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Original Research Abstract:

The fisheye system belongs to the family of ultra-wide field of view lenses and has various
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Published online: the refractive index of its glasses. Therefore, in order to achieve optical-thermal stability in the
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do not cause a noticeable decrease in the optical performance of the system. In this work, a
© The Author(s) 2024 type of fisheye optical system is redesigned in the visible light spectrum bandwidth and then it is

athermalized in the temperature range of Iran from —46 to 70 degrees Celsius.
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1. Introduction

Athermalization in the field of optics is the process of
achieving optothermal stability in optomechanical systems
[1, 2]. The optical materials of imaging systems expand
and contract in response to temperature changes, which
causes changes in the radius of the surfaces, the shape of
the surfaces and the thickness between them. The change
in material dimensions is described by a quantity called
thermal expansion coefficient. In optomechanical systems,
in addition to the change in the dimensions of the glass
elements, the expansion and contraction in the lens housing
also changes the optical performance. Also, temperature
changes cause a change in the refractive index of optical
materials, which causes defocusing and reducing the optical
performance of the system [3, 4]. In the athermalization
process, with techniques such as using suitable glass ele-
ments and changing the radius and thickness of the surfaces
and using a suitable lenses housing, the changes in optical
performance in a wide range of temperatures are minimized.
The fisheye lens is a bionic system that mimics the eyes
of underwater fish, which look at the upper half of the sea-
water. A fish immersed in water takes its eyes directly to

the surface of the water and sees objects above the surface
as a compressed circular image with a field of view of ap-
proximately 180 degrees, although the image is strongly
distorted at the edge. By designing the function of a fish eye
as an optical tool, a fish-eye lens is obtained [5, 6]. Since
the first fisheye lens, the “Hill Sky lens” [7] was introduced
in 1924, fisheye lenses have been in development for al-
most a century. The history of a simple fisheye simulation
can even be traced back to the first fisheye pinhole camera
made by Wood in 1906 [8]. A number of excellent fish-
eye lenses have been designed in the past decades, and the
designs have improved especially in image quality [9-12].
Despite the relatively significant development of fisheye
lenses in the last century, there are not many sources other
than patents on the subject of fisheye lens design. Even in
standard lens design books [13—15], the fisheye lens topics
were only mentioned in a few sentences while other lens
design topics were discussed in detail.

Although the primary purpose of fisheye lenses was to
record clouds in the sky, today they are used in various
fields of engineering, defense, surveillance and art. Fish-
eye lenses are widely used in creative photography, dome
film projection in planetariums, meteorological monitoring,
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safety monitoring, positioning of celestial objects, engineer-
ing measurement and micro-intelligent systems [16, 17].
Due to the wide seasonal and spatial temperature changes
in Iran, the performance of optomechanical instruments
decreases under the influence of temperature changes. Be-
cause optical instruments are usually designed and opti-
mized at a specific temperature, therefore, the optical perfor-
mance decreases with increasing or decreasing temperature.
In this paper, a type of fisheye lens, which was previously
designed to create a good quality image at a temperature of
20 degrees Celsius, is athermalized for optical stability in
the temperature conditions of Iran. In the following, at first,
the materials and method of athermization are described,
and then the results of the athermization of the system are
discussed.

2. Materials and methods of athermalization
of the system

2.1 Fisheye lens

Fisheye lens systems are usually optical systems consisting
of a front group and a rear group. Front group lenses usually
consist of negative meniscus lenses with a larger absolute
focal power. The first lens in the front group, in particular,
has a much larger negative focal power and is a telephoto
objective lens. The rear group has positive focal power.
The main work of the front group of fisheye lenses is to
compress the angle of the field of view after the incident
light passes through the front group, which is beneficial for
designing the rear group and correcting the aberration of the
whole system [12]. The fisheye lens that is athermalized in
this work was designed by Guozhu and Lijun, [12]. In this
design, the front group includes 5 lenses, the power of the
fourth lens is positive and the power of the rest is negative.
The rear lens of the system consists of 9 lenses, and both
of the adjacent lenses are attached from lenses 7 to 10 and
lenses 12 to 13. The power of the 6th, 11th and 14th lenses
is negative and the power of the other lenses is positive. The
specifications of this system, including the type of lenses,
the radii of curvature and the thickness of the surfaces, have
been presented in the paper of Guozhu and Lijun [12].

2.2 The effect of temperature on focal length and optical
performance

We consider a thin lens with refractive index n, focal length
f, and power ¢ at temperature 7. The lens power is ob-
tained from the following equation [18, 19]:

¢=@n-1)(C-C) (D

where C; and C, are the curvature of the front and back
surfaces of the lens. The curvature of the surface is the
inverse of the radius of surface R.

