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In conventional two-dimensional (2-D) ghost imaging (GI), intensity
images can be obtained by utilizing the intensity correlation between signals in the reference path and test path. Grey values in ghost imaging
represent the transmission coefficient or reflection coefficient of the target. In this study, colour fusion polarization ghost imaging (CPGI) system
is proposed to acquire polarization image of target through Stokes parameters. A polarized chromatic value (PCV) is introduced in this system to
describe Stokes parameters in a pseudo-colour way. Target information
can easily be extracted from the result of CPGI system. The proposed
method can be employed successfully to identify targets, promoting
wider application of ghost imaging systems.
Keywords: Laser, ghost imaging (GI), colour fusion polarization image system
(CPGI), Stokes parameter, polarized chromatic value (PCV)

1 INTRODUCTION
Conventional two-dimensional (2-D) thermal ghost imaging (GI) can obtain
intensity images of targets using the intensity correlation of the light beams
in the reference path and test path [1–5]. Grey values of the intensity images
represent the transmission coefficient or reflection coefficient of the target.
Computational ghost imaging (CGI) [6–8] and compressive sensing ghost
imaging (CSGI) [9–11] are popular methods, favoured for their high-quality
imaging properties and rapid imaging speed.
Due to the distinct advantages of the ghost imaging, many researchers have
attempted to broaden its application field [12–17]. Previous studies typically
focus on intensity images, in which grey values relate to the reflection coefficient (or the transmission coefficient) of the target. When there are two targets
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with the same reflection coefficient (or the same transmission coefficient) in
the field of view, the two targets can-not be distinguished through intensity
images; hence, polarization ghost imaging (PGI), which measures degree of
polarization (DOP) distribution of reflected light from target, is proposed to
solve this problem [18–20].
In the field of polarization imaging, Stokes parameters contain more polarization information than DOP. Hence, it is better to distinguish targets with
same reflection coefficient through Stokes parameters distribution image than
that of DOP. In this study, we propose a colour-fusion polarization ghost
imaging (CPGI) system to measure Stokes parameters distribution reflected
from target. Computational experiment is also performed in this study, and
the results indicate that CPGI can distinguish the different targets with same
reflection coefficient (or the same transmission) much better than PGI and GI
system.

2 SYSTEM DESCRIPTION AND THEORETICAL ANALYSIS
The CPGI system is shown in Figure 1. The experiment setup is based on the
CGI experiment setup. A spatial light modulator (SLM) is used to modulate
the laser and generate the pseudorandom speckle pattern. The system selects
a reflecting target similar theoretically to a transmission target. Unlike the

FIGURE 1
Schematic diagram of the polarization ghost imaging system.
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CGI set up, the proposed system features a polarization state generator
between the SLM and laser source. The polarization state generator comprises of a linear polarizer (LP) P and a quarter-wave plate (QWP) W.
After being modulated by the polarization state generator and the SLM,
the light is emitted to illuminate the target. All parts of the target share
the same reflectivity. The polarization detection system (marked by the
blue dotted lines in Figure 1) measures light reflected from the target. Three
50%-50% non-polarization beam splitters (BS) in the polarization detection
system separate the echoed light into four test arms. Four convex lenses
L1, L2, L3 and L4 are placed in the four test arms to converge the light on
four same type detectors B1, B2, B3 and B4, respectively. The detectors are
independent of each other.
Test Arm 1 features an LP P1 and QWP W1 between the BS and the
convex lens L1. In the other test arms, only an LP is placed in front of the
convex lens. Correlation calculation of the intensity signal is measured by
the four detectors, and the speckle pattern. Distributions of the Stokes
parameters can be obtained based on the ghost imaging. The Stokes parameters carry the polarization and the intensity information of the reflected
light. Normalized Stokes parameters can be calculated using measured
results, and a polarization image can be obtained using the calculated normalized Stokes parameters.
Suppose the polarization state of the laser source in the experimental setup
is known. Stokes parameter S describes the polarization state of the light, and
can be expressed as

