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ABSTRACT

This thesis presents a design of an afocal 7.5X zoom lens with maximum resolution of 0.68 1 m

followed by a reversed ray trace method to show and correct kernel aberrations in zoom lens,

with some examples.

In Chapter 1, some fundamentals of geometric optics are introduced to help understanding lens
design, including terminology, aberration theory, and methods to quantify a lens system

performance.

Chapter 2 starts with a brief introduction on zoom lens system, which includes characterizing the
functionalities of different moving groups, the variator and the compensator, different types of
zoom lens configurations, evolution of zoom types and lastly several novel applications of zoom

lenses.

In Chapter 3, design of a 7.5x afocal zoom with maximum resolution of 0.68 1 m is presented.

The process starts with finding a thin lens solution, then a monochromatic thick lens solution;

finally a diffraction limited polychromatic thick lens solution is achieved.

In Chapter 4, a reversed ray trace method is introduced to identify and correct the kernel
aberrations in zoom lens. Some patent examples are used to show kernel aberrations with the
reversed ray trace method. Then two optimization examples of the kernel aberrations are given at

the end.

Chapter 5 concludes the work presented in this thesis, with some suggestions for possible future

works.



KEYWORDS
Zoom lens design; afocal zoom lens; kernel aberration; reversed ray trace; zoom lens

optimization; four group zooms; aberration compensation
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1. INTRODUCTION

1.1 Motivation

After being introduced to optical engineering six years ago, | have developed a strong interest in
lens design. Among the many different types of lens systems, zoom lens is one of the most
challenging designs to work on. A good zoom lens design needs to achieve various

magnifications while maintaining good performance and smooth zooming motion.

Today’s market offers very limited off-the-shelf options when it comes to zoom lenses with a
large zoom ratio, afocal configuration, and high-resolution. The lens presented in this thesis
originated from a design project | took on during my undergraduate study at the University of
Rochester. It is a 7.5x afocal zoom lens with a maximum resolution of 0.68um, such

specification has the potential to fill in the gap in the zoom lens market today.

Regular fixed focal length lenses are affected by aberrations such as spherical, coma, field-
dependent astigmatism, pupil location, and aberration from materials. In addition to these
aberrations, zoom lens also suffers from kernel aberration caused by its zooming motion. In later
parts of this thesis a reversed ray trace method suggested by Dr. José Sasian is introduced and

used to identify and correct kernel aberrations in zoom lens.
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1.2 Fundamentals of Geometric Optics

Geometrical optics, where light is seen as rays traveling through different mediums, is necessary
for fundamentally understanding an optical system. Geometrical optics provides the framework
for the most important parameters and factors to consider in any lens design process, while
diffraction and interference are usually ignored in the design process.

In geometrical optics, many parameters are used to describe performance of a single lens or a
complicated optical system with multiple lenses. It is crucial to know the terminologies and

understand the definitions of these parameters.

Terminologies of a single lens: Index of Refraction, Abbe Number, radius of Curvature
When designing a lens, both the material and surfaces shapes are important to consider.
Material choice is very important for aberration controls. The two important properties to
consider are the index of reflection (n) and abbe number (V).
Index of reflection describes the properties of how light rays bend when traveling through a
medium, calculated as
n=c/v,

where c is the speed of light traveling in vacuum, v is the speed of light traveling in the medium.
Abbe number describes the properties of dispersion, the difference of index of refraction between
different wavelengths, of a medium. It is calculated by

Vp = (np — 1)/(nr — n¢),
where Vp is the dispersion of a medium, np, ng and nc are the refractive indices of the material at

the wavelengths of 589.3nm, 486.1nm, and 656.3nm.
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The power of a lens is determined by both the index of refraction and the shapes of its two
surfaces. Radius of curvature is a common term used for describing the shape of a lens surface
and it is defined as the distance between the surface vertex and the center of the surface

curvature.

Terminologies for an optical system:

There are a large number of parameters used to specify an optical system, which help people to
analyze and compare different systems.

Stop is a physical aperture that limits the amount of light propagates through optical systems.
The image of stop seen in object space is defined as entrance pupil, while the image of stop seen
in image space is the exit pupil.

Theoretically, all the parameters to characterize an optical system can be calculated only by
tracing chief ray and marginal ray though an optical system.

Chief ray defines the size of a paraxial object, location of pupils, and size of the paraxial image.
It begins at the edge of the object then goes through the center of the entrance pupil, aperture
stop, and exit pupil, and lastly ends at the edge of the image.

Marginal ray defines the location of a paraxial object, the size of the pupils and the location of
the paraxial image. It begins at the optical axis where the paraxial object is located, and passes
through the edge of the entrance pupil, aperture stop, and exit pupil, and ends at the optical axis
where the paraxial image is located.

Effective focal length (EFL) is defined as the distance that takes a bundle of collimated rays to

focus into a point when light propagating through an optical system.
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Usually the performance of a lens system can be quickly determined by its f-number (f/#). It is
defined as the ratio of the system EFL to the entrance pupil diameter. The smaller the F/# is, the
faster speed the system is, meaning there’s more light entering the system.

Object space and image space numerical aperture (NA) is defined as the index of refraction of
the medium multiply by the Sine of half-angle cone of light the optical system would accept at
object or image space, or the angle between the optical axis and marginal ray at object or image
position.

The half field of view (HFOV) of an optical system is usually defined as the object height can
be collected by the optical system or the angle between chief ray and optical axis in object space.
The transverse magnification or lateral magnification is the ratio of the image height to the
conjugate object point height.

Ray tracing is the most common way to analyze the image performance of an optical system
during lens design. Optical path length (OPL) is defined as the index of refraction multiplying
the physical length of the light propagates through. Surfaces with constant OPL from a source
points are called wavefronts. The shape of an ideal wavefront is spherical. The departure of an

aberrated wavefront from an ideal spherical wavefront is called optical path difference (OPD).

1.3 Aberration Theory

In geometrical optics, an object consists of a collection of independently radiating source. Then
each point source emits a spherical wavefront and eventually forms an image at the image plane.
However, when light propagates through an optical system, since the optical system is not ideal,

the optical wavefront will not be spherical after exiting the exit pupil, this phenomenon is called

14



aberration. Figure 1 shows an example of deformed wavefront at the exit pupil. The different
OPD vs field can then be characterized into different aberrations. Aberrations significantly
degrade resolution and shape of the final image. Therefore, understand the factors affect OPD

and the methods to reduce OPD can lead us to design a better optical system.

Exit Pupil ' Ideal Image
' n Location

"""""""""""""""""""""" 7 $e

— Opieet P2

Qb

Figure 1.2 Demonstration of a ray traced from object plane to entrance pupil. Retrieved from

reference [3].
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A ray propagating through a system is specified by its field coordinates (H,,H,) and aperture
coordinates (o, p,) as illustrated in Figure 2. The total aberration can be expressed by a power
series of object ordinates H , aperture coordinates o and the angle 6 between them:

W(H,p,0)=>Y H'plcos"a.

ijk
If aberration is expanded from low order to high order, it shows as

W (H, p,0) =W,,, 0> +W,,,H pcos @ +W,,,p* +W,, H p° cos 6+
W,,,H?p? cos® @ +W,,,H? p* cos @ +W, ,H* pcos 6+ O(6)

Aberration theory is mostly focused on 1% order aberrations and 3" order aberrations because
these aberrations contribute the most to OPD than other high order aberrations.

There are two 1* order aberrations: defocus and wavefront tilt. Defocus, W,,, 02, shifts the focus
of an image along the optical axis. It affects the image uniformly across the entire field of view
(does not depend on field). Wavefront tilt,W,,,H pcos@, is the difference between the paraxial

magnification and actual magnification. It linearly depends on aperture coordinates and field
coordinates. Usually tilt and defocus are not considered aberrations during lens design, since

they could be corrected with changing magnification or refocus.

