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Fall Final Report 

Aerospace Senior Projects (ASEN 4018) 

Document Scope 

The purpose of this document is to convey the complete design of the DayStar senior project 

through the Critical Design phase. Along with supporting documentation and design files, the Fall 

Final Report (FFR) will allow any other engineer or team to utilize DayStar’s design and analysis to 

reproduce the same system.  

Acronyms and Definitions 

Table 1: Variables/Acronyms 

Term Definition Term Definition 

ADC Analog to Digital Converter LIS Lost in Space 

BOTE Back of the Envelope LVCMOS Low Voltage CMOS 

CCD Charge Coupled Device LVDS Low Voltage Differential Signal 

CDH Command and Data Handling MAD Median Absolute Deviation 

CDS Correlated Double Sampling MDR Mini D-Ribbon 

CFO Chief Financial Officer MIL Matrox Imaging Library 

CMOS Complementary Metal Oxide 

Semiconductor 

MODTRAN Moderate Resolution 

Atmospheric Transmission 

CoG Center of Gravity MOSFET Metal Oxide Semiconductor 

Field Effect Transistor 

COTS Commercial Off The Shelf PCB Printed Circuit Board 

CQS Correlated Quadruple Sampling pdog Process Watchdog 

dcol Data Collector PSRR Power Supply Rejection Ratio 

DFS Depth First Search QE Quantum Efficiency 

EMI Electromagnetic Interference QUEST Quaternion Estimator 

EPS Electrical Power System RAM Random Access Memory 

ESD Electrostatic Discharge RMS Root Mean Square 

FLOPS Floating Point Operations SATA Serial Advanced Technology 

Attachment 

FOS Factor of Safety SDRAM Synchronous Dynamic RAM 

FOV Field of View SHCS Socket Head Cap Screw 

FPGA Field Programmable Gate Array SNR Signal to Noise Ratio 

FWHM Full Width at Half Maximum SPI Serial Peripheral Interface 

H&S Health and Status SSD Solid-State Drive 
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HASP High Altitude Student Platform stcl Star Tracker Command Line 

hskpr Housekeeper stch Star Tracker Command Handler 

HSTL High Speed Tranceiver Logic stpro Star Tracker Processor 

IC Integrated Circuit STP Shielded Twisted Pair 

ICD Interface Control Document SVN Subversion  

IMG Imaging (Subsystem) TTL Transistor-Transistor Logic 

IWC Intensity Weighted Centroid UART Universal Asynchronous 

Receiver/Transmitter 

JTAG Joint Test Action Group VM Virtual Machine 

LDO Low Dropout   

 

Table 2: Terms 

Term Definition 

Nighttime Operation Ambient sky brightness is less than or equal to 2 

kilo-Rayleighs. 

Daytime Operation Ambient sky brightness is less than or equal to 

86,000 kilo-Rayleighs. 
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1.4 Background 

Dr. Eliot Young’s 

research aims to provide NASA 

with supporting evidence for 

the frequent use of balloon-

borne observatories. His work 

at Southwest Research Institute 

(SwRI) has evolved over a 

number of years to demonstrate 

each phase of this goal. In the 

fall of 2008, Dr. Young 

proposed a joint research 

project with the Colorado Space 

Grant Consortium (COSGC). 

This project was designed to 

verify the MODTRAN
 [1]

 

mathematical model for sky 

brightness (Figure 1) as a 

function of altitude, wavelength and angular 

distance from the sun by flying a scientific payload 

on Louisiana State University’s High Altitude 

Student Platform (HASP)
 [2]

. CU students wrote a 

proposal and won a payload slot for the Balloon 

Observatory for Wavelength and Spectral Emission 

Readings (BOWSER). The BOWSER payload 

(Figure 2) was designed, built and flown in a nine 

month time period. HASP was launched on a 10 

million cubic foot NASA balloon out of Ft. Sumner, 

NM in the fall of 2009. The BOWSER payload 

showed that sky brightness levels are low enough to 

facilitate daytime viewing of stars at 120,000 feet if 

the optics system is pointed a minimum of 10 

degrees away from the sun. 

With its first launch in 2003, the Balloon-

borne Large Aperture Sub-millimeter Telescope 

(BLAST)
 [3]

 has shown the successful integration of 

star trackers on a balloon platform. BLAST’s 

optical array was complemented by two daytime 

star cameras (encased in PVC baffles in the top of 

Figure 3) used to provide 1.5 Hz pointing solutions. 

These cameras utilize a 1 megapixel CCD with a 

200 mm f/2 lens. They had a 2 by 2.5 degree field of 

view sensitive to magnitude 9 stars during daytime 

 

Figure 1: MODTRAN model [1] 

 

Figure 2: BOWSER Payload [2] 

 

Figure 3: BLAST payload [3] 
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conditions. This setup returned pointing knowledge with an RMS error of less than 3 arcseconds
 [3]

. 

During flights in 2009 and 2011, the University of Minnesota’s E and B Experiment   

(EBEX)
 [4]

 conducted a study of the cosmic microwave background radiation. For pointing 

knowledge, EBEX used a star camera with a 1.57 megapixel CCD and a 200 mm f/1.8 lens. The CCD 

array had 6.5 micrometer pixels and a 6.7 arcsecond/pixel plate scale. The star camera had a 2.8 by 

1.9 degree field of view and could see stars down to magnitude 9
 [4]

. Unfortunately, the error 

associated with these star cameras is currently unknown. 

Other missions like the Stabilized High Altitude Research 

Platform (SHARP)
 [6]

 have proposed flying a star tracker as well. 

SHARP planned to incorporate the University of Wisconsin’s 

ST5000 star tracker (Figure 4) to detect and remove the jitters 

experienced during a balloon flight, but the mission never flew
 [6]

. 

SwRI’s next objective was to verify the capabilities of star 

trackers like the ST5000 in a balloon environment. The ST5000 has 

proved itself on over a dozen sounding rocket flights, but it had no 

flight heritage on a benign platform in the stratosphere. SwRI worked 

with the University of Wisconsin to integrate their star tracker during 

the APRA
 [7]

 project (from NASA’s Astronomy and Physics 

Research and Analysis program) which launched in the spring of 2011. In comparison to the star 

trackers flown on BLAST and EBEX, the ST5000 has a 0.36 megapixel CCD with a 50 mm f/0.95 

lens. Its optics generate a 5 by 7 degree field of view capable of seeing magnitude 8 stars. It samples 

at 10 Hz and knows its attitude with an accuracy of 0.5 arcseconds RMS
 [4]

. During the APRA 

mission, the ST5000 CCD was shown to saturate twenty minutes before sunrise at altitude. While 

providing more accurate pointing information at a higher frequency than the star trackers flown on 

BLAST, the ST5000 could not operate during daytime conditions. 

The motivation for the DayStar project comes from the need for daytime attitude 

determination on balloon-borne observatories. Dr. Young’s eventual goal of operating a one meter 

telescope from a balloon platform requires a pointing accuracy of less than 0.1 arcseconds RMS – 

five times more precise than that provided by the ST5000. DayStar will be the next step towards 

flying observatories on high altitude balloons by mimicking the daytime operation of the BLAST star 

trackers while improving the accuracy of the ST5000. 

1.5 Goal Statement 

The DayStar team will develop a prototype star tracking system capable of providing pointing 

knowledge to a diurnal, lighter-than-air platform. DayStar will improve on current attitude 

determination devices used on balloon payloads by providing daytime operational capabilities and an 

improved nighttime accuracy of 0.1 arcseconds RMS. 

 

 

 

Figure 4: Wisconsin’s ST5000 [5] 
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1.6 Objectives 

 Minimum Requirements for Success 1.6.1

The star tracking unit has two main components: an optical image capture system and a data 

processing system. For minimum mission success, the optical image capture system must be able to 

capture an image of the sky and output the data to the data processing system. The image must meet 

the specified signal to noise requirement while operating at the maximum specified level of ambient 

sky brightness. In addition, the optics system must return images compatible with the ST5000 attitude 

determination software. This entails the ability to identify stars between magnitude 4 and 8, and 

having a field of view that is approximately 5 by 7 degrees. The data processing system must be able 

to take image data as an input and perform star detection and centroiding on the image. It must do all 

of this at a rate of 10 Hz and output the star centroid vectors in the optical reference frame to comply 

with the ST5000 format. The attitude solution computed from the star centroid data using the ST5000 

attitude determination software must produce attitude solutions to an accuracy of 0.1 arcsecond RMS 

for nighttime operation and an accuracy of 1 arcsecond RMS for daytime operation.  

 Intended Functionality 1.6.2

The DayStar system is intended to operate as an attitude sensing subsystem on a diurnal, 

high-altitude balloon payload. Therefore, the DayStar system should provide star centroid information 

that results in an accuracy better than or equal to 1.0 arcseconds RMS (goal: 0.1 arcseconds RMS) 

during daytime operation when computed using the ST5000 attitude determination software. It is also 

desirable for DayStar to be monitored through health and status reports that keep track of vital 

performance information like temperatures, voltages and current consumptions to critical aspects of 

the system. The design must also be adaptable to the high altitude balloon environment, but does not 

have to be fully functional in the environment as built. Therefore, the DayStar design must prove that 

all components can be adapted to function in the high altitude balloon environment. 

