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Design of zoom fish-eye lens systems
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Abstract: The zoom fish-eye lens had the characteristics of much larger field-of-view angle, much larger
relative aperture, and much larger anti-far ratio. In the work described in this paper, the initial structure of a fish-
eye lens with fixed focal length was firstly designed using the theory of a plane symmetric optical system. And
then the initial structure components of the fish-eye lens were divided into two groups, the former-group and the
rear-group, and then the entire zoom fish-eye lens system was optimized using Gaussian optical theory. Finally, a
zoom fish-eye lens system with good imaging quality was obtained. This fish-eye lens system had a field-of-view
angle of 180° with an 8 mm short focal length and a field-of-view angle of 90° with a 16 mm long focal length. Its
relative aperture was 1/3.5. The design results show that the modulation transfer function of this zoom lens system
at different focal lengths is no less than 0.45 when the spatial frequency is 50 lp/mm. This zoom fish-eye
photographic objective lens had higher imaging quality than other zoom fish-eye lenses.
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0 Introduction

A fish-eye lens is a kind of bionic system that
imitates the eyes of underwater fish looking up at the
upper half of the world. By designing the function of a
fish eye as an optical instrument, it becomes a fish-eye
lens. The development history of fish-eye lenses can be
found in Ref. [1]. Such a lens can satisfy people's purpose
of obtaining information with as wide a field-of-view
(FOV) as possible!'!. Usually, a lens with a FOV angle
exceeding 140° is considered a fish-eye lens. Fish-eye
lenses belong to the ultra-wide-angle lens family, which
meets the needs of information acquisition in modern
warfare, and it is an advanced technology developed by
different countries. Therefore, fish-eye lenses have been
widely used in national defense and military fields. Fish-
eye lenses are also widely used in photography, spherical
screen projection, meteorological monitoring, safety
monitoring, engineering measurement, and micro-
intelligent systems.

Fish-eye lens systems are usually optical systems
consisting of a front group and a rear group. The front
group of lenses are usually composed of negative
meniscus lenses with greater absolute focal power. The
first lens, in particular, has basic characteristics of much
larger negative focal power and is a reflective telephoto
objective lens. The rear group has the characteristics of
positive focal power. The main function of the front group
of a fish-eye lens is to compress the FOV angle obviously
smaller after the incident light passes through the front
group, which is beneficial to the design of the rear group
and the aberration correction of the entire system.

To make an overview of the object being observed in
a large area with small magnification and to make a
careful observation of the object being observed in a small
area with large magnification, the zoom optical system
has emerged as demanded by modern observation
requirements. There are two types of zoom optical
systems in principle:

optical compensation and

mechanical compensation. The latter has become the basic

type of a zoom optical system. In the zoom process of a
zoom lens, by enlarging or reducing the focal length of
the lens system, different parts of the object can be clearly
observed. These functions are not available with a single
fixed-focus lens. Therefore, in many cases, a zoom optical
system can better meet the needs of various fields.
Nowadays, zoom optical systems are being developing in
the direction of much larger FOV angle, much larger
relative aperture, higher magnification, smaller volume,
and clearer imaging.

Facing the demand of the application and
development of zoom lenses, how optical designers
achieve the design goal is also a difficult point in the

s® 4. In this paper, a

zoom optical system design proces
zoom fish-eye lens system with large FOV and large
relative aperture is designed for photographic use.

In the next section, the details of the design of a fish-
eye lens system in the visible light band with fixed focal
length and a 180° FOV angle is presented”. The imaging
quality of this zoom optical system is very good. In
Section 1, we introduce zoom design principles and four
rules of the zoom process in the zoom lens system. In
Section 2, we detail the zoom fish-eye lens process,
including design specifications for zoom fish-eye lenses
and initial structural design for both fixed-focus and zoom
fish-eye lenses. In Section 3, aberration analysis of the
designed zoom fish-eye lens system is carried out.

Through the division of zoom components and
further optimization of the fixed focal length fish-eye lens
system, a zoom fish-eye lens system with large aperture,
stable image surface, and clear image is finally obtained.
Its focal length can be changed continuously from 8 mm

to 16 mm.
1 Design principle

There are four main rules in the zoom process for a
zoom lens system™. In a zoom optical system, because the
focal length of each component is fixed, the focal length

of the entire system can only be changed by changing the
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distance between the components of the groups. These
rules are the following.

