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A B S T R A C T

Polarization imaging has drawn significant attention from the research fraternity for decades due to its promi-
nent imaging capabilities across multidisciplinary fields. Polarization imaging is based on the study of vectorial
properties of light and associated vectorial transformations resulting from light-matter interaction. The range of
polarization imaging and its applications is so broad that it is very challenging to accommodate all relevant
concepts and applications in a single literature. This review article is an attempt in this direction. This paper
presents a concise review of polarization imaging from fundamental to advanced level, covering the essential
elements, such as historical development, theoretical concepts, and experimental aspects of polarization imaging,
followed by a brief introduction to traditional and modern polarization imaging instruments. This review article
aims to provide a reference text for readers from various research backgrounds interested in polarization
imaging.

1. Introduction

Polarization imaging is a cornerstone in imaging technology
encompassing a broad range of applications, from optical microscopy to
the study of giant objects in astronomy. Propagation of light through a
medium exhibits notable changes in its inherent characteristics, i.e.,
intensity, phase, wavelength, polarization, etc. Conventional imaging
sensors are primarily sensitive to the intensity and wavelength of light,
and therefore, the initial development of imaging instruments evolved
around the intensity and wavelength of light only. However, phase and
polarization are crucial characteristics of light, which can be exploited
to obtain the essential structural properties of sophisticated objects
beyond the intensity and wavelength-dependent information. Unlike
other light properties, the polarization of light interprets the vectorial
characteristics of light waves. It provides a non-invasive pathway to
study the crucial microstructural features of sophisticated objects.
However, studying polarization and its interaction with materials is not
straightforward; it requires advanced theoretical, experimental, and
computational techniques. With the development of imaging technology
over the years, the application of polarization information in imaging
technology has been integrated into spatial, spectral, and structural in-
formation of the target object, which can not only provide vital infor-
mation about the target object but also contribute to improving the
image acquisition properties of an imaging system. In recent years, po-
larization imaging has shown potential application prospects in various
fields, such as remote sensing [1,2], astrophysics [3,4], computational

imaging [5–7], biomedical sciences [8–10], and other industrial do-
mains [11,12]. Due to its interdisciplinary applicability and potential
characteristics, polarization optics has always been an interesting
research domain. Indeed, several excellent textbooks and review articles
are dedicated to polarization optics [13–16]. However, the range of
polarization optics is so broad that it is challenging to accommodate all
the concepts and applications in a single piece of literature. Moreover,
the complicated treatment of the concepts and polarization imaging
techniques can make it difficult to understand and tedious to some
readers, especially from non-optic backgrounds. Another notable issue
in such literature is the inconsistency in scientific notations and termi-
nology, which makes it tedious for the researchers to connect different
associated topics in polarization imaging. Therefore, a review article on
polarization optics and imaging techniques can help disseminate the
advances in polarization imaging to a broader range of researchers from
any background.

This paper concisely reviews polarization imaging from the funda-
mental to the advanced level. This review article is organized into seven
sections, and each section contributes to the consistent treatment and
consolidation of essential concepts, techniques, and applications of po-
larization imaging. Section 1 briefly introduces polarization imaging
from a general perspective, followed by Section 2, which is dedicated to
the evolution of polarization optics from the earliest development to the
most recent advances in polarization imaging. Section 3 deals with the
theoretical background of polarization optics and discusses the princi-
ples and mathematical formalism of robust polarization imaging
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techniques, i.e., Jones matrix calculus and Stokes-Mueller calculus. The
experimental aspects of polarization imaging techniques, related
notable studies, and results, along with the practical steps for their
implementation, are discussed in Section 4. Section 5 provides a brief
description of the essential polarization optical elements (polarizers,
retarders, etc.), modern polarization instruments, such as four-
polarization cameras, Liquid Crystal-Spatial Light Modulators (LC-
SLM), etc., followed by the most recent frontiers in polarization optics, i.
e., polarization-sensitive metasurfaces are mentioned briefly. In the final
section, a summary, challenges, and future scopes are discussed in the
concluding remarks. A pictorial representation of the structure of the
review article is illustrated in Fig. 1.

2. History and development

Polarization is abundant in nature and can be observed through
various optical phenomena, such as scattering, reflection, refraction,
interference, etc. The first scientific study on polarization observation
was reported four centuries back. Polarization was first observed by
Erasmus Bartholinus [17] during his experiment on calcite crystal in the
form of double refraction, followed by Christian Huygens [18]. In 1808,
Louis Malus discovered the polarization of light by reflection and
mathematically interpreted the intensity distribution of light after
passing through linear polarizers, known as Malus’s law [19]. Later,
David Brewster made a crucial contribution to polarization optics and
found the relationship between refractive index and angle of polariza-
tion (Brewster’s angle) [20]. In 1816, Fresnel and Arago investigated the
interference of polarized light and postulated the famous Fresnel-Arago
laws [21]. In subsequent years, studies on polarization phenomena, such
as polarization in scattering [22], optical activity [23], and
photo-polarimetry [24], were reported, and novel polarization-sensitive
optical devices, such as the Nicol prisms [25], sheet polarizers [26], etc.,
were invented. For more details, readers are directed to [27].

In the context of polarization imaging, the first mathematical
formulation for defining the polarization state of an optical beam was
given by George Gabriel Stokes in terms of four measurable quantities by

measuring the intensity of light, known as Stokes Polarization Parame-
ters (SPPs) [28,29]. The Stokes vector consists of a set of four quantities
that are measured in terms of intensity and describe the polarization of
light. The Poincare sphere, conceived by Henri Poincare, is a geomet-
rical approach for studying polarization state [30]. In 1943, another
technique, known as Mueller matrix calculus, was proposed for studying
the interaction of polarized light with an anisotropic medium, which can
change its polarization state [31]. In Mueller matrix calculus, the optical
device is described as a matrix of order 4 × 4, light intensity measure-
ments. A few years later, R. Clark Jones proposed a robust polarimetric
technique in a coherent framework to retrieve the phase and polariza-
tion information of an anisotropic medium, known as Jones matrix
calculus [32–35]. In Jones calculus, the incident light is described by the
Jones vector, and the optical device is defined by its Jones matrix. The
resultant polarization change is calculated by multiplying the Jones
vector by the corresponding Jones matrix. The Jones and Mueller cal-
culus is the most essential tool for studying different optical properties
based on polarization state modulation.

