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Thermal-imaging systems respond to infrared radiation that is naturally emitted by
objects. Various multispectral and hyperspectral devices are available for measuring
radiation in discrete sub-bands and thus enable a detection of differences in a spectral
emissivity or transmission. For example, such devices can be used to detect hazardous
gases. However, their operation principle is based on the fact that radiation is considered a
scalar property. Consequently, all the radiation vector properties, such as polarization, are
neglected. Analysing radiation in terms of the polarization state and the spatial distribution
of thereof across a scene can provide additional information regarding the imaged objects.
Various methods can be used to extract polarimetric information from an observed scene.
We briefly review architectures of polarimetric imagers used in different wavebands. First,
the state-of-the-art polarimeters are presented, and, then, a classification of polarimetric-
measurement devices is described in detail. Additionally, the data processing in Stokes
polarimeters is given. Emphasis is laid on the methods for obtaining the Stokes parameters.

Some predictions in terms of LWIR polarimeters are presented in the conclusion.

1. Introduction

Imaging polarimetry has been a subject of extensive
research in leading scientific centres [1-4] in recent two
decades. In astronomy, imaging polarimetry has been used
since the 1970s. As the exploration of new exoplanets has
become an important research field in the astronomical
community in recent years, imaging polarimetry has
emerged as a possible method for a direct imaging of
exoplanets. For example, an imaging polarimeter, ExPol,
is deployed at the William Herschel Telescope [5] and
SPHERE at VLT [6]. In the microwave band, imaging
polarimeters have been used by ESA and NASA during
their missions aimed at examining ocean-water salinity or
even modelling wind direction over sea surfaces [7-9]. For
example, in ESA missions Soil Moisture Ocean Salinity
(SMOS) a team from the Technical University of
Denmark successfully designed and constructed a polari-
metric radiometer, EMIRAD, which operated in the L band;
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the radiometer simultaneously registered two of Stokes
parameters (So and Si1) via two orthogonally polarized
antennas. The remaining Stokes parameters (S, and Ss)
were evaluated by computing, respectively, the real and
imaginary parts of the cross-correlation function of the
measured electric field. Other applications of imaging
polarimetry include investigating the properties of soil
plants vegetation [10], satellite-based research of Earth’s
atmosphere [11], examining state of water surfaces [12],
medical diagnostics for cancer cell identification [13],
biomedicine [14], and detecting military targets, as well as
naval search and rescue missions [1,3,15].

When polarimetric imaging is used for a remote target
detection (usually in the military applications, but not
exclusively), four wavebands are usually considered: the
visible (VIS), near infrared (NIR), mid-wave infrared
(MWIR), and long-wave infrared (LWIR) wavebands.
The polarized radiation in VIS and NIR spectra is
dominated by reflected radiation, and, thus the measured
signal primarily depends on an external source of
radiation — the Sun [1]. It is characterized by a wide
dynamic range and large spatial variations. Because the
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measured polarimetric information significantly depends
on the mutual geometry of the scene, source, and detector,
the measured signal changes with a diurnal cycle,
localization in the field and detector orientation. In the
MWIR band, the measured radiation is attributed to both
emission and reflection [3]. Generally, the polarized
radiation in the MWIR accounts for only a small fraction
of the radiation that reaches the detector. A fairly different
situation occurs in the LWIR band, where the radiation is
dominated by self-emission; additionally, because the
scene is in thermal equilibrium (a temperature change
usually occurs in a long time scale), polarization
signatures can be relatively stable, and, thus they can be
used as markers for detection [10,16]. However,
polarimetric imaging in the LWIR band can be more
challenging than in the case of shorter wavelengths, due to
a lower detector resolution in the LWIR band and
significantly higher costs of optical components [1].

Imaging polarimeters for LWIR and MWIR spectral
windows, in which thermographic cameras operate, are
built using cryogenically cooled, photonic focal-plane
arrays (FPAs) or uncooled, microbolometrer detector
arrays. Although cooled photon detectors perform three to
five times better [17] than microbolometers in terms of
noise equivalent degree of linear polarization (NEDoLP),
they are significantly more expensive [18,19]. However,
the development of the manufacturing technology of
microbolometer detector arrays has enabled the fabri-
cation of arrays with a high detector count (e.g., 640x480
and more). Commercially available LWIR polarimetric
imager is depicted in Fig.1 and two laboratory grade
imagers are shown in Figs. 2 and 3.