There are five 3" order aberrations: Spherical Aberrations (W,,00'), Coma (W, H p®cosd),
Field Curvature ( W,,,H?p’cos@ ), Astigmatism ( W,,,H?°p*cos’@ ) and Distortion

(W,,,H®pcos@). Spherical aberration is a variation in focus position at different radius of the

pupil shown in Figure 3(A). It only depends on aperture coordinates. Spherical aberrations

increase significantly as aperture gets bigger. Coma can be viewed as a change of magnification
16



of different annual zone in the pupil shown in Figure 3(B). There is no coma on optical axis
because H = 0. Field curvature (W,,,H? p* cos @) appears because spherical surfaces tend to bend

light to form an image on a curved surface shown in Figure 3(C). There is no field curvature on
axis either. Usually, a negative lens, called a field flattener, can be put close to the image plane
for correcting field curvature and without significantly increasing spherical aberrations.
Astigmatism (W,,,H?p? cos® @) refers to the aberration that causes tangential light and sagittal
light focuses at different positions shown in Fig 3(D). It looks very similar to field curvature, but

it is not rotationally symmetric. Distortion (W, ,H*pcos@ ) is an aberration in which the

magnification varies with the image height shown in Figure 3(E). Since distortion does not
change the focus position, but image magnification at different height, it is often corrected by
calibration or image processing. It doesn’t depend on pupil position at all.

Lens system with large aperture or large field of view will be affected strongly by higher order
aberrations. Though higher order aberration is not introduced in the content, improving higher
order aberration is also very important to achieve a good image performance. During
optimization, it is very beneficial to balance the higher order aberrations with 3™ order

aberrations to achieve a good image performance.
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i H=0 Paraxial i H#0 Paraxial Image Point
Image Plane \

Exit
Pupil A Exit B
Pupil
Perfect image lies on a curved focal surface
Tangential Sagittal
Paraxial
Image
Plane
C Paraxial D

Paraxial
Image
Plane

Pupil E

Figure 1.3 Demonstration of 3" order aberrations. 3A: spherical aberration, 3B: Coma, 3C: Petzval.

3D: Astigmatism, 3E: Distortion. Retrieved from Reference [2].

In lens design, spot diagram, OPD plots and modulation transfer function (MTF) are most
commonly used to characterize the performance of an optical system. A spot diagram shows the
transverse ray error for a given object height H. Rays are traced into the entrance pupil from a
single point on the object. The positions of all the rays hitting the image plane will be recorded.
People usually trace hundreds of rays with different wavelengths. OPD plots are plots of OPD
verses pupil positions for different field. The point spread function (PSF) is the response for a
pulse input for an optical system. The narrower the PSF is, the better the performance of the
optical system is. The modulus transfer function (MTF) is very commonly used, especially when
designing photography lens. It is the modulus of optical transfer function (OTF), while OTF is

the Fourier Transform of PSF.
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2. INTRODUCTION TO ZOOM LENS

2.1 Fundamental of Zoom Lens

Compensator and Variator

A Zoom lens is a combination of lens groups that can change its focal length or magnification by
groups movement along the optical axis. To design a zoom lens, at least 2 lens groups are
required: a variator group for changing the focal length, and a compensator group for keeping the
image plane at the same location throughout zooming. For further aberration control, variator

and compensator could be further split into multiple moving groups.

Object plane Variator Image plane

Figure 2.1: example of moving image plane when variator changes the system focal length.
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Object plane Variator ~ Compensator Image plane

0

!

-
/ﬁ\v\

Figure 2.2 Example of two-group zoom lens, where variator changes the focal length of the
system, and compensator holds the image plane in place.

Zoom Lens Configurations

In general, there are three types of zoom configurations: Finite Conjugate, Infinity Conjugate and
Afocal Conjugate. Depends on different system requirement, different configuration could be
used.

Most of the camera zoom lenses are finite conjugate for simplicity since it only has one sensor
size. However, it is not uncommon that different image sizes are required. For example, for a
microscope that uses different ranges of wavelength and different detectors. To guide the beam
to those detectors, a beam splitter is needed. Collimated light is desired to avoid introducing a lot
of aberrations when inserting a beam splitter in the light path, thus an infinite conjugate zoom
lens is needed. When the incident and existent chief ray angle is fixed, and the detector size is
fixed, the focal length of the tube lens will be fixed, which might be extensively long when the
zoom ratio gets larger. Thus, an afocal zoom lens is introduced. This way, the incident chief ray
angle can be adjusted, to achieve a more reasonable tube length, thus a more reasonable

packaging size is achieved.

20



I. Finite Conjugate: Both image and object is at finite distance.

Figure 2.3: a diagram example of a finite conjugate zoom lens.

ii. Infinite conjugate: For image and object distance, one of the distances is finite and the other is

at infinity.
Zoom Tube lens
’\% >

Figure 2.4: a diagram example of an infinite conjugate zoom lens.

iii. Afocal conjugate: Both the image and object are at infinity.

Fixed Focal length Fixed focal length
Objective Tube lens

T 7 -
! | |

Figure 2.5: a diagram example of an afocal zoom lens.
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2.2 Evolution of Zoom Types

PNXP zoom lenses, shown in figure 2.6, are primarily used for motion pictures historically,
where P, N and X indicates group power that is positive, negative or either. During zooming, the
first group provides focus for maintaining the virtual image position, and the second and third
group performs zooming and focusing. Thus, the second group is called the variator and the third
moving group is the compensator. The zooming and compensating motion can be done by using
simple mechanical device. Since the stop is at the fourth group, the exit pupil position is fixed,
which is very useful for application using CCD sensors. However, as the first lens group moves
forward for closer focus, the entrance pupil moves forward, which requires larger first lens
diameter. Therefore, it is very important to control spherical aberration in early stages to avoid
needing larger lens diameters. With automatic exposure, the aperture can be placed anywhere in
the system. Also, the pupil position can be better controlled thus the lens diameters can be

controlled.

Figure 2.6: an example of PNXP zoom lens (telephoto zoom lens), Retrieved from Reference [8].
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Figure 2.7 np design having 2 X 38 degrees angular field-of-view. Retrieved from Reference [8].
To further increase the field of view while avoiding a large diameter of the first lens, a NP type
configuration can be used. This configuration will also require auto exposure as the stop moves
when zooming. Since the first group is negative, the useful maximum focal length is limited. So

there will be a tradeoff among numerical aperture, useful focal length, and the mid-lens group

diameter.

Intermediate image

Figure 2.8 an example of compound zoom lens. Retrieved from Reference [8].
To achieve a large zoom ratio (larger than 20:1), a combination of moving groups is needed,

which causes difficulty in controlling the entrance pupil location. Thus, a compound zoom lens is
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developed. An intermediate image is formed inside the compound zoom lens. With a moving
field lens added, the entrance and exit pupil location could be controlled almost independently of

the object conjugates.

2.3 Novel Application of Zoom Lens
The most common application of zoom lens is for photography. Many papers have been
published covering SLR, single reflect single-lens reflex camera. In this session, two novel

applications are introduced: Cell phone zoom lens and fisheye zoom lens.

Cell Phone Zoom Lens

Today, with the overwhelming adoption rate of smartphones, cellphone camera has become the
single most widely used photo capturing device for everyone. Such popularity brings ever-
increasing expectation of imaging capabilities on cellphone cameras. To fulfil this demand, most
cellphone cameras have adopted zoom lenses in recent years. Currently there are two major types
of cellphone camera zoom lens: optical zoom lens constructed by multiple moving and fixed lens
groups; and dual fixed camera lens, which achieves zooming by digitally processing two images
taken at the same time with two different lenses. Each type has its own pros and cons.

For a traditional optical zoomed camera lens, it can achieve a rather large optical zoom ratio
usually around 3x-10x, zooming in on a scene does not sacrifice any image quality. However, it
also requires a rather large packaging while the current market is pursuing a thinner and lighter
cellphone. A good example is the Samsung galaxy K zoom released in 2014 (Fig 2.9). It has an

optical 10X zoom with the maximum thickness of 16.6 mm.
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Figure 2.9 Left: Samsung galaxy K zoom cellphone, Retrieved from Reference [9]. Right: example
of a traditional zoomed cell phone camera lens layout. Retrieved from Reference [6].
A digital zoom camera lens usually is more compact, but its imaging performance can never
reach that of the traditional optical zoom lens. A good example would be the Apple’s iPhone XS
released in 2018, which has a 2X optical zoom and 7.7mm thickness. The shortcoming is
obvious: the camera can only perform a narrow range of optical zoom, plus it does not have a
continuous zoom ratio change during the zooming. The benefit of this type of zoom is that the
thickness is significantly reduced, and there’s added depth of field through image processing of

the images taken at the same time with the dual cameras.

