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Effects of Finite Surface on Polarization State of Thermal Emission *
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A comprehensive model for explaining the polarization properties of thermal emission is presented for the case
of objects with certain sizes. Using Stokes theory and the superposition principle of a light wave, we analyze the
dependence of degree of linear polarization on the spatial geometrical relations including the sizes of objects, the
detection distance, and the locations of objects for both metallic and nonmetallic objects, each taken separately.
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Polarization is a physical signature of light that
can be exploited for improving the target recogni-
tion probability of optical detection systems.!' % Po-
larization characteristics of infrared thermal emission
are used by many researchers since these characteris-
tics depend on thermal emission rather than reflected
light and they are relatively unaffected by illumina-
tion changes in visible wave bands.[*] A number of
investigations have been carried out to prove that the
polarization states of thermal emission represent the
inherent information of objects, for example, the ther-
mal radiation emitted by metallic and nonmetallic ob-
jects exhibit different linear polarization states.’] This
kind of polarization is thought to originate from the
anisotropy generated by the superposition of elemen-
tal thermal radiators located near the surface-air in-
terface of a material.[’] As the foundation of detection,
ways to measure polarization states of thermal emis-
sion have been widely studied.[®! The framework of
Fresnel theory and Kirchhoff’s law explained the po-
larization characteristics of thermal radiation emitted
by point source.l”'’] More studies have concentrated
on the effect of surface roughness on the degree of lin-
ear polarization (DOLP) of thermal emission in some
specific wave bands.['"1?]

The model regarding radiation sources as points is
a highly idealized situation without considerations of
any other factors, in that case only the refractive in-
dexes of different materials take effect. Studies in rela-
tion between surface roughness and DOLP of thermal
emission reveal that the polarization states of thermal
emission contain geometrical information of the emit-
ting surface. So far, there have been few particular
investigations on how the polarization states of ther-
mal emission are affected by the spatial geometrical
relations, including the sizes of objects, the detection
distance, and the locations of objects. In this Letter,
a comprehensive model regarding objects as radiation
sources with specific sizes is presented, which empha-
sizes the measurements of DOLP values of thermal
emission when the spatial geometrical relation changes
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with the long-infrared wave bands. In brief, we call
this proposed model a finite surface model (FSM).
As described by the FSM, the polarization state of
thermal emission differs much from that in the point
source model (PSM), with providing useful and accu-
rate information to exhibit the surface’s polarization
signature objectively.

This work starts with the Stokes theory which uses
four parameters sg, 1, s2 and s3 to describe polariza-
tion states of thermal emission as!'*'*]
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where s is the total intensity of radiation, s; describes
the preponderance of linearly horizontal polarized ra-
diation over linearly vertical polarized radiation, s
stands for the preponderance of linearly +45° polar-
ized radiation over linearly +135° polarized radiation,
and s3 denotes the preponderance of left circularly
polarized radiation over right circularly polarized ra-
diation, I, (« is 0°, 45°, 90°, or 135°) is the intensity
of radiation transmitted across a linear polarizer ori-
ented at an angle o between the transmission axis of
the polarizer and the axis zy. Generally, s3 is ignored
in most cases, since polarization detectors are blind
to almost all the circular polarization states. DOLP,
the fraction of the intensity attributed by linear po-
larized light, can be calculated in terms of the Stokes
Vector!!'”]
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Based on the Stokes theory, the FSM is proposed.
It starts with the assumption that a radiation source
with a specific size could be treated as a collection of
numerous points that are independent of each other.
As shown in Fig. 1, Q stands for the view point which
is set at Z-axis, plane ABCD denotes the radiation
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source, and O'(2’,y’,0) is an arbitrary point on the
object. Take O'(z',y’,0) as an example, the emission
could be separated to two orthogonal directions, usu-
ally written as the p-direction and s-direction. This
depicts the components of light vector £, and Ey given
in Fig. 1.l''"l Due to the fact that the electric vec-
tor vibrates asymmetrically relative to its direction
of propagation, the detected emission could not be
equally separated to p-direction and s-direction. In
other words, the detected emission is polarized. As to
the whole surface (plane ABCD) of the object shown
in Fig. 1, its DOLP values could be calculated in com-
bination with the superposition principle of a light
wave. The detailed calculation model of DOLP of
thermal emission is given by
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The bounds in Eq. (3) are determined by
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where € and p are the directional emissivity and direc-
tional hemispherical intensity reflectivity of an object,
respectively.l'®) Emissivity is a number that varies
from zero to one, which describes how efficiently an
object radiates thermal radiation. According to the
Kirchhoff law, the emissivity of a material equates to
the absorption coefficient by consideration of a mate-
rial in equilibrium, and this result has been extended
to non-equilibrium conditions. For a uniform and
isotropic opaque body € = 1 — p. Following conven-
tion, the emission could be separated to p-direction
and s-direction, correspondingly, p-emissivity and s-
emissivity exist as expressed by

ep=1—pp, &s=1—ps. (6)

