and Ee; of partially polarized radiation, x = Eo; a = Eo1; ¥ = Ee; b = Ee1 are ellipse parameters.
Eq.(1) is the equation of an ellipse arbitrarily oriented relative to the optical axis 00 of the crystal
(phase plate) (Fig.1). The orientation of the ellipse is determined by the polarization angle 0, and the shape
of the ellipse is determined by the angle of ellipticity . Depending on these angles, elliptically polarized

light is converted into linearly polarized light, as well as circularly polarized light with rotation of the

. = = = - - .
resulting vector E,. = E, + E_, = X + ¥ to the right or left.
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In the general case, the ellipse (1) is located inside a rectangle of size 2Eo; x 2E.; and touches its
contour at four points (Fig. 1). If the third term in Eq.(1) is zero, then the axes of the ellipse are parallel to
the x and y axes.

The polarization angle & is the angle between the main axis of the ellipse and the horizontal axis x,
which is determined by the components of the electric field of light:

_ 2E,,E,, cosAe

1026
g E2 +E;,

, e 0<0<m. 2
The angle of ellipticity y is given by the ratio of the lengths of the minor and major axes of the
ellipse:

+
tgx=_?b, ne —m2<y<m?2 (3)

The angle of ellipticity y is also determined by the components of the electric field of light:

2E,,E,, C0SA@

, 0e 0<0<m. 4
E7+EL b 4)

tg2y =

Polarization of thermal radiation

Studies of the laws of thermal radiation of heated objects indicate that metal surfaces have a higher
degree of radiation polarization compared to dielectric and transparent surfaces. The greatest degree of
polarization is observed in the radiation of polished surfaces when observed at a large angle relative to the
normal to the surface. This is due to the laws of refraction of radiation at the "metal - air" boundary.

According to Kirchhoff's law, the spectral emissivity &(1) of the surface of the observed object,
which is in a state of temperature equilibrium, is equal to the absorption coefficient a(4) and is related to
the reflection coefficient R(1) by the relation:

PT

M2 Air —~. D

Fig. 2. Radiation and reflection of light incident at an inclined angle & 1
from metal to the "metal - air" boundary
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e(h)=a(r)=1-R(2). U

The amplitude of thermal radiation E; at the “metal-air” boundary is partially polarized, where the
parallel component Et" is greater than the perpendicular component E, (Fig. 2). The axis of sight
(observation) of PT is located in the X} plane of observation.

Using Kirchhoff’s law (7) and Fresnel’s formulae for partial energy reflection coefficients R” and R |

[15, 16], we obtain formulae for calculating the parallel and perpendicular components of (partial) radiation
coefficients

‘= E, _ 4n, cose, @®)
2 272
| CO0Sg, + 2N, cosg, + N, +K;
2
. = B _ 4n, cose, ©)
tE (n2+1<2)coss +2n,cose, +1
i 1 1 2 il 2

where nc = n1 — jki is a complex refractive index of metal; e is refracting (viewing) angle. The resulting
emissivity is the average of the parallel and perpendicular components

1
825(8"+8l). (10)
The degree of polarization of radiation is defined as

Dop(gv)z—:j(:;::f:;, a

where g, = g; is viewing angle.
The dependences of partial emissivity factors £ (£,)and £ J_(Eu) and the degree of polarization

DOP(ey) at the “aluminum-air” boundary on the viewing angle £, are shown in Figs. 3 and 4. For the
radiation of the aluminum surface, the perpendicular component is larger than the parallel component. The
perpendicular component increases with increase in viewing angle to a maximum value of about 0.92, and
then decreases at large angles. The perpendicular component decreases monotonically with increase in
angle &, The overall emissivity factor ¢ increases slightly with increase in angle &. The degree of
polarization with increase in viewing angle increases to a maximum value of 92% at ev ~ 90°. When
constructing plots to take into account the roughness and oxidation of the surface of the aluminum plate,
the complex refractive index n. = 4.45 — j3.3 was used.

On the contrary, for the “dielectric-air” boundary, the partial components of the emissivity factor
decrease with increase in viewing angle. The overall emissivity factor decreases with increase in viewing
angle in proportion to COSs,. The degree of polarization of the surface radiation also increases with
increase in the angle &y, but has a smaller value compared to the radiation of the surface of metals.
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Fig. 3. Dependences of partial emissivity factors of the aluminum surface
on the angle &, at nc = 4,45 —j3.3
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Fig. 4. The dependence of the degree of polarization of the radiation of the aluminum

surface on the viewing angle € at nc = 4,45 — 3.3
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Thus, the analysis of the laws of thermal radiation of the metal surface shows the following:
1. The radiation is partially polarized, which is due to the difference in emissivity factors for linearly

polarized light in surveillance plane £, and the plane £ perpendicular to it,

2. The parallel component of linearly polarized radiation Ej (<,) in surveillance plane with increase in
viewing angle monotonically decreases from 0.44 at &, = 0° to zero at &y = 90°.