Figure 2.10 iPhone XS, an example of a 2X optical zoom achieved by image processing of two

fixed camera lens. Retrieved from Reference [10].
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Another form of optical zoomed camera lens is invented to compromise the low zoom ratio of a
digital zoom camera lens and the large packaging requirement of a traditional zoom camera lens.
This type of lens involves a prism to rotate the optical path, thus the lens will move inside the
cellphone and will not change its appearance during zooming. An example is provided in Figure
2.11. The Asus ZenFone zoom cellphone has a 3X optical zoom, higher than the dual lens setup,
and a thickness of 12mm which is thinner than the traditional zoom lens. However, it still has a

smaller depth of field compares to the dual camera zoom lens.

Figure 2.11 Left: Asus ZenFone zoom cellphone; Right: Asus ZenFone camera lens lay out. An

example of traditional zoom lens implemented in a cell phone. Retrieved from Reference [11].

Fisheye Zoom Lens

A fisheye lens is a wide-angle lens with very short effective focal length. The term fisheye was
coined in 1906 by American physicist Robert W. Wood based on how a fish sees an ultrawide
hemispherical image with two eyes on both sides. According to aberration theory, if a wide

panoramic or hemispherical image is taken, theoretically people cannot eliminate distortion.
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Zoom fisheye lens provides people with choices to change the focal length. In recent years, all

the main SLR camera manufactures have released their own fisheye zoom lens.

One of market zoom fisheye lens is Nikon’s AF-S Nikkor fisheye zoom lens, which EFL can
vary from 8 to 15 mm. When using this lens with Nikon 35mm DSLR camera, the user can
switch between traditional full-frame fisheye images and 180° circular images without changing
objective lens. The sample images are shown in figure 2.12, the lens can produce two completely
different images while high image quality is still maintained. This lens changes f/# from 3.5 to
4.5 when the focal length changes from 8 to 15 mm. For filmmakers and photographers who
want the look and feel only possible with extreme wide angle and fisheye photography, Canon
also has its EF 8-15mm f/4L Fisheye USM lens. It delivers 180° diagonal angle of view images
for all EOS SLR cameras with imaging formats ranging from full-frame to APS-C, and provides
180° circular fisheye images for full-frame EOS models, which is the same as Nikon’s lens. The
largest difference is Canon’s lens will maintain the same f/# when zooming. These lenses are
both very well designed and provide users with high quality images. However, there is still room

for improvement for this design, especially for the residual chromatic aberrations.
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Figure 2.12 Sample pictures taken by Nikon AF-S Fisheye Nikkor 8-15mm camera lens. Retrieved

from Reference [12].
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3. DESIGN PROCESS OF A ZOOM LENS

In this chapter, design process of an afocal four groups zoom lens with 7.5X magnification and
maximum resolution of 0.68 um is presented. The full prescription of the lens is provided in
Appendix. Section one shows how a thin lens solution is decided, section two shows the process
of turning the thin lens solution into thick lens monochromatic solution, and lastly in section 3, a

polychromatic solution is achieved.

3.1 Thin Lens Solution

Since the zoom ratio of 7.5x and resolution of 0.68 1 m are rather high requirements, by norm a

four-group zoom lens design is needed.

For a four-group zoom lens, there are 8 possible power configurations: PNPN, PPPN, PNNN,
PNNP, PPNN, PPNP, NPNP, PNPP, where P represents a group with positive power and N

represents a group with negative power.

A MATLAB script and zoom solution plotter based on paraxial ray tracing from a previous
Advanced Lens Design course at University of Rochester, is used to find the first order thin lens
solution. This script provides the solutions of group EFL combinations with inputs of zoom
range, overall length, group EFL restrictions (e.g. +/- [10,500]), and design forms (e.g. PNNP).

In Figure 3.1, an example of 3 PNNP configurations found by the MATLAB script is shown.
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Figure 3.1: example of 3 PNNP configurations found by MATLAB script. (a) individual group focal
lengths of 3 output solutions; (b) Sum of group power of each solution; (c) overall length of each
solution.

After this MATLAB script is used to search for solutions in all 8 configurations, possible
solutions are found only in PNPN, PNNP and PPNP configurations. In first round selection,

solutions with short group focal lengths are filtered out because even power distribution is more
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helpful in achieving lower Petzval aberration. Next, a zoom solution plotter and CodeV exporter
tool is used to show the zoom motion and ray propagation of the input lens file to further filter

out the solutions with abnormal zoom motions and ray propagation.

Positive Root: f1 =203.0954; f2 = -41.2257; f3 = 55.1024; f4 =-49.4763

250 T T T T T
Lens1
Lens2
Lens3
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=
8 100 | J
c
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Figure 3.2: (a) example of zoom motion plotted by zoom solution plotter, Bottom: examples of ray
propagation of two solutions found by MATLAB tool, (b) normal ray propagation through all
zoom positions, (c) abnormal ray propagation through zoom positions.
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In the last step, another MATLAB tool is used to compare solutions. Solutions with large lens

diameters and large Petzval blur are filtered out. The final thin lens solution is shown in figure
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Figure 3.3: final thin lens solution selected for the afocal 7.5x zoom with PNPN configuration.

The thin lens solution has a PNPN configuration. It has relatively low Petzval aberrations,

ranging from -0.0028 to 0.0212. It gives more room for the Petzval aberration to grow when are

switched to real materials and shapes. The zoom motion is reasonable, because no crashing or

large gaps occurred and moving motion is very smooth.
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3.2 Thick Lens, Monochromatic Solutions

After a thin lens solution is selected, a thick lens monochromatic solution should follow. Thin
lens solution determines the zoom configuration and EFL of each group and layout, it uses by
assumption a material with 2.0 index of reflection and no dispersion. Therefore, switching from
thin lenses to thick lenses should involve material changes. A private catalog containing 5
fictitious glasses is used in this case. The five glasses have indices of 1.54, 1.61, 1.67, 1.72 and
1.75 respectively, and all have zero dispersion. After substitution of those glasses into the thin

lens solution, a more realistic indices solution is achieved.

To start, a perfect lens with 50mm EFL is added at the end of the system. The indices of all the
‘glass’ materials are set to 1.75, with the group effective focal lengths scaled back to the thin lens
solution. Then, the radius is allowed to vary while each group and zoom position EFL are
constrained. Next, all thickness is adjusted with minimum edge and center thickness constraints.
Last, the 1.75 index of refraction is substituted with the five values mentioned above. The final
thick lens monochromatic solution is shown in figure 3.4 with each zoom configuration layout,
material selected, third order aberrations contribution from each group, and aberration ray fan

and MTF to show image performance.
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Third Order Aberrations by Group and Zoom
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Figure 3.4: Thick lens monochromatic solution. (a) Lens layout of each zoom configurations, (b)
individual groups of lenses with lens material selected, (c) third order aberration contribution of
each lens groups, (d) aberration ray fan at image plane, (e) MTF performance at each
configuration.

In figure 3.4(a), the zoom motion remains the same as the one in thin lens solution in figure
3.3(a). However, the overall length has increased from 250mm to 350mm due to the thickness
added into each lens. For the third order aberrations in figure 3.3(c), the first group does not
contribute much, and group 2 and 4 are balancing aberrations with group 3. Since the third group
is the variator, it introduces the most aberrations. In figure 3.4(d) and (e), the image performance

has a resolution of 4 1 m, and MTF of all field and configurations are at the diffraction limit.
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3.3 Polychromatic Solution
After monochromatic solution is optimized to diffraction limit, real glasses should be brought in.

In this step, fixing axial and lateral color becomes the biggest challenge.

