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Multispectral and polarization cameras that can simultaneously acquire the spatial, spectral, and polarization charac-
teristics of an object have considerable potential applications in target detection, biomedical imaging, and remote sensing.
In this work, we develop a common-aperture optical system that can capture multispectral and polarization information.
An off-axis three-mirror optical system is mounted on the front end of the proposed system and used as a common-aperture
telescope in the visible light (400 nm—750 nm) and long-wave infrared (LWIR, 8 pm-12 um) waveband. The system can
maintain a wide field of view (4.5°) and it can demonstrate an enhanced identification ability. The off-axis three-mirror sys-
tem gets rid of central obscuration while further yielding stable system resolution and energy. Light that has passed through
the front-end common-aperture reflection system is divided into the visible light and LWIR waveband by a beamsplitter.
The two wavebands then converge on two detectors through two groups of lenses. Our simulation results indicate that the
proposed system can obtain clear images in each waveband to meet the diverse imaging requirements.

Keywords: optical design, common-aperture, multispectral imaging, polarization imaging
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1. Introduction

Spectral imaging detects two-dimensional (2D) spatial in-
formation about multiple wavelengths with two spatial coor-
dinates and one spectral dimension.!'~”! Polarization imag-
ing acquires the information about target’s features, shapes,

(8-10

texture, and material composition. | Multispectral and po-

larization imaging!!'!1?]

can obtain the polarization informa-
tion of an object in different wavelengths and thus becomes
an effective detection technique!'*>~!3! to improve target detec-
tion, biomedical imaging, remote sensing, and disease diag-
nosis. Image multiplexing methods produce multiple images
by taking advantages of lens arrays,!'®! beamsplitters,!!”! im-

[20,21]

age slicers,!'® Wollaston prisms,!'°! light pipes or active

(221 The simultaneous acquisition of multi-

optical elements.
spectral and polarization images is a critical factor of the per-
formance of multispectral and polarimetric imaging system.
However, the majority of current multispectral imaging de-
vices still feature the major limitation of measuring polariza-
tion and spectral information simultaneously. The simultane-
ous acquisition of polarization and spectral information leads
to the dramatical increase of either system complexity>3! or
time consumption. ?*! For example, a multispectral single-shot
polarimeter!?>! can obtain only the polarization information of
a linear pixel array. Therefore, scanning has to be included to
enable the simultaneous acquisition of the multispectral and

DOI: 10.1088/1674-1056/28/8/084201

polarization information of a two-dimensional (2D) scene.

In this work, we design a relatively simple system for
achieving the simultaneous acquisition of multispectral and
polarization optical images. The system utilizes a catadiop-
tric optical system to acquire polarization information in two
diverse wavebands simultaneously. An off-axis reflection opti-
cal system is employed as a common-aperture telescope 26271
to maintain a wide field of view (FOV), compared with some
of the literature like Ref. [27] whose FOV is 1°. The op-
tical system enhances the identification ability of the whole
system by functioning in the full waveband. The off-axis
three-mirror system gets rid of central obscuration by decenter
and/or tilt!?8! and stabilizes overall system resolution and en-
ergy. A beamsplitter separates light into the visible (400 nm—
750 nm) and long-wave infrared (LWIR, 8 pm-12 pm) wave-
band. Visible light and LWIR light converge on two detectors
once they pass through two sets of transmissive lenses. The
simulation results indicate that the performance of the pro-
posed system is quite satisfactory to obtain clear images in
the visible spectrum and LWIR.