Over the past few decades, a remarkable boom has been noticed in
polarization imaging technology. The notable advancements are the
integration of polarization in holography [36–39] and microscopy
[40–42]. Polarization-resolved microscopy has improved the imaging
capabilities of existing microscopic systems up to several orders and also
played a crucial role in the development of recent state-of-art micro-
scopic techniques, such as Stimulated Emission Depletion (STED) [43],
Stochastic Optical Reconstruction Microscopy (STORM) [44]. More
recently, metasurface-enabled polarization imaging has significantly
enhanced its efficacy and feasibility in various applications [45].
Readers interested in more comprehensive details on the traditional and
modern developments in polarization imaging in different fields may
refer to [2,8–10,13,16,46–49]. Fig. 2 represents the overview of signif-
icant milestones in polarization imaging over the years.

3. Theoretical concepts

Polarization of light can be defined as the vectorial distribution of its

Fig. 1. Structure of the review article. Polarization imaging: Techniques, instrumentation, applications, and emerging trends.
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electric field components. Based on the relative oscillations of the
electric field component of light, different states of polarization (SOP)
are defined. Mostly, these oscillations are distributed randomly (in no
particular direction) in natural light; hence, natural light is un-polarized.
However, if a specific direction of such oscillations is filtered out by
some means, the resultant light is termed polarized light to that
particular direction. For example, if these oscillations are oriented
horizontally, they are called horizontally polarized light with SOP hor-
izontal ‘H.’ Similarly, other main SOPs can be defined based on the
relative oscillations of electric field oscillations, viz., vertically polarized
(V), diagonally, i.e., +45◦ polarized (P), anti-diagonally, i.e., − 45◦

polarized (M), follows a circular path with clock-wise direction, i.e.,
right circularly polarized (R), and follows a circular path with anti-
clockwise direction, i.e., left circularly polarized (L) respectively.

Studying the polarization of light requires a concrete theoretical
framework to study the polarization of light and its interaction with
different types of materials. Jones matrices, Stokes parameters, and
Mueller matrices are essential theoretical concepts that must be inter-
preted to understand polarization imaging.

3.1. Jones matrix calculus

Jones matrix calculus is a rigorous tool for interpreting the polari-
zation states of light in a coherent framework. In Jones calculus, the SOP
of light is described as a two- dimensional complex-valued vector,
known as the Jones vector. In the context of light-matter interaction, the
product of the Jones vector of the input light with the Jones matrix
yields the output polarization states of light after interacting with the
object.

Following the plane wave solution of Maxwell’s equations, the
electric field vector of a plane wave is given as

E(z, t) =
(

Exeiϕx

Eyeiϕy

)

ei(ωt− kz) (1)

The matrix of order (2 × 1) in Eq. (1) governs the electric field
propagation of light and is known as the ‘Jones vector.’ Different values
of field amplitude (ExandEy) and relative phase (ϕ = ϕy − ϕx) yield
different Jones vectors, which dictates different polarization states of
light.

The polarization modulation of light after interacting with material

interfaces can be described by measuring the Jones vector trans-
formations. These linear transformations are valid (at least) for the
imaging systems under the realm of linear optics. Mathematically, the
input and output electric field components (EiandEo) are connected
through an operator (J) as

Eo = J Ei (2)

J =

(
Jxx Jxy
Jyx Jyy

)

(3)

Where, J is a matrix of order 2 × 2, is defined as Jones matrix.
Intuitively, Jones matrix (J) consists of four complex entities, having the
ability to manipulate the polarization by either attenuating the incident
polarization or retarding the phase of light. However, Jones matrices
calculus is primarily applicable for phase-driven polarization measure-
ments and thus cannot be adapted as a versatile polarimetric approach,
explicitly for imaging with partially polarized light. Moreover, the
image sensors cannot measure the electric field directly in practice.
Instead, they measure the intensity, i.e., the modulus square of the
electric field. Stokes-Mueller calculus is another crucial polarimetric
technique, depicting an extended description of polarization with in-
tensity measurements.

3.2. Stokes-Mueller matrix calculus

Stokes polarization parameters (SPPs) are the first observable
manifestation of partially polarized light. Unlike Jones matrices, SPPs
offer a broader range of applications as these can be measured for
partially and unpolarized light. SPPs are defined as four intensity ob-
servables, which can be measured by using different intensity combi-
nations of light and can be written as

S = ( S0 S1 S2 S3 )T (4)

Four SPPs are defined as

I = S0 = IH + IV (5)

Q = S1 = IH − IV (6)

U = S2 = IP − IM (7)

Fig. 2. Roadmap to significant milestones in Polarization imaging (in chronological order).
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V = S3 = IR − IL (8)

From an experimental perspective, S0 represents the total intensity
(S0) of light. The other three SPPs, i.e., S1, S2, and S3, share intensity
quotient corresponding to SOPs H, V, P, M, R, and L, i.e., IH, IV, IP, IM, IR,
and IL respectively.

SPPs can be written in terms of electric field components as

S0 = ExE∗
x + EyE∗

y (9)

S1 = ExE∗
x − EyE∗

y (10)

S2 = ExE∗
y + EyE∗

x (11)

S3 = i
(

ExE∗
y − EyE∗

x

)
(12)

Further, SPPs are directly linked to the degree of polarization (DOP)
of light as

DOP =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

S21 + S22 + S23
√

S0
(13)

The value of DOP decides the proficiency of polarized light. For
instance, DOP=1 refers to completely polarized light, DOP=0 corre-
sponds to unpolarized light, and 0< DOP < 1 depicts light to be partially
polarized.

