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There are many kinds of optical systems to widen a field of view. Fisheye lenses with view angles 
of 180 degrees and omni-directional systems with the view angles of 360 degrees are recognized as proper 
systems to widen a field of view. In this study, we proposed a new optical system to overcome drawbacks 
of conventional omni-directional systems such as a limited field of view in the central area and difficulties 
in manufacturing. Thus we can eliminate the undesirable reflection components of the omni-directional 
system and solve the primary drawback of the conventional system. Finally, tolerance analysis using 
Zernike polynomial coefficients was performed to confirm the productivity of the new optical system. 
Furthermore, we established a method of optical axis alignment and compensation schemes for the proposed 
optical system as a result of tolerance analysis. In a sensitivity calculation, we investigated performance 
degradation due to manufacturing error using Code V® macro function. Consequently, we suggested 
compensation schemes using a lens group decentering. This paper gives a good guidance for the optical 
design and tolerance analysis including the compensation method in the extremely wide angle system.
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I. INTRODUCTION

Since the early of 20th century, many designs have been 
suggested with the intention of widening a camera’s field 
of view. Fisheye lenses and omni-directional optical systems 
are among the proposed designs. A fisheye lens system 
was first proposed by Robert W. Wood at 1911 in the book 
of Physical Optics [1]. There are two kinds of fisheye lens; 
1) a circular image type of fisheye lens which creates 
circular images and 2) a full frame type of fisheye lens 
which has image at the edges of the square sensors with a 
180-degree field of view [2]. Fisheye lenses have usually 
been used outdoors to observe the horizon, the night sky, 
and the landscape. Of course it can be used indoors to 
create photo images with wide optical field of view or 
humorously distorted pictures.

The omni-directional optical system was first proposed 
by Rees in 1970 in a United States Patent that would use 

a hyperbolic mirror to capture images [3]. An omni-directional 
camera has a horizontal field of view of 360 degree and a 
wide field in the vertical plane as well. It has already been 
adopted for many applications, including security, surveillance, 
visual navigation, tracking, localization, teleconferencing, 
and camera-networking [4]. For the omni-directional optical 
system, two main methods have been proposed: 1) a mechanical 
approach, and 2) an optical approach. The mechanical approach 
uses several lenses in the horizontal direction or rotates the 
lenses to obtain a 360-degree horizontal field of view. 
This method is a straightforward but also has a drawback 
of real-time imaging and alignment among the multiple lenses 
[5]. Another method in optical approach is a catadioptric 
system, which uses parabolic, hyperbolic, or elliptical mirrors. 
However, only donut-shaped images can be obtained since 
the catadioptric system has central obscuration due to its 
use of multiple mirrors.

The goal of both omni-directional and fisheye lens systems 
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TABLE 1. Distortion mapping function

Stereographic 
(conform)

Equidistant 
(linear scaled)

Equisolid angle 
(equal area) Orthographic:

Y = 2f tan(θ /2) Y = f·θ Y = 2f sin(θ /2) Y = f sinθ

FIG. 1. Graph of relationship between the field of view and 
frame size for a given focal length lens [9].

is to obtain a panoramic field of view, but each system 
has only a fixed field of view and cannot incorporate the 
other system’s advantages, so each has a limited usage range. 
In the case of an optical system that could obtain not only 
a 360-degree field of view horizontally, but also a 180-degree 
field of view along the front angle by changing the field of 
view for each purpose, we would expect a wider range of 
use because a varifocal system has multi-configuration of 
view field [6, 7]. For example, the user could take a 
picture of a wide landscape in front of the optical system 
with a fisheye lens configuration. In the case of shooting 
surrounding scenery like panoramic photos, an omni-directional 
configuration can capture a 360-degree image in the horizontal 
direction. Each configuration can be converted easily, if 
necessary. 

II. OPTICAL DESIGN

2.1. Distortion Mapping and Design Concept
Distortion is a decisive factor to determine the field of 

view in an optical system with a wide field of view. If we 
suppose that the field of view is related to only Y = f·tanθ , 
we cannot imagine a fisheye lens system with a view angle of 
180 degrees since the image height would be infinite. 
However, considering the distortion, we can create the desired 
optical system with an angle of view of 180 degrees by 
considering the distortion. Distortion is an aberration that 
changes the magnification and field of view but does not 
affect the resolution or image quality [8]. The expression 
for distortion is :

Distortion(%) = (real image height - paraxial image 
               height) / paraxial image height (1)

In other words, we can obtain an optical system with 
finite image height even though it has a field of view of 
more than 180 degrees due to distortion.