2. System design

As schematically illustrated in Fig. 1, the multispectral
and polarization camera system can simultaneously acquire

the spatial and polarization characteristics of an object in two
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different wavebands. The whole system functions in the vis-
ible light (400 nm—750 nm) and LWIR (8 um-12 pm) wave-
bands and employs a catadioptric optical system. Two wave-
bands share a non-confocal optical system as a telescope. The
optical system is mounted on the front of the camera system
and overcomes the disadvantages encountered in the broad
spectrum by the anti-reflection (AR) film coatings of refractive
optical system. The non-confocal optical system can maintain
a wide FOV (4.5°) and enhances the identification ability of
the overall system by utilizing an off-axis three-mirror opti-
cal system as a common-aperture telescope. A beamsplitter is
used to separate the emergent light path into the visible light
and LWIR wavebands. These two different wavebands are em-
ployed in a refractive optical system for secondary imaging.
The refractive optical system use a secondary telescope, a po-
larizer, and an objective to focus the visible light and LWIR
wavebands on the detector. The common-aperture multispec-
tral and polarization optical imaging system is thus realized.
The target is imaged multiple times to limit the size of the

beamsplitter and polarizer aperture.
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Fig. 1. Schematic diagram of common-aperture multispectral and po-
larization optical imaging system.

2.1. Common-aperture off-axis reflection optical system

Options for materials with the desired thermal proper-
ties, resilience, and color correction ability for a multispec-
tral system are limited. Simultaneous optical imaging in the
visible light and LWIR is necessary to increase the level of
target discrimination and identification and reduce the rate of
false alarm. We present a non-confocal common-aperture op-

tical system in which an off-axis reflection system is used to

achieve these objectives. Reflection systems have been at-
tracting considerable attention from researchers because they
do not exhibit chromatic aberration while possessing compact
and light-weight structures. The off-axis three-mirror optical
system has sufficient tunable parameters to reduce aberrations
while getting rid of central obscuration and influences on res-
olution and energy. In addition to these advantages, there are
other two reasons for employing this common-aperture off-
axis reflection optical system: our front-end off-axis reflection
optical system can not only achieve common-aperture in vis-
ible spectrum and LWIR, but also compress the beam to the
ratio of 3.

The designed off-axis three-mirror common-aperture op-
tical system is shown in Fig. 1. This system can maintain a
wide FOV (4.5°) and meanwhile enhance the identification
ability of the overall system. The focus of the combined first
and second mirror is the same as that of the third mirror. Thus,
a primary imaging plane is present between plane mirror and
third mirror. The optical length L of the non-confocal optical
system is given by the following formula:

L=F+F;3 (1)

where Fj  is the focal length of the combination of the first and
second mirror, and F3 is the focal length of the third mirror. A
plane mirror that is inclined 45° is used to reduce the volume
of the off-axis reflection system. The diameter of the exit beam
is assumed to be limited to the diameter of the beamsplitter
(¢ <50 mm) and polarizer (¢ < 40 mm). The magnification
of the non-confocal optical system must be reduced to increase
angular magnification within a finite range and to limit the di-
ameter of the exit beam. We select the magnification of the
non-confocal optical system MR as 1:3 in consideration of the
FOV; that is,

B Dew
Fip, Dgnp’

Mg = 2
where Dgxp is the diameter of the exit pupil, and Dgnp is the

diameter of the entrance pupil.

2.2. LWIR optical system
2.2.1. Secondary telescope

We should further limit the diameter of the exit beam,
given the small size of the polarizer (¢ <40 mm). As shown
in Fig. 2, we add a secondary telescope, such as a Kepler tele-
scope, to limit the aperture diameter of the exit beam. We then
limit the axial and lateral sizes of the objectives sequentially.
An intermediate image exists between the first and second lens

group.
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The optical length Lir of the secondary telescope is given
by

Lir = fir1 + fir2, 3)

where fir; and fir; are the focal length of the first lens group
and that of the second lens group, respectively. The magnifi-
cation of secondary telescope My is selected as 2:3, that is,

firo _ diro @
SRl diri
The FOV of the incident beam of secondary telescope changes
from 4.5° to 13.5° after the incident beam has passed through
the off-axis reflection optical system with a magnification of
1:3.

_E.
=k
. fira fir2 |
k .
Lir

Fig. 2. Schematic diagram of Kepler telescope.

2.2.2. Objective

The objective converges beams on the detector and cor-
rects residual aberration. These functions are illustrated sche-
matically in Fig. 3.