Taking an analogy from Jones matrix calculus, SPPs form the basis
for treating the optical system with partially or unpolarized light.
However, the linear transformation of the input Stokes vector to the
output Stokes vector can be carried out by using a generalized operator
(M) as

So = M.Si (14)

M =

⎛

⎜
⎜
⎝

M11 M12 M13 M14
M21 M22 M23 M24
M31 M32 M33 M34
M41 M42 M43 M44

⎞

⎟
⎟
⎠ (15)

Where M is a matrix of order 4 × 4, is defined as Mueller matrix.
Mueller matrix calculus is an eminent matrix algebraic method to study
the polarization characteristics of a medium, especially a depolarizing
medium. Unlike the Jones matrix, Stokes-Mueller matrix calculus can be
applied to any type of light source (coherent or incoherent) and sample
(depolarizing), providing a more versatile polarimetric approach. The
Jones vectors and Stokes vectors for different SOPs are summarized in
Table 1.

3.3. Jones matrix and Mueller matrix transformation

The above discussion shows that Jones matrix calculus cannot be
applied to partially polarized light. On the other hand, Stokes-Mueller

calculus is preferred for partially polarized light, but its efficacy is
questionable for phase measurements. Therefore, both these polari-
metric techniques are equally important for polarimetric measurements.
Fortunately, every Jones matrix has its Mueller matrix analog, and its
elements can be defined as [50]

(16)

Where,Mij (i, j = 1 to 4) is the element of Mueller matrix (M) (ith row
and jth column) corresponding to Jones matrix (J). σi is ith Pauli matrix in
polarization optics, defined as

σ1 =
(
1 0
0 1

)

, σ2 =
(
1 0
0 − 1

)

, σ3 =
(
0 1
1 0

)

, σ4 =
(
0 − i
i 0

)

,

(17)

However, inverse transformation (Mueller matrix to Jones matrix
transformation) is not universal, i.e., only some (not all) Mueller matrix
have corresponding Jones matrix. Mueller matrices with an equivalent
Jones matrix can only be converted to a Jones matrix up to an overall
phase. These transformations are not feasible for depolarizing Mueller
matrices.

3.4. The Poincare sphere

In the Poincare sphere method, all SOPs can be visualized as residing
on the surface of a sphere, i.e., the Poincare sphere. This method is based
on the projection of different normalized SPPs at different spatial co-
ordinates of the surface of the Poincare sphere, which represent the
spatially varying SOPs. The normalized SPPs can be denoted as the
spatial coordinates of a point on the Poincare sphere. The locus of SPPs
depends on two geometrical parameters, i.e., azimuth angle (α) and
ellipticity (β) as

α =
1
2

arctan
(

S2
S1

)

(18)

β =
1
2

arctan

⎛

⎜
⎝

S3
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

S21 + S22
√

⎞

⎟
⎠ (19)

Points on the surface of the Poincare sphere designate fully polarized
light, whereas a point on the origin of the Poincare sphere represents
unpolarized light. The points on poles, equator, and other locations of
the surface of the Poincare sphere indicate circularly polarized, linearly
polarized, and elliptically polarized, respectively. Orthogonal polariza-
tions on the Poincare sphere are given by polarization states whose
Stokes vectors are diametrically opposite. A complete description of the
Poincare sphere and different SOPs is shown in Fig. 3.

4. Experimental aspects

4.1. Basic components of polarization imaging system

Familiarizing with the structure and utilization of fundamental Po-
larization Optical Elements (POE) is recommended to understand po-
larization imaging techniques. POEs are the essential components of
polarization imaging systems employed to generate, analyze, and
manipulate the SOP of light. Based on different applications, POEs are
classified into four types, viz., attenuators (linear polarizers), retarders,
rotators, and depolarizers. Polarizers transmit light at a fixed polariza-
tion state along its transmission axis. Based on their construction and
working mechanisms, they are generally categorized into three major
types (absorption polarizers, reflection polarizers, and refraction
polarizers). Despite the optimized SOP modification, polarizers cut off
some of the total output intensity following Malus’s law. Retarders are
another type of POEs, which modulate the SOP of light by introducing a

Table 1
Jones vector and Stokes vectors for different polarization states of light.

S. no. Polarization state Normalized Jones vector Stokes vector

1 Horizontal (H)
(
1
0

)
( 1 1 0 0 )T

2 Vertical (V)
(
0
1

)
( 1 − 1 0 0 )T

3 +45◦ (P) 1̅
̅̅
2

√

(
1
1

)
( 1 0 1 0 )T

4 − 45◦ (M) 1̅
̅̅
2

√

(
1

− 1

)
( 1 0 − 1 0 )T

5 Right circular (R) 1̅
̅̅
2

√

(
1
− i

)
( 1 0 0 1 )T

6 Left circular (L) 1̅
̅̅
2

√

(
1
i

)
( 1 0 0 − 1 )T
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specific phase difference between the orthogonal field components of
incident light. Birefringent retarders, variable retarders, and achromatic
retarders are the primary optical retarders. From the experimental point
of view, Half-Wave Plates (HWP) and Quarter-Wave Plates (QWPs) are
the most commonly used retarders in polarization optics. Unlike polar-
izers, retarders rotate the SOP of light and canmodulate the SOP of input
light without compromising its intensity. Another class of POEs are
optical rotators, which modulate SOP using the optical activity of input
light. The optical activity of a crystal can be described in terms of LCP
and RCP light and the corresponding refractive indices. Therefore, op-
tical rotators are crucial POEs to determine light’s handedness (helicity)
after passing through an object. Faraday rotator is an example of an
optical rotator commonly used in polarimetry. The fourth type of POE is
depolarizer. A depolarizer reduces the degree of polarization (DOP) and,
therefore, can also modulate the SOP of light. For instance, scattering
media (turbid media, fog, biological tissues, etc.) can manipulate the
DOP of input light and, hence, work as a depolarizer.

