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Influence of the particle size on polarization-based
range-gated imaging in turbid media

Heng Tian, Jingping Zhu,a Shuwen Tan, Yunyao Zhang, and Xun Hou
Key Laboratory for Physical Electronics and Devices of the Ministry of Education and Shaanxi
Key Lab of Information Photonic Technique, Xi’an Jiaotong University, Xi’an 710049, China

(Received 12 July 2017; accepted 4 September 2017; published online 12 September 2017)

The influence of size of the scatterer on the image contrast for polarization-based
range-gated imaging in turbid media is investigated here by Monte Carlo method. Cir-
cularly polarized light would be more efficient to eliminate the noise photons for both
the isotropic medium as well as the anisotropic medium, as compared with linearly
polarized light. The improvement in contrast is pronounced for isotropic medium
using either linear or circular polarization. The plausible explanations for these
observations are also presented. © 2017 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4995576]

I. INTRODUCTION

Improving the visibility of target buried in turbid media using optical techniques is a challenging
problem. Polarization imaging techniques,1–6 due to the relative simplicity of instrumentation, have
been extensively used to enhance the viewing visibility. The factor that limits the effectiveness of
those methods is the polarimetric difference between the light being scattered from the target and
that from the turbid media. Thus, it is of significant importance to understand how the polarization
characteristic influenced by the state of polarization of the incident light, the target type and the
morphological parameters of the medium such as size, concentration, and refractive index. Several
investigations have been conducted in the past to analyze the relations between the polarization
properties of the scattered light and the parameters of the turbid media and the target. Hielscher
et al. observed that the spatial intensity distribution of the backscattered light depends on the opti-
cal parameters.7 Zimnyakov et al. revealed that the influence of the anisotropy parameters of the
turbid media on the propagation of the incident light.8 Ghosh et al.’s preceding work showed that
the refractive index of a scatterer affects the depolarization of the incident light.9 Xiaohui Ni and
Alfano reported on the effect of the particle size on the state of polarization of the backscattered
light for linear and circular polarization. In turbid medium composed of larger scattering parti-
cles, for polarization gating imaging, circularly polarized light could improve the image contrast as
compared with linearly polarized light.10 Nothdurft and Gang Yao demonstrated that the scattering
coefficient, absorption coefficient and anisotropy parameter of the turbid medium affect the polariza-
tion image.11 They also indicated that polarization detection could be used to discriminate material
type.12 A study on impact of optical properties of the turbid media to the photon pathlength was
performed by Xinxin Guo et al.13 The study that the scattering and absorption coefficients have an
effect on the polarization characteristics of the forward-scattered light was performed by Cochenour
et al.14 When the polarized light propagates in finite sample, Ghatrehsamani and Town reported
that how the boundaries of the turbid media modify the polarization state of the scattered light.15

The effect of the dynamics of the particles on the propagation of light was investigated by Singh
et al.16 They demonstrated by simulations and experiments that the phase fluctuation carried by light
propagating throughout the scattering environment with the external drive has a nonzero mean under
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suitable circumstances. The existence of fluctuation may affect the polarization state of the light
beam.

Additionally, the influence of optical properties on the polarization state at a single scattering
event has also been investigated. Laan et al.17 performed simulations for the evolution of polarization
state after 1, 2, and 10 scattering events in various scattering environments comprising particles of
different sizes. Kim et al.18 showed that the helicity of the circularly polarized photons is preserved
after one forward-scattering event caused by large-sized particles. The effect of the refractive index
of the particle on the polarization state of circularly polarized light at each scattering event was
investigated by Min Xu et al.19 Xinxin Guo et al.20 concluded that the surviving polarization fraction
of circularly polarized light is larger than that of linearly polarized light after a single scattering event
in the forward-scattering medium.

These studies clearly show that the variations in optical properties of the turbid media and the
target affect the effectiveness of polarization imaging techniques. It might be beneficial to utilize the
implications of these results for the applications of polarization imaging in turbid media.

