
 

Polarization-based range-gated imaging in birefringent medium:Effect of size parameter 

Heng Tian(田恒), Jing-Ping Zhu(朱京平), Shu-Wen Tan(谭树文), Jing-Jing Tian(田晶晶), Yun-Yao Zhang(张云尧), Xou 

Hou(侯洵) 

Citation:Chin. Phys. B . 2018, 27(12): 124203. doi: 10.1088/1674-1056/27/12/124203 

Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb   

 

What follows is a list of articles you may be interested in  

 

β-BaB2O4 with special cut-angle applied to single crystal cascaded third-harmonic generation 

Hong-Kai Ren(任宏凯), Hong-Wei Qi(亓宏伟), Zheng-Ping Wang(王正平), Zhi-Xin Wu(吴志心), Meng-Xia Wang(王梦霞), 

Yu-Xiang Sun(孙玉祥), Xun Sun(孙洵), Xin-Guang Xu(许心光) 

Chin. Phys. B . 2018, 27(11): 114202. doi: 10.1088/1674-1056/27/11/114202 

Three-dimensional modulations on the states of polarization of light fields 

Peng Li(李鹏), Dongjing Wu(吴东京), Sheng Liu(刘圣), Yi Zhang(章毅), Xuyue Guo(郭旭岳), Shuxia Qi(齐淑霞), Yu Li(李

渝), Jianlin Zhao(赵建林) 

Chin. Phys. B . 2018, 27(11): 114201. doi: 10.1088/1674-1056/27/11/114201 

Study on polarization properties of graphene coated D-shaped fiber 

Xuejing Liu(刘学静), Luwen Yang(杨禄文), Jingyun Ma(马敬云), Caili Li(李彩丽), Wa Jin(金娃), Weihong Bi(毕卫红) 

Chin. Phys. B . 2018, 27(10): 104206. doi: 10.1088/1674-1056/27/10/104206 

Generation of few-cycle radially-polarized infrared pulses in a gas-filled hollow-core fiber 

Rui-Rui Zhao(赵睿睿), Zhi-Yuan Huang(黄志远), Ding Wang(王丁), Yu Zhao(赵钰), Yu-Xin Leng(冷雨欣), Ru-Xin Li(李儒

新) 

Chin. Phys. B . 2018, 27(10): 104204. doi: 10.1088/1674-1056/27/10/104204 

Silicon nanophotonics for on-chip light manipulation 

Jingshu Guo(郭敬书), Daoxin Dai(戴道锌) 

Chin. Phys. B . 2018, 27(10): 104208. doi: 10.1088/1674-1056/27/10/104208 

-------------------------------------------------------------------------------------------------------------------- 

http://cpb.iphy.ac.cn/EN/abstract/abstract73196.shtml
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/abstract/abstract73058.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract72979.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract72819.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract72818.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract72942.shtml


Chin. Phys. B Vol. 27, No. 12 (2018) 124203

Polarization-based range-gated imaging in birefringent medium:
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We have investigated the effect of size parameter of the scatterer on the image quality obtained with polarization-based
range-gated imaging in birefringent turbid medium. Both linearly and circularly polarized light were utilized for imaging.
The simulated results indicate that the improvement of visibility is more pronounced using circularly polarized light for the
birefringent medium composed of smaller-sized scatterers at lower values of optical thickness and the birefringent medium
comprising larger-sized scatterers. In contrast, linearly polarized light provides better image quality for the birefringent
medium composed of smaller-sized scatterers at larger values of optical thickness. The evolution of the polarization char-
acteristics of backscattered light and target light under the conditions mentioned above was measured to account for these
numerical results.
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1. Introduction
Obtaining clear images of a target embedded in a tur-

bid medium by means of optical techniques has potential ap-
plications in atmospheric remote sensing, underwater imag-
ing, and biomedical diagnostics. The main difficulty encoun-
tered in optical imaging is the fact that scattered light leads
to image blurring. There has been a growing interest in de-
veloping novel approaches to improve the contrast and reso-
lution in optical scattering environment. For instance, time
gating,[1] coherence gating,[2] and frequency domain gating[3]

