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ABSTRACT

SPACEBORNE TELE-OBJECTIVE DESIGN FOR EARTH IMAGING

KONAKLI YAZGAN, Betul
M.Sc. in Optical Engineering
Supervisor: Prof. Dr. Ahmet BINGUL

Co-Supervisor: Dr. Ozgir KARCI
January 2024
63 pages

This thesis presents an electro-optic camera design to fit into a 6U CubeSat platform
for Earth observation from the low Earth orbit (LEO). The design is aimed to achieve
a 4.5 m ground sampling distance (GSD) at 400 km altitude. The optical design of the
camera is based on a refractive, telephoto objective architecture consisting of six
spherical lenses whose optical materials are compatible with the space environment.
An F/5.5 telephoto objective, near diffraction-limited performance over 2.6-degree of
the full field of view (FFOV) is optimized utilizing a ray-tracing software (i.e.,
OpticStudio) for panchromatic imaging between the spectrum of 450 — 700 nm. A
commercial, complementary metal-oxide semiconductor (CMQS) 2-D imaging sensor
is selected to provide a better than 15 km swath width. A tolerance analysis of the
optical design has been carried out to identify limitations related to the alignment and
optical manufacturing. The modulation transfer function (MTF) and signal-to-noise
ratio (SNR) budgeting analysis are also performed to show the performance of the

electro-optic camera design.

Key Words: CubeSats, optical design, tolerance analysis, telephoto optical system,

electro-optic camera.



OZET

DUNYA GORUNTULEMESI iCiN UZAY UYUMLU TELE-OBJEKTIF
TASARIMI

KONAKLI YAZGAN, Betul
Yiksek Lisans, Optik Miihendisligi Boliimii

Damisman: Prof. Dr. Ahmet BINGUL
Ikinci Damsman: Dr. Ozgiir KARCI
Ocak 2024
63 sayfa

Bu tez, alcak Dunya yoriingesinden (LEO) yer gdézlemi icin 6U Kipsat platformuna
sigacak bir elektro-optik kamera tasarimi sunmaktadir. Tasarim, 400 km irtifada 4.5 m
yer Ornekleme mesafesi (GSD) elde etmeyi amaglamaktadir. Kameranin optik
tasarimi, optik malzemeleri uzay ortamiyla uyumlu olan alt1 kiiresel mercekten olusan
kiricr telefoto objektif mimarisine dayanmaktadir. Tam goriis alaninin (FFOV) 2.6
derecesi lizerinde kirinim simirina yakin performans gosteren bir F/5.5 telefoto
objektif, 450-700 nm spektrumu arasinda pankromatik goriintiileme igin bir 151n izleme
yazilimi (OpticStudio) kullanilarak optimize edilmistir. Ticari, timleyici metal oksit
yar1 iletken (CMOS) 2 boyutlu goriintiileme sensorii, 15 km'den daha iyi bir gorintu
serit genisligi saglamak icin se¢ilmistir. Hizalama ve optik iiretimle ilgili sinirlamalari
belirlemek i¢in optik tasarimin tolerans analizi yapilmistir. Elektro-optik kamera
tasariminin performansini gostermek icin modiilasyon transfer fonksiyonu (MTF) ve

sinyal-giiriiltii oran1 (SNR) biitceleme analizleri de gergeklestirilmistir.

Anahtar Kelimeler: Kiipsat, optik tasarim, tolerans analizi, telefoto optik sistem,
elektro-optik kamera.
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CHAPTER |

INTRODUCTION

"CubeSat" is a compound word formed from two meaningful components: 'cube’ and
'satellite’, which logically denote cube satellites. Two professors, Jordi Puig-Suari of
California Polytechnic State University and Bob Twiggs of Stanford University
developed CubeSat standards. This concept was introduced in 1999 to engage
university students in spacecraft design, testing, and operation. The inaugural CubeSat
depicted in Figure 1.1 was launched in 2003, while the first NASA CubeSat, GeneSat-
1, was successfully launched in 2006, significantly boosting the popularity of
CubeSats [1].

Until 2013, CubeSats primarily serviced restricted areas like academic and educational
institutions. After this time, though, they started being used more often in commercial
and amateur CubeSat projects. The variety of uses for these satellites is growing with

each passing year [2].

B

Figure 1.1 The first-ever CubeSat in May 2002 on a Kosmotras, Dnepr ELV from
Bikinour, Ukraine.

CubeSats, typically operating in Low Earth Orbit (LEO), between 400 — 800 km, serve

various purposes, including imaging, atmospheric research [3], biological studies [4],



climate assessment, or scientific research. The primary goal of the CubeSats is
reducing costs, accelerating the development timelines, enhancing access to the space,
minimizing the risks to the launch vehicle, and maintaining regular launch schedules
[5]. The main reason behind the popularity of CubeSats is their affordability and
compact sizes [6].CubeSats are designed for these applications to adhere to specific
dimensional constraints. The standard size of a CubeSat is 100 mm x 100 mm x 100
mm, referred to as 1U. Over time, larger sizes have been developed. 1U CubeSat has
a mass of approximately 1.33 kg (3 Ibs). CubeSats can range from 1U up to 36U (336
x 336 x 450 mm?) [7], as illustrated in Figure 1.2. Moreover, the satellites are classified
according to their mass [8] as depicted in Table 1.1. CubeSats can be categorized into

the group of nano or microsatellites.

Figure 1.2 The CubeSat Group sizes in the standard.

Table 1.1 Satellites classified by mass.

Parameters Mass
Large satellites > 1000 kg
Medium satellites 500 to 1000 kg
Small satellites <500 kg
- Mini satellites 100 to 500 kg
- Microsatellites 10 to 100 kg
- Nanosatellites 1to 10 kg
- Picosatellites 100 gto1kg

CubeSats fall under the category of nanosatellites, and below are the standard

dimensions for CubeSats [8]:



e 1U CubeSat is 100 mm x 100 mm x 113.5 mm.

e 2U CubeSat is 100 mm x 100 mm x 227 mm.

e 6U CubeSat is 200 mm x 100 mm x 340.5 mm.

e 12U CubeSat is 200 mm x 200 mm x 340.5 mm.
CubeSats are also preferred and designed for Earth observation. Earth observation is a
field of science that uses data from spacecraft or other high-altitude platforms to study
Earth's surface, atmosphere, and other environmental aspects. Electro-optic cameras
provide the data for these observations. For that purpose, electro-optics cameras are
used as payloads. Large areas of the Earth's surface are potentially observed
simultaneously thanks to satellite-based observations. The image in Figure 1.3 is an
example of a satellite image captured by IMECE (launched by TUBITAK Space
Technologies Research Institute in April 2023), the first domestically developed and

nationally owned Earth observation satellite within the class of medium satellites [9].

SN s R o

Figure 1.3 IMECE satellite image with 0.98 m ground sampling distance.
Satellite systems like Sentinel [10] or the Landsat [10] series provide images that are
utilized for various purposes, such as tracking changes in the forest cover and
monitoring agricultural regions. The most preferred purposes of satellite imaging
systems are listed below.

Environmental Monitoring: Used for tracking natural catastrophes, keeping monitors
on forest fires, and managing water supplies, among other environmental uses.
Agriculture and Soil Management: Used in soil quality assessment, irrigation
management, productivity enhancement, and monitoring of agricultural regions.
Urban Planning: Provides information for infrastructure projects and is used to track

the expansion and transformation of urban areas.



Air Quality Monitoring: Evaluate the air quality by observing variations in the
atmosphere.

Sea and Ocean Observation: Used to track variables including water pollution,
changes in sea level, and sea surface temperatures.

Satellites are categorized according to different uses, and each has distinct features.
Wavelength is a clear standout in these features, especially regarding application
relevance. This classification, based on where the satellites are in the electromagnetic
spectrum, underlines the usefulness of space-based images for specific applications.
Specialized space imaging systems are built on various wavelengths, from visible light
to microwaves, covering a wide range of applications from atmospheric monitoring to
plant health and military purposes. Panchromatic (mono) imaging in the visible
spectrum, such as 450-800 nm, is the most common imaging scenario for Earth
observation platforms. In addition, multispectral imaging in the visible spectrum, such
as RGB+NIR (red, green, blue, and near-infrared) and hyperspectral imaging between
400-2500 nm with about 10 nm spectral resolutions, are also common alternative
applications for Earth observation. The electromagnetic spectrum categorization of
satellites enables each satellite to provide optimal performance suited to a particular
application purpose as shown in Figure 1.4 [11].

- Increasing energy
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Increasing wavelength .
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| 1 | 1 1 |
Gamma rays X-rays Ultra- Infrared Radio waves
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- T T I T T T T l T
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Figure 1.4 Schematic description of the electromagnetic spectrum [12].

Many CubeSats have been designed with the purposes mentioned above and features.

Table 1.2 contains a list of successful launches and operations dedicated to satellite



observation for CubeSats. Examining the sample CubeSat models listed in Table 1.2
reveals ten products in three RGB, two video RGB, two hyperspectral, and two
multispectral bands. The items on the market of Simera Sense firm are modified
Cassegrain optical design, whereas the products of Cosine Remote Sensing B.V. -
HyperScout® 1 and Cosine Remote Sensing B.V. - HyperScout® M are hyperspectral
design products, according to the information obtained. The abbreviation used in Table
1.2, A\, GSD, s, f, D, and FFOV express spectral range, ground sampling distance,
swath width, effective focal length, clear aperture, and full field of view respectively

(The across track value is shown by the FFOV value in the table).

Table 1.2 The CubeSats spaceborne imagers for Earth observation.