(1) The stability of the image plane depends on the
zero sum of the conjugate distance changes of each
motion component, as shown in Fig.1. This system is
composed of two components @, and @,, 4 is the object
point, 4’ is the image point, where ¢g; and ¢, are the
respective moving distances of zoom group @; and
compensation group &, along the axis direction, and L,
and L, are respectively the conjugate distances of zoom
group @, and @, before the lens moves along the axis. ;'
and L," are the conjugate distances of zoom group @, and

@; after the lens moves along the axis.

'
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Fig.1 Conjugate distance graph of @; and &, groups

iAL,-:(Ll—L'I)Jr(LZ—L'Z):O (1)

i=1

That is to say, no matter how complex the zoom
system is, to keep the image position still, the conjugate
distance changes caused by each component should be
completely offset from each other.

(2) When any component moves from one position
to another, its conjugate distance remains unchanged; that
is, the positions of the object surface and image surface
remain unchanged, while the magnification of
components is reciprocal at two positions.

(3) For any motion component the focal length of
which is f', when its magnification m is —1, the conjugate
distance of the component reaches the minimum value,
which is

Luin =4f' 2

(4) The zoom equation of the zoom system is to

explain the motion equation of the motion component

under the condition that zoom and image displacement are

compensated, and is expressed as

S 1l-m?
D idm=0 3

i=1 i

where m is the longitudinal magnification of each
component, and /' the focal length of each component, 7 is
the number of the motion components. The meaning of
this formula is that, to keep the position of the image
plane unchanged, the sum of the differential changes of
the conjugate distances of all motion components at any
instant is zero; that is to say, the differential changes of
the conjugate distances caused by the movement of each
motion component must offset each other.

The zoom equation of the zoom system explains the
motion equation of motion components of the zoom
system under the condition of zoom and image

displacement compensation.
2 Design process

There are two main stages in the full design process
of the zoom fish-eye lens system: one is the initial
structural design stage and the other is the components
planning and overall optimization design stage. The
overall optimization design stage of the zoom fish-eye
lens system is divided into the Gaussian solution stage
and the aberration-reduction design stage.

2.1 Design specifications

The zoom fish-eye lens designed and reported on in
this paper is a lens in the visible-light band with an F
number of 3.5, with the focal length of the system able to
change from 8 to 16 mm when the FOV angle of the
system changes from 180° to 90°. The modulation-
transfer-function (MTF) requirement is that, when the
space frequency is 50 Ip/mm, the modulus of the optical
transfer function (OTF) is no less than 0.45. The size of
the image plane is 0.671 7 in., and the aspect ratio of the
image plane is 4 : 3. The design specifications of the

zoom fish-eye lens system are listed in Tab. 1.
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Tab.1 Design specifications
Focal length state Short Middle Long
Focal length/mm 8 12 16
F number 3.5 35 3.5
FOV/(°) 180 120 90
BFD/mm 17 30 42

Design spectrum Visible light (F, D, C)
Maximum lens clear aperture /mm 82

Object location At infinity

When the space frequency of the MTF requirement is 50
lp/mm, the corresponding minimum pixel size is
1/(2x50)=0.01 mm; when the offset of 0.671 7 in.
(approximately 17.061 2 mm) is 100%, the radius of the
field of view at the image plane is 12.303 mm, as shown
in Fig. 2. The total pixels value of the long edge in the
image plane is 13.648 9/0.01=1 364.89, while that of the
short edge in the image plane is 10.236 7/0.01=1 023.67;
the minimum total number of image-plane pixels is
1 364.89x1 023.67 =2 278 475.745 4~1.397 million, and

a resolution of 1.397 million pixels is needed.