Polychromatic evaluations are done on the monochromatic design to determine the group
optimization orders. The fictitious glasses are changed into real glasses with similar indices, with
crowns assigned to positive elements and flints to negative elements. In figure 3.5 illustrates the,
aberration contribution of each group.
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The color correction is done in the order of first group, fourth group, followed by second and
third group together, because the first group has the least aberration contribution, then the fourth

group. The second and third group is balancing each other.

When one group is being optimized, all other groups are fixed with fictitious, zero dispersion
glasses. Some lenses are cemented when they approach each other and have very similar radius
during optimization. One of the lenses in the first group is deleted since it does not contribute

much power or aberrations correction.

The final solution of the zoom lens design is shown below (figure 3.6) with its layout, material

choice and image performance.
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Figure 3.6: Final solution of zoom lens design. (a) Lens layout of each zoom configuration, (b)
individual groups of lenses with lens material selected, (c) third order aberration contribution of
each lens group, (d) aberration ray fan at image plane, (e) MTF performance at each
configuration.

In figure 3.6(a), the zoom motion changes compared to the thick lens monochromatic solution in
figure 3.4(a). However, the moving groups in the two solutions both have a linear motion. The
overall length decreases from 350mm to 335mm, which is not a significant change. For the third
order aberrations in figure 3.6(c), the aberration balancing becomes groups 1 and 2, and 3 and 4,

which is different from that in monochromatic solution. In figure 3.6 (d) and (e), it shows that the
image has a resolution of 0.68 um, and MTF of all field and configurations are at diffraction
limit.
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3.4 Summary
In section 3.1, 3.2 and 3.3, a 7.5x afocal zoom lens with maximum of 0.68 u m resolution is

designed from thin lens solution to thick lens monochromatic solution and finally to a
polychromatic solution. Having a good starting point is very crucial since it predetermines some

properties of the system, such as the Petzval blur, power distribution, total track length, etc.

Moving from a thin lens solution to a thick monochromatic solution, the group EFL did not
change. In addition, the maximum clear diameter of the lens did not vary a lot, from 51.7 to
52mm. The total track length increases from 250 to 290mm, which is very reasonable

considering thickness added into all the lenses. The zoom motion remains the same.

From monochromatic solution to polychromatic solution, the EFL of first group and last group
changed substantially due to power balancing. The maximum clear diameter of the lens increases
from 52 to 73.3mm. The zoom motion changed substantially which leads to a larger total track

length, from 290mm to 325mm.

Group ThinLensEFL Thick Lens EFL  Thick Lens EFL (Polychromatic)

1 462.5 mm 462.5 mm 245.6 mm

2 -87.7 mm -87.7 mm -70.4 mm

3 87.8 mm 87.8 mm 121 mm

4 -114.2 -114.2 -199.7
(a)
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'Group Position (mm)

Quantity ThinLens Thick Lens  Thick Lens (Polychromatic)
Max Dia. (mm) 51.7 52 73.3
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Figure 3.7: Comparison of thin lens, thick lens monochromatic solution, and polychromatic

solution. (a) Groups EFL, (b) packaging size, (c) zoom motion.
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4. REVERSED RAY TRACE METHOD FOR CONTROLING KERNEL ABERRATION

4.1 Prior Art: Reversed Ray Tracing Methods for Correcting Chromatic Aberration and
Athermalization of Imaging Systems

A novel approach to separating and correcting chromatic aberration from the correction of
monochromatic aberrations of a lens system was introduced in Reversed Ray Tracing Methods
for Correcting Chromatic Aberrations in Imaging Systems by Dmitry Reshidko,® Masatsugu
Nakanato,? and José Sasian®. This method is based on the principle of reversibility of the optical
path of rays in geometric optics. Any ray traced through an optical system can be reversed and
retraced along the same path. This means both chromatic and monochromatic aberrations cancel

out through the forward and reversed ray trace.

To implement the reversed ray trace method, a virtual mirror is inserted at the image plane of the
original optical system. Next, a reversed copy of the system is placed after the virtual mirror.
Contrary to regular reflection systems, sign of the thickness after the mirror remains positive. To
separate the chromatic aberration from the monochromatic aberrations, fictitious glass is used in
the real part of the system with zero dispersion while the indices are fixed. In this way, all
monochromatic aberrations are cancelled out through the reversed ray trace and only chromatic
aberration appears on the OPD fan. This is the starting point setup for chromatic aberration

correction. The layout of this implementation is shown in Figure 4.1.
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Figure 4.1: Forward and reversed ray tracing flow. Retrieved from reference [4].

OBJ: 0.0000 (deg)

(a) (b)

(c) (d)

Figure 4.2: Edmund Optics 20mm achromatic doublet: (a) original lens and (b) on axis OPD fan, (c)
forward and reversed ray tracing model and (d) on axis OPD fan. The OPD fan full scale is 0.5
waves. Retrieved from Reference [4].

With the starting point set up, default merit function is set to minimize ray aberrations with chief

ray at the primary wavelength as reference. Then glass substitution can be performed to find the
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best solution for chromatic aberration, while the system with fictitious glass keeps the solution

around a good monochromatic solution. An example optimized with the new proposed method

was provided in the paper.

... Apply color
Minimize both "Eﬁrz “tion
chromatic and SOEREE
. methods. Separate
monochromatic -
ST aberrations and
minimize

New glass
combination
(regular found?

optimization) :E?Tf:gg::l

Figure 4.3: suggested algorithm for application of presented methods. Retrieved from Reference

[4].

Figure 4.4: Canon telephoto lens layout. Retrieved from Reference [4].
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Figure 4.5: Polychromatic MTF for 436nm to 656nm for infinite object distance: (a) patent date

and (b) final design. Retrieved from Reference [4].
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Figure 4.6: OPD fans for infinite object distance: (a) patent data, (b) iteration 1, (c) iteration 2,

and (d) iteration 3. Plot scale is 2 waves. Retrieved from Reference [4].
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4.2 Introduction to Reversed Ray Tracing Methods for Correcting Kernel Aberration of
Zoom Lenses

A Zoom lens is constructed by its variator and compensator to achieve a continuous changing
focal length while the image plane is fixed. The movement of lens groups and the requirement to
maintain good image quality at all zoom positions make zoom lenses design more challenging

compared to designing fixed focal length lenses.

In general, the aberration of a zoom lens can be separated into two categories: the aberration
function of the non-moving lens groups and kernel aberration. Kernel aberration can be further
divided into two parts: kernel aberration that is independent of the zoom ratio, and kernel

aberration that depends on the zoom ratio.

The concept of this reversed ray tracing method is to target and correct the Kernel aberrations
that depend on the zoom ratio. It would be a useful step to perform during or at the end of a

designing process.

The starting point of the setup is very similar to that shown in previous section. A flat mirror is
added to the image plane of the zoom system, followed by a reversed intermediate zoom
configuration with positive thickness. In this way, aberrations independent of zoom ratio are
canceled through the reversed ray trace. Only the difference of the kernel aberration that depends
on zoom ratio between the mid configuration and the original configuration are shown. Since the

light after retracing is collimated, it is necessary to change the ray trace mode into afocal.
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Figure 4.7 Forward and reversed ray tracing flow to show kernel aberration in zoom lens system.

4.3 Examples of Kernel Aberration Using Reversed Ray Trace Method
In this section, 5 examples are provided using reversed ray trace method to show kernel

aberration through zoom positions.

Example 1
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Figure 4.8 (a) Zoom lens configuration of patent US2937572A, (b) nominal performance, (c) Zoom
lens configuration with reversed ray trace, (d) OPD ray fan showing kernel aberrations at each

configuration.
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Figure 4.9 (a) Zoom lens configuration of patent US3227042, (b) nominal performance (c) Zoom

lens configuration with reversed ray trace (d) OPD ray fan showing kernel aberrations at each

configuration.
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Example 3
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Figure 4.10 (a) Zoom lens configuration of lens designed in Chapter 3, (b) nominal performance (c)
Zoom lens configuration with reversed ray trace, (d) OPD ray fan showing kernel aberrations at

zoom position of 1, 3 and 5.
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Figure 4.11 (a) Zoom lens configuration of patent US5050972, (b) nominal performance, (c) Zoom

lens configuration with reversed ray trace, (d) OPD ray fan showing kernel aberrations.
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Example 5
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Figure 4.12 (a) Zoom lens configuration of patent US7, 903,345, (b) nominal performance, (c)

Zoom lens configuration with reversed ray trace, (d) OPD ray fan showing kernel aberrations.