4.2. Jones matrix imaging

Experimental measurement of the Jones matrix is not straightfor-
ward as it contains complex-field information. The principles of holog-
raphy and interferometry are adapted to record an object’s complex-
field (amplitude and phase) information. Fig. 4(a) illustrates a gener-
alized Jones matrix imaging layout. Jones matrix imaging requires
multiple shots to record the Jones matrix of an object. For instance, in
double shot Jones matrix imaging, the sample is first illuminated with
+45◦ in one shot followed by − 45◦ polarized input light in the second
shot. Following Eqs. (2) and (3), the output electric field components for
these cases (two shots) can be written as
(

Epx
Epy

)

=

(
Jxx Jxy
Jyx Jyy

)(
1
1

)

(20)

(
Emx
Emy

)

=

(
Jxx Jxy
Jyx Jyy

)(
1
− 1

)

(21)

The Jones matrix components of can be easily extracted by solving
Eqs. (20, 21) as

Jxx =
1
2

[
Epx +Emx

]
(22)

Jxy =
1
2

[
Epx − Emx

]
(23)

Jyx =
1
2

[
Epy + Emy

]
(24)

Jyy =
1
2

[
Epy − Emy

]
(25)

Jones Matrix Imaging (JMI) demands robust and compact interfer-
ometric systems to retrieve the amplitude and phase response of the
target object simultaneously. The earlier reported studies on JMI
required multiple shots to record complex field information. Some of the
notable multiple-shot JMI techniques are Jones phase microscopy [51],
polarization holographic microscopy [52], and polarization-sensitive
digital holographic microscopy [53]. Multiple-shot JMI is unsuitable
for real-time imaging applications, such as dynamic samples. In recent
years, a few studies on single-shot JMI have been reported [49,54–57].
Sreelal et al. proposed Jones matrix microscopy from a single-shot in-
tensity measurement and experimentally determined the Jones matrix
components of liquid crystal droplet [54]. Chang et al. proposed a
single-shot Jones matrix measurement method using an ultrafast laser
and experimentally demonstrated it for different isotropic and aniso-
tropic samples [58]. The measured Jones matrix components of the LC
cell (aromatic lipid thermotropic liquid crystalline cell, thickness =10
μm at 4 V applied voltage) are shown in Fig. 5. The study’s results
demonstrate the quantitative measurement of Jones matrix components

Fig. 3. Poincare sphere representation of polarization states of light. α: azimuth angle, β: ellipticity, and S1nS2nS3n are normalized Stokes vectors. Red color ge-
ometries represent different SOPs of light at different regions of Poincare sphere.
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with high spatial resolution and also suggest possibilities to achieve
real-time Jones matrix measurement in ultrafast processes. In another
study, Yang et al. measured the spatially-resolved Jones matrix of bio-
logical samples in a single shot [57]. Besides, Liu et al. reported a
real-time compact inline holographic microscopic technique to measure
the real-time Jones matrix synthesis [59]. More recently,
metasurface-enabled Jones matrix holography has been proposed and
experimentally demonstrated for the polarization-modulating com-
puter-generated holograms for customized polarization and birefrin-
gence control [60].

4.3. Stokes polarimetry

Stokes polarimetry is the technique for recording the SPPs of the
sample. The experimental measurements of SPPs require multiple re-
cordings. In general, the Stokes polarimetric techniques can be divided
into two categories, i.e., non-simultaneous Stokes polarimetry and
simultaneous Stokes polarimetry. Non-simultaneous Stokes polarimetric
methods are conventional and utilize rotating polarizers and phase re-
tarders (wave plates) to measure SPPs from multiple recordings at
different times. The SPPs can be experimentally measured using a
typical rotatory Stokes-polarimeter, which consists of a phase retarder
(preferably QWP) followed by a linear polarizer, as shown in Fig. 4(b).
Phase retarder is referred to a phase-shifting optical element, which can
advance or retard the relative phase of field components (ExandEy) by φ

/2 and the linear polarizer transmits the optical field along its trans-
mission axis (at angle θ) only.

Following Eqs. (9-12), the all four SPPs can be written in single in-
tensity equation

I(θ,ϕ) =
1
2
[S0 + S1cos2θ+ S2cosφ sin2θ+ S3sinφ sin2θ] (26)

For SPPs, four intensity configurations, i.e., intensities at four
different rotation angles of retarder (φ) and linear polarizer (θ) are
measured as in order I(0, 0), I(45, 0), I(90, 0), I(45, 90) respectively.
SPPs can be determined by using following equations:

S0 = I (0, 0) + I (90, 0) (27)

S1 = I (0, 0) − I (90, 0) (28)

S2 = 2I (45, 0) − I (0, 0) − I (90, 0) (29)

S3 = 2I (45, 90) − I (0, 0) − I (90, 0) (30)

Rotatory Stokes polarimeters [61] are simple in structure and low
cost, but they require multiple recordings at different times, which
makes them inefficient for real-time polarimetry. Another example of a
non-simultaneous Stokes polarimeter is the electronically controlled
Stokes polarimeter [62–64], which replaced traditional waveplates with
electrically addressed phase delay devices, such as LC-SLM [62],

Fig. 4. Polarization imaging techniques. (a) Jones matrix imaging, (b) Stokes polarimetry, (c) Mueller matrix imaging. (C: coherent, I: incoherent, Si: Stokes
parameter (input), So: Stokes parameter (output), J: Jones matrix, Q (φ): Quarter wave plate at angle φ, P (θ): Polarizer at angle θ, M: Mueller matrix, PSG: Po-
larization State generator, PSA: Polarization State Analyzer).
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photo-elastic modulators (PEMs) [64]. This replacement provides these
Stokes polarimeters with a dynamic phase delay but also introduces
complexity in its design.

On the other hand, simultaneous Stokes polarimetry also has cate-
gories, i.e., amplitude and focal plane division. In the division of
amplitude Stokes polarimetry, incident light is divided into multiple
channels through a polarization beam splitter or Wollaston prism to
simultaneously record multiple SOP intensity information. Azzam et al.
designed the first division of the amplitude Stokes polarimeter using a
Polarization Beam Splitter (PBS) and four charge-coupled devices
(CCDs) [65], followed by subsequent modifications in design [66–68].
The second category, simultaneous Stokes polarimetry, i.e., division of
focal plane works on the principle of division of Focal Plane Array (FPA),

where different micro-polarizer polarization orientations are integrated
into FPA [69]. It leverages to record four linear SOPs of light in a single
shot, which makes it a time-efficient approach with the compact and
stable design of the Polarization camera [70].