Derivation of the above relation with respect to temperature
gives:
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which can be written as the following formula:
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in which the thermo-optic coefficient of the lens is defined

as follows:
dn
n—1

2.3 The effect of temperature on the lens housing

(10)

Thermal defocus is not only from the change of optical
power of the lens, but also from the coefficient of thermal
expansion of the housing o, . Equation (8) can be modified
as follows to take this effect into account [20, 21]:

Af = —f(v+oy)AT (11)

The effect of temperature change on the length change of
the lens housing is determined from the following equation:

AL, = Loy, AT (12)

where ALj, is the length change of the housing, L is its
initial length and AT is the temperature change. In this
research, the material of the housing aluminum with a ther-
mal expansion coefficient of 23 x 107® 1/°C is been chosen
due to its good flexibility, light weight and reasonable price
[22].

According to the above formulas, for j thin lenses in contact
with the effective focal length f, we obtain the change in
focal length due to the change in temperature AT as follow:

J
Af =—f*Y (%9 + o) AT (13)
i=1

2.4 Input data and system optimization and athermal-
ization method

As mentioned in section 2.1, the data of the paper of Guozhu
and Lijun [12] were used for the initial design of the fish-eye
lens. Zemax software was used for redesigning and thermal-
ization. After inputting the lens data, a fisheye system was
redesigned with the specifications listed in Table 1. Then,
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Table 1. Basic specifications of fisheye lens.

parameter Value

Image space F-Number 3.60

Image space NA 0.14
Effective focal length 7.82 mm
Bcak focal length 17.17 mm

Field of view 180°
Entrance pupil diameter 2.17 mm
Exit pupil diameter 20.51 mm

Wavelength 486 — 656 nm

according to the temperature range of Iran, temperature
changes were applied from —46 to 70 degrees Celsius. The
temperature of about 70 degrees is the highest temperature
recorded in the Iran country, which is related to Lut plain in
Kerman provinc. In 2004 and 2005, Iran’s Lut desert was
the Earth’s hottest spot [23]. Also, the northwestern regions
are the coldest regions of Iran [24]. According to the report
of the Meteorological Organization of the Islamic Republic
of Iran, the temperature of —46 degrees was recorded in the
city of Saqqgez along with the city of Bostan Abad in East
Azarbaijan province, and they have been called the coldest
cities in Iran.

In the process of athermalization, it is tried to bring the root
mean square radius (RMS radius) of the spot diagram to a
minimum value at different temperatures. The RMS radius
is obtained from the following equation:

RMS = \/Zi[(xi 7xC)2n+ (y, 7yc)2]

(14)

which in the above formula (x., y.) are the coordinates of
the chief ray and (x;, y;) are the coordinates of other rays
on the image plane, all of which are emitted from the same

point of the object, and n is the number of selected rays.

When all the emitted rays meet at the location of the chief
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ray, then the RMS radius is zero, which means that the
aberration of the image of that point from the object is zero.
But in practice, there are always aberrations, and the larger
the RMS radius of the spot diagram, the larger the aberra-
tions will be. In the optimization process, by changing the
radius and thickness of the surfaces and the type of glass
and defining a function called the merit function, we will
try to reduce the value of the RMS radius to the minimum
value. The merit function, MF, is defined as follows:

(MF)Z — ZzVVt(Vt - 7—;)2
YiWi

In the above equation, 7; is the target value and V; is the
current value of operands defined in the merit function editor
of Zemax software, w; and is the weight of each operand. In
this design, TRAC operands are used for optimization, the
value of this operand is the distance between the coordinates
of the selected ray compared to the chief ray. Because the
goal of optimization is to bring the value of this operand
close to zero, we consider its target value to be zero. In
optimization, the current value of this operand for each
ray before optimization is tried to approach its target value,
i.e. to zero value after optimization. In the process of
athermalization, optimization is done in the temperature
range of Iran, i.e. from —46 to 70 degrees Celsius.

(15)

3. Results

Figure 1 shows the designed fisheye lens after athermaliza-
tion. As the figure shows, the rays entering the lens are well
focused on the image plane at the field angle of zero to 180
degrees. The parameters that determine the quality of the
image such as spot diagram, modulation transfer function
(MTF) and Strehl ratio show that the designed system is
well athermalized in the temperature range of Iran. After the
athermalization of the system in the temperature conditions
of Iran, some data of system lens designed by Guozhu and
Lijun [12] were changed. Table 2 shows the system lens
data after athermalization.

Figures 2 to 5 show the spot diagram at temperatures of
—46 and 70 degrees Celsius respectively at a field angle of

Figure 1. The three-dimensional layout of athermalized fisheye system in the temperature range of Iran.
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Table 2. Data of athermalized fisheye lens at 20 degrees.

