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A B S T R A C T

In order to acquire the spatial polarization information in real time, a snapshot, mid-wave infrared, full-
polarization-imaging system (SMWIFPIS) is proposed in this paper. Equal weight variance was used to optimize
the polarization axis direction of the linear polarizer and the fast-axis azimuth angle of the wave plate in each
channel to reduce the impact of the random intensity fluctuations in the infrared detector. A calibration method of
the SMWIFPIS is proposed by investigating Fourier analysis method of a rotatable retarder fixed polarizer Stokes
polarimeter (RRFPSP), which is used to improve the accuracy of polarization measurement. The calibration
theory of the system is deduced. Finally, the correctness of the calibration method and the performance of
the SMWIFPIS are proved by experiments. The experimental results show that the measurement accuracy of
the SMWIFPIS is improved obviously through error calibration and compensation, which indicates that the
effectiveness of the method is validated. The information measured by the SMWIFPIS is accurate.

1. Introduction

Polarization-imaging systems can not only measure the intensity
information of a target scene, but also its orientation information.
Compared with traditional photometric and radiological detection tech-
niques, the obtained information is greatly increased, which provides
strong evidence for the accurate identification of the target. Therefore,
they are widely used in biomedicine [1,2], remote sensing [3–7], target
detection and recognition [8,9], among other fields.

In the practical application of polarization imaging technology,
the instrument platform and detection target are all in motion, so
the real-time detection is very important for accurate measurement of
polarization information. Therefore, the real-time polarization imaging
technology have been extensively studied [10–18]. However, there are
three main errors to influence polarization-measurement accuracy: (1)
the azimuthal angle error of the linear polarizer, which is away from
the correct angular orientation, (2) the fast-axis angle error and the
phase delay error of the retarder, and (3) the random fluctuation of the
detector intensity. Therefore, it is necessary to optimize the system, error
calibration and compensation to improve its measurement accuracy.

Currently, curve fitting [19] and equator poles [20] are the usual
calibration methods of Stokes polarization imaging system. It is neces-
sary to use the polarization state generator to produce a variety of linear
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independent reference light, and need to be measured at least 4 times
for each reference polarization. The calibration process is complex.

To achieve real-time polarization detection in the mid-wave in-
frared band, we present a snapshot mid-wave infrared full-polarization-
imaging system. The system polarization measurement matrix is op-
timized by using equal weight variance so as to improve the system
performance. A calibration method of the SMWIFPIS is proposed based
on Fourier analysis method of a rotatable retarder fixed polarizer Stokes
polarimeter. The calibration theory of the system is deduced.

2. Polarization measurement model and optimization

2.1. Working principle

The SMWIFPIS is shown in Fig. 1. It consists of a polarization
measuring structure (PMS), a microlens array, a relay imaging system,
and a cooled infrared array detector. The polarization measurement
structure is composed of a linear polarization array with different
polarization axis directions and a quarter wave plate. The working band
range of the SMWIFPIS is 3–5 μm, with a design wavelength of 4 μm.

The working principle: The light emitted by the target object at in-
finity incidents into the PMS that polarization modulation is performed
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𝑀𝑅 =

⎡

⎢

⎢

⎢

⎢

⎣

1 0 0 0
0 cos2 2𝜃𝑟 + sin2 2𝜃𝑟 cos 𝛿 sin 2𝜃𝑟 cos 2𝜃𝑟(1 − cos 𝛿) − sin 2𝜃𝑟 sin 𝛿
0 sin 2𝜃𝑟 cos 2𝜃𝑟(1 − cos 𝛿) sin2 2𝜃𝑟 + cos2 2𝜃𝑟 cos 𝛿 cos 2𝜃𝑟 sin 𝛿
0 sin 2𝜃𝑟 sin 𝛿 −cos 2𝜃𝑟 sin 𝛿 cos 𝛿

⎤

⎥

⎥

⎥

⎥

⎦

(3)

where 𝜃𝑟 is the angle of the fast axis of the quarter-wave plate relative to the 𝑥-axis and 𝛿 is the phase delay.

Box I.

Fig. 1. Schematic layout of the SMWIFPIS.

Fig. 2. The two-dimensional structure schematic diagram of the SMWIFPIS.

in the four channels, and then four images are obtained on the image
plane of the microlens array. The images made by the microlens array
are imaged on the target surface of the detector through a relay imaging
system, and finally four intensity images are obtained respectively in the
four sections of the target surface of the detector.