CubeSat AL GSD S f D FFOV Size
Model (nm) (m) (km) (mm) (mm)
Simera Sense- ~ 450-900 4.75 194 580 95 2.22° >3U
HyperScapel00 (32 bands)
Simera Sense-  450-900 4.75 19.4 580 95 2.22° >3U
MultiScapel00 (7 bands)
CIS
Simera Sense- ~ 450-900 1.5 14 1067 190 1.6° >12U
MultiScape200 (7 bands)
CIS
Simera Sense- ~ 450-670 4.75 194 580 95 2.22° >3U
TriScapel00 (Video)
Simera Sense-  450-670 15 14 1067 190 1.6° >12U
TriScape200 (RGB/Video)
KAIROSPACE RGB, PAN 3.75 12.5 500 90 1.5° >6U
(Upto6 (PAN)
bands) 6.25
(Color)
KAIROSPACE RGB, PAN 30.8 104 76.5 22 12° >1U
(Upto 6 (Color)
bands)
KAIROSPACE RGB, PAN 30.8 94.9 76.5 22 12° >1U
(Up to 32 (Color)
bands)
Cosine Remote  450-950 67 280 41.25 103 31° >1U
Sensing B.V .-
HyperScout® 1
Cosine Remote  450-950 55 225 50 12.5 25° >1U
Sensing B.V.-
HyperScout®
M



The optical designs of electro-optic cameras for Earth observation are based on
refractive optics [13], catadioptrics [14], or reflective optics [15]. Refractive optical
designs are preferred especially for small aperture size electro-optic cameras such as
1U size due to the lack of obscuration, ease of the alignment process of lenses, and the
costs. The refractive optical design targeted for the system not only meets the specified
criteria but also offers additional advantages, including a compact structure, small
volume, and a smaller size than the effective focal length of the system.
Telephoto-type optical systems are one of the most suitable designs for long-distance
imaging such as Earth observation for CubeSats. Telephoto optical system designs are
typically used for ground observation in the literature, and their effective focal lengths
are usually short. However, refractive optical design designs suitable for the space
environment are relatively rare and find applications in imaging satellite platforms.
The optical specification parameters of similar studies conducted for Earth observation
are given in Table 1.3. Gao et al. guided on creating an athermalized telephoto object
of the long wave infrared type that is impervious to intense fog. Dong et al. described
a dual-band refractive-diffractive telephoto lens with a long effective focal length and
a wide variety of athermalized pathways that has been the subject of a theoretically
and programmatically designed investigation, based on the concept of passive optical
athermalization. In Mu et al.'s work, the 200 mm effective focal length design is
implemented in the JTC dual-band infrared coaxial telephoto objective research. In Xu
et al.'s work, the team constructed an infrared telephoto with an aspherical surface to
improve the target recognition ratio and target detection range. In Dong et al.'s article,
the goal of the project is to improve JTC's target tracking and recognition capabilities
by designing an infrared telephoto lens with refraction, a long effective focal length, a
large diameter, and athermalization. In the Gardner's study, looks at the difficulties
and solutions associated with designing high-performance SWIR telephoto lenses. In
Sahin's study, the design used in this investigation is intended to function in the 0.4
um-1.1 um wavelength range. It includes an evaluation of the design's outcomes. Yu
et al. established the basis for developing a large relative aperture cooled LWIR
telephoto optical system using the passive optical athermalization technique. f/#, A,
and Dr represent F-number, spectral band, and relative aperture in Table 1.3.



Table 1.3 Refractive optics based on telephoto design.

Name of Study f/# Dr f FFOV A
(mm) (Hm)

Gao et al. [16] /2 - 150 6° 8-12 um
Dong et al. [17] - 1:2.2 200 7° 3-5 um, 8-12 um
Mu et al. [18] - 1:3 200 - 3-5 um, 8-12 um
Xu et al. [19] - 1:2.6 200 6° 8-12 um
Dong et al. [20] - 1:3 200 6.4° 8-12 um
Gardner et al. [21] f/1.4 - 25 55.2° -
Sahin. [22] f/2.3 - 575 7.8° 0.4-1.1um
Yu et al. [23] fI2 - 100 P 8-12 um

Refractive electro-optic camera based CubeSats have recently been the most preferred
for Earth observation because of their versatility, affordability owing to their small
size, and ability to be designed in different spectral bands. Table 1.3 reveals that the
optical design of Gao et al., Dong et al., Mu et al., Xu et al., Dong et al., Gardner et
al., Sahin, and Yu et al. is refractive based. The studied products in the literature have
focal lengths of less than 200 mm and are mainly intended for use in ground
observation for military applications. Based on these investigations, no research has
been identified on the use of materials resistant to space radiation in optical design for
Earth observation. A wide-angle, long focal length, low-cost telephoto optical system
Is studied to enhance this field in the literature.

An electro-optic camera concept for low Earth orbit (LEO) Earth observation is
presented in this thesis, which is designed to fit into a 6U CubeSat platform. In
CHAPTER I, system engineering calculations for a CubeSat mission are presented
according to the mission requirements, and the prerequisites for achieving the optical
design are defined. At 400 km altitude, the design aims to attain a ground sampling
distance (GSD) of 4.5 m. The camera's optical design is built for a refractive, telephoto
objective architecture made up of six spherical lenses using space-compatible optical
materials. Using ray-tracing software (i.e. OpticStudio), an F/5.5 telephoto objective

with near diffraction-limited performance spanning 2.6 degrees of the full field of view
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(FFOV) is adjusted for panchromatic imaging in the 450—700 nm range. To achieve a
swath width of more than 15 kilometers, a commercial complementary metal-oxide
semiconductor (CMOS) 2-D image sensor is chosen. The designed electro-optic
camera's modulation transfer function (MTF) value is better than 0.1. The design and
tolerance analysis of the optical system is covered in CHAPTER IIl. To identify
constraints on alignment and optical manufacturing, a tolerance analysis of the optical
design is conducted. To demonstrate the performance of the electro-optic camera
design, a budget analysis for the modulation transfer function (MTF) and signal-to-
noise ratio (SNR) are also carried out in CHAPTER IV and CHAPTER V.



CHAPTER II

SYSTEM ENGINEERING

Optical design parameters are determined based on the system requirements of a
specific CubeSat-based Earth observation mission. The optical performance of the
electro-optic system, which depends on critical characteristics including the
modulation transfer function (MTF), signal-to-noise ratio (SNR), and ground sampling
distance (GSD) is greatly influenced by these parameters.

In this chapter, the relationships among the design parameters of the electro-optic
system are elucidated, and the optical system design parameters are determined. The
chapter provides information about the effective focal length (f), full field of view
(FFOV), clear aperture (D), and F-number (f/#) of the optical system, all of which are

calculated according to the system requirements.

2.1 System Requirements

The requirements provided by the mission hold significant importance in the design of
a system and serve as a roadmap for developing an electro-optic camera. This thesis
details the process of preparing the system design based on the requirements outlined
in Table 2.1.

Table 2.1 System requirements for the mission.

Parameters Symbol  Value
Orbit Height h 400 km
Ground Sampling Distance GSD <45m
Swath Width S >15km
Spectral Band (Mono) A 450-700 hm
Electro-optic camera's MTF MTF >0.1
Signal-to-Noise Ratio SNR >75

Total Length TOTR <400 mm
Clear aperture D < @100 mm

The first step of the system engineering for an electro-optic camera development is

selecting a proper imaging sensor according to the mission requirements. Imaging



sensor specification is a leading input for an optical design. The CMV12000 12-
megapixel complementary metal-oxide semiconductor (CMOS) type imaging sensor
is selected as the imaging sensor for the mission [24]. The specifications of the sensor
are listed in Table 2.2.

Table 2.2 Specification of the Osram CMV12000 CMOS Image Sensor.

Parameters Symbol  Value

Detector Type - CMOS

Pixel Pitch p 5.5 um

Spectrum A 450 - 700 nm

Quantum Efficiency (@500 nm) QE >46%

Dimension Pixel x Pixel ~ 4096(H) X 3072 (V)
22.5(H") X 16.9 (V')

Readout Noise Oread 13¢

Full Well Charge Npwe 13,500 &

Modulation Transfer Function MTF 58%

The Quantum efficiency (QE) of the CMOS sensor, which represents the ratio of the
number of incident photons that are transformed into electrons concerning the

wavelength, is given in Figure 2.1.
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Figure 2.1 Quantum efficiency graph of the Osram CMV12000.

2.2 Calculation of the Optical System Parameters

The effective focal length, full field of view, clear aperture, F-number, and swath width
have all been calculated as design parameters for the optical system. Each of these

parameters is evaluated in the following.
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2.2.1 Effective Focal Length

The system's effective focal length is calculated after selecting the imaging sensor, as
shown in Figure 2.2. The system's effective focal length, f, is calculated using the
equation below.

_hxp
f=%5 (2.1)

where h, p, and GSD are orbit height, pixel size, and ground sampling distance,

respectively. f is computed as 500 mm for the system requirements listed in Table 2.1
and Table 2.2.

Optics

GSD

Figure 2.2 Schematic description of the ground sampling distance (GSD) which
shows the projection of a pixel on the ground through the optics.

2.2.2 Full Field of View

The full field of view (FFOV) describes the electro-optic camera system's whole field
of view. The image plane of the camera must be at least as large as the sensor's diagonal
to provide a diffraction-limited illumination of the full image sensor surface. As shown
in Figure 2.3, the circular area represents the fully illuminated area, and the square area

represents the sensor's diagonal dimension (2(). The sensor's diagonal dimension is

H’ 2 V, 2
= 15+) 22

calculated as
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Figure 2.3 Schematic illustration of the sensor's diagonal size and illuminated area
on the image plane of the electro-optic camera.

where {, H', and V" are half of the sensor's diagonal dimension, horizontal size of the
sensor, and vertical size of the sensor, respectively. The sensor's diagonal dimension
iIs calculated to be 28.16 mm. Half of the optical system's full field of view is referred
to as the half field of view (HFOV) [25], which is calculated as

HFOV = tan™?! <ﬁ> (2.3)

2f

where ( and f are half of the sensor's diagonal dimension, and effective focal length,

respectively. HFOV is calculated to be 1.29°.

2.2.3 Swath Width

When a satellite scans the Earth from space, it gathers the light from a specific surface
region of the surface. The area that the satellite scans, as shown in Figure 2.4, is
represented by the swath width (s). The swath width is calculated as

s =2xhxtan(HFOV) (2.4)

direction
~ of flight

T

Figure 2.4 Schematic description of the swath width.
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where h and HFOV are orbit height and half of the optical system's full field of view,
respectively. The swath width is computed as 18 km for the corresponding system

parameter.

2.2.4 Aperture and F-number

The Airy Disk is a physical in optics. Owing to the wave nature of light, light passing
through an aperture is diffracted and forms a pattern of light and dark regions on a
screen some distance away from the aperture. The diffraction pattern resulting from a
uniformly illuminated circular aperture has a bright area in the center, known as the
Airy disk which together with a series of concentric rings is called the Airy pattern
[26] as shown in Figure 2.5. Less intense concentric rings surround the central disk, so
light intensity takes local maxima and minima while it decreases away from the center.
About 84% of the total light intensity is in the central disk, the remaining 16% is
distributed in the concentric rings [27]. The diameter of this disk is related to the
wavelength of the illuminating light and the size of the circular aperture. The Airy disk

(r) is calculated using the equation below [28].