In an optical system with a field of view of 180 degrees 
or more, we can obtain a relationship between distortion 
and image height by using the distortion mapping. There 
are four kinds of mapping functions, as shown in Table 1. 
We can calculate the field of view and image height with 
each mapping function. In the case of a fisheye lens, 
which has a 180-degree field of view, we can obtain the 
graph shown in Fig. 1 [9]. In the graph for the case of an 
optical system that obeys Y = f·tanθ  without distortion, 
the system “A” shows that image height diverges to infinity 
as the field of view widens. In contrast, the systems “B” 

(stereographic), “C” (equidistance), “D” (equisolid angle), and 
“E” (orthogonal) converge to finite image height even in 
the case of a 180-degree field of view.

The most common mapping functions are the equidistance 
and equisolid-angle types. We applied the equisolid-angle 
mapping function to design the omni-directional fisheye 
varifocal lens system. For this purpose, it is necessary to 
decide the FOV (field of view) and IH (image height) in 
advance. Based on the calculation results, we can determine 
the respective focal lengths for the omni-directional configuration 
and the fisheye configuration, separately.

We want to describe the concept of the omni-directional 
fisheye varifocal optical system. Even though the newly-
proposed system combines the existing fisheye and omni-
directional optical systems, it has a broader range of use 
and can solve the drawbacks of catadioptric omni-directional 
systems. A conventional catadioptric system has multiple 
reflective surfaces to obtain an image of the direction orthogonal 
to the optical axis. Instead, we suggest a system like that 
shown in Fig. 2, which has a FOV of more than 180 
degrees without reflective surfaces so it can form an the 
image of the direction orthogonal to the optical axis. Therefore, 
it is possible to obtain a 360-degree horizontal image, as 
well as a complete front image, whereas a conventional 
catadioptric system has central obscuration due to its mirrors. 
Furthermore, we can reduce the manufacturing difficulties 



Journal of the Optical Society of Korea, Vol. 18, No. 6, December 2014722

FIG. 2. The image format and field of view for the omni-direc-
tional and the fisheye optical concept.

FIG. 3. Image height against FOV at the omni-directional and 
fisheye configurations.

TABLE 2. Design specification

Omni-directional Fisheye Note
Focal length 5.2 mm 10.0 mm

Image height 7.9 mm 
(semi)

14.25 mm 
(semi) APS-C

Angle of view 210° 180°
Relative illumination 50% 30%

Image format circular diagonal
FNO 3.5 4.3

Distortion -142% -100% Equisolid
MTF @ 20l ps/mm 60% (0field) / 35% (0.8F) low freq.
MTF @ 40l ps/mm 40% (0field) / 20% (0.8F) high freq.

FIG. 4. Optical layouts for the omni-directional and fisheye 
varifocal lens.

FIG. 5. Modulation Transfer Function (MTF) of the omni-direc-
tional and fisheye varifocal lens.

in the mirror system.
To realize the proposed design, we made a full frame 

type of fisheye configuration with a 180-degree field of view 
diagonally across a square sensor, and a circular type of omni-
directional configuration with a 210-degree field of view 
vertically across a square sensor. There are notable differences 
between the fisheye configuration and the omni-directional 
configuration in terms of image format. The fisheye configuration 
has a rectangular image while the omni-directional configuration 
has a circular image. We will generate rectangular images 

in fisheye configuration because a full frame type imaging 
is the most common and efficient method when using a 
full sensor. In contrast, we will create circular images in omni-
directional configuration because we can obtain a 360-degree 
field of view orthogonally to the optical axis for the image 
rectification [10]. The image format and field of view are 
shown in Fig. 2.

Using the mapping function of equisolid angle type, we 
can get the result of calculation that can show the relation-
ship between image height and field of view, as shown in 
Fig. 3 and Table 2. In addition, the design specifications 
are summarized in Table 2.

2.2. Design Result
The omni-directional and fisheye varifocal system is 

shown in Fig. 4, based on the design points mentioned above. 
It is composed of 12 spherical lenses, and divided into two 
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FIG. 6. Relative illumination of omni-directional and fisheye 
varifocal lens.