Fig. 1. LWIR division of an FPA polarimetric imager developed
by Polaris Sensor Technologies, Inc. (United States) [20].

Fig. 2. Prototype of an LWIR division of a time polarimeter
developed by FLIR Systems, Inc. (United States) [21].

Fig. 3. Prototype of an LWIR divison of a time polarimeter
developed at the Military University of Technology
(Poland) [16].

Measuring the degree of linear polarization (DoLP) can
help discriminate different features in a scene; these
features would be otherwise indistinguishable from the
background [1].

The polarisation state of incident radiation changes
upon reflection off the object's surface. This change can
help detect such an object, particularly the one made of
dielectric materials. Furthermore, in the case of man-made
objects, the plane of incidence is well defined, and, thus
they are easily distinguishable from naturally occurring
objects [1]. A relative magnitude of polarization compo-
nents of the reflected radiation depends on angle of
incidence, material properties (index of refraction), and
surface properties of a reflecting object. The difference in
reflection coefficients for different components of electric
field and different refractive indices enables the detection
of dielectric objects. This situation is depicted in Fig. 4.

Polarimetric devices can be divided into two
categories, depending on the task performed: polarimeters
for measuring light and those for measuring samples [23].
By using the Stokes polarimeter, an object can be
characterized by determining the Stokes vector of the
radiation reflected or emitted by the object [10,13]. Using
the Mueller polarimeter, the object characteristics are
determined using the Mueller matrices for transmittance
and reflectance, i.e., by using information regarding how
the polarization state of radiation passing through the
object is modified [24]. The polarimeters designed for
performing a remote object detection are always of the
Stokes type.

Fig. 4. Possible sources of a reflected linearly polarized light (red)
and a non-polarized background radiation (dark blue)
reaching a polarimteric sensor. Picture based on the one
used in Ref. 22.
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Polarization state in the Stokes formalism is usually
represented as a column matrix of four elements, So, Si,
Sz, and Sz which denote the total power of incident/initial
radiation, power of radiation that is polarized horizontally
or vertically, power of radiation that is linearly polarized
with the azimuth of +45° or —45°, and power of radiation
that is circular polarized (which represents the right- and
left-handed circularly  polarized radiant states),
respectively. Notably, the first three parameters
measurement is straightforward and requires only a linear
polarizer. However, the measurement of the Sz parameter
requires a phase retarder. In the visible part of the
spectrum, the measurement is usually not a problem, as
wave plates are commonly used and are available off-the-
shelf. However, in far infrared, phase plates are rarely
used; additionally, uniaxial materials with a significant
birefringence are few in number and usually are custom
made, which makes them expensive. As W. Kudenov et
al. [2] noticed however, the contribution of a circular
polarization toward radiation that comes from a scene is
usually insignificant; therefore, to obtain the necessary
“polarimetric information,” one need not quantify the Ss
parameter. Obviously, the lack of the quantification of S3
makes the calculation of the degree of polarization which

/sf+522+532
So

possible to determine DoLP, i.e.,

is defined as , impossible. However, it is still

/512+52

2, and the azimuth
So

of the ellipse, tan(2y) = z_z Therefore, knowing only
1

parameters Sp, Si, and S; enables one to discriminate
objects on the basis of the DoLP and the azimuth of the
ellipse of radiation reflected from their surfaces.

2. Polarimetric-measurement devices

Polarimeters  designed for the  Stokes-vector
measurement can be classified according to the proposed
taxonomy depicted in Fig. 5. Proposed taxonomy is a
synthesis of similar ones described in Refs. 1 to 4.

To determine the Stokes parameters, it is necessary to
take several measurements from which information about
polarization can be extracted. There are various
architectures of measurement systems enabling the Stokes
parameters determinantion. These include the following:

e division of amplitude [2,4],

e division of time [14,17,21,25,26],

o division of aperture [3,5,6,27],
o division of image-plane [28-31],
o channeled spectropolarimeters [1,32,33].

Each has its own trade-offs regarding sensitivity,
spatial and temporal resolution, system complexity in
terms of size and weight, and developmental costs.

