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ABSTRACT
The ability to detect and recognize the low-contrast and distance targets in a complex environ-
ment is of great importance for many applications. However, one or two single spectral channel
imaging cannot obtain adequate information. This study reports the design and construction of a
common-aperturemultispectral polarization imaging system, which can simultaneously obtain visi-
ble, short-wave infrared andmid-wave infrared wavebands. Such a system enables the acquirement
of spatial, polarization and multispectral information of distance targets simultaneously. The exper-
imental set-up is built to verify the basic principle of the device. The device is used to image optical
resolution targets and the car at different times and distances in several complex backgrounds. The
generated images are fused by polarization using image processing. The results indicate that the
system performs well for imaging low-contrast objects in each waveband.
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1. Introduction

Multispectral [1–4] and polarization imaging detection,
which plays an important role in obtaining the image
information of distanced targets, has been widely used
to identify the concealed target, geological exploration,
mapping, satellite remote sensing, medicine, monitoring
and industrial and agricultural production [5,6]. Polar-
ization imaging, given its ability to communicate infor-
mation about the transverse electric field orientation of
an object [7], emphatically characterizes the target’s mor-
phology, temperature and material. Therefore, polariza-
tion imaging can enhance the contrast between the target
and the background [8–10]. Compared with conven-
tional single waveband imaging, multispectral imaging
can combine waveband-specific characteristics of objects
simultaneously [11]. The images are obtained by multi-
spectral imaging combined with the advantage of visi-
ble spectral imaging and infrared spectral imaging. The
rich details in the obtained image through the visible
optical system detector are easy to observe, and the
infrared imaging [12] system can identify the concealed
or camouflaged target at night. Therefore, the simultane-
ous acquisition of multispectral image and polarization
image [13,14] is the key to a successful multispectral
polarization imaging system [15–19].
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China, State Key Laboratory of Applied Optics, China Changchun Institute of Optics, Fine Mechanics and Physics, Changchun 130033, People’s Republic of China

In recent decades, some multispectral and polariza-
tion imaging systems have been explored in the literature
[20–22]. Zhao [20] demonstrated that a multispectral
polarization imaging system captured images by rotating
a spectral filter and a polarimetric filter. Fu [21] proposed
a compressive spectral polarization imaging system con-
sisting of a pixelised polarizer and a coloured patterned
detector aligned with a micro-polarizer array. This imag-
ing system requires multiple imaging while rotating the
prism. He [22] designed a divided aperture polarization
imaging optical system to achieve polarization imaging,
of which the spectral band is from 450 to 600 nm. Zhang
[16] adopted a non-collinear acousto-optic tunable filter
[23] and a linear polarizer to acquire hyperspectral polar-
ization imaging. The spectral band of this system covers
the visible to near-infrared region.

Meanwhile, to increase the image detection and
recognition probability, most multispectral [24] imag-
ing systems capture images at different wavelengths [17]
and fuse the produced images using different image
fusion methods [25,26]. For example, the representa-
tive schemes in polarization-based dehazing were pro-
posed by Schechner et al. [27–30] who assumed that
only airlight is polarized. Ye et al. [31] fused the lin-
ear polarization degree diagram and the polarization
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angle diagram to obtain the energy characteristic inten-
sity diagram, and the diagram was later enhanced. The
enhanced energy characteristic diagram and the image of
light intensity were fused by the NSCTmethod. Thus, we
could observe the multispectral wavebands of the target
in different backgrounds and observation times.

