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Allowing natural scenes as well as maximizing field of view (FoV) can benefit from the minimization of distortion
for the wide-angle camera. The wide-angle camera utilizing freeform surfaces for mitigating distortions, either
barrel distortion or pincushion distortion, is therefore of interest. In this paper, the designs of using all-aspherical
surfaces and aspherical surfaces combined with freeform surfaces are investigated. To minimize the deviation before
and after converting from aspherical surfaces to freeform surfaces, a mathematical conversion scheme is derived.
By applying it to the design example, the methodology is shown to be effective in the case of an optical system with
a large number of aspherical/freeform surfaces. Additionally, custom freeform analysis tools are developed for
quantitative analysis and visualization of the critical characteristics of optical performance, namely, a 2D lateral
color field map, 2D relative illumination field map, 2D spot radius field map, and 2D average modulation trans-
fer function (MTF) field map. Compared to classical all-aspherical design, simulation results show that freeform
design has the capability to reduce distortion, and other performances such as relative illumination, spot size, and
MTF can also be improved, even though there are some compromises on the peripheral FoV. The design approach
will have potential important research and application values for lens systems utilized in miniature camera lenses,
especially the wide FoV capability. © 2022 Optica Publishing Group

https://doi.org/10.1364/A0.456127

1. INTRODUCTION

A wide-angle camera lens is the most prominent component for

processing. Therefore, designing a wide-angle lens with less
distortion or no distortion is more straightforward.

A wide FoV with a compact structure for the capsule endo-
scope application was proposed [5]. However, because of the
wide FoV, the television (TV) distortion, which was —28%,
was difficult to correct, since even aspheric surfaces were imple-
mented. A dual view capsule endoscopic lens was introduced
[6], and due to the characteristics of the configuration, the FoV
for the front view was able to reach 90°, while the FoV for the
back view was 260°-290°. The distortion was considerably
large. Combining with freeform optics, methods such as the use
of partial differential equations [7] or simultaneous multiple
surfaces [8,9] enable the initial surface to be obtained, and then
optimization was further carried out to improve image quality.
Using these methods, a wide-angle lens with low distortion

myriad applications ranging from civilian use to military use,
from surveillance to entertainment, and from medical imaging
applications to engineering applications. Wide-angle camera
lenses yield a larger field of view (FoV), but they also introduce
undesirable effects owing to lens optics, such as non-uniform
illumination and distortion. These distortions can stretch,
squish, or skew objects and make them difficult to recognize
or to look unnatural to observers. Therefore, a wide-angle
camera with little or no distortion is preferred by users with the
emergence of technologies and applications.

One of the most prevalent methods of lens distortion cor-
rection is using image processing [1-3], since one of the main

functions is to accurately correct the distortion in a wide-angle
camera system. However, the distortion should be interpreted
as accurate as possible through the calibration procedure, aim-
ing to avoid huge deviation between measurement results and
real resules. In addition, the camera parameters have notable
influence on the results of the calibration process. A real-time
implementation of distortion correction presents several prob-
lems and constraints [4]. Limitations arise in the case of image
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can be obtained [10-12]. Miniature camera lenses can be both
lightweight and compact, using one or two S-shaped aspheric
elements that have different curvature directions from the center
of the surface to the peripheral surface to act as a field flattener
so that a flat sensor can be utilized. A pedal surface polynomial
to model an S-shaped surface in miniature camera lenses was
introduced [13-15]. The pedal freeform lens shows better
nominal optical performance across the full field. However, a
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least-squares fitting algorithm should be implemented to elimi-
nate the deviation between an aspheric surface and pedal-based
freeform surface. The overall optical system was set to be sym-
metrical with respect to the optical axis. Nevertheless, distortion
was inevitable.

