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Abstract 

Mobile phone lenses have a compact structure with many aspheric surfaces. The lenses have four 

to six elements with a total track length of less than 10 millimeter. The field of view for ordinary 

mobile phone lenses is approximately 40 degrees. The f-number is smaller than 3. The distortion 

is less than 3% for the entire field of view. 

Lens designers can model these miniature lenses by utilizing optical design software. The 

software can simulate the ideal structure to meet the design specifications. However, the 

manufacturing process could affect the system performance due to several parameters. 

In this thesis, nine mobile phone lenses will go through tolerance analysis using different 

methods: RMS wavefront error analysis in ZEMAX, Image simulation in ZEMAX, and 

Production yield analysis in CodeV. These nine lenses have different numbers of elements, which 

are 3-piece, 4-piece, and 5-piece lens assemblies. All the lenses have a similar field of view and 

f-number. The criterion is the RMS wavefront error of less than 0.5 waves. Only the assembling 

error is considered in these analyses. Each method provides pros and cons. The results will be 

presented and discussed in detail. 
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I. Introduction 

1.1.  Goals of the thesis 

In 2000, The first mobile phone with a 0.11 megapixels CMOS camera, J-SH04 (Figure 1.1), was 

manufactured by SHARP and released in Japan. 20 years later, camera phones are universalized 

by several companies, such as Apple, Samsung, Sony, Google, et cetera. Meanwhile, massive 

lens patents are published by lens manufacturers. For example, Largan Precision, Genius 

Electronic Optical, Sunny Optical Technology, Kantatsu Corporation, et cetera.  

 

Figure 1.1. J-SH04 [https://en.wikipedia.org/wiki/J-SH04] 

Imaging lens assemblies in mobile phones, also called miniature lenses, have several structures 

and different numbers of elements. Released patents provide information on those lenses, 

including lens 2-dimensional layout, first-order properties, the radius of curvatures, thicknesses, 

https://en.wikipedia.org/wiki/J-SH04
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materials, aspherical coefficients, distortion curve, and field curves. While, it is true that optical 

engineers can simulate those lenses in optical design software like Optics Studio (ZEMAX), 

CodeV, OSLO, Synopsis, et cetera. Nevertheless, the ray-tracing errors often occur when it is 

running the analysis. The properties often mismatch to the values of patents. Therefore, re-

optimizing those lenses become a necessary step for further applications. 

The application of the aspherical surface gives optical engineers more degrees of freedom on 

designing the lens system in optical design software. It is also true that different structures can 

achieve similar performance. However, optical manufacturers support finite precisions of 

tolerances. When it comes to tolerance analysis, some structures failed to maintain the criterion. 

This study will achieve two goals. First, drawing a comparison between several methods of 

tolerance analysis. The study will indicate the pros and cons of each method for tolerance 

analysis and yield prediction. Second, defining insensitive structures for manufacturing. The 

study will summarize the acceptable precisions of tolerances for each lens assembly. 
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1.2.  Miniature lenses 

The application of miniature lenses challenges both lens designers and manufacturers. The 

compact size, light-weight, and low-cost requirements have many implications for design, 

fabrication, and assembling. [2] Microscope objectives, lenses for endoscopes, mobile phone 

lenses, Virtual Reality headsets, and Augment reality lenses are in the category of miniature 

lenses. 

 

Figure 1.2. The 3.6um pixel VGA camera module is 6.05 x 6.05 x 4.5 mm. [2] 

The number of lens elements includes 3 to 8 pieces, which are typically made by plastic injection 

modeling. [1] General lens specifications are field of view (FOV), image circle, total track length 

(TTL), f-number (F/#), distortion, chief ray angle (CRA), and relative illumination (RI). [2] 

When it comes to optical production, the difficulty of maintaining axial symmetry becomes an 

important issue. The extremely small scale of these lenses indicates that axial tolerances must be 

proportionately tight. The precision of tolerances varies with the optical system. However, 
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decenters can be set below 5 microns of individual surfaces and lens elements. [3] Lens 

tolerancing will be discussed in section 1.8. 
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1.3.  Aspheric surfaces in miniature lenses 

