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Real-time polarization medium-wave infrared (MIR) optical imaging systems enable the acquisition of infrared and
polarization information for a target. At present, real-time polarization MIR devices face the following problems: poor
real-time performance, low transmission and high requirements for fabrication and integration. Herein, we aim to improve
the performance of real-time polarization imaging systems in the MIR waveband and solve the above-mentioned defects.
Therefore, we propose a MIR polarization imaging system to achieve real-time polarization-modulated imaging with high
transmission as well as improved performance based on a pixel-wise metasurface micro-polarization array (PMMPA). The
PMMPA element comprises several linear polarization (LP) filters with different polarization angles. The optimization
results demonstrate that the transmittance of the center field of view for the LP filters is up to 77% at a wavelength of
4.0 pm and an extinction ratio of 88 dB. In addition, a near-diffraction-limited real-time MIR imaging optical system is
designed with a field of view of 5° and an F-number of 2. The simulation results show that an MIR polarization imaging
system with excellent real-time performance and high transmission is achieved by using the optimized PMMPA element.
Therefore, the method is compatible with the available optical system design technologies and provides a way to realize

real-time polarization imaging in MIR wavebands.
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PACS: 42.15.-1, 42.25.Ja, 42.15.Eq, 42.79.—¢

1. Introduction

Polarization imaging reveals optical anisotropic proper-
ties, which is important for identifying pathological tissues,!!]
characterizing the structures of materials®! and detecting
and recognizing targets on a complex background.l¥ In-
frared polarization imaging detection has developed rapidly
over the past few decades.*% Compared with conventional
infrared imaging technology, infrared polarization detection
can acquire deeper information about an object, such as
surface shape, roughness, optical activity of the materi-
als and chemical properties. Conventional infrared polar-
ization imaging methods include simultaneous polarization
imaging and time-sharing polarization imaging. Division-of-
aperture (DOAP) and division-of-focal-plane (DOFP) polar-
ization imaging stand out from the multitude of available in-
frared polarization imaging systems.!”"!!l Both DOAP and
DOFP polarization imaging systems can synchronize polariza-
tion data at every frame. Thus, a real-time polarization imag-
ing method can acquire polarization information for a real-
time moving object.

A DOFP detector is often used in visible light polariza-

(12,13

tion systems, I but is rarely used in medium-wave infrared

(MIR) polarization imaging systems. Most MIR polarization
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devices!!'* achieve polarization information for the target with
the help of DOAP and polarization rotation. Liu!'> designed
a polarization and multispectral imaging system with DOAP
to realize the polarization intensity imaging of different spec-
tra in the target. Zhao et al.l'® captured images by rotating
a spectral filter and a polarimetric filter in a multispectral po-
larization system. However, the rotation-polarizer system had
poor real-time performance and could easily cause optical axis
deviation. DOAP infrared polarization systems have some
drawbacks, such as low resolution and difficulty in real-time
imaging. To overcome the difficulties in designing and fabri-
cating a DOFP array detector for use in the MIR waveband, in
this study the pixel-wise metasurface micro-polarization array
(PMMPA) element is placed in the intermediate image plane
to realize real-time MIR polarization imaging. In addition, the
proposed system can acquire multi-polarization angles of the
emergent light without the use of a DOFP detector. The size
of the PMMPA element is the same as that of the MIR detec-
tor. Meanwhile, the size of a single array of the PMMPA is
equivalent to that of a commercial MIR detector pixel.

The metasurface is a class of novel ultrathin optical ele-
ments that exhibit excellent ability to simultaneously and in-
dependently modulate the nature of light, such as phase, po-
larization, and amplitude. In addition, with the assistance of

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

084201-1


https://doi.org/10.1088/1674-1056/acaa25
mailto:optics_chang@126.com
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 32, 084201 (2023)

s[17-201 a5 well as versatile modulation

massive design freedom:
mechanisms provided by the metasurface,?'~>3! many appli-
cations for realizing polarization detection and imaging have
been demonstrated. Capasso!?®! proposed the theory of ma-
trix Fourier optics. Moreover, they demonstrated a diffraction
grating whose diffraction orders behave as polarizers with con-
trolled polarization responses to realize compact full-Stokes
imaging. Chen!?”! designed and fabricated a multifocal axi-
con meta-lens to achieve parallel polarization illumination to
improve the quality of polarization imaging. Yao[?®! presented
a bifocal meta-lens that can realize a switchable multiplane by
changing the polarization state of the incident light. The polar-
ization dependence was formulated and processed by arrang-
ing polysilicon nanobeam unit elements. However, the combi-
nation of metasurface and polarization is used in the visible to
near-infrared spectrum. Meanwhile, the imaging quality and
modulation accuracy of the polarization imaging system can
be further improved by integrating the metasurface and the op-
tical system design.

