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A Method to Increase the Field of View of
an Imaging Optical System

Lin Sun

Abstract—The Y field of view of an off-axis optical system is
generally less than 1°. Scholars usually use a freeform surface to
achieve a rectangular field of view imaging. However, it adds to the
difficulty of processing, testing, assembling, and adjusting, and at
the same time has the drawbacks of high manufacturing costs and
long processing cycles. In view of the above problems, this paper
presents a computational imaging design method for expanding the
Y field of view of an off-axis optical system. This method analyzes
the aberration characteristics of the optical system, creates a point
spread function model based on the wavefront aberration theory
and Zernike polynomials, and processes images using a spatial
variation deconvolution algorithm. In this paper, we used this
method to simulate an off-axis three-mirror optical system with
a focal length of 260 mm, the f-number of 2.5, and a field of view
of 8° X 1° and compare the images before and after processing.
The results show that the processed images have a clear outline,
the overall image quality is improved, the field of view is improved
to 8° X 6°, and the modulation transfer function of the entire field
of view is above 0.4. The off-axis optical system rectangular field of
view imaging is realized without using a freeform surface.

Index Terms—Optical design, off-axis optical
computational imaging, Point Spread Function (PSF).

system,

1. INTRODUCTION

HE off-axis optical system has many advantages, such
T as no chromatic aberration, large aperture, no central ob-
scuration, foldable optical system, easy lightweight, and low
sensitivity to temperature and air pressure [1]-[4]. Since the
1990s, off-axis three-mirror optical systems have been devel-
oped and improved rapidly [5], [6]. Such systems have been used
in aviation and space observation systems in many countries,
especially in new generation space optical remote sensing [7],
[8]. The demand for optical system resolution has increased, and
it is difficult to solve the problem. Therefore, it is necessary to
study the off-axis three-mirror optical systems.

The traditional off-axis three-mirror optical systems make the
elements eccentric and off-axis processing to achieve no central
obstruction. Generally, the off-axis three mirror optical system
consists of three mirrors. The surface of the primary mirror is
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usually hyperboloid, the secondary mirror is standard conic sur-
face, and the tertiary mirror is even aspheric surface. The optical
system is symmetric in the X field of view and asymmetric in
the Y field of view. The field of view of the optical system
can be more than 10° in the X-direction. However, because of
the off-axis aberration in the Y-direction, it is difficult to make
the field of view very large, generally less than 1° [5]-[10].
This requires a linear array detector to receive the image and
obtain the rectangular field of view by scanning and swinging
[10]. In order to realize the imaging of an off-axis three-mirror
optical system with a rectangular field of view (expanding the
field of view in the Y-direction), scientists use free-form surface
optical elements in the system to correct off-axis aberrations and
increase the field of view [11]-[18]. Optical free-form surface
is a non-rotational symmetric surface, which is different from
the traditional surface types such as spherical surface, quadric
surface and even aspheric surface. However, the use of free-form
mirrors in optical systems also introduces new problems. The
difficulty of processing, inspection, assembly, and adjustment is
significantly increased, the manufacturing cost is expensive, the
production cycle is long, the difficulty of optical design is high,
and errors are difficult to control [19].

Therefore, a new method is needed to enlarge the Y field of
view of the off-axis optical systems. In recent years, computa-
tional imaging technology has developed rapidly [20]-[23]. It
redefines the imaging method, which can improve the problems
in traditional optical systems, such as realizing the complete
focus imaging of conventional cameras, improving the imaging
quality of simple optical systems, and solving the problem of
diffraction efficiency degradation of diffractive elements [24]-
[26]. In this paper, a method is proposed based on computa-
tional imaging to enlarge the Y field of view of the off-axis
three-mirror optical systems. First, we analyzed the aberration
characteristics of an off-axis three-mirror optical system. Based
on the wavefront aberration theory and Zernike polynomials, we
propose a wavefront aberration construction method for asym-
metric optical systems, establish a wavefront aberration model,
and construct a generalized pupil function. Next, a Fourier
transform is performed on the generalized pupil function, the
PSF (Point Spread Function) is obtained by taking the square
of the transformation result modulus, and the PSF model is
established. A spatial variation deconvolution algorithm and
the PSF model are used to process the image. Finally, the blur
caused by a large field of view aberration is eliminated, and
the rectangular field of view imaging is realized. We simulated a
typical off-axis three-mirror optical system and used this method
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to process images. According to the results, the contour of the
processed image is clear, and the Y field of view of the off-axis
three-mirror optical system can be expanded without using a
freeform surface. This study provides a new idea for the design
of an off-axis optical system.