3. The perpendicular component of linearly polarized radiation E, (£,) in surveillance plane with
increase in viewing angle &, increases from 0.44 to maximum value 0.92 at &, = 80°, and then
decreases to zero at at &, = 90°..

4. The degree of polarization DOP(ey) of radiation of aluminum surface with increase in viewing
angle g, increases from zero to maximum value 0.83 at &, =~ 80° and decreases to zero at &, = 90°.

5. For small viewing angles &, < 30°, which is characteristic of typical surveillance cases, the degree
of polarization does not exceed 10%, and the resulting emissivity factor is ~ ¢, ~ £, = 0,438

Selection of test object

For experimental studies of classical thermal imagers and measurement of their characteristics, test
objects are used, which are located on a uniform background [9,10]. The schematic of a setup for
measuring the characteristics of PT is shown in Fig.5. The schematic of a setup for measuring the
characteristics of the PT is shown in Fig. 5. The background emitter 1, the test object 2, and the studied
polarizing thermal imager 3 are successively located on the optical bench [17].

As a background, it is proposed to use a metal (aluminum) plate covered with black lacquer, which
has an emissivity factor close to one. Therefore, such a plate will be considered as a completely black
body, the surface of which radiates according to Lambert's law. The rear surface of the background plate is
covered with thermoplastic. There is a heater between the thermoplastic and the aluminum plate, and
thermocouples for temperature measurement in the four corners of the plate. This ensures a uniform
temperature background.

The heater allows changing the surface temperature of the plate in a given range. The plate is
located perpendicular to the optical axis of the PT. In this case, the radiation entering the PT from the
background, will be unpolarized, i.e. Pb=0 (Fig. 4). This is characteristic of most natural background
sources of IR radiation.

Fig. 5. Schematic of the method for measuring the NETD of a polarizing
thermal imager (in the horizontal plane): 1 - background emitter; 2 — test object;
3 - polarizing thermal imager
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As test object 2, it is proposed to use a rectangular plate, the Foucault gauge or a spherical surface
made of aluminum with a complex refractive index nc = n - jk, which are located perpendicular to the
optical axis of the PT.

To measure the NETD, we will use a rectangular plate that can rotate about the vertical axis by the
viewing angle &, relative to the optical axis of the PT in the horizontal plane. By changing the angle &y, a
change in the degree of polarization P(s,) of the radiation entering the PT is achieved (Fig. 4). The test
object rotates about the vertical axis in the range from 0° to 8. The temperature of the plate is equal to the
ambient temperature and is measured by temperature sensors.

The change of the polarization angle 0 is achieved by tilting (reversing) the plate relative to the
vertical plane of the optical system (Fig. 6).

Fig. 6. Schematic of the method for measuring the NETD of a polarizing thermal imager
at different polarization angles 0 (in the vertical plane): 1 —background emitter; 2 — test object;
3 - polarizing thermal imager

The technical implementation of the test object turns can be quite simple and allows automating
the measurement process.

To study the dependence of the NETD on the degree of polarization, it is proposed to use a
hemisphere made of aluminum. A certain point on the hemisphere surface will correspond to a variable
angle &, between the beam entering the PT and the normal to the surface, i.e. each point of the hemispheric
image has its own degree of polarization (Fig. 7).

Fig. 7. Schematic for measuring PT characteristics using a test
object with a spherical surface.

ISSN 1607-8829 Journal of Thermoelectricity /22, 2021 47



Kolobrodov V.G., Tymchyk G.S., Mykytenko V.I., Kolobrodov M.S.
Test object for automated measurement of characteristics of polarizing thermal imagers

Let us determine the dependence of the viewing angle &, of the surface of test object on the
deviation angle o of the PT optical axis from the horizontal plane using Fig. 7. From the triangle ABO we
have ey = o + ® — a = &y — . From the triangles AA;O and AA:B we get

AA = AOsina = ABtgo, , (12)

where AO =ry is radius of the spherical surface of test object; A;B =BC + CA; =R + CA;, where
BC =R is the distance from PT to test object.