If the complex refractive index of the material is
known, then for a smooth surface, p, and ps can
be calculated by using the Fresnel equations. Hence,
Stokes vector can be obtained utilizing Egs. (1) and
(3), and this vector will then be used to calculate
DOLP values by Eq. (2).

Fig.1. Geometry for computation of DOLP values of
thermal emission from a finite surface. Plane ABCD is a
finite surface and coordinates of A, B, C and D are (z1,
y1, 0), (z2, y1, 0), (z2, Y2, 0) and (z1, y2, 0), respectively.
The coordinate of the view point Q is (0, 0, z).
Employing the presented model, DOLP values of
four materials, aluminum, iron, sand and A2059 glass,
are obtained to make verification. Firstly, take square
targets with the size of 4m x 4m as an example, and
set their centers at (288, 0, 0) in the coordinate sys-
tem. Secondly, calculate the intensities in directions
of 0°, 45°, 90° and 135° by Eq. (3) as well as the com-
plex refractive indexes of four materials at wavelength
of 8 pm (considering that at the normal temperature,
the wavelength of objects’ emission locates at about
the wavelength of 8 pm, thus we take the wavelength
of 8um as an example), and then substitute the re-
sults (Io, 145, Igo7 and 1135) into Eq (2) Employlng
this equation, we obtain the DOLP values as shown
in Fig. 2. It is worth noting that Fig. 2 shows the data
within the distance of 300 m (in this work we take the
distance from the viewer point to the origin as the
detection distance for simplifying the calculations).
When the distance is more than 300 m, DOLP values
of objects with the size of 4m x 4m should be calcu-
lated by employing the PSM. In other words, the FSM
is suitable for objects that cannot be handled as point
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sources. Taking the iron as an example, there exists
a critical point Hy in Fig.2, and after reaching this
point the PSM should be employed. In particular, the
selection of the critical point is based on the relation
between extended radiation source and point radiation
source.l”’l In more detail, at the distance of 300 m, the
emission angle is about 45°, and the DOLP values cal-
culated are in agreement with the result of the PSM
at the 45° emission angle. For instance, in the FSM,
the DOLP values of aluminum, iron, sand and A2059
glass are 0.46, 0.41, 0.12 and 0.09 when the object is
placed at the distance of 300 m. Correspondingly, in
the PSM, the DOLP values of these four objects are
0.412, 0.408, 0.18 and 0.142 when the emission angle is
45°. At distances greater than 300 m, the object could
be approximated as a point source. Furthermore, as
can be clearly seen in Fig. 2, the DOLP values of the
four materials behave similarly in their overall trends,
while specific values differ from each other, especially
between metal and nonmetal. Another feature of the
curves in Fig. 2 that deserves special attention is the
inflection point M. Detailed explanation of M is listed
in the following since it is rather the matter to induce
FSM distinguished from PSM.
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0.6 —#%— Sand

—A— A2059 glass
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N T T T
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Fig.2. DOLP values of four materials with the size

of 4m X 4m calculated by FSM. Complex refractive in-

dexes of these materials at the wavelength of 8 pm are

22.19+1482.83 (Al), 7.07+427.9 (Fe), 2.81+40.53 (Sand) and

1.97+40.76 (A2059) according to Ref. [19].

We still take the iron as an example, and the Stokes
theory can be used to explain the inflection point.
First, the intensities of the four directions (0°, 45°, 90°
and 135°) are calculated, as shown in Fig. 3, in which
the intensity at 45° is almost the same as that at 135°.
According to Egs. (1) and (2), DOLP is determined
only by intensities at 0° and 90° at this point. Then,
the intensity difference between Iy and Iggo is calcu-
lated, as shown in Fig.3(b). Two features should be
noticed in Fig. 3(b), one is that both positive and neg-
ative values exist, which indicates the disequilibrium
of intensity in the two directions; the other is that
when the intensity difference reaches zero, it would
lead to the existence of the inflection point M, and
should be regarded as the transformation of polariza-
tion type (p-polarization converts to s-polarization).
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Fig. 3. (a) DOLP values and thermal emission intensities
in four directions, 0°, 45°, 90° and 135°, of iron mate-
rial with the size of 4m x 4m. (b) Difference between the
intensities at 0° and 90° shown in Fig. 3(a).
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Fig. 4. (a) Range of DOLP values of iron objects located
at the same location with sizes of 2m X 2m, 12m X 12m,
20m x 20m and 50m x 50m. (b) Range of DOLP values
of an iron object with the size of 4m x 4 m located at four
different locations, whose starting points x; are 50, 60, 80
and 120 m, respectively.

