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Featured Application: Microscopic Camera Inspection.

Abstract: Recently released mobile phone cameras are capable of photographing objects at a fairly
close distance. In addition, the field angle from the camera has increased. To measure the resolution
of a mobile phone camera, the target must be photographed. To measure the resolution according
to the object distance change from a mobile phone camera with a wide field angle, the target size
must be large, whereas the target position must be moved. However, the target size cannot be
changed. A virtual object for the target was created using a collimator. Moving a part of the lens
group constituting the collimator also changes the virtual object distance. If the amount of change
in the virtual object distance is large, the resolution of the collimator may also change. Therefore,
a collimator that maintains the resolution even when the distance of the virtual object changes is
designed as a floating type in which two lens groups move. Therefore, we propose a new floating
collimator optical system that can inspect the resolution of mobile phone cameras from infinity to a
close range to compensate for aberrations caused by object distance changes.

Keywords: floating type collimator; microscopic camera; camera inspection

1. Introduction

Phone cameras have become an essential component of mobile phones. In the past, a
phone camera had only a single optical system installed, whereas several optical systems
have been used in the latest mobile phone products. Such a phone camera is composed of
an optical system with a wide field angle, normal field angle, and narrow field angle [1].
Therefore, the single focus lens used in such an optical system has the same function as
a zoom lens in a digital camera. In addition, auto-focus in the phone camera is essential
for accurately focusing the spots according to the object distance changes. Therefore, in
the production process of a phone camera, it is necessary to check the resolution variation
according to the object distance change.

The resolution of a phone camera can be tested using various methods. The first method
involves measuring the modulation transfer function (MTF) of an optical system [2—4]. The
second method involves photographing the target after assembling the optical system and
image sensor [5]. Because the real target should be placed in front of the camera optics
to be inspected, a wide space is required to photograph the target. To do so, the target is
downsized, and a collimator is placed in front of the target [6]. Subsequently, a virtual
image of the target must be created at a specific distance using the collimator. Figure 1
shows the optical layout for inspecting the camera optics using this collimator. A collimator
is used to drastically reduce the space required for the inspection of the camera optics. The
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word “floating” is a very popular word in camera optics [7]. Optical systems that move
two or more groups of lenses to correct the image distance are called “floating optics”. The
optical system proposed in this paper changes the position of the virtual image by moving
two or more lens groups.

Collimator system

A

Image sensor

1
1
- 1
1

Figure 1. Layout of inspection instrument of mobile phone camera optics.

The collimator, which can change the virtual image distance from a real target, is
widely used in an optical inspection, such as optical resolution test of optical lens systems
or surface inspection of optical instruments [8,9]. In the performance test of an optical
system, the collimator is placed between the target, or test chart in some cases to inspect
the lens system, collimating the incident test light to plane light source and changing
the focal points [10-13]. In most cases, the target includes a light source to improve the
test. The test light emitted from the sources passes through the transparent target or is
reflected from the target and enters the collimator [14]. The test light changes through
the collimator to a type that allows the optical lens system to be inspected. A couple of
subsidiary lenses may be added to change the image distance of the test lens aligned with
the collimator [10,11,13]. Although the collimator employed in the lens inspection device
can be composed of a single lens, it is composed of multiple lenses to correct the spherical
and chromatic aberrations [12,15].

The collimator is essentially used as a device for making a plane light source to inspect
the surface of optical instruments [16-19]. The light from the test chart passes through
the collimator to become a collimated beam, and is introduced into a lens system that
has a specific focal distance and is incident on the surface of the optical instrument under
inspection. The collimator provides collimated light to the focusing lens, which adjusts the
test light to a specific focal distance [16,18,20]. The light reflected from the surface of the
optical instrument passes through the intermediate lens system, resulting in an image on
the test chart. This is the base image used to determine the defects on the optical instrument
surface. The collimator consists of multiple lenses, some of which are moving to vary the
inspection area [17,21].