have been proposed to extract unscattered or weakly scattered
photons based on the parameters of photon such as propa-
gation time and phase. Recently, polarization imaging has
been widely utilized to detect the target embedded in the tur-
bid medium[4–10] because of the simplicity of experimental
setup such as polarimeter[11] and the capability to reject un-
wanted photons. The feasibility of polarization imaging is sen-
sitively influenced by the difference in the polarization state of
light experiencing different scattering events, which depends
upon a variety of optical properties of the turbid medium, in-
cluding the scattering coefficient, the absorption coefficient,
the anisotropy factor, the size of scatterer, and the refractive
index.[12] The relationship between the polarization charac-
teristics of scattered light and the optical properties of turbid
medium is quite complicated. Thus, investigating the influ-

ence of the variations in optical properties of turbid medium on
the validity of polarization imaging is required for its imple-
mentation and several studies have been carried out by means
of theoretical analysis, Monte Carlo simulation, and experi-
mental investigation.[13–17]

Generally, birefringence is a prevalent phenomenon ex-
hibited in a turbid medium, especially in biological tissue.[18]

Detailed analyses of the evolution of polarized light in a bire-
fringent medium has also been made. In Ref. [19], the au-
thors developed Monte Carlo algorithm to investigate the spa-
tial distribution of the polarization state of the light backscat-
tered from the birefringent turbid medium for the cases of lin-
early and circularly polarized incident light. They also pre-
sented the dependence of the polarization characteristics of
light on the birefringent parameters.[20] Otsuki proposed a
double-scattering model that represents the geometry of pho-
ton propagating in turbid infinite plane medium to study the
multiple scattering of polarized light in a birefringent turbid
medium.[21] Baravian et al. focused both experimentally and
theoretically on the relationship between the backscattered
Mueller matrices and the birefringence of turbid medium.[22]

Through simulation and experiment, Alali et al. examined the
symmetry properties of the transmission Mueller matrix in the
bilayered medium with different uniaxial orientation in each
layer. These research results will be of benefit to the applica-
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tions of polarization imaging.[23]

Polarization-based range-gated imaging (PR), which
is the combination of polarization–difference imaging and
range-gated technology, has been developed to further en-
hance the visibility of target by suppressing the background
photons.[24] When PR is utilized for target detection in tur-
bid medium, additional background photons could be filtered
out by polarization–difference imaging after partial back-
ground photons being filtered out with the aid of range-gated
technology.[25] The optical parameter of turbid medium also
affects the feasibility of PR. Consequently, it is necessary to
make the systematic analysis of the influence of these param-
eters on the image quality using PR. We have concluded that
PR is significantly affected by the particle size and the polar-
ization state of incident light for the isotropic medium in previ-
ous studies.[26] In this work, we present a quantitative study of
the relation between the size parameter of scatterer and the im-
age quality obtained by PR in the birefringent medium though
Monte Carlo method so that a better understanding of the ef-
fective method for target detection could be exhibited, which
may provide useful insights for using PR.

The rest of this paper is organized as follows. In Sec-
tion 2, we briefly describe the main process that the polarized
light undergoes in the birefringent scattering medium. Section
3 contains the observed dependence of contrast of PR on the
birefringence of the medium, the polarization state of incident
light, and the size of scatterer. Plausible explanations for this
dependence obtained from the measured distribution of degree
of polarization (DoP) or degree of depolarization (DP) of the
polarized light in the scattering medium are also presented in
this section. The conclusions are presented in Section 4.

2. Simulation setup
2.1. Parameter setting

In the simulation, a parallel beam with a wavelength of
632.8 nm in vacuum and a radius of 0.28 cm was vertically in-
jected into a semi-infinite birefringent plane medium with an
upper boundary. The x and y axes being in the upper bound-
ary of the medium and the z axis being the normal of the up-
per boundary pointing toward the inside of the turbid medium
formed a Cartesian coordinate system. Because the scatter-
ers contained in the turbid medium, such as cell and cell or-
ganelle, are close in shape to a sphere,[27] spherical particles
were used in this investigation. Suspensions of monodispersed
polystyrene microspheres with the diameters of 0.11 µm and
2.00 µm in water were used to simulate the turbid medium.
The refractive index of scatterer np was 1.59 and the refractive
index of surrounding nm was 1.333. The anisotropy parame-
ters were 0.092 and 0.914, respectively. The absorption coef-
ficient of the scattering medium was 0.05 cm−1. To simplify

the simulation, the target was modeled as a reflective paral-
lelepiped having a size of 0.2 cm×0.2 cm×0.1 cm along the x
axis, y axis, and z axis. The refractive index of the target nt was
1.51. Considering the light attenuation in the turbid medium,
the imaging distance was set to 3.5 cm, which was defined
as the distance between the upper boundary of turbid medium
and the top surface of target. Therefore, the optical thickness
τ can be adjusted by varying the scatterer concentration.