The FSM emphasizes demonstration of the effects
of objects’ sizes as well as the detection distances on
DOLP. Taking iron material as an example, Fig. 4(a)
demonstrates the range of DOLP values of objects
at the same location (the starting point x; is 250 m)
while with different sizes of 2m x 2m, 12m x 12m,
20m x 20m and 50m x 50m. The results indicate
similar changing trends of DOLP values, while in that
case it needs a farther detection distance for a larger
object to reach the same DOLP value as a smaller
one. Figure 4(b) shows the DOLP values of the fixed-
size object (4m x 4m) at various positions (starting
points x; are 50, 60, 80 and 120 m, respectively). As
can be seen in Fig. 4(b), there is an obvious trend that
the DOLP values decrease with the increase of start-
ing point coordinates x; with the same detection dis-
tance. As an example, when the detection distance be-
comes 150 m, the DOLP value (0.38) of the black curve
(x1 = 50m) is 1.73 times larger than that (0.22) of the
pink curve (z; = 120m). On the whole, the curves of
DOLP values are similar in their trends, whereas dif-
ferences arise between objects with different sizes or
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locations.
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Fig. 5. Difference of DOLP values between objects of dif-
ferent materials. (a) Difference of DOLP values between
aluminum and sand, aluminum and A2059, iron and sand
as well as iron and A2059. (b) Difference of DOLP val-
ues between iron and sand when the viewer point is fixed
while objects are moved in the first quadrant.

After characterizing DOLP as an index to distin-
guish different matter of various materials, we calcu-
late DOLP differences between different materials, as
shown in Fig.5. In Fig.5(a), the following four cases,
i.e., DOLP differences between aluminum and sand,
between aluminum and A2059, between iron and sand,
and between iron and A2059, are thoroughly analyzed.
The objects with the same size of 4m x 4 m are fixed
on plane ABCD with the starting point of z; = 250,
y1 = —2. The results are indicative of DOLP differ-
ences of various objects that objectively exist. As a
more specific example, Fig.5(b) shows the variation
of DOLP difference between iron and sand at a 300 m
detection distance when objects are moved in the first
quadrant area (shown in Fig.1). As can be seen, the
differences of DOLP values are generally noticeable
despite objects’ different locations. Moreover, DOLP
changes nonlinearly, which is not as speculated by re-
searchers as linear. On the whole, DOLP characteris-
tics can always be employed to distinguish objects of
different materials wherever they are located. In addi-
tion, we could find a best detection distance based on
the results provided by the FSM when distinguishing
various materials.

In summary, the FSM, laying stress on analyz-
ing polarization characteristics of objects that could
not be approximated as point sources, is proposed.
The formula for DOLP of a certain object is consis-

tent with the results put forward in the literature," "]
and the numerical values are found to demonstrate
the dependence of physical polarization behavior of
objects on the spatial geometrical relations including
the sizes of objects, the detection distance, and the
locations of objects. Understanding of this kind of
polarization properties of objects enables access to dis-
tinguishing among objects of different materials and
an optimized observing position in practice. Further-
more, the FSM is also capable of characterizing polar-
ization characteristics of three-dimensional space ob-
jects. Since two-dimensional planes are approximated
as a single surface, three-dimensional objects should
be approximated as multiple surfaces. Their polar-
ization characteristics can be presented by relatively
more complicated calculations.

Future work may extend to investigate the po-
larization states of thermal emission of objects with
limited sizes and roughened or microcontoured sur-
faces. Comprehension of polarization characteristics
of various objects should greatly improve if the depo-
larization effect could be taken into consideration. We
hope our analysis inspires related studies of polariza-
tion properties especially in applying them to target
detection and recognition.

We would like to thank Professor Wang Xueen for
helpful discussions, Gong Rui, Kong Qinglin and Yang
Cindy for checking the English grammar of this arti-
cle.
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