2.1 Division of amplitude Stokes polarimeters

In the case of division of amplitude polarimeters,
beam-splitting elements are used to divide the incoming
radiation into separate detection branches, each of which
is dedicated to the measurement of a different Stokes
parameter. The beam-splitting elements can be of
polarizing or non-polarizing variety [4]. This solution was
also used in the polarimetric camera, Spyder,
manufactured by Polaris Sensor Technologies, Inc. [4].
Division of amplitude polarimeters are characterized by
large dimensions and high implementation costs, as they
require multiple detection matrices (minimum two).
Additionally, the amount of energy that reaches each focal
plane detector is smaller than that in other solutions due to
power distribution on beam-splitting elements. However,
their advantage lies in their ability to simultaneously
determine three of the Stokes parameters (So, S1, and Sy),
i.e., real-time operation with a full FPA resolution. The
polarimeter described in Ref. 4 can achieve a maximum
DoLP rms error of 0.23% with an assumption of no S;
component present.

2.2 Division of time Stokes polarimeters

A rotating polarizing element is used in division of
time polarimeters. It is a device either with a polarizing
element that sequentially rotates to a given set of azimuths
or with a polarizing element that is continuously rotated.
Polarimeter with sequential rotation is considered a
snapshot polarimeter. The rotating polarizing element is a
linear polarizer or a phase retarder. Advantage of this
solution is the simplicity of both implementation and data
processing to determine the Stokes parameters. However,
a significant disadvantage is the limited registration speed.
The image output frequency of an exemplary state-of-the-
art polarimeter with a microbolometric detector array is in
the order of several Hz [25]. This method assumes that the
polarization state does not change during at least half
rotation of the polarizing element; if this condition is not

Classification
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vector polarimeter
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Multi band (several
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Fig. 5. Classification chart of the Stokes polarimeters.



G. Bieszczad et al. / Opto-Electronics Review 29 (2021) 5-12 8

met, a false polarizing signal appears in the image. Also,
ideally, the rotated element should be perfectly plane-
parallel. In the case wherein the polarizing element is
continuously rotated, its rotation must be synchronized
with the detector by using a phase-synchronization loop.
This requires using the two-phase lock-in method [26].
The Stokes parameters can be determined using this
method when a large number of samples are recorded for
only one rotation period of the polarizing element.

2.3 Division of aperture Stokes polarimeters

In division of aperture polarimeters, miniature lenses
are placed in the aperture stop plane (or in the plane of its
image), each of which forms an image in the focal plane
[27]. Often optical systems located in the pupil plane
create images on one detector array, meaning that at the
same time it is a method with division of the image plane.
The optical design of such a system is complicated and its
implementation costs are high compared to division of
time or division of image plane systems. The formation of
four images on one plane results in the loss of resolution
and occurrence of a registration error, as each miniature
lens forms the image of a slightly different region in the
object space of the optical system. Division of aperture
polarimeters are easier to align and the alignment is
considered to have a better long-term stability compared
to division of amplitude polarimeters. They require a field
stop to sharply separate individual channels on the FPA.
In the case of uncooled LWIR systems, the field stop
would be a strong source of unwanted radiation.

2.4 Division of image plane Stokes polarimeters

Arrays of micro polarizers are used in division of
image plane polarimeters. Each set of micropolarizers,
placed in front of a single pixel of the matrix, forms a
large so-called "super-pixel”. This solution is conceptually
analogous to the Bayer filter. The maximum number of
micropolarizers is four: for horizontal, vertical, +45°, and
—45° polarizations. This solution was described, among
others, in Refs. 27 and 28. Notably, Thales introduced a
matrix of polarization-sensitive QWIP detectors [30]. The
matrix, made in a 1280x1024 resolution was sensitive to
the radiation in the range of 8- 12 uym. State-of-the-art
microbolometer based solutions were presented in
Ref. 30. For instance, a microbolometric Pyxis polari-
metric imager, developed recently, can produce images
with a 640x512 resolution and an NEDoLP of 0.5%, and
with a framerate of 30 Hz (lens with F# = 0.85). However,
a drawback of this type of solution is the loss of
resolution, while the advantages are a compact design and
a simultaneous registration of different polarization states.
For microbolometric solutions very fast lenses are often a
must due to a low sensitivity of such devices. Although
with this technique one can only detect linear polarization
states, it is sufficient for most applications. Polarimeters
of this type, by definition, are subject to a registration
error which is removed at the final signal processing
stage; however, their optical design is significantly simpler
compared with the previously discussed architectures.

