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A panoramic annular lens (PAL) comprises a panoramic annular head unit (PAHU) and a relay lens group. Due
to the properties of annular imaging, single-channel PAL systems contain a blind area in the central field of view
(FOV), which is difficult to reduce in a traditional optical system structure. Therefore, we propose a novel reflective
PAHU structure, using two mirrors to replace the traditional single-lens- or multilens-cemented PAHU, to achieve
a smaller blind area and ultrawide-angle imaging. In this paper, we present the design of an ultrawide-angle PAL
with a FOV of (22° ~ 120°) x 360° using our proposed method. The resulting optical system achieves a blind area
ratio of less than 3.67%. Compared with the traditional PAL system with the lowest blind area ratio, the blind area
ratio of our system is reduced by half, demonstrating the feasibility of the proposed method. © 2020 Optical Society

of America

https://doi.org/10.1364/A0.395598

1. INTRODUCTION

A direct-view panoramic annular lens (PAL) system can perform
one-time imaging with a large field of view (FOV). Compared
with scanning PAL systems, advantages of the direct-view PAL
system include fast imaging speed, no mechanical moving parts,
and strong anti-interference capabilities. There are two types
of direct-view PAL system: First, the fisheye system, which
uses a central projection method; this system has the disadvan-
tages of significant distortion and complex structure and is not
conducive to miniaturization; second, the PAL system with
planar cylindrical projection, which has the advantages of low
distortion, compact structure, and larger FOV compared with
the fish eye system. The PAL system has therefore become a hot
research topic in recent decades [1-3], finding wide application
in areas such as machine vision, security monitoring, atmos-
pheric monitoring, space flight navigation, and pipeline inner
wall detection [4].

A single-channel PAL system is composed of two parts: The
panoramic annular head unit (PAHU) and the relay lens group.
The PAHU is a catadioptric structure composed of a single
lens or multiple-cemented lenses [5,6]. Due to the character-
istics of annular imaging, there is inevitably a central blind
area in the PAL system. Therefore, global research has focused
on obtaining a small blind area and large FOV [7,8]. Using a
single-lens PAHU structure, Wang ez a/. designed a PAL with
an f-number of 5 and an FOV of (55° ~ 115°) x 360° [9].
Using a three-lens-cemented PAHU structure, Huang ez 4.
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designed a PAL with an FOV of (30° ~ 100°) x 360° [10].
Cheng er al. employed an annularly stitched aspherical sur-
face to design a PAL with an FOV of (90° ~ 135°) x 360°
[11]. Using a single-lens PAHU structure and three Quy
aspheric surfaces, Zhou et al. designed a PAL with an FOV of
(30° ~ 120°) x 360° [12], as shown in Fig. 1, where S13, Si3,
and Sy4 are three Q aspheric surfaces.

Single-channel PAL systems generally use a catadioptric
PAHU structure. In a PAL system, the single-lens- or multilens-
cemented PAHU needs to refract and reflect the incident light
multiple times [13,14], so the system design must consider
occlusion of imaging light. This requirement makes it difficult
to further reduce the blind area in the central FOV using a tra-
ditional optical system structure [15,16]. In addition, the larger
the PAL system’s FOV, the larger the diameter of the PAHU.
This results in a heavy single-lens- or multilens-cemented
PAHU, which makes it difficult to achieve a lightweight design.

In this paper, we propose a new design method based on a
reflective PAHU structure to address the above shortcomings.
Our PAHU design employs two mirrors, with the incident
light reflected only twice, achieving a simplified optical
path. Using this method, we designed a PAL with a FOV of
(22° ~120°) x 360°. Our results show that the reflective PAL
not only achieves a large FOV but also significantly reduces
the blind zone ratio of the central FOV and improves detector
utilization. Furthermore, the system is light and compact.
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Relay lens group

Fig.1. Structure of the catadioptric PAL system [12].

2. PAL SYSTEM DESIGN PRINCIPLES
A. PAHU Structure Selection

PAL systems are large FOV optical systems, in which field cur-
vature is an important factor in determining imaging quality
and must therefore be carefully constrained. According to Seidel
aberration theory, field curvature is determined by the fourth
Seidel factor, known as the Petzval sum [17], as shown in Eq. (1):

P=JZZ%, (1)
i=1

where / is the Lagrange invariant, ¢; is the optical power of the
ithlens, and #; is the refractive index of the 7th lens.