4.4 Corrections of Kernel Aberration in Zoom Lens Using Reversed Ray Trace Method
In this section, correction of kernel aberration is performed on two zoom lenses using

OpticStudio in sequential ray trace mode.

Although simple optimization of zoom lens with reversed mid configuration could help correct
kernel aberrations, worse performance is usually found when the reversed configurations are
removed. The reason is that the internal image plane is not constrained during the optimization.
A simple solution is adding extra configurations, which will result in having doubled number of

configurations compared to the original lens file.
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To set up starting point, three additional configurations are added to the zoom lens file to show
kernel aberrations. For the new added configurations, all of the forward part of the lenses is set to
pick up all the parameters from the original configurations and all of the reversed part of the
lenses is set to pick up the parameters from the middle configuration of the original lens. All the
surface after image plane are deactivated in the first three zoom configurations. With the starting
point set up, default merit function is set to minimize ray aberrations with chief ray at the
primary wavelength as reference. Previous user defined merit functions are fixed to constrain the
first three original configurations. Therefore, the original image performance does not deviate
too far from a good solution during the optimization. Because of the additional configurations

and more surfaces, the optimization takes longer.

Ignore all surface
after Config.1

Configuration 1

Configuration 2
after Config.2 Not afocal Image
after Config.3 (Config: 1,2,3)
-
Config. 2
Config. 2

Configuration 3

Object Lommd

Afocal Image space
(Config: 4,5,6)

Configuration 4
(Copy of Config.1)
Configuration 5

(Copy of Config.2)
Configuration 6
(Copy of Config.3)

Config. 2

Figure 4.13 suggested algorithm for application of presented methods.
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Optimization of Example 4

Below is the example 4 shown in previous section with corrected kernel aberration. In general,
the lenses do not change much in its form and shape. However, with targeted optimization,
kernel aberration is reduced, which leads to a better final image performance.
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} ' ' ' ' {20 mm (a)
(b)

Figure 4.14 Lens layout of example 4, (a) before correction of kernel aberration, (b) after

correction of kernel aberration.
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Figure 4.15 OPD fan showing kernel aberration of example 4, (a) before kernel aberration

correction, (b) after kernel aberration correction.
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Figure 4.16 OPD fan of example 4 at image plane, (a) before correction of kernel aberration, (b)

after correction of kernel aberration.
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Optimization of Example 3

Below is another example of correction of kernel aberration. This zoom lens is designed in
Chapter 3 and shown in previous section as example 3. In contrast to previous example, this is
an afocal zoom lens with a large zoom ratio of 7.5X. The optimization process was mostly

similar to the last example except for one step.

In this example, the stop sizes vary a lot through different configurations due to the large zoom
ratio. Therefore, fixing the stop size would not be helpful for maintaining image performance at
all configurations while the large zoom ratio fixed. The stop was kept the same as its original
size in different configurations. However, this causes some problems. When the largest zoom
ratio configuration connects to a reversed mid configuration, not all fields are traced correctly.
To solve this, the stop size at the largest configuration with reversed lens groups is modified to
the same size as second largest configuration. For the configurations that are not connected to a
reversed set up, the stop sizes are remained the same as those in original setup. After a first round
of optimization, the largest zoom ratio configuration is able to trace with a reversed mid
configuration at its original stop size. The stop is then set to its original size, and the optimization

was repeated to get the final results.

Comparing the OPD ray fans at image plane before and after reversed ray trace set up, the largest
zoom configuration improves from scale of 1 wave to 0.5 wave after correction of kernel
aberration. The lens form and shape does not change significantly. However, the moving groups

path is slightly improved, which potentially lead to a harder mechanical housing and control.
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Figure 4.17 layout of example 3, (a) before correction of kernel aberration, (b) after correction of

kernel aberration.
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Figure 4.18 OPD fan showing kernel aberration of example 3. (a) Before kernel aberration
correction, (b) after kernel aberration correction. Note: stop size was different at the largest

zoom configuration.
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Figure 4.19 OPD fan of example 3 at image plane, (a) before correction of kernel aberration, (b)

after correction of kernel aberration.
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The reversed ray trace method has its benefits in targeting and correcting kernel aberration in
zoom lens to achieve a better image quality. It however, also has some limitations. First, in order
to have a good pupil matching, it is necessary to have a stop with fixed position and the stop size
is required to locate at the last group. Second, with more configurations and more surfaces added,

optimization process is inevitably more time-consuming.
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5. CONCLUSION AND FUTURE DIRECTIONS

In this thesis, an example of afocal 7.5x zoom lens for microscope is designed from scratch. The
design process begins with selecting a good thin lens starting point, then monochromatic thick
lens solution and lastly achieved a diffraction limited polychromatic thick lens solution. This
design could be commercially significant since the off-the-shelf availability of afocal zoomed

microscope with high zooming ratio and high resolution is currently extremely limited.

There are still some works that can be done from the results in this thesis. Because the system
introduced in this thesis is afocal, beam splitters can be inserted in the collimated beam path to
attach to different types of detectors. Therefore, it can potentially be optimized for other
wavelength ranges such SWIR. In addition, although the edge and center thickness of the air
space and lenses were constrained to have reasonable numbers for manufacturability, conducting

tolerance analysis is necessary.

By adding a reversed mid configuration at the end of each zoom configurations, the reversed ray
trace method is a very useful way for illustrating kernel aberration, which is aberration due to
zoom motions. Chapter 4 introduced a simple way to optimize kernel aberration without adding
extra user-defined merit function. However, due to the extra surfaces and doubled configurations,
the optimization process will take much longer. It would be interesting to program macros or
user-defined merit functions to improve the image performance at the internal image plane. This
would help reduce number of configurations needed. Furthermore, the applicability of the
method is currently limited to zoom lenses with stop at the last group to enable pupil matching

with the reversed zoom configuration. It is certainly worth exploring the applicability of this
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approach for zoom lens with stop at different locations: for example trying it on zoom lens with

fixed entrance pupil and adding the reversed group in front.
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APPENDIX

Zoom Lens Specification

Specification Unit Afocal (sensor to sample)

Zoom position - out 0.750 0.500 0.250 in
\Wavelength nm 450-650

Half FOV (Sensor) deg

Half FOV (Sample) deg

Magnifying Power -

Partial system focal length mm

Entrance pupil diameter mm 16.977

Exit pupil diameter mm 6.58 8.40 11.61 18.80 49.34
Total Track Length mm 250.000

The half FOV (sensor) was calculated based on connection of a 160mm tube lens and a sensor

size of 3.88mm. The half FOV (sample) was calculated based on connection of a 50mm

objective and a sample size of 0.5mm (zoom in) to 3.75mm (zoom out).
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Z00 VLY F4 -0.007011014106330871 -0.004518788357328774 -
0.002265525881658181¢&
-0.0007656999191569813 -0.0001376472601639645
Z00 VUY F5 -0.008885591687415095 -0.005599354648960553 -
0.002754094722881906&
-0.000911631209824515 0.2650532801540262e-4
Z00 VLY F5 -0.010931108697255 -0.006860671928762718 -0.003360186173311686%&
-0.001167965769642843 -0.0002018252709177215
Z00 VUX F1 0.1044897501856212e-10 -0.312194714524594e-12&
-0.8126832540256146e-13 0.9999978622943218e-10 0.2413291788627703e-11
Z00 VLX F1 0.1044897501856212e-10 -0.312194714524594e-12¢&
-0.8126832540256146e-13 0.9999978622943218e-10 0.2413291788627703e-11
Z00 VUX F2 -0.0004270374147949951 -0.0002715414067377964¢&
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-0.0001381408723299948 -0.4228350678014969%9e-4 0.801792128468648e-6
Z00 VLX F2 -0.0004270374147949951 -0.0002715414067377964&
-0.0001381408723299948 -0.4228350678014969%e-4 0.801792128468648e-6
Z00 VUX F3 -0.001348709690815353 -0.0008584091238219571 -
0.000432864442495795&

