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Ultra-wide angle lens design with relative illumination
analysis
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An ultra-wide angle lens design with relative illumination analysis is presented. The half field angle of 80◦, the relative illumination of the
image plane will be reduced. It is necessary to increase the image numerical aperture ratio for X and Y direction, and decrease the angle
between the chief ray and optical axis in the image space. However the ultra-wide angle lens induces great barrel distortion causing image
extrusion. Therefore, we use F-theta distortion to replace optical distortion. Seven lenses and two pieces of flat glass are used for a sensor
1/6” sensor with 2.1 million pixels. The final result for the lens is a half viewing angle of 80◦, F/2.4, a focal length 1.1 mm, a length of
22.37 mm, F-theta distortion of less than 2%, and relative illumination greater than 83%.
[DOI: http://dx.doi.org/10.2971/jeos.2016.16001]
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1 INTRODUCTION

Generally, optical lenses with half field angle greater than
60◦are called ultra-wide angle lenses. In the fisheye lenses
half field angle is equal to or exceeds 90◦called. In 1919
R. W. Wood [1] used a pinhole in front of a container filled
with water as the prototype of the first ultra-wide angle lens,
simulating the fisheye image in the water. Many improve-
ments have been made to the ultra-wide angle lens design
since that time. For example, in 1922 Bond [2] replaced Wood’s
container filled with water with hemispherical glass lenses to
achieve the same effect, but this produced large aberration.
Beck [3] and Hill [4] added one or two lenses to improve on
the Bonds aberration. Through continuous improvement, the
current generation of ultra-wide angle lenses has been used
in many places, such as: J. Y. Zheng [5] using a fisheye lens
to capture the image and perform street panorama image pro-
cessing. Furthermore, ultra-wide angle lenses are also using in
unmanned remotely controlled vehicles [6] and in car recorder
lens. A fisheye lens with broad spectrum is used for detecting
the rice canopy or other plant growth scenarios [7]. W. Li [8]
presented a panoramic stereo imaging system which uses a
single camera coaxially combined with a fisheye lens and a
convex mirror.

Ultra-wide-angle lenses have been discussed in a large num-
ber of related studies papers and give rise to numerous
patents [9]–[14]. The requirements are as follows; half field an-
gle ranging from 70◦to 90◦, and a number of elements ranging
from 7 to 11; the overall length of the lens is from 25 mm to
40 mm, and the f number is 2.8. Design specifications used in

this study include an 80◦half field angle, 7 lenses with a length
22.37 mm, and F/2.4.

2 METHOD

The relative illumination and F-theta distortion must be con-
sidered in the ultra-wide angle lens design.

2.1 Relat ive i l lumination
The relative illumination is related to the NA of the image
space and the cos4 law. In order to calculate the NA value,
five reference rays should be defined.

2.1.1 Definition of reference rays
Figure 1 illustrates the definition of the five reference rays (R1,
R2, R3, R4, and R5) [15]. We set the light source at the −Y
height of the object point on the object plane. The Z-axis is the
optical axis. The ray passing through the center of the entrance
pupil is defined as the chief ray R1; θ is the half field angle
between the chief ray R1 and the optical axis in object space.
We denote the four marginal rays R2, R3, R4, R5, which pass
through the +Y, −Y, +X and −X of the entrance pupil.
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FIG. 1 The specification of the sensor.

FIG. 2 The axial numerical aperture.

2.1.2 Calculation of the image numerical aperture

When the half field angle θ is zero, the chief ray R1 is located
on the optical axis. The five reference rays from the exit pupil
to the image plane are shown in Figure 2 and θ1 is the aperture
angle between R2 and R1 in the image space. The aperture
angles between the chief ray R1 and marginal rays (R2, R3,
R4, and R5) are the same at the zero field angle. Therefore, the
axial numerical aperture in the image space (NA0) is defined
as

NA0 = n sin θ1, (1)

where n is the refractive index of the image space.

When the half field angle θ is not zero, the numerical aperture
is different in the X and Y direction. The off-axis Y direction
reference rays are shown in Figure 3. Here is the chief angle
between R1 and optical axis in the image space; θ2 is the aper-
ture angle between R2 and R1 in the image space; and θ3 is the
aperture angle between R3 and R1 in the image space.