Due to the finite total track length and limited material selections for miniature lenses, aspherical 

surfaces are applied to correct aberrations. Aspheric surfaces are not spherical. However, it 

remains an axial symmetric. For many practical lens design problems, the superposition of a 

conicoid and a polynomial surface provides substantial flexibility to model optical surfaces. [1] 

Eq. 1.1 shows the sag equation to six orders of approximation, where c is the curvature, k is the 

conic constant, A2 is the second-order aspheric coefficient, A4 is the fourth-order aspheric 

coefficient, A6 is the sixth-order aspheric coefficients, and ὼ ώ is the radial distance from 

the optical axis. 

ὛὥὫ ὃ ὼ ώ ὃ ὼ ώ ὃ ὼ ώ  (Eq. 1.1) 

Typically, the second-order aspheric coefficient is not used, because first-order properties are 

dependent on this term. [1] The number of aspheric coefficients used is based on the capability of 

the lens designer to meet the system requirement. Utilizing twelfth-order aspheric coefficients 

are considered bad practice for standard manufacturing. However, injection-molded plastics 

produce highly aspheric surfaces is achievable. Aspheric coefficients with higher orders are not 

used because nearly diffraction-limited solutions are possible with 12th order. [4] 
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1.4.  Miniature lenses in cellphones 

The design of miniature lenses in the mobile phone is driven by the image sensor: Charge-

Coupled Device (CCD) or Complementary Metal Oxide Semiconductor (CMOS). The diagonal 

of the active area of the sensor defines the minimum image circle diameter. In terms of lens 

design, it defines the real image height of the system. Moreover, to integrate the lens module into 

the mobile phone, the total track length of the lens is often required to be less than 6 mm. 

Electronic sensors have spectral responses to light of different wavelengths. Lens designers must 

consider the working bandwidth with appropriate weights. Mobile phone lens design requires 

consideration of the spectral bandwidth to be used. The visible spectrum from 400 nm to 700 nm. 

IR-filter is usually the last element in the mobile phone lens system to restrain infrared radiation 

(IR), which is a plane parallel plate made by BK7 glass. The filter introduces spherical aberration 

that must be corrected by aspheric surfaces. Since spherical aberration depends on the fourth-

order of the lens aperture, it should be corrected near the aperture stop or an entrance pupil, 

where the marginal ray height approximate equals to semi-diameter of the pupil. 

Typically, pixel sizes for CMOS sensors vary in the range of 1 um to 8 um. An image sensor can 

resolve an image at a spatial frequency of 1/(pixel size). The sensor can recover a spatial 

frequency, NQ = 1/(2*pixel size). It is also known as Nyquist frequency. The maximum 



18 
 

frequency that a lens with a circular aperture can image is NC = 1/(ɚ*F/#). It is also known as 

cut-off frequency. The image quality for a lens can then be specified in terms of the Nyquist 

frequency for different fields. [1] 
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1.5.  Image evaluation 

Typically, lens specifications include first-order requirements and image quality requirements. 

Several criteria are utilized by lens designers in image evaluation. A commonly used criterion is 

the modulation transfer function (MTF). Application of linear shift-invariant theory to model 

imaging by a lens system provides a mathematical interpretation of images of extended objects. 

[1] 

Eq. 1.2 shows the convolution of the object and optical system point spread function (PSF), 

where o(x,y) is the object, h(x,y) is the optical system PSF, i(x,y) is the image. 

Ὥὼȟώ έὼȟώ Ὤzὼȟώ. (Eq. 1.2) 

Eq. 1.3 and Eq. 1.4 show the Fourier transform of the image, where ὕ‚ȟ– is the spatial 

frequency spectrum of the object, Ὄ‚ȟ– is the optical transfer function (OTF) of the optical 

system, Ὅ‚ȟ– is the spatial frequency spectrum of the image, and ɲ(‚ȟ–) is the phase. 

