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ABSTRACT 

This paper presents a novel small satellite star tracker that uses multiple low-cost cameras to achieve viable attitude 
determination performance. The theoretical analysis of the star detectability improvement by stacking images from 
multiple cameras is presented. An image processing algorithm is developed to combine images from multiple cameras 
with various focal lengths, principal point offsets, distortions, and misalignments. The star tracker also implements 
other algorithms including the region growing algorithm, the intensity weighted centroid algorithm, the geometric 
voting algorithm for star identification, and the singular value decomposition algorithm for attitude determination. A 
star tracker software simulator is used to test the algorithms by generating star images with sensor noises, lens 
defocusing, and lens distortion. A hardware prototype is assembled, and preliminary night sky testing was conducted 
to verify the feasibility of the selected hardware. The flight hardware for the star tracker is being developed in the 
Laboratory for Advanced Space Systems at Illinois (LASSI) at the University of Illinois at Urbana Champaign for 
future CubeSat missions.  

INTRODUCTION 

Missions requiring precise attitude determination are 
starting to take advantage of CubeSat platforms for their 
low cost and design simplicity.1,2 One example is the 
AeroCube-OCSD CubeSat developed by the Aerospace 
Corporation.1 AeroCube utilizes a star tracker to provide 
three-axis determination accuracy better than 0.15° in 

support of laser communication downlinks. Historically, 
magnetometers and sun sensors have been used as 
attitude sensors for CubeSat missions. However, these 
sensors cannot provide attitude information better than 
0.2°, and sun sensors do not work in eclipse, hindering 

their utility on high performance missions.3 Star trackers, 
instead, provide attitude determination with accuracy 
better than 0.1° throughout the orbit, which is sufficient 

for the applications such as Earth observation and optical 
communication.1,2  

While there are several commercial star trackers that are 
compatible with the CubeSat formats (such as Berlin 
Space Technologies ST-200, Sinclair Interplanetary ST-
16, and Adcole Maryland Aerospace MAI-SS),4,5,6 

universities and other research institutes often choose to 
build their own star trackers for their CubeSat 
missions.3,7,8 Commercial star trackers with high 
accuracy and robustness tend to be costly, and lower cost 
star trackers, mostly developed by universities, lack the 
desired levels of performance. For example, the star 
tracker developed by York University has failed its night 
sky test due to the high noise level in the star images.7  

This paper focuses on the design of a low-cost star 
tracker compatible with CubeSat formats by combining 
images from multiple low-cost commercial cameras 
instead of using a single expensive low-noise camera. 

IMAGE STACKING AND STAR DETECTION 

Combing multiple images to remove noise and increase 
sensitivity of image sensing systems is implemented 
across various research areas. For fluorescence detection, 
Joshua et al. captured hundreds of low sensitivity images 
with a cheap Webcam and combined them using an 
image stacking algorithm, which results in a sensitivity 
similar to a high-cost, high-sensitive CCD camera.9  

Roberto and Pieter developed the Dragonfly telephoto 
array consisting of eight commercial CCD cameras, and 
the Signal-to-Noise Ratio (SNR) can be improved by 
increasing the array size.10 Yuanman et al. have proposed 
an attitude-correlated frames adding approach to 
combine images taken by the star tracker at the different 

time, and the SNR of the star image is between √� and 

2√� of a single frame where n is the number of frames 
added.11 As shown in the above-mentioned examples, the 
image stacking technique allows one to build a sensitive 
image sensing system without using high-cost scientific 
grade camera. Thus, combining images from multiple 
low-cost cameras is proposed in this paper to maintain a 
sensitivity similar to a single high-sensitivity camera 
without the attendant cost.  