10.236 7 mm

P
-

__13.648 9 mm_

Fig.2 Circle radius diagram of field of view. Radius of the image plane
is 12.303 mm, aspect ratio of the image plane is 4:3, length of the
long side is 13.648 9 mm, and length of the wide side is
10.236 7 mm

2.2 Initial structural design for the fish-eye lens

In the work reported in this paper, Lu's initial
structural design method was used to design the initial
structure of the fish-eye lens!”. A fish-eye lens system
usually consists of the former group that is composed of
negative meniscus lenses used to compress the FOV angle

of incident light and the rear group objective lenses

composed of conventional optical lenses. The general
design idea is to determine the parameters of the former-
group optical system according to the restriction
conditions and then choose the structure and parameters
of the rear-group objective lenses according to the FOV
angle and aberration distribution of the former-group
optical system in the image space. The former- and rear-
group structural parameters restrict each other. For
example, the small radius of each negative meniscus lens
should satisfy the transverse and longitudinal size
limitations of the fish-eye lens, and the ratio of small
radius to large radius and the selection of refractive index
n should satisfy the requirement of the FOV angle
compression ratio. At the same time, some aberrations,
such as field curvature, should be controlled reasonably,
and the free parameters should also be controlled. The
design restrictions include the lateral and vertical
dimensions of the fish-eye lens, FOV angle requirements,
image-plane parameters, rear-top focal length, imaging
quality, and relative aperture requirements.
2.2.1 Design of former-group lenses

Figure 3 shows a negative meniscus lens for the
former group of a fish-eye lenses system. Its respective
curvature radii are r; and r,. A beam of chief rays
impinges the first surface at an angle of w, with the axis.
The vertical distance from the intersection point of the
chief rays and the first surface to the optical axis is 4.
After passing through the first surface, the chief rays enter
the first lens at an angle of @, with the axis, and the chief
rays at an angle of w, with the axis pass through the
second surface. The vertical distance from the intersection
point of the chief rays and the second surface to the
optical axis is h,, the angle of incidence angle on both
surfaces is a; and a,, respectively, the angle of refraction
angle on both surfaces is f; and f,, respectively, and the
angle between the optical axis and the normal line of the
chief rays at the intersection of the second surface is 6.
The distance between the intersection point of the chief
rays passing through the second surface and the optical
axis to the vertex of the second surface is expressed as

follows!:
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Fig.3 Optical scheme of a principle ray passing the negative meniscus

lens

5= r2(1 LI ) _“’2)) 4)
sinw,
sinf = }2 =k %)
r

The FOV angle of the image space can be obtained
by tracing the chief rays. The chief-ray transmission
equation is

T +di—r; Pi

sin@;,; = ——— sinw; +
Pi+1 Pi+1

sinf; (6)
W, = w;_, +,8,-—cy,v=w0+2(,3,-—ai) N

Bi= alrcsin(E sin a,-) 8)

n;
where i is the ordinal number of the optical surface, n; and
n;y are the refractive indexes on both sides of optical
surface i, and p; is the curvature radius of the sagittal
direction of the optical surface i. r; is the curvature radius
of the meridional direction of the optical surface i, and d;
the distance between optical surfaces i and i+1. The lenses
before the stop form the former group, and the lenses
behind the stop form the rear group. The design results of
the former-group lenses are shown in Fig. 4. The former
group consists of five independent spherical lenses. The
first three lenses and the fifth lenses are spherical lenses
with negative focal power. The fourth lens is spherical
lens with positive focal power. The first lens plays a key

role in compressing the FOV angle, and its vertical

dimension is also the largest. The lens data of the former

group are provided in Tab. 2.