N|

o \
.ﬁ;'_»_ /
Jo

Fig. 3. Schematic diagram of objective.
The diameter of objective dj is given as
do = Dgnp * MR * MiR. (%)

2.3. Visible-spectrum optical system

The principle of the visible-spectrum optical system is
similar to that of the LW system, which includes a secondary
telescope and objective. These two systems can be distin-
guished as follows: A Kepler telescope is employed in the
LW system, whereas a Galileo telescope is used in the visible-
spectrum optical system. These differences are presented in
Fig. 4. The optical length Ljw of the secondary telescope is

given by
Ly = fvi+ fva2, (6)

where fy and fy, are the focal length of the first lens group
and that of the second lens group, respectively. Here the mag-
nification of the secondary telescope My is chosen as 2:3, that
is,

v  dv
e _dv %)

My = = o2
o dv

Like the LW system, the visible-spectrum optical system has
an FOV of 4.5°.
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Fig. 4. Schematic diagram of Galileo telescope.

2.4. Polarizer

The polarizer, which is placed between the secondary
telescope and the objective, is a key component of the mul-
tispectral and polarization optical imaging system. We can
obtain the polarization information of images with different
polarization states that can be modulated by rotating the po-
larizer in discrete steps. The diameters and incident angles of
the polarizers are supposed to be controlled because polarizer
diameters are generally less than 40 mm and accepted angle
values are often within £20°.

3. Simulation and results

We allocate the power of system elements and calculate
the initial structural parameters in accordance with primary
aberration theory and the design theory presented in Section 2.

LWIR optical system

Fig. 5. Optical layout of the common-aperture multispectral and po-
larization optical imaging system. (a) Optical path of whole system.
(b) Optical path of LWIR optical system. (c) Optical path of visible-
spectrum optical system.
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At first, the paraxial lens is used to meet first order require-
ments and then replaced by a real lens. After the elimination of
aberration and a series of optimization, the common-aperture
multispectral and polarization optical imaging system with an
FOV of 4.5° is achieved. The system enables the aberration
correction and the balance between primary aberration and ad-
vanced aberration. The diagram in Fig. 5 illustrates the design
results. The whole system employs a catadioptric optical sys-
tem. Two wavebands share a non-confocal optical system that
is used as the front-end telescope. A beamsplitter is used to
split the emergent light into visible light and LWIR. The re-
fractive optical system employs a secondary telescope, a po-
larizer, and an objective to focus visible light and LWIR on the
detector. The common-aperture multispectral and polarization
optical imaging system is thus realized.

To reduce the system aberration, the conic surfaces, rather
than aspheric surfaces, are employed in three mirrors, which
can facilitate processing and alignment and reduce the manu-
facturing cost. The values of the parameters of the conic sur-
faces are shown in Table 1. We use spheric surfaces to de-
scribe all other surfaces of the visible and LWIR transmission
systems.

Figure 6 shows the spot diagrams and modulation trans-
fer function (MTF) plots of the whole common-aperture mul-
tispectral and polarization optical imaging system at a full
FOV of 4.5°. Figures 6(a) and 6(b) show the spot diagrams

and MTF plots of the visible-spectrum optical system with the
common-aperture off-axis reflection optical system. The max-
imum RMS radius of the spot diagram is 4.86 um, which is
less than the minimum pixel size (5 um) of common visible-
light detector. Figures 6(c) and 6(d) show the spot diagrams
and MTF plots of the LWIR optical system with the common-
aperture off-axis reflection optical system. The maximum
RMS radius of the spot diagram is 12.28 pum, which is less
than the minimum pixel size (15 pm or 25 um) of common
LWIR detector. The MTF plots of both wavebands are close
to the diffraction limits as illustrated in Figs. 6(b) and 6(d).
These characteristics satisfy the technical requirements.

Table 1. Values of parameters of off-axis reflection optical system.