This study designed and constructed a common-
aperture [32] multispectral polarisation camera
(CAMPC) to acquiremultispectral and polarization opti-
cal images simultaneously. The device consists of a
common-aperture optical system [24] and three multi-
spectral channel polarization optical systems. Compared
with results in some of the literature, such as Mah-
moud et al. [5], whose field of view (FOV) is 1°, the
common-aperture optical system is used to maintain a
wider FOV, whereas three wavebands polarization sys-
tems are used to obtain the polarization state of objects
in different spectrums. The fused images obtained by
image fusion algorithm proposed in the literature [23]
possess high-fusion polarization characteristics and con-
trast. The device enhances the ability to detect the whole
system when functioning in the full waveband. Com-
pared with common-aperture single-spectral imaging’s
insufficiency, the common-aperturemultispectral system
functions well in full waveband and stabilizes overall sys-
tem resolution and working distance. A beam-splitter
separates light into the visible (VIS, 400–750 nm), short-
wave (SWIR, 900–1800 nm) and medium-wave infrared
(MWIR, 3500–5500 nm). Visible, SWIR andMWIR light
converge on three detectors once they pass different
optical systems, and the whole system is calibrated to
ensure that the common aperture is coaxial. Finally,
we use the device to polarize multispectral images of
several objects at different distances and illumination
environments and then fuse them. The results indicate
that the proposed system’s performance is quite satis-
factory to obtain clear polarization images in visible,
SWIR and MWIR spectrums. Meanwhile, the fusion
algorithm combines the advantages of different wave-
bands and shows that polarization detection can be real-
ized under different backgrounds and illumination con-
ditions.

This study is organized as follows. In Section 2, the
multispectral polarizing camera system is designed, and
its imaging quality and tolerance analysis are evalu-
ated. In Section 3, The calibration method and exper-
iment of the system are introduced. In Section 4,
a simple polarization fusion processing is performed
on the obtained images, and the results are dis-
cussed and evaluated. Finally, in Section 5, conclud-
ing remarks and suggested future directions are pro-
vided.

2. Methods

The general polarization cameras are typically designed
with a single waveband, such as a visible or infrared spec-
trum. The single-band polarization imaging reflects the
advantages of each band. For example, visible polariza-
tion imaging obtains the target’s high-intensity image,
whereas polarization imaging in the infrared band
obtains the contour and radiation of the target in a com-
plex environment and background. Most multispectral
devices adopt multiple-aperture and multichannel opti-
cal systems to capture the information of the target, thus
increasing the size and weight of the whole apparatus.We
proposed a common-aperture multispectral system with
a larger FOV (4.5°) to realize multispectral polarization
imaging to solve the problem. The multispectral system
is composed of two beam-splitters and three optical sys-
tems. As illustrated in Figure 1, the CAMPC can simul-
taneously acquire the polarization, spectral and spatial
features of an object in three different spectrums.

In Figure 1, The whole system functions in the vis-
ible (green light), SWIR (blue light) and MWIR light
(red light) wave-bands and employs a common-aperture
catadioptric optical system. A Kepler telescope is used in
the common-aperture optical system tomaintain a wider
FOV (4.5°) and enhances the ability to identify the over-
all system by multiple spectrums. The materials of the
common-aperture optical system are ZNS. Meanwhile,
the first dichroscope is composed of ZNS. The reflective
surface is coated with a dichroic film to transmit light at
400–700 nm, and the transmission surface is coated with
an antireflection film to transmit light at 900–1850 nm
and 3500–5500 nm. Through the first dichroscope, the
object light path into the whole optical system separates

Figure 1. Schematic diagram of common-aperture multispectral
and polarization optical imaging system.
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Figure 2. Schematic diagram of the MWIR optical imaging system.

the visible and infrared light with high reflectivity and
transmissivity. The reflection ray is imprinted by a set of
VIS light lenses onto a visible light focal plane detector,
and the transmission light is separated into SWIR and
MWIR through the second dichroscope lens. The mate-
rial of the second dichroic mirror is Silicon, and SWIR
light and MWIR light are transmitted by the reflect-
ing surface and the transmitting surface, respectively.
These two different wavebands (SWIR and MWIR) are
employed in a refractive optical system for secondary
imaging. The refractive optical system adopts secondary
telescopes, polarizers and objectives to focus the visi-
ble, SWIR and MWIR spectrums on the detectors. The
common-aperture multispectral and polarization optical
imaging system is thus realized. The target is imagedmul-
tiple times to obtain the spatial and polarization informa-
tion in different wavebands simultaneously and fuse the
polarization images, increasing identification efficiency.