II. BASIC PRINCIPLES

The imaging of an optical system can be understood as the
process of convolution between the object and the PSF of the
system, which can be expressed as follows [27]:

g(z,y)=h(z,y)@ f(z,y) +n(z,y) )

where f (X, y) is the object, & (x, y) is the PSF of the optical
system, 7 (X, y) is the noise, g (X, y) is the image, and ® is the
convolution operation. In the case of little noise, if the object and
the optical system remain unchanged, the image will not change.
This means that there is a one-to-one correspondence between
objects and images in the same optical system. Therefore, if the
image and the PSF are known, and the noise is suppressed, the
object can be obtained.

A. Aberration Analysis of Off-Axis Three-Mirror Optical
System

In the off-axis reflection optical system, since there is no lens,
the main aberrations are monochromatic aberrations, which need
to be especially considered for correction. Compared to axisym-
metric systems, because of the inclination and eccentricity of the
mirror, the aberrations produced by the off-axis reflection system
in each plane have spatial and directional characteristics [28].

Since the off-axis reflective optical system does not produce
chromatic aberrations, the main aberrations corrected by the
optical system are the spherical aberration, coma, astigmatism,
field curvature, and distortion. The tilt and eccentricity of the
element do not affect spherical aberrations. High-power aber-
rations affect all low-power aberrations [41]. For example, ec-
centric spherical aberration affects eccentric coma, astigmatism,
field curvature, and distortion. Similarly, eccentric astigmatism
affects field curvature and distortion [29].

The number of surfaces that a reflective optical system can
effectively use is limited, so the aspheric surface is often used
for aberration corrections. The aberration correction of reflec-
tive optical systems mostly uses quadric surface, aspheric sur-
face, and special free-form surface for aberration correction.
At present, the most widely used method is to use the special
properties of Zernike free-form surface polynomials to correct
the large field of view off-axis aberrations.

B. Principles of Establishing PSF Model

The purpose of building a PSF model is to obtain the speckle
with energy intensity information. The ray-tracing method (Ray-
tracing is a “general technology from geometric optics. It ob-
tains the path model of light by tracing the light interacting
with the optical surface”.) can be used to obtain the dispersed
spots, but the effect of aperture diffraction cannot be consid-
ered in ray-tracing. In the actual imaging process, the effect of
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TABLE I
FIRST NINE TERMS OF FRINGE ZERNIKE POLYNOMIAL EXPANSION

Term Zernike polynomial ~ Name

Z, 1 Piston

Z, Rcost X-tilt

Z, Rsind Y-tilt

Z, 2R*-1 Defocus

Z, R*cos 20 X-astigmatism

Z R%sin 20 Y -astigmatism

z, (BR3-2R) cosl X-coma

Z, (3R3-2R) sinf Y-coma

Z, 6R*-6R*+1 Spherical aberration

R and 6 in Table I represent polar radius and polar angle in polar coordinates, respectively.

diffraction on imaging is significant and cannot be ignored. In
order to be more consistent with the actual imaging process,
this paper uses Zernike polynomials, wavefront aberration, and
generalized pupil function to build the PSF model. Compared
to ray tracing, this method considers the effect of diffraction on
speckle and improves the construction speed of the model.

The pupil function p (X, y) of the off-axis three-mirror optical
system is expressed as:

1, 2% +y? < p?
p(z,y) = {0, otherwise

where (X, y) is the pupil coordinate, and p is the pupil radius.