-0.0001330935911119102 0.2013619406104894e-5

Z00 VLX F3 -0.001348709690815353 -0.0008584091238219571 -
0.000432864442495795¢&

-0.0001330935911119102 0.2013619406104894e-5

Z00 VUX F4 -0.002033844796076822 -0.001294868425700813
0.0006487808508959247&

-0.0002000643741926211 0.2460546550842047e-5
Z00 VLX F4 -0.002033844796076822 -0.001294868425700813
0.0006487808508959247«

-0.0002000643741926211 0.2460546550842047e-5
Z00 VUX F5 -0.002894173369228259 -0.001842241345626494
0.000915702176957911&

-0.0002832825009531081 0.2611436963895208e-5
Z00 VLX F5 -0.002894173369228259 -0.001842241345626494
0.000915702176957911&

-0.0002832825009531081 0.2611436963895208e-5

zZ00 WIF F1 1.0 1.0 1.0 1.0 2.0
Z00 WTF F2 1.0 1.0 1.0 5.0 10.0
Z00 WTF F3 1.0 1.0 1.0 5.0 10.0
Z00 WIF F4 1.0 1.0 1.0 5.0 10.0
Z00 WIF F5 1.0 1.0 1.0 5.0 10.0
Z00 THI S3 109.9096971951296 103.4612105442519 95.40338368818939¢&

69.15342904482122 10.0

ZOO THC s3 0 0 0 0 O

Z00 THI S8 9.999999999999995 33.92961812656843 66.25838873307306&
106.4054398993102 204.6771301727446

Z0O THC s8 0 0 0 0 O

Z00 THI S13 104.767432977615 87.28630150192427 63.01535775148209¢&
49.11826122861312 10.0

Z0O THC S13 0 0 0 0 O

CMP DLZ S21 20.0

DLF S1 5.0
DLF S2 5.0
DLF S3 5.0
DLF S4 5.0
DLF S5 5.0
DLF S6 5.0
DLF S7 5.0
DLF S8 5.0
DLF S9 5.0
DLF 510 5.0
DLF S11 5.0
DLF S12 5.0
DLF S13 5.0
DLF 514 5.0
DLF 515 5.0
DLF S16 5.0
DLF S17 5.0
DLF 518 5.0
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DLF
DLR
DLR
DLR
DLR
DLR
DLR
DLR
DLR
DLR
DLR
DLR
DLR
DLR
DLR
DLR
DLR
DLR
DLR
DLR
DLT
DLT
DLT
DLT
DLT
DLT
DLT
DLT
DLT
DLT
DLT
DLT
DLT
DLT
DLT
DLT
DLT
DLT
DLT
DLN
DLN
DLN
DLN
DLN
DLN
DLN
DLN
DLN
DLN
DLN
DLN
DLV
DLV
DLV

S19 5.0

S1 0.025
52 0.025
S3 0.025
S4 0.025
S5 0.025
S6 0.025
S7 0.025
S8 0.025
S9 0.025
S10 0.025
S11 0.025
512 0.025
S13 0.025
S14 0.025
S15 0.025
Sle 0.025
S17 0.025
S18 0.025
S19 0.025
S1 0.025
S2 0.025
S3 0.025
S4 0.025
S5 0.025
S6 0.025
S7 0.025
S8 0.025
S9 0.025
S10 0.025
S11 0.025
512 0.025
S13 0.025
S14 0.025
515 0.025
S16 0.025
S17 0.025
S18 0.025
S19 0.025
S1 0.001
52 0.001
sS4 0.001
S5 0.001
S7 0.001
S9 0.001
S10 0.001
512 0.001
S14 0.001
S15 0.001
S17 0.001
518 0.001
S1 0.008
S2 0.008

S4 0.008



DLV
DLV
DLV
DLV
DLV
DLV
DLV
DLV
DLV
CYD
CYD
CYD
CYD
CYD
CYD
CYD
CYD
CYD
CYD
CYD
CYD
CYD
CYD
CYD
CYD
CYD
CYD
CYD
CYN
CYN
CYN
CYN
CYN
CYN
CYN
CYN
CYN
CYN
CYN
CYN
CYN
CYN
CYN
CYN
CYN
CYN
CYN
TRY
TRX
RLY
RLX
BTY
BTX
DSY

S5 0.008
S7 0.008
59 0.008
.008
.008
.008
.008
.008

S10
S12
S1l4
S15
S17
S18
Sl
S2
S3
S4
S5
S6
ST
S8
S9
S10
S11
S12
S13
S14
S15
Sl6
S17
S18
S19
S1
S2
S3
sS4
S5
S6
ST
S8
S9
S10
S11
S12
S13
S14
S15
S16
S17
S18
S19
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0

S1 0.025
S1 0.025
Sl..
Sl..
Sl..
S1..
S1..

w w wN N

0.025

0.025
.001
.001
.025
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DSX
TRY
TRX
TRY
TRX
RLY
RLX
BTY
BTX
DSY
DSX
TRY
TRX
TRY
TRX
BTY
BTX
DSY
DSX
TRY
TRX
RLY
RLX
BTY
BTX
DSY
DSX
TRY
TRX
TRY
TRX
BTY
BTX
DSY
DSX
TRY
TRX
RLY
RLX
BTY
BTX
DSY
DSX
TRY
TRX
TRY
TRX
RLY
RLX
BTY
BTX
DSY
DSX
TRY

S1..3 0.025

S3
S3
S4
S4

S4..
S4..
S4..
S4..
S4..

S4.
S6
S6
S
ST

0.02
0.02
0.02
0.02

o oY OY Oy U1 U1
o O O

0.02
0.02
0.02
0.02

5
5
5
5

R 0.025
R 0.025

.001
.001
.025
.025

5
5
5
5

S7..8 0.001
S7..8 0.001
S7..8 0.025
S7..8 0.025

S9

S9

S9.
S9.
S9.
S9.
S9.
S9.
S11
S11
S12
S12
S12
S12
S12
S12
S14
S14

S14.
S14.
S14.
S14.
S14..
S14.

S16
S16
S17
S17

S17.
S17.
S17.
S17.
S17.
S17.

S19

0.02
0.02
.10
.10
.11
11
11
11

5
5

0.025

0.025
.001
.001
.025
.025

0.025
0.025
0.025
0.025
..13 0.001
..13 0.001
..13 0.025
..13 0.025
0.025
0.025

.15
.15
.16
.16
16
16

R 0.025
R 0.025
.001
.001
.025
0.025

O O O

0.025
0.025
0.025
0.025

.18
.18
.19
.19
.19
.19

R 0.025
R 0.025
0.001
0.001
0.025
0.025
5
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TRX
CLS
DER
DER
DER
DER
DER
DER
DER
DER
DER
DER
DER
DER
DER
DER
DER
DER
DER
DER
DER
DER
DER
DER
DER
DER
DER
DER
DER
DER
DER
DER
DER
DER
DER
DER
DER
DER
DER
DER
DER
DER
DER
DER
DER
DER
DER
DER
DER
DER
DER
GO

S19 0.025
RED FOR BLU

WVL
VAL
VAL
VAL
VAL
VAL
VAL
VAL
VAL
VAL
VAL
VAL
VAL
VAL
VAL
VAL
VAL
VAL
VAL
VAL
VAL
VAL
VAL
VAL
VAL
VAL
VAL
VAL
VAL
VAL
VAL
VAL
VAL
VAL
VAL
VAL
VAL
VAL
VAL
VAL
VAL
VAL
VAL
VAL
VAL
VAL
VAL
VAL
VAL
VAL