2.1. MWIR optical system

In this study, the MWIR polarization imaging optical
system comprises an objective lens group, a polarizing
film and a secondary imaging group. As shown in Figure
2, the incident light first passes through the imaging
objective lens and a polarizer to produce an intermediate
image, which is then focused onto the secondary imaging
group’s detector.

The objective lens adopts a secondary telescope to
limit the exit beam’s aperture diameter and the axial
and lateral sizes of the light sequentially. An intermedi-
ate image exists between the objective and the secondary
imaging group. The effect focal fM of theMWIR imaging
optical system is given by

fM = FMO × βM , (1)

where FMO is the focal length of the objective lens, and
βM is the magnification of the secondary imaging lens-
group. The whole MWIR optical system needs to match

Figure 3. Optical system of the MWIR spectrum.

the cold diaphragm. We design and optimize the final
MWIR optical system, as shown in Figure 3.

The modulation transfer function (MTF) plot and
point sequence diagram of the acquired MWIR imag-
ing optical system is shown in Figure 4. Figure 4(a)
demonstrates that the spot diagram’s maximum RMS
radius is 8.164μm, which is less than the minimum
pixel size (15 or 25μm) of a common MWIR detector
(GUIDE INFRARED-GAVIN 615A). The MTF curve of
theMWIR optical system is close to the diffraction limits
illustrated in Figure 4(b).

For the convenience of machining, tolerance analysis
on the (MWIR) optical system is carried out. The impor-
tant tolerance parameters are listed in Table 1. Given
that the axial distance between the cold stop and the
focal plane of the cooling detector is fixed, the axial dis-
tance between the last face of the optical element and the
cold stop of the detector is selected as the compensator.
MTF is chosen as the tolerance evaluation standard, and
the MTF curves through tolerance analysis are shown in
Figure 5. The results show that, at the spatial frequency
of 40 lp/mm, the probability that theMTF of each field in
view is more than 0.45 is 94%, which indicates that the
MWIR system meets the technical requirements.

2.2. SWIR optical system

We further limit the diameter of the exit beam. We apply
a small polarizer (ϕ ≤ 20mm). As shown in Figure 6, the
whole optical system relies on a set of objective lenses and
a set of relay lenses to project the image on the detector.



1124 S. DU ET AL.

Figure 4. Spot diagram andMTF plots of theMWIR optical imaging system. (a) Spot diagram of theMWIR optical system and (b) its MTF
plot.

We reduce the SWIR system’s size by designing the
primary, intermediate image in the system as a virtual
image. The focal length fM1 of the SWIR imaging system
is given by

fM1 = FSO × βs, (2)

where FSO is the focal length of the first objective lens,
and βs is the reduction ratio of the relay lens.

Calculation and optimization have been done with the
optical system software. The final SWIR optical system is
shown in Figure 7. The MTF plots and the spot diagram



JOURNAL OF MODERN OPTICS 1125

Figure 5. MTF curve for the tolerance analysis of the MWIR system.

Figure 6. Schematic diagram of the SWIR optical imaging system.

Table 1. MWIR channel tolerance distribution results.

Tolerance classification Tolerance type Value

Surface tolerance Radius 3 Fringes
Thickness 0.01mm
Decenter 0.01mm
Tilt 0.8’
Irregularity 0.5 Fringe

Element tolerances Decenter 0.02mm
Tilt 1’

Others Index 0.001

Figure 7. Optical system of the SWIR spectrum.

of this SWIR imaging optical system is shown in Figure
8,

Figures 8(a,b) show that the maximum RMS radius
of the spot diagram is 3.56μm, which is less than

the minimum pixel size (15μm) of the SWIR detector
(TKWS638L50001), and theMTF plots of this system are
approaching the diffraction limit. The tolerance of this
SWIR system is analysed, and the significant tolerance is
selected, as shown in Table 2. The axial distance between
the last surface of the optical element in the SWIR sys-
tem and the detector’s image surface is selected as the
compensator. MTF is selected as the tolerance evalua-
tion standard for tolerance analysis. Figure 9 shows the
MTF tolerance analytical curve by Monte Carlo analysis,
which indicates the possibility that, in a spatial frequency
of 40 lp/mm, the MTF of the SWIR system in different
fields is more than 0.68 is 85%.