In this work, we demonstrate a MIR polarization imag-
ing system to achieve real-time polarization-modulated imag-
ing based on a metasurface. The optimized PMMPA element
can improve the transmission efficiency and extinction ratio
of transmitted light. By changing the height, duty cycle and
period length of the nanofin on the substrate of the polariza-
tion array, different polarization transmittances are analyzed.
Furthermore, a MIR polarization optical system is designed
based on optical imaging principles. The proposed system
comprises an objective lens group and a relay image group. To
ensure the vertical incidence on PMMPA elements of different
field lights, the image-side dual telecentric system and object-
side dual telecentric system are designed for the objective lens
group and relay image group. In addition, the simulation re-
sults show that a PMMPA element placed on an intermediate
image plane can realize real-time multi-angle polarized MIR
imaging.

The remainder of this paper is organized as follows. In
Section 2, the elements of the PMMPA are designed and opti-
mized. The transmittance and extinction ratio of the PMMPA
elements with different structures are analyzed. The structure
of the PMMPA element is determined. In Section 3, the MIR
optical system is calculated and optimized. The quality of the
imaging is analyzed and the PMMPA element and MIR sys-
tem are combined. In Section 4, after simulation verification,
the PMMPA element placed in the middle of the image plane
can achieve multi-angle polarization imaging simultaneously.

2. Pixel-wise micro-polarization metasurface ar-
ray element design

A schematic diagram of the PMMPA real-time MIR op-
tical imaging system, which includes the MIR object-lens,

PMMPA, MIR relay lens, and MIR detector, is shown in
Fig. 1(a). The incident light first enters the MIR objective sys-
tem. The PMMPA element is placed in the image plane of the
objective lens, which modulates the polarization properties of
the emergent light. The light passing through the PMMPA el-
ement is turned into linearly polarized light at different po-
larization angles. Finally, the modulated linearly polarized
light passes through the MIR relay lens group and reaches the
detector. High-efficiency real-time polarization images with
different polarization angles are obtained. The PMMPA el-
ement and its components are shown in Fig. 1(b). The key
element of this device is the optimized metasurface polariza-
tion array, which modulates the polarization properties of the
incident light. The PMMPA element comprises multiple pix-
els, and each pixel has one spatially distributed linear polar-
ization (LP) filter, as shown in Fig. 1(b). The LP filter groups
are nanowire gratings oriented in four different directions to
transmit linearly polarized light, whose electric field direction
vectors are oriented at 0°, 45°, 90° and 135° with respect to
the x-axis. As shown in Fig. 1(c), the LP filter group transmits
the TM-polarized light with an electric field direction perpen-
dicular to the grating grooves, while blocking the transmission
of TE-polarized light with the electric field direction parallel
to the grating grooves.

The intensities of the different polarization components
in incident light passing through the optimized polarized fil-
ters can be described as Iyo, Iyso, Igoe and Iy3s0, respectively.
When incident light crosses the PMMPA element, the LP filter
at different positions modulates the incident light accordingly,
and the detector can capture the intensities of the different
polarization states of the light. Subsequently, by combining
the left-handed circularly polarized and the right-handed cir-
cularly polarized components, the full Stokes parameters can
be retrieved by analyzing and processing the polarization com-
ponents. The derivation process is as follows.