ὓὝὊ‚ȟ– is the modulation transfer function, which is a measurement of its ability to transfer 

contrast at a particular resolution from the object to the image. In other words, MTF is a way to 

incorporate resolution and contrast into a single specification. [5] 

Ὅ‚ȟ– ὕ‚ȟ– Ὄ‚ȟ–. (Eq. 1.3) 
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Ὄ‚ȟ– ὓὝὊ‚ȟ– ὩὼὴὭ•‚ȟ– . (Eq. 1.4) 

If the contrast in the image is less than the smallest amount that the optical system can detect, the 

pattern can no longer be resolved. Eq. 1.5 shows the expression of the contrast in the image, 

where MAX and MIN are the image illumination levels. 

ὓὝὊ‚ȟ– . (Eq. 1.5) 

Figure. 1.3 shows one spatial frequency with an object and an image. When the object is imaged 

by an optical system, the contrast can be reduced. 

 

Figure 1.3. Spatial frequency pattern with (left)full contrast and (right) reduced contrast. [1] 
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Figure 1.4. FFT MTF curve. 

In Figure. 1.4, ZEMAX computes the diffraction modulation transfer function (MTF) data for all 

field positions using an FFT algorithm. In this case, the cut-off frequency is 709.1 lines/mm. 

Since optical aberrations degrade the MTF, the contrast is below diffraction limited. 
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1.6.  Aberration consideration 

In the real world, the manufacturing process causes assembling errors, such as lens decenters and 

lens tilts. If these errors are set only in one direction, they reduce the lens system symmetry to 

plane symmetry. The field of view needs to be properly sampled, as there is no longer axial 

symmetry.  

In a plane-symmetric optical system, one half of the system is a mirror image of the other half. 

The plane of symmetry applies optical axis rays (OAR), which defines the center of the field of 

view and the center of the pupils. [6] To discuss the wavefront aberrations of a plane-symmetric 

system, the unit vector ᴆ is defined as the direction of the plane of symmetry. Since the 

aberration function is a scalar, it must depend on the dot products of the field vector Ὄᴆ , the 

aperture vector ὴᴆ, and the symmetry vector ᴆ. Therefore, the aberration function for a plane 

symmetric system can be written as: 

ὡ ᴆȟὌᴆȟὴᴆ В ὡ ȟ
ȟ

ȟȟ

ȟȟȟȟ ὌᴆϽὌᴆ ὴᴆϽὴᴆ ὌᴆϽὴᴆ ᴆϽὌᴆ ᴆϽὴᴆ, (Eq. 1.6) 

where ὡ ȟ ȟȟȟ is the coefficient of a particular aberration term. 

Table 1.1 shows the primary aberrations of a plane symmetric system organized in groups 

according to aberration symmetry. 

Table 1.1 Aberration terms of a plane symmetric system 
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Aberration Terms Vector Form 

First group 

Piston ὡ  

Second group 

Field displacement ὡ ᴆϽὴᴆ 

Linear piston ὡ ᴆϽὌᴆ 

Defocus ὡ ὴᴆϽὴᴆ 

Magnification ὡ ὌᴆϽὴᴆ 

Quadratic piston ὡ ὌᴆϽὌᴆ 

Third group 

Uniform astigmatism ὡ ᴆϽὴᴆ  

Anamorphic distortion ὡ ᴆϽὌᴆᴆϽὴᴆ 

Quadratic piston ὡ ᴆϽὌᴆ  

Uniform coma ὡ ᴆϽὴᴆὴᴆϽὴᴆ 

Linear astigmatism ὡ ᴆϽὴᴆὌᴆϽὴᴆ 

Field tilt ὡ ᴆϽὌᴆὴᴆϽὴᴆ 

Quadratic distortion ὡ ᴆϽὴᴆὌᴆϽὌᴆ 

Quadratic distortion ὡ ᴆϽὌᴆὌᴆϽὴᴆ 

Cubic piston ὡ ᴆϽὌᴆὌᴆϽὌᴆ 

Spherical aberration ὡ ὴᴆϽὴᴆ  

Linear coma ὡ ὌᴆϽὴᴆὴᴆϽὴᴆ 

Quadratic astigmatism ὡ ὌᴆϽὴᴆ  

Field curvature ὡ ὌᴆϽὌᴆὴᴆϽὴᴆ 

Cubic distortion ὡ ὌᴆϽὌᴆὌᴆϽὴᴆ 
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Quadratic piston ὡ ὌᴆϽὌᴆ  