Furthermore, the collimator is employed as a focal distance changing device to focus
on various layers in an optical pickup device that reads the data from multi-layered optical
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disks [22,23]. The collimator makes the light emitting from the light source parallel, and the
consecutive lens system creates a focus on the optical disk, whose height changes as a part
of the lens system moves. By placing the collimator in series with a multifocal lens system
whose focal distance is varied by electrical means and moving the collimator left and right
in accordance with the multifocal lens system, the height of the focus can be changed faster
than in previous optical pickup devices [22]. In summary, the collimator has been applied
to various inspection devices, creating a virtual target image at a calculated distance or
changing the focusing point of the optical systems.

Based on our best technical knowledge, the floating-type collimator technique has not
been used for camera phone inspection instruments for adjustable the object variance.

Because such a conventional collimator can create a virtual image only at a specific
location, the resolution inspection distance of the camera optics is fixed [8]. However, as
described above, the shooting distance of recently released phone cameras has changed.
Therefore, we need a collimator that can change the distance between the virtual image
and the target. To do so, a part of the lenses constituting the collimator must move such
that the virtual image distance can be changed even in the collimator.

However, considering that recent phone cameras can take photographs at a fairly close
distance, the distance of the virtual image by the collimator should be the distance that can
be photographed with the phone camera. Therefore, it is necessary to design the optics
such that the virtual image distance by the collimator changes significantly. To do so, the
amount of movement of the lens group must be increased. However, the field curvature of
the collimator increases as the movement amount of the lens group increases [24,25]. In
particular, because the angle of view of phone cameras has recently increased, correcting
the field curvature is extremely important to the resolution performance of a phone camera.
It is therefore necessary to have a structure to move a number of lens groups in a collimator
for inspecting a phone camera with an extremely large angle of view and a large change in
the shooting distances. An optical system that focuses on moving a large number of lens
groups is called a floating system. When the object distance that the camera can take is
extremely short and only one lens group is moved, the aberrations of the optical system
become quite large. To resolve this issue, several lens groups must be moved to correct
aberrations within the shortest close range. Therefore, a floating-type optical system must
be configured [26].

In this paper, we discuss an optical design method for a floating collimator. In Section 2,
the floating system used to obtain the paraxial optical design of the collimator is analyzed.
In Section 3, the distortion analysis, modulation transfer function, and locus analysis,
which need to be obtained for a collimator optical system, are described. Finally, Section 4
provides some concluding remarks regarding this research.

2. Materials and Methods

The floating optical system refers to an optical system in which two or more lens
groups move to adjust focus. The floating-type optical system is extremely useful for
correcting a field curvature [27]. Floating focus control is generally employed in the macro
lenses of interchangeable lenses [28]. In the floating system applied to an interchangeable
lens, the image plane must be fixed. However, in the collimator mentioned in this paper,
it should be used in combination with the optical system for the phone camera. In the
optical system for the phone camera, the entire optical system is moved to adjust the
focus. Therefore, the optical system is fixed, and the image plane moves to adjust the
focus when the optical system for the phone camera forms the virtual object created by the
collimator [29-31].

In the case of the first lens group closest to the target, it is inappropriate to use the
optical system for focusing because the diameter of the lens is extremely large [32-34].
Because the optical system for the phone camera is continuously replaced for an inspection
of the resolution, it is advantageous that the last lens group also be fixed. Thus, the moving
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lens group becomes the second and third lens groups, and is located between the fixed lens
groups. Therefore, the developed collimator should consist of four lens groups.

In Figure 2, the refracting power of each lens group is denoted as k, and the spacing of
each lens group is indicated as z. In addition, m is the magnification, and the subscript
is the lens group number. The refracting power and spacing of this optical system satisfy
the Gaussian bracket, as shown in Equation (1) [35,36]. Gaussian bracket is a kind of
arithmetic rule [37,38]. Paraxial ray-tracing can be expressed with a simple formula by
expressing the refraction angle and height on each surface of the optical system with
Gaussian brackets [24]. The first equation in Equation (1) refers to the height of the axial
light beam from the image plane, and the second formula refers to the angular ratio of the
axial rays from the object plane to the image plane. In addition, kr is the refracting power
of the test lens, coupled to the collimator, and Az is the amount of movement of the image
plane from the virtual image. If the distance from the virtual image to the test lens is / and
the focal length of the test lens is fr, Equation (2) is satisfied [39,40].