The theory and development of freeform optics in imaging
applications have been reported in the literature [16]. However,
reports of the expense of miniature camera lenses using freeform
optics are scarce. In this paper, we introduce a considerable
improvement in image performance in wide-angle lenses where
the S-shaped surfaces are modeled as freeform surfaces. To the
best of our knowledge, this is the first time introducing the
mathematical conversion scheme between aspheric and free-
form surfaces without sacrificing optical performance. Aspheric
surfaces in conjunction with freeform surfaces are utilized to
realize a low-distortion characteristic. The reasons for selecting
the desired freeform surface description, design approach, and
strategy of a freeform wide-angle camera lens are detailed. The
design procedures of the starting point, all-aspherical design, as
well as freeform design are demonstrated. Analysis tools using
the field map feature are developed to visualize performances for
non-symmetric systems. We envision that the research content
presented in this paper may inspire researchers to pursue other
analysis tools for non-symmetrical optical systems. Moreover,
we elaborate the penalty of using freeform surfaces compared to
traditional all-aspherical design, which has never been discussed
in the literature. The study of the allowance of freeform surfaces
could provide some references for other freeform techniques.

2. DESIGN METHODOLOGY
A. Choice of Freeform Surface Type

Freeform optics is becoming more mature because of improve-
ments in manufacturing processes and functionalities. The
earliest launching point of freeform optics in imaging optics
was anamorphic optics, which combined spherical, aspherical,
and toroidal surfaces. However, the toroidal surface cannot
offer higher degrees of freedom for imaging system design due
to the different contributions of optical power along orthogo-
nal axes. With the rapid development of optical metrology
technologies for freeform optics, it naturally gives rise to a
new definition of freeform optics. Mathematically, freeform
surfaces can be categorized as orthogonal polynomials such as
Zernike polynomials and Q-polynomials, and non-orthogonal
functions such as xy polynomials, radial basis functions, and
non-uniform rational B-splines (NURBS) [16,17]. However,
most manufactures are unable to fabricate such types of lenses
due to the uncommon surface description. Examples for such
complex freeform surface descriptions include: Q-type aspheric,
spline surface, @-polynomial surface, radial basis functions, and
NURBS. They must convert to a standard representation to
reduce surface complexity and maintain performance. However,
the degradation of optical performances is inevitable because of
the inaccuracy of the fitting algorithm. Thus, it is very impor-
tant to select a suitable freeform method for freeform surface
representation. Historically, Zernike and xy polynomials have
certainly been the most extensively used for characterizing
optical freeform surfaces in a variety of applications. A critical

aspect of Zernike terms is that they demonstrate a direct con-
nection to optical aberrations; thus, Zernike polynomials are
widely adopted in optical fabrication and testing. With the rapid
developments in manufacturing freeform surfaces as well as
in freeform optics metrology to accurately measure freeform
optics, the xy polynomial, which affords abundant degrees of
freedom and has the capability of aberration correction, is an
appealing solution to represent freeform surfaces in a standard
format.

B. Utilization of Freeform Surface

The design process of the freeform-based wide-angle camera
lens mainly consists of the following six steps.

(1) Assessment of the design specifications, including total
track length (TTL), FoV, f-number, relative illumination
(RI), lateral color, and distortion.

(2) Determination of the starting point in accordance with the
design requirement.

(3) Optimization of the rotationally symmetrical system. In
the initial stage, as illustrated in Fig. 1(a), the half-FoV has
to be sampled and optimized in the radial direction in a
rotationally symmetric optical system. It is important to
make the performance meet the design demand as much as
possible at this stage.

(4) Due to the symmetry about the XOZ and YOZ planes, a
quarter of the full FoV should be sampled in a rectangular
grid. Figure 1(b) demonstrates the field sampling strategy
during this stage of optimization. Most distortion-free
optical systems are described by f-tan(theta) distortion.
The mapping between object space and image space can be
builtand given as follows:

x' = f, tan(6,),
{y’: fy tan(8,), (1)

where f, and f, represent the effective focal length in the
XOZ and YOZ planes, respectively; the FoV and corre-
sponding image height can be described as (6, 6,) and
(x', y"), respectively.