Evaluating the aberration coefficients provides an understanding of how the nominal lens is 

perturbed. When it comes to surface tilts, uniform astigmatism depends on the square of the 

surface tilt angle, it is not an aberration that can be expected to be significant in a perturbed lens 

system. Uniform coma and linear astigmatism are the main aberrations to be expected to degrade 

image quality. Thus, concepts of the aberration terms that result from fabrication errors are 

useful. The lens designer must understand the correlation between lens tolerancing and classic 

aberration theory, which gives the lens designer an understanding of what is occurring in the 

optical system as an as-built system. [7] 
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1.7.  Lens tolerancing 

Different optics shops offer specific lens dimensions, such as lens diameter, lens thickness, 

surface radius, or wedge between the lens surfaces, with a level of tolerances. The lens designers 

must figure out which lens tolerances they can apply and predict the production yield. Lens 

manufacturers provide guidelines for the different lens tolerances under some assumptions. 

Typically, the tighter the tolerances, the better the production yield. However, the cost becomes 

higher. How tight tolerance can be also depend on the manufacturing process. [1] 

To provide a fabrication yield for manufacturing the lens, tolerances in several dimensions of a 

lens are required for achieving the lens specifications (system requirements) for the as-built lens. 

It is necessary that the actual lens dimensions do not deviate from the nominal design. These 

deviations are known as fabrication and assembly tolerances. The as-built lens must meet the 

specifications and satisfies the needs of the application. Ultimate goals for lens tolerancing 

process are to provide tolerances to each of the constructional parameters of the lens. Therefore, 

it is able to find out the statistical fabrication yield of the as-built lens. [8] 

Theoretically, a sensitivity analysis utilizes the constructional parameters that can have actual 

fabrication errors. These parameters are, lens thickness, air thickness (lens spacing), radius of 

curvature (surface curvature), index of refraction and Abbe number. Tolerances are assigned and 

used to apply several constructional parameters of a lens, one at each time. Then, determining the 
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amount of the tolerancing criterion has changed. By analyzing each of the constructional 

parameters, it can determine which parameters produce larger changes in the criterion. 

For simplicity, a first estimate for the probability density function, p(S), of a tolerancing 

criterion, S, is a normal distribution defined by: 

ὴὛ
Ѝ
Ὡὼὴ

ộỚ
, (Eq. 1.7) 

where ộὛỚ is the mean, „ is the variance. The estimated mean can be given as: 

ộὛỚ Ὓ В ộЎὛỚ, (Eq. 1.8) 

where S0 is the nominal value for the criterion, ộЎὛỚ is the mean of the criterion S from the 

error in the parameter i out of a number of j parameters. For small error approximation, the mean 

would approach the nominal performance, ộὛỚ Ὓ. The variance can be estimated by: 

„ В „, (Eq. 1.9) 

where „ is the variance of the change of criterion S, due to the error in the parameter i. 

The variance follows the Root Sum Square (RSS) rule. It can be written as: 

„ḙ В ЎὛ. (Eq. 1.10) 

According to RSS rule, the statistical cases estimate for n errors that produce the same criterion 

changes is ὲЎὛ. [1] 

To loose the tolerances and reduce manufacturing cost, some compensators such as an air-gap, or 

an image sensor tilt, can be used to improve a lens system after the lens elements have been 
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made. Since the only compensator typically available for miniature lens systems is back focal 

distance, it becomes the manufacturerôs responsibility to tighten tolerances through process 

control to improve yield. [8]  
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II.  Structure and Properties of the miniature lens systems studied 

2.1.  Selecting the lenses for this study 

The lenses studied in this thesis were collected from the patent literature. In order to select the 

proper lenses for a tolerance analysis study, all the lenses were re-optimized for acceptable image 

quality and RMS wave-front error. Cell phone lenses with three-piece, four-piece, and five-piece 

lens assemblies were studied for tolerances in this thesis. Each type of lens assembly includes 

three lenses, which means there are nine lenses that can be analyzed for comparison. These 

lenses are arranged into three groups by the number of elements. However, effective focal 

lengths and total track lengths vary in these three different groups. 