The infrared optical system responds to a heat source. To avoid stray
light external to the scene entering the optical system and affecting the
imaging, 100% cold-aperture matching should be achieved. The cold
diaphragm of the cooled infrared array detector is used as the aperture
stop for the SMWIFPIS. Thus, the SMWIFPIS uses a secondary imaging
design method, which is shown in Fig. 2. The microlens array is used
to obtain multiple images of a target. The relay imaging system is used
to image the first images made by the microlens array on the detector,
meanwhile it uses the cold diaphragm of the detector as its aperture stop
to achieve 100% cold-aperture matching.

2.2. Polarization measurement model

When light is incident on the SMWIFPIS, the Mueller matrix in the
channels 1, 2, and 3 can be expressed as:

𝑀𝐿𝑃 = 1
2

⎡

⎢

⎢

⎢

⎢

⎣

1 cos 2𝜃 sin 2𝜃 0
cos 2𝜃 cos2 2𝜃 sin 2𝜃 cos 2𝜃 0
sin 2𝜃 sin 2𝜃 cos 2𝜃 sin2 2𝜃 0
0 0 0 0

⎤

⎥

⎥

⎥

⎥

⎦

(1)

where 𝜃 is the angle between the polarizer axis of the polarizer and the
x-axis.

The Mueller matrix in channel 4 can be expressed as:

𝑀4 =𝑀𝐿𝑃 ⋅𝑀𝑅 (2)

𝑀𝑅 can be expressed as given in Box I.
Because the Stokes vector can describe the polarization state of

any light and the Muller matrix can describe all types of optical
systems [21,22]. Then when the incident light passes through different
polarization measurement channels of the SMWIFPIS, the relationship
between the Stokes vector of the outgoing and incident light, 𝑆𝑜𝑢𝑡 and
𝑆𝑖𝑛, respectively, can be obtained as:

𝑆𝑜𝑢𝑡=
{

𝑀𝐿𝑃 (𝜃𝑝𝑖) ⋅ 𝑆𝑖𝑛(𝑆0, 𝑆1, 𝑆2, 𝑆3) 𝑖 = 1, 2, 3
𝑀4 ⋅ 𝑆𝑖𝑛(𝑆0, 𝑆1, 𝑆2, 𝑆3) 𝑖 = 4

(4)

Currently, the detector can only respond to the light intensity and not
the polarization state of the light, so only the first parameter 𝑆0 in 𝑆𝑜𝑢𝑡
could be measured. Therefore, by rearranging Eq. (4), the polarization
measurement equation can be obtained as:

𝐼 = 𝐴 ⋅ 𝑆𝑖𝑛 (5)

where A is the ideal polarization measurement matrix of the system,
which is expressed as:

𝐴(𝑖, ∶) = 0.5 ⋅ [1, cos 2𝜃𝑝𝑖, sin 2𝜃𝑝𝑖, 0]
𝑖 = 1, 2, 3

(6)

𝐴(4, ∶) = 0.5 ⋅ [1, cos 2𝜃𝑝4 ⋅ (cos2 2𝜃𝑟 + cos 𝛿 ⋅ sin2 2𝜃𝑟)
+ sin 2𝜃𝑝4 ⋅ (cos 2𝜃𝑟 ⋅ sin 2𝜃𝑟 − cos 2𝜃𝑟 ⋅ sin 2𝜃𝑟 ⋅ cos 𝛿)
, sin 2𝜃𝑝4 ⋅ (cos 𝛿 ⋅ cos2 2𝜃𝑟 + sin2 2𝜃𝑟) + cos 2𝜃𝑝4
⋅(cos 2𝜃𝑟 ⋅ sin 2𝜃𝑟 − cos 2𝜃𝑟 ⋅ sin 2𝜃𝑟 ⋅ cos 𝛿),
cos 2𝜃𝑟 ⋅ sin 2𝜃𝑝4 ⋅ sin 𝛿 − cos 2𝜃𝑝4 ⋅ sin 2𝜃𝑟 ⋅ sin 𝛿]

(7)

From Eq. (5), the Stokes vector of the incident light is obtained as:

𝑆𝑖𝑛 =

⎡

⎢

⎢

⎢

⎢

⎣

𝑆0
𝑆1
𝑆2
𝑆3

⎤

⎥

⎥

⎥

⎥

⎦

= 𝐵 ⋅ 𝐼 (8)

where B is the inverse of A. From Eq. (8), the degree of linear polariza-
tion (dolp) and the polarization angle information 𝛹 is acquired as:

𝑑𝑜𝑙𝑝 =

√

𝑆2
1 + 𝑆2

2

𝑆0

𝜓 = 1
2
tan−1

𝑆2
𝑆1

(9)

where 0 ≤ dolp ≤ 1.
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Fig. 3. 𝐸𝑊 𝑉 1−3 value of the linear polarization measurement matrix 𝐴1−3.

Fig. 4. EWVA diagram of A.