I0
 I  

  
Q   I x − I y 
S =   = 
,
U   I p 4 − I−p 4 
V  
   I R − I L 

(1)

where I0 represents total light intensity, Ix represents the horizontal polarization, Iy represents the vertical polarization, Ip/4 represents the linear p/4 polarization, I-p/4 represents the linear -p/4 polarization, IR represents the right
circle polarization and IL represents the left circle polarization. DOP can be
defined as
DOP =

Q2 + U 2 + V 2
I

(2)

The polarization state changes when light is reflected from the target, in
accordance with the polarization state of the light illuminated on the target.
The polarization state of reflection light S′ is
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where matrix M is the Mueller matrix, which describes the influence of the
target surface on the polarization state of the illuminating light.
As mentioned above, the Stokes parameters of the light reflected from the
target (I′, Q′, U′, V′) are measured. The intensity signals i1, i2, i3 and i4 measured by the four independent detectors B1, B2, B3 and B4 calculate Stokes
parameter S′. The relationship between signal intensity and Stokes parameter
is expressed as
 i1   a11
  
i   a
I =  2  =  21
 i3   a31
i   a
 4   41

a12
a22
a322
a42

a13
a23
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a43

a14   I ′ 
 
a24  Q ′ 
= A ⋅ S ′,
a34  U ′
a44  V ′ 

(4)

where I is the intensity matrix of the four detectors and A is the matrix of the
polarization detection system matrix.
As long as the polarization detection matrix is known and the determinant
of matrix A does not equal 0, then S′ can be derived according to
S′=A-1I

(5)

To guarantee that the determinant of matrix A is a nonzero number, the
four test arms in the polarization detection system must be uncorrelated.
When the determinant of matrix A is a nonzero number, matrix A-1 can be
described as
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(6)

According to Equation (5) and Equation (6), the following can be derived:
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In GI the intensity image can be obtained by correlation calculation between
the speckle pattern modulated by the SLM and the intensity signal measured
by the bucket detector. Ghost imaging is expressed as [6–9]
G( x ) =

1
N

N

∑
j =1

I B( j ) I ( j ) ( x ) −

1
N

N

∑

I B( j ) ⋅

j =1

1
N

N

∑I

( j)

( x ),

(8)

j =1

where N represents the total number of measurements is the signal intensity
of the non-spatial detector in the jth experiment, and I(j)(x) is the speckle pattern in the jth measurement.
In CPGI system, the polarization state is described by Stokes parameters
[Q U V]T. For the normalized Stokes parameters the values Q, U, V are all in
the interval of −1, 1 and the value of I is 1. In order to describe the polarization state distribution intuitively, the intervals of three Stokes parameters
[Q U V]T are all divided into 256 grey levels; that is, [0,255]. The mapped
Stokes parameters are expressed with [R G B]T, which follow the relationship
255

(Q + 1)
 R =
2


255
(U + 1) .
G =

2

 B = 255 (V + 1)

2


(9)

he mapped Stokes parameter [R G B]T is defined as polarized chromatic value
(PCV); thus, the distribution of PCV expresses the polarization state distribution of the target. Basically, the PCV distribution image is the target’s polarization image.
By submitting Equation (9) into Equation (2), the relationship between
polarization intensity and PCV is expressed as
 2R
2  2G
2
2  2 B
DOP = 
−1 + 
−1 .
−1 + 
 255   255   255 

(10)
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According to Equation (6), in the jth measurement, the components of Q, U
and V are
 I ( j ) = a ′ i ( j ) + a ′ i ( j ) + a ′ i ( j ) + a ′ i ( j )
21 1
22 2
23 3
24 4
 Q
 ( j )
( j)
( j)
( j)
′
′
′
′ ( j)
 IU = a31 i1 + a32 i2 + a33 i3 + a34 i4 ,

I ( j ) = a ′ i ( j ) + a ′ i ( j ) + a ′ i ( j ) + a ′ i ( j )
41 1
42 2
43 3
44 4
 V


(11)

(i )

where ik is the signal intensity measured by non-spatial bucket detector
Bk in the jth measurement and k=1,2,3,4. In the polarization ghost imaging
( j)

system, I B of Equation (7) is obtained by
I B( j ) = I P ( j ) , P = Q, U , V .