FIG. 7. Distortion of omni-directional and fisheye varifocal 
lens.

main groups: a front group and a rear group. The front 
group has strong negative power for wide field of view 
from 180 to 210 degrees. Field of view more than 180 
degrees enables the system to obtain a 360-degree image 
of the direction orthogonal to the optical axis. In contrast, 
the rear group has positive power. When the rear group 
moves toward the object side while changing focal length, 
the field of view and image size (format) are changed. The 
fisheye configuration has a 180-degree FOV and produces a 
full frame type image. On the other hand, the omni-directional 
configuration has a 210-degree FOV and produces a circular 
type image. A 210-degree FOV and circular image type 
are necessary for a 360-degree image of the direction orthogonal 
to the optical axis.

Furthermore, the front group (negative power) is fixed, 
while the rear group (positive power) moves towards the 
object side to change the field of view. To adjust the position 
of the image surface according to the object distance (auto 
focusing) the last lens in the front group moves towards 
the front or the rear. 

 In optical performance criteria such as MTF, the results 
meet all design requirements. In particular, the omni-directional 
configuration demonstrates better optical performance than 
does the fisheye configuration, since the full field (the highest 
image height) matches the vertical image in the omni-directional 
configuration. The full field of the omni-directional configuration 
is necessary to have better performance than the fisheye 
configuration does.

Relative illumination of the omnidirectional configuration 
also must be higher than for the fisheye configuration, since 
the full field of the omni-directional configuration matches 
the vertical field of the image after image rectification. Thus, 
we required the relative illumination to be more than 50 
percent at the omnidirectional configuration. The actual design 
resulted in the relative illumination of 63.8 percent at 
omni-directional configuration and the relative illumination 
of 46.8 percent at fisheye configuration. In addition, the 
slope of the relative illumination graph is important for 
manufacturing. Our graph shows a gentle slope, demonstrating 
that we can prevent rapid decrease of illumination at the 
edges of the image.

Figure 7 shows the same distortion as was previously 
calculated from the distortion mapping function.

Based on the actual design results, it is confirmed 
that our design achieved all required specifications including 
field of view, resolution, relative illumination and distortion.

III. TOLERANCE ANALYSIS

3.1. Zernike Polynomial Coefficients
The MTF (Module Transfer Function) and wavefront error 

are the main optical performance evaluation parameters. 
MTF is the most common performance indicator in optical 
design, so we have extensive data and experience for MTF 
criteria. Unfortunately, MTF cannot be used in sensitivity 
analysis. Sensitivity analysis is the study of how performance 
changes due to inconsistencies in the manufacturing process 
(such as radius, thickness, tilt, decenter, etc.). Thus, sensitivity 
is a way to predict the actual product performance. However, 
MTF is not linearly related to sensitivity. This is why we 
cannot use MTF as a sensitivity parameter. Instead, wavefront 
error is the most useful parameter for sensitivity analysis 
[11]. The amount of wavefront error can be represented by 
PV (Peak to Valley) and RMS (Root Mean Square). It can 
also be represented by Zernike polynomials. Radial polynomials 
are combined with sines and cosines rather than with a 
complex exponential. The final Zernike polynomial series 
for the wavefront OPD, ΔW can be written as eq. (2) 
[12].

(2)
     ･

where   is the mean wavefront OPD, and An, Bnm, and 
Cnm are individual polynomial coefficients. For a symmetrical 
optical system, the wave aberrations are symmetrical about 
the tangential plane and only even functions of θ  are allowed 
[12]. Table 3 shows a list of 36 Zernike polynomials including 
the constant term. 

The first-order wavefront properties and third-order wavefront 
aberration coefficients can be obtained from the Zernike 
polynomials coefficients. Using the first nine Zernike terms, 
Z0 to Z8, as shown in Table 4, the wavefront can be 
written as eq. (3) [12].
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TABLE 3. Zernike polynomials and RMS wavefront 
conversion ratio [12, 13]

n m NO Polynomial RMS

1 33 (126ρ 8-280ρ 6+210ρ 4-60ρ 2+5)ρ cosθ ' 


34 (126ρ 8-280ρ 6+210ρ 4-60ρ 2+5)ρ sinθ ' 


0 35 252ρ 10-630ρ 8+560ρ 6-210ρ 4+30ρ 2-1 


6 0 36 924ρ 12-2772ρ 10+3150ρ 8-1680ρ 6+420
ρ 4-42ρ 2+1 



TABLE 4. Aberration corresponding to the first nine 
Zernike terms [11, 12]