 Stretch Goals 1.6.3

The customer intends to fly the DayStar system on a balloon in the months following the 

conclusion of the Senior Projects course to prove the star tracker’s functionality. Therefore, if 

resources and schedule allow, the DayStar system will be designed and tested for integration on a 

high-altitude platform similar to the HASP mission. These considerations will be taken into account 

in the initial design of DayStar, but may be de-scoped due to schedule or budget constraints. This 

would include implementing a detailed thermal design, conforming to the constraints of specific 

mass, volume, power and data rate interfaces, conducting a loads and vibrations analysis, and 

performing sufficient ground testing to validate the payload’s readiness to fly on a scientific balloon 

flight. Should time allow, DayStar will also implement its own Lost in Space (LIS) algorithm and 

incorporate a coarse inertial pointing system that is accurate to 1 degree. 
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1.7 Project Requirements (0.PRJ) 

  Nighttime Pointing Knowledge (0.PRJ.1) 1.7.1

 Requirement: DayStar shall provide better than or equal to 0.1 arcsecond 1-σ RMS 

pointing knowledge during nighttime observation. 

 Explanation: As an attitude determination instrument, DayStar must provide accurate 

information. The accuracy of the system is an increase over the accuracy of other star tracker 

devices used on balloon payloads. 

 Flowdown: Customer requirement. 

 Verification: Static ground-based testing and comparison to truth measurement. 

 Daytime Pointing Knowledge (0.PRJ.2) 1.7.2

 Requirement: DayStar shall provide better than or equal to 1 arcsecond 1-σ RMS 

pointing knowledge during daytime observation (goal of 0.1 arcseconds). 

 Explanation: DayStar is intended to be used on diurnal high-altitude balloon platforms, and as 

a result must be able to provide pointing information during daytime operation at altitude. 

The daytime environment will necessarily result in the DayStar system being able to image 

fewer stars above the background levels, and so the accuracy performance is expected to 

decrease. 

 Flowdown: Customer requirement. 

 Verification: Ground testing adjusted for the proper sky brightness levels. 

 Data Output Format (0.PRJ.3) 1.7.3

 Requirement: DayStar shall produce data that is compatible with ST5000
 [5] 

attitude 

determination software. 

 Explanation: DayStar must output the locations of stars captured in an image. The output data 

must be in a form compatible with the ST5000 software architecture so that DayStar may be 

used as a replacement star tracking system. In addition, the ST5000 software can be used to 

perform lost-in-space algorithms on DayStar data.  

 Flowdown: Customer requirement. 

 Verification: Ground testing and applicable analysis to demonstrate the data outputs are in the 

correct format. 

 Balloon Environment (0.PRJ.4) 1.7.4

 Requirement: DayStar shall demonstrate adaptability to a high-altitude balloon 

environment. 

 Explanation: DayStar is intended to be used on diurnal high-altitude balloon platforms, and as 

a result the developed prototype must be adaptable for operation at altitude. 

 Flowdown: Customer requirement. 

 Verification: Ground testing and applicable analysis to demonstrate necessary modifications 

for operations in expected flight conditions. 
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1.8 Top Level System Requirements (1.SYS) 

 Imaging Capability (1.SYS.1) 1.8.1

 Requirement: The DayStar system shall be able to image the sky. 

 Explanation: In order to provide pointing knowledge utilizing the customer defined design of 

a star tracker, DayStar must be able to image stars. 

 Flowdown:0.PRJ.1, 0.PRJ.2 

 Verification: The imaging capability shall be verified with ground-based testing. 

 Nighttime Signal to Noise Ratio (1.SYS.2) 1.8.2

 Requirement: The DayStar system shall image a minimum of 20 stars per frame having 

a SNR of at least 6.0 during nighttime conditions. 

 Explanation: The signal to noise ratio shall allow for images captured during nighttime 

conditions to be accurately processed by the attitude determination algorithms. This requires 

the star brightness captured to be of sufficient intensity above the noise floor in the captured 

image to correctly identify stars. The required number of stars in the image comes from the 

accuracy of the image processing and attitude algorithms selected. 

 Flowdown: 0.PRJ.1 

 Verification: Post-processing analysis of captured images from ground based testing. 

 Daytime Signal to Noise Ratio (1.SYS.3) 1.8.3

 Requirement: The DayStar system shall image a minimum of 8 stars per frame having a 

SNR of at least 6.0 during daytime conditions. 

 Explanation: The signal to noise ratio shall allow for images captured during daylight 

conditions to be accurately processed by the attitude determination algorithms. This requires 

the star brightness captured to be of sufficient intensity above the noise floor in the captured 

image to correctly identify stars. The required number of stars in the image comes from the 

accuracy of the image processing and attitude algorithms selected. 

 Flowdown: 0.PRJ.2 

 Verification: Post-processing analysis of captured images from ground based testing. 

 Data Products (1.SYS.4)  1.8.4

 Requirement: The DayStar system shall be able to compute star locations from a 

captured image in a format compatible with the ST5000
 [5]

 lost-in-space software.  

 Explanation: DayStar must output the locations of stars captured in an image. The output data 

must be in a form compatible with the ST5000 software architecture so that DayStar may be 

used as a replacement star tracking system. In addition, the ST5000 software can be used to 

perform lost-in-space algorithms on DayStar data. The ST5000 data compatibility will drive 

subsystem requirements for data formatting, image field of view, and the magnitude of 

imaged stars.  

 Flowdown: 0.PRJ.1, 0.PRJ.2  

 Verification: Ground testing 
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 Balloon Platform Interface (1.SYS.5) 1.8.5

 Requirement: The DayStar system shall adhere to the HASP ICD
 [8]

 for the mass, power 

and data resources allocated to two large class payloads. 

 Explanation: DayStar will be designed with the eventual goal of use on diurnal balloon 

platforms. Therefore, the payload must be able to interface with a balloon platform system to 

satisfy the project goals. The ICD will also provide reference environmental conditions that 

DayStar must be adaptable to.  

 Flowdown: 0.PRJ.4 

 Verification: Inspection and ground-based testing of interfaces. 

 Output Frequency (1.SYS.6) 1.8.6

 Requirement: The DayStar system shall output attitude information at a frequency of 

10 Hz with the required accuracy. 

 Explanation: DayStar is intended to provide rapid attitude knowledge updates to a balloon 

payload to allow the payload to counter the balloon system kinematics. DayStar shall be able 

to provide attitude information at a higher frequency than the expected vibrations for balloon 

payloads. The update frequency should also be comparable to current balloon star tracker 

systems.  

 Flowdown: 0.PRJ.3 

 Verification: Ground testing including time offset measurements. 

 Health and Status Data (1.SYS.7) 1.8.7

 Requirement: The DayStar system should have a capability to measure diagnostic data 

at multiple locations on the system. 

 Explanation: DayStar is intended to operate on a high-altitude balloon platform, and should 

be able to provide diagnostic data about the state of the system for operator use. 

 Flowdown: 0.PRJ.4 

 Verification: Inspection of payload and demonstration of collected health and status data 

from ground testing. 

 Coarse Attitude Determination Knowledge (1.SYS.8) 1.8.8

 Requirement: The DayStar system will provide attitude knowledge at an accuracy of 

less than or equal to 1 degree at all times. 

 Explanation: DayStar is intended to operate on a high-altitude balloon platform. There is the 

potential for platform spin rates that exceed the star tracking update frequency requirement of 

DayStar. In this event, the payload will still be capable of providing coarse attitude 

determination knowledge. 

 Flowdown: 0.PRJ.4 

 Verification: Inspection of payload and demonstration of sensor accuracy from ground 

testing. 
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1.9 Minimum Requirements for Success 

 Daytime Image Capture Requirement 1.9.1

 Statement: The system must be able to calculate pointing knowledge to within 1 

arcsecond 1-σ RMS from an image captured during daytime operation. 

 Justification: Without the ability to capture images during daytime operation, the system is no 

better than already proven and available star trackers like the ST5000. Daytime operation is 

one of the customer’s main requirements.  

 Nighttime Image Capture Requirement 1.9.2

 Statement: The system must be able to calculate pointing knowledge to within 0.1 

arcseconds 1-σ RMS from an image captured during nighttime operation. 

 Justification: If the system is not able to determine attitude information to 0.1 arcseconds 

during nighttime, one of the customer’s requirements is not met and a previously flown star 

tracker could be used instead.   

 Data Format 1.9.3

 Statement: The system must output star field data from a captured image that is 

compatible with the ST5000 attitude algorithm software at a frequency of 10 Hz. 

 Justification: The system must be able to output data in a common format to allow the 

DayStar system to interface with established lost-in-space algorithms. 

1.10 Estimated Component Weighting 

For DayStar, it is estimated that the system components will be weighted as shown in Table 

3. The mechanical component will require the team to learn the principles of optics design and will 

require the design of a custom telescope, utilizing individual COTS components. The mechanical 

component is weighted lower because the optics design will be primarily performed by an industry 

advisor, but the team must design and manufacture all mechanical housings and mounting hardware 

for the entire DayStar payload. In addition, the team must ensure proper optics performance as well as 

design and fabricate testing apparatuses. The electronics and software components are expected to 

require equal weighting. The software component will require efficient handling and processing of 

data in order to minimize computational time to meet the output frequency requirement. In addition 

the accuracy of the DayStar system is heavily dependent on the accuracy of the attitude algorithms, 

which will require thorough development and testing, particularly to handle off-nominal and error 

cases. The electrical component will require extensive work to interface with the image sensor and 

provide image data to the software system with low noise at high read and transfer speeds. The 

electrical component will also require working with delicate and high-value sensing components.          

