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Wide-angle lenses can be generally classified into two structures: a transmitted fish-eye structure and a catadi-
optric structure with a panoramic annular lens (PAL). Compared with the former, the latter exhibits better
imaging capability for a super-large field of view. However, the PAL causes this type of optical system to lose
its imaging ability in a small field of view in front of the lens. In this study, a novel extremely wide-angle lens is
designed by combining the fish-eye and catadioptric structures. The designed lens integrates the transmissive and
catadioptric structures and can simultaneously observe two fields of view. The two fields of view of the lens
complement each other and completely eliminate the central observation blind area of ordinary catadioptric
wide-angle lens. The forward field of view of the lens is 360° x (0°-56°), and the annular field of view is
360° x (55°-115°). The total field of view of the optical system reaches 230° when only spherical lenses are used
for all the optical elements. The optical model shows that the imaging quality of the extremely wide-angle lens is

good, which proves the advantages of the new optical system in a large field of view.
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1. INTRODUCTION

With the advent of the information society, people intend to
gain a comprehensive grasp of information about space.
Panoramic imaging technology can record a wide spatial range,
which considerably facilitates the acquisition of 3D spatial in-
formation [1-3]. Panoramic imaging technology is generally
divided into two types: scanning and direct viewing. Scanning
panoramic technology refers to the scanning of the surrounding
environment through the rotation of an imaging lens driven by
a mechanical motion device to obtain images in various direc-
tions. The images are then combined through image stitching
and fusion technology to obtain panoramic information of 3D
space. Direct-viewing panoramic technology refers to the re-
cording of a large space by an extremely wide-angle lens in real
time. Compared with scanning panoramic technology, direct-
viewing panoramic imaging is more time-efficient and does not
require mechanical motion devices and postprocessing. An
extremely wide-angle lens is the core device in direct-viewing
panoramic technology. Commonly used wide-angle lenses have
either a transmissive fish-eye structure or a catadioptric struc-
ture with a panoramic annular lens (PAL); the field angles of
both structures can reach approximately 180° [4—06].

The structure of a fish-eye lens is shown in Fig. 1. The
first or the first two lenses are meniscus negative lenses for
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compressing the beam of a large field of view (FoV) in front
of the lens. Fish-eye lenses have been studied for a long time
and are frequently used to detect large paces [7,8]. In contrast
with the long history of the fish-eye lens, the catadioptric wide-
angle lens has been developing rapidly in the past 20 years
[9,10]. The structure of a catadioptric wide-angle lens is shown
in Fig. 2. This optical system uses a PAL consisting of 3 or 4
different surfaces to receive the beam from a large FoV, and the
beam leaves after two reflections inside the PAL. The process of
two foldbacks inside the PAL effectively compresses the aper-
ture of the incident beam. Compared to the fully transmissive
fish-eye structure, the catadioptric wide-angle lens has a better
imaging capability in the large FoV, and its image quality is
higher than that of the fish-eye lens. In addition, the powerful
compression feature of PAL makes the catadioptric lens more
easily reach the telecentric state. However, the special structure
of a PAL also blocks the beam in front of the lens from entering
the optical system, which makes the front FoV of the lens a
blind zone for observation.

In the past, catadioptric lenses have been developed to widen
the FoV and compress the blind areas. Bai ¢z a/. from Zhejiang
University used a dichroic filter to eliminate part of the blind
zone in front of a PAL [11]. Xu e# 4/ from Fudan University
used a free-form surface lens and a new projection relation to
compress the central black spot on a detector and increase the
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Fig. 1. Fish-eye lens.
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Fig. 2. Cartadioptric wide-angle lens.