[—z0,k1, —21, k2, —22, k3, —23, ks, —24, kT, —Zing — Az] = 0

[_ZOI kl/ _Zl/k2/ —Z3, k3/ —Z3, k4/ —Z4, kT] m
surface # Surface Y Radius [Thickness| Glass Surface § Surface ¥ Radius [Thickness| Glass
Type Type
Object  [sphere Infinity  1.7036 Infinity  1.7036
1 lsphere Infinity  5.0000 BSC7_HOYA Infinity  5.0000 BSC7_HOYA
2 sphere 3443.6460" 84,3431 #3043, 6460" 79.3431
3 sphere -95.9368°  2.0000 BSC7_HOYA -95.9368°  2.0000 BSC7_HOYA
4 iSphere 95.9368 " 0.6882 95.9368 13.6883
5 Sphere -49.9781°  2.0000 BSC7_HOYA -49.9781"  2.0000 BSCT_HOYA
6 Sphere 49.9781" 9.3452 49.9781 1.3452
ez 7 Sphere 17.5243°  5.0000 BSC7_HOYA ez 7 Sphere 17.5243°  5.0000 BSCT_HOYA
0 i Sphere Infinity 16.7036 0 8 lsphere Infinity 16.7036
Stop Sphere Infinity  0.0000 Stor Sphere Infinity  0.0000
10 Lens Module Infinity  0.0000 10 Lens Module Infinity  0.0000
i1 [Lens Modile Rear §ide| Infinity | 4100003 11 [Lens Modile Bear Side| Infinity ||/410816]
Image  [Sphere Infinity  0.0000 Inag [sphere Infinity  0.0000
End Of Data End Of Data
L 2,inf
1,inf 4
>
3,1l’lf —> f A
T 1
i
i
., Stop & Stop &
- >
Test lens Test lens

25.00 MM
—_—

(b) near

(a) infinity
Figure 2. Paraxial optical layout for the third solution.

The collimator used in this study should create a virtual image at infinity and at a
near distance. Therefore, the distance between the lenses has two values: infinity and near.
Therefore, Equation (3) is satisfied:

[—20, k1, —21,inf, k2, —22,inf, k3, =23 infs ke, =24, kT, —Zing] =0

[—2z0, k1, —Z1,inf, k2, =22 inf, k3, — 23 inf, k4, —24, k1] = ,,:nf 3)
[ 20, k1, —Z1,nearr ko, —2Z2,nears ks, —Z3,nears ky, —z4, kT, —Zing — AZ] =0

[—20,k1, =21 near, k2, =22 nears k3, =23 near, Ka, =24, k1] = 57—
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Z1,inf + Z2,inf + Z3,inf = Z1,near + 22,near + Z3near = T (4)

In Equation (3), z1 inf, Z2,inf, and zs jn¢ are the cases in which the virtual image becomes
infinite. Likewise, 21 yeqr, 22 near, and 23 ;00 are the cases in which a virtual image is created
at a close distance. As the reason why zy and z4 do not have subscripts, the first and
fourth lens groups are fixed. In Equation (3), given the distance of each lens group and
the total magnification of the optical system, the numbers of equations and unknowns
are the same. Here, the unknown is the refractive power of each lens group. The spacing
between each lens group must be properly input such that the solution of Equation (3) is
physically meaningful. In this study, it was entered as shown in Table 1. According to
Equation (2), if the distance from the virtual image to the test lens is infinite, Az becomes
zero. In the nearby location, Az = 0.0816 mm indicates / = 200 mm. Table 2 shows the results
of obtaining the solution of Equation (3) under these conditions. If the first and fourth lens
groups are fixed, Equation (4) is satisfied, and T is the total distance from the first surface to
the last surface of the optical system. The MATLAB was used to obtain the solution using
Equations (3) and (4). The MATLAB code used to find the solution is shown in Appendix A.