          

Table 3: Estimated Technical Component Weights 

Component Mechanical Electrical Software 

Weight 25% 37.5% 37.5% 
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System Design 

2.0 System Architecture 

Lead Author: Nick Truesdale 

 

2.1  System Design Overview 

 The goal of DayStar is to create a star tracker prototype that has a final attitude accuracy of 

0.1 arcseconds RMS at night, and can also operate during the daytime (at 1.0 arcseconds RMS). 

Though the prototype will be for ground testing only for this class, it must remain adaptable to a 

balloon environment so that, following proof of concept, DayStar can begin providing pointing 

knowledge for balloon observatories. The design relates directly to the University of Wisconsin’s 

ST5000, the current industry standard for in-atmosphere star tracking. The ST5000 has an accuracy of 

0.5 arcseconds RMS, and only operates at night. DayStar aims to improve upon the ST5000 in 

accuracy and daylight operation, while maintaining the same data interface. This will allow DayStar 

to fill gaps in the ST5000’s performance without a radical change in methodology. 

 DayStar must solve the given performance criteria within the restrictions of a typical star 

tracker design. Thus, it is defined by three major subsystems: optics, imaging and software. To 

improve upon the ST5000, DayStar must make changes in one or more of these subsystems. In 

particular, the accuracy of the software algorithms and the quality of stars imaged must be improved 

dramatically; this requires a redesign in all three categories. A key thing to note is that, as an upper 

bound on computation and imaging timing, DayStar must maintain a 10 Hz operational rate to remain 

compatible with the ST5000.  

 Algorithms Accuracy 2.1.1

 In order to meet the strict accuracy requirements, DayStar must improve upon the ST5000’s 

star identification and centroiding algorithms. Together, these programs process an image by looking 

for stars, then finding the centroid coordinates for each one that is found. The resulting position 

vectors are used to obtain an attitude solution. In order to improve the overall accuracy of the 

software, DayStar must improve the accuracy of one or both of these algorithms. 

 The star identification algorithm affects overall accuracy based on the number of stars it 

produces for analysis. This is because the final attitude solution improves as a function of the number 

of inputs; more stars yields more accurate results. Thus, for a given image, if the identification routine 

can discern more stars, especially those with a smaller signal-to-noise ratio (SNR), the final solution 

will be improved. More important, however, is the centroiding algorithm. Being able to find the 

centroid of a star to within a fraction of a pixel (i.e. a tenth or twentieth) is what allows the star 

tracker to find a solution with sub-arcsecond accuracy. If DayStar can improve upon the ST5000 

centroiding algorithm by some factor, a similar improvement is expected in the end result.    
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 Image Quality 2.1.2

 The star identification and centroiding algorithms are the heart of the star tracker, but they 

only work with a high quality image as input. More specifically, the number of stars viewed and the 

SNR of those stars directly affects the accuracy of the solution. This is not so much an issue during 

nighttime, because there is very little background light to cause interference. To achieve daytime 

performance, however, the background must be reduced enough that stars remain visible. This is 

achieved in many ways, all of which make use of the fact that the sky is mostly blue, while most stars 

emit strongly in the red spectrum.  

 One goal is to reduce the amount of background light; this is done by using a longpass filter 

in the optics that rejects blue light but accepts red. The result is a much higher ratio of the signal to 

the background. The other goal is to improve the signal coming from a star, especially in the red 

spectrum, since this is where the background is faintest. To this end, a sensor with strong red 

performance must be chosen. Combined, these two approaches will allow DayStar to perform in 

daylight. Filtering the background will prevent saturation, after which a red-geared camera will be 

capable of picking up stars with sufficient SNRs for the algorithms to analyze.  

 A final consideration is the plate scale of the camera, which defines the number of arcseconds 

subtended by a single pixel. This is important because star centroiding accuracy is measured in pixels. 

Thus, even a centroid accurate to a twentieth of a pixel can be unsatisfactory if the pixel covers 50 

arcseconds. Since DayStar must be compatible with the ST5000, the field of view is constrained to 30 

square degrees. Since the field of view cannot be improved, this leaves only the number of pixels. 

DayStar’s goal is to increase the number of pixels on a side by a factor of at least three, thereby 

decreasing the plate scale by the same factor. So even if the centroid accuracy were to remain the 

same in terms of pixels, the accuracy in arcseconds would be improved threefold.  

2.2  Scope 

 As described above, DayStar will be improving upon the ST5000 design in the optical, 

imaging and software subsystems. However, due to time constraints and lack of expertise, the student 

team will be utilizing a mixture of commercial-off-the-shelf (COTS) components and outsourced 

labor to supplement custom, in-house designs. This is most obviously seen in the optics subsystem; 

while DayStar is responsible for defining the design-to specifications for the telescope, the instrument 

itself will be designed by Equinox Interscience. Once the telescope has been delivered, the DayStar 

team will resume responsibility for testing and implementing the subsystem. In addition, DayStar will 

design a baffle that will affix to the front of the telescope, and the sensor mount at the back.  

 In the electronics systems, DayStar is responsible for the design of two custom PCBs, one for 

the camera and one for power management. The camera will be purchased as a standalone chip, so the 

entire integration process is the responsibility of the team. Both PCBs will interface to a computer, 

which will be purchased off the shelf. Since the computer is just a motherboard, a COTS case will be 

used as housing, as well as a COTS power supply.  

 Finally, the scope of the software is constrained to the star identification and centroiding 

algorithms. The finished prototype will output data in the form of a text file containing the positions 

of each star centroid. This data must be compatible with the ST5000, such that the rest of the star 

tracking algorithms (i.e. lost in space and the final attitude solution) can be carried out, yielding data 

that can verify DayStar’s requirements.  
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2.3  Design Description 

 The DayStar system is designed to image a star field, process the image and output the 

centroid locations of each identified star. This is accomplished with three main subsystems – Optics, 

Imaging and Command and Data Handling (CDH) – as well as two auxiliary subsystems – Structures 

and Electrical Power (EPS). 

 The Optics subsystem consists of a 49 inch long refractor telescope. The goal of the telescope 

is to image a 30 square degree field, shrinking the image to the same size as the image sensor. This is 

achieved with a primary lens, which focuses incoming light, followed by a two-piece reimaging 

system, which reduces the size of the image to match the sensor. Additionally, a 19.75 inch long 

baffle extends off the front of the telescope, serving to reduce the amount of ambient light entering 

the telescope during daytime operation. To further reduce background brightness, a longpass filter is 

placed just before the sensor, blocking out the blue light that dominates the light pollution from the 

daytime sky. All of this is shown by the solid model in Figure 5. 

 

Figure 5: DayStar solid model. The Imaging subsystem is contained within the sensor enclosure. 

  

 At the back end of the telescope lies the Imaging subsystem, which primarily consists of a 

5.53 megapixel CMOS sensor that converts the incoming light to a digital image. This chip is 

mounted on a custom PCB, along with the peripheral electronics required to run the camera and send 

images off to the computer. This PCB is further mounted to an adjustable linear stage, which 

articulates by as little as 0.0001 inches in order to properly focus the image received by the camera. 

All of this is housed in a sensor enclosure, which is light tight and has external connectors to interface 

with the computer and Power Board.  
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 On the computer side, the CDH subsystem consists of an Intel Core i3 processor on a 

standard motherboard. Images are obtained through a Matrox Solios frame grabber attached to one of 

the PCIe slots. This frame grabber gathers and assembles an image from the camera using a protocol 

called Camera Link, making it available for the computer itself to process. The key components in 

processing an image are the Star Identification and Centroiding algorithms, which find and centroid 

all visible stars in an image. These are supported by a robust software system running a Linux OS, 

which also monitors the entire electrical system and interfaces with an external serial port for data 

output, commands and health and status. 

 Alongside the computer sits a custom Power Board, which is responsible for taking power 

from a standard computer power source (12V, 5V, 3.3V and -12V) and managing its flow throughout 

the system. This includes voltage conversion for the CMOS sensor (3.3V, 3V, 2.74V, 1.8V, -0.4V) as 

well as active control of all power lines. Control is executed by an Atmega128 AVR microcontroller, 

which is interfaced directly to the computer. In addition to managing the power lines, the AVR also 

takes diagnostic data – voltage, current, temperature – and has the option of adding further peripheral 

sensors in the future, such as a course attitude sensor. It also controls programming of the camera 

through a JTAG interface, allowing for active changes in the behavior of the sensor to be made 

without interfering with image acquisition via the frame grabber. The computer and Power Board are 

both housed together in a computer case. 

 

2.4  Functional Block Diagram 

 The DayStar Functional Block Diagram (FBD) is shown below in Figure 6, and details the 

flow of light, data and power through the system. As described above, light enters the telescope, 

where it is focused down to the CMOS sensor. Here it is converted to digital data, and is sent two 

pixels at a time over the Camera Link connection to the frame grabber. It is then assembled into a 

single file, and the remaining processing is done by the CDH software. The data is then made 

available to an external serial port at a rate of 10 Hz. 