 

 

 

 

 

 

 

 

 



29 
 

2.2.  Optimizing the lenses 

The Optic Studio (ZEMAX) is applied for optimizing the patent lenses. The patent provides the 

start point for each lens. However, the performance does not meet commercial specifications. For 

instance, the distortion should be less than 3 % through the entire field of view, the MTF at 

quarters of Nyquist frequency should be greater than 0.4 for off-axis at 1.0 field. To meet the 

general specification for the miniature lens system, ZEMAX is applied with Merit Functions for 

optimizing the RMS wavefront error and distortion of the lens system. In order to maintain the 

first-order properties of the optical system, the variables are conic constants and aspheric 

coefficients. Thus, the effective focal length (EFL) and total track length (TTL) are fixed. 
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2.3.  Difficulties in simulating patent lenses 

Most of the patents provide accurate values for simulating the lenses in the optical design 

software. The optimization process can be simple and straightforward when the starting point is 

perfect. However, some patents may give incorrect values of the lens system. First-order 

properties and RMS wavefront error can be checked in the optical design software. In this case, 

EFL and TTL maintain the same value as the patent provides. On the other hand, field curves and 

distortion curve are worse than the plot given by the patents. Conic constants and aspherical 

coefficients play big roles in this circumstance. Thus, it is essential for modifying these values by 

hand. 
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III.  Tolerance Analysis of mobile phone lenses 

3.1. Manufacturing precision and tolerances 

In this chapter, mobile lenses are categorized by the number of elements. Three levels of lens 

tolerances are applied for analyzing three criteria of performance: RMS wavefront error, Image 

simulation, and production yield. Assuming each element are perfect, the only manufacturing 

error comes from assembling. The only compensator is the back focal distance of the system. 

The level of tolerance is summarized in Table 3.1. 

Table 3.1 The level of tolerance 

Lens parameter Low precision Medium Precision High Precision 

Thickness (Air gap) (mm) 0.006 0.003 0.001 

Element decenter (mm) 0.006 0.003 0.001 

Element tilt (radians) 0.0017 0.0009 0.0003 

Compensator (mm) 0.05 0.05 0.05 
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3.2. RMS wavefront error analysis in ZEMAX 

ZEMAX provides the Tolerancing analysis tool with the Monte Carlo method. The software can 

overlay each graphic, which is generated by the Monte Carlo runs, onto the RMS wavefront 

error vs field plot. The Monte Carlo simulation generates numbers of lenses, using Gaussian 

"normal" statistics. In order to provide clear plots, the program will just process 50 times Monte 

Carlo runs. Thus, it will generate 50 lenses with specific tolerances from table 3.1. The change in 

the criterion is set to RSS Difference. 

Figure 3.1 shows 2D-cross section diagrams for 3-piece lens assemblies. 

(a) 
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(b) 

 

(c) 

 

Fig 3.1. 2D-cross section diagrams for (a) US20120002303A1, (b) US20130163098A1, and (c) 

US20130208366A1. 

Figure 3.2 to figure 3.4 show RMS wavefront error vs field for 3-piece lens assemblies, with 
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different levels of tolerances. 

(a)                                     (b) 

   

(c)                                     (d) 

   

Figure 3.2. RMS wavefront error vs field for US20120002303A1 lens assembly. The analysis is 

applied (a) nominal performance, (b) high precision tolerances, (c) medium precision tolerances, 

and (d) low precision tolerances. 
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(a)                                     (b) 

   

(c)                                     (d) 

   

Figure 3.3. RMS wavefront error vs field for US20130163098A1 lens assembly. The analysis is 

applied (a) nominal performance, (b) high precision tolerances, (c) medium precision tolerances, 

and (d) low precision tolerances. 
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(a)                                     (b) 

   

(c)                                     (d) 

   

Figure 3.4. RMS wavefront error vs field for US20130208366A1 lens assembly. The analysis is 

applied (a) nominal performance, (b) high precision tolerances, (c) medium precision tolerances, 

and (d) low precision tolerances. 
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In this analysis, the deviation of the RMS wavefront error is inversely proportional to the 

precision of the tolerances. US20120002303A1 provides the best nominal performance. 