Figure 2.5 Schematic description of the Airy Disk in which 84% of the total energy

is stored.
r=122xAxf/# (2.5)
where A and f /# are wavelength and F-number, respectively. The F-number is defined
as
_f
fl#=5 (2.6)
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where f and D are the effective focal length and clear aperture, respectively. D is
computed as 63.77 mm when the A value is set to 575 nm (mean value of the spectral
bandwidth 450-700 nm) and the r value equals the pixel size of 5.5 um. The SNR is
another factor that affects the system's optimum clear aperture. The clear aperture is
adjusted to 90 mm to satisfy the SNR requirement in Table 2.1 and collect more light
from the Earth (in CHAPTER V).

2.2.5 System MTF

The most used metric for characterizing the optical system's performance is the MTF.
It measures how well an optical system reproduces or transmits object information to
the image it captures. A measurement of the transfer of contrast or modulation from
the target object to the generated image is another definition for the MTF. The main
metrics that MTF employs to measure the performance of the image are resolution and
contrast [29]. The spatial frequency, or line-pair per millimeter (Ip/mm), is the
standard unit of measurement for resolution. A line pair consists of one black line and
one white line. The difference between a black or dark line and a white or light line is
called contrast. Stated differently, contrast or visibility is the degree to which the
highest and lowest intensity values are transferred from the subject plane to the image
plane. Equation 2.7 describes the contrast [30].

max —min
Contrast = ——— (2.7)
max + min

where max and min are the levels of image intensity [31]. Thus, an optical system MTF
measures its ability to transmit contrast from the object plane to the image plane at a
certain resolution. As seen in Figure 2.6, an MTF graph shows the percentage of

transmitted contrast as a function of resolution (Ip/mm).
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Figure 2.6 lllustration of MTF graph with various contrasts [32].
The Nyquist frequency, abbreviated as fy and referred to as the sampling frequency,
is another topic covered in this section. In a digital system, it represents the other half
of the sampling rate. fy is calculated as

1
=77

fn (2.8)

where p is the pixel size in mm of the sensor. For 5.5 um pixel size, fy is calculated
to be 90 Ip/mm. The performance of the MTF is subsequently evaluated using this
value as a reference parameter.

Each factor influencing performance should be reviewed to determine the MTF budget
of the system for satellite operation. As shown in Figure 2.7, the primary parameters

that affect the system MTF are the satellite platform, atmosphere, optic, and imaging
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sensor [33]. The system MTF is the convolution of these parameters and is calculated
as,

MTFgystem = MT Fatmosphere * MT Foptics * MT Faetector * MT Fsatetite (2.9)
In this study, the optic, and the imaging sensor, called the electro-optic camera as

shown in Figure 2.7, are investigated and used for MTF budgeting.

Qverall

i . : . _
Atmosphere & Optics 8  Detector !8 Satellite = g ystem MTE

Electro-Optic Camera

Figure 2.7 Calculation of the system MTF.
The impacts of the electro-optic camera system have been thoroughly examined within
the parameters of this thesis. Thus, Considering the effect of all the parameters
mentioned, the optical MTF is set as the target at 0.2 during the tolerancing step
(including system realization, alignment, and manufacturing), assuming all
parameters’ MTF loss of 0.5 [34]. Considering the effect of all the parameters
mentioned, the electro-optic camera's MTF (detector + optics) is 0.1. The goal of the

tolerance analysis is the observation of the mean MTF.

Table 2.3 provides a summary of the optical system design parameters determined
according to the mission requirements performing the system as mentioned above in
engineering calculations.

Table 2.3 Overall optical system design parameters.

Parameter Symbol  Value
Effective Focal Length f 500 mm
Aperture D 90 mm
F-Number flH# 5.55
Full Field of View FFOV 2.58°
Wavelength (Mean) A 575 nm
Modulation Transfer Function MTF >0.35

2.3 Optical Design

According to the determined system specifications, the refractive-based optical design
is chosen considering the benefits of achieving a wide field of view, ease of alignment,

no obscuration, and costs. A brief comparison is given in Table 2.4 between refractive
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and reflective optical designs. In addition to the refractive design cost advantage given
in Table 2.4, all elements in the optical design are built as spherical surfaces. Secondly,
to achieve the required effective focal length, telephoto optical system architecture is
considered for the optical design of the electro-optic system. The telephoto design
offers a decent optical system length less than the effective focal length that is required.

Table 2.4 Comparison of the refractive & reflective design.

Refractive Reflective

Parameter . .
Design Design

Obscuration No Yes

Field of view High Low

Alignment Process Easy Hard

Length of the System Tall Short

Complicated Design Yes No

(Limited material Options)

Cost Cheap Expensive
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CHAPTER 111

OPTICAL SYSTEM DESIGN

The optical system design parameters calculated in CHAPTER 11 are used to design
the optical system utilizing commercial ray-tracing software (i.e. OpticStudio). The
stages of the optical system's development and performance are described together.
This phase ultimately performs a tolerance analysis of the completed optical system

design.

3.1 Principle of the Telephoto Optical Design

Telephoto objectives are typically favored by photographers for taking photos from
long distances. Their desire is primarily driven by its compact design, tiny volume,
and system size that is less than the system's effective focal length. According to their
effective focal length, telephoto systems may be divided into four basic categories.
These are the four types of telephoto objectives: short, medium, long, and extreme
[35]. Table 3.1 illustrates how various telephoto variations relate to system parameters
with a detector of 35 mm size. As seen in Table 3.1, there is an inverse relation between
the effective focal length and the full field of view.

Table 3.1 Optical parameter values for telephoto objectives [35].

Tyne f 2 FFOV (dia) Architectural Element
yp [mm] [deg] Design Number
Double Gauss,
Short 75-105 2.8 37 Telephoto 5
Medium 120-200 4 21 Tessar, Telephoto 4-6
Long 300-500 8 8 Telephoto 4-7
Extreme 600-1200 11 4 Telephoto 2.5

Figure 3.1 displays the systematic diagram of photography lens setup families
about aperture and field size. The telephoto objectives are classified as slow optics
with a high F-number and a small FFOV as seen in Figure 3.1.
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Figure 3.1 Families of photography lens setups organized according to the aperture
and the field size [35].
In theory, telephoto optical design architectures are formed as double anastigmatic
asymmetries. From the top of the first lens to the image plane, the total system size (L)
is shown in Figure 3.2. The system's effective focal length is always greater than the
system's physical size. Telephoto objectives are made up of both positive and negative
lens groups. Positive lenses comprise the front group, designated as “a”, while negative

lenses comprise the back group, “b” [36].

image
plane

Va

L=k f

Figure 3.2 The basic concepts of the telephoto systems.
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The focal lengths of the system's lenses are given in the equations below.

fd

_(fa—Dkf-d)
fo = F—kf (3.2)

where, the front group's focal length is represented by fa, and a. The focal length of the
rear group is defined by fy, and b. The distance between the front and back lenses is
known as d. The equation below expresses the back focal length (s).

s=kf—d (3.3)
The telephoto ratio is one of the parameters used to classify telephoto optical systems.
The telephoto factor, k, is the ratio of the system size to the effective focal length. This
ratio occurs between the 0< k <1 range and is determined using the equation below.
This ratio can be decreased to reduce the system's size [37]. Usually, a telephoto factor

value of about 0.8 is chosen [35].

k = (3.4)

L
f
Figure 3.3 presents how this telephoto ratio affects the optical design element. The
absolute value of f, reaches its maximum near the halfway point of the system. The
focal lengths of fa and fy are displayed as functions of distance for various telephoto
factor values. All values are normalized to the system's effective focal length. The
second zero of f, and the yellow point represent the system length, respectively. To
eliminate vignetting [38], which is described as reducing the brightness or saturation
of an image from its center to its perimeter [39] as the distance grows, it becomes
necessary to increase the lens diameters. The equation below expresses the optimum
distance between the lenses, corresponding to the maximum value in the parabolic

curve of fy.

dopt = L/z = k/z * f (3.5)
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Figure 3.3 The relationship between the telephoto factor and the telephoto objective's
effective focal length [35].

3.2 Optical Notions

Before introducing the subject of optical design aberrations, this section explains some
basic optical concepts such as marginal, chief, and paraxial rays used in optical design
and engineering. Light rays that go through an optical system in the direction of the
lens aperture's edge, away from the optical axis, are known as marginal rays, as shown
in Figure 3.4. The chief ray is defined as the ray originating from an off-axis point in
the object and passing through the center of the aperture stop, as shown in Figure 3.4.
Any ray that lies near the system's optical axis and forms a small angle with it is known

as a paraxial ray as shown in Figure 3.5.
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Figure 3.5 Schematic description of the paraxial and marginal rays.

3.3 Seidel Aberrations

The paraxial formulas once developed for the formation of images by spherical
reflecting and refracting surfaces are only approximately correct. It was important to
assume paraxial rays—that is, rays that are both close to and make small angles with
the optical axis—to derive those equations. In terms of mathematics, the sine and

cosine function power expansions are provided by

x3  x°

sinx=x—§+§—.. (3.6)
x? x*

cosx=1—?+z—.. (3.7)

were, thus, roughly represented by the first terms. To the extent that these first-order
approximations are valid. Gaussian optics implies accurate imaging. However, the

derivations' inclusion of higher-order terms indicates that, as the angle increases, there
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will be gradually larger departures from "perfect” imaging. "Aberrations" is the term
used to describe these deviations. A result of third-order aberration theory is obtained
when the subsequent term involving x3 is included in the approximation for sin x. The
German mathematician Ludwig von Seidel examined and categorized the aberrations,
now known as third-order or Seidel aberrations.

There are five Seidel aberrations for monochromatic light: spherical aberration, coma,
astigmatism, field curvature, and distortion. Chromatic aberration is an additional
aberration that results from an optical system's imaging qualities’ wavelength
dependency. Here, a brief description of how a third-order aberration leads to different
abnormalities is presented [40]. The conventions for the field (H) and pupil (p) are
represented in Figure 3.6. The third-order wave equation is represented by the symbol
W [41].

Figure 3.6 Conventions for the field vector H and pupil vector p [41].

W = Woaop* + Wiz hp® cos ¢ + Wy hp?(cos ¢)?
+W220h2p2 + W311fl3p CoS ¢ +..... ) 6 = 0, (36)

where, the # is the object height, the p is the height in the exit pupil position with p,
and p,, its components along x and y, the H represents the position in the image field
with H, and H,, its components along x and y. The Woao is the third-order spherical
aberration coefficient, W1s1 is the third-order coma coefficient, W22z, is the third-order
astigmatism coefficient, W2y is a coefficient involved in the third-order component of
field curvature, and Waz; is the third-order distortion [41] [42].
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3.3.1 Third-Order Spherical Aberration

Third-order spherical aberration (SPHA) is described as the change of focus due to the
aperture. The rays close to the optical axis (i.e., paraxial rays) are intersected the axis
and come to focus. Since the height of the ray at the lens goes up, the position of the
intersection of the ray on the optical axis becomes too far away from the paraxial focus.
The effect of this situation is exemplified in Figure 3.7, where the position of the axial
zi rests on the field height yi. The third-order spherical aberration has just aperture

dependency with the forth order (p%).