The pupil function can only represent the shape of the incident
beam and does not include the optical system aberration. In
order to characterize the aberration of an optical system, the
generalized pupil function P (X, y) is introduced:

P($>y) zp(x,y) eXp [ZkW (*Tay)] 3

where the wavenumber k :2777 , A (nm) is wavelength, W (x, y)
represents the optical path difference of the actual wave surface
from the ideal spherical surface, which is called wavefront
aberration. The wavefront aberration of an optical system can
be expressed by the linear combination of Zernike polynomial
Z; [30]:

@)

Wz, y) = Z%‘Zi 4)
i=1

where a; is the coefficient of Zernike term and i is polynomial
order. The Zernike polynomials have a corresponding relation-
ship with the Seidel aberrations. The corresponding aberrations
of the first nine Zernike polynomials are shown in Table I. Fig. 1
shows the wavefront error distribution with different Zernike
coefficients. For example, if there is defocus in the system, we
can express this defocus amount with Z4 [32], [33].
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Fig. 1. Wavefront error distribution with different Zernike coefficients.

The Zernike polynomials can be used to express wavefront
aberrations of optical systems, as shown in (5):

9 00
Wi(zy) = aZi+ Y a;7; ®)
i=1

j=10

where > 7 | a;Z; is the wavefront aberration compensation
term. When the optical system focal length is small, this term
represents the wavefront aberration of advanced aberrations. In
order to get the wavefront aberration expression W (x, y) of
the optical system, we need to analyze various aberrations of
the optical system according to the corresponding relationship
between the Zernike polynomials and Seidel aberrations (as
shown in Table I) and obtain the coefficients of Zernike terms
to get the wavefront aberration expression.

For the off-axis reflective optical system, the optical system
is asymmetric. Hence, it is difficult to construct the wavefront
aberration in a single direction as the coaxial optical system and
obtain As a result, we need to construct directly in the whole
field of view, and the construction method is shown in (6) at the
bottom of this page, where xx and yy are the coordinates of the
normalized field of view of the systems X and Y, respectively. m
and n are the sampling steps of the normalized field of view of
the systems X and Y, respectively. Then the Zernike coefficient
matrix is brought into (7), and the wavefront aberration of the
optical system can be obtained as follows:

w (.’ﬂ, y) - [Al (xx,yy) ) A2 (l’(L’,yy) 7A3 (:E:E,yy) )
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e Ay (zxyyy)] X Z; @)

where Z’L = [Zl, ZQ, Z37 . ZZ]T

Fig. 2 provides a better understanding of the wavefront aber-
ration calculation process. As shown in Fig. 2, given that the
detector resolution is 4 x 4 (practically, itis calculated according
to the actual detector resolution), we can calculate the wavefront
aberration pixel by pixel. Finally, we can get the wavefront
aberration by superposition.

Since the coefficients of the Zernike terms obtained in (6)
are originally matrices, the wavefront aberrations of each field
of view can be introduced directly into (7) without rotation.
This method is slow to obtain the wavefront aberration of an
optical system. Therefore, we can consider the Zernike coeffi-
cients corresponding to the special field of view point and fit it
with polynomial to get the function relation about the Zernike
coefficients F (a, x, y), which can significantly reduce the speed
of model construction and improve efficiency.

The generalized pupil function of the system can be obtained
by introducing the obtained W (X, y) into (3). The generalized
pupil function is transformed by the Fourier transform, and
the square of the transformation result is PSF, which can be
expressed as follows:

frsr (x,y) = |F{P (z,9)}]” (®)

where F is the Fourier transform. The PSF model of the optical
system can be constructed by introducing the generalized pupil
function of each field of view into (8).

C. Spatial Variation Deconvolution Algorithm

The deconvolution algorithm ignores the characteristics of
fuzzy kernel changing with space and uses the same fuzzy kernel
to deconvolute the whole image. Fuzzy kernel is a parameter that
causes image blur. In optical system, fuzzy kernel is PSF. It has
a certain accuracy when the fuzzy kernel slightly changes. This
method is called the space invariant deconvolution algorithm.
The spatial variation deconvolution algorithm must be used for
the system whose blur kernel changes significantly with space.
Because of off-axis aberration in the off-axis three-mirror optical
system and the limited degree of freedom of the system, it
is impossible to correct all aberrations. Therefore, the spatial
variation deconvolution theory proposed by Filip Sroubek is
adopted in this paper [30]. This method can process images
affected by all aberrations. The traditional spatial invariant de-
convolution algorithm can only deal with images affected by
only one aberration.