However, when medium precision tolerances are applied to this assembly, the worst case has the 

RMS wavefront error greater than 0.4 waves. When it applies low precision tolerances, some 

lenses cannot be traced at 0.8, 0.9, and 1.0 fields. On the other hand, US20130208366A1 

provides fewer deviations when the assembly applies medium precision tolerances. In 

comparison to the other two lenses, US20130163098A1 has the worst nominal performance. 

Nonetheless, it maintains the best performance when applying low precision tolerances. 

In conclusion, none of these lenses can apply low precision tolerances for maintaining optical 

performance. If the lens manufacturer is able to produce lenses with medium precision 

tolerances, the structure of US20130208366A1 will be the best choice for manufacturing. If the 

lens manufacturer can achieve the production process with high precision tolerances, the 

structure of US20120002303A1 will be the priority. 

Figure 3.5 shows 2D-cross section diagrams for 4-piece lens assemblies. 
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(a) 

 

(b) 
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(c) 

 

Figure 3.5. 2D-cross section diagrams for (a) US20100271713A1, (b) US20100321793A1, and 

(c) US20120176527A1. 

Figure 3.6 to figure 3.8 show RMS wavefront error vs field for 4-piece lens assemblies, with 

different levels of tolerances. 
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(a)                                     (b) 

  

(c)                                     (d) 

  

Figure 3.6. RMS wavefront error vs field for US20100271713A1 lens assembly. The analysis is 

applied (a) nominal performance, (b) high precision tolerances, (c) medium precision tolerances, 

and (d) low precision tolerances. 

 

 

 



41 
 

(a)                                     (b) 

  

(c)                                     (d) 

  

Figure 3.7. RMS wavefront error vs field for US20100321793A1 lens assembly. The analysis is 

applied (a) nominal performance, (b) high precision tolerances, (c) medium precision tolerances, 

and (d) low precision tolerances. 
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(a)                                     (b) 

  

(c)                                     (d) 

  

Figure 3.8. RMS wavefront error vs field for US20120176527A1 lens assembly. The analysis is 

applied (a) nominal performance, (b) high precision tolerances, (c) medium precision tolerances, 

and (d) low precision tolerances. 

 

 

 



43 
 

In this analysis, US20120176527A1 provides the best nominal performance. However, when 

medium precision tolerances are applied to this assembly, the worst case has the RMS wavefront 

error greater than 0.45 waves. When it applies low precision tolerances, the RMS wavefront error 

deviates over the 0.5 wave-scale. On the other hand, US20100271713A1 provides the smallest 

deviations when the assembly applies medium precision tolerances. Also, US20100271713A1 

maintains the best performance when applying high precision tolerances. 

In conclusion, US20100271713A1 can apply medium precision tolerances with the acceptable 

optical performance. Although US20120176527A1 performs the worst performance when 

applying low precision tolerances, it achieves the RMS wavefront error smaller than 0.25 waves 

when applying high precision tolerances. If the lens manufacturer can produce lenses with high 

precision tolerances, the structure of US20120176527A1 will be the one for manufacturing. 

Figure 3.9 shows 2D-cross section diagrams for 5-piece lens assemblies. 
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(a) 

 

(b) 
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(c) 

 

Figure 3.9. 2D-cross section diagrams for (a) US20120327520A1, (b) US20140293455A1, and 

(c) US20150049395A1. 

Figure 3.10 to figure 3.12 show RMS wavefront error vs field for 5-piece lens assemblies, with 

different levels of tolerances. 
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(a)                                     (b) 

   

(c)                                     (d) 

   

Figure 3.10. RMS wavefront error vs field for US20120327520A1 lens assembly. The analysis is 

applied (a) nominal performance, (b) high precision tolerances, (c) medium precision tolerances, 

and (d) low precision tolerances. 