\‘3\( ! ‘ OptiCal
e K "‘“\ axis

object

Figure 3.7 Schematic description of the third-order spherical aberration.

3.3.2 Third-Order Coma

Third-order coma (COMA) is where the circular zone of the aperture has variant
magnification. Rays come from points not close to the principal axis. Then, these rays
are focused on different places, and a comet pattern is formed on the image plane, as
shown in Figure 3.8. This condition is called coma. The third-order coma has cubic

aperture dependency (p3), and linear field dependency (#).

Optical
axis

|
|
object

Figure 3.8 Schematic description of the third-order coma.
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3.3.3 Third-Order Astigmatism

Third-order astigmatism (ASTI) is the aberration with tangential (meridional) and
sagittal ray fans. Whenever off-axis rays come, these fans are focused on different
locations as shown in Figure 3.9; the image does not coincide. Essentially, field
curvature has a resemblance to astigmatism. The distinction between field curvature
and astigmatism is that the magnitude of the aberration is dissimilar between x and y.

The third-order astigmatism aberration has quadratic aperture and field dependency.

(a) (b)

Figure 3.9 Schematic description of the third-order astigmatism (a) tangential, (b)

sagittal.

3.3.4 Third-Order Field Curvature

Third-order field curvature (FCUR) is shown in Figure 3.10. In optical systems, rays
must be focused straight on the image plane. Unfortunately, this is not always possible.

In the case of field curvature in the optical system, the rays curve on the image plane.

The third-order field curvature aberration has quadratic aperture and field dependency.

Focal
point

Optical
axis

object Focal
plane

Figure 3.10 Schematic description of third-order field curvature.
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3.3.5 Third-Order Distortion

Third-order distortion (DIST) can be described as a phenomenon in which the
magnitude changes with the change in image height. As shown in Figure 3.11,
magnification depends on the cube of the field, and changes with the angle difference
between the paraxial chief ray and real chief ray (&). The third-order astigmatism
aberration has linear aperture dependency and cubic field dependency. Distortion can
be expressed as:

h' —h,

hy

Distortion = (3.7)

where, h' is the height of the image plane, h,, is the paraxial height. Distortion induced
by the optical system can be corrected by image processing and does not decrease the

image quality.

Distortion

Real chief ray

'\ l'_'_'.'fﬁﬁ'_'_.._' '_Z.'.'_'f.'.'_",'.:'___,.

_____.__---,-.r_-::::J-'-'-'-'-"'-'-'-:'ﬁé.faxiaI chief ray
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Figure 3.11 Schematic description of third-order distortion.

Distortion can be expressed as positive (pincushion) or negative (barrel) distortion as
shown in Figure 3.12.
e Positive or pincushion distortion takes place in case of increasing
magnification toward the edge of the field.
o Negative or barrel distortion takes place in case of decreasing magnification

toward the edge of the field.
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Figure 3.12 Schematic description of third-order distortion (a) zero, (b) positive or

pincushion, (c) negative or barrel.

3.4 Optical Design Boundaries

The relationships between various system parameters while designing the system, are
supplied in this subsection. The fixed system parameters listed in Table 2.3 are
followed during the optical design phase. The differences in system size caused by
various designs are evaluated about the modifications in system functionality.

The design criteria set out in CHAPTER Il are used as guidance. Table 3.2 lists the
design constraints considered when building the system design, as seen in Figure 3.14.

Table 3.2 Boundary conditions for the optical design.

Constrain Value
Minimum lens separation >4 mm
Lens thickness 10-25 mm
Edge Thickness 4 mm
Material Rad-hard

3.5 Optical Design

Based on the information from present optical designs, Figure 3.13 shows the graph
that shows changes in the MTF, an essential element affecting the performance of the
optical system, in response to changing telephoto factor values. As shown in Figure
3.13, the system size is just one variable, and all optical design data (field of view,
effective focal length, F-number, wavelength) is kept constant. The average MTF
value at Nyquist frequency, representing the design's performance, is determined for
every stage. As the system size is reduced, there is a significant fall in the optical
system MTF performance. According to the predetermined system requirements, the
appropriate system size is selected. The system size ratio is chosen as 0.8.
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Figure 3.13 MTF as opposed to modifying telephoto factor values.

Two lenses—one positive and one negative—are used to start the optical design within
the constraints given in Table 3.2 except that the rad-hard material. The system is then
re-optimized when these lenses are converted into two cemented doublets to reduce
the resulting aberrations. The stop stands at or nearest the front group for telephoto
architecture [37]. Two additional lenses are added in both the third and fourth stages
of the system design as the system's performance is insufficient. The system is re-
optimized in the last stage, as shown in Figure 3.14 by adding an air space between
the cemented doublets. It is important to note that using cemented doublets in a space
environment is typically not recommended since the chemical adhesive possibly
outgas [43]. The material itself produces pollution at the particle level. The
transmission efficiency of the optical material gradually reduces due to this pollution's
easy adhesion to the optical coating. As a result, over time, the optical system's
performance has suffered markedly from this [44].

The thickness parameters are determined at a minimum of 10 mm, considering the lens
manufacturing conditions [45]. Additionally, the edge thickness parameters are

designed to maintain a minimum of 10 mm to consider mechanical holder tolerances.

28



—
3
e —
= 4
-
=Y 5

Figure 3.14 The design layout with five stages: (1) starting point with one positive
and one negative lenses, (2) two lenses are converted into two cemented
doublets, (3) additional lens are added in front of the stop, (4) additional
lens are added behind the stop, (5) the air thickness between the lenses is
introduced into the optical design.

Schott glass library was used for the optimization during the aforementioned stages in

OpticStudio. For optimization, it is crucial to choose glass materials that can endure

the harsh space environment when building optical systems for use in space [46]. The

system then goes through optimization stages after ensuring sure the selected materials
are suitable for the space environment. Rad-Hard is a library from OpticStudio that
includes elements suitable for space. Materials with codes like BK7G18, F2G12,

K5G20, LAK9G15, LF5G15, SF6G05, and SF8GO07 can be found in this Rad-Hard

library. The physical properties of these materials are presented in Table 3.3 [47]. High

refractive indices and radiation resistance are two characteristics of these materials.

Cerium is doped into these materials to increase radiation resistance, which might

modify the substance's color [48]. The abbreviation in Table 3.3, nq, V4, p, Tg, A, and
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a-30/+70 represents refractive index, abbe value, density, transformation temperature,

thermal conductivity, and the coefficient of thermal expansion in the temperature range

between — 30°C und + 70°C respectively.

Table 3.3 Physical properties of Rad-Hard library.

Material " ve fg/cm3] ?‘_’QC] IRN/(m*K)] ([Iisgg/7l()<]
BK7G18 1519 6358 252 585 1.19 7.0
F2G12 1621 36.56 3.60 435 0.82 8.1
K5G20 1523 56.76 2.59 483 1 9.0
LAK9G15 1.691 54.76 3.53 634 0.88 6.3
LF5G15 1584 4083 3.22 407 0.86 9.3
SF6G05 1.809 25.28 5.20 427 - 7.8

The Rad-Hard materials are then used to re-optimize the optical system design. The

optical design's components are gradually altered until only space-compatible

materials are used to create the final optical design. This final design shows the Lens

Data Editor (LDE) information in Table 3.4. The constrain parameters of this final
optical design added to the Merit Function Editor are available in APPENDIX A.
Table 3.4 LDE of the final optical design.

Surface Comment Radius Thickness Material Diameter
1 L1 161.446 15.980 K5G20 46.749
2 -214.195 4.412 46.246
3 L2 -195.245 9.996 SF6G05 44.850
4 303.998 3.996 43.696
5 L3 129.996 11.352 K5G20 43.720
6 4319.235 18.513 43.245
STOP Infinity 32.489 40.011
8 L4 3235.632 9.996 LAK9G15 36.825
9 105.468 5.715 35.832
10 L5 130.657 10.173 SF6G05 36.541
11 -685.925 118.375 36.335
12 L6 -88.244 9.997 SF6G05 20.062
13 -226.881 149.007 20.396
14 Image Plane  Infinity - - 17.505

Figure 3.15, Figure 3.16, Figure 3.17, and Figure 3.18, respectively, show the layout,

MTF, field curvature & distortion, and spot diagram of this final design.

30



The MTF value corresponding to the Nyquist frequency is seen in Figure 3.16 and
Table 3.5. The high refractive index of lenses in the space-compatible glass catalog
given in Table 3.3, the obstacles in making cemented doublets, and the high number
of elements using spherical surfaces are the reasons for the decline in the MTF graph.
As shown in Figure 3.17, the maximum distortion value is 0.12% for the maximum
field. Field curvature sagittal and tangential values are 0.0028 mm, and 0.0793 mm,
respectively. As shown in Figure 3.18, the Airy radius value is 3.981 um. RMS radius

and geometric radius values corresponding to angle values are given in Table 3.6.

L1
L2 13 Stop

L4 15 Image
A . L6 Plane
—— _—:_ e —
L"’T/

Figure 3.15 The design layout with compatible material for the space environment.

Modulus of the OTF

0 9,0 18,0 27,0 36,0 45,0 54,0 63,0 72,0 81,0 90,0
Spatial Frequency in cycles per mm

E—Diff. Limit-Tangential H---Diff. Limit-Sagittal EA—0,0000 (deg)-Tangential E4---0,0000 (deg)-Sagittal
E—2,0000 (deg)-Tangential B4---2,0000 (deg)-Sagittal B—1,4142 (deg)-Tangential H---1,4142 (deg)-Sagittal

Figure 3.16 MTF curve at 90 Ip/mm using the materials suitable for the space

environment.
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Table 3.5 MTF result of the final design at Nyquist frequency.

Tangential Sagittal

Field
(%) (%)
0° 39.2 39.2
1.4° 40.2 40.6
2.0° 38.9 35.7
20 ; 2.0
% 140 1.0
0 0
=05 0 0.5 -0.20 0 0.20
Millimeters Percent
EF—0.4861-Tangential B---0.4861-Sagittal
BE—0.5876-Tangential B---0.5876-Sagittal
HF—0.6563-Tangential @---0.6563-Sagittal ‘2—0.4861 B—0.5876 B—0.6563 ‘

Figure 3.17 The diagram of the field curvature aberration and the distortion.