2.3. Visible-spectrum optical system

Similar to that of the SWIR system is the principle
of the visible-spectrum optical system, which includes
a set of objective lens and relay lens to limit the
diameter of the exit beam and the system’s length.
The visible system designed in this study is combined
with the polarization detector to acquire the object’s
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Figure 8. Spot diagram and MTF plots of the SWIR optical imaging system. (a) Spot diagram of the SWIR optical system and (b) its MTF
plot.

polarization information simultaneously. The schematic
of the optical system is shown in Figure 10. The polar-
ization detector of VIS band (LUCID-TRI050S-P) inte-
grates a set of micro-polarized plates directly into the
focal plane array’s (FPA) pixels. A 2× 2-pixel unit
formed by polarizing plates with polarization states of
0°, 45°, 90° and 135° becomes a super pixel. There-
fore, the visible polarization imaging system can obtain
the polarization information of the target in the four
directions of 0°, 45°, 90° and 135° simultaneously in a
single frame. The final visible optical system is shown in
Figure 11.

Table 2. SWIR channel tolerance distribution results.

Tolerance classification Tolerance type Value

Surface tolerances Radius 2 Fringes
Thickness 0.01mm
Decenter 0.01mm

Tilt 1’
Irregularity 0.5 Fringe

Element tolerances Decenter 0.02mm
Tilt 1’

Others Index 0.0001

Figures 12(a,b) show the spot diagrams and the MTF
plots of thewhole visible-spectrumoptical system at a full
FOV of 4.5°.
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Figure 9. MTF curve for the tolerance analysis of the SWIR system.

Figure 10. Schematic diagram of the visible-spectrum optical imaging system.

Figure 11. Optical system of the visible spectrum.

The spot diagram’s maximum RMS radius is 2.12μm,
which is less than theminimumpixel size (5μm) of a vis-
ible light detector. TheMTF plots of visible waveband are
close to the diffraction limits. These characteristics satisfy
the manufacturing requirements.

Table 3 details the important tolerance parameters
selected of the visible optical system. In Figure 13, the
MTF of each field of the view tolerance analysis has an
80% probability of more than 0.6 when the spatial fre-
quency is 100 lp/mm, indicating that the visible light
system can meet the processing and adjustment condi-
tions.

2.4. Polarizer

The polarizer of the SWIR (THORLABS-LPNIR100)
and the polarizer of the MWIR (THORLABS-WP50LM-

IRA) are the key components of the polarization imag-
ing systems. The polarisres of the SWIR and MWIR are
located between the objective and a set of relay lens.
We could capture the polarization information of objects
with different polarization states by rotating the angles
of the polarizers. The diameters and incident angles of
the polarizers are supposed to be controlled because the
diameters are generally less than 20mm and the accepted
angle values are often within 4.5°.

2.5. Fusion algorithm

Generally speaking, the fusion algorithm we used here
is mainly based on stokes and the degree of polarization
images solved with different polarization azimuths. In
this algorithm, the fusion process involves three steps: (1)
we use VIS, SWIR and MWIR spectral cameras to image
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Figure 12. Spot diagram andMTF plots of the visible-spectrum optical imaging system. (a) Spot diagram of the visible-spectrum optical
system and (b) its MTF plot.

objects in four different polarization states of 0°, 45°,
90° and 135°. The VIS camera affords the information
of the polarization and the highest resolution. The high-
frequency information and details of the VIS images are
extracted. (2) The SWIR polarization images are used
to restrain the information of complicated background
and retain the targets’ profile details. The processed
SWIR images are combined with the VIS images. (3) The
MWIR polarization images provide the infrared charac-
teristics of the objects. With the restrained background

information, the infrared characteristic is extracted, and
theMWIR characteristic images and a fused image ofVIS
and SWIR are fused.