(5) After the first step of optimization, an optimal surface is
selected and converts the surface type to an xy-polynomial
surface from an aspheric surface for further optimization,
aiming to obtain a distortion-free wide-angle camera
lens. The sag z of the xy-polynomial freeform surface is
mathematically represented by
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Fig. 1. (a) Sampled fields in the radial direction in a rotationally
symmetric system; (b) sampled rectangular fields in a non-rotational
symmetric system.
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where ¢ is the vertex curvature, £ is the conic constant, and
C; is the coefficient of polynomial x™”y”(m >0, n > 0).
Owing to the symmetry about the XOZ and YOZ planes,
the coefficients of the odd terms of x and y in Eq. (2) are
zeros. It is worth pointing out that there does not exist a
method for direct conversion to an xy-polynomial free-
form surface from an aspherical surface, in particular, due to
the even aspherical coefficients being up to the 10th order.
A fitting algorithm could be implemented. However, high
precision is advocated to minimize the deviation before
and after conversion. In the design conception described
here, the aspheric type is converted to the x y type through a
mathematical scheme aiming to avoid significant deviation
produced by the xy-polynomial freeform surface type. The
aspheric type can be expressed as

L‘rl

Z) = + Arf+ Bro+ ..+ Ir?,
U TN gy § iy 3 s

(3)
where z is sag; £ is the conic constant; ¢ is the curvature of

the refracting surface; » = \/x? + y? is the height above the

optical axis;and A, B, ..., [ are the coefficients of the even

aspheric equation. It is essential to interpret the relationship
between an even polynomial and a monomial polynomial
to convert the even aspheric equation to a monomial equa-
tion. Considering the binomial distribution formula, the
height of the optical surface can be expressed using Pascal’s
triangle, as given in Eq. (4):

72n — (xZ +}/2)” — COxZ*nyZ*O + CIxZ*(nfl)yZ*l
4o+ Cn_le*lyZ*(n—l) + Cnx2*0),2*n’ (4)

where n=2,3,...,10. The numbers of
Co, Cy,...,C,_q, C, are from the (n-+ 1)st row of
Pascal’s triangle.

Combining Eq. (3) with Eq. (4), each term is a polynomial
in the expansion of (x? + y?)”. Compared with Eq. (2),
the coefficients of the xy polynomial can be obtained. By
doing so, the even aspheric surface can be converted to
an xy-polynomial surface more easily without sacrificing
optical performance.

(6) Analysis of system performance.

3. STARTING POINT SELECTION AND
PERFORMANCE EVALUATION

In this section, the development of a wide-angle camera
design using all-aspherical surfaces and a compact architec-
ture optimized with aspheric surfaces in combination with
freeform surfaces will be discussed and demonstrated.
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Fig.2. Optical layout of the starting point.

A. Starting Point Selection for Optimization

Selecting a potential starting point for the design is very critical
as it reduces the dependence on advanced design skills consid-
erably. Based on the requirements of the physical constraint
to form a slim structure and stringent design requirements of
a large FoV, high resolution, and low f-number, a 5P con-
struction was selected as a starting point. The starting pointis a
mobile-based camera lens of 103° full FoV, 3.62 mm TTL, and
f/2.4 [18]. The goal is to maintain the exact same main char-
acteristics (FoV and f-number) while increasing the footprint,
ensuring the miniaturization and improvement of optical per-
formance. The established starting point, as shown in Fig. 2, has
five aspherical optical elements, with the first and fifth elements
concave close to the axis and convex off-axis, the second and
fourth elements with negative power, and the third element with
positive optical power. The aperture stop is located between
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Fig. 3. Layout of the wide-angle camera lens benchmark design
with all-aspherical surfaces.
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Fig.4. Layout of freeform design of the optical ray paths along (a) ¥ O Z and (b) X O Z planes.

Table 1. Target Design Specifications and Sensor
Parameters for All-Aspherical Design and Freeform
Design

Main Parameters of the Selected

Target Design Specifications Sensor

Parameters Values Parameters Values

TTL 3.19 mm Sensor size 1/4.4"

Diagonal FoV 103° Active area of 3322.37 pm x

sensor 2499.84 um

F-number 2.4 Resolution 3264 x 2448
(pixels)

Back focallength  >0.6 mm Pixel size 1.008 um

the second and third lenses, which satisfies the most beneficial
conditions for low distortion of the wide-angle camera lens.