detector’s utilization rate [12]. These studies have considerably
promoted the development of panoramic imaging technology.
However, both of the above methods use expensive optical
components and fail to completely eliminate blind areas.
Driscoll ez al. have proposed a dual-optical-path imaging system
[13]. This imaging system is a great breakthrough in function
and completely eliminated the blind spot of the PAL. However,
the beam of a large FoV enters the system from the rear surface
of the PAL instead of the front surface, which leads to the com-
plex mechanical structure of the optical system. In addition, the
beam of a large FoV is only reflected once in the PAL, and so
the ability to compress beams is limited. Therefore, a more
complex relay system is required to transfer the beam, and it
is difficult to achieve the telecentric state. Sheu ez 4/, also pro-
posed a dual-optical-path optical system with two half FoVs
(0°-45°) and (135°-145°) [14]. But, the system lacks the half
FoV between 45° and 135°, and does not achieve true pano-
ramic view. M. Mizusawa of Olympus Corporation has de-
signed an extremely wide-angle lens containing a PAL,
which consists of two high-order aspheric surfaces and a conical
surface [15]. The beams of a small FoV and large FoV enter the
optical system from the first lens group and the PALs conical
surface, respectively. The object distance of the optical system is
short, and so it is suitable for capturing images in closed and
small spaces, such as for endoscopy.
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At present, the majority of studies have separately consid-
ered fish-eye and catadioptric wide-angle lenses. By contrast,
the current work combines the imaging principles of the
fish-eye and catadioptric structures to design an extremely
wide-angle lens with transmission and foldback structures.
The lens has two FoVs, namely, forward and annular FoVs,
from which beams entering the optical system are simultane-
ously imaged on the focal plane. The structure of the forward
FoV is similar to that of the transmissive fish-eye lens, which
has an FoV of 360° x (0°-56°). Meanwhile, the annular FoV
exhibits a catadioptric wide-angle structure, and its FoV is
360° x (55°—115°). Using only ordinary optical components,
the optical system has a total FoV of 230° and completely elim-
inates the blind area of ordinary catadioptric lenses. The
designed optical system demonstrates the advantages in large
FoV imaging, and this kind of lens has advantages in the field

of large space exploration.

2. IMAGING PRINCIPLE OF A CATADIOPTRIC
WIDE-ANGLE LENS

An imaging optical system has two projection modes: tangent
and equidistant. As shown in Fig. 3, an object with a FoV angle
of 2a has varying image heights, which are produced by tangent
and equidistant projections. The height difference between the
images produced by the two projection modes is

d=f"(tan a-a). (1)

From Eq. (1), a conclusion can be drawn thatd = 0 ata — 0
and 4 is infinite at @ — /2. The result indicates that the dif-
ference between the two projection modes increases from a
small field angle to a large field angle. Most imaging systems
adopt the tangent projection mode, which conforms to the vis-
ual characteristics of the human eyes. However, if the FoV of an
optical system approaches 180°, then the tangent value of the
half FoV is infinite, and the central projection is meaningless.
Therefore, an extremely wide-angle lens must adopt the
equidistant projection rule.

Most imaging systems capture the FoV in front of them. In
contrast with traditional imaging instruments, a catadioptric
wide-angle lens captures the image in the cylindrical region
of the optical axis. As shown in Fig. 4, the field angle a on
both sides of the optical axis Z is a blind zone of a catadioptric
wide-angle lens, and the field angle (@ ~ f3) is an imaging area.
The optical system exhibits rotational symmetry around the
optical axis Z. Thus, the FoV of the system is 360° x (& ~ f3).
The central area of the image plane of the optical system is a

Object

Image 2

Image 1

I

Fig. 3. Two projection modes of an imaging optical system.
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Fig. 4. Imaging mode of a catadioptric wide-angle lens.

round black spot with a diameter of &}, which corresponds to
the observation blind area in front of a catadioptric lens.
Outside the central black spot is an annular image with an outer
diameter of d,, which corresponds to the imaging FoV of the
lens. A catadioptric lens has a large FoV, which enables it to
adopt an equidistant projection relationship. We set the focal
length of the optical system to f'. Then, the diameter d; of the
central black spot on the focal plane is

d=2-f"a (2)
The outer diameter o, of the annular image is
dy=2-f"-p. @)

3. IMAGING CONCEPT OF THE EXTREMELY
WIDE-ANGLE LENS WITH INTEGRATED
TRANSMISSION AND FOLDBACK

The detection area of a catadioptric wide-angle lens is located
on both sides of the optical axis. Hence, a catadioptric wide-
angle lens has an advantage over a fish-eye lens in terms of large
FoV detection. However, the black spot at the center of the
image plane reduces the utilization rate of the image detector,
which will result in considerable waste in the pixels of detectors,
such as in a charge-coupled device. In addition, the blind area
in front of the optical structure limits its application.