The sensitivity of a star tracker determines a star’s 
detectability and sets a threshold for the dimmest stars 
the star tracker can detect. Improving the star 
detectability of a star tracker improves the attitude 
estimation accuracy and the robustness of the system. 
The improvement of the star detectability through the 
addition of multiple cameras can be quantified to 
determine the optimal camera array size. The 
detectability and sensitivity analysis start with the 
analysis of noise components. There are two types of 
noise that influence the pixel values of an image sensor: 
temporal noise (or time variant noise), and spatial noise 
(or time invariant noise).7 The effects of spatial noise can 
be largely removed through calibrations. Thus, temporal 
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noise dominates the sensitivity of a star tracker. Shot 
noise, dark current, and read noise are the principal 
temporal noise sources.12,13,14 Shot, or photon noise, 
results from the discrete and random nature of photons. 
Shot noise follows a Poisson distribution, but can be 
modeled as zero mean Gaussian noise. Dark current 
represents the accumulation of electrons in the absence 
of light. Dark current can be modeled as Gaussian noise 
with zero mean and a standard deviation varying with 
integration time and temperature. Read noise combines 
noise sources from the charge transfer and the read-out 
amplifiers. Read noise is modeled using a zero mean 
normal distribution with a constant standard deviation. 
Considering these temporal noise sources, the expression 
for SNR is given as 

��� =
�

�� + �������
�
 (1) 

where �  is the electrons generated in the sensor by 
photons from a target star; �������  is the standard 
deviation of the temporal noise measured in electrons. 
������� is given by 

������� = ������ ∙ � + �����
� (2) 

where ������ ∙ � is the standard deviation of the dark 

current in electrons. T is the exposure time in seconds. 
����� is the standard deviation of read noise in electrons. 
By stacking n images or calculating the mean of n images, 

SNR will increase by √� times 

��� =
� ∙ �

�(� + �������
�) ∙ �

 
(3) 

To determine highest star visual magnitude a star tracker 
can detect based on SNR, it is necessary to calculate how 
many photons are generated by a target star. The photons 
collected on the focal plane from a magnitude m star is 
given as15 

��� = �� ∙ �� ∙ ∆B ∙ Φ� ∙ �  (4) 

where �� is the area of light collecting surface in ���, 

�� =  
�

�
�� and d is the diameter of the camera’s aperture;  

�� is optical transmittance, usually 0.6~0.8. �� represents 
the fraction of light of a specific wavelength which 
passes through the lens; ∆B is the bandwidth of the lens, 
usually 3000-6000 Å (Angstrom); T is the exposure time 

in seconds; Φ�  is the luminous flux of m visual 

magnitude ( unit 
�������

���∙Å∙�
) , given by15  

Φ� = 10(�����)/�  (5) 

Using Eq(4), the signal � (electrons per pixel) received 
from a magnitude m star can be expressed as15 

�� = ��� ∙ �� ∙ ����� ∙ � (6) 

where QE is the general quantum efficiency, usually 
ranged from 0.3 to 0.7; ����� is the fill factor, the ratio of 

a pixel’s light sensitive area to its total area, ranged from 
0.3 to 0.7; K is the energy concentrative degree. The 
value of K is about 0.25~0.4 when the starlight is spread 
over a 3x3 pixel grid.         

An SNR threshold  ��� is defined to determine if an SNR 
value is sufficient for detecting stars. According to Rose 
criterion, SNR > 5 can guarantee the certain detection of 
a signal.16 Based on Eq(3), SNR should fulfill the 
expression given below to detect a star with magnitude 
m when N images are stacked     

��� =  
�� ∙ �

�(�� + �������
�) ∙ �

≥ ���  
(7) 

Eq(7) can be rewritten as  

�� ≥
���

� + ����
� + 4���

� ∙ �������
� ∙ �

2�
 (8) 

Substituting Eqs(2)(6) into Eq(8) gives the highest star 
visual magnitude a star tracker can detect 

�� ≤ 7.5 − 

2.5����� �
���

������
������

�∙(�����∙�������
�)∙�

��∙��∙��∙∆�∙�∙��∙�����∙�  
�  

(9) 

Eq(9) can be used to plot the star detectability as a 
function of the number of cameras added, as shown in 
Figure 1. The parameters are set to represent MT9V022 
image sensor and LS-12020 lens used for the hardware 
prototype, where ����� = 25 ��, ����� = 2.6 ��, �� =
�

��
 ��� , �� = 0.88 , ∆B = 3000 Å , � =  0.1 � , �� =

0.4, ����� = 0.3, � = 0.25. The circular field of view 

(FOV) of LS-12020 lens paired with MT9V022 image 
sensor is 13.69 °. The star visual magnitude higher than 

5 is required to achieve sky coverage above 90% with 
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this circular FOV.3 Thus, there shall be more than three 
cameras in star tracker system to achieve adequate sky 
coverage. However, this analysis doesn’t consider the 
impacts of errors in image processing algorithms, which 
would hinder the improvement of star detectability. That 
impact is examined in the next section.  

