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Compact size, high brightness, and wide field of view (FOV) are key requirements for long-wave infrared imagers
used in military surveillance or night navigation. However, to meet the imaging requirements of high resolution and wide
FOV, infrared optical systems often adopt complex optical lens groups, which will increase the size and weight of the
optical system. In this paper, a strategy based on wavefront coding (WFC) is proposed to design a compact wide-FOV
infrared imager. A cubic phase mask is inserted into the pupil plane of the infrared imager to correct the aberration. The
simulated results show that, the WFC infrared imager has good imaging quality in a wide FOV of +16°. In addition, the
WEC infrared imager achieves compactness with its 40 mm x40 mmx40 mm size. A fast focal ratio of 1 combined with
an entrance pupil diameter of 25 mm ensures brightness. This work is of significance for designing a compact wide-FOV

infrared imager.
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1. Introduction

Infrared optical systems play an important role in scene
perception and target recognition in applications such as mil-
itary reconnaissance, industrial inspection and agricultural
monitoring. To obtain a wider range of observation, extend-
ing the field of view (FOV) of infrared imaging optical sys-
tems has become a research object for many designers. To
correct the aberrations introduced by the increase of FOV, the
traditional design of optical systems is often complex. For
example, Ye ef al. designed a compact wide-FOV infrared im-
ager based on off-axis two-mirror free-form surfaces.!!! This
system exhibits excellent image quality within a wide FOV
of 23°, but the off-axis reflection structure increases the dif-
ficulty of manufacturing and assembly. Li ef al. proposed
a folded large FOV scanning optical system, which over-
comes the drawback of small mechanical scanning angle of
MEMS lidar.!?! However, scanning systems tend to increase
system size and reduce temporal resolution. In addition, Wu
et al. proposed a design method for heterogeneous compound
eye.l3] The camera prototype consists of 31 wide-angle sub-
eyes and 226 high-definition sub-eyes, and has a large FOV
(360° x 141°) dual-scale imaging capability. But it greatly in-
creases the difficulty of system design and puts great pressure
on the system layout.

Small size, high brightness and wide FOV are key re-
quirements for long-wave infrared imagers used in military
surveillance or night navigation. In the long-wave infrared
spectral range, the available materials with high transmittance
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are extremely limited. Limited by high-precision processing
processes such as single crystal growth and diamond turning,
the cost of these materials is significantly higher than that of
visible and near-infrared optical materials. [45] Therefore, con-
sidering manufacturing costs, processing difficulties, and ap-
plication value, a method needs to be proposed that can design
an infrared imager with a wide FOV while minimizing the size
of the system and the number of lenses.

Nowadays, in the performance improvements of opti-
cal imaging systems, computational imaging that combines
optical design with computational algorithms has attracted
widespread attention. The introduction of the computational
imaging techniques alleviates the loading problem of optical
devices effectively. As a typical representative of computa-
tional imaging techniques, wavefront coding (WFC)!®! follows
the idea of transferring the burden of traditional optical system
design to electronics and computer processing, and has been
used in aberrations suppression of optical system widely.!7-!
Similar to polarization imaging in which micro-polarization
array element is placed in the image plane of an optical system
to modulate the polarization properties of the incident light,[’!
WEC inserts a phase mask into the pupil plane to modulate the
spatial phase distribution of the optical wavefront. By insert-
ing a phase mask into the pupil plane of a traditional optical
system, the image is encoded with a specific point spread func-
tion (PSF). Then, the encoded image is digitally restored with
the de-convolution filter. The accurate image acquisition can
be achieved even in the presence of optical aberrations. WFC
reduces the complexity of optical systems, and provides new
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ideas for aberration correction.

Recently, the application of WFC technology in infrared
systems has become common. Feng ef al. developed an ather-
malized WFC infrared imaging system and conducted quan-
titative experiments.[!”) Results demonstrate that, compared
to the traditional infrared imaging system, the WFC imaging
system can output decoded images with sharpness over a wide
temperature range of 110 °C. Zhou et al. extended the focus
depth of a double bands infrared optical system by 10 times
based on WFC technology and demonstrated WFC imaging
experiments. !l The test result shows that the decoded images
at the 10 times defocus position maintain high resolution, veri-
fying the feasibility of the WFC technology in suppressing de-
focus aberration. These validated WFC implementations pro-
vide the foundation for introducing this technology into the
wide-FOV infrared imager design.