In this study, the birefringence of turbid medium was as-
sumed to be positive, so that the ordinary refractive index no is
lower than the extraordinary refractive index ne. The birefrin-
gent value ∆n was 4.0× 10−4 according to the parameter in
biological tissue[20] and the birefringence slow axis was along
the z axis.

2.2. Flowchart of the Monte Carlo simulation

Monte Carlo simulation has turned out to be a robust ap-
proach to investigate the propagation of polarized light in the
scattering medium. In the PR Monte Carlo simulation, pho-
tons are traced in the medium with known optical properties.
Figure 1 depicts the flow chart for the Monte Carlo simulation
of PR in the birefringent medium. After being initialized the
polarization state (the Stokes parameters), position, direction,
weight, and other parameters, the photon propagates into the
scattering medium downward along the positive direction of z
axis. As the photon begins the propagation process, the photon
propagation time also begins to be calculated. “Set step size”
calculates the step size of photon and “Hit target?” checks
whether the photon will collide with the target surface during
the current step size. If the step size is large enough to hit the
target surface, then it will be recomputed from the distance
between the target surface and the current position of photon,
and the unfinished step size is stored. At the target surface, the
photon is reflected in accordance with the laws of reflection
because the embedded object is assumed to be reflexive in the
simulation. If the incident photon does not collide with the
target surface, hitting the upper boundary of medium needs to
be checked. If the photon does not hit the boundary, firstly,
the photon position and the change in the polarization state of
photon caused by the birefringence will be determined by the
box “Move step size” and the photon weight also needs to be
updated according to the absorption and scattering coefficients
of the scattering medium. Then, the photon would be scattered
by the spherical scatterer according to the Mie theory and the
polarization state of the photon due to scattering should be
updated.[28] If the photon hits the medium boundary, the step
size is recomputed from the distance between the current posi-
tion of photon and the medium boundary. After moving to the
medium boundary by taking the foreshortened step size, it is
necessary to check whether the photon could cross the medium
boundary (transmission) or not (reflection) using the box “In
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medium?” The decision is governed by Snell’s law based on
the refractive indices of the layers across the medium bound-
ary. If the photon is reflected at the medium boundary, then it
continues to be tracked till it dies. If the photon is transmit-
ted, then both the photon’s tracking and the timing are termi-
nated. The threshold value of the photon propagation time is
determined by the imaging distance and the refractive index
of the turbid medium. If the entire propagation time is greater
than the time threshold, the Stokes parameters of the trans-

mitted photon would be recorded. The detailed description of

the update of the polarization state of the photon resulted from

the scattering and collision in the propagation process is pre-

sented in Ref. [26]. When the photon weight is less than 10−4

(the threshold value of photon weight set in the simulation),

survive roulette is utilized to determine whether the photon’s

tracking is terminated or not. All of the photons are tracked

till they die or emerge from the birefringent medium.
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Fig. 1. Flowchart for Monte Carlo simulation of PR in birefringent medium.

3. Results and discussion

In our simulation, from the respect of the reliability of the
results and the efficiency of the simulation process, the pho-
ton number was set to 5×107. Each result was written in the

form of matrix whose size is 300× 300 and presented as a

two-dimensional image with 2 cm on each side.

In Fig. 2, we show the simulated results of the target em-

bedded inside the birefringent medium comprising smaller-
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size scatterers of 0.11 µm in diameter when the value of
reduced-scattering coefficient µ ′s (µs(1−g)) was 0.39 and the
value of optical thickness τ was 1.50 (the product of the imag-
ing distance and the scattering coefficient). Figure 2(a) shows
the intensity image and the image obtained by PR using lin-
early polarized photons (L-PR) is shown in Fig. 2(b). The
intensities of both the intensity image and the image obtained
by L-PR (L-PR image) are normalized. From Fig. 2, it can
be seen that there is no distinct difference between the back-
ground and the target in the intensity image so that it cannot
discriminate the target from the background, while the target is
significantly brighter than the background in the L-PR image.
From this, the target could be retrieved by means of L-PR.