B+0,486133
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IMA: 12,359 mm
Surface: IMA
Spot Diagram
ACHROMATIC DOUBLET, 5.12.2023 Zemax
Units are pm Airy Radius: 3,081 pm. Legend items refer to Wavelengths Ansys Zemax OpticStudio 2023 R1.00
Field H
R;E radius : 11;25‘11 ,LD.QEE 10‘3631
GEO radius : 23,061 21,497 22,397
Scale bar : 100 Reference : Chief Ray 6Lenses_v6_0.5MTFEI01p-mm-RayAimingReal. zmx
guration 1 of 1

Figure 3.18 RMS spot diagram of the optical design.
Table 3.6 Spot diagram output.

Parameter Unit Field 1 Field 2 Field 3
(09 (1.4° (2.0°
RMS Radius ~ pm 11.259 10.863 10.988
GEO Radius ~ pum 23.961 22.397 21.497
Airy Disk pm 3.981 3.981 3.981
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Full Field Display (FFD) of the third-order astigmatism, coma, and spherical
aberrations of the final design are presented in Figure 3.19, Figure 3.20, and Figure
3.21, respectively. The FFDs show the distribution and amplitude of the aberrations
through the fields.
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Figure 3.19 Full Field Display for the third-order astigmatism.
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Figure 3.20 Full Field Display for the third-order coma.
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Figure 3.21 Full Field Display for the third-order spherical aberration.

3.6 Tolerance Analysis

Tolerance is a key competency for an optical engineer since it is essential to ensure
that an optical system achieves its performance requirements. A methodology of
OpticStudio's tolerance analysis is given in this section. The method takes
manufacturing errors such as radius of curvature, thickness, surface irregularity (or
surface from error), and misalignments such as tilt-decenter of the lenses into account.
These values used in the analysis process are given in Table 3.7. During this analysis
process, the mnemonic terms used in the tolerance data editor (TDE) for the parameters
given in Table 3.7 are available in APPENDIX B.

Table 3.7 Tolerancing limits.

Parameter Limit

Center thickness +0.02 mm

Radius +0.025% or 1 fringe
Element Tilt +0.05 mm

Element Decenter  £0.05 mm

Surface Tilt +0.004°

Surface Decenter +0.01 mm
Lens Form Error 8 nm RMS
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3.6.1 Sensitivity Analysis

Regarding tilt and decenter data, the effects of various components on optical system
performance are thoroughly examined. The optical elements are subjected to
sensitivity analysis, revealing details of each optical element's sensitivity in the system.
Sensitivity analysis is carried out by considering two surfaces of each element in the
optical system as a single element. Each optical system component is meticulously
inspected for decenter values (TED) ranging from 10 to 50 pum and tilt values (TET)
within the range of 10 to 50 milli-degrees. The findings are represented in Figure 3.22.
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Figure 3.22 MTF graphs at Nyquist frequency for the sensitivity analysis.
Referring to Figure 3.22, an examination of the three most sensitive elements reveals
that the lower orange line represents the tilt sensitivity of the 2" optical element (L2),
the second blue line represents the tilt sensitivity of the 1% optical element (L1), and
the third line is illustrated the decentering sensitivity of the 2" optical element. Based
on the analysis results, it can be concluded that the system exhibited the tilt sensitivity
asl2>L1>1L4>L3>L5>L6.

The system-level analysis follows individual analysis to keep the optical's mean MTF
above 0.2 value. The system's constraints are based on the tilt value since the tilt
parameter has the most impact on the system's sensitivity. The optical system analysis
looks at the tilt range of 0 to 15 milli-degrees and the decenter range of 0 to 50 um.
The system's impact on tilt and decenter values is carefully evaluated. Figure 3.23

displays the Monte Carlo (MC) analysis outcomes with 500 trials at these intervals.
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Figure 3.23 TET and TED & MTF @500 trial MC.
These findings conclude that the appropriate tilt value range for the system is 0-15
pm, while the acceptable decenter value range is 0—20 milli-degrees. In addition to the
previously obtained tilt and decenter values, the optical elements’ manufacturing
capabilities are considered to enhance the study further. The OPTIMAX is used to
create the optical manufacturing data [49]. Figure 3.24 shows the analysis's findings,
which show how these TET and TED values affect the overall system including

manufacturing effects.
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Figure 3.24 Tolerance analysis results of the objective without compensator.
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3.6.2 Tolerance Analysis with Compensator

The most sensitive elements, determined by sensitivity analysis, are selected as
compensators. A compensator is needed in the optical system since the mean MTF
value with manufacturing does not achieve 0.2. The compensator is applied to the
image plane in the TDE. The limit values added to the TDE are given in Table 3.8
(Surface-based decenter and tilt values are applied as 0.01 mm and 0.004° on all optical
element surfaces). The COMP command is introduced to the TDE as a compensating
element and stands for the compensator. Giving the image plane a margin of around
+10 mm allows for the analysis. This image plane effect can be used as a natural
compensation of the system when aligning. The analysis's findings are shown in Figure
3.25. RoCy, RoCo, t, and TEZI represent the radius of curvature of the optical element's
first surface, the radius of curvature of the optical element's second surface, the center
thickness of the optical element, and surface irregularity as shown in Table 3.8. The #,
Nom, and Lim refer to number of lenses, the nominal value of the element, and the

limit value of the element.

Table 3.8 Tolerance effect on the element of optical design with compensator.

i A A A A

#  Case RoC; RoC; [mm] TEDX TEDY TETX TETY TEZI
[mm] [mm] [mm] [mm] [nm]

L1 Nom 161.446 -214.195 15.98 0 0 0 0 7.9
Lim +0.04 +0.053 +0.02  £0.02 £0.02 +0.015 +0.015 7.9

L2 Nom -195.245 303.998 9.996 0 0 0 0 7.9
Lim +0.049 +0.076 +0.02 £0.02 £0.02 £0.015 +0.015 7.9

L3 Nom 129.996 4319.235 11.352 0 0 0 0 7.9
Lim +0.033 +1.08 +0.02  £0.02 £0.02 +0.015 +0.015 7.9

L4 Nom 3235.632 105.468 9.996 0 0 0 0 7.9
Lim +0.809 +0.026 +0.02  £0.02 £0.02 +0.015 +0.015 7.9

L5 Nom 130.657 -685.925 10.173 0 0 0 0 7.9
Lim +0.033 +0.171 +0.02 £0.02 £0.02 +0.015 +0.015 7.9

L6 Nom -88.244 -226.881 9.997 0 0 0 0 7.9

Lim +0.022 +0.057 +0.02  +0.02 +0.02 +0.015 +0.015 7.9
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Figure 3.25 The data of £10 mm image plane compensator.
These findings clearly show that the optical system's performance is still insufficient.
It is decided that adding another compensator will improve this performance. As
shown in Figure 3.26, the first triple lens group, which includes the most sensitive
optical element, is regarded as a whole, and assigned the role of the second
compensator of the system. The system design is set up for analysis, and during the
study, new commands - CPAR are added to the commands. The results of that analysis

are shown in Figure 3.27. The constrain parameters of this final optical design added

——
5 A 1k
& o A&
& & &
TET-TED Cases
Worst MTF Mean MTF

to the TDE are available in APPENDIX C.

Figure 3.26 Defining the first triple lens group with a second compensator.
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Figure 3.27 TET-TED cases with the image plane and the first group compensators.
The analysis results indicate that if the optical and optomechanical components are
made within these manufacturing tolerances, the goal means MTF value in the electro-

optical system may be attained at a minimum of 20%.
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CHAPTER IV

MTF ANALYSIS

Modulation Transfer Function (MTF) analysis covers the factors that impact the
overall MTF, such as optical manufacturing, alignment errors, and detector
degradation effect as shown in Table 4.1. The MTF value of the final optical design is
35%. The effects of optical manufacturing and alignment error parameters in telescope
realization are considered. As a result of the analysis, the telescope realization value is
realized as 20%. The detector degradation effect is also taken as 58%.

Table 4.1 MTF Calculation on the electro-optic system.

Parameter MTF Value
Optical Design 0.35
Telescope Realization 0.20

(Optical Manufacturing, Alignment Errors)

Detector 0.58

Overall 0.11

The electro-optic camera's MTF value is calculated to be 11% when the effects of
optical manufacturing, alignment errors, and detector degradation for the electro-optic
system are considered. The effects of the satellite operation, which attenuates the
electro-optic camera MTF performance, are listed in Table 4.2. The atmosphere effect
is calculated as an attenuation of 0.02 [33]. It is budgeted that there will be a factor of
0.3 attenuation by the satellite.

Table 4.2 MTF calculation on the system.

Parameter Symbol Value
Atmosphere MTFgtmosphere 0-98
Optics (with telescope realization) MTFypies 020
Detector MTFgetector 0.58
Satellite MTFsqienite  0-70
System MTF MTFsystem 008

The system MTF value is calculated to be 8% using Equation 2.9 which is an

acceptable performance metric for the Earth observation.
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CHAPTER YV

SIGNAL-TO-NOISE RATIO

Satellite images must satisfy specific requirements, and these standards dictate the
performance characteristics of the satellite. The signal-to-noise ratio (SNR), which
measures the radiometric performance of the captured image and is computed for the
light path from the Sun to the imager, is one important performance evaluation
parameter for space-borne electro-optic imagers. SNR is the ratio of the imaging signal
(Stotar) to the total noise (o;¢q;) @S given in the equation below [50].

Stotal

SNR = (5.1)

Ototal

5.1 Calculation of the System Parameters

The parameters are calculated to be used in the SNR calculation. In this subsection,
exposure time calculation, radiance calculation, calculation of the effects of telescope

parameters, and calculation of the sensor parameters are performed, respectively.

5.1.1 The Exposure Time

The imager's exposure time is specified. As the amount of time needed to sweep the
GSD across the Earth. The exposure time must be determined when the optical system
observes the Earth from space. Some parameters must be calculated to determine the
exposure time. Some of these variables are orbital and ground velocities, as shown in
Figure 5.1.

Orbital velocity: The speed of the satellite needs to travel to maintain a stable orbit
around a celestial body, such as the Earth.

Ground velocity: An object's horizontal motion about the surface of the Earth. It refers
to the velocity at which an object travels over the surface of the Earth or along the

ground.
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Figure 5.1 Schematic description of the orbital velocity and the ground velocity.

For calculating the sample time, both parameters are calculated, and the results are
shown in Table 5.1, where G, M, and R stand for the gravitational constant, which is
equal to 6.674 x 10"** N-m?/kg?, Earth's mass, which is equal to 5.972 x 10%* kg, and
Earth's radius, which is equal to 6.378 km, respectively.