4.4. Mueller matrix imaging

The Mueller matrix of the target sample can be measured with a
Mueller-Matrix Imaging Polarimeter (MMIP). A typical MMIP has two
main components, i.e., Polarization State Generator (PSG) and Polari-
zation State Analyzer (PSA), as shown in Fig. 4(c). PSG and PSA consist
of a set of linear polarizers and phase retarders inserted before and after
the sample to generate different SOPs of light. Various input and output
SOP combinations of light corresponding to input and output configu-
rations of PSG and PSA are summarized in Table 2.

Following Eq. (15), the Mueller matrix of the target object can be
measured by recording different SOP combinations as follows:

The experimental measurement of the Mueller matrix using con-
ventional MMIP is a time-consuming task as it requires at least 36 in-
tensity measurements [72]. With the advancement of imaging
technology, attempts have been made to reduce the number of re-
cordings to measure the Mueller matrix. Some initial reported studies
used the analytical approach, where 36 intensity measurements were
reduced to 16 using the SOP conservation rule [73]. However, this
approach introduces measurement errors as well. Further developments
in MMI techniques introduced a snapshot Mueller matrix microscope,
which utilized the idea of replacing conventional CCDs with the 4-polar-
ization camera [74]. It reduced the required recordings but introduced
some computational bottlenecks, such as pixel cross-talk and low-spatial
resolution, while processing the four-polarization images. Furthermore,
Mueller matrix optical scanning microscopy was introduced to address

Fig. 5. Single-shot Jones matrix imaging using an ultrafast laser. (a-d) amplitude distributions of Jones matrix components. (e-h) phase distribution of Jones matrix
components of aromatic lipid thermotropic liquid crystalline cell, thickness =10 μm at 4 V applied voltage). (adapted from [58] under Creative Commons Attribution
license 4.0).

Table 2
Intensity measurements (SOP combinations) for Mueller matrix imaging.

SOP H V P M R L

H IHH IHV IHP IHM IHR IHL

V IVH IVV IVP IVM IVR IVL

P IPH IPV IPP IPM IPR IPL

M IMH IMV IMP IMM IMR IML

R IRH IRV IRP IRM IRR IRL

L ILH ILV ILP ILM ILR ILL

M =

⎛

⎜
⎜
⎝

IHH + IHV + IVH + IVV IHH + IHV − IVH − IVV IPH + IPV − IMH − IMV IRH + IRV − ILH − ILV
IHH − IHV + IVH − IVV IHH − IHV − IVH + IVV IPH − IPV − IMH + IMV IRH − IRV − ILH + ILV
IHP + IHM − IVP − IVM IHP − IHM − IVP + IVM IPP − IPM − IMP + IMM IRP − IRM − ILP + ILM
IHR − IHL + IVR − IVL IHR − IHL − IVR + IVL IPR − IPL − IMR + IML IRR − IRL − ILR + ILL

⎞

⎟
⎟
⎠ (31)
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the spatial resolution and computational issues in snapshot MMI. This
technique integrates the conventional MMIP into the scanning laser
microscopy design for the single and multiple-channel temporal and
spectral Mueller matrix acquisition by scanning the target sample [75].
In the most recent developments in MMIP, metasurface-enabled
compact and robust MMI is proposed, which enables the acquisition of
all 16 intensity measurements of spatially varying Mueller matrix in a
single shot [76].

The most prominent applications of MMI can be seen in biomedical
imaging, where JMI is not that useful because of the high depolarizing
characteristics of biological samples. Moreover, the Mueller matrix of a
sample can be transformed into crucial anisotropic parameters, which
are explicitly associated with specific microstructural features of the
sample. Recently, Sheng et al. experimentally measured the Mueller

matrices of anisotropic phantoms (silk sample and GRIN lens) and
thoroughly investigated the connection between Mueller matrix trans-
formation parameters and the structural characteristics of samples [71].
For demonstration, measured Mueller matrix images of silk phantom
and GRIN lens are shown in Fig. 6, indicating a significant change in the
Mueller matrix elements of both anisotropic samples. This variation in
Mueller matrix elements signifies the samples’ strong anisotropic and
depolarizing characteristics.

It is noteworthy that JMI and Stokes-Mueller polarimetry are the
most promising polarimetric techniques, but they have their own ad-
vantages and limitations. JMI is useful for extracting the phase infor-
mation of a homogeneous medium, while the latter enables the complete
polarization features of a depolarizing medium. JMI utilizes the Jones
calculus to interpret the interaction of polarized light with the sample.

Fig. 6. Mueller matrix imaging of biological samples. (a) A 2D backscattering Mueller matrix image of silk phantom. (b) A 2D transmission Mueller matrix image of
birefringent gradient-index (GRIN) lens. Azimuthal-dependent curves of the Mueller matrix elements for (c) the silk phantom and (d) the GRIN lens. (adapted from
[71] under Creative Commons Attribution license 4.0).
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JMI is helpful in the anisotropic characterization of LC devices, such as
SLM, and the investigation of birefringent materials[12,77]. JMI is quick
as it requires only one or two shots to record Jones matrix, and it can be
directly decomposed into the anisotropic properties, such as diattenu-
ation and retardance. Considering limitations, it is suitable for depola-
rizing samples only. This limits its applicability in tissue polarimetry due
to depolarizing characteristics of biological samples. However, modern
polarimetric techniques, such as polarization-sensitive optical coher-
ence tomography (OCT), exploit the Jones matrix of samples for
different biomedical applications [78,79]. On the other hand, MMI
utilizes the Mueller matrix (combination of Stokes parameters) to
manifest the interaction of light with a sample, including changes in
polarization. Unlike JMI, MMI has no restrictions, such as the need for
coherent sources and non-depolarizing samples, which makes it a more
promising candidate in polarimetry with diverse applications. However,
Mueller matrix measurement is time-consuming as multiple intensity
measurements are required to measure the Mueller matrix, which can be
considered a significant demerit of MMI. Recently, studies have been
reported to address this problem by integrating optical metasurfaces in
polarimetry, leading to single-shot Mueller matrix measurement [76,80,
81]. Also, combined Jones-Stokes polarimetry is another emerging di-
rection that can provide more comprehensive information about a
sample by combining the strengths of both polarimetric techniques [82].
The qualitative comparison of both these polarimetric techniques is
presented in Table 3.