Surface  Surface type Radius (mm) Thickness (mm) Glass Semi-Diameter TCE (107%)
Object Infinity Infinity Infinity - Infinity 0
1 Standard 64.804 4.998 LAH 66 41.576 -
2 Standard 21.233 17.837 - 21.157 0
3 Standard 111.285 15.090 N-LASF31A 20.764 -
4 Standard 24.392 5.573 - 11.624 0
5 Standard —27.431 1.499 N-PSK57 11.719 -
6 Standard 24.064 0.340 - 11.004 0
7 Standard 26.042 4.737 PBH6W 11.021 -
8 Standard —34.067 0.999 - 10.958 0
9 Standard —24.281 5.206 LASFN31 10.751 -
10 Standard —114.116 22.288 - 10.583 23
11 Standard 41.987 13.877 NLASF41 7.583 -
12 Standard 2917.865 0.310 - 5.563 0
13 Standard Infinity 0.101 - 5.474 0
14 Standard 166.046 1.499 N-LASF31A 5.532 -
15 Standard 18.643 3.386 NSL3 5.852 -
16 Standard —37.689 0.099 - 6.353 0
17 Standard 29.222 4.264 BK3 6.804 -
18 Standard —21.075 1.499 N-LASF31A 7.060 -
19 Standard 147.630 0.1 - 7.533 0
20 Standard 45415 11.609 TIFNS 7.747 0
21 Standard —28.890 0.099 - 9.174 0
22 Standard 339.067 1.499 N-LASF40 9.242 -
23 Standard 22.797 5.802 N-PK52A 9.375 -
24 Standard —46.164 9.138 - 9.797 23
25 Standard 39.657 14.991 S-FSL5Y 11.255 -
26 Standard 174317 17.140 11.029 23
Image Standard Infinity - 11.228 0

60 and 90 degrees for the spectral line d (yellow light with a
wavelength of 587 nm ) which is almost in the middle of the
visible spectral region. For all three temperatures, almost
all the points are located inside the Airy disc and the RMS
radius of the point diagram is smaller than the Airy disc
radius. The Airy disc is actually the smallest point where
the rays emitted from a point of an object can be focused in
the presence of the diffraction phenomenon in the absence
of any type of aberration. Our research showed that in most
of the lower half angle of the field i.e. between 0 and 90
degrees and the upper half angle i.e. between —90 and 0
degrees, most of the points (except for a few) are located
inside the Airy disc, which indicates good image quality.
It is at a temperature between —46 and 70 degrees Celsius.
Figure 6 shows the diagram of the RMS radius against the

lower half angle of the field for the spectral line d at the
temperature of —46 degrees Celsius. As this diagram shows,
the RMS radius is smaller than the diffraction limit (Airy
disc radius) in all field angles except in the range of 71 to
84 degrees. The main reason for that is the presence of high
distortion aberration in larger field angles. The diagram for
the upper half angle is almost the same.

Figures 7 to 10 describe the MTF modulation transfer func-
tion for temperatures of —46, 20 and 70 °C respectively at
a field angle of 60° and for temperature of —46 at the field
angle of 90° as a function of spatial frequency for spectral
line C (red light with a wavelength of 656 nm) and d. In the
ideal optical system, the wavefront emitted from the object
is transmitted without any deviation. But in any real opti-
cal system there is a limit to the aperture, and the aperture
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Figure 2. Spot diagram in wavelength of d at —46 °C tem-
perature for field angle of 60°.

Figure 5. Spot diagram in wavelength of d at 70 °C tempera-
ture for field angle of 90°.
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Figure 3. Spot diagram in wavelength of d at 70 °C tempera-
ture for field angle of 60°.

Figure 6. RMS radius of the diagram spot versus field in
wavelength of d at a temperature of —46 °C.
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Figure 4. Spot diagram in wavelength of d at —46 °C tem-
perature for field angle of 90°.

causes diffraction which lowers the MTF. In this diagram,
the x-axis is the spatial frequency in units of line pairs per
millimeter, and the y-axis is the absolute value of the phase

Figure 7. MTF diagram at —46 °C temperature at 60° field
angle in wavelength of d.

transfer function (contrast). A human generally needs a
contrast of 0.1 or higher to be able to see the difference
between lines. The black curve is the diffraction limit dia-
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Figure 8. MTF diagram at 20 °C temperature at 60° field
angle in wavelength of C.