2.3. Optimization of the polarization measurement matrix

To improve the accuracy of the polarization measurement, random
fluctuations in the detection intensity should be effectively suppressed.
Different methods are used to optimize the polarization-measurement
matrix, including the norm of the matrix [23–27] and equal weight
variance (EWV ) [28]. Here, we use EWV to optimize the polarization-
measurement matrix, which is expressed as follows:

𝐸𝑊 𝑉 =
3
∑

𝑗=0

𝑁−1
∑

𝑘=0
(𝐴+)2𝑗,𝑘 =

𝑅−1
∑

𝑗=0
1∕𝜇2𝑗 (10)

where A is the measurement matrix of the system, 𝐴+ is the pseudo
inverse matrix of A, N is the number of polarization measurements, R is
the rank of A and 𝜇𝑗 is the singular value of A.

The optimization is divided into two steps according to the charac-
teristics of PMS.

Step 1: Optimization of the linear polarization-measurement channel

𝐴1−3 =
1
2

⎡

⎢

⎢

⎣

1, cos 2𝜃𝑝1, sin 2𝜃𝑝1
1, cos 2𝜃𝑝2, sin 2𝜃𝑝2
1, cos 2𝜃𝑝3, sin 2𝜃𝑝3

⎤

⎥

⎥

⎦

(11)

To optimize 𝐴1−3, we let 𝜃𝑝1 = 0◦. 𝐸𝑊 𝑉 1−3 of the matrix 𝐴1−3 is
a function of 𝜃𝑝2 and 𝜃𝑝3, and 𝐸𝑊 𝑉 1−3 with the change in 𝜃𝑝2 and 𝜃𝑝3,
as shown in Fig. 3. Fig. 3 shows that when the azimuthal angle for the
polarizer in the linear polarization-measurement channel is 0◦, −60◦,
and 60◦, the value of 𝐸𝑊 𝑉 1−3 for 𝐴1−3 is the smallest, with a minimum
value of 6.6831.

Step 2: Optimization of A containing a circularly polarized channel
under the premise that the linearly polarized channel azimuth is known.

In the case of 𝜃𝑝1, 𝜃𝑝2 and 𝜃𝑝3, A is optimized, i.e., fourth channels 𝜃𝑝4
and 𝜃𝑟 are optimized, and 𝐸𝑊 𝑉 𝐴 changes with 𝜃𝑝4 and 𝜃𝑟, as shown in
Fig. 4. When the minimum value of 𝐸𝑊 𝑉 𝐴 is 12, we test 𝜃𝑝4 and 𝜃𝑟 to
find the relationship between the two, as shown in Fig. 4. The red arrow
in Fig. 4 indicates the sampling direction. Dots were sampled line by line
from the top to the bottom. The white circle represents the minimum
value of 12 in Fig. 4. The sampling results are shown in Fig. 5. They
satisfy the following relationship:

|

|

|

𝜃𝑝4 − 𝜃𝑟
|

|

|

= 45◦ or 135◦ (12)

When |𝜃p4 − 𝜃𝑟| = 45◦ or 135◦ ±1◦, the 𝐸𝑊 𝑉 𝐴 value of the polarization-
measurement matrix changes from 12.0000 to 12.0066, which indicates
that the system polarization-measurement matrix is insensitive to mea-
surement errors.

58



H. Wang, J. Liang Optics Communications 421 (2018) 56–65

Fig. 5. 𝜃𝑝4 and 𝜃𝑟 samples and 𝜃𝑝4–𝜃r .

Fig. 6. The curve of the signal-to-noise ratio of 𝑆1 versus 𝜃𝑝3.

2.4. Simulation demonstration of the optimization method

To verify the effectiveness of the optimization obtained in Sec-
tion 2.3, the ability of the polarization-measurement matrix 𝐴 to sup-
press noise should be evaluated. Since we use a cooled HgCdTe detector
array with 320 × 256 pixels, Gaussian noise is the main source of noise,
and the signal-dependent noise, which is the main noise in quantum-well
infrared photodetectors, is neglected.

A Gaussian noise with a mean value of zero and variance of 0.1 is
added to the intensity image in Eq. (2). The reconstructed Stokes vector
is evaluated for its ability to suppress noise in the linear polarization-
measurement channel and circular polarization-measurement channel,
where the original Stokes vector satisfies the following relationship [29]:

𝑆𝐶 = [1 1∕
√

3 1∕
√

3 1∕
√

3]
𝑆𝑂 = [0 0 0 0]

(13)

where 𝑆𝐶 represents the Stokes vector in the central region and 𝑆𝑂
represents the Stokes vector in the outer region.