2.5 Channeled spectropolarimeters

Registering the state of circular polarization (i.e.,
determining parameter S3) requires a wave plate. If a
device operates in a wide spectrum range, the retarder
should be achromatic. In the case of the LWIR range,
producing such elements requires special processes to
synthesize crystals such as CdS and CdSe, which are
specifically designed for this task, or the application of a
diffractive sub-wavelength structure by using lithographic
techniques (e.g., electron-beam lithography), both of
which are expensive. One way to solve this problem is
using a wavelength-selective detection. If individual
wavelengths can be recorded separately, one can calibrate
the chromatic retardance [1,32,33]. Advantage of this
method is the possibility of obtaining additional
information about the spectral information of each
polarization state. This measurement method belongs to
the category of snapshot methods and imaging is
performed by scanning the object space (push-broom
scanning). Despite a large potential, LWIR channelled
spectropolarimeters have been rarely used in practical
applications so far.

3. Data processing in Stokes polarimeters

Irrespective of how data in the imaging polarimeter is
obtained, different ways exist to process the measured
signal. Method of obtaining the Stokes parameters affects
the overall architecture of the device to a certain extent.
Three ways to determine the Stokes parameters used in
modern devices are discussed in the following.

3.1 Data-reduction matrix

In the case wherein one measuring branch is a
polarization-state analyser, the response P, of the analyser
on the incident radiation with a polarization state defined
using the Stokes vector S equals [1,23]:

Bpn=AnS = ameSo + am1S1 + am2Sz + am3Ss, (1)

where m is the consecutive measurement number.

To determine the Stokes vector of the incident
radiation, Q measurements should be performed using Q
analysers, A,,, where m=0,1,..,Q—1 is the
consecutive measurement number. The measurement
matrix W (Q x 4) can be described as:

Ay

T
w=|4 | )

T
Ag_q

and the measurement vector P comprising Q responses
becomes:

P =Wws. 3)
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The measured Stokes vector can be calculated as
follows:

S,=W7P+¢, (4)

where W™ denotes the polarimetric data-reduction matrix
and € is the error term.

In a special case of a complete type polarimeter where
there is a separate measuring branch that corresponds to a
measurement of each Stokes vector element, the analyser-
sensitivity vector A is the smallest possible comprising
Q =4 orthogonal elements and is described as follows [1]:

a, Iy + 1y,
ay Iy—1Iy

A= [0d , 5
az Iys — I35 )
as Ips — Iis

where I; and I, denote the intensities of radiation
components that are polarized horizontally and vertically,
respectively; I,s and I35 denote the intensities of
components that are polarized at 45° and 135° angle,
respectively; Ips and [, denote the intensities of
components that are polarized circularly counter-
clockwise and clockwise, respectively.
Considering Eq. (4), the following three cases exist:

e When Q =4 and measurements are linearly
independent, matrix W is a full rank and there exists
an inverse thereof. Therefore, Eqg.(4) has an
unambiguous solution.

e When Q > 4, the system has more equations than the
number of variables. In the presence of noise, all the
equations are linearly independent; thus, the system is
overdetermined, meaning that no unique solution
exists for this system. In this case, a best-fit solution,
in terms of the sum of least squares, can be found by
estimating a generalized inverse (e.g., Moore—Penrose
inverse) matrix or by applying QR factorization to
matrix W.

e When Q < 4, the rank of matrix W is three or less,
and in this case, the polarimeter is incomplete,
meaning that not all the parameters can be determined.
A solution can be calculated by minimizing an
objective function of choice, clearly indicating an
optimization problem. A solution can also be
estimated by posing some constraints on the solution
space, the simplest and most common constraint being
the assumption of a S; parameter to be zero.