In the current study, we intend to design a wide-angle lens
that can maintain the advantage of a catadioptric structure in a
large FoV and completely eliminate the blind area in front of an
optical system. Therefore, this optical system should have two
FoVs, as shown in Fig. 5. The two observed FoVs of the optical
system are the annular and forward FoVs. The annular FoV is a
large-angle area on both sides of the optical axis, which is

Optical system

7 Optical axis
Forward FoV<——

Annular FoV

Fig. 5. Observation mode of a wide-angle lens without a blind area.
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consistent with the FoV of an ordinary catadioptric wide-angle
lens. The forward FoV is the zone in front of the lens, which is
used to compensate for the blind area of the annular FoV. The
two FoVs are complementary to each other, thereby realizing an
extremely wide-angle detection without a blind area.

An ordinary catadioptric wide-angle system cannot observe a
small field, because the PAL structure inside the lens is special.
The structure of a PAL is shown in Fig. 6, which is composed of
transmission surfaces A and B and reflection surfaces 1 and 2
[16]. The light from a large FoV enters the PAL through trans-
mission surface A and is reflected by reflection surfaces 1 and 2
inside the PAL. The light then leaves the PAL through trans-
mission surface B and enters the subsequent optical compo-
nents. As shown in Fig. 6, reflection surface 2 blocks the
light of a small FoV in front of the PAL from entering the op-
tical system, thereby producing a blind zone. To eliminate the
blind area of observation, reflection surface 2 should exhibit
transmission and reflection functions. Therefore, reflection sur-
face 2 can be transformed to a transflective or dichroic surface.
However, both solutions introduce new problems. A transflec-
tive surface will cause the system to lose half of the light energy
while introducing a large amount of stray light. Meanwhile, a
dichroic surface has varying transmission characteristics for dif-
ferent bands, which distinguishes the imaging spectrum of the
forward FoV from the annular FoV. This spectrum difference
will result in the limited application of the optical system and
will increase processing cost.

To avoid the aforementioned problem, we divide surface 2
into a reflective area and a transmissive area. As shown in Fig. 7,
the central area of surface 2 is the transmissive area, and the
reflective area surrounds the transmissive area. The beam of
the annular large FoV is constrained to the reflective area of
surface 2, whereas the beam of the forward small FoV is con-
strained to the transmissive area of surface 2. The transmissive
and reflective properties of different regions on surface 2 are
controlled by means of coating. The major function of the
PAL is to transmit beams from the large FoV such that the
reflective area on surface 2 will occupy a larger area than that
of the transmissive area. Therefore, the central transmission
area on surface 2 should not be excessively large. That is,
the beam of the forward FoV should have a smaller aperture.
A fish-eye lens exhibits the function of compressing the beam
[17], and a meniscus lens that is similar to a fish-eye lens can be
placed in front of the PAL to compress the beam. This mecha-
nism can reduce the proportion of the transmissive area on sur-
face 2. Figure 8(a) shows the optical structure of the wide-angle

Reflective surface 1

Transmissive
surface B

Reflective surface 2

Transmissive surface A
Fig. 6. PAL structure.
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Fig. 8. Imaging concept of the wide-angle lens with integrated
transmission and foldback: (a) optical structure and (b) image
distribution.

lens with integrated transmission and foldback. The beam of
the annular FoV enters the system from the PAL, and the beam
of the forward FoV enters the PAL after being compressed by
the meniscus lens, thereby realizing wide-angle detection with-
out a blind area. The image plane of this optical system is a
central bright spot, and an annular image surrounds the central
bright spot, as shown in Fig. 8(b). The central bright spot and
annular image are images of the forward and annular FoVs,
respectively. The radii of the bright spot and annular image
are determined by the focal length and field angle of the
two FoVs. Distance 4; between the bright spot and the annular
image is calculated using Eq. (4)

dizfz,z'el_ff'eza (4)

where f, and f, are the focal lengths of the annular and for-
ward FoVs, respectively, and 6, and 6, are the minimum and
maximum half-field angles of the annular and forward FoVs,
respectively. The blind spot can be eliminated if 6, is less
than or equal to ,, and the 4; is created by the difference
between the two foci.
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4. OPTICAL DESIGN OF THE EXTREMELY
WIDE-ANGLE LENS WITH TRANSMISSIVE AND
CATADIOPTRIC INTEGRATION