3. Prototype and experiment

To validate that the multiple-spectrum polarization
imaging can enhance the ability to detect objects at dif-
ferent distances and times, we designed and fabricated a
prototype in accordance with the optical design theory
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Table 3. VIS channel tolerance distribution results.

Tolerance classification Tolerance type Value

Surface tolerances Radius 2 Fringes
Thickness 0.01mm
Decenter 0.01mm

Tilt 1’
Irregularity 0.5 Fringe

Element tolerances Decenter 0.02mm
Tilt 1’

Others Index 0.0001

in Section 2. The prototype is shown in Figure 14. To
guarantee this system’s common aperture, we calibrated
the coaxiality of the multiple-spectrum camera through
a blackbody radiation, a quartz-halogen lamp source, an
object target, and a collimator. Then, the coaxiality of the
common aperture of the device is calibrated. In Figure
15, the experimental set-up was built to validate that the
common-aperture multispectral polarization camera is
coaxial.

As shown in Figure 15, the experiment equipment
consists of a CAMPC, a blackbody radiation source with
power regulating equipment, a set of parallel light tubes
and the calibration target. When the common-aperture
camera images the target, we can observe whether the
target’s coordinates are the same on the target surface of
the VIS-band, SWIR and MWIR detectors. The black-
body light source with different powers can be detected
at different infrared wave-bands, and the quartz-halogen
lamp is used as a light source in the visible band. The
power of the quartz-halogen lamp is fixed, adjusting
the power of the blackbody light source, which can be
detected at different infraredwave-bands. The calibration
target is the object detected by the prototype. The parallel
light tube is used to simulate the infinite distance of the
object target.

Figure 16 shows the calibration result and exhibits the
images obtained in different directions in blackbody and
quartz-halogen lamp light sources. In these images, the
object target is imaged in different directions on three
detectors because the detector’s array format with VIS
band is 2448× 2048, whereas the array format of the
SWIR and theMWIR detectors are 640× 512. The num-
ber of pixel lines of visible light detectors is 3.825 times
those of SWIR and MWIR detectors, and the number of
rows is four times those of SWIR and MWIR detectors.
Thus, we chose one point from each VIS band image as
reference, and (906, 1004) and (940, 1232) are the coor-
dinates. The coordinates of the points in the images in
SWIR and MWIR are (237, 251), (231, 252), (246, 308)
and (240, 309). The line pixel coordinates of the two
points on the MWIR images floated six pixels in contrast
with the line pixel of VIS spectral detector. The difference

between pixels is within the acceptable error range of
practical application and with the row pixel coordinates.

The coordinate on the VIS images is four times
those of the SWIR and MWIR images, which means the
common-aperturemultispectral polarization camera can
achieve the coaxial on three spectral waveband systems.

4. Results and discussion

In our experiments, to verify the CAMPA’s detecting
ability, we performed two different objectives imag-
ing in different backgrounds to verify the CAMPA’s
basic principle. After processing the detected pictures
by polarimetric dehazing algorithm and multispectral
fusion algorithm, the experimental results compare the
fusion images with the original images, as shown in
Figure 17.

We obtained the VIS channel’s unpolarized image by
reverse calculating the VIS polarization picture, as shown
in Figure 17(a). From Figure 17(a), the VIS camera is
used to snap the intensity and detailed information of
the optical target (1× 1.2m), but the contour informa-
tion of the object is not obvious under low illumination
conditions. Meanwhile, the picture of different polariza-
tion states was fused, captured by the VIS camera, as
shown in Figure 17(b). The SWIR and MWIR cameras
are used to snap polarized infrared information with the
same resolution. In Figure 17(c,d), we used polarization
dehazing and a single spectral channel fusion algorithm
to enhance the optical target images’ contrast in short-
and mid-infrared wavebands. Figure 17(e) demonstrates
the final picture through the multispectral polarization
fusion process. The target’s fusion image has the same
VIS spectral high intensity, good SWIR restraining abil-
ity, and MWIR characteristics. The information of high
spatial frequency is retained, and the contrast has been
enhanced.