B. All-Aspherical Design versus Freeform Design

To fully explore the superiority of freeform optics over aspherical
surfaces, it is necessary to design the wide-angle lens with only
aspherical surfaces. The optimization of the starting point is
conducted in Zemax-OpticsStudio design software. The final
version of the new architecture with only aspherical surfaces is
shown in Fig. 3. The surface profile for the first surface of the
first element is converted to concave from an S-shaped profile
to ensure the wide-angle feature of the wide-angle camera lens.
As is well known, transverse reduces as the number of aspheric
coefhicients increase. Thus, the even aspheric surface with 20th
order terms at the last element was considered. Table 1 summa-
rizes the target design specifications and the main parameters of
the sensor for the system.

The all-aspherical design will be used as a benchmark com-
parison for the purpose of emphasizing the variation between
this and the freeform design. The next step of the adjustment for
all-aspherical design is the combination of the freeform surface.
Therefore, it is essential to select a suitable freeform surface for
the wide-angle camera lens. We chose the last element as the
freeform element because the proximity of the image plane helps
to keep other aberrations in check after the freeform surfaces
are applied. Therefore, the second surface of the fifth element
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Fig. 5. Freeform surface profile along different directions. (a) First

surface of the fifth element and (b) second surface of the fifth element
in Fig. 4.

is converted to xy-polynomial type from the even aspheric sur-
face, and asymmetric coefficients up to the 230th order are used
asvariables. Itis important to remark that this value corresponds
to the 20th order term of the even aspheric surface. To further
improve the image quality to a high level to reach acceptance
criteria, we also convert the aspheric-type surface to the xy-type
surface at the first surface of the fifth element. Use of freeform
surfaces in succession allows better system performances and
specifications to be realized, and also allows optical systems with
low cost to be offered. The architecture of the final freeform
design is shown in Fig. 4. The cross-sectional profiles of the
freeform lens are shown in Fig. 5. As demonstrated in this figure,
the freeform surface profiles are not clearly distinguished in the
central region, but deviation of the surface profiles occurs on
the peripherical field. In terms of optics manufacturing and
testing, the manufacturability and cost are the main concerns
for designers during the design process. To reduce the cost and
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Fig.6. Distortion grid of (a) all-aspherical design and (b) freeform design.
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Fig.7. 2D lateral color field maps of the (a) all-aspherical design and (b) freeform design.

difficulty in manufacturing and assembling, only two freeform
surfaces are utilized in this design example.

One of the most promising techniques of freeform optics is
its capability to correct distortion compared to non-freeform
designs. The standard for mobile imaging architecture TV
(SMIA-TV) distortion is used to assess image deformation,
which is given by [19]

/

SMIA TV distortion (%) = W

x 100, (5)
where / stands for half-height in the center, and /' represents
half-height in the image corner. The optical distortion for all-
aspherical design is given in Fig. 6(a). TV distortion is about
6.7%. Distortion for the freeform design has been corrected
to be less than 2%, as illustrated in Fig. 6(b). Distortion can be
negligible or easily corrected using image processing. Therefore,
the design using aspherical surfaces combining freeform surfaces
could greatly decrease distortion.

Current camera lenses require that the lateral color must be
within two times the size of a pixel. A minor drawback of the
optical design software is that it does not have 2D image quality
analysis tools. Because optical design software has a built-in
macro that extends standard program capabilities, we create
our freeform diagnostic tools to facilitate system optimization.
Following Eq. (6), the 2D lateral color is calculated by the abso-
lute difference of the chief ray between maximum image height
and minimum image height from the short wavelength to the
long wavelength:

Ay =G —x)* 4+ G + 907 (6)

2.0

Freeform design
----- All-aspherical design

Lateral Color/um

-18 9 0 9 18
Horizontal FoV/degree

Fig.8. Horizontal cross section through the 2D lateral color distri-
bution along y = 0° in Fig. 7.