4.5. Hyperspectral polarimetry

Hyperspectral polarimetry is a robust technique in polarization im-
aging that lies at the intersection of hyperspectral imaging and polar-
imetry. Hyperspectral imaging allows compressive recording of images
of an object at different spectral bands of the electromagnetic spectrum.
Combining conventional polarization imaging techniques with hyper-
spectral imaging can lead to a more advanced technique, i.e., hyper-
spectral polarimetry, which offers spectrally-resolved polarization
image acquisition of the sample [83]. The multi-dimensional datacube
(intensity, spectrum, and polarization) in hyperspectral polarimetry can
be recorded using scanning or snapshot imaging techniques [84–88]. In
recent years, hyperspectral polarimetry has been exploited in a broad
range of applications, i.e., biomedical imaging [89,90], atmospheric
sciences [91,92], astrophysics [93], remote-sensing [92,94,95], etc.,
due to its promising multidimensional (spatial, spectrum, polarization)
imaging capabilities. However, traditional spectropolarimeters require a
long acquisition time and high-level storage to record high-dimensional
datacube. These challenges can be addressed through the compressive
sensing technique, which shortens the acquisition time and storage in

conventional spectropolarimeters [85,96]. Additional challenges in
hyperspectral polarimetry are bulky imaging systems, high cost, com-
plex data processing, etc., which limit its applicability in real-time im-
aging processes. Integrating recent breakthroughs, such as
computational imaging, machine learning, and optical metasurfaces in
traditional hyperspectral polarimetry, can address these challenges in
hyperspectral polarimetry. Despite these challenges, hyperspectral
polarimetry is a rapidly emerging field demonstrating potential appli-
cations in imaging technology. Some of the recent developments in this
direction are [87,97,98].

5. Polarization instrumentation

5.1. Polarization-sensitive detectors

Conventional image sensors are sensitive to the intensity and
wavelength of light and thus are constrained by limited imaging
acquisition capabilities. To capture polarization-sensitive information
with traditional cameras, a division of time approach is used, i.e.,
multiple images must be captured at the different orientations of a linear
polarizer placed before the sensor. However, this is a time-consuming
approach that doesn’t meet the requirements of modern imaging ap-
plications. With the development of polarization imaging technology,
polarization-sensitive image sensors have been developed. Polarization
cameras can record the polarization-dependent information of the object
and provide information based on the birefringence and surface prop-
erties of the object. However, the structure of the polarization camera is
sophisticated as it requires the compact design of polarization filters.
Polarization cameras work on the division of focal plane technique in
which pixel-wise multidimensional wire-grid polarizers are used to re-
cord spatially varying polarization information [99,100]. The microgrid
polarizers are arranged along four different linear SOPs of light and are
sandwiched between amicro-lens array and photodiodes. A schematic of
the structure of the polarization camera is shown in Fig. 7(a). This
approach is time-efficient and can acquire polarization images of dy-
namic objects as well. On the other hand, one drawback of the polari-
zation camera is that only linear polarization is accountable for using
such sensors. For example, polarization cameras are capable of
recording linear SPPs only. Circular polarization states must be
measured simultaneously to measure full SPPs and Mueller matrices of
the sample. In recent years, polarization cameras for full-Stokes polar-
imetry have been proposed and experimentally demonstrated [81,101,
102]. However, the efficiency and accuracy of such devices are still need
to be optimized.

5.2. Polarization modulators

The optimized polarization modulation is a critical requirement in
polarimetry. A systematic change in SOP can mitigate the undesired
effects, such as low signal-to-noise ratio (SNR), contrast infidelity, etc.,
in polarization-sensitive instruments. A controlled phase delay between
two orthogonal SOPs typically introduces polarization modulation.
Traditional polarization modulators utilized the concept of rotating
wave-plates. For example, a HWP with (phase delay of π) and a QWP
(phase delay of π/2) were used to modulate the linear polarization and
circular polarization state of light during the early stage of polarimetry.
Further, the advancement of LC technology opened new possibilities for
realizing more sophisticated optical modulators with optimized polari-
zation modulation capabilities.

LCs are essential to the polarization modulators’ design due to their
polarization-dependent birefringence and voltage tunability. An LC de-
vice can be manifested as a layer of LCs sandwiched between two sub-
strates. Different orientations of LC cells provide unique characteristics
to the LC device. In context to the scope of this review, two configura-
tions, i.e., parallel-aligned nematic (PAN) and twisted-nematic (TN), are
crucial as most of the polarization modulators are designed based on

Table 3
Comparison of Polarization imaging techniques.

S.
No.

Parameters Jones matrix imaging
(JMI)

Stokes-Mueller
polarimetry

1. Light source Coherent Coherent or
incoherent

2. SOP of input light
beam

Fully polarized Unpolarized, partially
or fully polarized

3. Required recording Complex-field (Intensity
and phase)

Intensity only

4. Minimum required
shots

1 16

5. Sample type Anisotropic but non-
depolarizing

Anisotropic and
depolarizing

6. Output
characteristics of
the sample

Diattenuation, retardance Diattenuation,
retardance,
depolarization

7. Potential
applications

Quantitative phase
microscopy, holography,
Optical coherence
tomography

Tissue polarimetry,
astronomy, remote-
sensing, etc.
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Fig. 7. Modern instruments in polarization imaging. (a) Polarization camera based on division of focal plane, (b, c) working principle of LC-SLM, (b) LC-SLM in the
non-modulating state, (c) LC-SLM in the modulating state. [LC-SLM: Liquid crystal spatial light modulator].
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these configurations. In PAN, the orientation of LC cells is parallel to the
direction of the substrates. When an external voltage is applied, LCs
rotate to align along the direction of the electric field. It results in a shift
in the retardance of LC cells. On the other hand, LC cells are arranged in
a specific helical structure in the TN configuration. Albeit, both LC
configurations (PAN and TN) exhibit voltage dependent polarization
modulation. In modern LC devices, such as LC-SLM, TN architecture is
preferred due to slightly additional advantages, such as a better field of
view.