Polarization-based range-gated technology (PR), combining polarization difference imaging and
range-gated technology, was implemented to further improve the image quality in scattering envi-
ronment.21 It incorporates the superiority of the polarization imaging into the tail-gating technology
to suppress background photons. As mentioned above, having a better understanding of an imaging
method is essential for optical imaging applications. Therefore, in order to understand the effective
imaging method properly, it is rather nontrivial to investigate the effects of the optical properties of
the turbid medium on the target detection of polarization-based range-gated technology in detail.
In this work, we have investigated the effects of the particle size on polarization-based range-gated
technology through Monte Carlo method. The image quality for linearly and circularly polarized
incident light has been also investigated.

II. MONTE CARLO SIMULATION DESCRIPTION

In this section, we implement the Stokes-Mueller formalism22 in the algorithm developed by
Wang and Jacques23 to describe the main steps of the Monte Carlo simulation for PR. Neglecting
only the absolute phase, the Stokes vector that can describe the polarization state of an optical beam
in terms of intensity is expressed as22,24

S=



I

Q

U

V



=



E‖E∗‖ + E⊥E∗⊥

E‖E∗‖ − E⊥E∗⊥

E‖E∗⊥ + E⊥E∗
‖

i(E‖E∗⊥ − E⊥E∗
‖
)



, (1)

where E‖ e‖ and E⊥ e⊥ represent the parallel and perpendicular electric fields in the plane perpen-
dicular to the propagation direction u and the asterisk denotes the complex conjugate. I is the total
intensity of the light beam. Q describes the amount of the linear horizontal or vertical polarization,
U describes the amount of linear +45◦ or -45◦ polarization, and V describes the amount of right or
left circular polarization of the light beam.22 The interaction of an incident polarized beam with an
optical component or a propagation event is characterized by a 4× 4 Mueller matrix M. The relation
can be written as

Sout =M · Sin. (2)

Here Sin is the Stokes vector of the incident beam and Sout is the Stokes vector of the emerging beam.

A. Launch

A semi-infinite turbid medium, modeled as a suspension of uniformly monodispersed polystyrene
microspheres in water, has a slab structure was used in the simulation. The refractive index of the
scattering particles (np) was 1.59 and that of the surrounding medium (nm) was 1.33. The study
was carried out in two separate cases for two microsphere diameters: (1) 0.11 µm and (2) 2 µm.
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FIG. 1. The coordinate system for the Monte Carlo method.

The corresponding anisotropy parameters (g) were 0.092 and 0.914 at the incident wavelength of
632.8 nm. The scattering coefficient (µs) could be calculated from Mie theory.24,25 The absorption
coefficient (µa) was set to 0.05 cm�1.

A laboratory coordinate system (x, y, z) was defined as in Fig. 1. A flat light beam of
0.56 cm in diameter was injected orthogonally into the turbid medium. The perpendicular elec-
tric field vector e⊥ and the parallel electric field vector e‖ were set along x� and y�axes, respectively.
The photon propagation direction u was set along z�axis. Thus, e⊥ (1, 0, 0), e‖ (0, 1, 0), and u
(0, 0, 1) construct the initial local coordinate frame utilized to express the initial Stoke vector of
the incident light beam. The initial polarization state of [1 1 0 0]T represents linear horizontally
polarized light and the initial polarization state of [1 0 0 1]T represents right circularly polarized
light.26

B. Scattering

During the propagation process in the medium, a photon moves a step size s that is given based
on Ref. 23. The time taken by the step size is calculated from t = s · nm/c. The photon weight (w)
needs to be updated due to absorption of the medium. After reaching the end of the step, the photon
would be scattered by a particle.