Zernike term sensitivity term Aberration type
Z0 C1 Piston(constant)
Z1 C2 Distortion - tilt (x-axis)
Z2 C3 Distortion - tilt (y-axis)
Z3 C4 Defocus - Field curvature
Z4 C5 Astigmatism, (axis at 0º or 90º)
Z5 C6 Astigmatism, (axis at ± 45º)
Z6 C7 Coma, (x-axis)
Z7 C8 Coma, (y-axis)
Z8 C9 Spherical aberration

TABLE 3. Zernike polynomials and RMS wavefront 
conversion ratio [12, 13] (Continued)

n m NO Polynomial RMS
0 0 0 1 1
1 1 1 ρ cosθ ' 



2 ρ cosθ ' 


0 3 2ρ 2-1 



2 2 4 ρ 2cos2θ ' 



5 ρ 2sin2θ ' 



1 6 (3ρ 2-2)ρ cosθ ' 



7 (3ρ 2-2)ρ sinθ ' 



0 8 6ρ 4-6ρ 2+1 



3 3 9 ρ 3cos3θ ' 



10 ρ 3sin3θ ' 



2 11 (4ρ 2-3)ρ 2cos2θ ' 



12 (4ρ 2-3)ρ 2sin2θ ' 



1 13 (10ρ 4-12ρ 2+3)ρ cosθ ' 



14 (10ρ 4-12ρ 2+3)ρ sinθ ' 



0 15 20ρ 6-30ρ 4+12ρ 2-1 



4 4 16 ρ 4cos4θ ' 



17 ρ 4sin4θ ' 



3 18 (5ρ 2-4)ρ 3cos3θ ' 



19 (5ρ 2-4)ρ 3sin3θ ' 



2 20 (15ρ 4-20ρ 2+6)ρ 2cos2θ ' 



21 (15ρ 4-20ρ 2+6)ρ 2sin2θ ' 



1 22 (35ρ 6-60ρ 4+30ρ 2-4)cosθ ' 


23 (35ρ 6-60ρ 4+30ρ 2-4)ρ sinθ ' 


0 24 70ρ 8-140ρ 6+90ρ 4-20ρ 2+1 


5 5 25 ρ 5cos5θ ' 



26 ρ 5sin5θ ' 



4 27 (6ρ 2-5)ρ 4cos4θ ' 



28 (6ρ 2-5)ρ 4sin4θ ' 



3 29 (21ρ 4-30ρ 2+10)ρ 3cos3θ ' 


30 (21ρ 4-30ρ 2+10)ρ 3sin3θ ' 


2 31 (56ρ 6-105ρ 4+60ρ 2-10)ρ 2cos2θ ' 


32 (56ρ 6-105ρ 4+60ρ 2-10)ρ 2sin2θ ' 


(3)

3.2. Sensitivity Calculation
Zernike coefficients are linearly related to small manu-

facturing errors [11]. Using this property, we can define the 
sensitivity coefficient. The Zernike coefficient displacement 
ΔCi for a small displacement (error) ΔLj can be represented 
as eq. (4) [11]

(4)

where sensitivity Sij is 
 .

If we calculate the sensitivity for all kinds of displacement 
based on the Zernike coefficients, we can obtain the total 
Zernike coefficient displacement, ΔCi, when random displace-
ments arise. The various manufacturing errors can be divided 
into two major categories: symmetric error and asymmetric 
error. Symmetric error is caused by variations in symmetrical 
factors such as radius, thickness and index and results in 
changes in performance. Symmetric error causes the Zernike 
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(a) (b)

FIG. 8. Sensitivity graph at omni-directional configuration. (a) Surface error (R, T, decenter and tilt) sensitivity, (b) Group error 
(decenter and tilt) sensitivity.

coefficients c4 (defocus) and c9 (spherical aberration) at 
0field but it causes c4 (defocus), c5 (astigmatism), c8 (coma), 
c9 (spherical aberration) at 0.8field. In contrast, asymmetric 
error occurs due to asymmetrical factors, such as tilt and 
decenter. It generates the Zernike coefficient c5 (astigmatism) 
and c8 (coma), as well as c4 (defocus) and c9 (spherical 
aberration) at 0field and 0.8field. In this study, we use 
coefficients c4 through c9, which affect the image quality. 
The piston coefficient (c1) can be eliminated easily with 
proper control, and the distortion coefficient (c2, c3) do 
not affect the image quality. Further, coefficients higher 
than c10 are insignificant [11]. Consequently we use Zernike 

coefficients c4~c9 to analyze the wavefront aberration. The 
correspondence between Zernike coefficient terms and 
aberrations is shown in Table 4.