Following the characteristics of optimization for the polarization-
measurement matrix, the optimized results in the linear polarization-
measurement channel and circular polarization-measurement channel
will be evaluated, respectively, as follows:

2.4.1. Linear polarization-measurement channel
The polarization axis direction of the linear polarizer 1, 2 are set as

(0◦, 60◦) relative to the 𝑥-axis. When 𝜃𝑝3 changes from −90◦ to 90◦, the
curve of the signal-to-noise ratio for 𝑆1 and 𝑆2 are shown in Figs. 6 and
7. As seen from Figs. 6 and 7, when 𝜃𝑝3 is equal to −60◦, the signal-to-
noise ratio of 𝑆1 and 𝑆2 are at the maximum value. This is consistent
with the optimized result obtained in Section 2.3.

2.4.2. Circular polarization-measurement channel
When the polarization axis direction of the polarizer 1, 2 ,3 and 4

relative to the 𝑥-axis is set as (0◦, −60◦, 60◦ and 0◦), the phase delay
of the quarter-wave plate is 90◦, and the signal-to-noise ratio of 𝑆3
is a function of 𝜃𝑟. When 𝜃𝑟 changes from −90◦ to 90◦, the curve of
the signal-to-noise ratio for 𝑆3 is shown in Fig. 8. As seen from Fig. 8,
when 𝜃𝑟 is equal to 45◦ or −45◦, the signal-to-noise ratio of 𝑆3 is at the
maximum value. This is consistent with the optimized result obtained
in Section 2.3.

3. Calibration theory of the SMWIFPIS

3.1. The Fourier analysis method of the RRFPSP

Fig. 9 is a schematic diagram of the RRFPSP. The RRFPSP is mainly
composed of a rotated quarter-wave plate, a fixed line polarizer, an
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Fig. 7. The curve of the signal-to-noise ratio of 𝑆2 versus 𝜃𝑝3.

Fig. 8. The curve of the signal-to-noise ratio of 𝑆3 versus 𝜃𝑟.

imaging optics system and a detector. The polarization axis of the linear
polarizer is used as the datum axis, and the fast-axis azimuth angle of
the quarter-wave plate is determined by this axis. The light emitted
by the target object is modulated by the quarter-wave plate and linear
polarizer, and then the image is obtained on the detector through the
imaging optics system. The light intensity signal I on the detector can
be expressed in Fourier series [30]:

𝐼 =
𝑎0
2

+ 1
2

2
∑

𝑛=1

(

𝑎2𝑛 cos 2𝑛𝜑 + 𝑏2𝑛 sin 2𝑛𝜑
)

(14)

where 𝜑 is the angle between the fast axis of the wave plate and the
polarizer polarization axis, 𝑎0, 𝑎2𝑛, 𝑏2𝑛 are the Fourier coefficient.

The relationship between Stokes parameter 𝑆𝑖𝑛 of incident light and
Fourier coefficients by Muller matrix operation can be obtained:

𝑆0 = 𝑎0 − 𝑎4
𝑆1 = 2𝑎4
𝑆2 = 2𝑏4
𝑆3 = −𝑏2

(15)

3.2. Error calibration and compensation principle of the SMWIFPIS

Based on the Fourier analysis method of the RRFPSP and the
polarization-measurement structure of the SMWIFPIS, the calibration of
SMWIFPIS is divided into the calibration of line polarization measure-
ment channel and circular polarization measuring channel.

Fig. 9. Schematic diagram of the RRFPSP.

3.2.1. The calibration of the line polarization measurement channel
A standard quarter-wave plate is added to the line polarization

measurement channel, which is shown in Fig. 10. The phase delay error
of this wave plate is known and the fast axis azimuth angle can be
controlled accurately. In each line polarization measurement channel,
the polarization axis direction of the linear polarizer in PMS is used as
the datum axis, and the fast axis azimuth angle of the standard quarter-
wave plates is determined by this axis. Due to the polarization axis
with azimuth angle error as the datum axis, this leads to the azimuth
error of the linear polarizer being transplanted to the fast axis azimuth
angle of the standard quarter-wave plate. Therefore, the azimuth error
of the polarizer in the line polarization measurement channel can be
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𝑀𝑅 =