(b)(a)
0

0.1

0.2

0.3
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0.7

0.8

0.9

1.0

Fig. 2. (color online) Images obtained by intensity imaging (a) and L-PR (b)
in the birefringent medium composed of 0.11-µm diameter scatterers having
a value of τ = 1.50.

The image quality could be quantitatively evaluated by
the image contrast defined as (Imax− Imin)/(Imax + Imin). Here,
Imax and Imin represent the intensities of target and background
calculated by averaging the intensity of the target center area
marked by the black square containing 100 pixels and the in-
tensities of the four designated areas containing 50 pixels, re-
spectively, marked by the white rectangles outside the target
area in Fig. 2(a). The image quality will be better when the im-
age contrast has a greater value. To facilitate the comparison
process, the regions selected to calculate the image contrast
were kept unchanged under different conditions. In Fig. 3(a),
we present the measured contrast profiles versus the optical
thickness for intensity imaging and L-PR in the birefringent
medium prepared using 0.11-µm diameter microspheres. The
location of the target is fixed in the turbid medium so that
the variation of optical thickness is caused by changing the
scattering coefficient resulted from the variation of scatterer
concentration. By comparing the contrast profiles, it should
be noted that the contrast for L-PR is marginally higher than
that obtained by intensity imaging in the entire range of opti-
cal thickness. The comparison demonstrates the superiority of
the combination of polarization information and range-gated
technology in the elimination of the background light and the
enhancement of the contrast in the birefringent medium ade-
quately.

Linearly and circularly polarized light, which are two
types of incident light, are commonly utilized for active po-
larization imaging. In order to present their evolution in the
birefringent medium, the images obtained by PR using circu-
larly polarized photons (C-PR) were also recorded for the two
samples with small-particle as well as large-particle respec-
tively at each optical thickness and compared with the L-PR
images under the same condition. The comparison of the con-
trast profiles for L-PR image and the image obtained by C-PR
(C-PR image) in the birefringent medium containing 0.11-µm
diameter scatterers is displayed in Fig. 3(b). We observe the
variation in image contrast depends on the optical thickness.
At lower values of τ (= 0.25–3.50), the contrast is observed to
be marginally better for C-PR. On the contrary, beyond a value
of τ = 3.50, the improvement of contrast is less pronounced
for C-PR as compared with L-PR. Furthermore, there is only
a marginal difference in contrast between the cases of linearly
and circularly polarized light.
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Fig. 3. (color online) Variation of contrast with optical thickness acquired
using intensity imaging (I), L-PR, and C-PR in the birefringent medium
composed of 0.11-µm diameter scatterers.

Investigating the distributions of DoP and DP could pro-
vide an easy and effective way for accounting for the trend
in distribution of image contrast. DoP is calculated by
(I‖− I⊥)/(I‖+ I⊥).[7] I‖ and I⊥ are the intensities of the light
parallel and perpendicular to incident polarization for the case
of linear polarization and the intensities of the light of the
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same and opposite helicity as the incident light for the case
of circular polarization. DP is calculated by 1−DoP.[27] It is
pertinent to note that the amount of backscattered light (the
light entering the detector before colliding with target due to
the backscattering behaviors and making up the main part of
background light) filtered out by range-gated technology be-
cause the propagation time relies on the photon path and prop-
agation speed, is not related to the polarization state of incident
light. As a result, it is polarization–difference imaging that de-
termines the image quality obtained by PR. Note that, in PR,
polarization–difference imaging is implemented after the im-
plementation of range-gated technology in PR. Therefore, the
polarization characteristic expressed in the form of the images
and profiles of DoP and DP should be measured after the im-
plementation of range-gated technology to analyze the image
quality.