If we apply sensitivity analysis on the omni-directional 
and fisheye varifocal system, we can obtain the sensitivity 
graphs shown in Fig. 8 and 9. In the graphs, L1 denotes 
the first lens from the object side and L12 denotes the 12th 
lens from the object side. F and B next to the lens number 
signify the front and back surfaces of each lens. Sequentially 
from lens L1 to L12, we determined the manufacturing 
errors in radius, thickness, index, decenter, and tilt for each 
lens surface and calculated c4, c5, c8, and c9 displacements 
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(a) (b)

FIG. 9. Sensitivity graph at fisheye configuration. (a) Surface error (R, T, decenter and tilt) sensitivity, (b) Group error (decenter and 
tilt) sensitivity.

corresponding to these errors. c6 and c7 are excluded because 
displacement is zero in the y axis. Sensitivity was calculated 
separately 0field and 0.8field. In symmetric terms, we found 
that c5 and c8 are not generated in 0field. At the same 
time, we also determined that the radius sensitivity of L1B 
was not significant, even though the radius was so small 
that the lens was similar to a hemisphere. However, the 
radius sensitivity for L6 through L12 in the rear lens group 
was larger than in the front group. This same phenomenon 
appeared in the thickness and index. Furthermore we discovered 
that the rear lens group was more sensitive than the front 
group to asymmetric manufacturing errors, such as decenter 

and tilt. And sensitivity of 0.8field of view is much more 
sensitive than 0field. In 0.8field, decenter and tilt are the 
most sensitive error factors. Overall, the fisheye configuration 
is more sensitive than the omni-directional configuration. Figures 
8 and 9 below show the sensitivity based upon the displace-
ment of Zernike coefficients corresponding to manufacturing 
errors, for both the omni-directional and fisheye configurations. 

3.3. Tolerance Analysis
In this section, we will analyze image quality degradation, 

based on the sensitivities mentioned in Section 3.2. First, 
we can examine errors caused by production. There are two 
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TABLE 5. Calculation result of Zernike coefficient & RMS 
wavefront error at omni-directional configuration (a) Symmetric 
error factors, (b) Asymmetric error factors

　 Zernike coefficient RMS wavefront error(λ)

0.0 
Field

C4 (fldcurv) 0.079 0.046 
C5 (AST_0) 0.000 0.000 

C8 (CMA_Y) 0.000 0.000 
C9 (Sph) 0.031 0.014 

RMS 0.048 

0.8 
Field

C4 (fldcurv) 0.529 0.305 
C5 (AST_0) 0.875 0.357 

C8 (CMA_Y) 0.516 0.183 
C9 (Sph) 0.143 0.064 

RMS 0.508 
(a)

　 Zernike coefficient RMS wavefront error(λ)

0.0 
Field

C4 (fldcurv) 0.158 0.091 
C5 (AST_0) 0.215 0.088 

C8 (CMA_Y) 0.552 0.195 
C9 (Sph) 0.005 0.002 

RMS 0.233 

0.8 
Field

C4 (fldcurv) 3.895 2.248 
C5 (AST_0) 6.900 2.815 

C8 (CMA_Y) 3.955 1.400 
C9 (Sph) 0.575 0.257 

RMS 3.873 
(b)

TABLE 6. Calculation result of Zernike coefficient & RMS 
wavefront error at fisheye configuration (a) Symmetric error 
factors, (b) Asymmetric error factors

　 Zernike coefficient RMS wavefront error(λ)

0.0 
Field

C4 (fldcurv) 0.114 0.066 
C5 (AST_0) 0.000 0.000 

C8 (CMA_Y) 0.000 0.000 
C9 (Sph) 0.046 0.021 

RMS  0.069 

0.8 
Field

C4 (fldcurv) 0.914 0.528 
C5 (AST_0) 1.430 0.583 

C8 (CMA_Y) 0.859 0.304 
C9 (Sph) 0.208 0.093 

RMS  0.848 
(a)

　 Zernike coefficient RMS wavefront error(λ)

0.0 
Field

C4 (fldcurv) 0.187 0.108 
C5 (AST_0) 0.181 0.074 

C8 (CMA_Y) 0.840 0.297 
C9 (Sph) 0.006 0.003 

RMS 0.325 

0.8 
Field

C4 (fldcurv) 6.653 3.838 
C5 (AST_0) 11.016 4.495 

C8 (CMA_Y) 5.878 2.081 
C9 (Sph) 1.080 0.483 

RMS 6.285 
(b)

kinds of manufacturing errors: unit part production error 
and assembly error. Unit part production error includes radius, 
thickness, index, and centering errors. Assembly error includes 
seat tilt, clearance, group decenter, and group tilt errors. 
We need to meet an error budget in all of these cases. We 
set a strict tolerance for the rear group due to high sensitivity.