⎡

⎢

⎢

⎢

⎢

⎣

1 0 0 0
0 cos22(𝜑 + 𝜀𝑖) + sin22(𝜑 + 𝜀𝑖) cos(𝛿 + 𝜎𝑖) sin 2(𝜑 + 𝜀𝑖) cos 2(𝜑 + 𝜀𝑖)(1 − cos(𝛿 + 𝜎𝑖)) − sin 2(𝜑 + 𝜀𝑖) sin(𝛿 + 𝜎𝑖)
0 sin 2(𝜑 + 𝜀𝑖) cos 2(𝜑 + 𝜀𝑖)(1 − cos(𝛿 + 𝜎𝑖)) sin22(𝜑 + 𝜀𝑖) + cos22(𝜑 + 𝜀𝑖) cos(𝛿 + 𝜎𝑖) cos 2(𝜑 + 𝜀𝑖) sin(𝛿 + 𝜎𝑖)
0 sin 2(𝜑 + 𝜀𝑖) sin(𝛿 + 𝜎𝑖) − cos 2(𝜑 + 𝜀𝑖) sin(𝛿 + 𝜎𝑖) cos(𝛿 + 𝜎𝑖)

⎤

⎥

⎥

⎥

⎥

⎦

(16)

Box II.

Fig. 10. Schematic diagram of the calibrated structure in the linear polarization
measurement channel.

indirectly obtained by measuring the fast axis azimuth error of the
standard quarter-wave plate.

It is assumed that the fast axis azimuth error of the standard quarter-
wave plate is 𝜀𝑖 and the phase delay error is 𝜎𝑖, the Muller matrix of the
wave plate is given in Box II.

Due to the polarization axis direction of the linear polarizer is used
as the datum axis in each polarization measurement channel, so Muller
matrix of the linear polarizer is:

𝑀𝐿𝑃 = 1
2

⎡

⎢

⎢

⎢

⎢

⎢

⎣

1 1 0 0

1 1 0 0

0 0 0 0

0 0 0 0

⎤

⎥

⎥

⎥

⎥

⎥

⎦

(17)

Using small angle approximation (i.e. sin𝜃 = 𝜃, cos𝜃 = 1) and
matrix operations, the light intensity expression on the detector can be
expressed:

𝐼 = 1
2
[𝑆0 +

1
2
(1 − 𝜀𝑖) ⋅ 𝑆1 +

1
2
(1 + 𝜎𝑖) cos 4𝜀𝑖 cos 4𝜑 ⋅ 𝑆1

−2𝜀𝑖(1 + 𝜎𝑖) cos 2𝜀𝑖 sin 4𝜑 ⋅ 𝑆1 +
1
2
(1 + 𝜎𝑖) cos 4𝜀𝑖 sin 4𝜑 ⋅ 𝑆2

+2𝜀𝑖(1 + 𝜎𝑖) cos 2𝜀𝑖 cos 4𝜑 ⋅ 𝑆2 − cos 2𝜀𝑖 sin 4𝜑 ⋅ 𝑆3 − 2𝜀𝑖 cos 2𝜑 ⋅ 𝑆3]

(18)

where i represent the ith polarization measurement channel.
Comparing Eqs. (18) and (14), the Fourier coefficients in (14) are

obtained:

𝑎0 = 𝑆0 +
1
2
(1 − 𝜎𝑖) ⋅ 𝑆1

𝑎2 = −2𝜀𝑖 ⋅ 𝑆3

𝑎4 =
1
2
(1 + 𝜎𝑖) cos 4𝜀𝑖 ⋅ 𝑆1 + 2𝜀𝑖(1 + 𝜎𝑖) cos 2𝜀𝑖 ⋅ 𝑆2

𝑏2 = −cos 2𝜀𝑖 ⋅ 𝑆3

𝑏4 =
1
2
(1 + 𝜎𝑖) cos 4𝜀𝑖 ⋅ 𝑆2 − 2𝜀𝑖(1 + 𝜎𝑖) cos 2𝜀𝑖 ⋅ 𝑆1

(19)

According to Eq. (19), the Stokes vector of the incident light can be
obtained as follows:

𝑆0 = 𝑎0 − 𝛾𝑆1

𝑆1 =
𝛼𝑎4 − 𝛽𝑏4
𝛼2 + 𝛽2

𝑆2 =
𝛼𝑏4 + 𝛽𝑎4
𝛼2 + 𝛽2

𝑆3 = −
𝑏2

cos 2𝜀𝑖

(20)

where

𝛼 = 1
2
(1 + 𝜎𝑖) cos 4𝜀𝑖

𝛽 = 2𝜀𝑖(1 + 𝜎𝑖) cos 2𝜀𝑖

𝛾 = 1
2
(1 − 𝜎𝑖)

(21)

So the relationship between the Stocks vector of the incident light
and the azimuth error and phase delay error of the wave plate is
obtained.