This paper introduces the application of WFC technology
in designing a compact and wide-FOV infrared imager theoret-
ically and experimentally. The paper is organized as follows:
Section 2 illustrates the theoretical basis of WFC technology;
Section 3 establishes a traditional infrared imager and analyzes
its aberration characteristics; Section 4 shows the insensitivity
of the WFC imaging system to aberrations and demonstrates
the good imaging capabilities of the WFC infrared imager over
a wide FOV; Section 5 summarizes the main findings of this
work.

2. Theoretical basis of WFC technology

The basic principle of WFC technology is shown in
Fig. 1. Compared with traditional imaging systems, WFC
imaging system introduces a phase mask at the pupil plane of
the system to encode the optical wavefront with a specific form
of PSF so that obtains a blurred image with certain similarities,
and then performs digital image processing on the encoded im-
age. After image restoration, accurate image acquisition can
be achieved even in the presence of optical aberrations. %!

Phase mask

Detector

Decoded image

Object

Encoded image
Fig. 1. Schematic diagram of WFC imaging system.
The PSF describes the output response of an optical sys-

tem to a point light source. According to Fourier optics, with-
out considering noise, the physical process of imaging can be

described as the convolution of the object-space target and the
PSF of the optical system. WFC sacrifices energy concentra-
tion to extend the support domain of PSF, thus reducing the
sensitivity of the system to defocus.!'?! The normalized spa-
tial pupil function P(x,y) of WFC system in the defocus state
is

P(x,y) = exp{ilgo(x,y) +@(x,y) +w(x,y)]},
24yt <1, (1

where (x,y) are spatial domain coordinates, ¢y and ¢ are the
phase distributions of the original optical system and the phase
plate respectively, and y is defocus parameter of the system.
The optical transfer function (OTF) is the autocorrelation of
the generalized pupil function, so one-dimensional OTF of the
system can be expressed as

H(u.y) = [ Pla)-exp(i-kF-w) - Plko) -exp(—i -3 - w)dx
ki=x+3, k=x-g, @
where H(u,y) is the OTF at one-dimensional spatial fre-
quency u. Combining the theory of ambiguity function and
stationary-phase method, (! the relationship between the mod-
ulation transfer function (MTF) of optical system and defocus
parameter is expressed by ambiguity function. Then we can
derive the form of cubic phase mask (CPM) suitable for WFC
system. To date, many phase masks, such as logarithmic phase
mask,[13! tangent phase mask, 14 apodized CPM, 15! and oth-
ers have been proposed. In this study, the conventional CPM
is selected to realize our idea and the phase function of the
conventional CPM can be expressed by

o(r.y) = o (x +y7), 3)
where o is the parameter of the CPM characterizing the phase
modulation, has been proven to reduce the sensitivity of the
PSF and MTF to defocus-related aberrations.[®!0! That is,
WEC system shows good MTF consistency and PSF consis-
tency. This is the theoretical basis of WFC technology. After
encoding the image, the image can be restored using the digital
de-convolution filter.

3. Establishing the optical structure of tradi-
tional infrared imager

3.1. Optical parameters of infrared imager

The F-number reflects the luminous flux capabilities of
the optical system. The smaller the F-number, the more light
energy enters the system per unit time, and the higher the
brightness of the image surface.!'’l A small F number can
better meet the shooting requirements of infrared imagers in
dark light environments. In this study, the F-number of the in-
frared imager is determined to be 1. At the same time, to meet
the compact requirements of the infrared imager, the overall
length of the optical structure is limited to 40 mm. Other opti-
cal parameters of the infrared imager are listed in Table 1.
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Table 1. Parameters of the infrared optical system.

Term Parameters value
Entrance pupil diameter 25 mm
F-number 1

Spectral range 8 um-12 um
Field of view +16°

Pixel pitch 20 um

Our starting point of lens design is a three-piece infrared
optical system that is close to the parameter requirements,
and the system is designed using the optical design software
CODE V. The object is placed at infinity, and the materials of
the lens are Ge, ZnSe, and Ge respectively. Taking the focal
length and the overall length as specific constraints, the radius
and thickness of each surface are set as variables, and then the
standard optimization function and the global synthesis func-
tion of the software are activated successively. Among a series
of reasonable structures obtained after optimization, we select
the structure with the highest MTF of marginal FOV while en-
suring on-axis MTF. The two-dimensional layout of the optical
structure is given in Fig. 2.

Fig. 2. Schematic diagram of the optical structure of infrared imager.