A. PAL Design

The PAL is the core component of the entire imaging system; it
is related to the success or failure of the lens design. The PAL
generally consists of more than three spherical or aspherical
surfaces with different curvatures; that is, the transmission
and reflection surfaces on the PAL have different curvatures
and aspherical coefficients [18-20]. Although a complex PAL
expands the FoVs to a certain extent, it also increases processing
difficulty. The structure of the PAL should be as simple as pos-
sible to reduce processing cost. We design the PAL to be con-
sistent with a normal spherical lens. That is, the PAL consists of
only two spherical surfaces with different curvatures.

Field curvature is related to the success or failure of the
extremely wide-angle lens design. The Petzval sum of the entire
system must be controlled to remain zero. In general, the
Petzval sum of the relay optical system after the PAL is positive,
and thus, the Petzval sum of the PAL is required to be less than
zero. The Petzval sum of the optical system is calculated using

Eq. (5)

m

P=-n, Z (l, - l) ¢ (5)
=1 \ 7

where 7, is the refractive index of the last medium; ¢; is the i-th

surface’s curvature; and 7; and 7, are the refractive indices

before and after the i-th surface, respectively. When the i-th

surface is a reflective surface, 7} = -n;.

The PAL should be composed of two curvature surfaces. For
the annular FoV, the curvature of the entrance and second re-
flection surfaces is ¢, whereas that of the exit and first reflection
surfaces is ¢,. From Eq. (5), the Petzval sum P; produced by
the PAL is

n-1 1 1 n-1

Py =mn, o+ 2n,—cy - 2n,—c; - n, I
n n n
nﬂ
= (1 -a)n-3) (6)

As indicated in Eq. (6), when (¢; - ¢;) > 0, the condition in
which the Petzval sum of the PAL is less than zero is satisfied. In
addition, we select ¢; > 0 and ¢, < 0, considering that the
front surface of the PAL should exhibit the function of com-
pressing the beam of the annular large FoV. The shape of the
PAL is shown in Fig. 9.

For the forward FoV, the Petzval sum P, produced by
PAL is

n-1 1-n ,
Py=n——ci+nm——c;=—(c;-c))(n-1). (7)
n n n

As shown in Eq. (7), when (¢; - ¢;) > 0, P, is always greater
than zero, which fails to satisfy the condition that 2, should be
less than zero. Therefore, a negative field curvature should be
applied to the beam before it enters the PAL.

B. Selection of the Relay Lens and Optimization of
the Catadioptric Wide-Angle Structure

After the PAL receives the beam of the annular FoV, an inter-
mediate image with a slight negative curvature will be formed
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Reflective Reflective
surface surface

Fig. 9. Structure of the PAL.

inside PAL. A relay lens is required to focus the intermediate
image onto the focal plane. In addition, the relay lens also
undertakes the function of aberration correction. The inter-
mediate image’s curvature can be neglected in the process of
establishing the relay lens, and the bending can be corrected
by optimizing the optical system, which is spliced by the
PAL and relay lens. The relay optical system group is illustrated
in Fig. 10. We select the structure for splicing with the PAL and
then optimize the spliced optical system. First, the relay lens is
optimized. Then, the PAL is optimized under the condition
that light will not overflow. Lastly, the PAL and relay lens
are simultaneously optimized to ensure that the system achieves
good image quality. During the optimization process, the po-
sition of light on the first surface of the PAL should be con-
trolled such that sufficient space is allocated for the entry of the
beam of the forward FoV. In addition, optimizing the exit pupil
to infinity to ensure that the system is in a state of telecentricity
is necessary to improve the stability of the optical system. The
optimized catadioptric wide-angle structure is shown in Fig. 11.
Its focal length is 5 mm, and the annular FoV of the lens is
360° x (55°-115°). The PAL of the system has a diameter
and thickness of 112 mm and 40 mm. Its material is the
N-LAKS8 with high hardness produced by Schott AG. The re-
fractive index and Abbe number of the PAL are 1.71 and 53.9,
respectively.