In each line polarization measurement channel, the linear polarized
light parallel to the polarization axis of the polarizer is used as the
incident light. Because the polarization axis with azimuth angle error is
used as the datum axis, there is a 𝜀𝑖 angle deviation between the actual
linear polarized light and the ideal linear polarized light. The actual
linear polarized light 𝑆𝑖𝑛 can be expressed:

𝑆𝑖𝑛 =

⎡

⎢

⎢

⎢

⎢

⎣

1
cos(2𝜀𝑖)
sin(2𝜀𝑖)

0

⎤

⎥

⎥

⎥

⎥

⎦

(22)

The Eq. (22) is brought into Eq. (19), the Fourier coefficients are
obtained:

𝑎0 = 1 + 1
2
(1 − 𝜎𝑖) ⋅ cos 2𝜀𝑖

𝑎2 = 0

𝑎4 =
1
2
(1 + 𝜎𝑖) cos 4𝜀𝑖 ⋅ cos 2𝜀𝑖 + 2𝜀𝑖(1 + 𝜎𝑖) cos 2𝜀𝑖 ⋅ sin 2𝜀𝑖

𝑏2 = 0

𝑏4 =
1
2
(1 + 𝜎𝑖) cos 4𝜀𝑖 ⋅ sin 2𝜀𝑖 − 2𝜀𝑖(1 + 𝜎𝑖) cos 2𝜀𝑖 ⋅ cos 2𝜀𝑖

(23)

In order to guarantee the uniqueness of the solution and minimize the
effect of the small angle approximation on the calibration result, just
make the cos 2𝜀𝑖 = 1, (𝜀𝑖)2 = 0. The two error parameters can be
obtained from Eq. (23):

cos 4𝜀𝑖
𝜀𝑖 ⋅ cos 4𝜀𝑖 − 4𝜀𝑖

=
𝑎4
𝑏4

𝜎𝑖 = 3 − 2𝑎0

(24)

Therefore, we use the linear polarized light which is parallel to the
polarization axis of the polarizer as the measuring object. By rotating
standard wave-plate method and performing the Fourier analysis of the
measured light intensity, the azimuth angle error and the phase delay
error of the standard quarter-wave plate are obtained from Eq. (24).
The azimuth error of the polarizer in the line polarization measurement
channel can be indirectly known from 𝜀𝑖.
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Fig. 11. Schematic diagram of the calibrated structure in the circular polariza-
tion measurement channel.

3.2.2. The calibration of the circular polarization measurement channel
In the circular polarization measurement channel, the polarization

axis direction of the linear polarizer in PMS is also used as the datum
axis, and the fast axis azimuth angle of the quarter-wave plates is
determined by this axis. A linear polarization generator is added to the
circular polarization measurement channel, which can produce linear
polarized light in different polarization directions 𝜙 to incident this
channel. The calibrated structure is illustrated as shown in Fig. 11.

The linear polarized light generated by the linear polarization gen-
erator can be expressed:

𝑆𝑖𝑛 =

⎡

⎢

⎢

⎢

⎢

⎢

⎣

1

cos 2(𝜀𝑖 + 𝜙)

sin 2(𝜀𝑖 + 𝜙)

0

⎤

⎥

⎥

⎥

⎥

⎥

⎦

(25)

We perform the Fourier analysis of the measured light intensity, then
the azimuth angle error and the phase delay error of the quarter-wave
plate in the circular polarization measurement channel are obtained
from Eq. (19).

By calibrating the error of the line polarization channel and the
circular polarization channel, the polarization measurement matrix A
is modified and the measurement accuracy is improved.

Fig. 13. The spectral characteristics of the SiC light source.

4. Experiment and result analysis

4.1. Calibration device

A calibration device of the SMWIFPIS is shown in Fig. 12, which
is mainly composed of a SiC infrared light source, a medium-wave
infrared collimating system, a linear polarizer, a standard quarter-wave
plate, a SMWIFPIS and a detector. The combination of the light source,
collimating system and linear polarizer is used to generate the linear
polarized light with different polarization direction, which is called
linear polarization state generator (LPSG). The standard quarter-wave
plate is added to the line polarization measurement channel, which
is used to indirectly measure the azimuthal angle error of the linear
polarization element in the PMS due to the misalignment.

The spectral range of the infrared SiC light source is 1–16 μm, the
spectral characteristics of the SiC infrared light source is shown in
Fig. 13. The working band range of the collimating system is 3–5 μm,
with a design wavelength of 4 μm. The combination of the light source
and collimating system is used to generate the medium-wave infrared
light, whose wavelength range is 3–5 μm. The detector is a cooled
HgCdTe detector array with 320 × 256 pixels, whose pixel size is 30 μm.
Its response band range is 3.7–4.8 μm and the central wavelength is 4 μm.
The material used for the retarder is magnesium fluoride, which has a
phase delay and phase delay accuracy of 270◦ and 𝜆/300, respectively.
The diameter and extinction ratio of the silicon wire grid polarizer is
25 mm and more than 1000:1, respectively. The linear polarizer in LPSG
and standard quarter-wave plate are all fixed on the precision rotary
table with a rotational accuracy of 5′.