In Seidel aberration theory, an optical system with good field
curvature correction should satisfy the requirement represented

by Eq. (2):
P=yy" :L =0. 2
i=1 7

However, the PAL’s relay lens group often has a positive opti-
cal power, resulting in a positive Petzval sum, so the Petzval sum
of the PAHU needs to be less than zero. The PAHU’s Petzval
sum can be evaluated with Eq. (3):

P:il{:]ziuci, 3)
i=1 =1

/
n;n;

where 7; and 7, are the refractive indices before and after the 7th
surface, respectively. When the 7th surface is a reflective surface,
n, = —n;.

In this paper, the PAHU is composed of only two mirrors.
According to Eq. (3), the Petzval sum of the PAHU can be

calculated by Eq. (4):

2
=Y B =272 — c), (@
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where ¢; and ¢, are the curvature of the primary and secondary
mirrors, respectively.

From Eq. (4), we can see that, if the PAHU’s Petzval sum is
negative, (¢1—cz) < 0 must be guaranteed.

In this paper, we propose a PAHU design that uses two mir-
rors. There are only two types of mirror: convex and concave.
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Fig.2. Imaging principle diagram of the PAHU.

For the primary mirror to achieve normal reflection of incident
light greater than 90°, it can only be a convex mirror; thus, the
curvature of the primary and secondary mirrors should meet the
requirements of Eq. (5):

cy>c1>0. (5)

Secondary imaging can compress the PAHU’s aperture to
make the PAL more compact. A PAL system with an aperture
stop between the PAHU and the relay lens group can better
eliminate stray light [10,18]. The imaging principle of the
PAHU isas shown in Fig. 2. Incidentlight is first reflected by the
primary mirror and then reflected by the secondary mirror for
the first imaging; further, the aperture stop is located between
the primary mirror and the secondary mirror. The aperture stop
here is just the PAHU’s aperture stop, owing to the PAHU is
only a part of the PAL, so the PAL’s mechanical aperture stop is
placed at the exit pupil of the PAHU practically.

B. Calculation Method for Blind Area and Initial
Structure

Selecting a suitable exit pupil position for the PAHU is essen-
tial. The exit pupil not only needs to match the entrance pupil
of the relay lens group but is also closely related to the size of
the blind area in the central FOV. A traditional two-reflection
optical system generally places the aperture stop at the primary
or secondary mirror, but that approach is not suitable here. To
minimize the blind area, it is necessary to properly control the
distance between the primary and secondary mirrors and to
reduce the height of the PAHU’s outgoing light on the primary
mirror. Hence, the exit pupil position should ideally coincide
with the position of the primary mirror. However, to facilitate
practical assembly, we placed the exit pupil on the right side of
the primary mirror to obtain Eq. (6):

Al=L+1l—15 -1, (6)

where /; is the distance between the primary mirror and the
aperture stop, /, is the distance between the aperture stop and
the secondary mirror, /3 is the distance between the secondary
mirror and the focal plane, and /4 is the distance between the
focal plane and the exit pupil.
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The PAL system’s blind area is caused by two major factors:
One is the occlusion of the secondary mirror to the incident
light; the other is the maximum height of the PAHU’s outgoing
light on the primary mirror. The greater the maximum height,
the greater the blind area. This can be addressed by placing the
PAHU’s exit pupil close to the primary mirror. Let us perform a
theoretical analysis of the first factor.

The rise equation for the secondary mirror is

}12=72—\/ 7’22—1712, (7)

where 7, is the radius of the secondary mirror, and 4, is the half
aperture of the secondary mirror.
The maximum height of the PAHU’s outgoing light on the

primary mirror is
ay= A1 |1l X @n(Ona) + 5 (8)

where f; is the angular magnification of the PAHU, 6,,,,, is the
maximum FOV of the PAHU, and #; is the exit pupil diameter
of the PAHU.

From Egs. (7) and (8), we can calculate the minimum FOV of
the PAL system with Eq. (9):

b — Al x |B7] X tan(Bmax) + %

[1+12—7‘2+\/722—/?12

Theblind area ratio represents the ratio of the blind area to the
total area on the focal plane. The blind area ratio of the PAL can
be calculated with Eq. (10):

_ n(femin)z
T (0’
where f is the total focal length of the PAL.

As can be seen from Fig. 2, the aperture stop is located at the
exit pupil after imaging by the secondary mirror. Using the mir-
ror’s imaging principle, we can obtain Eq. (11):

o1 2
L L+l r

©)

taln(gmin) =

emin :
x 100% = (9—) x 100%, (10)

max

(11)

The incident light is imaged on the focal plane after being
reflected by the primary mirror and the secondary mirror. Using
the imaging principle, we obtain Eq. (12):

2 1

2
— - 4_== 12
211+2/2+7’1 + ( )

E ) '
where 7} is the radius of the primary mirror.