Table 1. The initial distance between lens groups.

Distance Z9 z1 2y z3 24 Az m
Infinity 5mm 85 mm 2mm 10 mm 20 mm 0 mm —0.03
Near 5 mm 80 mm 15 mm 2 mm 20 mm 0.0816 mm —0.03

Table 2. The solutions for Equations (3) and (4).

Solution 1 Solution 2 Solution 3 Solution 4
f1=1/k —3.230 mm 4.670 mm —6663.425 mm 4.705 mm
fo=1/ky 28.040 mm 0.094 mm —92.489 mm 0 mm
fz3=1/ks 87.941 mm —22.961 mm —48.026 mm 1.663 mm
fa=1/ky —17.202 mm 11.759 mm 33.909 mm 0.129 mm

Table 2 shows the solution obtained by combining Equations (3) and (4). In Table 2,
a physically meaningful solution is shown in the third column. Assuming that each lens
group consists of only one lens, the result of inputting the third solution in Table 2 into the
optical design software is shown in Figure 2.

From the paraxial design shown in Figure 2, we can design the system by adding
one lens each to obtain the desired performance. For optical simulation, Code V software
tool was used (Synopsys, Santa Clara, CA, USA). In this process, an equivalent lens
design method was used [41,42]. Conversion equivalent lenses is a method that can be
applied to various optical systems in addition to the optical systems proposed in this
paper [43]. In addition, there are other ways to design a real optical system from the
paraxial design. Therefore, it is technically possible to design an optical system with the
desired specifications and performances under the conditions shown in Figure 2. However,
according to Figure 3, it can be seen that the second and third lens groups overlap. Because
this cannot occur physically, an additional gap between the second and third lens groups
must be secured at the design stage. Figure 3 shows the final optical layout designed by
applying the equivalent lens design method from the optical system shown in Figure 2.
The optical layout on the left of Figures 2 and 3 are shown when the inspection distance of
the test lens is infinite, and the optical layout on the right is shown when the inspection
distance is 200 mm. In Figures 2 and 3, the test lens is represented as a thin lens without
aberration and a focal length of 4 mm. When the inspection distance is infinite, the distance
from the test lens to the image surface is 4 mm. If the inspection distance is 200 mm, the
distance from the test lens to the image surface is about 4.082 mm, and this value can be
calculated by Equation (2). From Figures 2 and 3, we observe that the distance from the
test lens to the image surface is the same, and the characteristics of the paraxial design
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as shown in Figure 2 and the final design in Figure 3 are maintained. Our final designed
collimator can change the virtual image distance from infinity to 20 cm. The inspectable
field of view and diameter of aperture are 90 degrees and 4 mm, respectively.
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Figure 3. Optical layout for the final design.

3. Results and Discussion

The distortion of the designed optical system, as shown in Figure 4, is illustrated in
Figure 3. The lens group is changed by the cam, which is the component that changes
the rotational motion into linear motion [44,45]. The angle at which the cam is rotated
can be changed according to the mechanical design [46—48]. Therefore, in this study, the
value obtained by normalizing the maximum rotation cam angle to 1 is referred to as the
normalized cam angle. In Figure 4, a normalized zero cam angle indicates that the virtual
image is created at an infinite distance by the collimator, and one cam angle means that the
virtual image is made at a distance of 200 mm from the front of the test lens. Figure 4 shows
the appearance of the rectangular grid in an optical system combined with a collimator
and a test lens.
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Figure 4. Distortion graphs for the final collimator design.