Fig. 12. The calibration device of the SMWIFPIS.
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Table 1
Measurement results in channel 1.

Value Error/%

𝑆1 1.0386 3.86%
𝑆2 −0.0383 −3.83%
𝑆3 −0.0035 −0.35%
𝜀2 −1.0952◦ –
𝜎2 1.2291◦ –

Table 2
Measurement results in channel 2.

Value Error/%

𝑆1 0.9798 −2.02%
𝑆2 0.0182 1.82%
𝑆3 0.0034 0.34%
𝜀1 0.5210◦ –
𝜎1 1.2271◦ –

Table 3
Measurement results in channel 3.

Value Error/%

𝑆1 0.9636 −3.64%
𝑆2 −0.0208 −2.08%
𝑆3 0.0049 0.49%
𝜀3 −0.5963◦ –
𝜎3 1.2301◦ –

Table 4
The azimuth and phase delay error of the quarter-wave plate in channel 4.

Parameter Value

𝜀4 −1.0341◦

𝜎4 1.3024◦

4.2. Calibration process and results

The line polarization channel calibration method: the polarization
axis direction of the linear polarizer in PMS is used as the datum axis,
which determine the fast axis azimuth angle of the standard quarter-
wave plate and polarization axis direction of the linear polarizer in
LPSG. The linear polarized light parallel to the datum axis is generated
by rotating the polarizer in LPSG. In the measurement process, the
fast axis of the standard quarter-wave plate relative to the datum axis
rotates 10◦, 20◦, 30◦, 40◦, 50◦ and 60◦. Some images are collected
at each rotation angle. The azimuth and phase delay error of the
standard quarter-wave plate can be obtained by data processing and
numerical calculation. The data measured in the experiment in the linear
polarization measurement channel are as follows.

The circular polarization channel calibration method: the standard
quarter-wave plate is removed when the calibration is done in the
circular polarization channel. The polarization axis direction of the
linear polarizer 4 in PMS is used as the datum axis, which determine
the fast axis azimuth angle of the quarter-wave plate in PMS and
polarization axis direction of the linear polarizer in LPSG. In the
measurement process, polarization axis direction of the linear polarizer
in LPSG relative to the datum axis rotates 0◦, 10◦, 20◦, 30◦, 40◦ and
50◦. Some images are collected at each rotation angle. The azimuth and
phase delay error of the quarter-wave plate in PMS can be obtained by
data processing and numerical calculation. The data are as follows

From Tables 1 to 4, we can get polarization axis direction errors of
the polarizers in linear polarization measurement channel are −1.0952◦,
0.5210◦, −0.5963◦, respectively. The azimuth and phase delay error of
the quarter-wave plate in circular polarization measurement channel are
−1.0341◦ and 1.3024◦. The actual polarization measurement matrix 𝐴𝐴

Table 5
Measurement results before and after the calibration.

Before calibration After calibration

Value Error/% Value Error/%

𝑆1 0.9861 −1.39% 0.9967 −0.32%
𝑆2 0.0047 0.47% 0.0040 0.40%
𝑆3 0.0341 3.41% 0.0171 1.83%

after calibration is:

𝐴𝑎 =

⎡

⎢

⎢

⎢

⎢

⎣

0.5 0.4996 −0.0191 0
0.5 −0.2421 −0.4375 0
0.5 −0.2409 0.4381 0
0.5 0.0120 0.0176 0.4995

⎤

⎥

⎥

⎥

⎥

⎦

(26)

The ideal polarization measurement matrix 𝐴𝑖 is:

𝐴𝑖 =

⎡

⎢

⎢

⎢

⎢

⎣

0.5 0.5 0 0
0.5 −0.25 −0.433 0
0.5 −0.25 0.433 0
0.5 0 0 0.5

⎤

⎥

⎥

⎥

⎥

⎦

(27)

A verification experiment was carried out in order to verify the
correctness of calibration. The horizontal 𝑥 axis is used as the datum axis
and the azimuth angle of the polarization element in PMS is determined
by this axis. The linear polarized light is generated as a reference light
by LPSG, whose polarization direction is parallel to 𝑥 axis. The measured
results before and after the calibration are as follows.

It can be seen from Table 5 that the deviation between 𝑆1, 𝑆2, 𝑆3 and
theoretical value is −1.39%, 0.47%, 3.41% before error compensation.
After the error compensation, the deviation of the Stokes vector from the
theoretical value is reduced to −0.32%, 0.40% and 1.83%, respectively.