Fig.4 Structural schematic of former-group lenses

Tab.2 Zoom fish-eye system lens data

Surface Radius of Thickness Clear semi- Material
No. curvature/mm /mm diameter/mm
Object Infinity Infinity Infinity -
1 63.780 5.000 41.339 N-LASF44
2 21.275 17.743 21.196 -
3 111.335 15.000 20.895 N-LASF31A
4 24.477 5.935 11.815 -
5 —27.455 1.500 11.638 N-PSKS57
6 24.085 0.501 10.935 -
7 26.056 4.740 10.976 SF6
8 —34.085 0.999 10.908 -
9 —24.292 5.208 10.706 N-LASF31
10 -114.211 (Va_fizi(l))le) 10.548 -
11 42.004 13.883 8.609 N-LASF31A
12 2919.058 0.310 7.609 -
13(stop) Infinity 0.100 7.565 -
14 166.120 1.500 7.652 N-LASF31A
15 18.654 3.388 8.087 K3
16 -37.711 0.100 8.283 -
17 29.232 4.366 9.190 N-FK5
18 —21.084 1.500 9.271 N-LASF31A
19 147.645 0.100 10.014 -
20 45.442 11.616 10.449 TIFNS
21 —28.907 0.100 11.721 -
22 —332.106 1.500 11.721 N-LASF40
23 22.817 5.807 11.800 N-PK52A
24 —46.204 9.140 11.955 -
25 39.680 15.000 13.434 N-FK5
26 124.266 (va?ii?)le) 12.861 -
Image Infinity - 12.303 -
2.2.2 Design of rear-group lenses
For the rear-group lenses design, the design
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boundary conditions are basically determined, such as
FOV angle, relative aperture, rear top focal length, and
size of the image plane. Of course, the imaging-quality
requirements are the most important. The main aberration
distributions produced by the former group of optical
systems, such as field curvature, axial chromatic
aberration, and vertical chromatic aberration, should be
taken as the boundary conditions for the design of the
rear-group lenses. The coma and spherical aberration can
be further optimized by the shape parameters of the lens,
and then the optical focal distribution and axial size of the
rear-group lenses can be determined®™ '\, Nine spherical
lenses are selected as the initial structure of the rear group
after coordination and combination of the former and rear
groups. The design results of the rear-group lenses are
shown in Fig. 5. The seventh and eighth lenses, ninth and
tenth lenses, and twelfth and thirteenth lenses comprise
three groups of doublet lenses. The lens data of the rear

group are given in Tab. 2.

Fig.5 Structural schematic of rear-group lenses. the eleventh and
thirteenth lenses are independent spherical lenses. The last plane is

the image plane

Glass materials were chosen from the Schott glass
catalogue. The surface of each lens in this fish-eye lens is
spherical. The modulus of the OTF is no less than 0.45 in
full FOV when the space frequency is 50 Ip/mm.

2.3 Zoom-group planning and overall system
optimization

To improve the zoom performance of the system,
two zoom groups were planned”, as shown in Fig. 6. The
first five lenses form the front zoom group of the fish-eye
lens system. The second zoom group is the rear zoom
group, which is beneficial to the reasonable correction of
aberrations of the entire system!'). The rear zoom group

includes the aperture stop, acts as the zoom group, and

produces the majority of the lens movement to change the
focal length of the system. The image plane positions

remain unchanged.

Front zoom

Rear zoom group

Fig.6  Zoom-group planning. The first group is the front zoom group, the
second group is the rear zoom group, and the last plane is the

image plane

2.4 Aberration-reduction design phase

The aberration-reduction design phase consists of the
following steps

(1) Calculate for the zoom optical system consisting
of two groups of optical lenses with focal lengths 1/, />,
and the distance between the groups being dy,, dy; as
determined by the movement ¢; of the front zoom group
and the movement ¢, of the rear group the first auxiliary
light height h and the second auxiliary light height 4, for
each component at three or more zoom positions, i.e.,
long, medium, and short focus.

(2) Determine a suitable set of values for my; and f',.

(3) Use the damped least-squares method to solve P
and W~ for each component. The relationship between the
primary aberration coefficients Sy, Sy, Sy, and Sy and 4,

h

i i P, and W, when objects are at a finite distance, is

expressed as follows:

k

Sv= D iglP, ©)

i=1

k k
Sy = Zh?hp,-gofP,- _th?‘PiZWi (10)
i=1 i=1

k k k
Sw= Y RIEGP=2] ) hh@Wi+ P> o (1)
i=1

i=1 i=1
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k k k
h
— 3. 3p 2 g 2 Tpi _
S—Zhhw 3J;hp,-so,wz+1 Z G
(12)
where J is Rach invariant, x is the normalized field
curvature coefficient, ¢; is the focal power of each
component, h is the first auxiliary light height, and 7, is
the second auxiliary light height. In addition,
Yo
i1 i
H=— ~0.6-0.65 (13)

D¢

i=1

The relations between P,,W; and P*, W* when objects

are at infinite distances are expressed as follows:

P,-:Pf°+u,-(4Wl.°°—l)+ul.2(3+2y) (14)
u; = u;/ hip; = ﬂ/li (16)

Here, u is the planning angle.

(4) Decompose P” and W” to obtain the structural
parameters of each component.