In the optical design stage, the focal length of the test lens was 4 mm, and the image
height was assumed to be 5.8 mm. Because the optical system distortion changes, the entire
optical system magnification changes from —0.0293 to —0.0308. Therefore, although the
target size must be changed according to the inspection distance, the target size must be
fixed [49]. Depending on the magnification and distortion of the optical system, the target
size can be calculated using Equation (5) [50,51]. As shown in Figure 3, the distortion D
can be calculated as Equation (5), y;, is the height calculated by finite ray tracing, and yp is
the height by paraxial ray tracing.

Yp — Yo
D=2 5
Yo ©)
— my=Yyo
Yo
(6)
y =5y

Here, if the target size is y and the magnification is m, vy, the height of the chief ray
at the image surface, becomes y, = m-y. Therefore, Equation (5) can be converted to be
Equation (6). In addition, assuming that the magnification of the optical system is —0.03,
and the distortion is approximately +10%, the target size is 174 mm.

Figure 5 shows the field MTF and the longitudinal aberration. Figure 5a,b describe the
field MTF and longitudinal aberration when the inspection distance of the mobile phone
lens is infinite, Figure 5c¢,d describe the field MTF and longitudinal aberration when the
inspection distance is 396 mm, and Figure 5e,f when the inspection distance is 200 mm. The
MTF decreases from the center of the screen to the edge, however, there is no problem when
inspecting the phone lens. As shown in the longitudinal aberration in Figure 5, the field
curvature is within +5 pm, so the optical system aberration has been sufficiently corrected.
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Figure 5. (a) The field MTF and (b) longitudinal aberration when the inspection distance of the mobile phone lens is
infinite. (c) The field MTF and (d) longitudinal aberration when the inspection distance is 396 mm. (e) The field MTF and
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To manufacture the optical system, as shown in Figure 3, we need to know the locus of
all lens groups. Equations (1) and (3) must be used to determine the locus. All lens group
locus can be obtained by combining Equations (1) and (3). Here, the unknowns are z;, z,
z3, z4, Az, and m. However, it was previously assumed that the overall magnification m of
the optical system was fixed, but m was not fixed when the actual design was applied. This
is because the entire optical system distortion remains as the lens group moves [21]. It is
extremely difficult to correct the optical system distortion that is not asymmetric around
the aperture, as in the collimator system proposed in [20]. However, it is not necessary to
determine the overall magnification of the optical system. Therefore, only Equations (1)
and (3) need to be solved in parallel. Because there is a total of four unknowns, additional
conditions are required [52,53]. In this case, a spline interpolation is conducted on the locus
of all lens groups, and the amount of movement of a specific lens group that satisfies the
desired value of the image distance of the optical system is obtained [54]. In addition, the
movement amount of the lens group can be calculated using an analytical formula with
precision within the depth of focus [55]. Table 3 shows each lens group locus when using
this method. In Table 3, Group 1 to Group 4 means z; to z4 of Equation (1), respectively,
and is the interval between each lens group. We observe that the distance from Group 4 to
the aperture does not change. In addition, ‘Image’ in Table 3 means the distance from the
test lens to the image surface.

Table 3. Locus table for our designed final collimator system.

Cam Angle Object Group 1 Group 2 Group 3 Group 4 Image Az Mag.
0 (infinity) 10 3.592 6.821 14.331 10.666 4 0 0
0.1 10 3.614 7.912 13.218 10.666 4.008 0.008 —0.002
0.3 10 3.657 9.994 11.093 10.666 4.024 0.024 —0.006
0.5 10 3.508 12.160 9.076 10.666 4.040 0.040 —0.010
0.7 10 3.089 14.509 7.146 10.666 4.057 0.057 —0.014
1.0 (near) 10 1914 18.435 4.395 10.666 4.081 0.081 —0.020