The experimental results show that the calibration theory of SMWIF-
PIS is correct and the measurement accuracy is obviously improved.

4.3. A test experiment

In order to verify the performance of the SMWIFPIS, a test experi-
ment is carried out. The test device of the SMWIFPIS is the same as the
calibration device, which is shown in Fig. 12.

The test process is as follows: The horizontal 𝑥 axis is used as the
datum axis. The polarization axis direction of the linear polarizer in
LPSG relative to 𝑥 axis is 0◦, therefore the Stokes vector [1 1 0 0]T is
generated by LPSG. When the incident light passes through the standard
quarter-wave plate, the Stokes vector of the outgoing can be obtained
as:

𝑆𝑜𝑅 =𝑀𝑆𝑅.

⎡

⎢

⎢

⎢

⎢

⎣

1
1
0
0

⎤

⎥

⎥

⎥

⎥

⎦

=

⎡

⎢

⎢

⎢

⎢

⎣

1
cos22𝜃𝑆𝑅 + sin22𝜃𝑆𝑅 cos 𝛿
sin 2𝜃𝑆𝑅 cos 2𝜃𝑆𝑅 (1 − cos 𝛿)

sin 2𝜃𝑆𝑅 sin 𝛿

⎤

⎥

⎥

⎥

⎥

⎦

(28)

where 𝑀SR is the Muller matrix of the standard quarter-wave plate, 𝜃𝑆𝑅
is the angle of the fast axis of the standard quarter wave plate relative
to 𝑥 axis.

By rotating the standard quarter-wave plate from −90◦ to 90◦,
different polarization states are generated to incident on SMWIFPIS,
which is shown in Fig. 14. The real lines represent the theoretical data.
The sample data points represent the normalized experimental data
measured by SMWIFPIS, the rotated interval is 10◦.

As we can see from Fig. 14, the incident light in different polarization
states measured by the SMWIFPIS is accurate. The average measurement
errors of 𝑆1, 𝑆2, and 𝑆3 were 0.78%, 0.94%, and 1.74%, respectively.

In addition, there are some measurement errors after calibration.
This is mainly due to the changes (such as temperature, humidity,
vibration) in the experimental environment as well as the accuracy of
the rotary table and other factors, which must influence measurement
results in the system to a certain extent.
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Fig. 14. Theory and normalized experimental data.

Fig. 15. Intensity image on the four quadrants of the single detector.

4.4. Preliminary experimental results of the SMWIFPIS

After the polarization calibration, a polarization imaging experiment
utilizing the SMWIFPIS was carried out. The detected wavelength range
is 3.7–4.8 μm. The temperature of the environment was 20 ◦C.

To obtain accurate polarization information, the individual images
at the four divisions of a single detector are pre-processed by a scale
invariant feature transform algorithm to calculate overlapping regions
among the individual images. A few buildings were identified by
extraction from overlapping regions at the four divisions of the detector,
as shown in Fig. 15.

The Stokes-vector, line-polarization degree, and polarization-angle
images of the target scene are calculated using Eqs. (8)–(9), as shown in
Figs. 16 and 17.

It can be seen from Figs. 15 to 16 that the intensity image can
show the rough outline, and the details of the image are not clear,
such as the layered structure of the building and the outline of the

Fig. 16. Stokes vector images.

Fig. 17. Degree of linear polarization image (left) and polarization angle image
(right).

window. However, these details are clear in the Stokes vector images.
It can be seen from Fig. 17 that the direction information of the target
scene is effectively extracted in the linear polarization image and the
polarization angle image. The layered structure of the building and
the outline of the window are clearer. This further shows that the
polarization calibration is accurate.

5. Conclusions

A snapshot, mid-wave infrared full-polarization-imaging system is
presented. By using the optimization method of equal weight variance,
the polarization axis direction of the polarizer in different channels was
optimized to suppress the effect of detector intensity fluctuations on
polarization measurement. The optimization results show that when
the polarization direction of the polarizer in the linear polarization
measurement channel relative to the 𝑥-axis is 0◦, −60◦, 60◦, and the
angle between the fast axis of wave plate and the polarizer polarization
axis in the circular polarization measurement channel is 45◦ or 135◦, the
signal-to-noise ratio of the reconstructed Stokes vector is highest. The
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calibration theory of the system is deduced based on Fourier analysis
method of a rotatable retarder fixed polarizer Stokes polarimeter. The
experimental results show that the calibration theory of SMWIFPIS
is correct and the measurement accuracy is obviously improved. The
incident light in different polarization states measured by the SMWIFPIS
is accurate. This study is instructive for an accurate measurement of po-
larization information of polarization-imaging systems and polarization-
interference-imaging systems.
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