Since the Stokes vector is defined in the local coordinate frame (e⊥, e‖ , u), the frame must be
modified to keep track of the polarization state of the photon upon each scattering event.27,28 The
azimuthal angle φ and the scattering angle θ are used to describe the rotation of the electric field
vectors (e⊥ and e‖) and of the propagation direction u respectively. As shown in Fig. 2, after each
single scattering event, the electric field vectors (e⊥ and e‖) are rotated about the propagation direction
u by the azimuthal angle φ firstly. The new electric field vectors (e′⊥ and e′

‖
) are determined by the

matrix R(k, δ).29 This rotation is called the azimuthal rotation. We project the Stokes vector Ss given
in the local coordinate frame (e⊥, e‖ , u) into the frame (e′⊥, e′

‖
, u) after the azimuthal rotation. The

conversion of the Stokes vector could be achieved by premultiplication of the Mueller matrix for
rotation R(φ) that is expressed as22

FIG. 2. The local frame rotation for the scattering.
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R(φ)=



1 0 0 0

0 cos 2φ sin 2φ 0

0 −sin 2φ cos 2φ 0

0 0 0 1



. (3)

The value of the azimuthal angle φ1 is determined by the rejection method.30,31 Thus, the Stokes
vector after the azimuthal rotation Srota is expressed as

Srota =R(φ1) · Ss. (4)

Next, the photon propagation direction is updated. In the new scattering plane
∑

0 spanned by
e′
‖

and u, the frame (e′⊥, e′
‖
, u) is rotated about the perpendicular electric field vector e′⊥ by the

scattering angle θ. The new propagation direction u′ is obtained by R(k, δ)29 and the new parallel
electric field vector e′′

‖
is obtained by cross-product (e′′

‖
= u′ × e′⊥). This rotation is denoted as the

scattering rotation. After the scattering rotation, we have to project the Stokes vector given in the
frame (e′⊥, e′

‖
, u) into the frame (e′⊥, e′′

‖
, u′). The alteration of the Stokes vector could be obtained

by premultiplication of the single scattering Mueller matrix MS(θ). Because the turbid medium is
considered as composed of homogeneous microspheres and the particle size is comparable with the
incident wavelength, the matrix can be derived from Mie theory,24,25 which is written as24

MS(θ)=



m11(θ) m12(θ) 0 0

m12(θ) m11(θ) 0 0

0 0 m33(θ) m34(θ)

0 0 −m34(θ) m33(θ)



. (5)

The elements of the matrix are expressed as24

m11(θ)=
1
2

[
|S2(θ)|2 + |S1(θ)|2

]

m12(θ)=
1
2

[
|S2(θ)|2 − |S1(θ)|2

]

m33(θ)=
1
2

[
S1(θ)S∗2(θ) + S2(θ)S∗1(θ)

]

m34(θ)=
i
2

[
S1(θ)S∗2(θ) − S2(θ)S∗1(θ)

]

. (6)

Here S1(θ) and S2(θ) depend upon the particle size, the refraction index of the particle, the Riccati-
Bessel functions, the spherical Bessel functions, and the spherical Henkel functions.29 In our Monte
Carlo program, we used the source code by Bohren and Huffman24 to determine S1(θ) and S2(θ).

The value of the scattering angle θ1 can be also calculated by the rejection method.30,31 Thus,
the Stokes vector after the scattering rotation Sscatt is expressed as

Sscatt =MS(θ1) · Srota, (7)

Substituting Eq. (4) into Eq. (7), the evolution of the Stokes vector after a single scattering event is
written as

Sscatt =MS(θ1) · R(φ1) · Ss, (8)

C. Collision

A reflective parallelepiped with a size of 0.2 × 0.2 × 0.1 cm3 in x�, y� and z�axes located at
3.5 cm below the top surface of the medium was used as a target with the refractive index of 1.51.
When the incident photons collide with the target, they are completely reflected from the target surface
according to the laws of reflection. The reflection is expressed by the Mueller Matrix for reflection
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MR. According to the Fresnel laws with respect to the incident angle α1 and the transmitted angle
α2 calculated by Snell’s law, MR can be written as22