The PAHU’s total focal length is the focal length of the pri-
mary mirror multiplied by the magnification of the secondary
mirror:

_ _ 13
ﬁ_ﬂZﬁ_2l1+212+rl,

where f7 is the focal length of the PAHU, B, is the magnifica-
tion of the secondary mirror, and f; is the focal length of the
primary mirror.

The structural parameters of the PAHU cannot be directly
solved by Egs. (5)—(13), so the assignment method can be used
to calculate the parameters and focal length.

(13)
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The relay lens group not only performs secondary imag-
ing in the PAL system but also compensates for the PAHU’s
residual aberrations. The PAL system’s total focal length can
be calculated based on the focal length of the PAHU and the

magnification of the relay lens group, as shown in Eq. (14):

f=8Bfr (14)

where ;7 is the magnification of the relay lens group.

3. PAL DESIGN PROCESS
A. Design Parameters

To achieve better imaging performance in the optical system,
the detector and the optical lens should be matched. Therefore,
it is necessary to select a reasonable detector before designing
the optical system. The detector’s pixel size is closely related to
image signal-to-noise ratio (SNR) and resolution. A larger pixel
size will provide better SNR but reduced resolution. Taking the
focal length and FOV of the PAL into consideration, we selected
adetector pixel size of 5 tm x 5 um and a Nyquist frequency of
1001lp/mm.

Since the half FOV of an ultrawide-angle PAL system is
greater than 90°, the normal projection relationship between
object and image cannot be applied; thus, the corresponding
relationship between object and image is the F-theta projection.
Ultrawide-angle PAL systems generally have large relative dis-
tortion, causing stronger image compression at the edge of the

Table 1. PAL System Design Parameters

Parameter Value

Working spectrum 486-656 nm

Effective focal length 2.0 mm

f-number 4

FOV (22° x 120°) x 360°

F-theta distortion <4%

Table 2. Initial Structural Parameters of the PAHU

[, /mm L /mm L;/mm l;/mm 71/mm 7,/mm

9 10 8.7 12.35 24.5 13.6
Primary
mirror

Secondary
mirror Exit pupil
Fig.3. Structure of the PAHU.
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Fig.4. Structural diagram of the relay lens group.

Fig.5. Structure of the PAL.

FOV, which is highly unfavorable for information acquisition.
Hence, the optical system’s relative distortion must be mini-
mized. After careful consideration, the major design parameters
for our ultrawide-angle PAL system were selected as presented in
Table 1.

B. Design of the PAHU

The number of unknown parameters in Eqgs. (5)—(13) is greater
than the number of equations, so the assignment method can be
used to calculate the structural parameters, which can then be
used in optical design software for optimization. The magnifi-
cation empirical value of the relay lens group of the PAL can be
selected from 0.5 to 0.7, which can correct the aberrations of the

Relative Illumination
®
v
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PAL better. The calculated initial structural parameters of the
PAHU are shown in Table 2.

After calculation, the parameters in Table 2 were used in the
optical design software for preliminary optimization. In the
optimization process, the distance between primary and sec-
ondary mirrors must be properly controlled to reduce the blind
area in the central FOV. The structure of the optimized PAHU is
shown in Fig. 3.

C. Relay Lens Group Design

When designing a PAL system, the relay lens group is important
to secondary imaging and aberration correction. The PAHU
needs to provide the primary image, but it also has a large FOV,
with few variables suitable for optimization, so it will inevitably
cause large residual aberrations. To achieve good imaging qual-
ity, these residual aberrations need to be compensated for by the
relay lens group. To meet the matching requirement between the
PAHU and the relay lens group, the PAHU’s exit pupil position
should be the same as the relay lens group’s entrance pupil posi-
tion. We optimize a classical structure to a specific magnification
calculated by Eq. (14) as the relay lens group. The object height
of the relay lens group is the image height of the PAHU. Figure 4
shows a structural diagram of the relay lens group.

The PAHU and relay lens group designs were combined and
optimized in optical design software. In the optimization proc-
ess, we first had to control the optical system’s relative distortion
and then improve imaging quality. The structure of the PAL is
shown in Fig. 5.