For the case of lower optical thickness, µ ′s was set to
0.39. In Fig. 4(a), we show the variations in value of DP of

backscattered photons for incident linearly and circularly po-

larized light at the optical thickness τ = 1.50. Our observa-

tion of DP for circularly polarized photons (the mean value

is 0.85) is higher than that for linearly polarized photons (the

mean value is 0.79) for the entire range of pixel. The greater

depolarization of circularly polarized light is presented here.

According to the scattering number, the backscattered light

could be simplified as two types: the highly scattered light

and the weakly scattered light including the single scattered

light and the light experiencing a limited number of scattering

event.[7,26] The measured results indicate that polarization–

difference technology of C-PR plays a greater role in reducing

the effect of backscattered light undergoing multiple scattering

events on the image quality after the weakly scattered light be-

ing eliminated by range-gated technology. Consequently, the

capacity in elimination of backscattered light of L-PR is infe-

rior to that of C-PR.
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Fig. 4. (color online) Images and profiles of DP of backscattered light (a) and images and profiles of DoP of target light (b) acquired using linearly and
circularly polarized light at the optical thickness τ = 1.50 for the birefringent medium composed of 0.11-µm diameter scatterers.
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In addition to the backscattered light, the light reflected
from the target (target light) also has significant influence on
the image quality. Thus, it is necessary to measure DoP of
the target light, which is displayed in Fig. 4(b). In the target
area (the range between the 136th pixel and the 165th pixel),
the light consists mainly of the weakly scattered part of target
light. We observe that the values of DoP for the two cases are
in the range of 0.96–0.98. It means that at lower values of op-
tical thickness, the birefringence effect has little influence on
the depolarization capacity of the target light. The same extent
of depolarization of the target light for linearly and circularly
polarized light leads to the result that the amounts of the effec-
tive light for both L-PR and C-PR are nearly equal. However,

outside the target area, the forward-scattered light (the part of

target light which constitutes the background light due to se-

ries of forward scattering events) for linearly polarized light

keeps polarization state better than that for circularly polarized

light because of the multiple scattering. L-PR will not be that

efficient to remove the forward-scattered light. Even though

the amount of forward-scattered light is less for the case of

smaller-sized scatterers,[26] the trend in distribution of DoP of

forward-scattered light is in favor of the better image qual-

ity for C-PR. Considering synthetically the polarization char-

acteristics of backscattered light and target light, C-PR gives

better image quality at lower values of optical thickness.
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Fig. 5. (color online) Images and profiles of DP of backscattered light (a) and images and profiles of DoP of target light (b) acquired
using linear and circular polarized light at the optical thickness τ = 3.75 for the birefringent medium of 0.11-µm diameter scatterers.

For the case of higher optical thickness, µ ′s was set to

0.97. Figure 5(a) shows that at the optical thickness τ = 3.75,

the distributions of DP of the backscattered light in the case of

linearly and circularly polarized light are mainly in the range

of 0.86 to 0.88. It means that the depolarization capacity of

the diffusely backscattered photons retained by range-gated
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technology for circular polarization compares to that for lin-
ear polarization under the condition of larger value of optical
thickness. A comparison between Fig. 4(a) and Fig. 5(a) re-
veals that the increase in the scattering number caused by the
increased optical thickness results in the similar extent of de-
polarization of the backscattered light suffered multiple scat-
tering for linearly and circularly polarized light. Accordingly,
the contribution of backscattered photons obtained using lin-
early polarized light is the same as that obtained using circu-
larly polarized light.

Figure 5(b) shows the variations in DoP of the target light.
In the target area, DoP of the target light consisting mainly
of the light experiencing weakly scattering events for linear
polarization is destroyed slower than that for circular polar-
ization. The comparison between Fig. 4(b) and Fig. 5(b) in-
dicates that with the optical thickness increasing, it is obvious
that the birefringence effect causes that the target light is depo-
larized to a larger extent for circularly polarized light. Thus,
the amount of the effective light extracted by L-PR is larger
than that extracted by C-PR. As observed for the backscattered
light, DoP of the forward-scattered light for circular polariza-
tion is seen to be similar to that for linear polarization. Con-
sequently, the improvement of image contrast would be more
efficient for L-PR as compared to that for C-PR in the bire-
fringent medium made up of smaller-sized scatterers at larger
values of optical thickness.
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Fig. 6. (color online) Variation of contrast with optical thickness acquired
using L-PR and C-PR (C-PR) in the birefringent medium composed of 2.00-
µm diameter scatterers.