 Power is delivered by EPS to the motherboard and the camera board. Every line consists of a 

current sensor and a MOSFET switch; for those where a voltage step down is necessary, there is also 

a low dropout (LDO) regulator. The AVR controls both power flow and diagnostic data collection, 

and is connected to both the motherboard and the camera board.   
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Figure 6: DayStar functional block diagram. 

 

2.5  Wiring Harness Diagram 

 Another useful visualization of the system is the wiring diagram shown in Figure 7. This 

specifies the types of connectors used to transfer power and data between different parts of the 

system. First of all are the interfaces: an RS232 serial port and two ATX power lines. The same type 

of ATX connectors are sent to the motherboard, along with a SATA power cable to power the 

computer’s solid state drive (SSD). The AVR communicates with the computer using a USB 2.0 

interface. Finally, the camera board is interfaced with three connectors: two MDR-26 connectors for 

Camera Link, and a DD-50 for all other functions. The DD-50 will primarily be used to connect with 

the Power Board; however, if it becomes necessary, extra pins can be split and used to talk with 

auxiliary serial ports on the frame grabber. Though this is not anticipated in the end product, it had 

been built in to allow for flexibility in implementing the camera.    
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Figure 7: DayStar electrical connections diagram 

 

2.6  Concept of Operations 

 The DayStar concept of operations can be looked at in two ways: standalone performance and 

on-flight performance. The first of these describes how DayStar will operate as an independent 

system, and is the end performance goal of this project. The second describes how DayStar would 

operate as a subsystem on a balloon platform, and while it is not within this project’s scope, it does 

drive many of the design considerations, since DayStar must be easily adaptable to a balloon mission, 

environmentally and operationally. 

 As an autonomous system, DayStar’s operation is shown in Figure 8. The system begins by 

powering up. This sequence requires the AVR to check power, and then turn on the computer. The 

computer can then do a full system checkout before giving the command to turn on and program the 

camera. If any errors occur in this process, the system will enter a troubleshooting mode. Otherwise, 

normal operation begins, which is an indefinite loop of image taking and processing. At any time, the 

computer may shut down the system, restart, or enter troubleshooting mode if a problem arises. 

 The DayStar in-flight operation is effectively the same as its autonomous operation, except it 

is bracketed by balloon launch and descent. Furthermore, as a subsystem, DayStar will be subject to 

commands from the main payload’s CDH system. These will control power up and normal operation, 

and will be capable of restarting or shutting down the star tracker. In addition to attitude data, health 

and status data may also be requested by the main payload. The balloon flight concept of operations is 

shown in Figure 9. 
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Figure 8: DayStar prototype concept of operations. 

 
 

 
Figure 9: DayStar concept of operations for balloon flight. While this is not within the scope of the project, it is 

the operational goal of the prototype, and thus the design must be adaptable to such a mission. 
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2.7 Timing Analysis 

 In addition to fulfilling the accuracy and balloon adaptability requirements, DayStar is 

required to interface with the ST5000, the current industry standard star tracker for sounding rockets. 

This drives a requirement to maintain a 10 Hz data output rate. In order to verify that DayStar meets 

this requirement, a preliminary timing analysis was carried out. This analysis looked at the camera 

exposure time as well as data transfer and processing rates once images have been taken. The 

resulting diagram is shown in Figure 10 below. 

 

Figure 10: DayStar timing diagram 

 There are two key image transfers that drive the rest of the timing requirements for DayStar. 

The first is between the camera and the frame grabber. This occurs at a rate of 85 MHz, though in 

each cycle two pixels of two bytes each are sent, resulting in a data rate of 340 MB/s. Each 5.53 

megapixel image consists of 11.059 MB, so the transfer time is 32.53 ms. The other transfer is 

between the frame grabber and the computer. The PCIe bus is much faster at 1 GB/s, so the transfer 

only takes 11.06 ms.    

 Once these times are defined, the rest of the data cycle can be filled by other operations. 

When not sending data, the camera will expose for 17.47 ms. The frame grabber will have the same 

amount of time between transfers, if any image processing is required. Finally, the computer will 

have 50 ms after obtaining an image to process this image and produce data. The reason more time is 

not allotted is latency; even though the computer will have down time, data must be output by the end 

of the cycle to keep latency within 100 ms. 

 One question that is yet to be resolved (pending proper documentation and hardware testing) 

is how images are best taken using the CMOS sensor. It is recommended that a process known as 

correlated quadruple sampling (CQS) be used, as opposed to correlated double sampling (CDS). This 

doubles the number of exposures that must be taken in a single data cycle, as shown in Figure 10. 

Since the transfer time is 32.53 ms, this leaves only 17.47 ms for the camera to expose. If it can be 

shown that CDS is satisfactory in terms of noise characteristics, then the camera exposure can be 

increased to as long as 67.47 ms.  
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3.0 Development and Assessment of System Design Alternatives 

and Design-To Specifications 

Lead Author: Nick Truesdale 

 

3.1  System Design Alternatives  

 DayStar is somewhat unique in that, while there is certainly some leeway, the system 

architecture is largely defined by the customer and by the definition of a star tracker. Universally, star 

trackers feature an optical device which focuses light onto an image sensor, and a CDH system to 

interpret and process digital images. The functions of the algorithms used to analyze the image are 

also predefined, since any star tracker must identify stars and locate their centroids in order to 

determine an attitude solution. What, then, is left to design at the system level? 

 There are a few questions that can be posed about changing the architecture itself, though 

none can really be supported as valid alternatives. For instance, a star tracker utilizing multiple fields 

of view to determine its attitude is feasible; there are even some considerable advantages. However, 

the number of downsides is overwhelming, especially since the scope and complexity of such a 

project is far beyond the level of this course. There are other variations of the same query: could you 

have multiple sensors viewing the same field? or possibly omit the computer, and use a purely digital 

or embedded scheme to determine attitude? Again, these are possible, but also add unnecessary 

complexity to the project. In the end, the single-telescope, single-sensor and single-computer 

architecture is easily the most feasible, and still satisfies customer requirements. 

 Many of DayStar’s design choices come in at the subsystem level. The type of telescope, 

image sensor, computer or algorithm used is a question of subsystem requirements. Thus, the only 

major system level design is based on operational parameters that affect multiple subsystems. These 

design-to specifications will be discussed presently. 

 

3.2  System Design-To Specifications 

 Many of the system level design-to specifications flow directly from DayStar’s project and 

system requirements. These govern the data produced, including images, as well as the timing, 

interface and operational specifications, as shown in Table 4 below. The most important 

specifications are those pertaining to accuracy, which flow from the first two project requirements. 

However, these can only be verified with the ST5000 interface, and don’t concretely define design 

criteria that span multiple parts of the system. Thus, the quality of images is specified at the system 

level. This takes into account daytime performance as well, by defining a minimum number of viable 

stars. Also defined is the 10 Hz timing/latency requirement, as well as each of the interface 

requirements. 

 The final set of specifications is defined as operational. These are values that can be changed 

during operation, so are not a rigid part of the design, but are still highly critical to DayStar’s 

successful operation. Table 4 defines the values used for the optimal blur, exposure time and longpass 

filter wavelength. The following subsections will go into further detail with respect to the modeling 

process used to arrive at these values. It should be noted that, while the specifications are defined at 
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the system level, these are ideal modeled values. The actual values used are contingent upon 

subsystem designs and availability of parts. 

Table 4: System level design-to specifications  

Type Specification Value 

Data 

Products 

Nighttime accuracy 0.1 arcseconds RMS 

Daytime accuracy 1.0 arcseconds RMS 

Centroid data format is compatible with the 

ST5000 software 
N/A 

Image 

Quality 

Cannot saturate in daytime N/A 

Minimum SNR 6.0 

Number of stars (nighttime) 13 

Number of stars (daytime) 4 

Timing 
Data output rate 10 Hz 

Maximum Latency 100 ms 

Interface 

Mass 40 kg 

Power 150 W 

Data output format USB 2.0 

Power input format ATX24 (Standard computer power) 

Operational 

Blur 16-36 pixels 

Exposure Time 17.5 or 67.5 ms 

Longpass Wavelength 600-640 nm 

 

 Defocusing of Stars (Blur) 3.2.1

 One parameter that largely affects the quality of an image for processing is the purposeful 

defocusing of stars to fill a set area of pixels, which is defined as “blur.” This is distinguished from 

unintentional defocusing caused by errors in the optics or the image sensor itself. Fortunately, the 

aberrations in DayStar’s optics are projected to be circularly symmetric, meaning they serve the same 

purpose as defocusing an image: to spread the signal from a star across enough pixels that CDH can 

produce an accurate centroid. Thus, whether purposeful or by accident, the blurring of stars can be 

wrapped up into a single value which, once chromatic aberrations are considered, will define how the 

CMOS sensor is focused. 

 The analysis for the blur was a Monte Carlo simulation using the proposed star identification 

algorithm. Stars of various magnitudes were randomly generated with synthetic noise, then run 

through the algorithm. This was repeated for different values of blur and exposure time in order to 

identify an appropriate range for the blur. Figure 11 below shows a plot of the analysis for a 

magnitude 7 star, which is the highest magnitude that DayStar can image reliably during the daytime. 
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For these stars, the range of blurs that yields consistent identification is 16 to 36 pixels, or 4 to 6 

pixels on a side.     