The full-Stokes vectors S have four parameters So, S1, S»
and S3, which are defined as

So = Ipo + Ioge, ()
S1 = Ioe — Iooe, (2)
Sz = Iyse — I13se, (€)]
S3=IR—1I. “

Here Iy, 1450, Igoo and Ij3so represent the intensities of the
LP components along 0°, 45°, 90° and 135° with respect to
the x-axis, respectively. Ir and I, are the intensities of the
right-handed circularly polarized light and left-handed circu-
larly polarized light, respectively. By combining the transmis-
sion coefficients of the PMMPA element, which is defined as
txy in this study, the intensities for the four polarization angles
can be obtained.
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Object-lens group
(a) 5

(b)

Relay-lens group

Fig. 1. Schematic diagram of pixel-wise micro-polarization metasurface array real-time MIR optical imaging system. (a) Schematic diagram of the
MIR polarized optical system with a PMMPA element. (b) Schematic diagram of a micro-polarized metasurface array element that produces linearly
polarized light at four polarization angles. (c) Pixel-level linear polarization group comprising four linear polarizers in the polarization direction.
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Fig. 2. Simulated intensity and extinction ratio of the transmission coefficients of our designed linear polarized filters. (a) Schematic illustration
of an aluminum nanofin positioned on a silicon substrate. The metasurface will comprise a periodic arrangement of such unit cells. (b), (c)
Simulation results for the intensity and ratio of the transmission coefficient |txx|2 and 101g(ratio) shown for 2D parameter optimization using
a rigorous coupled-wave analysis method. The period and duty ratio of the nanofin are swept in the range 0.1-1 um and 0.1-0.9, respectively,
at an incident wavelength of 4.0 pm. (d) Simulation results for the extinction ratio of the linear polarizing filter. The height of the nanofin is
swept in the range of 100-500 nm. (e) State of polarization for one spot. The simulated 0° linear polarization is marked by red circles, and the
blue dashed line represents the calculated 0° linear polarization. The simulated 90° linear polarization is marked by green circles, and the navy

blue dashed line represents the calculated 90° linear polarization.

Thus, the full-Stokes vector of incident light can be cal-
culated. A further real-time polarized image is obtained by
calculating the full Stokes vector.

To ensure high performance of the LP filter, such as
transmission and extinction ratio, the height, period of the
nanofin and duty ratio of the nanofin are optimized. The po-

larized metasurface is designed using aluminum nanofins on

top of a silicon substrate, as shown in Fig. 2(a). To achieve
a high transmittance and large extinction ratio, we perform
two-dimensional (2D) parameter optimization using a rigorous
coupled-wave analysis method. The period P and duty ratio R
of the nanofin are swept in the range of 0.1-1 pm and 0.1-0.9,
respectively, while maintaining the height H at 500 nm. The

value of H is carefully chosen to guarantee that the extinc-
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tion ratio of the polarized metasurface is high. The relation-
ship between the extinction ratio and grating height is shown
in Fig. 2(d). The extinction ratio increases with increasing
height, but a higher grating height is not conducive to stability
and further fabrication.

For the simulation, the nanofin is placed on a silicon sub-
strate (ns; = 3.43). The wavelength of the incident light is
fixed at 4000 nm. The obtained transmission amplitudes and
extinction coefficients for the two transmission coefficients
|fee|* and 10 1g(ratio) are shown in Figs. 2(b) and 2(c). The
ratio is equal to [t|?/ |tyy |2. It can be found that the transmis-
sion coefficient \tm|2 of the center field of view for the linear
polarized filter is over 77% when the height, period and duty
ratio are selected as 500 nm, 300 nm and 0.5, respectively.
Meanwhile, under the same LP grating geometry, the extinc-
tion ratio of the center field of view reaches 88 dB. To demon-
strate the high modulation precision, the intensity distribution
of the LP components and polarization states is investigated.
As shown in Fig. 2(e), the intensity of transmission for the 0°
and 90° linear polarized filters is similar to the results of the
calculation. Therefore, the designed linear polarizers with four
polarization angles can accurately modulate the polarization.

3. Middle-infrared imaging optical system de-

sign

To cooperate with the optimized PMMPA element, a real-
time MIR polarization optical system for secondary imaging
is designed. The basic principle is shown in Fig. 3. To im-
prove the quality of polarization control and reduce the optical
energy loss, the objective lens group adopts an image-side te-
locentric system design. The presented method contains the
main rays for each field angle emitted from the object mirror
plane that are vertically incident on the PMMPA element.