Il

I2

I3

I4

I5

I6

I7

I8

I9

I10
Il1
I12
I13
I14
I15
Il6
I17
I18
I19
I20
I21
I22
I23
I24
I25
I26
127
I28
I29
I30
I31
I32
I33
I34
I35
I36
I37
I38
I39
I40
I41
I42
I43
I44
I45
I46
147
I48
I49

0.9976308896229834e-5
0.6171929367879995e-5
-0.1165478644118597e-5
-0.1801819264121627e-4
0.3393078267773695e-4
0.5544042601395367e-4
0.7259089820304298e-4
0.3028327245188475e-6
0.1964474522143261e-5
-0.3267343390791328e-5
0.237581587288666e-5
0.1987704784684651e-4
-0.2693372304045059%e-6
0.5336384970401929%e-5
0.959626916038953e-6
0.288724815727721e-5
0.9766764663039545e-6
0.1983729369529412e-5
-0.182724161293862e-6
-0.04669408061714644
0.08955166103951032
-0.09724242975919396
0.08030860333037275
0.0156677976819356
-0.3963685721916503
-0.01331130371290399
-0.009610457326528163
-0.08071447901449447
0.03221346948588758
-0.1140947987804353
-0.3207576933415692
0.01285129659785462
0.001970101351524055
0.001929316941905165
-0.09535819508619066
-0.1215830633414394
0.1683459572030095
-0.06077842538823264
0.07988592272729325
-0.2255444319040809
.2216948892085973
.2303052634621539
.0402509861399833
.01859118491911686
.418959205593617
.3288782574277201
.0174105810603717
.03273758029820725
0.006218308352995959

| O OO OO O oo
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MATLAB code of thin lens solution finder from Advanced Lens Design course at University

of Rochester

% zoom plotter to plot the motion of a 4-group lens through zoom
First and last groups are fixed, middle two groups are moving

o\

o\

% Specify a number of random trials - try a small number at first (50 or
% 100) and increase it until you get the desired number of output
solutions

ntrials = 2000;

%% Input parameters
zoomLow = 6.882; % the lowest mag of the zoom range

o)

zoomHigh = 0.6882; % the highest mag of the zoom range
% These parameters can be specified here, or they can be taken as random
values at a later part of the code

L prime = 300; % the overall length from the first group to the last group

% If desired, enable randomization of BFL and OAL (in which case the
values defined above will be ignored).

% The upper and lower limits for the random search are defined in the next
section

% randomizeBFL=1; % 1 = enable randomization, 0 = disable randomization
randomizeOAL=1;

%% Search limits for BFL and OAL (if randomization is enabled)
% Limits for random OAL
OALmin = 50;
OALmax = 500;

%% Search limits for group focal lengths

% Specify design form (sign of power in each group) and limits on focal
length amplitudes

EFLlowerlimit = 10;

EFLupperlimit = 500;

designform = [1 -1 1 17];

flmin = designform(l) *EFLlowerlimit;
flmax = designform(l) *EFLupperlimit;
f2min = designform(2) *EFLlowerlimit;
f2max = designform (2) *EFLupperlimit;
f3min = designform(3) *EFLlowerlimit;
f3max = designform(3) *EFLupperlimit;
fdmin = designform(4) *EFLlowerlimit;
fdmax = designform(4) *EFLupperlimit;

% % Or specify any limits on focal length range
Imin = 1;
10000;

H
=
0]
b
Il
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o\

f2min = 1;

% f2max = 10000;
% f3min = -1000;
$ f3max = -1;
% f4min = -1000;
% fdmax = -1;

o°
Il
I
|
|
|

o\
Il
Il
Il

o°
Il
I

THIS IS THE END OF THE USER INPUT SECTION.

o
=== -3

o\
Il
Il

o°
Il
I

DON'T MODIFY ANYTHING BELOW UNLESS YOU KNOW WHAT

o°

o\

oe

if it causes crashing
m = linspace (zoomLow, zoomHigh,51) ;

flout = [];f20ut = [];£f3o0ut = [];fdout = [];root

[1;

pause off

for ij = l:ntrials
% Generate group focal lengths randomly
fl = flmin + (flmax-flmin) *rand(l) ;
f2 = f2min + (f2max-f2min) *rand (1) ;
f3 = f3min + (f3max-f3min) *rand(l) ;
f4 = fdmin + (f4max-f4min)*rand(1l);

if randomizeOAL==

o)

% Generate OAL randomly

L prime = OALmin + (OALmax-OALmin) *rand(1l);

end
M= —-(fd4.*m) ./ (f1l);
a =1;
L = L prime-fl-£f4;
b = -L;
c = L.*(f24+4£3)+((M-1) ."2.*f2.*£3) ./M;
t2 = (-b-sgrt(b.”2-4.*a.*c))./(2.%a);
if imag(t2)==
t=t2;
s2 = ((M-1).*t+L) ./ ((M-1)-M.*t./£f2);

s3 prime = L+s2-t;

Posl = zeros(l,length(M));
Pos2 = Posl+fl-s2;

Pos3 = Pos2+t;

Pos4 = Pos3+s3 prime+f4;
distancel? = (Pos2-Posl);
distance23 (Pos3-Pos2);

% Calculate zoom motion for a random collection of

78

focal lengths and see

[1;BFLout = [];O0OALout =



£3; fdout (end+1) =

distance34 =

if sum(distancel2 < 0)

[o)

else
flout (end+1l) =
f4;

f1; f2out (end+1) =

(Pos4-Pos3) ;

+ sum(distance23 < 0)

% There are no valid solutions

OALout (end+1l) = L prime;
root (end+1) = -1;
pause
end
t2 = (-b+sgrt(b.”2-4.*a.*c))./(2.%a);
t=t2;
sl = ((M-1).*t+L) ./ ((M-1)-M.*t./£2);
Posl = zeros(l,length(M));
Pos2 = Posl+fl-sl;
Pos3 = Pos2+t;
Pos4 = Pos3+ (L+sl-t)+£f4;
distancel?2 = (Pos2-Posl);
distance23 = (Pos3-Pos2);
distance34 = (Pos4-Pos3);

if sum(distancel2 < 0)

+ sum(distance23 < 0)

0
% There are no valid solutions
else
flout (end+1l) = f1;f2out (end+1l) =
f3;fdout (end+1l) = f4;
OALout (end+1l) = L prime;
root (end+1) = 1;

QO X B ooe

if L7"2-4*1*min (c)

pause
end
end

+ sum(distance34 <

£f2; f3out (end+1l) =

+ sum(distance34 <

£2; f3out (end+1) =

$Below here is the guts of the generator code for focal systems

L prime - f1 - £4*BFL/ (BFL-

£4);

-EFL.* (L prime-L-f1)./(BFL*fl);

L* (£2+£3)+ ((M-1)

% Check positive root first; a
(L+sqgrt (L"2-4*1*c)) ./ (2*1);
L+ ((M-1) .*t2+L) ./ ((M-1)-M.*t2/£2);

t2

X

tl = L prime-x-f4*BFL/ (BFL-£f4);

t3 = L prime-tl-t2;

lensdz =
lens3z

BFL;
t3+lensdz;

>=0 && L*"2-4*1*max(c)

N2) JFE2FE3 L /My

>= 0

= 1;b = -L;
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lens2z = t2+t3+lensdz;
lenslz tl+t2+t3+1lensdz;

% check for valid solutions (lenslz > lens2z > lens3z > lensdz)

if sum(lens2z > lenslz) + sum(lens3z > lens2z)

% There are no valid solutions

else

flout (end+1l) = fl;f2out (end+l) = £2;f3out (end+1)
£4,;

BFLout (end+1) = BFL;

OALout (end+1) L prime;

root (end+1) 1;

o

€]
figure;plot (EFL, lenslz, 'b',EFL, lens2z, 'r',EFL, lens3z, 'g',EFL, lensd4z, 'm")