LC-SLMs are modern electro-optical devices demonstrating excellent
intensity, phase, and polarization modulation characteristics in diverse
applications. SLMs work on the principle of LC, i.e., LCs tend to align
along the direction of the applied external electric field. SLM’s structure
can be considered a typical alignment of LC molecules (nematic phase)
sandwiched between transparent electrodes and glass substrates. The
active matrix circuit is formed on the silicon substrate to control each
pixel electrode using the individual electrical potential applied by
semiconductor technology. The typical alignment of LC molecules of
SLMs allows the change only along their director axis while the other
orthogonal direction remains invariant. It results in optical anisotropy
(phase retardation) due to SLM and is responsible for the phase shift at
any location of the SLM display. The optimized phase shift for each pixel
of the SLM is programmed as an 8-bit array (256 gray scales ranging
from 0 to 255). Therefore, the typical anisotropic properties of SLM
(phase shift and birefringence) can also be interpreted as a function of its
gray scales. SLMs are programmed such that the orientation of LC
molecules can be changed depending on their applied pixel voltage
(gray scales). LC materials in SLMs depend on their optical and electrical
anisotropic properties. LC-SLM shows an anisotropic nature due to the
relative phase delay (birefringence) for the orthogonal polarization
components of its LC array. In the normal state, when there is no pixel
voltage applied and input light is not aligned along the active axis of
SLM, the LC molecules are arranged in a random pattern and SLM shows
no modulation characteristics. On the other hand, when pixel voltage
(grayscale) is applied to the SLM, it provides an additional phase to the
y-polarized light, whereas the x-component of light remains unaffected
(Fig. 7(b, c)). SLMs offer a dynamic range of phase and polarization
modulation characteristics, which have frequently been exploited in
imaging systems in the last few decades [103]. Sometimes, SLMs are not
ready-to-use optical devices as they might suffer from structural dis-
crepancies, manufacturing defects, etc., affecting their optimized mod-
ulation capabilities. To overcome these issues, prior characterization
studies are recommended before use [77,104–106]. Moreover, SLMs
suffer from notable limitations such as limited pixel size (~microns),
structural complexities, etc. These limitations of SLM constrain their
utility in real imaging applications and encourage the development of
polarization modulators that match advanced imaging requirements.

5.3. Polarization-sensitive metasurfaces

Over the past few years, metasurfaces have gained substantial in-
terest in the research fraternity due to their prominent optical response-
modulating features within subwavelength regimes. Metasurfaces
exhibit a wide range of optical modulation capabilities across multiple
information channels (intensity, phase, wavelength, polarization, etc.)
of light using holographic multiplexing [107]. The polarization and
phase modulation capabilities of metasurfaces have paved the way to
achieve polarization imaging in the real-time domain. For instance,
polarization-sensitive metasurfaces offer spatially varying polarization
control of light by manipulating its birefringence [108]. Metasurfaces
can be fabricated by tailoring geometric phases in the orthogonal basis
of circular polarization states. For example, q-plates can generate optical
beams carrying Orbital Angular Momentum (OAM) coupled with po-
larization handedness [109]. Different SOPs can be recorded simulta-
neously by projecting linearly and circularly polarized light using
metasurfaces. Therefore, polarization-sensitive metasurfaces enable the

acquisition of Stokes-Mueller polarimetry and Jones microscopy with
minimal measurements using a compact experimental configuration.
Recent studies suggest obtaining spatially varying polarization modu-
lation using polarization-sensitive metasurfaces [110]. The optimized
polarization control can be achieved by tuning the Jones and Mueller
matrix of the optical system [60,76]. Fig. 8 shows the polarization im-
aging results obtained from conventional polarization imaging and a
metasurface-enabled polarization camera [80,101]. It confirms that
metasurface-enabled polarization imaging has certain merits over con-
ventional polarization imaging systems, such as compact design and
time-resolved polarimetry.

6. Applications

In the past few decades, polarization imaging has been exploited in a
plethora of traditional multidisciplinary fields, i.e., atmospheric remote
sensing, astronomy, biomedical imaging, holography, metrology, etc.
However, recent breakthroughs, such as polarization-resolved micro-
scopy, polarization-sensitive metasurfaces, etc., have pushed its appli-
cations to industrial domains as well. In recent years, polarization
imaging has been employed in unconventional fields, i.e., advanced
manufacturing [110], defense and surveillance [112], underwater im-
aging [113], etc. The potential applications of polarization imaging in
some of these fields are discussed in subsequent sections.

6.1. Atmospheric remote sensing

Polarimetry is considered a robust technique in Atmospheric Remote
Sensing (ARS), demonstrating exceptional imaging capabilities which
are not possible in conventional imaging. Polarization-sensitive prop-
erties of scattered sunlight provide vital structural properties, such as
shape, chemical composition, optical thickness, etc., of aerosol particles.
Such polarization measurements are crucial for studying health issues
due to aerosols by investigating atmospheric constituents’ scattering
and absorption properties. In the ARS domain, polarimetry is imple-
mented using ground-based polarimetric instruments [114] and satellite
instruments [115,116]. Some of the exemplary polarimetric instruments
in ARS are the POLDER instrument [117], multi-angle spectro polar-
imeter imager (MSPI) [118], etc. More relevant details can be found in
[2]. Fig. 9(a) demonstrates the spectrally-resolved polarization imaging
for the sunlight region. The left image is the color image composited of
three wavelengths, i.e., 565 nm, 670 nm, and 865 nm, and the right
image is the corresponding Degree of Linear Polarization (DoLP) curve
[119].