[a; (=1,-1)  a;i(-1+m,—1) --a; (0,—1) ai (1,-1)
a; (=1,-14n) a; (=1+m,—1+n) ---a; (0,—14+n) ---a; (1,—1+n)
A; (zz,yy) = | a; (—1,0) a; (=1 +m,0) --a;(0,0) --a; (1,0) (6)
a; (-1,0+n) a;(-1+m,0+n) ---a;(0,04n) ---a;(1,0+n)
| a; (—1,1) a; (—1+m,1) --a; (0,1) ca; (1,1)
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Fig. 2. Schematic diagram of wavefront aberration calculation.
In this theory, the fuzzy kernel is singularly decomposed into TABLEII
the base filter matrix B = [B1, Bs, ..., B;] and the coefficient DESIGN SPECIFICATIONS OF THE SYSTEM
matrix M = [M, M-, ..., M}], as shown in (9):
Parameters Content
M,
M, Focal length/mm 260
PSF = [By,B,,...,By] . )
Mk F-number 2.5
k means to arrange the singular values from large to small and  Wwavelength/nm 400—700
take the first k singular values. The larger the k value, the better
the restoration effect and the slower the restoration speed. By Field of view/ (°) 8o 1°
substituting (9) into (1), we can obtain: Expected field of view/ (°)
M, 8°x6°
M,
g:[Bl7BQ77Bk] *f“'ﬂ (10)
M coefficients are obtained. (3) and (4) are combined to calculate
k

In order to solve (10), we use the idea of normalization to
find the optimal solution. The optimal evaluation criteria can be
expressed as follows:

arg min {Hfm F +WHV2pr} (11)

where || fpsr * f — g||3 is the fidelity term, || V2 f||,, is a smooth
constraint term used to suppress noise and ringing effect, fis
the approximate solution of the object, g is the image received
by the detector, v is the weights of smooth constraints, C is the
Laplacian Operator, and p corresponds to different norm types.
Finally, we use the ADMM (alternating direction method of
multipliers) method to obtain the optimal solution f of (11) and
complete the image restoration.

To sum up, the process of this method is as follows. First,
the off-axis three-mirror optical system is taken into account as
the initial structure, and the system is preliminarily optimized
without using a free-form surface. Next, the optical system is
sampled, the point diffusion function model at each sampling
point is approximated by the Zernike polynomial, and the fitting

the wavefront aberration and construct the generalized pupil
function, and the Fourier transform is used to obtain the PSF
model. Finally, the theory proposed by Filip Sroubek [30] and
others is used to decompose the PSF model established in the
previous step by a singular value to obtain the base filter matrix B
and the coefficient matrix M. Combined with the blurred image
g received by the detector, it is possible to establish (11). The
flow chart of the method is shown in Fig. 3.

III. DESIGN EXAMPLES

A. Optical System Design

In a traditional off-axis three-mirror optical system, the field
of view in Y-direction is generally less than 1° without using a
free-form surface. An off-axis three-mirror optical system in the
8° x 1° field of view is selected for the analysis. After optimiza-
tion, the technical indexes of the designed optical system are
shown in Table II, and the optical system is shown in Fig. 4(a).

In the NSCO0806 visible light detector with a resolution of
768 x 576 and the pixel size of 10 pm, the optical system was
optimized, and the field of view was increased to 6° to match the
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Fig. 3. The flow chart of the method used in this study.
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Fig. 4. Optical system diagram (a) Y field of view is 1° and (b) Y field of view is 6°.

length-width ratio of the detector. In the optimization process, it
is necessary to increase the distance (Y-direction) between the
upper edge of the secondary mirror and the lower edge of the
main mirror while expanding the field of view to ensure that the
secondary mirror does not block the incident light, as shown in
Fig. 4(b).

After optimization, the primary mirror is hyperboloid, the
secondary mirror is quadric, and the third mirror is even aspheric.
Since the optical system is symmetrical in the plane YOZ, the
positive X-direction field of view needs to be analyzed. The spot
diagram of the system is shown in Fig. 5.