 

Figure 1: Star Detectability as a Function of the 
Number of Cameras Added 

ALGORITHMS 

The software system for our multi-camera star tracker 
consists of image processing algorithm, centroiding 
algorithm, star identification algorithm, and attitude 
determination algorithm. The image processing 
algorithm corrects the lens distortions and combines 
images from multiple cameras by applying projective 
transformation. The centroid algorithm applies the 
region growing algorithm to find connected regions 
representing detected stars, and implements the intensity 
weighted centroid algorithm to find the coordinates of 
the stars on the focal plane. The star identification 
algorithm constructs vectors using camera parameters 
and stars’ coordinates, and identifies them in a star 
catalog using a geometric voting algorithm. Finally, by 
using the identified stars, the singular value 
decomposition algorithm is implemented to obtain the 
attitude quaternion of the star tracker  

Image Processing  

Due to the cameras’ misalignments and different 
intrinsic parameters, images are processed and 
transformed before stacking.  One camera is selected as 
the reference camera and its star images are defined as 
the reference images. The images from non-reference 
cameras are then mapped to the reference images. The 
reference images and non-reference images are 
processed differently. 

The applicable coordinate frames are shown in the 
Figure 2, where (�, �)  is the star image centroid 

coordinate under the focal plane frame and (�0, �0) is 
the coordinate of the principal point under the focal plane 
frame (the intersection point of the boresight and the 
focal plane). The star tracker body frame XYZ has its 
origin located at the vertex of the optical system (the 
pinhole camera model is used) and its z-axis aligned with 
the star tracker’s boresight. The focal plane frame UV is 
a 2D coordinate frame, originating at the corner of the 
focal plane. 

 

Figure 2: Coordinate Frames 

For the reference images, the distortion correction is 
applied. We need a mapping from the undistorted 
coordinates to the distorted position to obtain the image 
intensity at the corrected position, which follows:17 

(1) A raw distorted image of the reference camera is 
obtained and saved into a matrix A. 

(2) An empty matrix B is created to represent the 
undistorted image. 

(3) The coordinate (��, ��)  of a pixel from j row k 
column of the matrix B relative to the principal point is 
calculated.   

(4) The UV frame coordinate (��, ��)  of the 
corresponding pixel on the matrix A is calculated using 
the tangential and radial distortions model. 

(5) The value for the j row k column pixel on the matrix 
B is computed by interpolation of pixels on the matrix A. 

The coordinate of a pixel from j row k column of the 
matrix B relative to the principal point is calculated by 

(��, ��) = (� + 0.5, � + 0,5) ∙ � −   (��, ��) (10) 
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where p is the pixel width/length of the image sensor, 
(��, ��) is the principal point of the reference camera. 
(��, ��) is the coordinate of an undistorted pixel, and we 
can calculate the UV frame coordinate of the 
corresponding distorted pixel by applying radial and 
tangential distortions.18 

(��, ��) = (��, ��) + (���, ���) +
(���, ���) + (��, ��)   

(11) 

The radial distortion term is given by 

(���, ���) = (��, ��) ∙ (�� ∙ �� + �� ∙ ��) (12) 

where �� and �� are the coefficients for radial distortion, 

and � = ���
� + ��

� . The tangential distortion term is 
given by  

��� = 2 ∙ �� ∙ �� ∙ �� + �� ∙ (�� + 2 ∙ ��
�) (13) 