Surfaces Y radius Conic constant
First mirror —1,242.34 —0.96
Second mirror —581.62 —4.98
Third mirror 1,022.17 —1.30

We have just finished the optical design of the system and
set about mechanical design and optical elements fabrication
recently. This experiment has a long project cycle, high cost
and considerable difficulty. The experimental results will be
shown in detail when the fabrication and alignment of the sys-
tem are completed in the near future.
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Fig. 6. Spot diagram and MTF plots of the common-aperture multispectral and polarization optical imaging system. (a) Spot diagram of
visible-spectrum optical system and (b) its corresponding MTF plot. (c) Spot diagram of the LWIR optical system and (d) its MTF plot.
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4. Conclusions

In this work, we introduce a common-aperture multispec-
tral and polarization optical imaging system with a full FOV
of 4.5°. Instead of incorporating two discrete transmission
systems, we employ an off-axis three-mirror optical system
as a front-end common-aperture telescope to improve the tar-
get discrimination and identification rates and reduce the false
alarm rate. This system can maintain a wide FOV and en-
hance the identification ability of the system. At the same
time, the off-axis three-mirror system gets rid of central ob-
scuration but maintains the resolution and energy of the whole
system. The whole system is composed of the reflective and
refractive component. The reflective component employs an
off-axis three-mirror optical system. The refractive compo-
nent is divided into visible light and LWIR wavebands by a
beamsplitter and they are converged on two detectors through
two groups of lenses. This system enables the simultaneous
acquisition of the spatial, spectral, and polarization informa-
tion of a target. Given these characteristics, this system indi-
cates remarkable potential applications in target detection and
biomedical imaging.

References

[1] Sellar R G and Boreman G D 2005 Opt. Eng. 44 013602

[2] Gowen A A, O’Donnell C P, Cullen P J, Downey G and Frias ] M 2007
Trends Food Sci. & Technol. 18 590

[3] Levenson R M and Mansfield J R 2006 Cytometry, Part. A: Journal Int.
Soc. For Anal. Cytology 69 748

[4] ChenJ, Cai F, He R and He S 2018 Sens. (Basel Switzerland) 18 1989

[5] Abdlaty R, Orepoulos J, Sinclair P, Berman R, Fang Q 2018 Photonics
53

[6] Djokam M, Sandasi M, Chen W, Viljoen A, Vermaak I 2017 Appl. Sci.
7 268 (in Chinese)

[7]

[8]

[9]

[10]

(11]

[12]
[13]

[14]

[15]

[16]
[17]
(18]
[19]

[20]
[21]

[22]
[23]

[24]
[25]
[26]
[27]

(28]

084201-5

Cai Q S, Huang M, Han W, Liu Y X and Lu X N 2018 Acta Phys. Sin.
67 234205 (in Chinese)

Tyo J S, Goldstein D L, Chenault D B and Shaw J A 2006 Appl. Opt.
45 5453

Jacques S L, Ramella-Roman J C, Lee K 2002 J. Biomed. Opt. 7 329

Ushenko V, Sdobnov A, Syvokorovskaya A, Dubolazov A, Vanchulyak
O, Ushenko A, Ushenko Y, Gorsky M, Sidor M, Bykov A and Meglin-
ski 12018 Photonics 5 54

van Harten G, Snik F, Rietjens J H H, Martijn Smit J, Keller C U 2014
Appl. Opt. 53 4187

Tsai T H and J Brady D 2013 Appl. Opt. 52 2153

Shkuratov Y, Opanasenko N, Zubko E, Grynko Y, Korokhin V, Pieters
C, Videen G, Mall U and Opanasenko A 2007 Icarus 187 406

Pierangelo A, Manhas S, Benali A, Fallet C, Totobenazara J L, An-
tonelli M R, Novikova T, Gayet B, De Martino A and Validire P 2013
J. Biomed. Opt. 18 046014

Garcia M, Davis T, Marinov R, Blair S and Gruev V 2018 SPIE
Commercial + Sci. Sens. Imaging, April 16-17, 2018, Orlando, USA
10655C