For the actual production, we separated the front group 
into a 1st group and a 2nd group. In same way, we divided 
the rear group into a 3rd and a 4th group. We calculated 
the Zernike coefficient displacement and tolerance for 
every unit part and group. We assigned strict tolerances of 
0.03mm for decenter and 5’ for tilt to the 3rd and 4th 
groups due to their high sensitivity. Close inspection of 
Fig. 8 and 9 shows that the fisheye configuration is more 
sensitive than the omni-directional configuration. We also 
found that the displacement direction of the Zernike coefficient 
caused by group decenter error is reversed between the 3rd 
and 4th groups. That means the Zernike coefficients will 
cancel out when the 3rd and 4th groups have the same direction 
of decenter. Thus, alignment between the 3rd and 4th 
groups is an important factor in maintaining the designed 
performance, since it allows for correction of image quality 
degradation using decenter compensation between the 3rd and 
4th groups. We will discuss alignment and compensation in 
Section 3.4. 

Displacement of the Zernike coefficients according to 
various error factors and given tolerances can be calculated 
to RMS (Root Mean Square). In the worst case, the 
displacement value of each surface could be the sum of 
absolute values. However, we have to use RMS instead of 
a simple sum since there are many cases in which the 
direction of displacement cancels out. Thus, we calculated 
the RMS value of every surface, which is converted from 
the Zernike coefficient. In evaluation of the optical system, 
RMS wavefront error and MTF (Module Transfer Function) 
are essential to image quality interpretation. Even though 
we can use RMS wavefront error, it does not have a sign 
such as “+” or “–”. MTF is not also appropriate for 
sensitivity analysis because of non-linearity. In the end, we 
must use Zernike coefficients, which have both sign and 
linearity. The Zernike coefficient can then be translated to 
RMS wavefront error. If the wavefront aberration can be 
expressed in terms of Zernike polynomials, then the RMS 
wavefront can be calculated simply based upon the ortho-
gonality relations of the Zernike polynomials. The Zernike 
coefficient can be equivalent to RMS wave front error, as 
shown in Table 3 [12, 13]. We calculated Zernike coefficient 
displacement and RMS value for both symmetric and 
asymmetric error cases. Table 5 and 6 show the Zernike 
coefficient and RMS wavefront error calculation result. 

Table 5 and 6 reveal that the fisheye configuration has 
more RMS wavefront error, due to its higher sensitivity. 
Among symmetric errors, degradation of image quality is 
not significant. On the contrary, degradation of 0.8field is 
large. We expect that the omni-directional configuration 
has 3.873 λrms wavefront error variance in 0.8field and 
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TABLE 7. Zernike coefficients displacement from lens group decenter and tilt at 0.8 field (sensitivity)

　

GROUP DECENTER (0.1mm) GROUP TILT (10')
1ST 

GROUP
2ND 

GROUP
3RD 

GROUP
4TH 

GROUP
1ST 

GROUP
2ND 

GROUP
3RD 

GROUP
4TH 

GROUP

Omni-directional
configuration

C4 (fldcurv) 0.0451 0.4451 6.8103 -7.0351 0.2261 -0.2418 2.4304 -0.8057 
C5 (AST_0) -0.0273 -0.6166 -12.2569 12.4506 -0.3612 0.4409 -4.3937 1.4607 

C8 (CMA_Y) 0.0088 0.0558 7.7347 -7.8455 0.0252 -0.0238 1.9964 -0.1874 
C9 (Sph) -0.0102 0.0310 1.1708 -1.2117 -0.0033 -0.0058 0.2760 0.0008 

Fisheye
configuration

C4 (fldcurv) 0.7330 0.8660 11.5750 -11.6250 0.5958 -0.4500 4.3474 -1.3410 
C5 (AST_0) -1.1710 -1.0760 -19.6650 19.0610 -0.9390 0.7746 -7.4058 2.2804 

C8 (CMA_Y) 0.8310 0.5880 11.2790 -10.3890 0.2016 0.0420 3.5480 -0.6278 
C9 (Sph) 0.2380 0.1890 2.0550 -1.8440 0.0420 0.0376 0.6052 -0.0298 

FIG. 10. Schematic diagram for compensation.

fisheye configuration has 6.285 λrms wavefront error variance in 
0.8field.