D. Relative lllumination Optimization

Relative illumination is the ratio of the irradiance of the off-axis
FOV on the focal plane to the irradiance of the center FOV of
the focal plane after the object light passes through the optical
system. After an ideal lens images to a uniform light field, the
relative illumination of the off-axis FOV on the focal plane
decreases with the law of the cosine fourth power.

Add the operand RELI to the merit function of the optical
design software and then optimize the PAL to increase the rela-
tive illumination. Figure 6 shows the relative illumination curve

] 12.0 24.90 36.0 48.0

60.0 72.0 84.0 96.0 108.0 120.0

Y Field in Degrees

Fig.6. Relativeillumination of the PAL.
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Table 3. Structural Parameters of the PAHU

Mirror Radius/mm  Conic a, a ag
Primary mirror 25.3 —-0.569 0 —08.755¢-6 0
Secondary mirror 12.9 —00.207 0 —02.068¢-5 0

of the PAL system. It can be seen that relative illumination of the
full FOV drops quickly and, at 120°, is less than 0.2, which does
not meet the usage requirements.

In actual optical systems, relative illumination is affected by
vignetting, pupil aberration, and distortion. In large FOV opti-
cal systems such as PAL systems, the presence of pupil spherical
aberration often results in the diameter of the off-axis entrance
pupil being larger than that of the on-axis entrance pupil.
Therefore, the light energy entering the optical system from the
off-axis FOV is greater than that from the on-axis FOV, and the
off-axis relative illumination no longer decreases with the law of
the cosine fourth power [11]. In addition, if the optical system
is designed as an image space telecentric system, the change of
relative illumination on the focal plane will be reduced.

The PAL system designed in this paper has strict distortion
requirements, so we cannot increase relative illumination by
increasing distortion. Setting vignetting to improve relative
illumination is also undesirable in this optical system, so the
only feasible option is to use pupil spherical aberration to make
the diameter of the off-axis entrance pupil larger than that of the
on-axis entrance pupil.

To improve relative illumination, it is necessary to increase
the PAHU’s low number of variables by using the pupil spheri-
cal aberration of the optical system. However, even aspheric
surfaces are easy to process, employ mature technology, and
are widely used. The equation for an even aspheric surface is

Eq.(15):

M
+ Z ﬂzm+27’2m+2, (15)

cr?
z =
1+V1—-Q0+k) 22 =

where 7 is the height of light passing through the lens surface, ¢ is
the curvature at the vertex of the aspheric surface, £ = —e? is the
conic coefficient of the quadric surface, and 5,1 is the coeffi-
cient of the even aspheric surface.

Relative Illumination
o®
v
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In the optical design software, after changing the primary
and the secondary mirrors to be even aspheric surfaces, we first
optimized the PAHU, followed by the relay lens group, before
performing overall optimization of the optical system. Table 3
shows the parameters of the primary and secondary mirrors in
the optimized PAHU. Figure 7 shows the relative illumination
of the optimized PAL system. From Fig. 7, it can be seen that the
relative illumination of the full FOV is greater than 0.65 and
drops slowly. Our design results demonstrate the feasibility of
our method of improving relative illumination by increasing the
diameter of the off-axis entrance pupil.

The structure of the PAL after increasing relative illumi-
nation is shown in Fig. 8. As can been seen from Fig. 8 that
when the imaging point gets closer to the central FOV, the
tangential magnification will become smaller than the radial
magnification. This phenomenon is determined by the F-theta
projection. The maximum image height of the central blind
areais 0.77 mm, and the image height of the maximum imaging
area is 4.02 mm, so the blind area rate is less than 3.67%. Due
to the distortion of the PAL, the blind area ratio here is slightly
different from the value calculated by Eq. (10).

4. PAL DESIGN RESULTS
A. Image Quality Evaluation

Spot diagrams, modulation transfer functions (MTF), and
distortion are important indicators for evaluating image quality
in optical systems. Each point in the spot diagram corresponds
to a ray, and the size of the diffuse spot depends entirely on the
position of each ray on the focal plane; thus, it can be used to
accurately judge the diffusion of the imaging light in the optical
system. The smaller the root mean square (RMS) radius of the
diffuse spot, the better the imaging quality of the optical system.
Figure 9 shows the PAL’s spot diagram, in which the circles
represent the diffraction limit of each FOV. It can be seen from
Fig. 9 that the RMS radius of the PAL’s full FOV is close to the
diffraction limit.

The imaging performance of the optical system can be com-
prehensively evaluated with an MTF that represents the change
law of the image’s modulation degree. Figure 10 shows the PAL

0 12.0 24.0 36.0 48.0

60.0 72.0 84.0 96.0 le8.0 120.0

Y Field in Degrees

Fig.7.

