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Space telescope optics is one of the major parts of any space mission used to observe astronomical 

targets or the Earth. This kind of space mission typically involves bulky and complex opto-mechanics 

with a long optical tube, but attempts have been made to observe a target with a small satellite. In this 

paper, we describe the optical design of a reflecting telescope for use in a CubeSat mission. For this design 

we adopt the off-axis segmented method for astronomical observation techniques based on a 

Ritchey-Chrétien type telescope. The primary mirror shape is a rectangle with dimensions of 8 cm × 8 

cm, and the secondary mirror has dimensions of 2.4 cm × 4.1 cm. The focal ratio is 3 which can yield 

a 0.383 degree diagonal angle in a 1280 × 800 CMOS color image sensor with a pixel size of 3 μm 

× 3 μm. This optical design can capture a ~ 4 km × ~ 2.3 km area of the earth’s surface at 700 km 

altitude operation.
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I. INTRODUCTION

A telescope for space exploration requires numerous 

types of technology. In particular, the imaging system is 

one of the most essential components for scientific research. 

Generally, astronomical space telescopes and satellite cameras 

use a reflecting optical system with conic mirrors because 

the conic surface can be very precise, and the radiation 

tolerance is much higher than that of refracting lens material [1, 

2]. There are many types of space optics with one or two 

mirrors used for low-resolution imaging or spectroscopic 

observation [3, 4]. Recent imaging sensor technology also 

allows us to design a wider field of view and achieve 

higher resolution in space imaging with various satellite 

platforms. In this paper, we present the optical design of a 

small reflecting telescope for a 3U CubeSat platform.

CubeSat is a class of nano-satellites initially developed 

at Stanford University and California Polytechnic State 

University at San Louis Obispo to facilitate low-cost access 

to space [5]. The CubeSat platform is a standardized con-

figuration, consisting of one to three 10 cm × 10 cm × 10 

cm units (1, 2, or 3 “U”s) arranged in a row, where 1U 

has a mass of 1.33 kg [6, 7]. It is launched as a piggyback 

secondary payload on a large launch vehicle using the 

Poly-Picosatellite Orbital Deployer (P-POD). There are 

many kinds of 3U CubeSat missions for scientific research 

and technical experiments [8, 9]. Imaging satellites based 

on CubeSat have mostly been implemented for Earth- 

observing missions.

Most imaging CubeSats have refraction lens mount optics 

because it is difficult to fit a reflecting telescope into a 

CubeSat. Lens mount optics has disadvantages such as the 

darkening effect caused by space radiation and, misa-

lignment and fragility caused by vibration and thermal effects.

In this paper, we design the optics of a reflecting 

telescope for a CubeSat unlike previous missions. A major 

objective is to acquire high-quality images of the Earth’s 

surface with our new, small reflecting telescope.

II. BASIC REQUIREMENTS FOR 

THE CUBESAT TELESCOPE

2.1. Concept 

This research involves the design of a conventional 
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FIG. 1. Concept of CubeSat mission operation to collect 

images of Earth.
FIG. 2. Optical configuration of the CubeSat structure (8 cm × 

8 cm × 19 cm). 

FIG. 3. Aperture mask concept. Hatched rectangle is the 

primary mirror.

imaging camera system with a small reflecting telescope 

for a CubeSat mission. We estimate a ~700 km altitude in 

sun synchronous orbit with a standard CubeSat platform. 

Figure 1 shows the conceptual operation of the push- 

broom imaging mode to scan or shoot the Earth’s surface 

as the CubeSat moves along its orbit. In this section, we 

describe the fundamental requirements for designing the 

reflecting telescope for a 3U CubeSat mission (10 cm × 

10 cm × 34 cm).

2.2. Mechanical Design Requirements

The main constraint of the optical design is the space 

allowance in CubeSat. There should be no interference in 

the optical path within the limited CubeSat dimensions. 

The CubeSat should have avionic electronics and basic 

structures. Therefore, the telescope space is limited by 

these constraints. In this design, the minimum space for 

avionics electronics is 10 cm × 10 cm × 10 cm, and other 

structural parts require 10 cm × 10 cm × 5 cm. Therefore, 

the maximum allowed space for the telescope is 10 cm × 

10 cm × 19 cm. However, the telescope optics should be 

installed within a space of 8 cm × 8 cm × 19 cm in order 

to allow for installation of a support structure for the 

telescope optics and satellite structure. For this reason, we 

configured the optics within a space of 8 cm x 8 cm x 19 

cm, as shown in Fig. 2.

2.3. Optical Design Concept

The main purpose of this telescope optics system is a 

fine resolution image of Earth’s surface with the CubeSat 

application. In the case of the CubeSat mission, we can 

easily find an imaging instrument with a refraction lens 

mount within this platform because reflecting telescope 

optics is difficult to fit into a tiny space [7]. In this paper, 

we design a reflecting telescope optics system unlike the 

refraction lens design.