The intermediate image passing the PMMPA element is
imaged on the detector by the relay lens group. To maintain
the size of the PMMPA element consistent with the size of the
detector, the magnification of the relay system is designed to
be 1. Meanwhile, the object-side telecentric system is adopted
as the relay lens group.

Objective lens group

Relay lens group

Detector

Fig. 3. Basic principle of the real-time MIR polarized optical system
for secondary imaging.

According to the imaging principle of the relationship be-
tween objects and images

== 5)

Here f’ is the effective focal point of the objective lens group,
f is the focal point of the MIR polarized optical system, [’ is
the height of the PMMPA element and [ is the height of the de-
tector. Because !’ is equal to /, the focal point of the objective
lens system is the focal point of the MIR polarization optical
system.

In this design, the image surface of the 12 mm detector is
used and the F-number of the detector is 2. The MIR polar-
ized system with a diameter D of 70 mm is designed, and the
focal point f of the system is given by

f
Ff=<. 6
D 6)
Thus, f is equal to 140 mm. The field angle @ of the entire
system is given by
l
® = arctan 37 ) 7)

 is equal to 5°. Finally, the complete optical design values of
the MIR polarization imaging system are shown in Table 1.

Table 1. Values of parameters of the MIR polarized optical imaging
system.

Parameter Value
Wavelength 3.7-4.8 um
Focal point of MIR system 140 mm
F number of MIR system 2
Focal point of objective lens 140 mm
F number of objective lens 2
Field of view 5°
Magnification 1x

Objective-lens

Intermediate image

(a)

(b)
1.0

0.8
0.6
0.4
0.2

0
0 6.0 12.0 18.0 24.0 30.0

Spatial frequency in cycles per mm

Modulus of the OTF

[ — Diff. Limit -Tangential E4 -- Diff. Limit -Sagittal E4 — 0.0000(deg)-Tangential
E4 == 0.0000(deg)-Sagittal E4 — 1.3000(deg)-Tangential B4 == 1.3000(deg)-Sagittal
E4 — 1.7500(deg)-Tangential B4 == 1.7500(deg)-Sagittal E4 — 2.5000(deg)-Tangential
B4 -~ 2.5000(deg)-Sagittal

Fig. 4. Result of the MIR objective lens design. (a) Three-dimensional
view of the MIR objective lens group. (b) Modulation transfer function
(MTF) plots of the MIR objective lens group.

The objective lens and relay lens groups are calculated
and optimized, respectively. The power of the system elements
and calculation of the initial structure parameters are allocated
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according to the primary aberration theory and the presented
design theory. After the design, the results of the objective
imaging group are shown in Fig. 4(a). Figure 4(b) shows the
MTF plots of the objective lens group, which are close to the
diffraction limit.

Through calculation of the relationship between the ob-
ject and image, the magnification of the relay lens group
is determined to be 1. An illustration of the final three-
dimensional appearance of the MIR relay optical system is
shown in Fig. 5(a). As shown in Fig. 5(b), the MTF curve
of the relay lens is higher than 0.4 at 33 cycles per microme-
ter, implying that the performance of the MTF is close to the
diffraction limit.

Relay-lens

’ .
Detector

(a)

(b)
1.0

0.8
0.6

0.4

0.2

0
0 6.6 13.2 19.8 264 33.0

Spatial frequency in cycles per mm

Modulus of the OTF

[ — Diff. Limit-Tangential |4 == Diff. Limit -Sagittal F4 — 0.0000(deg)-Tangential
E == 0.0000(deg)-Sagittal M 1.3000(deg)-Tangential B4 == 1.3000(deg)-Sagittal
4 — 1.7500(deg)-Tangential ~ E4 == 1.7500(deg)-Sagittal E4 — 2.5000(deg)-Tangential
B4 == 2.5000(deg)-Sagittal

Fig. 5. Result of the MIR relay lens design. (a) Three-dimensional view
of the MIR relay lens group. (b) MTF plots of the MIR relay lens group.
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0
0 6.6 13.2 19.8 26.4 33.0
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E4 — Diff. Limit-Tangential ~ E4 == Diff. Limit -Sagittal E4 — 0.0000(deg)-Tangential
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— 1.7500(deg)-Tangential [ == 1.7500(deg)-Sagittal E4 — 2.5000(deg)-Tangential
B4 == 2.5000(deg)-Sagittal

Fig. 6. Result of the whole MIR optical imaging system design. (a) Three-
dimensional view of the MIR optical imaging system. (b) MTF plots of the
MIR optical imaging system.