3.2 Frequency analysis

Frequency analysis is especially appropriate for a
polarization inspection because the value of polarized
radiation periodically changes as a polarization state
analyser is rotated with a constant angular velocity. This
concept is extensively presented in Ref. 2. Response
P, represents a detector output to the incident radiation
intensity value recorded for the subsequent azimuth
positions of the polarizing element. If the polarizing
element is rotated in discrete, constant-size steps, the
signal spectrum is also discrete. In a frequently
encountered scenario, where the polarization state
analyser is a linear polarizer, the analyser vector is that of

the first row of the Mueller matrix for a rotated polarizer,
i.e. [1,24]:

2[1 cos(26) sin(26) 0], (6)

where p is the polarizer efficiency. Given Q samples per one
revolution, the measurement equation has the form of [1]:

1 cos(Z%n-O) sin(Z%ﬂ-O) 0

Py So
Pul_uft cos(2Z-1) sin(2%-1) of |5 _
: : : : o[
Fo _1 cos(%n-Q) sin(%n-Q) 0 53
—SO+Slcos(%r-0)+525in(%r-0)
u| So + Sycos (1) +.5,5in (51) o

[ So + 5 cos (%ﬂ Q) + S, sin (%ﬂ Q)

In the last equation the last column has been removed
since without the phase retarder parameter S; cannot be
obtained from the measurement and S; = 0 is assumed.
Response B, can be also expressed in terms of Fourier’s
series as:

B, = ag + Yi a cos(km®) + bysin (km6), (8)

where 8 is the analysers angular increment between the
measurements. Fourier coefficients can be calculated as:

_ 1y0-1 _ 2g0Q-1 21

ap = EZm:O Pn, ap = EZ’”ZO B, cos (3 km),
= 2yo0-1 i

b, = 2 Y=o Bn sin ( 2 km). 9

By comparing Egs. (8) and (7), it can be found that the
Stokes parameters are encoded in Fourier coefficients:

Si=a, S,=by, S, = ay (10)

where S;, S5, and S, denote the estimated parameters of
the Stokes vector.

The number of recorded Q states should be at least
2K +1, where K denotes the number of the highest
harmonic that one wants to include in the measurement.
Determination of the Stokes parameters via Fourier
transformation automatically yields the best-fit solution of
measurement data in terms of the sum of the least squares.
This method is computationally effective and additionally
higher harmonics of the recorded signal can be used to
diagnose the polarimeter systematic errors, including
beam-wandering [2]. Appropriate analysis of higher
harmonics and other spurious frequencies can serve as
measurement quality gauge.

3.3 Phase-locked methods
Since the detector is only sensitive to the radiation

power, only the So parameter of the Stokes vector is
recorded; accordingly, only the first row of the Mueller
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matrix of the polarizer is required to analyse the
polarization state of radiation. The measured radiance
value for a single detector in FPA is:

Iy = £(Sy + Sy coswt) + S, sin(2wt)). (11)

By multiplying the measured signal by two harmonic
reference signals (synphase and quadrature), which are
phase-shifted by #/2 and averaged over time (low-pass
filter), one can obtain the information about the Stokes
parameters of the incident radiation:

_ 2 yQ
SO - ”_sz=1 Im(t)

4
$1 = = e In(t)cos 2wt) (12)
— 4y :
S, = Ezmzl I, () sin(2wt).
This method is applicable to time-division polarimeters.

4.  Brief systems comparison

The most complex system is a hyperspectral
polarimeter, in which the full Stokes vector can be
determined for each recorded wavelength separately. The
simplest in terms of construction is a single-band,
snapshot polarimeter in which the circular polarization is
omitted. Determining the circular polarization requires an
additional delay element. Since the contribution of a
circularly polarized radiation in the observed scene is
small [1], the circular polarization is often neglected,
thereby simplifying the device design.

Division of amplitude systems is difficult to align
properly due to a large number of alignment degrees of
freedom and strict requirements on the image alignment.
According to different authors, images should be aligned
at least within % of a pixel, some authors suggesting even
1/10 of a pixel [34] what is considered to be virtually
impossible to achieve for this kind of system [4,24,27].
Moreover, this alignment is difficult to maintain long-
term especially in a wide range of ambient temperatures.
The cost of building these systems is high as multiple
matrices are required for imaging each Stokes parameter
on a separate detector.