% xlabel ('"EFL (mm) ') ;ylabel ('Distance from Image
(mm) ') ;legend('Lensl', 'Lens2', 'Lens3"', '"Lens4")
% title(['Positive Root: £ 1 = ' numZ2str(fl) ';
f 3 =" num2str(f3) '; £ 4 = ' num2str(f4)])

pause
end

% check negative root

t2 = (L-sgrt(L"2-4*1*c))./(2*1);

x = L+ ((M-1).*t24L) ./ ((M-1)-M.*t2/£2);
tl = L prime-x-£f4*BFL/ (BFL-f4);

t3 = L prime-tl-t2;

lens4z = BFL;

lens3z = t3+lensdz;

lens2z t2+t3+lensdz;

lenslz = tl+t2+t3+1lensdz;

fi

2

+ sum(lensd4z > lens3z)

Al

£3; fdout (end+1)

num2str (£2)

% check for valid solutions (lenslz > lens2z > lens3z > lens4dz)

if sum(lens2z > lenslz) + sum(lens3z > lens2z)

o)

% There are no valid solutions
else

flout (end+1l) = fl;f2out (end+1l) = £2;f3out (end+1)

£4;
BFLout (end+1) = BFL;
OALout (end+1l) = L prime;
root (end+1) = -1;

o

figure;plot (EFL, lenslz, 'b',EFL, lens2z, 'r',EFL, lens3z, 'g',EFL, lens4z, 'm")

% xlabel ('EFL (mm) ');ylabel ('Distance from Image
(mm) ') ; legend('Lensl', 'Lens2', 'Lens3"', 'Lens4")
% title(['Negative Root: £ 1 = ' num2str(fl) ';
f 3 =" num2str(£f3) '; £ 4 = ' num2str(f4)])
pause
end
end
end
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fi

2

+ sum(lensd4z > lens3z)

£3; fdout (end+1)

num2str (£2)

> 0

> 0

’

Iz



[o)

% This section of code plots data about the systems found.

if length(flout) > 0

TTout = OALout;

PowRSS = (1./flout).”2+(1./f20ut).”2+(1./f30ut) .2+ (1./fdout) .”2;

PTB = 1./flout+l./f2o0ut+1l./f30ut+1./fdout;

minEFL = min(abs([flout; f2out; f3out;fdout]));

figure (101) ;bar ([OCALout']);xlabel ('Solution #');legend('OAL, L 1-L 4')
figure (102) ;bar (PowRSS) ;xlabel ('Solution #');ylabel ('RSS of Group Powers')
figure (103) ;bar (PTB) ;xlabel ('Solution #');ylabel ('Sum of group power')
figure (104) ;bar (minEFL) ;xlabel ('Solution #');ylabel ('minimum EFL
magnitude')

figure (105) ;bar ([flout' f2out' f3out' fdout']);xlabel ('Solution
#');ylabel ('Group Focal Length');legend('f 1','f 2','f 3','f 4")

5}

end

81



REFERENCE

el Nl =

10.
11.

12.

13.

14.

15.

16.

17.

18.

Greivenkamp, J. E. (2004). Field guide to geometrical optics(Vol. 1). SPIE.

Bentley, J. L., & Olson, C. (2012, December). Field guide to lens design. SPIE.
Kingslake, R., & Johnson, R. B. (2009). Lens design fundamentals. academic press.
Dmitry Reshidko, Masatsugu Nakanato, and José Sasian, “Ray Tracing Methods for
Correcting Chromatic Aberrations in Imaging Systems,” International Journal of Optics,
vol. 2014, Article ID 351584, 11 pages, 2014.

Youngworth, R. N., & Betensky, E. I. (2012, October). Fundamental considerations for
zoom lens design (tutorial). In Zoom Lenses IV (Vol. 8488, p. 848806). International
Society for Optics and Photonics.

Heu, M. (2013). U.S. Patent No. 8,467,134. Washington, DC: U.S. Patent and Trademark
Office.

Betensky, E. (2005, August). Forty years of modern zoom lens design. In Tribute to
Warren Smith: A Legacy in Lens Design and Optical Engineering (Vol. 5865, p. 586506).
International Society for Optics and Photonics.

Betensky, E. (2015, September). Understanding how entrance and exit pupils have
determined the evolution of the modern zoom lens design (tutorial). In Zoom Lenses

V (Vol. 9580, p. 958004). International Society for Optics and Photonics.

Benny, and Kimmy. “Samsung Galaxy S4 Zoom Smartphone: 20.7 MP Camera & 4G
LTE.” Samsung Uk, 8 Sept. 2017, www.samsung.com/uk/smartphones/galaxy-k-zoom-
c115/SM-C1150ZKABTU/.

“IPhone XS.” Apple, www.apple.com/iphone-xs/.

“ZenFone Zoom (ZX551ML): Phones.” ASUS USA, www.asus.com/us/Phone/ZenFone-
Zoom-ZX551ML/.

“Nikon AF-S FISHEYE NIKKOR 8-15mm /3.5-4.5E ED Lens: Interchangeable Lens
for Nikon Digital SLR Cameras.” Nikon AF-S FISHEYE NIKKOR 8-15mm f/3.5-4.5E ED
Lens | Interchangeable Lens for Nikon Digital SLR Cameras,
www.nikonusa.com/en/nikon-products/product/camera-lenses/af-s-fisheye-nikkor-8-
15mm-f%252f3.5-4.5e-ed.html.

Keizo, Y. (1960). U.S. Patent No. 2,937,572. Washington, DC: U.S. Patent and
Trademark Office.

Vilem, S., & Ladislav, P. (1966). U.S. Patent No. 3,227,042. Washington, DC: U.S.
Patent and Trademark Office.

Mukaiya, H., Suzuki, N., Hamano, H., Sugiura, M., & Horiuchi, A. (1991). U.S. Patent
No. 5,050,972. Washington, DC: U.S. Patent and Trademark Office.

Nurishi, R. (2011). U.S. Patent No. 7,903,345. Washington, DC: U.S. Patent and
Trademark Office.

J. L. Rayces and M. Rosete-Aguilar, “Selection of glasses for achromatic doublets with
reduced secondary spectrum. I. Tolerance conditions for secondary spectrum,
spherochromatism, and fifth-order spherical aberration,” Applied Optics, vol. 40, no. 31,
pp. 5663-5676, 2001.

R. I. Mercado and P. N. Robb, “Color-corrected optical systems and method of selecting
optical materials therefor,” U.S Patent 5210646A, 1993.

82



19

20.

21.

22.

23.

24,
25.
26.
27.
28.
29.
30.
31.

32

. B. F. C. Albuquerque, J. Sasian, F. L. Sousa, and A. S. Montes, “Method of glass
selection for color correction in optical system design,” Optics Express, vol. 20, pp.
13592-13611, 2012.
R. D. Sigler, “Glass selection for airspaced apochromats using the Buchdahl dispersion
equation,” Applied Optics, vol. 25, pp. 4311-4320, 1986.

J. M. Sasian, S. A. Lerner, T. Y. Lin, and L. Laughlin, “Ray and van Cittert-Zernike
characterization of spatial coherence,” Applied Optics, vol. 40, no. 7, pp. 1037-1043,
2001.
R. N. Pfisterer, “Clever tricks in optical engineering,” in 7th Novel Optical Systems
Design and Optimization, pp. 230-239, Denver, Colo, USA, August 2004.

M. Misaka, A. Nishio, and H. Ogawa, “Optical system and optical apparatus having the
same,” U.S. Patent6,115,188A, 2000.
W. Smith, Modern Lens Design, McGraw-Hill, New York, 1992.
T. Higuchi, “Compact telephoto type zoom lens,” US Patent 3,615,125, 1971.
R. Watanabe, et al., “Zoom lens,” US Patent 3,784,28, 1974.
T. Tanaka, et al., “Zoom lens,” US Patent 4,629,294, 1986.
T. Yamanashi, “Zoom lens system,” US Patent 4,789,229, 1988.
Ito, et al., “Zoom lens system,” US Patent 5,331,464, 1994.
H. Nakagawa, “Rear focus zoom lens system,” US Patent 5,583,699, 1996.
T. Yamanashi, “Compact high vari-focal ratio zoom lens system,” US Patent 4,822,1522,
1989.
. A. Nishio, et al., “Zoom lens,” US Patent 5,691,851, 1997.

83