Relative illumination curve of the optimized PAL system.
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system’s MTF curve. It can be seen that the MTF of the PAL sys-
ter’s full FOV at the Nyquist frequency of 100 lp/mm is greater
than 0.35, so the optical system has good imaging quality.

Image The half FOV of the ultrawide-angle PAL system designed in
~ area . . . . . .
z"* ~ this paper is 120°, so the relationship between object and image
= : e a=l is the F-theta projection. Figure 11 shows the PAL system’s field
N - = — { N N . -
= curvature and distortion diagram. It can be seen that the maxi-
mum distortion of the PAL system is less than 4%.
/_ Central
blind area
/ -
/ B. Tolerance Analysis
It is important to perform tolerance analysis before mass pro-
Fia.8 i A PAL duction of the lens. Using the optical design software’s MTF
19.8.  Structure of the optimize : tolerance analysis function, the lens manufacturing difficulty
can be evaluated. In the tolerance analysis, the MTF of the
2+0.486133
2+ 0.587562
840.656273
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Fig. 9.

Spot diagram.
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Fig.10. MTF diagram of the PAL.
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Fig.11.  Field curve and distortion diagram.

Table 4. Tolerance Distribution of the PAL
Tolerance Items Value
Radius (fringe) <3
Thickness (mm) +0.02
Surface decenter (mm) +0.02
Element tilt (°) +0.02
Element decenter (mm) +0.02
Surface irregularity (fringe) <0.3
Refractive index +0.001
Abbe number (%) +0.5

0.7 Sk FOV of 22°

5% FOV of 50°
0.6 | —} FOV of 80°

FOV of 100°
FOV of 120°

j=1
w
T

MTF at 100 Ip/mm
o o
) ~

o
o
T

10 20 30 40 50 60 70 80 90 100
Percentage of Monte Carlo / %

Fig.12. Monte Carlo analysis chart.

Nyquist frequency of 100 Ip/mm is used as the merit function.
First, inverse sensitivity analysis is performed on the PAL. Then,
the approximate range of each manufacture and assembly toler-
ance of the PAL can be obtained. Second, the obtained tolerance
range is set to carry out sensitivity analysis, and the sensitive
tolerance need to be restricted. Finally, the rationality of the tol-
erance is evaluated by Monte Carlo simulation. Table 4 presents
the tolerance distribution table for the ultrawide-angle PAL
system. The PAL’s MTF at Nyquist frequency of 100 lp/mm is
shown in Fig. 12.

C. Mechanical Structure

In a coaxial two-reflection optical system, the standard approach
is to use a metal bracket to connect the primary and secondary
mirrors. Since the thermal expansion coefficient of the metal

Vol. 59, No. 19/ 1 July 2020 / Applied Optics 5743

Fig.13. Mechanical structure of the PAL.

is close to that of the glass material, when the environmental
temperature changes, the distance between the primary mirror
and secondary mirror connected by the metal bracket changes
little. Generally, the imaging quality of the optical system can be
better guaranteed after athermal design. The PALs in [9,19] are
both connected by a metal bracket, so the PAL designed in this
paper also adopts this kind of mechanical structure. As shown
in Fig. 13, the secondary mirror is assembled with three metal
brackets, and the imaging light enters the PAL through the gaps
between the metal brackets.

5. CONCLUSION

In PAL systems, annular imaging characteristics result in gen-
eration of a central blind area, which is difficult to reduce in
traditional single-channel PAL systems. Therefore, researchers
have gradually turned their attention toward dual-channel PAL
systems. In this paper, we propose a new method for designing
a single-channel PAL system. Compared with the traditional
approach, the PAL system designed using our method has a
smaller blind area ratio and ultrawide angle. First, we proposed
use of two mirrors to replace the traditional PAHU and ana-
lyzed the imaging principle of the PAHU. Second, we used that
mathematical model to design the PAHU and relay lens group.
Finally, we improved the relative illumination and imaging
performance of the PAL system and designed an ultrawide-angle
PAL with a focal length of —2.0 mm, f-number of 4, and FOV
of (22°~120°) x 360°. The resulting design demonstrates
a PAL with a reduced blind area ratio of less than 3.67%, low
distortion, and good relative illumination and imaging qual-
ity. Additionally, the optical system is compact. The PAL can
be used in applications, including machine vision, security
monitoring, and pipeline inner wall detection.
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