Division of aperture systems are easier to align and
usually will have a better long-term stability compared to
division of amplitude systems. Since all the polarization
states are mapped onto one FPA, the spatial resolution is
degraded. This system requires a field stop to sharply
separate individual channels on the array. However, in the
case of uncooled LWIR systems, the field stop would act
as a strong source of radiation, resulting in an additional
spurious signal.

Division of focal plane polarimeters require
micropolarier arrays or specialized FPA detectors that are
sensitive to the defined polarization state. The FPA
technology of micropolarizers requires dedicated
technological processes for the elements production.
Polarimeters of this type are, by definition, subject to a
registration error, which is removed at the stage of final
signal processing; however, their optical design is

significantly simpler compared to the previously
discussed solutions. The basic pros and cons of the design
solutions for various imaging polarimeters are
summarized in Table 1. Furthermore, Tables2 and 3
present polarimetric-image-processing combability matrix
and polarimetric-image-processing comparison, respectively.

Table 1
Comparison of image-polarimeter architectures.

Architecture  Advantages Disadvantages

. - complicated mechanical
simultaneous

Division of - - adjustment
8 registration of all
amplitude o - IFOV error
polarization states .
- high cost
- beam-wandering
Division of 5|m|_olest built - dynamic scene registration
time straightforward error
data analysis - offline or high-latency
processing
Division of 5|m_ultan_eous - loss of spatial resolution
aperture registration of all - complicated optical train
P polarization states P P
S simultaneous - low component
Division of - - S
FPA registration of all availability
polarization states - IFOV error

circular
polarization is
easily achievable

- low frame rate
- high complexity

Spectropolari
meters

Table 2
Polarimetric-image-processing combability matrix.

. Data-reduction  Frequency Phase-locked
Architecture - .
matrix analysis methods
Division of
. X
amplitude
DlVlSlon of x « «
time
Division of
X
aperture
Division of
FPA X
Spectropolari- % v %
meters
Table 3
Polarimetric-image-processing comparison.
Processing .
method Advantages Disadvantages
Data- - direct application of
. the Stokes theory - demand for a consistent
reduction ; - -
- - straightforward optical signal
matrix s .
physical interpretation
Frequency ) spe(_:t_ral Noise shaping ~_ constant sampling rate
. - additional measurement - L
analysis - limited applications

quality gauges

- requires a phase-
synchronization loop
- limited applications

Phase-locked

methods - noise-filtering
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Considering economic reasons and construction
simplicity, the most advantageous solution is the time-
division one. To register dynamic objects, the rotation
period of the polarizing element should be as small as
possible. However, in this type of solution, the biggest
disadvantages are as follows: reduction in the frequency
of obtained results, need to register relatively static
objects, and a significant number of picture frames
required to determine the result, thereby resulting in high-
latency computations.

5. Future perspectives

Imaging polarimetry is a powerful tool for enhancing
the information available in various remote sensing
applications. For a remote object detection, LWIR
polarimetric imagers have been driven by particular
applications, especially military applications, which
include remote sensing cameras developed to detect
masked objects such as Improvised Explosive Devices
and drones. Non-military applications emerged especially
in domains such as environmental monitoring (e.g., oil
spills), biological-tissue examination, and biometry for
face recognition. Compact polarimeters can be used in
airborne applications on small unmanned aircrafts,
making them available for civilian applications such as
crop monitoring, and firefighting-squad aid on search and
rescue missions. Additional information regarding the
orientation of surfaces of objects and dominant energy
source can be used to extract additional information about
the object geometry making it possible to estimate the
three-dimensional structures of objects located at far off
distances. This can be especially helpful in the detection
and identification in security applications, providing
additional information about the object geometry, thereby
presenting better identification probabilities. Additionally,
the recent advances in deep-learning methods can help
utilize additional information even more.

6. Conclusions

A brief survey of polarimetric systems is presented,
with focus on architectures and data processing in the
Stokes polarimeters used in a remote object detection. The
state-of-the-art polarimeters and predictions were also
discussed. Because of the rapid progress in the infrared-
detector technology, highly sensitive polarimetric imagers
operating especially in the 8-12 um spectral band might
emerge in the near future. Such devices might generate
significant interest, especially for a wide range of
potential applications outlined in the Introduction and
Section 5. Therefore, the future of imaging polarimetry
appears promising.
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