MR =
1
2

(
tanα−
tanα+

)2



a2 + b2 a2 − b2 0 0

a2 − b2 a2 + b2 0 0

0 0 −2ab 0

0 0 0 −2ab



, (9)

where a = cosα−, b = cosα+ and α± = α1 ± α2.
As illustrated in Fig. 3, in order to guarantee the validity of the Fresnel laws, the local coordinate

frame has to be rotated by φ2 to make e′
‖

enter the incidence plane
∑

1 spanned by the photon direction
u and the normal unit vector n pointing from the medium to the target firstly. At this point, e′⊥ is
perpendicular to the incident plane. Thus, the Stokes vector must be updated by premultiplication of
the Mueller matrix for rotation R(φ2). Consequently, the Stokes vector Sref of the photon reflected
at the target surface is given as

Sref =MR · R(φ2) · Sr , (10)

where Sr represents the Stokes vector before the interface collision.
It is necessary to update the local coordinate frame for the next propagation. Using the laws

of reflection, the new photon direction u′ can be determined. Note that the perpendicular elec-
tric field vector e′⊥ is maintained during the reflection, thus the new parallel electric field vector
e′′
‖

is obtained by cross-product (e′′
‖

= u′ × e′⊥). e′⊥, e′′
‖

and u′ form the new local coordinate
frame.

D. Detection

During propagation in the scattering medium, when a photon reaches the top surface of the
medium, it should be detected. The Stokes vector of the emission photon is calculated in a way that
simulates the actual measurement in the laboratory. The local coordinate frame of a photon is rotated
by an angle φ3 so that e′

‖
is in the plane

∑
2 spanned by the orientation of polarizer P ‖ and the normal

n (see Fig. 4). Details of the operation have been presented in Ref. 32. Thus, the final Stokes vector
Sfinal measured by the detector is obtained by

Sfinal =R(φ) · Sf . (11)

Here Sf represents the Stokes vector before being recorded.

FIG. 3. The local frame rotation in the medium-target interface.
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FIG. 4. The local frame rotation for the detection. P‖ and P⊥ are the orthogonal orientations of a polarizer, n represents the
normal of the polarizer. e⊥ and e‖ are the perpendicular and parallel electric field vectors before the rotation operation. e′⊥ and
e′
‖

are the new perpendicular and the parallel electric field vectors after the rotation operation.

We set the time threshold value relying on the physical thickness (the distance between the top
surface of the medium and the location of the target). If entire time accumulation of the propagation
is greater than the time threshold value, the Stokes parameters of the photon should be recorded.
According to this and using the Stokes parameters, polarization-based range-gated technology could
be realized. During the entire propagation process, the Stokes vector and the direction vectors must be
unitized after each operation. If the photon weight is sufficiently less than the threshold or the photon
reaches the detecting plane, a new photon is launched until all the photons have been launched.23

III. RESULTS AND DISCUSSION

In the simulations, 5 × 107 photons were launched because of the overall consideration of time-
liness and reliability of the simulation results. The each simulation result was recorded with a grid
of 300 × 300 pixels and presented as a two-dimensional image with 20 × 20 mm in size.

Figure 5 shows the simulation results of the target in the medium prepared using 0.11 µm diameter
polystyrene microspheres with the optical thickness τ of 2.75 (the product of the scattering coefficient
and the physical thickness). The intensity image is shown in Fig. 5(a) and the image obtained by
polarization-based range-gated technology using linearly polarized photons (linear PR) is displayed
in Fig. 5(b). The images are normalized to unity respectively. In the intensity image, the background
is almost as bright as the target so that the target signal is quite weak. On the contrary, the background
illumination is substantially lower than the light reflected from the target in the linear PR image. As
stated above, the target is invisible in the intensity image while it is clearly visible in the linear PR
image.