The telescope design parameters take into account several 

volume limitations. Two-mirror optics is a primary consideration; 

hence, a short focal length is also prioritized. In this case, 

the dimensions of the primary mirror must be within 8 cm 

× 8 cm, to fit into the CubeSat envelope. The field of 

view (FOV) is small in two-mirror optical telescopes; for 

example, the FOV for the Ritchey-Chretien optical system, 

which has the largest FOV, is only a few minutes [10]. 

Therefore, we aim to increase the diameter to achieve a 

larger FOV compared to that in the Ritchey-Chretien system. 

Thus, the primary mirror shape becomes a square, which 

cuts off the edges from a round mirror, as shown in Fig. 

3. The idea is based on the off-axis segmented technique 

in astronomical telescope applications. We set the focal 

image plane area to 5 mm diameter because the CMOS 

image sensing area cannot exceed 4.5 mm. Table 1 shows 

the optical design parameters for our design. In this table 

we estimate the ground resolving distance based on the 

geometrical resolution, without diffraction. In the optical 

design process the diffraction effect should be of concern, 

since the detectors can be chosen scientifically so that 

more energy is collected each instant by every pixel in the 

FOV. [11].
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FIG. 4. Dimensions of the OV9712 CMOS image sensor.

TABLE 1. Design specifications of the telescope

Parameters Specifications

M1-M2 distance 150 ± 10 mm

M1 thickness 5 mm

Image plane size 5 mm diameter

Field of View < 0.7˚

Ground Resolving Distance < 10 m at 700 km

Diffraction limit 8.36 μm

Telescope type Ritchey-Chrétien

FIG. 5. Optical design layout of the CubeSat telescope.

TABLE 2. Imaging sensor specifications

Items Specifications

Active array size 1280 × 800

Pixel size 3 μm × 3 μm

Temperature range -30 ℃ to 70 ℃

Image area 3.888 mm × 2.430 mm

Package dimension 5415 μm × 4415 μm

2.4. Image Sensor

There are many kinds of sensors used to acquire an 

image. A CCD device is commonly used for astronomical 

observations due to its many advantages, such as a large 

full-well capacity, 100% fill factor, and low readout noise 

compared to a CMOS image sensor. In this study, however, 

we choose a CMOS image sensor because it has various 

pixel sizes and windowing readout mode, and low power 

consumption, unlike the CCD image sensor. In particular, 

windowing readout mode is very useful for Earth observation, 

to overcome the image blur produced by the satellite 

sweep speed during exposure. Our observation target is the 

day-time Earth surface, which is bright enough to allow 

collection of images with CMOS image sensors in the 

designed telescope. For our optical design, we choose the 

CMOS image sensor OV9712 produced by Omnivision. 

The pixel size is 3 μm × 3 μm and the pixel array is 

1280 × 800. Table 1 describes the CMOS image sensor 

used in our design. 

III. OPTICAL DESIGN AND ANALYSIS

3.1. Telescope Design

The telescope is a conventional two-mirror telescope. 

We used part of a 226.24 mm diameter mirror as the 

telescope’s primary mirror. It is a modified off-axis segmented 

method, as in astronomical observation. The primary and 

secondary mirrors are rectangular with dimensions of 80 mm 

× 80 mm and 41 mm × 24 mm, respectively. The rectangular 

shape maximizes captured light in the rectangular CubeSat 

body. Figure 5 shows the design layout in which the focal 

plane is located behind the primary mirror. Table 3 shows 

the data sheet for the optical design.

3.2. Optical Performance Analysis

The analysis was carried out with the Code-V optical 

design program. Figure 6 shows a spot diagram that includes 

the size and shape of the spot for all visible wavelengths. 

The spot size indicates that the outermost field (0, 0.094°) 

and optical axis are 2.3 µm and 3.3 µm, respectively. 

This size is slightly larger than 2 pixels. We also investigated 

astigmatism and distortion; the field curve is presented in 

Fig. 7. The distortion is no greater than 2 pixels in scale 

around the full field, and there is no chromatic aberration 

due to the reflecting mirror system. We identified the 

astigmatism from the MTF diagram as shown in Fig. 8, 

where the solid line is the MTF value of the radial 

component of the curve, and the dashed line is the 

tangential component of the curve. The camera resolution 

is represented by Eq. (1) in the color image array sensor.