6.2. Astronomy

Polarization is an important phenomenon in astronomy. In astron-
omy, the direct applications of polarization imaging can be seen as
polarimetric instrumentation, which detects polarization-discriminated
signals from celestial bodies [3,120]. Generally, light from the astro-
nomical objects is polarized due to their spherical asymmetry. For
instance, the sensitive tendency of magnetic fields to split lines enables
the probe of the 3D magnetic structure beyond the capabilities of con-
ventional imaging [121]. Another notable application of polarimetry in
astronomy is that solar activities can be monitored by exploiting the
circular polarization state of light [122]. Therefore, polarimetry enables
highly efficient image acquisition of spatial structures of astronomical
bodies compared to conventional adaptive imaging with telescopes.
Fig. 9(b) shows the polarization-sensitive images of the exoplanet DH
Tau b [123]. The images from left to right represent the images with
unpolarized light, polarized light, and images with polarization angle.
Compared to conventional imaging, additional exoplanet DH Tau b
features can be captured with polarization-sensitive imaging.
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Fig. 8. Polarimetric imaging results using a metasurface-enabled polarization camera. (a) The target image (polarization mask) was captured using conventional
polarimetry and metasurface polarimetric camera. (b) Full-stokes polarization images based on a metasurface polarization camera without any conventional po-
larization optics and moving components. (i–iii) Indoor and (iv and v) outdoor photographs with raw exposure, S0, azimuth of polarization ellipse, and degree of
polarization (DOP). (adapted from [111] under Creative Commons Attribution license 4.0).
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Fig. 9. Applications of polarization imaging. (a) Remote sensing: measured Degree of Linear Polarization (DoLP) of the sunlight region. The left image is the color
image composited of 565 nm, 670 nm, and 865 nm, and the right image corresponds to DoLP plots. (adapted from [119] under Creative Commons Attribution license
4.0). (b) Astronomy: polarization-sensitive images of the exoplanet DH Tau b [123], (c) Biomedical imaging: Polarization-sensitive imaging for bladder distention
diagnosis using Mueller polarimetric endoscope. (adapted from [128] under Creative Commons Attribution license 4.0).
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6.3. Biomedical and clinical diagnosis

Polarimetry has exciting applications in the biomedical imaging
domain, such as diagnosing and treating diseases [8,72]. Many polari-
zation techniques have been developed for decades in biological and
clinical research, each based on measurement and manipulation of the
polarization of light or the vectorial transformations imposed on light by
a target sample [71,124]. Polarimetric techniques, such as MMI and
JMI, are prominent diagnostic tools in biomedical imaging. The
morphological properties of the target sample can be correlated with the
polarization properties, such as depolarization, retardance, polarizance,
etc., using the Mueller matrix. On the other hand, the Jones matrix
enables the extraction of in-depth phase information of the target sam-
ple, which can be utilized in tomography [125,126]. Another note-
worthy application of biomedical polarimetry is polarization-resolved
microscopy, which provides highly resolved images of biological target
samples by optimizing the contrast and other imaging characteristics
[42,47,127]. An interesting application of polarization in biomedical
imaging is shown in Fig. 9(c). The influence of bladder distention is
examined by measuring and comparing the distinct polarization pa-
rameters for normal and distended bladder using a
polarization-sensitive endoscope [128].

7. Emerging trends, challenges, and future perspectives

Despite numerous advantages, traditional polarimetry has substan-
tial bottlenecks. It requires bulky optical components such as polarizers,
beam-splitters, wave plates, etc., which hinders its applicability in real-
time imaging systems. However, attempts have been made in recent
years to circumvent such limitations. For instance, advanced
manufacturing techniques led to the development of optical meta-
surfaces. Metasurface-enabled polarimetry is the emerging domain in
polarization optics. In recent years, researchers have developed various
polarization-sensitive metasurfaces, which circumvent the existing is-
sues in traditional polarimetry and enable new possibilities for advanced
imaging systems and holography. For instance, diffraction grating for
polarization control [129,130], polarization holograms for encoding
vectorial information of light [48,131,132], chiral lenses for innovative
applications [133,134], Jones-plates [60], etc. The integration of optical
metasurfaces in traditional polarimetry has led to the miniaturization of
conventional imaging systems and optimized polarization control. In
addition, biomedical applications of polarimetry have also gained sub-
stantial attention from the research fraternity in recent years. Polari-
metric techniques, such as Mueller-Stokes polarimetry, Jones phase
microscopy, and optical coherence tomography (OCT), have been har-
nessed for the non-invasive diagnosis of severe malignancies and tissue
polarimetry [55,78,79]. Some of the recent breakthroughs in this di-
rection are hyperspectral polarimetry [135,136], OCT with automation
[137,138], polarization endoscopy [128], and Mueller-matrix colpos-
copy [139]. Over the years, the potential applications of polarimetry
have expanded drastically to multiple fields. The key emerging appli-
cations of polarization imaging can be manifested in quantum
computing [108,140], nanoscale optical sensing [141], and AR/VR
display technology [142,143]. However, efficient polarization control
and manipulation are essential criteria for these advanced technologies
and are the need of the hour. The integration of polarimetry with rapidly
growing advanced technologies, such as machine learning (ML),
metasurface-holography, and advanced nanoscale optical sensing, can
be the future prospects of polarimetry, and attempts should be put for-
ward in this direction.

8. Summary

This paper reviews the advances in polarization imaging from the
fundamental to the advanced level. The review article offers a self-
contained tutorial (reference text) in polarization optics, covering the

essential elements, such as historical development, theoretical concepts,
and experimental aspects of polarization imaging, followed by a brief
introduction to traditional and modern polarization imaging in-
struments. Polarization techniques, i.e., Jones matrix imaging and
Mueller-Stokes polarimetry, are thoroughly discussed in the framework
of recent developments in these polarimetric techniques. Further, this
review circumvents the commonly used polarization instruments, i.e.,
Stokes polarimeter, LC-SLM, polarization camera, etc. In addition to the
historical, conceptual, and applied overview of polarimetry, the
emerging research trends, associated challenges, and future prospects of
polarization imaging as a multimodal combination with advanced
technologies have been discussed in the subsequent section. This article
targets interested readers from beginners to advanced levels, and it is
expected to be useful as an easy-to-understand reference for interested
readers from multidisciplinary research backgrounds.
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