 
Figure 11: Performance of the star detection algorithm for a magnitude 7 star.  

 

 Exposure Time 3.2.2

 Another parameter which determines the quality of an image is the time for which it was 

exposed. This is a result of two factors, the first being read noise from the sensor. While most sources 

of noise increase with exposure time, read noise is caused by a one-time event. Thus, longer 

exposures increase the ratio of the signal to the read noise, thus increasing the signal-to-noise ratio 

(SNR) of the image as a whole. The second factor is that, while all other noise increases along with 

exposure time, it does so with a square root dependence, while the signal increase linearly. This 

means that, even though both values are increasing with time, the ratio between them also increases, 

with the same effect on SNR. 

 While long exposures produce higher quality, they also integrate more electrons in the wells 

of the CMOS sensor, and, since the CMOS has a finite well depth, this can cause overexposure if 

unchecked. Of the most interest is the relationship between exposure time and the daytime 

background; because the daytime sky is so bright, the CMOS has a limited exposure time before 

completely saturating. Thus, the goal of the following analysis is to determine the optimal exposure 

time: one which will not saturate, but will still maximize SNR, and thus the number of stars viewed. 

Times ranging from 10 ms to 70 ms will be analyzed, since higher exposures would violate the timing 

requirements completely. Should CQS be necessary, as discussed in Section 0, possible times will be 

constrained to be less than 17.5 ms. 
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 Using the methods outlined in the Appendix, Section 14.1, a plot of the number of stars 

visible as a function of longpass wavelength and exposure time was produced and is shown below in 

Figure 12. It is immediately apparent that, when the longpass filter allows too much blue light in, the 

camera is highly prone to saturation. However, at higher center wavelengths saturation is held off 

longer and longer, until the critical exposure time is outside of the time range given by the timing 

budget. The next section will show that the longpass wavelength surpasses the limiting value of 600 

nm; thus, no exposure time is capable of saturating the sensor. As a result, the desirable time is simply 

the maximum allowed by the timing budget, which is either 17.5 ms or 67.5 ms.   

 

Figure 12: Exposure time sensitivity analysis. As long as longpass wavelength in higher than 600 nm, the 

sensor does not saturate even at the longest allowable exposures. 

 

 Longpass Filter Center Wavelength 3.2.3

 The final system parameter impacting the quality of images is the center wavelength of the 

longpass filter. This value is of extreme importance because, as shown in the Appendix, Section 

14.1.2, the daytime background consists mostly of blue light, while an appreciable number of stars lie 

in the red spectrum. Thus, it is desirable to filter as much blue light out as possible. Care must be 

taken, however, not to place the longpass cutoff wavelength too high in the visual spectrum, or too 

many stars will be lost. The following analysis will determine the optimal wavelength, then will apply 

this to commercially available filters to choose one that best meets DayStar’s requirements. 
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 The same plot as shown in Figure 12 is show again in Figure 13, pivoted to show the maxima 

of the curves based on the longpass wavelength. A key note is that, based on the exposure time, the 

shape of these curves changes fairly dramatically. Below 40 ms, the contours peak gently, whereas 

above that value, there is a large spike, the position of which shifts toward higher wavelengths at 

longer exposures. This results in three main regimes: the gentle range, the range in which peaks are 

lost due to saturation, and the range in which the peaks occur at high enough wavelengths to escape 

saturation. In the first and third, the maximum number of stars is found around 640 nm, whereas in 

the middle, the maxima fall below 600 nm. Since the optimal exposure times are either 17.43 ms or 

67.43 ms, the optimal longpass wavelength should lie near 640 nm.   

 
Figure 13: Longpass filter sensitivity analysis. At predicted exposure times, the maximum number of stars occurs 

near a cutoff wavelength of about 640 nm. 

 

 While pinpointing the best longpass wavelength would be instructive, it does not directly 

affect the design, because there are a discrete number of available filters. The same simulation was 

run for five available Wratten filters, and the results are shown in Figure 14 (for a plot of the filters 

transmissivity, see Appendix Section 14.1.1.1). Of the five, only one works for all exposure times. 

This one is centered at a wavelength of about 620 nm. In comparison, the fourth filter is centered 

slightly below 600 nm. It is therefore no surprise that it begins to saturate at higher exposures, since 

the same behavior is predicted in Figure 13. Since the 620 nm filter (“deep red”) works for all 

exposure times, it was selected as the optimal filter. However, since the package for all the longpass 

filters is identical, multiple filters can be purchased and tested in the system to verify this choice. 
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Figure 14: Wratten filter analysis. Only the fifth filter (~620 nm) works for all exposures. 
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Subsystem Design 

4.0 Development and Assessment of Subsystem Design 

Alternatives and Design-To Specifications 

 Lead Author: Aaron Holt 

Co-Authors: Jed Diller, Andrew Zizzi 

 

4.1  Subsystem Design Alternatives  

 The assessment of subsystem design alternatives is essential to project success. Trade tables 

allow every the pros and cons of every option to be highlighted.  Furthermore, identifying multiple 

alternatives for every subsystem allows for off-ramps later in the design phase. 

 Optics Subsystem Design Alternatives 4.1.1

 The goal of the telescope is to focus light onto the sensor while maintaining the required field 

of view of at least 30 square degrees.  There are three main telescope types available: reflecting 

telescopes, refracting telescopes, and catadioptric telescopes.  Examples of the three types of 

telescopes can be seen in Figure 15. 

 

   

Reflector Refractor Catadioptric 

Figure 15: Example light paths of each possible design. [9] [10] [11] 

 

 The first option analyzed was a reflector.  A reflector uses curved mirrors to reflect and focus 

light into an image.  The primary mirror collects light and reflects it to a secondary mirror.  The 

secondary mirror then reflects the light out of a secondary opening where it is captured.  The main 

advantage of a reflector is that it is easily baffled.  As the DayStar system will operate during the day, 

blocking out stray light with baffling is essential to mission success.  Reflectors are also known for 

their ability to produce bright images, and are good at viewing deep sky objects.  Essentially, a 

reflector will be able to view enough stars at the correct magnitudes.  The primary disadvantage of a 

reflector is that it has a small field of view (less than 1 degree square).  If the field of view can’t be 

widened, a reflector will not work.  The next disadvantage of reflectors is that they are highly 

temperature dependent.  Changes in temperature move the focus and so they need to be realigned 

regularly.  This also means they need to be in a temperature controlled environment.  Another 

problem is that the secondary mirror stops some incoming light from reaching the primary mirror.  

Diffraction effects from this obstruction can cause a loss of image contrast.  Finally, reflectors are 
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easily damaged which adds risk to the project.  Any damage to either the primary or secondary mirror 

will affect the images produced. 

 The second option for the telescope design is a refractor. Refractor telescopes utilize lenses to 

bend and focus light. The standard refracting telescope has one primary lens that allows light into the 

telescope and may then include a series of secondary lenses that can bend the light rays to provide a 

more optimal image on the imaging sensor. Refracting telescopes are very easily maintained due to 

the fact that they are a closed-tube system. This prevents the internal lenses from becoming dirty 

during use or storage. The closed-tube design of refracting telescopes also maintains the focus of the 

lens elements, thus requiring less re-focusing of the system. Since refracting telescopes can contain 

several different lenses and do not utilize mirrors to redirect the light beam, they are larger in both 

mass and size. The lenses in a refracting telescope also introduce chromatic aberrations. This is due to 

the fact that different wavelengths of light travel at different speeds through the material of the lenses. 

This causes the different wavelengths to be bent at different angles and distorts the captured image. 

These aberrations can be limited by selecting specialized achromatic lenses. 

 The final option analyzed was a catadioptric telescope.  A catadioptric telescope is a design 

that combines lenses and mirrors to focus the light.  The design folds the optical path to decrease the 

necessary length of the telescope tube and therefore decreases the mass.  Most catadioptric telescope 

designs include “correctors” that correct for the aberrations caused by the mirrors and lenses.  This 

produces a much larger aberration-free field of view as compared to all-lens or all-mirror systems of 

similar aperture.  Because of the correctors, the design can have simple, easy to manufacture surfaces 

as opposed to complex surfaces that limit the aberrations they cause.  The ability to make a closed 

tube design would help ensure that the optics are not scratched and no dust collects on them.  The 

main issue that may arise from a catadioptric design is that it is not meant to be a fast telescope with 

low f-ratio.  It may not be possible to find a design that matches our requirements that does not result 

in the focal plane occurring inside of the telescope tube.  If this were to happen, the sensor would 

have to be placed inside of the telescope.  The feasibility of manufacturing a catadioptric telescope 

from individual parts or modifying an existing design is also a concern because of the added 

complexity of a lens and mirror system. 

 The pros and cons of each telescope type were summarized in a trade study seen in Figure 16. 

The refractor won due to its simple, maintenance free design that was capable of seeing the required 

field of view. 