��� = 2 ∙ �� ∙ �� ∙ �� + �� ∙ (�� + 2 ∙ ��
�) (14) 

where ��  and ��  are the coefficients for tangential 
distortion 

The distortion computation usually results in a non-
integral address result lying between known pixel values 
of the distorted image (the matrix A).17, 19 Thus, it is 
necessary to estimate the unknown pixel amplitude from 
its neighbors using image interpolation.17, 19 The nearest 
neighbor interpolation is the most basic interpolation 
algorithm, where each pixel is given the value of the 
sample closet to it.20 The nearest neighbor interpolation 
requires the least processing time and preserves some 
high frequency signals, but cannot preserve subpixel 
image realtions.20,21 Bilinear interpolation considers the 
closest 2x2 neighborhood of known pixel values 
surrounding the unknown pixel, and then takes a 
weighted average of these 4 pixels to arrive at its final 
interpolated value. 22 This results in much smoother 
looking images than nearest neighbor method, but also 
results in strong attenuation of high frequencies 21,22 

Nobach et al. has implemented the Gaussian 
interpolation, which can achieve sub-pixel precision, to 
process the images from particle image velocimetry and 
particle tracking velocimetry.23 Star signals usually 
spread over a small pixel area, and have much higher 
pixel values in comparison with the background noises. 
Thus, they are considered high frequency signals 
because the pixel values are rapidly changing in space. 
Also, having a fast processing speed is crucial to a star 
tracker’s robustness against high rotation rates. As a 
result, the nearest neighbor interpolation is selected for 
implementation here. After all pixels in the matrix B are 
assigned with values through interpolation, the image 

processing of the reference image is complete, and the 
matrix B is used to stack with other processed images.        

There are misalignments between the reference camera 
and the non-reference cameras. As a result, in addition to 
the distortion correction, the projective transformation is 
applied for the non-reference images, as follows: 

(1) A raw distorted and misaligned image of a non-
reference camera i is obtained and saved into a matrix ��. 

(2) An empty matrix ��  is created to represent the 
aligned and undistorted image. 

(3) The UV frame coordinate (��, ��) of a pixel from j 
row k column of the matrix �� is calculated.   

(4) The coordinate (��, ��)  of the corresponding 
misaligned but undistorted pixel relative to the principal 
point is calculated using the projective transformation. 

(5) The UV frame coordinate (��, ��)  of the 
corresponding misaligned and distorted pixel on the 
matrix ��  is calculated using the tangential and radial 
distortions model. 

(6) The value for the j row k column pixel on the matrix 
�� is computed by interpolation of pixels on the matrix 
�� 

The UV frame coordinate (��, ��) of a pixel from j row 
k column of the matrix �� is calculated by 

(��, ��) = (� + 0.5, � + 0,5) ∙ � (15) 

Since all stars can be considered infinitely far away from 
the star tracker, translations between reference camera 
and non-reference cameras can be ignored. When only 
the rotations between the cameras are considered, point 
correspondences between the images are related by an 
explicit one-to-one projective transformation given by24 

��

= −��

���(�� − ��) + ���(�� − ��) + ��� ∙ ��

���(�� − ��) + ���(�� − ��) + ��� ∙ ��
 

  

(16) 

��

= −��

���(�� − ��) + ���(�� − ��) + ��� ∙ ��

���(�� − ��) + ���(�� − ��) + ��� ∙ ��
 

  

(17) 

Where �� is the focal length of the non-reference camera, 
�� is the focal length of the reference camera, (��, ��) is 
the principal point of the reference camera. The  (��, ��) 
is a coordinate relative to the principal point of the non-
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reference camera. The rotation matrix from the reference 
camera to the non-reference camera is given by  

� = �

��� ��� ���

��� ��� ���

��� ��� ���

� 
 (18) 

After the projective transformation, (��, ��)  can be 
calculated by replacing (��, ��)  in Eq(11)~(14) with 
(��, ��). When calculating Eq(11) for a non-reference 
camera, the principal point of the non-reference should 
be used instead of (��, ��). After all pixels in the matrix 
��  are assigned with values through interpolation, the 
image processing of the non-reference image is complete. 
The image stacking is simply averaging the pixel values 
from matrix B and �� (i = 1, 2, 3, …).  

An example of the image processing results is shown in 
Figure 3. From the top to the bottom, the first image is 
the raw image taken by the reference camera, the second 
image is the raw image taken by the non-reference 
camera, and the third image is the final stacked image. 
The X and Y axes are the pixel coordinate, and the grey 
scale bars represent the pixel values. All images are 
generated by the star image simulator. The locations of 
the stars on the second image are different from that of 
the first image due to the rotation between two cameras. 
After being processed, the stars on the second image are 
mapped to the first image, as can be seen in the third 
image. Also, the effects of distortion correction can be 
seen on the third image. 