Image contrast, calculated using (Imax - Imin)/(Imax + Imin), provides a quantitative method to
evaluate the image quality. Here Imax is the average intensity of the target center area in the image
and Imin is the average background intensity of the four equivalent areas across the four sides outside

FIG. 5. The intensity image (a) and the linear PR image (b) in the medium consist of polystyrene microspheres with diameter
of 0.11 µm.
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the target. Note that, by this definition, the higher the value of image contrast is, the better the image
quality is. In Fig. 6, we show the image contrast versus the optical thickness obtained from isotropic
medium. The optical thickness is varied by changing the scattering coefficient. Comparing the contrast
curves, it can be concluded that the contrast for intensity imaging is inferior to that obtained by linear
PR for all values of optical thickness. The results fully indicate that the incorporation of the polar-
ization information into the time distribution of the photons could significantly improve the image
contrast.

The effectiveness of the improvement method depends on the propagation of photon. It is known
that after being incident into the turbid medium, the polarized photons can be simplified as three
types according to their scattering events.4 Ballistic photons follow ballistic paths and have not
been scattered by particles in the turbid medium. Snake photons only undergo a limited number of
scattering while diffusive photons undergo multiple scattering in the medium during their propagation
process.

If a target is embedded in the turbid medium, the photons may interact with the target and
then carry the target information during a random step. Therefore, the photons can be classified into
six categories: medium ballistic photons (MB), medium snake photons (MS) and medium diffusive
photons (MD), target ballistic photons (TB), target snake photons (TS) and target diffusive pho-
tons (TD). MB, MS and MD are photons only scattered by particles. The backscattering behaviors,
including single large-angle scattering and series of small-angle scattering events, make these photons
back to the detection plane before reaching the target surface.9 They are divided into backscattered
photons and act as background photons. TB, TS and TD propagate along the direction of incident
photons and then along a return path after being reflected at the target surface. These photons are not
affected by the backscattering behaviors. There are two main mechanisms responsible for depolar-
ization of the photons in the scattering medium.33 One originates from the randomization of the plane
of polarization of the scattered photon. The other originates from the differences in the phase and
the amplitude of two transverse electric field components as a function of scattering angle.34 After
a single scattering event, both the plane of polarization and the scattering angle are altered. Thus,
the polarization state of the photons should be updated upon each scattering event. The cumulative
alteration causes the photons encountering different scattering events having different polarization
state. Note that the six kinds of photons undergo different scattering behaviors. Consequently, they
carry different polarization information respectively. There are also differences in their propagation
time according to their optical paths. Polarization-based range-gated technology takes full advantage
of the differences in the propagation time and the polarization information to filter out noise photons
and improve the image contrast.

FIG. 6. Image contrast versus the optical thickness for large-sized polystyrene microspheres (g = 0.092). I: the intensity
image, L-PR: the linear PR image.
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We have recorded the images obtained by polarization-based range-gated technology using cir-
cularly polarized photons (circular PR) for both small-sized as well as large-sized scatterers and made
comparison with the images obtained by linear PR. The contrast plot for linear and circular PR in the
turbid medium containing 0.11 µm diameter polystyrene spheres is displayed in Fig. 7(a). The image
quality is better for circular PR as compared to that of linear PR. A possible detailed explanation is
presented here. In Fig. 7(b), we show the measured distribution of the degree of polarization (DoP) of
backscattered photons with the operation of range-gated technology through the isotropic scattering

medium have a value of µs = 0.714 cm�1. For the case of linear PR, DoP is calculated by
√

Q2+U2

I and

DoP is calculated by |V |I for the case of circular PR.24 It can be seen that the DoP of the backscattered
photons is lower for circular polarization than for linear polarization after the operation of range-gated
technology in the incident photon area (the range between the 110th pixel and the 190th pixel). In
the isotropic medium, the backscattered photons are mainly caused by the scattering at a large angle.
The helicity of circularly polarized photon is reversed after a single large-angle scattering event.17