Since aberrations have different influences on the angles of θ2
and θ3. We can calculate the average angle of θ2 and θ3. Thus
the numerical aperture of Y direction (NAY) is given by

NAY = n sin
θ2 + θ3

2
. (2)

FIG. 3 The off-axis Y direction reference rays.

FIG. 4 The off-axis X direction reference rays.

The directional cosines (L, M, N) of R1, R2 and R3 are differ-
ent. They are R1 (L1, M1, N1), R2 (L2 M2, N2) and R3 (L3, M3,
N3) respectively. The directional cosine is the unit victor, and
θ2 and θ3 are calculated by Eq. (3) and (2.1.2).

θ2 = cos−1

 L1L2 + M1M2 + N1N2√
L2

1 + M2
1 + N2

1

√
L2

2 + M2
2 + N2

2


= cos−1(L1L2 + M1M2 + N1N2)

(3)

θ3 = cos−1(L1L3 + M1M3 + N1N3) (4)

The off-axis X direction reference rays are shown in Figure 4.
Here θ4 is the aperture angle between R4 and R1; θ5 is the
aperture angle between R5 and R1.

Because the system is axial symmetric, the angles of θ4 and θ5
have the same magnitude. Therefore, the numerical aperture
for the X direction (NAθ X) is defined as

NAX = n sin θ4. (5)

The direction cosine of R4 is (L4, M4, N4), and θ4 is given by

θ4 = cos−1(L1L4 + M1M4 + N1N4) (6)
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2.1.3 Method for estimating the relative illumination

The illumination of the object in the image space, as proposed
by Burle [16], is found as shown in Eq. (7)

Eθ = EobjRTLNAθ2 cos4 Θ, (7)

where Eθ is the illumination of the image point from the inci-
dence ray of the half field angle θ in the object space; Eobj is
illumination of object; R is the reflectivity of the object; TL is
the penetration of the lens; Θ is the chief angle in the image
space; NAθ is the numerical aperture of the image point from
the incidence ray of the half field angle θ.

The relative illumination (RI) can be written as

RI =
Eθ

E0
=

(NAθ)
2 × cos4 Θ

(NA0)2 , (8)

where E0 is the illumination of the center image point from
the incidence ray for a half field angle of 0◦.

When θ becomes large, there will be large differences in its
NAX and NAY in the image space [17]. The relative illumina-
tion can be modified as in Eq. (9).

RI =
Eθ

E0
=

NAYNAX × cos4 Θ
(NA0)2 (9)

Finally, we can simplify this to obtain Eq. (10).

RI(θ) =
sin
(

θ2+θ3
2

)
sin θ4 × cos4 Θ

sin θ2
1

(10)

It should be noted that the optimization process is performed
to increase the angles of θ2, θ3, and θ4, respectively, and to re-
duce the angle of Θ.

2.2 F-theta distort ion and calculat ion of
the depth of f ield

The optical distortion is large and cannot be eliminated by the
lens design with a large half field angle. It will cause the edge
images close together and cannot be distinguished, so we use
the F-theta distortion design to expand the edge images with
a good recognition.

The F-θ distortion [18] is given by

F− θdistortion =
h′ − h

h
× 100%, (11)

where h′ is the real image height; and h is the ideal image
height as

h = f × θ, (12)

where f is the focal length of the lens; and θ is the half field
angle for which the unit is radians.

3 DESIGN RESULTS

3.1 Specif icat ions of sensor and lens

We use the OV2722 sensor with 2.1 million pixels. The pixel
size of the sensor is 1.4 µm and the specification is shown in
Table 1. The requirement of an ultra-wide angle lens design
is shown in Table 2. In object space, a half field angle of 80◦,
F/2.4, and a focal length 1.1 mm are specified in our design.

Parameters Specification
Model OV2722
Resolution 1932 × 1092
Active Area 2.73 mm × 1.53 mm
Device Diagonal 3.13 mm
Pixel Pitch 1.4 µm

TABLE 1 The specification of the sensor.