#Pixels 1280 / 2
Camera Res( / ) 82.26 /

2 Sensor size 2 3.89
lp mm lp mm= = =

× × (1)
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TABLE 3. Lens data sheet

Surface # Surface Name
Radius

(Conic constant)

Thickness

(mm)
Refract Mode Semi-Aperture (mm)

Object - - - - -

Stop - - 170 - -
Y-axis decenter

-100 mm

2
M1 -402.0036

(k=-1.0678)
-150 Reflect

40×40 Y-axis decenter

-50 mmCenter hole 10 (semi-circle)

3 M2
-145.9288

(k=-4.1274)
150 Reflect 24.5×11

4 M1 thickness - 5 - -

5 - - 20 - -

Image Sensor - - - 2.2491

FIG. 6. Spot diagram. Square box  is 6 μm × 6 μm.

FIG. 7. Field curves.

FIG. 8. Diffraction MTF.

FIG. 9. Ray aberration plot.
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We observe that the minimum MTF value appears over 

0.3 at the 82.26 lp/mm. This is the diffraction MTF. In 

this case, the tangential and sagittal MTF are a little bit 

different. On the other hand, this design shows a small 

amount of fifth-order coma and large-angle astigmatism, 

and presents a field curvature effect that is relatively much 

larger than others, as shown in Fig. 9.

IV. CONCLUSION 

In this paper we present the optical design of a small 

reflecting telescope for a CubeSat application. This research 

considers issues pertaining to the assembly and manufacture 

of the rectangular mirror, which is designed within a space 

limitation. We chose a reflecting mirror to obtain high 

resolution with a small focal length and EPD in a 3U CubeSat.

A recent CMOS image sensor with tiny pixel size and 

large array also enables us to design the reflecting telescope 

in this study. It uses a Ritchey-Chrétien optical system, 

and its MTF is expected to be about 0.3 with a 3.2 mm × 

2.8 mm image area. The results show that theoretically it 

can take images of a ~4 km × ~2.3 km area of the Earth’s 

surface at 700 km altitude. This telescope shows a reasonable 

design to obtain a more detailed image with a CubeSat. 

These results will be used in space exploration with 

CubeSat missions.

ACKNOWLEDGMENT

This study was partially supported by a grant from the 

KASI NAP program and also partially supported by the 

BK21 plus program through the National Research Foundation 

(NRF) funded by the Ministry of Education of Korea.

REFERENCES

1. G. I. Lebedeva and A. A. Garbul, “Prospective aerospace 

reflective objectives,” J. Opt. Technol. 61, 610-614 (1994).

2. M. Fruit, A. I. Gusarov, D. B. Doyle, and G. J. Ulbrich, 

“Radiation impact on space borne optics, the dose coefficient 

approach,” Proc. SPIE 3872, 60-71 (1999).

3. J. U. Lee and S. M. Yu, “Analytic design procedure of 

three-mirror telescope corrected for spherical aberration, 

coma, astigmatism, and Petzval field curvature,” J. Opt. 

Soc. Korea 13, 184-192 (2009).

4. J. H. Lee, T. S. Jang, H.-S. Yang, and S.-W. Rhee, 

“Optical design of a compact imaging spectrometer for 

STSAT3,” J. Opt. Soc. Korea 12, 262-268 (2008).

5. A. Toorian, K. Diaz, and S. Lee, “The CubeSat approach 

to space access,” in Proc. the IEEE Aerospace Conference 

(Big Sky, MT, USA, 2008), pp. 1-14.

6. H. Heidt, J. Puig-Suari, A. S. Moore, S. Nakasuka, and R. 

J. Twiggs, “CubeSat: A new generation of Picosatellite for 

education and industry low-cost space experimentation,” in 

Proc. the Utah State University Small Satellite Conference 

(Logan, UT, USA, Aug. 2001), pp. 1-19.

7. M. W. Smith, S. Seager, C. M. Pong, J. S. Villaseñor, G. 

R. Ricker, D. W. Miller, M. E. Knapp, G. T. Farmer, and 

R. Jensen-Clem, “ExoplanetSat: Detecting transiting exoplanets 

using a low-cost CubeSat platform,” Proc. SPIE 7731, 

773127 (2010).

8. J. G. Yoo, H. Jin, J. H. Seon, Y. H. Jeong, D. Glaser, D. 

H. Lee, and R. P. Lin, “Thermal analysis of TRIO-CINEMA 

mission,” Journal of Astronomy and Space Sciences 29, 

23-31 (2012).

9. N. Y. Yoon, S. Y. Yoon, Y. H. Kim, J. W. Yoon, H. Jin, 

J. H. Seon, K. S. Chae, D. H. Lee, and R. P. Lin, 

“Development of CINEMA mission uplink communication 

system,” Journal of Astronomy and Space Sciences 29, 

33-40 (2012).

10. J. H. Pan, The Design, Manufacture and Test of the Aspheric 

Optical Surface (Science Press, Beijing, China, 1994), pp. 

10-47.

11. X. Li, M. Xu, X. Ren, and Y. Pei, “An optical design 

off-axis four-mirror-anastigmatic telescope for remote sensing,” 

J. Opt. Soc. Korea 16, 243-246 (2012).



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