Other Algorithms 

Existing algorithms found in the literature are 
implemented here for further processing. After the 
stacked image is obtained, the region growing algorithm 
is applied.25 The region growing algorithm scans over the 
entire stacked image searching for pixels brighter than a 
pre-determined value. Once a pixel is found, the 
algorithm determines the area connected to this given 
pixel by checking its eight neighboring pixels for values 
higher than the threshold. The same region growing 
process is also applied to the neighboring pixels. After a 
region is identified, the number of contiguous lit pixels 
in this region, and the integrated  intensity of all 
contiguous lit pixels in this region are calculated.5 Both 
of the values need to be higher than corresponding 
thresholds for the region to be considered as a region 
generated by a star. After a star region is identified, the 
centroid of the region is calculated by the intensity 
weighted method.12 In the geometric voting algorithm, a 
pair of stars in the image gets a vote from a pair of stars 
in the catalogue if the angular distance between the stars 
of both pairs is similar. 26 This algorithm is selected for 
its robustness and simplicity. After the star identification, 
the singular value decomposition (SVD) algorithm is 

implemented to obtain the attitude quaternion.27 The 
SVD method is slower than QUEST, FOAM, ESOQ, and 
ESOQ2 algorithms, but is numerically more robust.28 

 

Figure 3: An Example of Image Processing Results 

SOFTTWARE SIMULATION 

A star tracker software simulator is designed to test the 
algorithms by generating star images with sensor noises, 
lens defocusing, and lens distortion. The Hipparcos 
catalog from the European Space Agency (ESA) is used 
to obtain stars coordinates and magnitude.29 A star’s 
image is defocused by the optics and spreads over several 
pixels. A point spread function (PSF) is selected to 
model the defocusing of the star light. PSF of an ideal 
lens can be described by an Airy Disk.31 However, 
Gaussian distribution can also be used as a good 
approximation of the actual PSF.30 There are two typical 
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types of PSF models : IPSF and SPSF.31 The SPSF is 
usually preferred for its simplified computation as 
compared with integral IPSF. The SPSF used here is 
given by32 

�(�, �)

=
1

2���
��� �−

(� − ��)� + (� − ��)�

2��
� 

  

(19) 

where (�, �)  is the coordinate of an arbitrary pixel,  
�(�, �) is the probability a photon will fall into pixel (�, �), 
(��, ��) is the coordinate of the center of a star image, � 
is the Gaussian radius describing the size of the 
defocused image. The other photons and electrons 
calculations follow Eqs(1)~(9). The quantization is 
applied to obtain 0~255 (8 bits analog-to-digital 
converter) digital counts from the electrons. 

In the software simulator, the lens distortion is applied to 
an undistorted image. Therefore, the inverse distortion 
mapping, which maps a distorted pixel to an undistorted 
pixel, is needed. If both radial and tangential distortion 
components are considered, we know that there is no 
analytic solution to the inverse mapping.18 Pierre and 
Julien  proposed an iterative approach to approximate the 
inverse mapping.33 Janne and Olli used a polynomial 
approximation method to solve the back-projection 
problem.18 The residual errors of   both methods are 
calculated and shown in Figure 4 and 5. The color bars 
represent the residual errors in pixels. The iterative 
method is a more accurate approximation. However, the 
polynomial method has much faster processing speed, 
and its maximum residual error is less than 0.1 pixel. As 
a result, the polynomial method is selected here to 
simulate lens distortion. 