DayStar Aerospace Senior Projects 2011 

Fall Final Report                                                                                                                                                                  37 

 

Figure 16: Telescope Trade Study 

  

Before PDR the DayStar team, along with customer Eliot Young, decided to outsource the 

telescope the Equinox Interscience.  The primary reason for this was that the telescope needed was of 

great complexity and deemed not feasible to design by the DayStar team.  The parts of the telescope 

design left to the DayStar team included the front end baffle and the optical filter.  The only optics 

specific decision left to be made in the optical system was which type of filter to use.  The light baffle 

will be discussed in the structures subsystem design alternatives Section 4.1.4. 

 The object of the filter is to filter out unnecessary or unwanted light to increase the signal to 

noise ratio.  The unwanted light consists primarily of the light scattered by the atmosphere at high 

altitudes.  This includes blue light (450-500nm), which is scattered by the upper atmosphere, and 

green light(500-550nm), which is the wavelength the sun peaks at.   The desired light is in the red 

range (600nm or more).  Essentially, the filter needs to keep the red light but filter out shorter 

wavelengths.  One option was to use a band pass filter to get rid of all light except for in the red 

range.  The other option was to use a high pass filter to filter out everything shorter than 600nm.  The 

band pass filter wasn’t chosen because they are typically less efficient than high pass filters.   Also, 

the high pass filter kept the possibility of using infrared light open. 

 

 Imaging Subsystem Design Alternatives 4.1.2

4.1.2.1 Sensor Trade Study and Modeling 

 There were two distinct types of sensors: charge-coupled devices (CCD’s) and 

complementary metal–oxide–semiconductors (CMOS’s). A trade study was conducted to determine 

which type of imaging sensor would meet the needs to the DayStar system. The trade study also 
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included the use of an array of CCD’s to attempt to meet the speed requirements while retaining CCD 

imaging quality.  

 Arguably, the most critical element of the DayStar system is the imaging sensor because it 

defines many of the system’s ability to meet each project requirement.  The sensor must be able to 

operate under near-space conditions and take clean, high quality images. As such, read noise is a 

serious consideration when picking a sensor. To better DayStar’s daytime performance, the telescope 

will be designed to filter out shorter wavelength ‘blue’ light, minimizing the effects of atmospheric 

scattering in daytime conditions.  As such, the sensor must have adequate performance in the longer 

‘red’ spectrum. An accumulation of all the sensor requirements specifies a high-quality, high-speed, 

high-resolution imaging sensor.  

 Traditionally, CCD sensors are used in scientific operations; however, new technologies in 

CMOS sensors are starting to bridge the gap between CMOS and CCD capabilities. Where CCD’s 

have notoriously low read noise, they also typically have low resolution and slow read speeds. CMOS 

sensors generally have very high read speeds and high resolution, but also have comparatively high 

read noise. To pick the optimal sensor configuration for the system a trade between CCD, CMOS, and 

an array of CCD sensors was performed below in Table 5. 

 The trade values for the images sensor were chosen based on their relevance to project goals 

and requirements. Most were concerned with the actual performance of the hardware itself, while 

some dealt with the sensor’s impact on the project as a whole. The capture speed, cost, noise, and 

quantum efficiency are all standard values that can be found on sensor data sheets, and their relevancy 

to the project was crucial. The uniqueness, implementation, and modularity scores were more 

concerned with the project as a whole. Uniqueness was included because part of the course involves 

engineering something new, not merely replicating something that is already in existence. The 

implementation and modularity traits were chosen because this project is scoped as a prototype. With 

that in mind, building a complicated and specific hardware-dependent design was not desirable. 

Demonstrating techniques and technologies that could be readily refined in later design iterations was 

preferred. 

Table 5: Imaging Sensor Trade Study 

  Traditional CCD CMOS CCD Array Weight (%) 

Uniqueness 1 8 7 10 

Cost 5 5 9 12 

Capture Speed 3 10 6 20 

Noise 9 6 9 14 

Implementation 3 7 1 20 

Modularity 1 8 1 6 

Quantum Efficiency 9 5 9 18 

Total 48.4 70.2 61.3 100 
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The results of the trade study in Table 5 indicate that a modern CMOS sensor is the optimal 

choice for the DAYSTAR system. New advances in CMOS technologies and manufacturing 

techniques have pushed their performance into the realm of similar CCD’s [12]. In addition, the 

uniqueness of the CMOS option was appealing. Though often speculated as plausible, the actual 

implementation of a CMOS sensor into a star tracker system is largely without historical       

precedent 
[13]

, and doing so with a modern sensor could usher in a new generation of light sensing 

instruments. A CMOS has much less stringent power requirements, fewer peripheral components, and 

faster read speeds when compared to a CCD, all of which are desirable traits for space systems.  

 The key eliminating factor for not choosing a CCD sensor was its capture speed and 

implementation. A high-resolution CCD sensor would be hard-pressed to produce images at the 

required 10 Hz. In addition, a CCD sensor requires dozens of peripheral components to actually 

obtain a digitized image. The implementation of the sensor and all components would be a full 

exercise in electrical engineering and a lengthy project in and of itself. It was therefore deemed not 

practical in the scope of this project. CMOS’s are very attractive for this reason because a lot of the 

electronic work is already done on chip and the output is digital.  

An array of smaller CCD sensors would be better able to produce images at the required 

speeds by simultaneously reading from each sensor as a portion of the entire image. However, the 

implementation and simultaneous control of multiple CCDs is a daunting task and therefore not in the 

scope of this course.  It would also be very costly and take up a majority of the project’s budget.  

 While CCD sensors are confined mainly to scientific use and distribution, CMOS sensors are 

widely used in industrial and commercial operations. They range in resolution from a few hundred 

pixels to over 120 megapixels, and have an equally varied spectrum of performance characteristics 

and intended uses. To narrow the search for a specific sensor, scientifically-oriented suppliers were 

mainly investigated. OEM sensors tended to be harder to obtain, and had higher read noise and 

comparatively lower quantum efficiency, especially in the 700nm+ wavelength range. On the other 

hand, scientific-based sensor manufacturers tend to focus more on sensors with exceptional image 

quality and performance.  Of the sensors investigated, the 5 Megapixel Scientific CMOS, or sCMOS 

sensor from Fairchild Electronics/BAE systems stood out with exceptionally low read noise, high QE 

in the red wavelength range, and read speed
 [12]

. 

 Through signal-to-noise modeling, it was determined that the sCMOS sensor would meet 

system level requirements [1.SYS.1, 1.SYS.2, 1SYS.3, 1.SYS.4] for daytime saturation and signal to 

noise minimums, which are the worst case conditions that the system will be required to face. The 

worst case for saturation occurs when the system tries to image a 4
th
 magnitude star in daytime 

conditions. The system will need to capture this magnitude star without saturating in order to meet 

requirement 1.SYS.1. That is to say, the total signal and noise from the sky background and star must 

not exceed the sensor’s maximum pixel well depth. Figure 17 shows that through modeling, we do 

not expect the sensor to saturate. Within the optimal defocus-range and the allowable exposure time 

settings, the sensor can be expected to sense 4
th
 magnitude stars during daytime conditions without 

saturating.  
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Figure 17: 4th Magnitude Star Saturation Worst Case 

 

The worst case for signal to noise will occur when the DayStar system tries to image the 

dullest required stars, 6
th
 magnitude, in daytime conditions. Essentially the signal here is at its 

minimum, while the background noise is a maximum.  Requirements dictate that in this condition, we 

must still have a total SNR ratio of 6. Using the same model, Figure 18 shows that under allowable 

operation parameters, the sensor will meet this SNR requirement.  
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Figure 18: SNR for 6th Magnitude Stars 

 

The point highlighted in Figure 18 shows that at the maximum optimal blurring, a SNR of 

greater than ten will be received for a reasonable exposure time of 30ms. Modeling also revealed that 

SNR would be less than 6 for 7
th
 and 8

th
 magnitude stars which is unfortunate but not expected or 

required. Sensing 4
th
-6

th
 magnitude stars will yield enough for the chosen attitude algorithms to be 

used. The preliminary modeling yielding the results above was done without a chosen filter and varies 

form, but does not contradict, the modeling done in Section 3.2.3.   

 It should be noted that the modeling in Figure 17 and Figure 18 was done for PDR.  The 

modeling was updated for CDR, but only changed which magnitude of stars the DayStar system 

would try to detect. Specifically, the number of stars visible during the daytime was found to be 

greatest using magnitude 6 and 7.  For this reason, the DayStar system will focus on detecting stars 

during the day with magnitudes greater than 6.  Nighttime results suggested the greatest amount of 

stars detectable in magnitudes 7 and 8.  The updated results can be seen in Figure 19. 
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Figure 19: Stars visible in both day and night conditions. 

4.1.2.2 Image Transfer Method 

 After the scientific CMOS sensor was chosen to capture the image, the next item was to 

figure out how to transfer this image to the CDH subsystem. The image transfer system needed to 

meet three main performance metrics: a total transfer time of less than 50ms, be easily interfaced with 

the CDH system, and control the CMOS sensor operation.  From here three main options developed.  

The first was to use a field programmable gate array to transfer the image to the CDH team and a 

microcontroller to control the CMOS sensor operation.  The next option was to use a powerful 

microcontroller board design with USB to transfer the image to CDH.  The final option was a frame 

grabber typically used in cameras to transfer the image. 