3.2. Aberration characteristics of traditional infrared im-
ager

The MTF curve shows the change of the imaging modu-
lation index of the optical system, which can reflect the trans-
mission ability of the system to different frequency compo-
nents of the object. The imaging quality of the optical system
can be evaluated comprehensively through the MTF curve.
The MTFs of the traditional infrared imager are shown in
Fig. 3. Since only three spherical lenses are currently used,
there are few optimization variables. At the marginal FOV, the
MTFs can only reach 0.1 at 25 cycles/mm, which means that
the optical system has serious aberrations.

Figure 4 illustrates the changes in the PSF of the tradi-
tional infrared imager at different FOV. To quantify the sen-
sitivity of the optical system to aberrations, the Strehl ratio
(SR)!'8] is used as the index to evaluate image quality. As the
FOV of system increases, the shapes and SR values of PSFs
change severely, which means that traditional infrared imager
is sensitive to changes in aberrations. This further indicates
that the imaging quality of the traditional infrared imager is

very poor, and it is difficult to achieve clear imaging by using
only three spherical lenses. Traditional optical design meth-
ods typically require adding lens elements or introducing as-
pheric surfaces to improve image quality, which will increase
the complexity of the optical system. In this study, a method of
designing the infrared imager using WFC technology is pro-
posed to improve the imaging quality while maintaining the
simplicity of the optical system.

1.0
:§‘ S
0.8 S
. .
S
e 0.6 .
5 -
0.4 ~. '\\\. B
""""" Diffraction limit \ R
Axis ~ y
0.2/ T 0.7 field (1) S
........ T 1.0 field (16°) _
0

625 1250  18.75
Spatial frequency (cycles/mm)

25.00

Fig. 3. MTFs of the traditional infrared imager at different FOV.

0.255 mm

Percent

SR =0.442

SR'=0-155

Fig. 4. PSFs of the traditional infrared imager at different FOV.

4. Design of infrared imager based on WFC
technology

The WFC imaging system is insensitive to aberrations
such as spherical aberration, coma and astigmatism.®! There-
fore, in this section, WFC technology is introduced into the
design of the infrared imager to suppress aberrations.

4.1. The optimization of CPM parameters

While maintaining the optical structure of the traditional
infrared imager in Fig. 2 unchanged, we attach the surface
shape of the CPM to its pupil plane. Since the selection of
the mask parameter will randomly degrade the performance of
WEFC imaging system, the mask parameter needs to be opti-
mized to improve the imaging performance. We adopt a merit
function based on the standard deviation (STD) of the PSF[8!
to optimize the mask parameter. The merit function can be
presented by

Minimize
X-Y ij Mean[(PSFZF)I-J-

1 XY STD[(PSFz), ]| }
PARA = | X

Subjectto{/|H(u,V:0)|du> TH},

where PARA is the optimal parameter of the CPM, X and Y are
sampling points for the entire PSF grid, STD [(PSFZF)i j} and
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Mean[(PSFZF)i’ j] stand for the standard deviation and mean
value of PSF at (i, j) of the full PSF grid at all sampled field
positions, ZF stands for the position of different FOV, H stands
for OTF of the WFC infrared imager and TH is the minimum
acceptable average magnitude of MTF. According to the merit
function shown in Eq. (4), the optimal mask parameter ¢ for
the CPM is 39.8, which is measured in radians.

4.2. Aberration characteristics and imaging performance
of WFC infrared imager

Based on the optimal mask parameter, the PSFs for the
WEFC infrared imager at different FOV are given in Fig. 5. De-
spite the SR values are smaller than those in Fig. 4, the shapes
of the PSFs in Fig. 5 are similar and the SR values are close
at each FOV. It indicates that the WFC infrared imager is in-
sensitive to the variation of aberrations. Therefore, the WFC
technology has the potential to suppress aberrations of the in-
frared imager.

Image simulation is an intuitive way to evaluate the imag-
ing performance of optical system. This section compares the
simulated images of the traditional infrared imager and the
WEC infrared imager at different FOV by using an infrared
scene image. A Gaussian white noise model is used to simu-
late infrared noise.!'?! Figure 6 is the original image of Gaus-
sian white noise with a signal-to-noise ratio (SNR) of 10.