The locus for the lens groups and the magnification of the test lens are shown in
Figure 6. Table 3 lists the image distances of the optical system. Here, the value minus
the focal length of the test lens is Az. The magnification of the test lens from the virtual
image distance by the collimator and Az is shown in Equation (7). The magnification in
Figure 6 is the value calculated using Equation (6) [4,56,57]. As shown in Table 3 and
Figure 6, Group 1 (the first lens group) and Group 4 (the last lens group) can be fixed.
Therefore, the distance from Group 4 to the aperture is designed to have a constant value,
so the test lens can be measured by placing it at a constant distance from the last surface of
the collimator.

fT fT Az

mr = — = - = —— 7

T e 7 r @)
Az

The optical system used in this study did not require a tolerance analysis. This is

because the number of optical systems is not large, a barrel made of metal and lens is
accurately manufactured and assembled.
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Figure 6. Locus (left) and magnification (right) for our designed final collimator system.

4. Conclusions

The collimator optical system has been widely used to reduce the space required
for measuring the resolution of mobile phone cameras. Recently released mobile phone
cameras have shorter shooting distances. This means that objects can be shot at a close
range. When the object distance that the camera can take is extremely short and only
one lens group is moved, the optical system aberrations become quite large. To solve this
problem, two or more lens groups must be moved to sufficiently correct aberrations in the
shortest close range. Therefore, the optical system must be configured as a floating type.

The collimator used to measure the resolution of the mobile phone camera must also
be designed to change the virtual image distance to the target. For this, some of the lenses
that make up the collimator must move. In addition, the field angle of mobile phone
cameras has gradually widened. It is therefore necessary to minimize the resolution change
of the collimator according to the lens group movement. Thus, in this study, a collimator
was designed as a floating type that moves two lens groups. Our designed collimator
can change the virtual image distance from infinity to 200 mm. Because the MTF of the
collimator did not change significantly according to the virtual image distance, it was
possible to measure the resolution at the desired inspection distance of the mobile phone
camera. Distortion varies from +9.33% to +13.94%, which is a large value compared to that
of general optical systems. This is because the designed collimator is about to stop, and the
structure is asymmetric. Considering the distortion of the collimator, the diagonal size of
the target should be 174 mm. Then, the amount of movement of each lens group required
to fabricate the optical system was calculated. Therefore, our proposed collimator optical
system is designed as a floating type to inspect the mobile phone camera resolution from
infinity to close ranges.
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Appendix A. Description for MATLAB Code

Algorithm A1. Algorithm for Programming

1.  z0_inf=-15; z1_inf=85; z2_inf=2; z3_inf=10; z4_inf=20; z5_inf=4;

2: z0_near= z0_inf; z1_near=80; z2_near=15; z3_near=z1_inf+z2_inf+z3_inf-(z1_near+z2_near);
z4_near=z4_inf; z5_near=4+4"2/(200-4);

3:  syms k1 k2 k3 k4

4: eql=GaussianBracket([-z0_inf, k1, -z1_inf, k2, -z2_inf, k3, -z3_inf, k4,-z4_inf, k5,-z5_inf])

5: eq2=GaussianBracket([-z0_inf, k1, -z1_inf, k2, -z2_inf, k3, -z3_inf, k4,-z4_inf, k5]) ==-1/0.03;
6: eq3=GaussianBracket([-z0_near, k1, -z1_near, k2, -z2_near, k3, - z3_near, k4,-z4_near, k5,
-z5_near]) ==0;

7: eq4=GaussianBracket([-z0_near, k1, -z1_near, k2, -z2_near, k3, - z3_near, k4,-z4_near, k5])
==-1/0.03;

8:  S=vpasolve([eql eq2 eq3 eq4], [k1 k2 k3 k4])

9: for i=1:1:length (S k1)

10: fprint("... ... ... ..o oo %d WD )

11: fprint("f1(%d)=%15.8fWn’,i,1/eval(S.k1(i)))

12: fprint("f2(%d)=%15.8fWn’,i,1/eval(S.k2(i)))

13: fprint(“f3(%d)=%15.8fWn’,i,1/eval(S.k3(i)))

14: fprint("f4(%d)=%15.8fWn’,i,1/eval(S.k4(i)))
15:  end
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