From the triangle AA;O we have OA; = rmcosa. Then CA; = OC — OA; = rin(1-cosa). Let us
substitute the obtained relations to Eq.(12)

h,sina=(R+CA)tgo=| R+, (1-cosa) |tge
We write the obtained transcendental equation in the form
Sin()t:I:Rn +(1—cosa)]tga), (13)
where Rn = R/ry is the normalized distance from the PT to the test object.
The solution of Eq. (13) are the dependences of the viewing angle e, = o + ® on the change in the

direction w of the optical axis of thermal imager for different values of the normalized distance from the PT
to the test object Ry, which are shown in Fig.8.

&y, degr
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Fig. 8. Dependence of the thermal imager viewing angle ey of the test object spherical surface
on the deviation angle w of the PT optical axis from the horizontal plane
for different values of the normalized distance from the PT to the test object R/ri: 1-2; 2-5; 3-10
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The emitter in the form of a spherical surface can be used to form particles of polarized radiation
with different degrees of polarization. The degree of polarization will be determined by formula (11), the
plot of which is shown in Fig. 4. The angular position » of a point on the surface of a sphere, which
corresponds to a certain degree of polarization, is found from the relation DOP(w) = DOP(e—a).

The dependence of the deviation angle o of the PT optical axis on the angle g, is determined from
Eq. (13), or the plots shown in Fig. 8. In turn, the degree of polarization DOP(w) is found from the plot
shown in Fig. 4. The calculated dependence DOP(w) is given in Fig. 9.
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Fig. 9. Dependence of the degree of polarization DOP (w) of the spherical surface
radiation on the angle of deviation w of the PT optical axis for the normalized
distance from the PT to the test object R/rin =5

The analysis of the obtained dependence indicates the following:

1. If the optical axis of the PT coincides with the optical axis of the experimental setup, i.e. when
o = 0, the degree of radiation polarization in the centre of the image of the test object is zero.

2. With a deviation of the optical axis of PT from the optical axis of the setup by the angle o, the
degree of polarization increases from zero to the maximum value 0.83 for the normalized distance from
the test object R/ry = 5.

To measure the minimum resolving temperature difference of PT, it is reasonable to use in the
schematic shown in Fig.5 the test object in the form of a four-mark Foucault gauge [6,7].

Conclusions

1. A feature of the test object for measuring polarization characteristics is the ability to generate partially
polarized IR radiation with the given intensity, temperature contrast, polarization degree, ellipticity and
polarization angle.

2. Physical models of the test object are proposed in the form of a rectangular metal plate for measuring
NETD, a metal plate in the form of the Foucault gauge for measuring MRTD and a metal spherical
surface.
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3. The plates allow one to change the degree of polarization, ellipticity and polarization angle by changing
their angular orientation in the vertical and horizontal planes.

4. Aspherical surface makes it possible to obtain an image of such a surface, the concentric zones of
which are formed by radiation having a certain constant degree of polarization.
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TECT-OB’EKT JIsA ABTOMATHU30BAHOI'O BUMIPIOBAHHSA
XAPAKTEPUCTHUK MOJAPU3AIIMHUX TEILIOBI3OPIB

3pocmaroua nonynapnicme nioguujenns egpekmusHocmi OUCIAHYIIHUX CROCHEPeX CeHb 3a PAXYHOK
AHANZY CMYNEHI0 NOAAPU3AYIT ONMUYHO2O BUNPOMIHIOBAHHS 8 TH(ppauepeoHoOMYy OianazoHi cnekmpy
suMazae po3podaents meopemuyHux i NpaKmuuHux Memooié USHAYEHHS XaApaKMepPUucmukx Ho8020
KAACY ONMUKO-e1eKmMpPOHHUX NPUIAOI8 — NOAAPUAYIUHUX meniosizopis. Ha 8iominy 6i0 po3paxyHKkosux
Memo0ie NUMAHHS NPAKMUYHOT peanizayii BUMIPIOBANTbHUX CIMEHOI8 HapA3i ONpaybosani HedoCmamHbo.
B oaniu cmammi 3anpononosano i npoananizosaHo eapiaHmu CmMpYKmypu mecm-o0’ekmie 0
EKCNepUMEHMANbHUX O00CNIOJNCEHb NONAPUZAYIUHUX Mennosizopie. Posznanymo memanesy naacmumy,
WO MOJice HAXUAAMUCH GIOHOCHO JIHII GI3Y8AHH:, A MAKOJIC CEPUYHy Memanesy NOBEPXHIO, AKA He
nompebye 000amKo8UX MEXAHIYHUX Npueodie. B nepwomy eunadxy cmyninb noaapusayii,
eninmu4Hicmes i NOAAPUZAYIUHULL KYM  8apIloI0mMbCa  WIIAXOM  3MIHU 1i  Kymoeoi opienmayii y
sepmuxanvhitl 1 eopusonmanvritt naowuni. Chepuuna nosepxus Gopmye gomomempuune mino, 6
AKOMY BUNPOMIHIOBAHHS KOHYEGHMPUYHUX 30H MAE NEeGHY NOCMIUHY cmyniHb noaapusayii. Taxi mecm-