(12)

The PCV distribution of the target can be achieved through Equation (8) and
Equation (11). The proposed system can also be used to measure the intensity
image of a target. Suppose that
I I ( j ) = a11′ i1( j ) + a12′ i2( j ) + a13′ i3( j ) + a14′ i4( j ) .
( j)

(13)

( j)

When I B = I I , the intensity image can be calculated by plugging Equation
(13) into Equation (7).

3 COMPUTATIONAL EXPERIMENTATION WITH COLOUR
FUSION POLARIZATION GHOST IMAGING (CPGI)
This section details our computational experiment, conducted in order to
validate the theoretical analysis and compare the differences between both
the polarized image and intensity image gathered by GI. In the simulation, an
English character ‘H’ is selected as the target (see Figure 2).
Area A is wood, Area B is steel, Area C is stone. Area D, the background,
is leaf cover. Equations (14)-(17) are the Mueller matrices of the different
materials [21, 22]:

M wood

 1
0.01
0.03 −0.02


−0.01 0.20
0.03 −0.03

=
,
0.06
0.23
0.02 
 0.01
−0.01 −0.01 −0.04 0.16 



(14)
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FIGURE 2
An English character ‘H’ is divided into four areas, all made of different materials.

M steel

0.01 0.01
0.97 −0.03
0.05 0.98
0.02 0.01

0.01

0.02
,
0.01
0.99

(15)

 1
−0.01 0.01
0.02 


 0.01

0
.
39
0
01
−
0
01
.
.
,
= 
0.38
0.01 
−0.02 0.02
 0.01
0.01 −0.02 0.35 


(16)

 1
0.0227 −0.0031 −0.0028


 0.0077 0.2066 −0.0038 −0.0096
.
= 
−0.032 
0.235
 0.024 0.045
 0.041 0.024
0.017
0.538 


(17)

M stone
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 1

−0.02
= 
−0.01
 0.01
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The experiment takes place under ideal circumstances: it is assumed that
there is no shot noise in the detector and no atmosphere turbulence in the test
arm. In addition, the reflection coefficients of all areas shown in Figure 2 are
the same. During the computational experiment, the polarization state of the
illuminating light is horizontal polarization, because the SLM is sensitive to
horizontal polarization light. The Stokes parameter of the illuminating light is
[1 1 0 0]T. System matrix A of the polarization detection system is measured
by the Equator-Poles method [23]:
 0.922 0.908
0.081

 0.945 0.015 −0.928
A = 
1.078 −1.069 0.005
 0.979 −0.012 −0.491


0.014

0.144
.
0.017
0.831

(18)