3.4. Alignment and Compensation
In this section, we will discuss compensation for image 

quality degradation. To improve image quality, we need 
movement of lens. There are two kinds of movements: 
longitudinal movement and transverse movement for compensation. 
Longitudinal movement compensates symmetric error on 
axis such as defocus and spherical aberration and field curvature. 
Transverse movement of lens compensates off-axis asymmetric 
error such as coma and astigmatism. In this system, asymmetric 
sensitivity is overwhelming. Thus we need a compensation 
method to cancel out the asymmetric sensitivity using transverse 
movement of one of the lenses. There are several conditions 
for use of transverse movement compensation. First, it is 
necessary to be low sensitivity for 0field for compensation 
of 0.8field. Second, direction of sensitivity must be opposite 
that of error terms. Opposite direction of sensitivity means 
that same direction of movement can compensate other 
errors. Third, the amount of sensitivity is needed to be affordable 
for control by mechanical system. We have identified the 
most sensitive factor is decentering for each surface and 
group. However, we must note the direction of the Zernike 
coefficient according to the decentering. In particular, the 
3rd and 4th lens groups are sensitive, but the signs of their 
Zernike coefficients are opposite, and the absolute value is 
similar for both the 3rd and 4th groups. In other words, the 
high sensitivities cancel since the sign of sensitivity is 
reversed and the absolute value is almost the same between 
3rd and 4th groups. Thus, alignment between 3rd and 4th 
groups is essential and can affect both degradation and com-
pensation of image quality. We chose the 3rd lens group as 
a compensator because it meets all conditions we mentioned 
above. Each group’s decenter and tilt sensitivity is shown 
in Table 7.

For a compensation system, we developed the mechanical 
design shown in Fig. 10, and suggest compensation system 
by using 3rd group decentering. 

The final degradation amount is the sum of manufacturing 
error and compensation. Residual degradation amount can 
be described as shown eq. (5). 

(5)

 
Where  is total sum of degradation from manufacturing 
errors,  is displacement of each group error such as 

decenter or tilt, 
  is sensitivity and it is the same as 

Sij in eq. (4),  is the amount of image quality com-

pensation, 
  is sensitivity of compensator,  is dis-

placement of compensator.  is final residual image quality 
degradation including all manufacturing errors and compensations. 
We can get the amount of compensator displacement. The 
amount of compensator displacement is described as eq. (6)

(6)
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                           (a)

                            (b)

FIG. 11. Through focus MTF of compensation result. (+0.8 and -0.8field)  (a) Case 1,  (b) Case 2

We note the sum of manufacturing errors and compensation 
result in Table 8. The 1st to 4th lens groups have manu-
facturing errors. The sum of each Zernike coefficients displace-
ment is the degradation amount in image quality. Thus we 
need to decrease the sum of each Zernike coefficients 
displacement from manufacturing error. To minimize degradation 
of image quality, we can make intentional compensator 
displacement. Eventually, the total sum of Zernike coefficients 
displacement from both manufacturing error and compensator 
must be minimized. We could not show all kinds of cases, 

so we selected the two worst cases. In Case 1, this system 
has 1st group -0.2mm decenter, 2nd group 0.1mm decenter 
and 4th group 0.05mm decenter among group alignment. 
But if we compensate misalignment using the 3rd group 
decentering, MTF peak balance of 0.8-field is narrowed to 
match the design level. In Case 2, the system has 1st group 
10’ tilt, 3rd group 5’ tilt, and 4th group 0.05 mm decenter 
simultaneously in group alignment. In Case 2, we considered 
the case of 3rd group tilt and 4th group decenter error case 
rather than 2nd group tilt and 4th group tilt because of 
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TABLE 8. Compensation calculation. (0.8field) (a) Case 1,   (b) Case 2