When the design of the objective lens group and relay lens
system is complete, the objective lens group and relay lens

group are combined into a complete MIR polarization imag-
ing system. After further aberration correction and optical op-
timization, a real-time MIR optical imaging system is realized.
The entire system is illustrated in Fig. 6(a). Figure 6(b) shows
the MTF plots of the MIR polarization imaging system, which
is close to the diffraction limit at 33 cycles per micrometer.
These characteristics satisfy technical requirements.

To realize real-time polarization imaging of the interme-
diate image plane of the MIR system, the PMMPA element
should be designed and placed on the image surface of the ob-
jective lens group. Based on the pixel matching theory of a
single LP filter and the MIR detector presented in Section 2,
the PMMPA element is modeled using optical design software.

The size of a single LP filter is 15 pm. To achieve the
four-directional LP filter function, the Jones matrix plane is
adopted to represent the LP filters in four polarization direc-
tions. The Jones matrix is used to represent the polarization as
follows:

20 1o
< cos? 0 2511129)’ ®

1sin26 sin?6

where 0 is the angle between the light vector and the x-axis. In
this way, the Jones matrices of the four LP filters with polariza-

tion angles of 0°, 45°, 90° and 135° are expressed as ((1) 8)

11 00 1 )
( i i ), (O 1 ) and (21 12 ), respectively. These four
Joées2 matrices are arrayed %nto2 a polarization element. Par-
tial modeling of the PMMPA element is shown in Fig. 7. The
three colored rays represent light incident from different fields
of view into different Jones matrix planes. The Jones matrix
polarization plane is placed at the middle image plane of the
complete MIR imaging optical system. Thereafter, the high
transmittance polarization modulation of the outgoing light
passing through the PMMPA element is realized.

Fig. 7. Partial modeling of the micro-polarization element, which com-
prises different single Jones matrix type surfaces. The different colored
rays represent light incident from several fields of view into different
Jones matrix planes.

When the PMMPA element is in the intermediate image
plane, efficient transmission of the outgoing light through the
device is achieved, and the polarization state of the image sur-
face of the MIR imaging optical system is traced. Figure 8
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illustrates the partial results for the different directions of lin-
early polarized incident light reaching the image plane of the
MIR polarization imaging system.
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Fig. 8. Partially polarized ray tracing results of the differently polarized
light incident on the image plane of the MIR imaging optical system.
According to Fig. 8, the incident light of different fields
passing through the PMMPA element and the real-time differ-
ent directions of polarized intensity images will be obtained
by the MIR detector.
sity images obtained simultaneously in four polarization di-

In the future, the polarization inten-

rections on the image plane will be processed. A single pixel
corresponds to an intensity image in the LP direction, which
is conducive to image registration and real-time polarization
imaging of the target within the field of view.

4. Conclusion

A method using a pixel-matched micro-polarization array
on the middle image plane of the MIR imaging system to re-
alize real-time polarization imaging is presented. This method
can achieve the same function as real-time polarization imag-
ing as DOFP. The PMMPA element based on the metasurface
comprises multiple different polarization angle LP filters. Si-
multaneously the geometrical size of the microstructure on the
surface of the PMMPA element is optimized. The LP filters
can well transmit the linear polarization of the emergent light
with the transmission of the center field of view as high as 77%
at 4.0 um when the H is 500 nm, P is 300 nm, R is 0.5, and
the extinction ratio of the center field of view is 88 dB. On this
basis, an MIR polarization imaging optical system near the
diffraction limit with a FOV of 5°, a focal length of 140 mm,
and an F-number of 2 is designed. A micro-polarization ar-
ray comprising the Jones matrix plane is arranged in the inter-
mediate image plane to analyze the performance of the polar-
ized imaging. The simulation results show that the emergent
light from the PMMPA element can achieve real-time polar-
ized imaging in different polarization directions on the image

plane. This method provides a new approach for the realiza-
tion of MIR real-time polarization imaging.
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