We intend to use the GSENSE400 CCD with a pixel size of
11 pm x 11 pm to receive optical signals, and so the Nyquist
frequency of the sensor is 45.5 | p/mm. The modulation trans-
fer function (MTF) is shown in Fig. 12(a). In the annular FoV,

Fig. 10. Optical system of relay lens.
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Fig. 11. Catadioptric wide-angle structure.

the MTFs of the system are higher than 0.68 at 45.5 | p/mm
and 0.58 at 60 | p/mm. Therefore, the system exhibits a good
contrast ratio in annular FoV. The spot diagram is shown in
Fig. 12(b), and all spots have a rms radius of less than
5 pm. The Strehl ratio is shown in Fig. 12(c). Since the optical
system lacks the FoV between 0° and 55°, Fig. 12(c) only makes
sense in the part after 55°, i.e., the part surrounded by the dot-
ted line. The Strehl ratio of 486.1 nm light deceases to 0.65 at
around 117° FoV, but the average of the three spectra is still
above 0.8, and the overall aberration is small. The optical
system uses the equidistant projection rule. In order to avoid
the interference of the FoV of (0°-55), we use Eq. (8) to fit the
actual f distortion curve of the optical system. Figure 12(d)
shows that the maximum distortion of the annular FoV is
only 2%

£ - 6 distortion = yT‘y - 100%, )

where y is the ideal height, i.e., the product of the focal length
and FoV, and y' is the actual imaging height.

C. Supplement and Optimization of Transmission
Structure

As illustrated in Fig. 11, the central area of the first surface of
the PAL has no light, thereby leaving room for light from the
forward FoV to enter the PAL. The minimum half-field angle
of the annular FoV is 55° and the half-forward FoV must be
approximately 55° to completely eliminate the blind zone.
Therefore, the fish-eye lens of the reversed telephoto telecentric
structure is required for the front lens group to compress the
beam from the forward FoV. In addition, the front lens group
also undertakes the function of correcting the focal length and
aberration of the forward FoV. To completely eliminate the
blind zone, we set the half-forward FoV angle to 56°, which
is slightly larger than the minimum half-field angle of the an-
nular FoV. Notably, the focal length of the forward FoV must
be smaller than that of the annular FoV to prevent the images
of the forward and annular FoVs from overlapping on the focal
plane. We constrain the focal length of the forward FoV to
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Fig. 12. Image quality of annular FoV: (a) MTF, (b) spot diagram,
(c) Strehl ratio, and (d) f-theta distortion.

3 mm. As shown in Eq. (4), the images of the two FoVs have a
margin of 1.87 mm on the focal plane and will not interfere
with each other. In optimizing the forward structure, the
PAL and the relay lens should remain unchanged, and only
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the front lens group should be optimized. After supplementing
the forward FoV, the overall structure of the extremely wide-
angle optical system integrated with transmission and foldback
is shown in Fig. 13.

The MTF, spot diagram, Strehl ratio, and distortion curve
of the forward FoV are shown in Figs. 14(a)—(d), respectively.
The MTFs of forward FoV are higher than 0.62 at 45.5 | p/mm
and 0.48 at 60 1 p/mm. The rms radius of all spots is also less
than 4 pm, and the Strehl ratio of all fields is about 0.8.
Although the Strehl ratio decreased near the largest FoV, the
average of the three wavelengths was still above 0.8. The
f-theta distortion is less than 1%. Table 1 provides the major
parameters of the lens.

The two FoVs of the optical system use the same sensor, and
so it must ensure that the images of the two FoVs will not over-
lap. The theoretical distance of the two images is 1.87 mm on
the focal plane, but the actual distance may be different from
the design value because of the existence of aberration. The spot
diagrams [Fig. 12(b) and Fig. 14(b)] show that the imaging
height of the minimum field angle of the annular FoV is
4.755 mm and the maximum field angle of the forward
FoV is 2.933 mm. So the image of two FoVs has a gap of
1.822 mm on the focal plane, and since the geometric diameter
of the spots of both FoVs is less than 20 pm, the images of two
FoVs will not overlap on the focal plane. In addition, in order
to avoid the interference of stray light, the coating position of
the PAL must be precisely controlled to ensure that the PAL
can only transmit the beam of the required FoV rather than the
other FoV. And, other lenses need to be coated with antireflec-
tion film to prevent stray light reflection between the lenses.