TS Diff. Limit
5 60.00 (deg)

02 03 04 05 06 0.7 08 09 10

Modulus of the OTF

0.0 01

43 86 129 172 215 258 30 344 387 430
Spatial frequency in cycles per mm

Diffraction MTF

Data for 0.6563 pm
Surface: Image

Figure 9. MTF diagram at 70 °C temperature at 60° field
angle in wavelength of C.

gram. If an optical system is ideal and without aberrations,
its MTF diagram is tangent to this diagram [25]. The MTF
diagram for the tangential rays 7' (meaning the rays placed
in the vertical plane) and the sagittal rays S (meaning the
rays placed in the horizontal plane) are drawn separately.
In this diagram, the x-axis is the spatial frequency in units
of line pairs per millimeter, and the y-axis is the absolute
value of the phase transfer function (contrast). A human
generally needs a contrast of 0.1 or higher to be able to see
the difference between lines. The black curve is the diffrac-
tion limit diagram. If an optical system is ideal and without
aberrations, its MTF diagram is tangent to this diagram [25].
The MTF diagram for the tangential rays 7' (meaning the
rays placed in the vertical plane) and the sagittal rays S
(meaning the rays placed in the horizontal plane) are drawn
separate. Figures 7 to 10 show that the MTF diagrams are
close to their diffraction limit curve, which indicates the
correction of the aberrations of the athermalized fisheye
system.

Figures 11 and 12 show the Strehl ratio diagram in terms
of the lower half field of view from zero to 90 degrees for
the central wavelength i.e. spectral line d at —46 and 70

Figure 10. MTF diagram at —46 °C temperature at 90° field
angle in wavelength of d.
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Figure 11. Strehl ratio diagram versus half field of view at
—46 °C temperature in the central wavelength (spectral line
d).
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Figure 12. Strehl ratio diagram versus half field of view at
70 °C temperature in the central wavelength (spectral line
d).
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degrees Celsius, respectively.

The Strehl ratio is defined as the ratio of the central inten-
sity an aberrated image of an object point to the central
intensity in the unaberrated pattern. Due to phenomenon
diffraction, even a focusing system that is perfect according
to geometrical optics will have a limited spatial resolution.
In the usual case of a uniform circular aperture, the point
spread function (PSF) which describes the image formed
from a point source is given by the Airy disc. For a circular
aperture, the peak intensity at the center of the Airy disc
defines the point source image intensity required for unit
Strehl ratio. A non-ideal optical system using the same
physical aperture will generally produce a wider PSF where
the peak intensity is reduced by a factor given by the Strehl
ratio [26]. An optical system with only minor imperfections
in this respect may be referred to as “diffraction limited”
because its PSF closely resembles an Airy disc. A Strehl
ratio greater than 0.8 is often cited as a criterion for using
that name. It can be seen in Figures 11 and 12 that the Strehl
ratio for half the field of view from zero to about 70 degrees
is close to the diffraction limit, which indicates the excellent
optical performance of the system. At an angle higher than
70 degrees, the Strehl number decreases significantly, the
main factor of which is distortion aberration at angles close
to 90 degrees. At the angles of the large field, close to 90
degrees, the height of the image increases a lot, and in order
for the entire image to fit in the image plane, it is necessary
to create a distortion aberration. Therefore, distortion is an
inseparable aberration of the fish-eye lens, and in order for
the image to fit in the two half-angles of the field zero to 90
and —90 to zero in the image plane, we must have distortion.
But it should be noted that the quality of the image does not
decrease in distortion, but the shape of the image changes.
That is, the image of the object point in the paraaxial plane
is slightly shifted compared to when there is no path.

4. Conclusion

In this work, a type of fisheye optical system was
redesigned in the visible spectral region with a field of
view of 180 degrees and then athermalized for Iran’s
temperature conditions from —46 to 70 degrees Celsius.
The fish-eye lens is a bionic system that mimics the eyes
of underwater fish looking at the upper half of the world.
A fish immersed in water places its eyes directly on the
surface of the water and sees objects above the surface
as a compressed circular image with a field of view of
approximately 180 degrees, although the image is strongly
distorted at the edge. The redesigned system in this work
includes a front lens group and a rear lens group. The
front group includes 5 lenses with negative total power and
the rear group includes 9 lenses with positive total power.
The parameters that determine the quality of the image
such as spot diagram, modulation transfer function and
Strehl ratio showed that the system is well athermalized
in the temperature range of Iran in the wavelengths of
the visible region. For example, the RMS radius of the
spot diagram for Iran’s temperature range from —46 to
70 degrees Celsius in the half field of view from zero to
about 70 degrees (also the half field of view from —70 to
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zero degrees) in the central wavelength of the visible light
is smaller than the diffraction limit radius of the Airy disc.
At most angles greater than 70 degrees (except for a few)
the RMS radius becomes larger than the radius of the Airy
disc, which is the reason for the existence of distortion and
that is impossible to eliminate at the edges of the image.
Because in order for the entire image from the field of view
of zero to 180 degrees to fit in the image plane, the image
must be distorted. Distortion aberration dose not reduce the
contrast and clarity of the image, but change the shape of
the image. Another work that can be done on this system is
the design of the achromat athermalization fisheye system
in Iran’s temperature range to correct color aberrations,
which is suggested to researchers and specialists in this field.
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