The helicity of the photon encountering a series of scattering events is determined by the even or
odd number of spin flips in its path.19 Since the number of scattering for each photon during the
propagation process is random, the helicities of the backscattered photons are different. Due to the
accumulation of the helicity, the circularly backscattered photons depolarize rapidly after multiple
scattering. Consequently, circular PR could eliminate a large number of noise photons by means of
polarization difference imaging method. It may be noted that range-gated technology can filter out
the same amount of backscattered photons in linear and circular PR because the propagation time is
independent of the state of polarization of the incident light. Therefore, circular PR could filter out

FIG. 7. (a) Variation of image contrast with the optical thickness for scattering medium containing 0.11 µm polystyrene
microspheres in diameter. L-PR: the linear PR image and C-PR: the circular PR image. (b) The spatial distribution of
DoP of the backscattered photons with the operation of range-gated technology in the isotropic medium having a value of
µs = 0.714 cm�1, (c) the spatial distribution of DoP of the forward-scattered photons without target embedded in the isotropic
medium having a value of τ = 2.5 using linearly and circularly polarized photons.
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more backscattered photons, as compared with linear PR. Furthermore, it is TB and TS that carry the
target information. There is no appreciable difference in their number for the linearly and circularly
polarized incident photons due to the forward-scattered photons (the photons to illuminate the target),
maintaining their initial states of polarization in the two cases in the incident photon area, as shown
in Fig. 7(c). These results indicate that the same amount of effective photons is recorded by linear
and circular PR. The end result is that the image contrast is significantly pronounced for the case of
circular polarization.

Figure 8(a) illustrates the variation in image contrast, as a function of the value of optical
thickness for linear and circular PR for the turbid medium containing 2 µm diameter polystyrene
spheres. Under low optical thickness conditions, the contrast of linear PR image is equivalent to that
of circular PR image. However, with the number of the scattering events increasing, the contrast
is better for circular PR than for linear PR. A convenient approach for investigating this trend is
to measure DoP of forward-scattered photons for the flat beam without target embedded in the
anisotropic medium. We show, in Fig. 8(b), the spatial distribution of DoP of the forward-scattered
photons along the horizontal direction. DoP of the forward-scattered photons for linear polarization
and that for circular polarization are almost equal in the incident photon area. This is consistent with
the previous report at lower value of optical thickness.17 The amount of TB and TS which carry the
target information are recorded for linear polarization is the same as that for circular polarization in
this case. In addition, the relative number of backscattered photons is so small that the almost equal
amount of backscattered photons are filtered out by polarization-based range-gated technology no
matter what the state of polarization of the incident photons is. As a result, the image contrast of
circular PR is equivalent to that of linear PR.

Better image contrast for circular polarization could be understood on the basis that with
increasing value of the scattering event, the linearly forward-scattered photons depolarize sharply
as compared with the circularly forward-scattered photons owing to the circular polarization memory
effect.19,35 Thus, the amount of TB and TS obtained by circular PR is larger than that obtained
by linear PR. Further, although it has been reported that DoP of the backscattered photons for
circularly polarized photons is higher than that for linearly polarized photons,17 as displayed in
Fig. 9(a), Fig. 9(b) shows that DoP has the similar distribution after the operation of the range-gated
technology. This behavior is manifested by the fact that MS undergoing multiple scattering show
the dominant influence on DoP, with weakly scattered photons being suppressed by the range-gated
technology. According to this, the almost same amount of the backscattered photons is filtered out
by PR either using linearly or circularly polarized photons. Consequently, the improvement of image
contrast would be more efficient using circular PR in the medium composed of large-sized polystyrene
microspheres.