B. Establishing PSF Model

According to the method mentioned in Section II-B, the X
normalized field of view is taken as (0, 0.7, 1), and the Y
normalized field of view is taken as (—1, —0.7, 0, 0.7, 1), with
15 field points for simulation analysis. The Zernike coefficients
corresponding to 15 fields of viewpoints are fitted according to
Cubic Griddata fitting method polynomials, and the fitting error
SSE (sum-squared error, The closer SSE is to 0, the better the
model selection and fitting, and the more successful the data
prediction is.) is less than 0.00002. Fig. 6 shows the surface
fitting results of the Zernike coefficients A;~Ag.
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Fig. 5. The spot diagrams of each field of view of the optical system: (a)—(e) are the spot diagrams corresponding to different Y fields of view when X field of
view is 0°; (f)—(j) are the spot diagrams corresponding to different Y fields of view when X field of view is 2.8°; (k)—(0) are the spot diagrams corresponding to
different Y fields of view when X field of view is 4°.
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—2.1°), (d) (4°, —3°); the wavefront figure calculated by the model: (e) (0°, —3°), () (2.8°, —2.1°), (g) (4°, —2.1°), (h) (4°, =3
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OBJ: 0.000, 0.000(deg)

(d) (e)

OBIJ: 2.000, 1.500(deg)
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Fig. 8.
calculated by the model: (d) (0°, —2.1°), (e) (2.8°, —2.1°), (f) (4°, —2.1°).

In order to obtain the continuous wavefront aberration model,
the fitting surface Equation in Fig. 6 is introduced into (7) to
establish the wavefront aberration model. According to Fig. 5,
the imaging quality gradually decreases when the Y field of
view decreases from 3° to —3°. Therefore, we focus on the case
when the Y field of view is less than zero. As shown in Fig. 7,
we extracted four field points (0, —3) (2.8, —2.1) (4, —2.1) and
(4, —3) and compared the wavefront aberrations calculated by
ZEMAX with those of the constructed model.

Fig. 7(a)—(d) are the wavefront diagrams calculated by ZE-
MAX software, and Fig. 7(e)—(h) are the wavefront diagrams
calculated by the established model. The difference between
them is relatively small, so the models constructed are accurate.

By substituting the wavefront aberration model into (3), the
generalized pupil function of the optical system is obtained.
Then, by substituting the generalized pupil function into (8),
the PSF model is finally obtained. As shown in Figs. 8 and 9, six
fields of viewpoints (0, —2.1) (2.8, —=2.1) (4, —2.1) (0, —3) (2.8,
—3) (4, —3) were extracted, and the PSF calculated by ZEMAX
was compared with the PSF calculated by the model.

Fig. 8(a)—(c) show the PSF calculated by ZEMAX and the
PSF calculated by the model (Fig. 8(d)—(f)) for different X fields

(g)

| &lﬁ

OBJ: 4.000, -2

Wavefront comparison of off-axis three-mirror optical systems. The wavefront figure calculated by ZEMAX: (a) (0°, —3°), (b) (2.8°,

PSF comparison of off-axis three-mirror optical system. The PSF calculated by ZEMAX: (a) (0°,
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—2.1°), (b) (2.8°, —2.1°), (c) (4°, —2.1°); the PSF

of view at y —2.1°. Fig. 9(a)—(c) show the PSF calculated by
ZEMAX and the PSF (Fig. 9(d)—(f)) calculated by the model
for different X fields of view at Y —3°. A slight deviation can
be found between the PSF calculated by ZEMAX and the PSF
calculated by the model. The reason for this phenomenon is
the influence of high-order Zernike coefficients. In this model,
the high-order Zernike coefficients (above the 9th term) slightly
affect the imaging quality and are ignored to improve the oper-
ation efficiency.

IV. RESULTS AND ANALYSIS

The PSF model calculated in Section III-B was used to process
the blurred images received by the detector using the spatial
variation deconvolution algorithm described in Section II-C.
Because the optical system works in the visible band, it needs to
be processed in different channels. Since the algorithm is used to
calculate the value of the image, the color image is composed of
a three-numerical RGB matrix. Hence, the image is decomposed
into RGB three channels, respectively, to build the PSF model,
process the RGB three-channel graphics synthesis, and finally
obtain the processed color graphics. To evaluate the quality of the
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Fig.9. PSF comparison of off-axis three-mirror optical system. The PSF calculated by ZEMAX: (a) (0°, —3°), (b) (2.8°, —3°), (c) (4°, —3°); the PSF calculated

by the model: (d) (0°, —3°), (e) (2.8°, —=3°), (f) (4°, —3°).