In the process of determining one group consisting of
several lenses, the maximum light height and maximum
relative aperture of the group should be combined to make
a judgment separately. Then, the bending form of each
component and the focal power distribution ratio of each
lens must be determined. There is at least one set of
doublet lenses in this part of the system.

(5) Modifying the aberration of the entire system will
further optimize the entire system until it meets the
requirements. Finally, the focal length of each component
is accurately traced, and the precise displacement
compensation curve of the motion component is
calculated. The design of cam curve is a follow-up work.

The entire optical optimization design process is
carried out using ZEMAX optical design software.
The maximum FOV angle of the zoom fish-eye lens
reaches 180°. We adopt the method of “equidistant
projection” in the design process. Compared with a

wide-angle zoom system, the zoom fish-eye system

has a larger FOV angle, which makes the correction of

coma, field curvature, magnification chromatic
aberration, and distortion of the system particularly
difficult. The balance of various aberrations is

emphasized in the design[l%lﬂ_

The process of
improving and optimizing the multiple structures design
can be referred to Ref. [14].

In the Merit Function Editor of the ZEMAX
software, different operands can be used to restrict the
basic parameters and shape size of the lens, such as EFFL
to control the effective focal length of the lens, DMLT to
control the maximum aperture of the lens, TOTR to
control the total optical length of the lens, and DIMX to
control the maximum distortion of the lens field of view.
MNCG, MXCG, and MNEG control the center of each
lens, the center thickness, and the edge thickness,
respectively, and FCGT and FCGS control the field
curvature in the meridian and sagittal directions,
respectively. SPHA, COMA, ASTI, AXCL, and LACL
control the primary spherical aberration, primary coma,
primary astigmatism, primary axial chromatic aberration,
and primary vertical chromatic aberration, respectively.
2.5 Design results of the zoom fish-eye lens system

The initial structure was optimized in ZEMAX
software to obtain the zoom optimization structure!'*"",
as shown in Fig.7, namely the states of three zoom
positions: short, medium, and long focus. The effective
focal length at short focal length is 8 mm, at medium focal
length 12 mm, and at long focal length 16 mm. The total
length this zoom fish-eye lens system is 163.963 mm in
short and middle focus and 170.153 mm in long focus,
which is the distance from the vertex of the first surface to
the image plane. The total length of The relative aperture
of the image space is 1/3.5 in all zoom positions, and the
FOV angles are 90° for long focal length, 120° for
medium focal length, and 180° for short focal length.

In the zoom process, the front and rear zoom groups
move along the axis to achieve the zoom effect. The data
of the zoom fish-eye lens system are presented in Tab.2

and multi-configuration parameters in Tab. 3.
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Fig.7 Optical path layout of three zoom states of the system. The first is
the short-focal-length position with 8 mm system focal length, the
second the medium-focal-length position with 12 mm system
focal length, and the third the long-focal-length position with 16

mm system focal length

Tab.3 Multi-configuration data

Focal-length state Short Middle Long

Focal-length /mm 8 12 16
T10 /mm 21.761 9.350 3.167
T26 /mm 17.167 29.578 41.952

3 Aberration analysis

In the process of optimization design, system
aberrations are effectively controlled by using effective
optimization operands. At the same time, an appropriate
vignetting coefficient is introduced to improve the
imaging quality of the system at the expense of the edge
illumination. To correct the aberrations produced by the
zoom fish-eye lens system, the aberration of the system is
briefly described by MTF curves, field curvature,
distortion curves, and relative illumination curves.

MTF curves can objectively and reliably reflect the
image quality of the system. In all kinds of optical
systems, MTF curves are regarded as the most critical
image-quality evaluation criteria. Here, the MTF curve is

briefly analyzed and explained with the curves of different

focal lengths. The MTF curve is smooth, which shows
that the effect of image-quality level is obvious and close
to the diffraction limit.