The determinant of the polarization detection system matrix A is calculated
as: det(A)=-1.42; the polarization detection system matrix is a non-singular
matrix, and inverse matrix A-1 exists.
In the calculation experiment, target polarization images are obtained with
either 10000 measurements or 20000 measurements. Results are shown in
Figure 3. Figures 3(a) to (c) are the RGB component distributions of the PCV
and Figures 3(d) to (f) are the reconstructed images. The left side of each
figure is the result with 10000 measurements and the right side is the result
with 20000 measurements. The RGB component distributions of the PCV
correspond to the distribution of Stokes parameters (Q, U and V). Figure 3(d)
is the polarization image of the target and Figure 3(e) is the intensity image
obtained by the GI. Target polarization intensity distributions can be obtained
using the R, G and B component distributions according to Equation (2).
Target polarization intensity distributions obtained in our experiment are
shown in Figure 3(f).
As shown in the target polarization image in Figure 3(d), different
materials correspond to different colours. The PCV of Area A (wood) is
(98, 132, 66), resulting in a dark olive green. The PCV of Area B (steel) is
(126, 93, 112), resulting in a dark plum colour. The PCV of Area C (stone)
is (200, 130, 127), resulting in a dark pink colour. The PCV of the leaf is
(108, 168, 175), which resulted in slate grey.
Figure 3(e) shows the target intensity image built with CGI, which is blank
because it is assumed that the reflection coefficients of the target and background are the same. In Figure 3(d), different areas (A, B, C, and D) of the
target correspond to different colours. The target is much more easily distinguished from the background in Figure 3(d) than Figure 3(e).
Target polarization intensity distributions can also be utilized to distinguish different target areas, as shown in Figure 3(f). DOP of each area (A, B,
C and D) are calculated using
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FIGURE 3
Simulation results with 10000 (left) and 20000 (right) measurements for (a) R component PCV
distributions, (b) G component PCV distributions, (c) B component PCV distributions, (d) polarization images based on PCV, (e) target intensity images and (f) target polarization intensity
distributions.
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where DOPK(K=A,B,C,D) represents the polarization intensities of different
areas, nK(K=A,B,C,D) represents the total number of pixels in different areas
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TABLE 1
Polarization intensities of the four areas.
Material

DOP

Wood (Area A)

0.0386

Stone (Area B)

0.1686

Steel (Area C)

0.8606

Leaf (Area D)

0.0515

and DOPi represents the polarization intensity of pixel i. Table 1 shows
the polarization intensities of all four areas calculated according to
Equation (19). Polarization intensity of the Area A is 0.0386 and 0.0515
for Area D – almost identical values. To this effect, Area A and Area D are
difficult to see in Figure 3(f). The greater difference in PCV values for
the two areas shown in Figure 3(d) make the corresponding colours much
more different. This phenomenon suggests that PCV depicts target areas
more effectively than polarization intensity.
The quality of reconstructed image with 20000 measurements is better
than the image built with 10000 measurements, as shown in Figure 3. PCV
measurement error under changing measurements is also calculated as shown
in Figure 4. The error between measured results and results expected based
on Mueller matrices is between 5 and 20%, and error decreases with increased
number of measurements.

FIGURE 4
Graph showing PCV errors change with increasing number of measurements.

28

X. Yang et al.

In the polarization image based on ghost imaging, errors in the RGB component distributions of the PCV are caused by noise of each RGB component
distributions. According to ghost imaging theory, signal to noise ratio (SNR)
is expressed as [24–26]
SNR = G ( x ) ∆G ( x )

(20)

If measurements increase N times, SNR increases N times. As shown in
Figure 4, it is reasonable to assume that increasing the number of measurements will decrease the error between measured results and results expected
from Mueller matrices. The reduced decline rate of the error will decrease
with the increasing measurement number as well.
In this computational experiment, the RGB components of the PCV values
are obtained by 20000 measurements and the error of the PCV values is close
to 5%. Therefore, the measured results agree with the results expected from
these Mueller matrices.
4 CONCLUSIONS
This paper proposes a novel polarization ghost imaging system based
on Stokes parameters. colour fusion polarization ghost imaging (CPGI) is
proposed to allow measurement of the Stokes parameters distribution of
the light reflected from a target. Polarized chromatic value (PCV) is defined
in this study to describe the Stokes parameters distribution of reflected light
in a pseudo-colour way; PCV distribution forms the polarization image.
Computational experiments further validated the polarization ghost imaging
system, using an H-shaped simulated target comprised of different materials
(wood, stone, and steel) and a background (leaf cover). Experiment results
showed that the proposed CPGI system successfully distinguished the
target from the background, as the reflection coefficients of the target and
background were equivalent. And CPGI system has a better capacity than
polarization ghost imaging (PGI) system. The approach in this paper extends
the application of the ghost imaging beyond measuring intensity range
and image range, allowing additional information regarding targets to be
gathered effectively.
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