The experimental set-up is shown in Figure 17(f–j)
is designed to image a car at a 1300-m distance and
a complicated background. The CAMPA captures the
car images in several spectral channels and different
polarisation states. Figure 17(f) shows the unpolarized
image of a car 1300-m away in the forest background
by reverse calculating the polarization picture with the
VIS lens group. In Figure 17(g), this image of the polar-
ization captured in the VIS channel is used to deter-
mine the intensity and high-resolution information. In
Figure 17(h–i), the car in the distance is excessively small
to make out the outline’s details. However, the MWIR
and SWIR spectral polarization lens group are used to
identify the target’s infrared characteristic in a complex
environment. Figure 17(g–i) illustrates the polarization
images by the single waveband fusion algorithm. Figure
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Figure 13. MTF curve for the tolerance analysis of the VIS system.

Figure 14. Multiple-spectrum common aperture polarization imaging prototype.

Figure 15. Coaxial calibration experiment for common aperture equipment.
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Figure 16. Calibration results of the common aperture multispectral optical system with multi-spectrum bands (VIS, SWIR, and MWIR).

Figure 17. Multispectral (VIS, SWIR and MWIR) imaging results for original and processing pictures on different targets in complicated
backgrounds. (a–e) The multispectral original and polarization process imaging experimental results for the optical resolution target
at 100m with distances and night; (f–j) The multispectral original and polarization imaging experimental results for the car at 1300m
distances in the forest.

17(g) shows the visible spectral image of the polariza-
tion fused. Figure 17(h) shows the SWIR image single-
spectral fused to restrain the background information,
and Figure 17(i) indicates the MWIR image as the high-
light information for the final fusion. Figure 17(j) demon-
strates the fusion algorithm’s multispectral polarization
fusion image (Section 2). According to Figure 17(j,f),
the fusion image presents the same clear outline and
polarization details as a VIS camera does and the same
infrared polarization characteristics as anMWIR camera
does and reduces the interference of background infor-
mation. Figure 17(f–j) indicates the final multispectral-
and polarization-fused images retain the high spatial fre-
quency of the visible light image and the infrared feature
of the medium wave infrared image. The background
information is filtered by a short-wave image, making the
medium wave information purer and reducing interfer-
ence.

As shown above, the common-aperture multispec-
tral polarization camera can give full play to the advan-
tages of the VIS band, SWIR waveband and MWIR band
to detect and identify the object at a distance in sev-
eral complicated environments at different times. It can

also identify the targets in different backgrounds by the
polarization image fusion method. However, the polar-
ization defogging algorithm cannot distinguish the tar-
get’s background when dealing with a background with
high brightness. It provides an insight for the subsequent
research on polarization image fusion algorithm. Fur-
thermore,more spectral-waveband can be used for future
observation.

5. Conclusion

In this study, we proposed a common-aperture multi-
spectral polarization imaging system with wider FOV.
The basic principle of the whole optical system is pre-
sented in Section 2. Rather than the systems employ-
ing two spectral channels, this device utilises an on-axis
common-aperture optical system to integrate threewave-
bands at VIS, SWIR and MWIR for detection. In the
structure, we adopted two dichroic mirrors to split the
different spectral light. The first dichroic mirror is used
to split the incoming light into visible and infrared light.
The second dichroic mirror is used to split the refracted
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infrared light into SWIR and MWIR light. This sys-
tem can polarize imaging on four polarization states at
0°, 45°, 90° and 135°, which can simultaneously acquire
the spatial, spectral and polarization information of an
object. Finally, the device is used for imaging different
objects in the complicated background at different times.
The polarization dehazing andmultispectral fusion algo-
rithms are adopted to increase the device images’ contrast
and resolution. The fusion images present a better spa-
tial frequency, infrared and polarization characteristics
are compared with those original images. The algorithm
for polarization fusion image processing can be intro-
duced into a multi-polarization optical system for con-
trast enhancement in future research. The experimental
results verify that the common-aperture multispectral
polarization camera can be highly conducive to improv-
ing object target recognition accuracy in different back-
grounds and times and simplifying fusion processing
algorithm, enabling better detection and recognition of
distance targets in complex environments.
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