 The powerful microcontroller with USB was ruled out first because of its limited transfer rate 

to the CDH system.  The microcontroller itself with a processor of 1GHz was theoretically able to get 

the image from the sensor fast enough, but the USB output to the CDH system was too slow.  This 

was because all of the embedded microcontroller options only came with USB 2.0, which has a 

maximum transfer rate of 480Mbits per second.  Using the back of the envelope calculation with 

expected image sizes seen in Equation 1, this was ruled out.   
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 Next the FPGA was ruled out because of sheer complexity.  The FPGA microcontroller 

combo was the fastest of all the options, as FPGA’s have been used to get upwards of 100 frames per 

second.  After talking to several experts in the field, as well as students with experience using 

FPGA’s, the DayStar team was strongly advised against using one. Specifically, FPGAs have a steep 

learning curve and would take a significant amount to time to learn.  Due to time constraints, this was 

deemed out of the scope of this project. 

 The frame grabber technology known as CameraLink is designed to transfer images between 

camera sensors and storage.  Specifically it takes parallel data and serializes it.  CameraLink has an 

85MHz maximum speed and is able to transfer up to 28bits per clock cycle, including status bits.    

This gives it a maximum estimated transfer rate of 2.38Gbits/second.  The transfer rate requirement 

was verified using Equation 1. 
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As CameraLink was designed for cameras, it comes with hardware and software protocol 

which can be used to control these cameras.  After talking to the CMOS manufacturers it was 

determined that these protocol could be used to control it. 

 Electronics and Power Subsystem Design Alternatives 4.1.3

 Before significant component decisions could be made for the EPS system, the interfaces had 

to be defined.  Originally, a 30V power line was going to be the input for the EPS system.  The EPS 

board would then have to convert this voltage to the necessary voltages required by other subsystems.  

However, since altering a 30V power source to supply power to a computer would be too time 

consuming, a second option was to use a standard computer supply input.  Furthermore, a 30V input 

could be converted to supply power to a computer.  Essentially, using a standard computer input 

simplified the EPS board while maintaining the goal of balloon adaptability. 

 Power converters were needed to convert the standard computer input to the necessary 

voltages for the sCMOS sensor.  The power converters needed to regulate the power line without 

dissipating enough heat to melt a PCB.  The main constraints for the power regulation were the strict 

ripple requirements of the CMOS sensor power lines.  Some of these lines needed to have ripple as 

low as 10μV, which meant that high ripple rejection was needed. 

 There were two main options for stepping down the power: buck converters and low drop out 

regulators.  Buck converters are step down DC to DC converters.  They are typically used to step 

down high inputs of computer inputs to lower ones used by the processor.  The main advantage of 

buck converters is that they typically have an efficiency greater than 80%, making them useful in 

applications were power is limited.  The main problem with using buck converters is they typically 

don not have a significant power supply rejection ratio (PSRR), which was needed for the CMOS 

power lines.  Even after adding peripheral capacitors to smooth the ripple, a buck converter will have 

a PSRR of less than 20dB.  Using (2 with a desired output ripple of 10μV, a maximum input ripple 

could be solved for. [14] 
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With the resources available, it was not feasible to start with an input ripple this low, or even 

measure this amount or ripple.  For this reason, buck converters were not used. 

 Low drop out regulators (LDO) were the next option.  An LDO is a linear DC voltage 

regulator that converts a voltage by dissipating power as heat.  The advantage of using an LDO over a 

buck converter is that it has significantly higher PSRR.  A good LDO with the recommended 

peripheral components can have a PSRR of as much as 70bB.  To assess the feasibility of using 

LDO’s, (2 was used again assuming a 10μV output ripple. 

          (
        

    
) 

              

This aspect of the LDO’s performance was confirmed as feasible because 32mV is a 

measurable amount of ripple, and because the computer supply already regulates the lines to some 

extent, meaning 32mV of input ripple would be higher than expected.  Although LDO’s are not very 

efficient, the heat dissipated was not a concern because of the small changes in voltage at low 

currents.  (3 with input values from an example CMOS line was used to show that the power 

dissipated wasn’t an issue. [14]  This confirmed that the use of LDO’s was feasible because the line 

with the highest power draw dissipated less than one watt in heat. 

                 (        )             (3) 

                 (         )         

                         

 The choice of microcontroller was based on desired functionality but also previous 

experience with the hardware.  There were many possible microcontrollers that had the desired clock 

speed, input/output ports, interfacing options, but several members of the DayStar team had previous 

experience using AVR microcontrollers.  Specifically, the Atmel Atmega128L was used on a 

previous high altitude balloon flight and worked.  For this reason it was picked for the DayStar 

system.  

 Structures Subsystem Design Alternatives 4.1.4

 The options for the baffle included internal or external as well as various shape options.  

Although internal baffling would have made the design more compact, it was ruled out when the 

telescope was subcontracted to Equinox Interscience.  In the process Equinox Interscience defined 

bolting patterns for an external baffle so the DayStar team would still be able to construct a baffle 

system for the telescope.   
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 The external baffle design had two main shape options: circular or rectangular. While a 

circular baffle is more traditionally seen in telescope designs, obtaining a circular tube that allows the 

easy integration of the baffle vanes can be difficult. In addition to finding tubes of the size required is 

that the tubes available are primarily extruded tubes. These tubes are not perfectly round and present 

problems when designing the vanes. Furthermore, a rectangular baffle can be matched to the required 

field of view better than a circular baffle.  An example of this is seen in Figure 20. 

 

Figure 20: Baffle shape options 

 In Figure 20, the white represents the approximate desired FOV and the black represents the 

light not blocked by the baffle.  As can be seen in the figure, in order to produce the same FOV in a 

circular design the diameter of a circular baffle has to be much bigger than the FOV. Approximately 

60% more light is allowed into the telescope around the edges that are not within the FOV. Due to 

this, as well as the machining difficulties of a circular design, a rectangular baffle system was selected 

for the DayStar project. 

 As the bolting patterns were defined by Equinox Interscience, many alternatives such as bolt 

size, pattern, and box size were limited. Also in order to minimize the CTE mismatch between the 

telescope and the other mechanical components, aluminum 6061 was selected for all machined 

components. This will also make the machining of the component much easier when compared to 

other metals.  

 The mounting options for the CMOS board included a fixed mount and a movable stage.  The 

fixed mount had the advantage of simplicity but the disadvantage that if the telescope defocused little 

could be done to fix it.  For this reason a linear stage was chosen to mount the CMOS board on. 

 Control and Data Handling Subsystem Alternatives 4.1.5

 The trade study results for the star detection algorithms are displayed in Table 6. 

Table 6: Star Detection Trade (DFS Intensity Limit) 

Trade Elements 
Robustness at 

Low SNR 

Algorithm 

Speed 
Simplicity 

Robustness 

Against False 

Identifications 

Total 

Weights 0.4 0.25 0.1 0.25 1 

Avg + STD
 [15] 

5 6 8 6 5.8 

MAD
 [16] 

7 8 7 4 6.5 

roboMAD
 [16] 

9 3 4 9 7 

Flight 

Configurable 
3 10 9 3 5.35 
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The robustness of the algorithm at low signal to noise ratios (SNRs) was the largest 

contributing factor to the trade score due to the need for consistent accuracy. Algorithm speed and 

robustness against false identifications were also highly weighted due to the system-level operational 

speed requirement of 10 Hz and the need to reject false stars. Simplicity of implementation was also 

considered, but with minimal weight. The trade study between detection algorithms indicated that the 

roboMAD method should be used. 

 The CDH team was concerned that the running time of roboMAD (which received the lowest 

score during the trade study) could endanger the 10 Hz operational requirement. It would not be 

known if the run time was within acceptable limits without running a test, so a first revision of the 

method was written. 

 The computation done 

by roboMAD is linearly 

dependent on the number of 

pixels in the image. The method 

is used to determine a robust 

measure for the background 

intensity level. The CDH team 

explored the possibility of using 

a subsample of the image to 

make the same computation, 

resulting in fewer pixels to 

evaluate. An image with 

daytime background levels, 

populated with 100 stars, was 

simulated using star field 

generation software. This image 

was loaded into memory and 

used to run the typical 

roboMAD method, as well as the same method on only a subset of the image. The median is the most 

important value computed by roboMAD, and it needs to be accurate. Figure 21 demonstrates the error 

of the median calculation from the median of the entire image. The results indicate that for a typical 

image, the median of a subsection of the image only varies by one value until 2000 pixels are 

included in the calculation. The CDH team decided to incorporate a safety factor of 2 and use 4000 

pixels in the image subsample. This analysis revealed that roboMAD could be run on a subsample 

three orders of magnitude smaller than the original image and achieve the same result. This 

eliminated the concern about running time from the trade study selection. 

 

 

 

 

 

 

Figure 21: Median analysis for roboMAD 
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4.1.5.1 Star Centroiding 

 A trade study was also conducted on centroiding algorithm candidates, the results of which 

are displayed below in Table 7. 