00’ekmu 3a0e3neuyioms GUMIPIOBANHS eKGIGANEHMHOI wyMy pi3HuUyi memnepamyp i MiHIMATbHOL
PO30inbHOI pi3HUYI memnepamyp NOIAPUZAYIUHUX MeNnogi3opie OasA pPIHUX CMAHie noaapuzayii

6XI0H020 ~ BUNPOMIHIOBANHSA, AKE XAPAKMEPU3YEMbCA  IHMEHCUBHICIMIO, CMYNeHeM Noapusayii,
eninmuyHicmio i nonspusayiinum Kymom. bion. 17, puc. 9.
Karouosi cioBa: nossipu3amiifiHui TEIIIOBI30p, TECT-00’€KT, MPOCTOPOBE PO3ALICHHS, TeMIIepaTypHe
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TECT-OBBEKT JJISA ABTOMATU3UPOBAHHOI'O
N3MEPEHUA XAPAKTEPUCTHUK ITOJIAPU3ALINOHHbBIX
TEIIJIOBU30POB

Bospacmarowas nonynspnocms nogviuienus dQhGekmusHocmu OUCMAHYUOHHBIX HAOIIOOEHUT 3a cyuem
aHanu3a CmeneHu NOJAPUAYUU ONMUYECKO20 UBNIVYEHUs 6 UHMPPAKpACHOM OuanasoHe cnexmpa
mpebyem paspabomxu meopemuyeckux U NPaAKmMu4eckux Memooo8 OnpeleNeHust XapaKmepucmuk
HOB020 KACCA ONMUKO-3]IeKMPOHHBIX NPUOOPOE — NOIAPUZAYUOHHBIX MENL08U30p0o8. B omauuue om
Pacuemublx Memooo8 GONPOChl NPAKMUUECKOU Pedanu3ayuy UsMepumenbHblX CmeHo008 6 HAcmosiyee
epemst npopabomanvl HedOCMamoyHo. B Oannoll cmamve npeonodiceHvl U NPOAHATUIUPOBAHBI
6APUAHMBL CIPYKIMYPbl MeCm-00beKMos ONAIKCHEPUMEHMANbHBIX UCCAEO08AHUI NONAPUIAYUOHHBIX
mennosuzopos  Paccmompena — memannuueckas —NAACMUHA,  KOMOPAs — MOJCEM — HAKIOHAMbC
OMHOCUMENbHO TUHUU BUUPOBAHUSL, @ MAKIICE CHEPUYECKYI0 MEMAIUYecKyio NOGEePXHOCHb, He
mpebyowas OONOIHUMEIbHbIX MEXAHUYECKUX Npugodos.B nepeom cayuaecmenenv noaspu3ayuu,
IIUNMUYHOCTb U NOTSPUIAYUOHHDLIL Y20N8APbUPYIOMCANYMEM USMEHEHUs! ee Y2080l OPUSHMAYUU 8
6epmMuUKaIbHol U 20puzoHmanvhou  naockocmu.  Cepuueckas — nogepxnocms  opmupyem
Gomomempuueckoe meno, 6 KOMOPOM USNIYYEHUe KOHYEHMPUYECKUX 30H UMEem ONnpedeieHHyIO
HOCMOSIHHYIO ~ CmeneHb  hoasipusayuu.  Taxue — mecm-o0vekmovl — obecneyusarom  usmepeHue
IKGUBANLEHMHO20 WLYMA PAZHOCIU MEMREPAMYD U MUHUMATLHO20 PA30CIbHO20 PA3IUYUSL MEeMRePanyp
NONAPUSAYUOHHBIX  MENI0BU30POE OISl PA3HBIX COCHMOSHULL  NOJAPUAYUU  6XOOHO020  U3LYHEHUs,
Xapaxmepusyioweecss  UHMEHCUBHOCMbIO, — CHIENEHbI0  NONAPU3AYUY,  IIUNMUYHOCIBIO U
noaapusayuonnvim yenom. bubn. 17, puc. 9.

KaioueBbie cjioBa: MOJISIPU3ALUOHHBIH TEIUIOBHU30D, TECT-00BEKT,IPOCTPAHCTBEHHOE
pasjielieHre, TEMIIEPATYPHOE pa3fieeHue, H3MEPUTEIbHbIN CTEH]T
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