 

Figure 4: Residual Error of the Iterative Method 

 

Figure 5: Residual Error of the Polynomial Method 

Simulations at thirty different attitude orientations are 
run for one-camera, two-camera, three-camera, and four-
camera star tracker configurations. The number of stars 
detected and the attitude estimation errors are recorded, 
as shown in Figure 6 and Figure 7. The average attitude 
estimation errors are 0.0204° for one camera, 0.0198° for 

three cameras, and 0.0188° for four cameras. Since there 

is a false attitude estimation for the two-camera 
configuration, its attitude estimation error isn’t presented. 
The average numbers of stars detected are 9.8 for one 
camera, 7.0 for two cameras, 7.1 for three cameras, and 
6.7 for four cameras. Interestingly, the number of stars 
detected in the configurations with more than one camera 
are slightly lower than the number of stars detected in 
one camera configuration, which conflicts with the 
theoretical analysis presented in the previous section. 
One possible explanation is that some stars in the 
reference image would not fall into other non-reference 
images due to misalignments and different intrinsic 
parameters. As a result, although most of the star signals 
are enhanced through stacking, the stars that only show 
in the reference image could become dimmer and fall 
below the detection threshold. Nevertheless, the attitude 
estimation   accuracy is improved when there are three 
or more cameras, as the noise level is reduced by the 
image stacking. Two camera configuration has the worst 
performance because the errors brought by the image 
processing cancel out the improvement in noise 
reduction. These simulation results show the negative 
impacts of the image processing on the performance of 
the star tracker, but also show how the estimation 
accuracy is improved by the image stacking. 
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Figure 6: Attitude Estimation Error Results for 
Different Camera Configurations 

HARDWARE VERIFICATION 

A hardware prototype has been assembled to verify the 
performance of the multi-camera star tracker in a more 
realistic setting, as shown in Figure 8. Two MT9V022 
monochrome image sensors are used to prove the 
concept of stacking, two more sensors will be added for 
testing in the future. The MT9V022 image sensor was 
selected for the star tracker of the AeroCube CubeSat 
mission.1 Its performance has been verified on orbit, and 
it only costs 50 USD. The LS-12020 lens is also used, 
which has no IR filter. A Raspberry Pi 3 is selected as 
the processor to obtain images from the cameras and run 
the star tracker algorithms. The Pi 3 is also remotely 
controlled through a laptop. A DXL360S two-axis digital 
inclinometer is implemented to point the star tracker 
towards zenith.  

 

Figure 7: Number of Stars Detected Results for 
Different Camera Configurations 

Star tracker performance verification can be challenging 
on the ground. The arcsecond accuracy level test 
equipment is needed for any indoor testing, which is 
costly and requires clean room environments for 
successful implementation. To control verification costs, 
night sky testing provides the most cost-effective 
environment for estimating the relative accuracy of the 
star tracker. While subject to weather constraints, 
another challenge of any night sky test is to verify the 
attitude output obtained during the test. Malak et al. used 
the estimated attitude from a star tracker to estimate the 
local coordinates of the camera on the Earth, which can 
be used to compare with latitude and longitude from a 
GPS to qualitatively verify the performance of the star 
tracker.34 The attitude output of the star tracker can also 
be transformed into celestial coordinates: declination, 
roll angle, and right ascension. It is possible to estimate 
the relative accuracy of a star tracker as the statistical 
fluctuations of the declination and roll angle or the right 
ascension when the sidereal rate has been subtracted.12 

The night sky testing to date only verified the sensitivity 
of the hardware prototype as a proof-of-concept 
demonstration. As shown in Figure 9, Orion is clearly 
visible in the image. The centroid algorithm was applied 
to the image, and most of the stars can be detected as 
shown in Figure 10. This night sky test shows the image 
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sensor selected for the prototype has adequate sensitivity. 
More tests are planned to further verify the accuracy 
performance of the star tracker. 

 

Figure 8: Hardware Protype 

 

Figure 9: An Image Taken During the Night Sky 
Test 

 

Figure 10: Centroid Results for the Night Sky Test 
Image 

CONCLUSION 

The concept of a multi-camera star tracker is proposed to 
improve the sensitivity while reducing integrated system 
assembly and test costs. The feasibility of the concept 
has been verified through theoretical analysis and 
numerical simulation. A hardware prototype has been 

assembled, and preliminary night sky testing was 
conducted to verify the feasibility of the selected 
hardware. For the future work, additional analysis and 
testing is planned to complete the verification of the low 
-cost multi-camera star tracker concept. A flight 
qualified system will be assembled and flown on a future 
CubeSat mission to complete the verification program. If 
successful, CubeSats will be able to take advantage of a 
low-cost sensor for achieving higher levels of pointing 
accuracy in future payload applications. 
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