Table 5.1 Calculation of the exposure time based on system parameters.

Parameter Symbol  Function Value
Orbital Velocity Vo oM 7.67 km/s
(R+h)
Ground velocity Ug R y 7.22 km/s
(R+h)°
Exposure Time ts GSD 0.61 ms
Vg

5.1.2 Radiance

Sunlight rays can either be reflected or scattered from the Earth's surface as they reach
the surface. Radiance gathered from the atmosphere is necessary to determine the
signal value needed for the SNR calculation. This information is based on an end-to-
end image chain encompassing radiance, telescope, sensor, and image components, as
depicted in Figure 5.2. The radiance value is calculated using MODTRAN, a popular
computer software for estimating radiance and atmospheric transmittance. The
PcModWin/MODTRAN module is used in this section to get the atmospheric radiance
data.
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Figure 5.2 The SNR calculation's schematic image chain.

Figure 5.3 shows the outcomes of the spectral radiance calculated using MODTRAN.
The Sun-Zenith angle (SZA) of 45° and a surface albedo of 0.15 are used to compute
this spectral radiance. The Sun-Zenith angle is the angle between the surface normal
and the incident sunlight, whereas surface albedo is the percentage of solar energy
reflected by the Earth's surface. Within MODTRAN, the input parameters for a

mission are specified. Table 5.2 provides more information used for the computation.

Table 5.2 MODTRAN input parameters.

Module Parameter Value

Geometry Observer height 400 km
Sun zenith angle 45°
Nadir view 180°
Wavelength bandwidth 400-700 km
Atmosphere model Mid-Latitude Summer
Source Sun

Atmosphere Type of atmospheric path Slant path to space of ground
Mode of execution Radiance with scattering
CO2 mixing ratio 415 ppm
Surface albedo, R(A) 0.15

Aerosol Aerosol model Rural-VIS: 23 km

Seasonal modifications to aerosol
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Figure 5.3 The spectral radiance, L(A), obtained at 45° SZA and 0.15 albedo using
MODTRAN [51].

5.2 Calculation of the SNR

The total signal generated by the sensor is calculated using the equation below.
Stotat = L(A) x 2 x Ax dA x 1p(A) x QE(A) * t; [e] (5.2)
where, L(A),0,A,dA, t;, QE(A), t, represents spectral radiance obtained from

MODTRAN, solid angle, clear aperture area, spectral sampling distance, optic transmittance,

spectral quantum efficiency, and exposure time, respectively.

Quantization noise (04yqn), dark current (o4q,), 1/f noise, and reset noise are just
a few examples of the various components that make up the readout noise. Readout
noise is frequently supplied by the sensor manufacturer. Shot noise (os,:) Which is
defined as a fluctuation in photocurrent and is brought by the nature of photons. Shot
noise is the most prevalent type of noise for high-performance sensors, which limits
the sensor performance. The shot noise is described as

Oshot = +/Stotatl€] (5.3)
Total noise (o4,tq;) 1S calculated using the root sum squared (RSS) principle and
defined by the following equation [50].

Ototal = \/o-szhot + O—(_%ark + O-t%uan + et O-i2 [é] (54)

where, the g; stands for individual noise sources.
SNR calculations are performed for the designed electro-optic imager. Table 5.3

represents the parameters used for the computations.
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Table 5.3 The calculated parameters and system input of the electro-optic system.

Computation  Parameters Symbol Value
Satellite Altitude h 400 km
Orbital velocity U 7.67 km/s
Ground velocity Vg 7.22 km/s
Exposure time ts 0.61 ms
Optical Design ~ Aperture D 90 mm
Effective focal length f 500 mm
Obscuration Tg -
Optical transmittance Tr 51%
Reference wavelength Aref 650 nm
Ground sampling GSD 44m
distance
F-number fl# Sk
Q value ((A f/#)/p) Q 0.65
Imaging Sensor  Pixel size p 5.5 um
Pixel area Ag 30.25 pm?
Pixel fill factor FF 1
Quantum efficiency QE 50% (@555 nm)
Spectral bandwidth Asw 300-1100 nm
Filter transmittance T ~94%
Readout noise Oread 13&
Dark current I 708 /s
Quantization Npits 10 bits

In addition to the information in Table 5.3, when calculating optical transmittance, 7,

the number of surfaces and materials the beam hits on its path is taken as a reference.

It is calculated using the equation below.

_ 4 6 2
Tr = Tsrecos * Tks620 * TLAK9G1S

(5.5)

where Tgsc20, Tsrecos TLAKoG1s Fepresents optical transmittance value of K5G20,

optical transmittance value of SF6GO5, optical transmittance value of LAK9G15,

respectively. The optical transmittance is calculated to be 51%.

Equation 5.1 and the code from the reference paper [51] are used to calculate SNR.

The SNR is calculated to be 75 according to the given parameters.
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CHAPTER VI

SUMMARY AND CONCLUSION

‘I have no idols, I admire work, dedication, and competence.’

Ayrton Senna

Professors Jordi Puig-Suari of California Polytechnic State University and Bob
Twiggs of Stanford University came up with the idea for CubeSats, which are
miniature satellites that are primarily used in Low Earth Orbit (LEO) for a variety of
purposes, such as atmospheric research, biological investigations, and climate
assessments. These satellites adhere to standard dimensions while operating under
defined parameters. It is clear from studying the CubeSat industry that optical systems
frequently reflect optical designs. But as a piece of our research, we're looking into
telephoto optical system designs, a subset of refractive systems. Earth observation is
the normal use of these telephoto optical systems. This study intends to create a
telephoto optical system design tailored for the CubeSat construction.

Before constructing the intended telephoto optical design, the satellite's critical system
parameters are thoroughly established. These characteristics, including effective focal
length, full field of view, swath width, F-number, aperture, and system MTF
parameters, served as the basis for necessary system-level calculations. The goal is to
match these estimates with the telephoto optical system design. A telephoto optical
system, a subset of refractive systems, is chosen because of its distinctive advantages,
particularly no obscuration. Additional advantages of this telephoto optical system
design concept included meeting demanding higher field of view specifications while
keeping a shorter system than the effective focal length. Several analysis are
performed to clarify the system's length requirements before starting the design
process. After thorough analysis, it is decided that a telephoto optical system design
specially made to fit inside the 6U dimensions is the optimal choice. The optical design
process developed gradually within the OpticStudio application, aligning with the

systematically derived design specifications after the system size was firmly
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established. Following the guidelines for telephoto optical system design, the initial
stage of the design process started with a two-lenses configuration. These two lenses
are then combined to create two sets of doublet lenses. The number of lenses gradually
increased to meet the demanding electro-optic camera's MTF requirements. This
iterative technigque eventually ended up in a diffraction-limited optical design with six
spherical lenses built to resist the extreme conditions of space environments.

To maintain the performance parameters of an optical system within the set
restrictions, tolerance analysis is crucial in defining both the mechanical and optical
manufacturing limitations. We meticulously examined each component of the final
optical design in this study as part of a sensitivity analysis. The construction of a
sensitivity rank, the result of this analytical work, sheds light on the sensitivity of the
optical elements inside the optical system design. The system's response to mechanical
tolerances is then thoroughly examined, providing us to determine the mechanical
tolerance levels required for efficient system operations. We have expanded the scope
of our analysis to include factors other than mechanical ones, such as the effect of the
optical design on potential manufacturing errors. The optical design is evaluated
holistically in the context of the overall system. Our study has enabled us to describe
the system as an image plane compensator within the context of system engineering
(CHAPTER II) to achieve the specified electro-optic camera's MTF target. But it soon
became clear that the system's performance was not up to going. To fix this, we
repeatedly add a second compensator to the analysis, providing the analysis closer to
the targeted MTF value.

The effect of Modulation Transfer Function (MTF) values on the MTF budget in the
selected detector design has been thoroughly examined in CHAPTER IV. The
calculation shows how detector effects and tolerances affect MTF values, offering
information on how each component affects system performance.

An electro-optic imaging system's Signal-to-Noise Ratio (SNR) is a crucial
performance factor. Higher values of SNR indicate greater imaging quality, which is
a measure of the quality of the executed image. The computed SNR value and the
factors that affect it, such as exposure time, radiance, telescope characteristics, and
sensor features, are thoroughly discussed in CHAPTER V. We used the capabilities of
the MODTRAN program to compute radiance, which is crucial in this context. This
work includes the application's internal parameters and the underlying mathematical

calculations generated as the basis for our evaluations.

47



In summary, in this thesis, the telephoto optical system design for a 6U-sized CubeSat
structure has been completed. It has an effective focal length of 500 mm and an FFOV
of 2.58°. Six lenses in the design are constructed with space-compatible materials.
OpticStudio has been used to carry out comprehensive design, sensitivity, and
tolerance assessments of this telephoto optical system design. It has been established
that the overall electro-optic camera's MTF value is better than 0.1.

This study shows that telephoto optical design, as one of the refractive elements, offers
a viable alternative to reflective elements (e.g., Maksutov-Cassegrain or Ritchey-

Chrétien) for attaining higher FFOVs and designing without obscuration.
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APPENDIX A

MERIT FUNCTION EDITOR FOR FINAL OPTICAL DESIGN

O~ NN =

Type
EFFL ~
BLNK ~
MTFA ~
MTFA ~
MTFA ~
BLNK ~
DMFS
BLNK ~
BLNK ~
MNCA ~
MXCA ~
MNEA ~
MNCG ~
MXCG ~
MNEG ~
MNCA ~
MXCA ~
MNEA ~
MNCG ~
MXCG ~
MNEG ~
MNCA ~
MXCA ~
MNEA ~
MNCG ~
MXCG ~
MNEG ~
MNCA ~

Wave Hx Hy
2
1 0 1 100,000
1 0 2 100,000
1 0 3 100,000

Px Py
1 0
1 0
1 0

Target Weight

500,000

0,400
0,400
0,400

1,000

1,000
1,000
1,000

Value % Contrib
499,995 4,694E-03

0,368 32,296
0,341 36,500
0,376 31,120

Sequential merit function: RMS spot x+y centroid X Wgt = 1,0000 Y Wgt = 1,0000 GQ 5 rings

Default individual air and glass thickness boundary constraints.