Figure 6 illustrates the variations of image contrast for L-
PR and C-PR in the birefringent medium containing large size
scatterers with diameter of 2.00 µm. By comparing Fig. 3(b)
and Fig. 6, the remarkable difference in contrast for linearly
and circularly polarized light is observed in the case of larger-
sized scatterers as compared to the case with smaller-sized
scatterers. In the entire range of optical thickness, the image

quality is seen to be better for C-PR as compared with L-PR.
As mentioned above, the image quality could be explained by
the measurement of DoP and DP. For the sake of generality,
the case of µ ′s = 0.074 and τ = 3.00 was selected to acquire
the measured distribution of DP of the backscattered photon,
which is shown in Fig. 7(a). DP in the case of linearly po-
larized light is observed to be quantitatively similar with that
in the case of circularly polarized light. This means that after
the short-path backscattered light being filtered out by range-
gated technology, the difference in the depolarization capac-
ity of the residual backscattered photons that experience a se-
quence of small-angle scattering events in both cases is neg-
ligible. Consequently, polarization–difference imaging could
suppress the equal amount of unwanted photons resulted from
backscattering. Consequently, summing up the contributions
of the backscattered photon, one can obtain that the target light
becomes the key factor to determine the image quality using
either L-PR or C-PR for the birefringent sample prepared us-
ing larger-sized scatterers.

Figure 7(b) shows the distribution of DoP of the target
light for the turbid medium having 2.00-µm diameter scatter-
ers. It can be seen that DoP for linearly polarized light is no-
ticeable higher than that for circularly polarized light without
the consideration of scattering number over the entire pixel
area. The figure shows that depolarization of circularly po-
larized light is strong in the target area, which implies that
linearly polarized light has a distinct advantage in reserving
effective light using polarization–difference technology. DoP
of the forward-scattered light outside the target area for the
linearly polarized light is preserved up to a much higher ex-
tent than that for circularly polarized light. This result reveals
that compared with L-PR, C-PR could reduce the contribution
of forward-scattered light. It has been demonstrated that for
the scattering sample prepared using larger-sized scatterers,
the forward-scattered light plays a dominant role in degrading
the imaging quality.[26] Furthermore, the difference of DoP of
the target light between the two cases is 0.1 in the target area,
which is lower than that of the forward-scattered light whose
minimum value is 0.15. In other words, although linear polar-
ization has the advantage in reserving the target information as
well as circular polarization has the advantage in rejecting the
forward-scattered light, the latter entails a greater advantage
for the enhancement of image quality. Because of this, the
forward-scattered light leads to better image quality for cir-
cularly polarized light, as compared to the case with linearly
polarized light. These results presented here could explain the
significantly pronounced image contrast with C-PR.
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Fig. 7. (color online) Images and profiles of DP of backscattered light (a) and images and profiles of DoP of target light (b) acquired using
linear and circular polarized light at the optical thickness τ = 3.00 for the birefringent medium composed of 2.00-µm diameter scatterers.

4. Conclusion

In summary, we have studied the image quality ob-
tained by PR in the birefringent turbid mediums composed of
smaller-sized and larger-sized scatterers with the aid of Monte
Carlo simulation. We have shown that the image quality is sig-
nificantly influenced by the scatterer size and the polarization
state of incident light. For the scattering medium prepared us-
ing smaller-sized scatterers, the contrast is related to the opti-
cal thickness. C-PR yields better image quality under the con-
dition of lower optical thickness while L-PR could do more
efficiently under condition of higher optical thickness. In the
medium prepared using larger-sized scatterers, circularly po-
larized light leads to a more noticeable enhancement of con-
trast as compared with linearly polarized light for all values
of optical thickness. The contributions of backscattered light
and target light on the image quality are analyzed by measur-
ing their polarization characteristics expressed in terms of DoP

and DP. These give a plausible explanation for the simulated
results that could provide guidance for the practical applica-
tion of PR, such as the selection of the appropriate polariza-
tion state of incident light according to the size of scatterer.
Our further work will include a systematic investigation re-
garding the influence of the variation of birefringence and the
type of target on PR. The simulated results should also be ver-
ified through an experimental study.
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