Items Design Requirements
Number of lens (without plate) 7
F/# 2.4
Total length <25 mm
Half field angle 80◦

Effective focal length 1.1 mm
MTF(178 lp/mm) >40%
Relative illumination >80%
Lateral color <1.4 µm/pixel
F-theta distortion <5%

TABLE 2 The requirement of the ultra-wide angle lens design.

FIG. 5 Lens layout of ultra-wide angle lens design.

3.2 Lens layout and image qual ity

The ultra-wide angle lens is shown in Figure 5. There are
seven lenses and two pieces of plate glass. Wherein the first,
third, fourth, the fifth, sixth glasses are spherical lens, the sec-
ond and the seventh components are plastic aspheric lenses,
the eighth piece of flat glass is the IR-Cut filter, and the ninth
piece of flat glass is a cover glass for the sensor. Table 3 shows
design data for ultra-wide angle lens. Table 4 lists its aspheric
coefficients.

The pixel size of the sensor is 1.4 µm. We chose 4 pixels width
as one line pair (lp), so the space frequency is 178 lp/mm. Fig-
ure 6 shows the MTF plot of the spatial frequency 178 lp/mm
for different field of view, the minimum value of its MTF curve
at 178 lp/mm position is 0.429 for 1.0 field tangent direction.
Figure 7 shows the F-θ distortion. The ordinate is half field an-
gle from 0◦ to 80◦ in object side, the abscissa is F-θ distortion
(%), and the maximum of F-θ distortion is 2.02% located at the
half field angle of 80◦.

Lateral chromatic aberration is the imaging height difference
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No Type Radius Thickness Glass
Object Sphere infinity infinity

1 Sphere 14.3765 2.00867 6968.5541
2 Sphere 3.44135 3.14572
3 Asphere -59.463 1.89576 5252.60000
4 Asphere 2.05825 2.85213
5 Sphere 9.12841 1.8 7174.2962
6 Sphere -11.893 3.02629

Stop Sphere 4.32817 1.5 7847.2608
8 Sphere 1.64497 1.61405 6127.5863
9 Sphere -7.5167 0.1
10 Sphere 3.58107 1.4197 5399.5971
11 Sphere -3.0231 0.1
12 Asphere -2.9929 1.5 5674.3481
13 Asphere 15.4372 0.17212
14 Sphere infinity 0.3 5168.6417
15 Sphere infinity 0.1
16 Sphere infinity 0.3 5168.6417
17 Sphere infinity 0.53175

Image Sphere infinity 0

TABLE 3 The lens data of the ultra-wide angle lens design.

Surface Conic constant 4th order 6th order
3 -100 -0.00072705 0
4 -0.995865 0.00303038 0
12 -0.544259 0.00215509 0.000554959
13 100 0.00680149 0

TABLE 4 The aspherical coefficient of the ultra-wide angle lens design.

FIG. 6 MTF and spatial frequency at infinity object distance.

between the short wavelength and long wavelength imaging
heights, it will cause color distortion. If the lateral chromatic
aberration is less than 1.4 µm per pixel, then the color differ-
ence cannot be discriminated by a sensor. Figure 8 presents
the lateral color and the half field angle, where the red line is
the longitudinal chromatic aberration curve from 486.13 nm
to 656.27 nm, with the maximum value of 1.4 µm and the
green line is the longitudinal chromatic aberration curve from
486.13 nm to 587.56 nm, with the maximum value of 0.34 µm.
These are less than 1.4 µm per pixel. The image F-θ distor-
tion, lateral chromatic aberration and relative illumination are
shown in Figures 7 to 9.

FIG. 7 F-θ distortion for the ultra-wide angle lens design.

FIG. 8 Lateral color for the ultra-wide angle lens design.

FIG. 9 Relative illumination for the ultra-wide angle lens design.

4 CONCLUSION

There are five spherical glass lenses and two aspheric plas-
tic lenses and two flat glass plates in the optical system. The
design result for the ultra-wide angle lens is a half field an-
gle of 80◦, F/2.4, a focal length 1.1 mm, and a total length
of 22.37 mm. In the optimization process, we increase the
(NAY × NAX × cos4 Θ)/(NA0)

2 value so that we can achieve
greater than 83% relative illumination. The F-theta distortion
is less than 2% and lateral chromatic aberration is less than
1.4 µm.
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