10,000 0

3 0,000 0
3
3
3 0,000 0
4 4

W W W WMo MNP MNMNMNMN =2 =2 2 a2 a3
M

4,000
1000,000
4,000
10,000
25,000
4,000
4,000
1000,000
4,000
10,000
25,000
4,000
4,000
1000,000
4,000
10,000
25,000
4,000
4,000

1,000
1,000
1,000
1,000
1,000
1,000
1,000
1,000
1,000
1,000
1,000
1,000
1,000
1,000
1,000
1,000
1,000
1,000
1,000

4,000 0,000
1000,000 0,000
4,000 0,000
10,000 0,000
25,000 0,000
4,000 0,000
4,000 0,000
1000,000 0,000
4,000 0,000
10,000 0,000
25,000 0,000
4,000 0,000
4,000 0,000
1000,000 0,000
4,000 0,000
9,996 3,429E-03
25,000 0,000
4,000 0,000
3,996 2,864E-03

Figure A.1 Merit Function Editor for the final optical design-1.
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30
31
32
33
34
35
36
37
38
39
40
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42
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47
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49
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55
56

MXCA ~ 4
MNEA ~ 4
MNCG ~ 4
MXCG ~ 4
MNEG ~ 4
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MNEA ~
MNCG ~
MXCG ~
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MXCA ~
MNEA ~
MNCG ~
MXCG ~
MNEG ~
MNCA ~
MXCA ~
MNEA ~
MNCG ~
MXCG ~
MNEG ~
MNCA ~
MXCA ~
MNEA ~
MNCG ~
MXCG ~

CO Q0 Co 00 0 ~ ~ ~ ~ =~ oy Oy Oy Oy Oy L0 LnLnoLbnbaun

1000,000
4,000
10,000
25,000
4,000
4,000
1000,000
4,000
10,000
25,000
4,000
4,000
1000,000
4,000
10,000
25,000
4,000
4,000
1000,000
4,000
10,000
25,000
4,000
4,000
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4,000
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1,000
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1,000
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1,000
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1,000
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25,000
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3,996
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4,000
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4,000
1000,000
4,000
9,996
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Figure A.2 Merit Function Editor for the final optical design-2.
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57
58
59
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61
62
63

65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83

85
86
87

MNEG ~ 8 8 0,000 0 4,000 1,000 4,000
MNCA ~ 9 9 4,000 1,000 4,000
MXCA ~ 9 9 1000,000 1,000 1000,000
MNEA ~ 9 9 0,000 0 4,000 1,000 4,000
MNCG ~ 9 9 10000 1,000 10,000
MXCG ~ 9 9 25000 1,000 25000
MNEG ~ 9 9 0,000 0 4,000 1,000 4,000
MNCA ~ 10 10 4,000 1,000 4,000
MXCA ~ 10 10 1000,000 1,000 1000,000
MNEA ~ 10 10 0,000 0 4,000 1,000 4,000
MNCG ~ 10 10 10000 1,000 10,000
MXCG ~ 10 10 25000 1,000 25000
MNEG ~ 10 10 0,000 0 4,000 1,000 3,996
MNCA ~ 11 11 4,000 1,000 4,000
MXCA ~ 11 11 1000,000 1,000 1000,000
MNEA * 11 11 0,000 0 4,000 1,000 4,000
MNCG ~ 11 11 10000 1,000 10,000
MXCG ~ 11 11 25000 1,000 25000
MNEG ~ 11 11 0,000 0 4,000 1,000 4,000
MNCA ~ 12 12 4,000 1,000 4,000
MXCA ~ 12 12 1000,000 1,000 1000,000
MNEA ~ 12 12 0,000 0 4,000 1,000 4,000
MNCG ~ 12 12 10,000 1,000 9,997
MXCG ~ 12 12 25000 1,000 25000
MNEG ~ 12 12 0,000 0 4,000 1,000 4,000
MNCA ~ 13 13 4,000 1,000 4,000
MXCA ~ 13 13 1000,000 1,000 1000,000
MNEA ~ 13 13 0,000 0 4,000 1,000 4,000
Figure A.3 Merit Function Editor for the final optical design-3.
MNCG ~ 13 13 10,000 1,000 10,000
MXCG ~ 13 13 25000 1,000 25,000
MNEG ~ 13 13 0,000 0 4,000 1,000 4,000

Figure A.4 Merit Function Editor for the final optical design-4.
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APPENDIX B

MNEMONIC TERMS OF THE TOLERANCE DATA EDITOR

Table B.1 Mnemonic terms of the Tolerance Data Editor

Mnemonic

Explanation

TRAD, TCUR, TFRN
TTHI

TIRR
TEZI

TEDX, TEDY
TETX, TETY, TETZ
TSDX, TSDY
TSTX, TSTY

TIRX, TIRY

COMP

CPAR

TIND

TPAR, TEDV
TUDX, TUDY
TUTX, TUTY, TUTZ
TCON

Tolerance on radius
Tolerance on thickness
Tolerance on standard surface irregularity

Tolerance on surface irregularity using Zernike standard
polynomials
Tolerance on element decenters

Tolerance on element tilts in degrees
Tolerance on surface decenters

Tolerance on surface tilt in degrees

Tolerance on total indicator runout in lens units
Sets a thickness, radius, or conic compensator
Sets a parameter as a compensator

Tolerance on index

Tolerance on parameters, and extra data values
Tolerance on coordinate break decenters
Tolerance on coordinate break tilts

Tolerance on conic
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APPENDIX C

TOLERANCE DATA EDITOR FOR FINAL OPTICAL DESIGN

4 Type Nominal
1 TWAV ~
2 COMP ~ 27 0 149,007
3 CPAR ~ 1 1 0,000
4 CPAR ~ 1 2 0,000
5 CPAR ~ 1 3 0,000
6 CPAR ~ 1 4 0,000
7 TOFF ~
8 TOFF ~
9 TTHI = 2 2 15,980
10 TRAD ~ 2 0 161,446
1 TEDX ~ 2 4 0,000
12 TEDY ~ 2 4 0,000
13 TETY ~ 2 4 0,000
14 TETX ~ 2 4 0,000
15 TEZI > 2
16 TSDX ~ 2
17 TSDY ~ 2
18 TSTX ~ 2
19 TSTY = 2
20 TOFF ~
21 TOFF =
22 TTHI = 4 4 4,412
23 TRAD ~ 4 0 -214,195
24 TEZI ~ 4
25 TSDX~ 4
26 TSDY ~ 4
27 TISTX ~ 4
28 TSTY = 4

0,633
-10,000
-1,000
-1,000
-1.000
-1,000

-0,020
-0,040
-0,020
-0,020
-0,015
-0,015

-0,020
-0,053

Comment
Default test wavelength.
10,000 Default compensator on back focus.

1,000 First Lens Group TEDx Comp.
1,000 First Lens Group TEDy Comp.
1,000 First Lens Group TETx Comp.
1,000 First Lens Group TETy Comp.

L1:Left Surface
0,020 L1:Left Thickness (mm)
0,040 L1:Left Surface: Radius of Curvature (mm)
0,020 L1:Left Surface: X-Decenter,element (mm)
0,020 L1:Left Surface: Y-Decenter, element (mm)
0,015 L1:Left Surface: Y-Tilt, element (degree)
0,015 L1:Left Surface: X-Tilt, element (degree)

37 5 0,000 -7,900E-06 7,900E-06 L1:Left Surface: Zernike RMS WFE (mm)
0,000 -1,000E-02 1,000E-02 L1:Left Surface: X-Decenter, surface (mm)
0,000 -1,000E-02 1,000E-02 L1:Left Surface: Y-Decenter, surface (mm)
0,000 -4,000E-03 4,000E-03 L1:Left Surface: X-Tilt, surface (degree)
0,000 -4,000E-03 4,000E-03 L1:Left Surface: Y-Tilt, surface (degree)

L1:Left Surface End
L1:Right Surface
0,020 L1:Right Air Thickness (mm)
0,053 L1:Right Surface: Radius of Curvature (mm)

37 5 0,000 -7,900E-06 7,900E-06 L1:Right Surface: Zernike RMS WFE (mm)
0,000 -1,000E-02 1,000E-02 L1:Right Surface: X-Decenter, surface (mm)
0,000 -1,000E-02 1,000E-02 L1:Right Surface: Y-Decenter, surface (mm)
0,000 -4,000E-03 4,000E-03 L1:Right Surface: X-Tilt, surface (degree)
0,000 -4,000E-03 4,000E-03 L1:Right Surface: Y-Tilt, surface (degree)

Figure C.1 Tolerance Data Editor for the final optical design-1.
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29
30
31
32
33
34
35
36
37
38
39
40
11
42
43

45
46
47
48
49
50
51
52
53
54
55
56

TOFF ~
TOFF ~
TOFF ~
TOFF ~
TOFF ~
TTHI =
TRAD ~
TEDX ~
TEDY ~
TETY ~
TETX ~

TEZl ~
TSDX ~
TSDY =
TSTX =
TSTY ~
TOFF ~
TOFF ~
TTHI =
TRAD ~

TEZl ~
TSDX ~
TSDY ~
TSTX =
TSTY =
TOFF ~
TOFF ~
TOFF ~

9,996
-195,245
0,000
0,000
0,000
0,000

[==Bl==Ri=-Rie-R <= Nyl

o Oy O Oy S O Oy O Oy O O

oo

3,996
303,998

o

o 0o 0o o Co Qo o

-0,020
-0,049
-0,020
-0,020
-0,015
-0,015

-0,020
-0,076

L1:Right Surface End

First Surface End !!!

>>>Second Lens: 1.2

L2:Left Surface
0,020 L2:Left Thickness (mm)
0,049 12:Left Surface: Radius of Curvature (mm)
0,020 L2:Left Surface: X-Decenter, element (mm)
0,020 L2:Left Surface: Y-Decenter, element (mm)
0,015 L2:Left Surface: Y-Tilt, element (degree)
0,015 L2:Left Surface: X-Tilt, element (degree)

37 5 0,000 -7,900E-06 7,900E-06 L2:Left Surface; Zernike RMS WFE (mm)
0,000 -1,000E-02 1,000E-02 L2:Left Surface: X-Decenter, surface (mm)
0,000 -1,000E-02 1,000E-02 L2:Left Surface: Y-Decenter, surface (mm)
0,000 -4,000E-03 4,000E-03 L2:Left Surface: X-Tilt, surface (degree)
0,000 -4,000E-03 4,000E-03 L2:Left Surface: Y-Tilt, surface (degree)

L.2:Left Surface End
L2:Right Surface
0,020 L2:Right Air Thickness (mm)
0,076 L2:Right Surface: Radius of Curvature (mm)

37 5 0,000 -7,900E-06 7,900E-06 L2:Right Surface: Zernike RMS WFE (mm)
0,000 -1,000E-02 1,000E-02 L2:Right Surface: X-Decenter, surface (mm)
0,000 -1,000E-02 1,000E-02 L2:Right Surface: Y-Decenter, surface (mm)
0,000 -4,000E-03 4,000E-03 L2:Right Surface: X-Tilt, surface (degree)
0,000 -4,000E-03 4,000E-03 L2:Right Surface: Y-Tilt, surface (degree)

L2:Right Surface End
Second Surface End !!!