Figure 8(a) shows a zoom fish-eye system with a
focal length of 8 mm and FOV angle of 180°. The
modulus of the OTF is no less than 0.45 in full FOV when
the spatial frequency is 50 Ip/mm. Figure 8(b) shows a
zoom fish-eye system with a focal length of 12 mm and
FOV angle of 120°. The modulus of the OTF is no less
than 0.51 in full FOV when the spatial frequency is 50 Ip/mm.
Figure 8(c) shows a zoom fish-eye system with a focal
length of 16 mm and FOV angle of 90°. The modulus of
the OTF is no less than 0.48 in full FOV when the spatial
frequency is 50 Ip/mm.
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Fig.8 MTF curves of zoom fish-eye lens system with (a) 8 mm focal
length and 180° FOV angle, (b) 12 mm focal length and 120°
FOV angle, and (¢) 16 mm focal length and 90° FOV angle

This zoom fish-eye lens system can satisfy the
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requirement of minimum the modulus of the OTF 0.45
when the spatial frequency is 50 lp/mm in three zoom
positions, and the MTF curve is smooth, and the imaging
quality of the edge and central FOV is better guaranteed.
During the entire zoom process, the imaging quality can
be maintained stably, and the imaging effect of millions of
pixels of resolution can be achieved.

Figures 9(a) and (b) show the field curvature and
distortion curves of the zoom fish-eye system at focal
lengths of 8, and 16 mm, respectively. It can be seen that
the absolute field curvature of all FOVs in the short-focal-
length state does not exceed 0.082 mm, and the maximum
distortion of the edge field of view is 87%. The absolute
field curvature of all FOVs in the long-focal-length state
does not exceed 0.13 mm, and the maximum distortion of

the edge FOV is 21%.

89.8 89.8 -
80.0 | 80.0 1
60.0 | 60.0
N
4001 + 4001
20.0 2001 \
0 ) 0 )
-0.1 0.1 -10% 0 10%
Field curvature/mm F-6 distortion
(@
45 - 45 ¢
40+ 40
30+ 301
S
+20+F + 201 \
10 10
0 ) 0 )
-0.2 0 0.2 —5% 0 5%

Field curvature/mm F-0 distortion

(b)
Fig.9 Field curvature and distortion curves for (a) short-focal-length

(=8 mm), and (b) long-focal-length (/=16 mm) positions

The field curvature of the zoom fish-eye lens system
is controlled within 0.13 mm in the full FOV, and the
aberration is small, except for distortion, especially in the
short-focal-length state. For a panoramic lens, the

distortion itself is very large. Such a large distortion can

produce special imaging effects in practical application
and is in high demand in some specialized fields. Such a
large distortion can be further corrected! .

Figure 10 shows the relative illumination curve of
the zoom fish-eye lens system at focal lengths of 8 mm.
Comprehensive analysis shows that the relative
illumination of the edge is no less than 0.96 when the
focal length is 8 mm, which is mainly due to the decrease
of the edge illumination due to the setting of the
vignetting coefficient. When the focal lengths are 12 and
16 mm, the edge illumination is much higher than that of
short focus state, and the uniformity of the image surface
illumination is very good. The system guarantees the
uniformity of illumination of the image plane in the
process of continuous change of focal length and solves
the problem of illumination attenuation caused by a large

FOV.

1.0 ——

0.9}
508}

.g 0.7

0 9 18 27 36 45 54 63 72 81 90
Y-field/(°)

Fig.10 Relative illumination curves at short-focal-length (=8 mm)

position
4 Conclusion

In this paper, the development trend of fish-eye and
zoom lenses are briefly introduced, followed by a
discussion of the motion equation of zoom systems. By
combining the theory of a plane symmetric optical system
and the Gaussian theory of zoom systems and fish-eye
optical design theory, the initial structure of a fish-eye
lens was designed. The lens features a large aperture
compared to current designs on the market while
maintaining constructional simplicity as it uses 14
spherical lens elements in two groups. Based on actual

needs, the corresponding design indexes are formulated,

20190519-9



ISk A2

www.irla.cn

E

the initial structure of the fish-eye lens further divided
into two groups, and the aberration of the fish-eye lens
system further optimized. All the components of this
zoom fish-eye lens system adopt spherical surfaces, which
are conducive to ease of manufacturing. As the second
surface of the first negative meniscus lens of the zoom
fish-eye lens system is almost the hemispherical shape,
the problem that may be encountered in engineering
application is that it is difficult to guarantee the
eccentricity when processing this surface. Its F number is
3.5, and its focal length varies from § to 16 mm. Finally,
aberration analysis, including MTF curves, field

curvature, distortion curves, and relative illumination

curves, is provided and explained in detail.
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