　
1st Group 
decenter
①

2nd Group 
decenter
②

4th Group 
decenter
③

Error Sum
④

=①+②+③

3rd Group 
compensation

⑤

Residual 
wavefront error
⑥=④+⑤

displacement Error amount -0.200 mm 0.100 mm 0.050 mm 0.051 mm 　

Omni-directional
configuration

C4 (fldcurv) -0.090 0.445 -3.518 -3.163 3.473 0.310 
C5 (AST_0) 0.055 -0.617 6.225 5.663 -6.251 -0.588 

C8 (CMA_Y) -0.018 0.056 -3.923 -3.885 3.945 0.060 
C9 (Sph) 0.020 0.031 -0.606 -0.555 0.597 0.042 

Fisheye
 configuration

C4 (fldcurv) -1.466 0.866 -5.813 -6.413 5.903 -0.510 
C5 (AST_0) 2.342 -1.076 9.531 10.797 -10.029 0.768 

C8 (CMA_Y) -1.662 0.588 -5.195 -6.269 5.752 -0.517 
C9 (Sph) -0.476 0.189 -0.922 -1.209 1.048 -0.161 

(a)

　
1st Group 

tilt
3rd Group 

tilt
②

4th Group 
decenter
③

Error Sum
④

=①+②+③

3rd Group 
compensation

⑤

Residual 
wavefront error
⑥=④+⑤

displacement Error amount 10' 5' 0.050 mm 0.029 mm 　

Omni-directional
configuration

C4 (fldcurv) 0.226 1.215 -3.518 -2.077 1.975 -0.102 
C5 (AST_0) -0.361 -2.197 6.225 3.667 -3.555 0.112 

C8 (CMA_Y) 0.025 0.998 -3.923 -2.900 2.243 -0.657 
C9 (Sph) -0.003 0.138 -0.606 -0.471 0.340 -0.131 

Fisheye
 configuration

C4 (fldcurv) 0.596 2.174 -5.813 -3.043 3.357 0.314 
C5 (AST_0) -0.939 -3.703 9.531 4.889 -5.703 -0.814 

C8 (CMA_Y) 0.202 1.774 -5.195 -3.219 3.271 0.052 
C9 (Sph) 0.042 0.303 -0.922 -0.577 0.596 0.019 

(b)

higher sensitivity. However, the compensation system sufficiently 
corrects these errors in Case 2. 

Furthermore we verified the compensation method through 
simulations. Through focus MTF shows peak balance of 
0.8field at each edge. Figure 11 shows compensation result 
as MTF peak balance. We can recognize the effectiveness 
of tolerance analysis and compensation schemes in Table 8 
and Fig. 11. In Table 8, we calculated the sum of Zernike 
coefficients from both manufacturing error and compensator. 
Thus we obtained solution of the minimum degradation. 
We confirmed above calculation as shown in Fig. 11. 
Compensation scheme works well as shown in through 
focus MTF peak balance.

IV. CONCLUSION

In the study, we proposed a new optical system of omni-
directional and fisheye varifocal lenses. Furthermore, we 
analyzed the sensitivity using wavefront error and established 

a compensation scheme for difficulties that may arise during 
manufacturing.

The new optical system has two different fields of view, 
which correspond to the fisheye and omni-directional 
configurations. The fisheye configuration has a 180-degree 
field of view and the omni-directional configuration has a 
field of view more than 180 degrees, so it can create an 
image direction orthogonal to the optical axis. If we get an 
image from direction orthogonal to the optical axis, it is 
possible to take 360 degrees images. This system does not 
include reflective surfaces to realize the omni-directional and 
fisheye varifocal lens, thereby eliminating central obscuration. 
It is also composed of a strong negative front group and a 
positive rear group.

The study results demonstrate that the system is able to 
satisfy the required specifications. However, we also needed 
to examine potential manufacturing difficulties, since there 
have been no similar system previously. Consequently, we 
performed a sensitivity analysis and studied compensation 
schemes using Zernike polynomial coefficients to determine 



Tolerance Analysis and Compensation Method Using Zernike Polynomial Coefficients … - Jin Woo Kim et al. 731

effective corrections for manufacturing inconsistencies. To 
that end, we programed macro in CODE V® that can 
produce the sensitivity coefficient corresponding to a small 
manufacturing error. Furthermore, we calculated the sensitivity 
and tolerance of making unit part and assembling parts 
based on wavefront sensitivity. Finally, we established a 
method of optical axis alignment and compensation logic. 
We anticipate this paper gives good guidance for the 
optical design and tolerance analysis including compensation 
method in the extremely wide angle system. 
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