As shown in Fig. 7(a), the simulated images of the tra-
ditional infrared imager become blurry as the FOV increases.
That means the high-frequency information is lost. Figure 7(b)
shows the encoded images of the WFC infrared imager, which
exhibits nearly uniform blurriness across the entire FOV, con-
sistent with the characterization illustrated in Fig. 5. By using

(a)

11° FOV

16° FOV

the digital de-convolution filter, the decoded images at differ-
ent FOV are given in Fig. 7(c). The digital de-convolution
filter is the Wiener filter and its expression is

H* H*
F: = 5 ,
H*xH+K |H|” +K

&)

where K is a regularization parameter, H is the Fourier trans-
form of the encoded PSF at 0° FOV and * stands for complex
conjugation operator. ¥ The simulation result shows that the
resolution and contrast of the images improve after applying
Wiener filtering. In contrast to the traditional infrared imager,
the WFC infrared imager maintains good imaging quality over
a wide FOV.

1.033 mm Percent
—— 100
11° FOV 16° FOV '
50
0

R
Ll

0

_1 E !P'ﬂ

R

Fig. 6. Original image with an SNR = 10. Source of the original image:
Raytron Technology Co., Ltd.

(b) (c)
u;!egil.‘s;'!u‘;‘il;iw‘lf
;I f

Fig. 7. Simulated results of infrared imagers. (a) Traditional infrared imager, (b) encoded images of WFC infrared imager, (c) decoded images

of WFC infrared imager.
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To quantify the quality of simulated images, we use the
mean gradient (MG)[?"! as the quantitative indicator of image
clarity. The MG can sensitively reflect the ability of image to
capture small details, and also reflect the characteristics of tex-
ture transformation in the image. In general, the larger the MG
value, the more layers of the image, so the clearer the image.
For a given image I, consisting of M xN pixels, its MG can be
shown below:

(6)

Based on the images in Fig. 7, the MG values of the sim-
ulated images of infrared imagers are shown in Table 2. It can
be seen that the MG values of the decoded images are higher
than those of the traditional infrared imager at each FOV. This
result further demonstrates that the WFC infrared imager has
better imaging quality in a wide FOV of £16° .

The decoded MTFs of the WFC infrared imager are
shown in Fig. 8. At 25 cycles/mm, the on-axis MTF is close to
0.6 and off-axis MTFs are both greater than 0.4, which indi-
cates that the infrared imager has achieved high resolution by
applying WEC technology.

Li et al. designed a three-piece long-wave infrared optical
system using four aspheric surfaces, achieving a £12° FOV
with an overall length under 32 mm.?!! The F-number of the
infrared optical system is 1 and the focal length is 25 mm. At
25 cycles/mm, the on-axis MTF is greater than 0.6 and off-axis
MTTFs are both greater than 0.3. Compared with Ref. [21], al-
though the overall length of our design is slightly longer, it
achieves a wider FOV and higher off-axis MTFs. In addition,
the surface shapes of the WFC infrared imager are spherical
lenses except for the pupil plane. As a result, the structure of
the infrared optical system is simplified, which could relax the
alignment and fabrication tolerances and improve the stability
of the system to a certain extent. This is of great significance
for infrared imagers applied in military surveillance or night
navigation.

Table 2. MG values of the simulated images of infrared imagers at
different FOV.

MG 0° FOV 11° FOV 16° FOV
Images of traditional infrared imager  2.236 1.605 1.504
WEC encoded images 0.808 0.743 0.748
WEFC decoded images 4.065 3.855 3.626
1.0
0.8
e, 0.6
2
0.4 Diffraction limit
—— Axis
0.21 0.7 field (11°)
o= 10 field (16)
6.25 12.50 18.75 25.00

Spatial frequency (cycles/mm)

Fig. 8. Decoded MTFs of WFC infrared imager at different FOV.

5. Summary and conclusion

In this paper, we design a three-piece compact wide-FOV
infrared imager using WFC technology. The optical structure
of a traditional infrared imager is established and its aberra-
tion characteristics are analyzed. The traditional infrared im-
ager uses only three spherical lenses, which limits the design
degrees of freedom, resulting in poor imaging quality. While
maintaining the optical structure of the traditional infrared im-
ager unchanged, the CPM is inserted in its pupil plane to sup-
press aberrations. By using evaluation methods such as PSF,
MTF and image simulation, the WFC infrared imager with
a CPM has better imaging performance than the traditional
infrared imager. Compared with another traditional design
method using four aspheric surfaces, the infrared imager using
WEC technology not only achieves a wider FOV and higher
off-axis MTFs, but also simplifies the structure of the infrared
optical system, thus relaxing the alignment and fabrication tol-
erances and improving the stability of the system. This study
provides a new strategy for the design of compact infrared im-
agers with a wide FOV. The complete design and detailed sim-
ulation verification proposed in this paper provide a reliable
basis for subsequent experimental verification, which is our
next research direction.
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