D. Sensitivity Analysis of Focal Plane Position

When using an optical system, we need to adjust the position of
the focal plane to get the clearest image. The optical system
designed in this paper has two FoVs with different focal
lengths, and the positions of the best focal planes for the
two FoVs may be slightly different. The system is a telecentric
structure, which reduces the sensitivity of the focal plane

Forward FoV

Annular FoV

Fig. 13. Overall optical system integrated with transmission and
foldback.
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Fig. 14. Image quality of forward FoV: (a) MTF, (b) spot diagram,
(c) Strehl ratio, and (d) f-theta distortion.

position to a certain extent. Figure 15(a) shows the through-
focus MTF of annular FoV. At the Nyquist frequency, the focal
plane of the annular FoV moves 0.1 mm before and after, and

Table 1. Major Parameters of the Extremely Wide-Angle
Lens Integrated with Transmission and Foldback

Parameters Forward FoV Annular FoV
Total FoV 230°
Bands F, d, C (486.1 nm, 587.6 nm, 656.3 nm)
Partial FoV 360° x (0°=56°) 360° x (55°—115°)
Focal length 3 mm 5 mm
F number 5 5
F-theta distortion <1% <2%
MTF @60 | p/mm >0.48 >0.58
1.0
w
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0
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Fig. 15. Through-focus MTF of imaging system: (a) annular FoV
and (b) forward FoV.

the MTF remains above 0.3. Figure 15(b) shows through-focus
MTF of the forward FoV. The MTF increases when the focal
plane moves forward, which indicates that the forward FoV has
a slight defocus. When the focal plane is shifted by 0.1 mm in
front or 0.06 mm in back, the MTF remains above 0.5 and 0.3,
respectively. The currently mounting accuracy of the lens can
be accurate to 0.01 mm, and the imaging quality of the optical
system is less sensitive to the focal plane position, and so a focal
plane position for good imaging of both FoVs can be found.

5. MECHANICAL STRUCTURE

The extremely wide-angle lens with integrated transmission
and foldback has two FoVs. In addition, the beams of two
FoVs enter the optical system from various entrance pupils.
If the conventional lens cone is used, then the lens cone will
block the beam from the annular FoV. The lens cone of the
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Fig. 16. Mechanical structure of the extremely wide-angle lens:
(a) 3D stereogram and (b) cutaway view.

frame structure is designed in this study. As shown in Fig. 16,
the lens cone is divided into three parts, which are equipped
with the front lens, the PAL, and the relay lens. Screws are used
to connect the three parts of the lens cone. This lens cone is
similar to the lens cone of the Cassegrain telescope, which fixes
the secondary mirror using three brackets and allows light to
enter the system from the gaps between the brackets. The lens
cone of the extremely wide-angle lens is also connected to the
front lens group and the PAL via three brackets. The light of
the forward FoV enters from the front lens, whereas that of the
annular FoV enters the PAL from the brackets gap. The inner
wall of the lens cone is coated with absorptive medium to ab-
sorb stray light by means of the roughness and porous scattering
of the medium.

6. CONCLUSION

An extremely wide-angle lens integrated with transmission and
foldback is designed in this study based on the imaging prin-
ciples of fish-eye and catadioptric wide-angle lenses. The total
FoV of the designed lens is 230°, with a forward FoV of 360° x
(0°-56°) and an annular FoV of 360° x (55°~115°). The lens
achieves good imaging quality when all the optical elements
used are only ordinary spherical lenses, thereby proving the
imaging advantage of this system in a large FoV. If the FoV

Research Article

requires further expansion, then the lens can be further opti-
mized from the following aspects.

1. The number of surfaces of the PAL should be increased.
For example, the number of surfaces with different curvatures
should be increased to four.

2. The spherical surfaces of the PAL should be replaced
with aspherical or free-form surfaces.

3. Allocating the spatial extent of the two FoVs is more
reasonable. For example, the maximum field angle of the for-
ward FoV and the minimum field angle of the annular FoV can
be simultaneously increased.

The newly designed optical structure preserves the advan-
tages of large FoVs of a catadioptric wide-angle lens and com-
pletely eliminates the blind areas of small FoVs. The optical
system has extensive application prospects in many fields, such
as space detection, virtual environment navigation, and 3D
surveillance.
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