Fig. 10. Comparison before and after restoration. (a) original image, (a-1) is the original image captured, (a-2), (a-3), and (a-4) are the local enlarged images of
(a-1); (b) imaging simulation image, (b-1) is the imaging simulation image of (a-1) through the optical system, (b-2), (b-3), and (b-4) are the local enlarged images
of (b-1); (c) restoration image, (c-1) is the image restored according to the constructed model, (c-2), (c-3), and (c-4) are the partial enlargement of (c-1).
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Fig. 12.

restored images, the subjective and objective aspects are evalu-
ated, respectively. (1) Subjective evaluation: directly observing
the images before and after restoration, focusing on the changes
of Y field of view at —3° for preliminary comparison, as shown in
Fig. 10. (2) Objective evaluation: the MTF (modulation transfer
function: The ratio of the contrast of the output image to the
contrast of the input image) was measured and compared before
and after restoration by the Slanted-Edge method [34]-[36], as
shown in Fig. 11.

Fig. 10 (a-1) is captured by the author, and (b-1) is obtained by
optical system simulations. Fig. 10 (b-1) shows that the image
is gradually blurred from top to bottom, especially the lowest
detailed recognition is very low (corresponding Y field of view
is —3°). The imaging quality of the off-axis three-mirror optical
system is low in the large field of view. Compared to fig. 10
(b-1), the processed image in fig. 10 (c-1) is clearer and sharper,
and the detailed recognition is improved, as shown in figs. 10
(c-2) (c-3) (c-4). This method can realize the large field of view
(Y) imaging of the off-axis three-mirror optical system.

Fig. 11 is a simulation test of the partial area of the ISO12233
resolution board. Figs. 11(a) and 12(b) are the restoration image

04F

——regionl
—+=region2

region3
—*—regiond
—=—regions

02F

Modulus of the OTF

0 10 20 30 40 50
Spatial Frequency in cycles per mm

Comparison of MTF before and after processing. (a) MTF of each area before processing; (b) MTF of each area after processing.

of the image. Fig. 11(a-1) and (a-2) are the partially enlarged
drawings of Fig. 11(a) and Fig. 11(b-1) and (b-2) are the partially
enlarged drawings of Fig. 11(b). Comparing these two images
shows that the processed image is sharper with clear lines and
easy to distinguish.

In order to objectively evaluate the imaging quality, five
regions in Fig. 11(a) and (b) are selected, and the MTF is
measured using the Slanted-Edge method. The MTF of each
region is shown in Fig. 12.

Fig. 12 shows that the MTF of each region is significantly
improved after restoration. This indicates that the computational
imaging method proposed in this paper can effectively improve
the imaging quality of the off-axis three-mirror optical system
with a large field of view (Y field of view) and realizes the
rectangular field of view imaging of the off-axis three-mirror
optical system.

V. CONCLUSION

A computational imaging design method is proposed based
on joint image restoration to expand the Y-direction field of
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view of the off-axis three-mirror optical system and realize the
rectangular field of view imaging of the off-axis three-mirror
optical system. An off-axis three-mirror optical system with a
focal length of 260 mm, f-number of 2.5, and field of view of 8°
x 1°1s simulated using the proposed method. By analyzing the
aberration characteristics of the system, the PSF model is con-
structed based on the wavefront aberration theory and Zernike
polynomials, and the image is processed by a spatial variation
deconvolution algorithm. The processed image is compared with
the unprocessed image, and the processed image has a clear
contour. The overall imaging quality is improved, and the field
of view is increased to 8° x 6° without using a freeform surface.
The purpose of expanding the field of view in the Y-direction
of the off-axis optical system is realized, which provides a new
idea for designing an off-axis reflective optical system. In the
future, this method may be applied to more systems, such as
helmet mounted display, adaptive optics system and so on. About
algorithm, we can apply more advanced algorithms such as
neural network algorithm to improve the processing accuracy
and speed
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