FIG. 8. (a) Variation of image contrast with the optical thickness obtained from scattering medium comprising 2 µm
polystyrene microspheres in diameter. L-PR: the linear PR image and C-PR: the circular PR image. (b) The spatial distribution
of DoP of the forward-scattered photons without target embedded in the anisotropic medium having a value of τ = 0.75
using linearly and circularly polarized photons.
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FIG. 9. The spatial distribution of DoP of the backscattered photons without (a) and with (b) the operation of the range-gated
technology for the anisotropic medium having a value of µs = 0.714 cm�1 in the incident photon area for linearly and circularly
polarized photons.

The contrast improvement ratios (the difference between the contrast by use of polarization-
based range-gated technology and the contrast by use of intensity imaging divided by the contrast
by use of intensity imaging) were also calculated in the scattering media prepared using 0.11 µm
and 2 µm diameter polystyrene microspheres. By comparing Fig. 10(a) and Fig. 10(b), the extent of
contrast improvement is lower in anisotropic scattering medium as compared with isotropic scattering
medium for linear and circular PR. To understand this behavior, we recorded the image, denoted as
pure image, only formed by the photons that strike the target surface in the propagation process. There
is no backscattered photon in the pure image. The intensity profiles of the intensity image, the linear
PR image and the pure image along the horizontal direction containing the target center in isotropic
and anisotropic media having a value of τ = 2.5 are displayed in Fig. 11. As observed in Fig. 11(a), the
intensity profiles of the pure image and the linear PR image have the qualitatively similar distribution
while the intensity profile of the intensity image has the highest value. It is the backscattered photons
that lead to the deterioration in image contrast in the isotropic medium. Comparing the intensity
profiles of the linear PR image and the pure image, it can be observed that linear PR can filter out
most of the backscattered photons to improve the image contrast. In contrast to the isotropic medium,
for the anisotropic medium, the amount of the backscattered photons decreases and the quantity of the
forward-scattered photons increases. The intensity profiles have the qualitatively similar distribution
and even the intensity profile of the linear PR image nearly overlaps with the intensity profile of
the pure image, as displayed in Fig. 11(b). Not only the backscattered photons but the forward-
scattered photons degrade the image quality in the anisotropic medium. The linear PR only can filter
out the backscattered photons while the image quality still suffers from the degradation due to the

FIG. 10. Variations of contrast improvement ratio with the optical thickness in the medium prepared using 0.11 µm (a) and
2 µm (b) diameter polystyrene microspheres. L-PR: the linear PR image and C-PR: the circular PR image.
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FIG. 11. Comparisons of intensity profiles of the intensity image, the pure image and the PR image for linearly polarized
photons in isotropic (a) and anisotropic (b) media having a value of τ = 2.5. I: the intensity image, PI: the pure image and
L-PR: the linear PR image.

forward-scattered photons. How to utilize the forward-scattered photons to improve the image contrast
has also received considerable interest. Similar results were also observed for the case of circular
polarization. Therefore, polarization-based range-gated technology can improve the image contrast
remarkably in the media composed of large-sized particles by use of the linearly or circularly polarized
incident light.

IV. CONCLUSION

In conclusion, a Monte Carlo method for polarization-based range-gated technology was devel-
oped to investigate the influence of particle size and the state of polarization of incident light on
contrast improvement in turbid media. We extensively investigated the image contrast of the reflec-
tive target in scattering media modeled as suspensions of polystyrene microspheres in water with
particle diameters of 0.11 µm and 2 µm, using linearly and circularly polarized incident light. We
have shown that the circular PR is more efficient in improving the image contrast as compared with
linear PR for the turbid media composed of small- and large-sized scatterers because of the scat-
tering and depolarization behaviors of polarization light. The effect of particle size on the contrast
improvement ratio was also presented. A significant improvement in image contrast has been achieved
in isotropic medium using linearly and circularly polarized light due to the dominant influence of
forward-scattered photons, resulting in low image contrast in anisotropic medium. These results
would be useful for target detection utilizing polarization-based range-gated technology through the
turbid media.
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