Mathews S A 2008 Appl. Opt. 47 F71
Yu M, Liu T, Huang H, Hu H and Huang B 2016 IEEE Photon. J. 8 1
Gao L, Kester R T and Tkaczyk T S 2009 Opt. Express 17 12293

Snik F, Rietjens J, Harten G, Stam D, Keller C, Smit M, Laan E, Ver-
laan A, van der Horst R, Navarro R, Wielinga K, G Moon S and Voors
R 2010 SPIE Astronomical Telescopes Instrumentation, June 22—-July
2,2010, San Diego, USA, 77311B

Pacheco S and Liang R 2014 Opt. Express 22 16377

Manakov A, Restrepo J, Klehm O, Hegediis R, Eisemann E, Seidel H
P and Thrke 1 2013 ACM Trans. Graph. 32 47

Shinoda K, Ohtera Y and Hasegawa M 2018 Opt. Express 26 15948

Alouini M, Goudail F, Réfrégier P, Lallier E and Grisard A 2004 SPIE
Defense Security Symposium Remote Sensing VI, July 15-17, 2004,
Orlando, USA, p. 133

Gupta N 2005 J. Biomed. Opt. 10 051802

Knitter S, Hellwig T, Kues M and Fallnich C 2011 Opt. Lett. 36 3048
Thompson N A 2013 Opt. Eng. 52 061308

Mahmoud A, Xu D and Xu L 2016 SPIE Asia-Pacific Remote Sensing,
April 30, 2016, New Delhi, India, p. 6

Song D L, Chang J, Zhao Y F and Zhang Z X 2018 Chin. Phys. B 27
094220


https://doi.org/10.1117/1.1813441
https://doi.org/10.1016/j.tifs.2007.06.001
https://doi.org/10.1016/j.tifs.2007.06.001
https://doi.org/10.1002/cyto.a.20319
https://doi.org/10.1002/cyto.a.20319
https://doi.org/10.3390/s18071989
https://doi.org/10.3390/photonics5010003
https://doi.org/10.3390/photonics5010003
https://doi.org/10.3390/app7030268
https://doi.org/10.3390/app7030268
https://doi.org/10.7498/aps.67.20180943
https://doi.org/10.7498/aps.67.20180943
https://doi.org/10.1364/AO.45.005453
https://doi.org/10.1364/AO.45.005453
https://doi.org/10.1117/1.1484498
https://doi.org/10.3390/photonics5040054
https://doi.org/10.1364/AO.53.004187
https://doi.org/10.1364/AO.53.004187
https://doi.org/10.1364/AO.52.002153
https://doi.org/10.1016/j.icarus.2006.10.012
https://doi.org/10.1117/1.JBO.18.4.046014
https://doi.org/10.1117/1.JBO.18.4.046014
https://doi.org/10.1117/12.2305119
https://doi.org/10.1117/12.2305119
https://doi.org/10.1117/12.2305119
https://doi.org/10.1364/AO.47.000F71
https://doi.org/10.1109/JPHOT.2016.2599006
https://doi.org/10.1364/OE.17.012293
https://doi.org/10.1117/12.857941
https://doi.org/10.1117/12.857941
https://doi.org/10.1364/OE.22.016377
https://doi.org/10.1145/2461912.2461937
https://doi.org/10.1364/OE.26.015948
https://doi.org/10.1117/12.543620
https://doi.org/10.1117/12.543620
https://doi.org/10.1117/12.543620
https://doi.org/10.1117/1.2102507
https://doi.org/10.1364/OL.36.003048
https://doi.org/10.1117/1.OE.52.6.061308
https://doi.org/10.1117/12.2219869
https://doi.org/10.1117/12.2219869
https://doi.org/10.1088/1674-1056/27/9/094220
https://doi.org/10.1088/1674-1056/27/9/094220

	1. Introduction
	2. System design
	2.1. Common-aperture off-axis reflection optical system
	2.2. LWIR optical system
	2.2.1. Secondary telescope
	2.2.2. Objective

	2.3. Visible-spectrum optical system
	2.4. Polarizer

	3. Simulation and results
	4. Conclusions
	References