where (x;, y5) and (x;, y;) represent the locations of the chief
rays of short and long wavelengths at the image plane, respec-
tively. As shown in Fig. 7(a), the 2D lateral color field map for an
all-aspherical design that demonstrates a rotationally symmetric
design is far below 2 um. The maximum departure of 1.68 um
islocated at 41° half-FoV. Figure 7(b) shows the 2D lateral color
field map for freeform design. The field map has lost certain
symmetry over the full FoV because of the on-symmetric optical
system. The maximum departure of lateral color is 3.54 pm,
which is located in the corner field. The cross sections of lateral
color distribution for y = 0° for the all-aspherical design and
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Fig.9. Relative illumination distribution of the (a) all-aspherical design and (b) freeform design in image sensor.
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Fig.10. Rlasafunction of horizontal FoV in Fig. 9.

freeform design are shown in Fig. 8. The results show that the
lateral color from 0.0 field to 0.8 field is less than 2.0 pm. In
comparison to the all-aspherical design, the distortion correc-
tion causes a slightly worse lateral color for freeform design;
however, itisstill atan acceptable value.

The 2D Rl distributions for the all-aspherical design and free-
form design are depicted in Fig. 9. It can be observed that the RI
of the freeform design likewise shows symmetrical distribution.
As shown in Fig. 9(b), the Rl in the corner FoV is lower than the

Vertical FoV/ *

40 30 20 -10 0 10 20 30 40
Horizontal FoV/

Fig. 11.

Vertical FoV/ *

RI of the all-aspherical design shown in Fig. 9(a). Figure 10 gives
the RI along the y = 0°. The RI value for all-aspherical design,
represented by a red dashed line, is over 24.2%, while the RI
value for freeform design, denoted by a blue solid line, is over
27.1%. Therefore, distortion correction comes with the penalty
of decreased Rl in the case of the freeform design.

To evaluate the superposition of primary and third-order
aberrations, the root mean square (RMS) spot radius with
respect to the chief ray is used as a criterion for assessing the
image quality over the full FoV. 2D RMS spot radius field maps
are shown in Fig. 11. As we can see in Fig. 11(a), the RMS spot
radius of the all-aspherical design is considerably small, while
the maximum field has an RMS spot radius of 1.63 um. In the
case of the freeform design shown in Fig. 11(b), the maximum
spot radius appears in the corner field (about 2.32 pum). Also, the
non-symmetrical distribution can be clearly observed.

The average modulation transfer function (MTF), which is
given by the average value of sagittal and tangential values, is
chosen to evaluate the overall image sharpness. As illustrated
in Fig. 12, the average MTF is mapped across the full field at
120 lp/mm spatial frequency. In Fig. 12(b), the freeform design
has an appearance non-symmetrical distribution of average
MTE The average MTF values along y = 0° in Fig. 12 are given
inFig. 13. Asshown in this figure, there isa dramatic fall in terms
of average MTF of the all-aspherical design because of the con-
straints of TTL that lead to a sharp decrease in tangential MTE
The MTF of the freeform design declines steadily, depicting that

40 30 20 -10 0 10 20 30 40
Horizontal FoV/

2D spot radius field maps for the (a) all-aspherical design and (b) freeform design.
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Fig.12.  Field maps of average MTF for (a) all-aspherical design and (b) freeform design.
080 Table 2. Cumulative Probability Obtained from Monte
Carlo Simulation
075}
90%  80% 50% 20% 10%
0.70 | All-aspherical design ~ 0.418 0.459 0.523  0.568  0.585
- Freeform design 0.441 0.487 0552 0.594 0.612
S osest
o0
= Table 3. Comparison of Performance between
060 ; - All-Aspherical Design and Freeform Design
reeform qes:gn )
055 L - = = = All-aspherical design All—Aspherical Freeform
Items Design Design
0.5 55 -4;0 :;0 2'0 1‘0 (') 1'0 2'0 3‘0 4'0 % Number of aspheric surfaces 10 8
i has H- o ontal Fov Number of freeform surfaces 0 2
orizontal FoVideg Effective focal length 1.74 mm 1.80 mm
Fig. 13. Horizontal cross section through the average MTF distri- TTL 3.19 mm 3.19 mm
bution along y = 0° in Fig. 12. F-number 2.43 2.44
Diagonal FoV 102.7° 109°
freeform surfaces play a significant role in reducing the diver- IVd;Sltorlnon feld _656.7% _10‘9%
gence between tangential MTF and sagittal MTE However, the ateral color 0.7 e 0.66 pm 0.90 j1m
. . 1.0 field 1.52 um 3.54 um
example of all-aspherical design shows better performance at the
. S RI 0.7 field 34.9% 38.2%
edge field. Therefore, distortion tends to reduce at the expense
. 1.0 field 20% 16%
of MTF performance at the edge field in the case of freeform Tangential MTE 0.7 field 44.4% 52.4%
dCSIg“; ) ) at 120 Ip/mm 1.0 field 31.5% 20.2%
To investigate the Penalty of the as—bu}lt performance of Sagittal MTF at 0.7 field 68% 72.8%
both all-aspherical design and freeform design, a Monte Carlo 120 Ip/mm 1.0 field 64.4% 45.6%