Figure C.2 Tolerance Data Editor for the final optical design-2.
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57
58
59
60
61
62
63

65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83

TOEE ~ >>>Third Lens: L3

TOFF ~ L3:Left Surface

TTHI ~ 10 10 11,352 -0,020 0,020 L3:Left Thickness (mm)
TRAD ~ 10 0 129,996 -0,033 0,033 L3:Left Surface: Radius of Curvature (mm)
TEDX ~ 10 12 0,000 -0,020 0,020 L3:Left Surface: X-Decenter, element (mm)
TEDY ~ 10 12 0,000 -0,020 0,020 L3:Left Surface: Y-Decenter, element (mm)
TETY * 10 12 0,000 -0,015 0,015 L3:Left Surface: Y-Tilt, element (degree)
TETX~ 10 12 0,000 -0,015 0,015 L3:Left Surface: X-Tilt, element (degree)

TEZl~ 10 37 5 0,000 -7,900E-06 7,900E-06 L3:Left Surface: Zernike RMS WFE (mm)
TSDX~ 10 0,000 -1,000E-02 1,000E-02 L3:Left Surface: X-Decenter, surface (mm)
TSDY + 10 0,000 -1,000E-02 1,000E-02 L3:Left Surface: Y-Decenter, surface (mm)
TSTX~ 10 0,000 -4,000E-03 4,000E-03 L3:Left Surface: X-Tilt, surface (degree)
TSTY 10 0,000 -4,000E-03 4,000E-03 L3:Left Surface: Y-Tilt, surface (degree)
TOFF ~ L3:Left Surface End

TOFF ~ L3:Right Surface

TTHI ~ 14 14 18,513 -0,020 0,020 L3:Right Air Thickness (mm)

TRAD ~ 12 0 4319,235 -1,080 1,080 L3:Right Surface: Radius of Curvature (mm)
TEZl ~ 12 37 5 0,000 -7,900E-06 7,900E-06 L3:Right Surface: Zernike RMS WFE (mm)
TSDX ~ 12 0,000 -1,000E-02 1,000E-02 L3:Right Surface: X-Decenter, surface (mm)
TSDY ~ 12 0,000 -1,000E-02 1,000E-02 L3:Right Surface: Y-Decenter, surface (mm)

TSTX > 12 0,000 -4,000E-03 4,000E-03 L3:Right Surface: X-Tilt, surface (degree)
TSTY ~ 12 0,000 -4,000E-03 4,000E-03 L3:Right Surface: Y-Tilt, surface (degree)

TOFF ~ L3:Right Surface End
TOFF ~ Third Surface End !!!
eEE= [ [

TOFF ~ >>>STOP

eEE= [ [

Figure C.3 Tolerance Data Editor for the final optical design-3.
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85
86
87
88
89
90
91
92
93

95

96

97

98

99

100
101
102
103
104
105
106
107
108
109
110
111

112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132

TOFF ~

TOFF ~

TTHI > 17
TRAD ¥ 17
TEDX ~ 17
TEDY >~ 17
TETY ~ 17
TETX > 17

TEZl > 17
TSDX ~ 17
Sby >~ 17
TSTX~ 17
TsTY » 17
TOFF ~

TOFF ~

TTHI > 19
TRAD ~ 19

TEZI > 19
TSDX ~ 19
Tsby ~ 19
ISTX~ 19
TSTY » 19
TOFF ~

TOFF ~

TOFF ~

TOFF ~

TTHI > 21
TRAD ¥ 21

17

19
19
19
19
37

19

37

21
0

>>>Fourth Lens: L4
L4:Left Surface
9,996 -0,020 0,020 L4:Left Thickness (mm)

3235632 -0,809 0,809 L4:Left Surface: Radius of Curvature (mm)

0,000 -0,020 0,020 L4:Left Surface: X-Decenter, element (mm)
0,000 -0,020 0,020 L4:Left Surface: Y-Decenter, element {mm)
0,000 -0,015 0,015 L4:Left Surface: Y-Tilt, element (degree)
0,000 -0,015 0,015 L4:Left Surface: X-Tilt, element (degree)
0,000 -7,900E-06 7,900E-06 L4:Left Surface: Zernike RMS WFE (mm)
0,000 -1,000E-02 1,000E-02 L4:Left Surface: X-Decenter, surface (mm)
0,000 -1,000E-02 1,000E-02 L4:Left Surface: Y-Decenter, surface (mm)
0,000 -4,000E-03 4,000E-03 L4:Left Surface: X-Tilt, surface (degree)
0,000 -4,000E-03 4,000E-03 L4:Left Surface: Y-Tilt, surface (degree)
L4:Left Surface End
L4:Right Surface
5,715 -0,020 0,020 L4:Right Air Thickness (mm)

105,468 -0,026 0,026 L4:Right Surface: Radius of Curvature (mm)
0,000 -7,900E-06 7,900E-06 L4:Right Surface: Zernike RMS WFE (mm)
0,000 -1,000E-02 1,000E-02 L4:Right Surface: X-Decenter, surface (mm)
0,000 -1,000E-02 1,000E-02 L4:Right Surface: Y-Decenter, surface (mm)
0,000 -4,000E-03 4,000E-03 L4:Right Surface: X-Tilt, surface (degree)
0,000 -4,000E-03 4,000E-03 L4:Right Surface: Y-Tilt, surface (degree)

L4:Right Surface End
> > >Fifth Lens: L5
L5:Left Surface
10,173 -0,020 0,020 L5:Left Thickness (mm)
130,657 -0,033 0,033 L5:Left Surface: Radius of Curvature (mm)

Figure C.4 Tolerance Data Editor for the final optical design-4.

TEDX ~ 21
TEDY » 21
TEIY = | 21
TETX > 21
NEZI = 2
TSDX ~ 21
TSDY ~ 21
TSTX~ 21
TSTY - 21
TOFF ~
TOFF ~
TTHI 23
TRAD~ 23
NEZI =] 23
TSDX ~ 23
TSDy ~ 23
TSTX~ 23
TSTY » 23
TOFF ~
TOFF ~
TOFF ~

23
23
23
23
37

23

37

0,000 -0,020 0,020 L5:Left Surface: X-Decenter, element (mm)
0,000 -0,020 0,020 L5:Left Surface: Y-Decenter, element (mm)
0,000 -0,015 0,015 L5:Left Surface: Y-Tilt, element (degree)
0,000 -0,015 0,015 L5:Left Surface: X-Tilt, element (degree)
0,000 -7,900E-06 7,900E-06 L5:Left Surface: Zernike RMS WFE (mm)
0,000 -1,000E-02 1,000E-02 L5:Left Surface: X-Decenter, surface (mm)
0,000 -1,000E-02 1,000E-02 L5:Left Surface: Y-Decenter, surface (mm)
0,000 -4,000E-03 4,000E-03 L5:Left Surface: X-Tilt, surface (degree)
0,000 -4,000E-03 4,000E-03 L5:Left Surface: Y-Tilt, surface (degree)
L5:Left Surface End
L5:Right Surface
118,375 -0,020 0,020 L5:Right Air Thickness (mm)

-685,925 -0,171 0,171 L5:Right Surface: Radius of Curvature (mm)

0,000 -7,900E-06 7,900E-06 L5:Right Surface: Zernike RMS WFE (mm)
0,000 -1,000E-02 1,000E-02 L5:Right Surface: X-Decenter, surface (mm)
0,000 -1,000E-02 1,000E-02 L5:Right Surface: Y-Decenter, surface (mm)
0,000 -4,000E-03 4,000E-03 L5:Right Surface: X-Tilt, surface (degree)
0,000 -4,000E-03 4,000E-03 L5:Right Surface: Y-Tilt, surface (degree)
L5:Right Surface End
Fifth Surface End !I!

Figure C.5 Tolerance Data Editor for the final optical design-5.
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133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156

TOFF ~
TOFF ~
TTHI ~ 25
TRAD~ 25
TEDX~ 25
TEDY ¥ 25
TETY » 25
TETX~ 25
TEZI> 25
TSDX~ 25
TSDY v 25
TSTX~ 25
TSTY > 25
TOFF ¥
TOFF ¥
TRAD » 27
TEZI ~ 27
TSDX ~ 27
TSDY ~ 27
TSTX~ 27
TSTY » 27
TOFF ~
TOFF ~
TOFF ~

25

27
27
27
27
37

37

9,997
-88,244
0,000
0,000
0,000
0,000

-0,020
-0,022
-0,020
-0,020
-0,015
-0,015

>>>Sixth Lens: L6

L6:Left Surface
0,020 Lé:Left Thickness (mm)
0,022 Lé:Left Surface: Radius of Curvature (mm)
0,020 Lé:Left Surface: X-Decenter, element (mm)
0,020 Lé:Left Surface: Y-Decenter, element (mm)
0,015 Lé:Left Surface: Y-Tilt, element (degree)
0,015 Lé:Left Surface: X-Tilt, element (degree)

0,000 -7,900E-06 7,900E-06 L6:Left Surface: Zernike RMS WFE (mm)
0,000 -1,000E-02 1,000E-02 L6:Left Surface: X-Decenter, surface (mm)
0,000 -1,000E-02 1,000E-02 L6:Left Surface: Y-Decenter, surface (mm)
0,000 -4,000E-03 4,000E-03 Lé:Left Surface: X-Tilt, surface (degree)
0,000 -4,000E-03 4,000E-03 Lé:Left Surface: Y-Tilt, surface (degree)

-226,881

-0,057

L6:Left Surface End
L6:Right Surface
0,057 Lé:Right Surface: Radius of Curvature (mm)

0,000 -7,900E-06 7,900E-06 Lé:Right Surface: Zernike RMS WFE (mm)
0,000 -1,000E-02 1,000E-02 L6:Right Surface: X-Decenter, surface (mm)
0,000 -1,000E-02 1,000E-02 L6:Right Surface: Y-Decenter, surface (mm)
0,000 -4,000E-03 4,000E-03 Lé:Right Surface: X-Tilt, surface (degree)
0,000 -4,000E-03 4,000E-03 Lé:Right Surface: Y-Tilt, surface (degree)

L6:Right Surface End
Sixth Surface End 1!

Figure C.6 Tolerance Data Editor for the final optical design-6.
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