 

 

 



47 
 

(a)                                     (b) 

   

(c)                                     (d) 

   

Figure 3.11. RMS wavefront error vs field for US20140293455A1 lens assembly. The analysis is 

applied (a) nominal performance, (b) high precision tolerances, (c) medium precision tolerances, 

and (d) low precision tolerances. 
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(a)                                     (b) 

   

(c)                                     (d) 

   

Figure 3.12. RMS wavefront error vs field for US20150049395A1 lens assembly. The analysis is 

applied (a) nominal performance, (b) high precision tolerances, (c) medium precision tolerances, 

and (d) low precision tolerances. 
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In this analysis, US20120327520A1 provides the best nominal performance. However, when it 

applies low precision tolerances, the RMS wavefront error deviates over the 0.5 wave-scale. 

Also, US20120327520A1 provides the smallest deviations when the assembly applies medium 

precision tolerances. It is the only lens, which has the performance of RMS wavefront errors 

within 0.5 waves. Although US20140293455A1 gives acceptable performance when it applies 

high precision tolerances, the performance degrades dramatically when applying medium 

tolerances. 

In conclusion, US20120327520A1 is the only lens that can apply medium precision tolerances 

with the acceptable optical performance. US20150049395A1 performs the worst performance 

when applying all levels of tolerances, which indicates that the structure is too sensitive for 

production. If the lens manufacturer can produce lenses with high precision tolerances, structures 

of US20120327520A1 and US20140293455A1 will be the lenses for manufacturing. 

Table 3.2 summarizes the acceptable tolerances that can be applied to each lens in this section. 
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Table 3.2 The acceptable tolerances that can be applied to each lens in this section 

Lens assemblies Levels of tolerances 

No. of elements Patent No. Low precision Medium precision High Precision 

3-piece 

US20120002303A1  V V 

US20130163098A1  V V 

US20130208366A1  V V 

4-piece 

US20100271713A1  V V 

US20100321793A1   V 

US20120176527A1  V V 

5-piece 

US20120327520A1  V V 

US20140293455A1   V 

US20150049395A1    
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3.3. Image simulation in ZEMAX 

ZEMAX provides an interesting function as image processing. This feature simulates the 

formation of images by convolving a source bitmap file with an array of Point Spread 

Functions. The effects considered include diffraction, aberrations, relative illumination, image 

orientation, and polarization. 

The accuracy of the simulation is limited by the resolution of the input image. If the resolution of 

the optical system is sufficient, the discrete pixel nature of the source bitmap may be apparent. 

In this section, assuming the light is unpolarized. Relative illumination is not applied because the 

purpose of this analysis is to evaluate the effects on different levels of tolerances. In order to 

evaluate the effects of tolerances, ZEMAX Macro is applied for controlling the parameters of 

the air gap, element tilt and element decenter. The Random Number Generator gives random 

values in a specific range. Random floating-point number is uniformly distributed between 0 and 

the expression. The evaluation will focus on the comparison between the simulated image and 

the source (original image). 

The source bitmap is taken by Google Pixel 3 rear camera, Sony Exmor IMX363 12.2 MP (1.4 

ɛm) with f/1.8 lens. To match the optical resolution of each lens, the source is proportionally 

resized with each analysis. 

ZEMAX Image Simulation defines the detector format as three parameters: pixels in the x-
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direction, pixels in the y-direction, and pixel size. The maximum frequency that a lens with a 

circular aperture can image is ὔ
ȾΠ
 , where F/# is the image space F-number, ʇ is the 

reference wavelength of the lens assembly. An image sensor can sample an image at a spatial 

frequency of 1/(pixel size). 

Figure 3.13 is the source bitmap for Image Simulation. 

 

Figure 3.13. Source bitmap for Image Simulation. 

Figure 3.14 to figure 3.16 show simulated images and RMS wavefront errors of 3-piece lenses, 

with different levels of tolerances. 
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(a) 

  

 (b) 
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(c) 
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(g) 

  

(h) 
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(i) 

  

(j) 

  

 



58 
 

(k) 

  

(l) 
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(m) 

  

Figure 3.14. Image simulation for US20120002303A1 lens assembly. The analysis is applied (a) 

nominal performance, (b)~(e) low precision tolerances, (f)~(i) medium precision tolerances, and 

(j)~(m) high precision tolerances. 
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