sensitivity analysis is conducted. Both systems are individu-
ally perturbed with each tolerance. The tolerance values in
Ref. [15] are used to conduct tolerance analysis. Because the
non-rotational symmetric surface is applied in the freeform
design, its tolerance analysis is more complex compared to
the all-aspherical design. The alpha/beta/gamma tilt and x/y
displacement of the freeform element of the freeform design
are taken into account. We selected average diffraction MTF at
120 Ip/mm as the performance metric. The back focal length
is defined as a compensator, and 500 Monte Carlo runs were
performed. Table 2 lists the analysis results of the probable
average diffraction MTF with different cumulative probabili-
ties. As shown in Table 2, the freeform design has higher MTF
values than all-aspherical design. According to the tolerance
errors, the sensitive tolerances are listed in order: fringe irregu-
larity (namely, the fringes are formed from the comparison of
the test surface to the reference surface) at the first surface of

lens 3, thickness at lens 4, and surface decenter at the first surface
oflens 2. Itis apparent that the freeform element is insensitive in
terms of tilt and decenter tolerances.

C. Comparison

It is necessary to understand whether using even aspheric
surfaces combining freeform surfaces will help enhance
performance. For the purpose of highlighting differences, a
quantitative comparison of both design cases utilizing all even
aspheric surfaces and aspheric surfaces in combination with
freeform surfaces are summarized in Table 3. The freeform
design demonstrated the ability of correcting distortion and
obtaining a larger FoV. Moreover, the freeform design can also
offer higher RI and MTF in the 0.7 field, while the freeform

design presented does not appreciably increase the lateral color
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in the 0.7 field. Results show, however, that the freeform design
also experiences further deterioration in terms of lateral color,
RI, and MTF at the peripheral field. We can thus conclude that
distortion, R, lateral color, and MTF are mutually restricted
parameters. The benefit of having freeform surfaces is signifi-
cant and noticeable. However, it cannot appreciably improve
the specified performance without a penalty on other perfor-
mances; for example, the cost and complexity of manufacturing
freeform lenses as well as alignment are greatly intensified.

4. CONCLUSION

In this work, we presented a wide-angle camera lens with less dis-
tortion by employing the combination of even aspheric surfaces
and freeform surfaces. A freeform surface description to opti-
mally design a wide-angle camera lens was detailed, and then a
more accurate aspherical/freeform surface conversion scheme
was introduced. We verified the effectiveness of the proposed
method and developed freeform diagnostic tools. Compared
with traditional wide-angle camera lens design using even
aspheric surfaces, where it is challenging to correct distortion,
freeform surfaces offer a noticeable benefit in distortion correc-
tion over a rectangular field, and without rotational symmetry
of the field, it is more efficient to correct distortion by breaking
the rotational symmetry of the last two optical surfaces. One
cannot gain much from using freeform surfaces in centered lens
design with a rotationally symmetric circular field. We provide
deeper insight in image quality in the case of a non-rotationally
symmetric system. We strongly believe that the research content
presented here could promote utilization of freeform surfaces in
wide-angle camera lenses and provide some references for other
freeform techniques and optimum design of freeform optics.

Disclosures. Theauthors declare no conflicts of interest.

Data availability. Data underlying the results presented in this paper are
not publicly available at this time but may be obtained from the authors upon
reasonable request.
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