Table 7: Centroiding Algorithms Trade Study 

Trade Elements Accuracy 
Algorithm 

Speed 
Simplicity 

Robustness to 

Noise 
Total 

Weights 0.4 0.25 0.1 0.25 1 

CoG 6 10 10 6 7.4 

IWC
 [17] [18] 

7 9 10 7 7.8 

roboCoG
 [16] 

7 8 9 8 7.7 

roboIWC
 [16] 

8 7 9 8 7.85 

Gaussian Fit
 [16] 

9 4 5 9 7.35 

Parabolic Fit
 [16] 

9 4 5 9 7.35 

 

 The accuracy of the centroiding algorithms was given the highest weight due to the level of 

precision needed by the final attitude solution. Algorithm speed and robustness to noise were also 

highly weighted due to the system-level operational speed requirement of 10 Hz and the need to 

centroid accurately in the presence of noise. Simplicity of implementation was also considered, but 

with minimal weight. The trade results indicate that the roboIWC algorithm should be used. 

While roboIWC won the trade study, 

there were several other algorithms 

with nearly identical totals. The only 

way to verify the winner was to 

implement each centroiding algorithm 

and run it on a known object. The test 

employed the star field generation 

software to create stars of known 

shape and location for varying SNRs. 

The test was run on CoG, IWC, 

roboCoG, roboIWC, Gaussian fits and 

parabolic fits. The results were 

averaged over numerous blurring 

ratios and many trials. Results of the 

test on a 7
th
 magnitude star during 

daytime background levels are shown 

in Figure 22. The results indicate that 

robust CoG and IWC methods 

(labeled med in the figure) out-performed their non-robust counterparts. The roboIWC method was 

better than the roboCoG method, but not nearly as accurate as the parabolic and Gaussian fits. 

Parabolic and Gaussian fits are far more computationally expensive than roboIWC, so it is less 

desirable to run Gaussian fitting on the final flight software. 

 

Figure 22: Centroiding algorithms results 



DayStar Aerospace Senior Projects 2011 

Fall Final Report                                                                                                                                                                  48 

 The required single star centroiding accuracy needed to achieve the overall attitude accuracy 

requirement was unknown. As a result, a Monte Carlo simulation was run using the same attitude 

determination method as the ST5000 to determine this requirement. In this test, various numbers of 

attitude vectors with known centroiding error were input to the q-method. The resultant attitude was 

compared to the known value to produce an error. This process was repeated and averaged over 

10000 trials. The results are displayed below in Figure 23. 

 

Figure 23: RMS attitude error as a function of single star centroiding error 

 

This test indicates that the 0.1 arcsecond RMS attitude requirement can be satisfied for a 

range of stars in the field of view (FOV). More specifically, roboIWC (which has a single star 

centroiding accuracy of 1 arcsecond) can satisfy the project requirement with approximately 17 stars 

in the FOV. Gaussian fit has a single star centroiding accuracy on the order of 0.1 arcseconds, which 

satisfies the project requirement for any number of stars in the FOV (the q-method requires a 

minimum of two star vectors to operate). Recall from the trade study that roboIWC scored far better 

than Gaussian fitting in the speed and simplicity categories. These traits are critical for the 10 Hz 

operation requirement, and the scope of this course, since the final flight software must be 

implemented in C++. As a result, roboIWC was identified as the selection for centroiding algorithm 

because it best meets the requirements. 
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4.1.5.2 Attitude Determination 

 Attitude determination is not one of DayStar’s project requirements, but it is one of the 

stretch goals. As a result, a trade study was conducted to keep the possibility of implementing this 

task alive. The trade is displayed below in Table 8. 

Table 8: Attitude Determination Trade Study 

Trade Elements Accuracy Algorithm Speed Simplicity Total 

Weights 0.5 0.3 0.2 1 

Q-Method
 [19] 

8 7 8 7.7 

Triad Method
 [19] 

5 9 9 7 

QUEST
 [19] 

7 9 6 7.4 

Newton-Rhapson Method
 [19] 

9 5 5 7 

 

The accuracy of the attitude determination algorithms was given the highest weight due to the 

project level RMS attitude requirement. Algorithm speed and simplicity of implementation were 

weighted fairly equally. Speed is important due to the 10 Hz operational requirement, and simplicity 

of implementation important when considering project scope. The trade results indicate that the q-

method should be used. Interestingly enough, this is the same attitude determination algorithm used 

by the ST5000. 

4.1.5.3 Lost in Space 

 As with the attitude determination algorithm, a lost in space (LIS) solution is not one of 

DayStar’s project requirements. Several different methods were traded, however, in case there is time 

to implement this as a stretch goal later. The trade is shown below in Table 9. 

Table 9: LIS Algorithms Trade Study 

Trade Elements 

Low 

Number of 

Stars 

Algorithm 

Speed 
Simplicity 

Low Memory 

Usage 

Robust 

Convergence 
Total 

Weights 0.1 0.3 0.3 0.2 0.1 1 

Differential 

Voting Method
 

[20] 

4 6 2 7 9 5.1 

Planar Triangle 

Method
 [21] 7 7 6 6 6 6.4 

Pyramid Angle 

Method
 [18] 9 5 9 9 5 7.4 

FOCAS Method
 

[22] 3 6 3 8 8 5.9 

Grid Method
 [23] 

3 6 3 8 8 5.4 

 

The algorithm speed and simplicity of implementation were given the highest weight due to 

the 10 Hz operational requirement and the complexity of these algorithms. The amount of memory 

usage was given the next highest weight because the size of the star catalog used in these algorithms 

can be on the order of several gigabytes. The number of stars required by the algorithm and the 



DayStar Aerospace Senior Projects 2011 

Fall Final Report                                                                                                                                                                  50 

robustness of the converged solution were also considered. These properties rate the algorithm’s 

performance when there are very few stars in the FOV and the rate at which it finds a solution in the 

database. The trade study determined that the Pyramid angle method will be used to implement LIS if 

time permits. 

4.2  Subsystem Design-To Specifications 

 Optics subsystem design-to specifications 4.2.1

 The goal of the optics system is to improve upon the optical system of the ST5000 but also 

maintain compatibility with their software package.  This means that the telescope has to have a 

similar field of view as the ST5000’s (35 square degrees) but it also has to improve the baffling, to 

increase the signal to noise ratio, and plate scale, to increase the centroiding accuracy, of the system.  

Because the telescope is being designed with COTS components to save costs and building time, the 

field of view design-to requirement was set at 30 square degrees.  This will still be compatible with 

the ST5000’s software but it also allows for the inability to get a specific field of view number with 

COTS components.  The main way the DayStar system will improve on the baffling will be to add an 

external baffle to the front of the telescope.  This will reduce the background noise that the sensor 

sees, increasing the signal to noise ratio.  Through signal to noise ratio modeling, it was determined 

that the maximum field of view the baffle could have was 50 degrees by 50 degrees.  These results 

can be seen in Figure 24.  Any larger and the background noise from the additional sky that was 

visible would make it impossible to reach the SNR needed to see stars.   

 

Figure 24: Baffle requirement plot 
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  Another way the DayStar system will increase the SNR is to implement a filter 

before the sensor.  This filter has to be able to filter out the scattered blue light from the atmosphere 

during the day without reducing the amount of red light that reaches the sensor.  This can be seen in 

Figure 25, which shows that wavelengths less than 620nm have more background brightness than 

wavelengths above 620nm.  It should also be noted that a majority of the stars can still be seen with 

the wavelengths below 620nm filtered out. 

 

Figure 25: Sky brightness versus wavelength for day and night conditions. 

 

 To increase the plate scale of the system, a longer effective focal length is needed.  The 

ST5000 has a focal length of 50 mm, necessitating DayStar to have an effective focal length of 

greater than 50 mm.  The DayStar system is a prototype so there is no form factor that the telescope 

has to fit into length or width-wise.  The optics top level design-to specifications are summarized in 

Table 10. 

Table 10: Optics Design-To Specifications 

Item Description 

Field of View 30 square degrees 

Focal Length Greater than 50mm 

Baffling FOV 50 degrees by 50 degrees. 

Filtering Block wavelengths less than 620nm. 
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 Imaging subsystem design-to specifications 4.2.2

 The imaging subsystem needed to be able to capture images of the stars and transfer them to 

the CDH subsystem.  This subchapter will focus on the sensor design-to specifications needed to 

accomplish this.  The basic structure of the subsystem is seen in Figure 26. 

 

Figure 26-Imaging subsystem diagram 

 

Based on modeling done at PDR, the sensor had several main requirements. The sensor 

needed to be able to detect 4
th
 to 8

th
 magnitude stars in the night without saturating, and 7

th
 to 8

th
 

magnitude stars in the daytime.  During both daytime and nighttime the signal to noise ratio needed to 

be at least 6.  Furthermore, in order to be able to centroid a star, it needed to be blurred over 16 to 36 

pixels.  Finally, the 10Hz speed requirement dictated the sensors frame rate. 

 In order to capture enough stars with the required blur, the sensor needed to be at least 4 

megapixels.  In order to maintain a high signal to noise ratio, the sensor needed to have a quantum 

efficiency of at least 0.4.  Each image captured by the sensor needed to be transferred and processed, 

meaning the image needed to get to CDH in an estimated 50ms.  Finally, in order to maintain balloon 

adaptability, the sensor needed to be able to operate over a range of temperatures found on typical 

balloon platforms.  A summary of the design to specifications can be seen in Table 11. 

Table 11: Imaging System Design-To Specifications Overview 

Parameter Design-To Specification 

Sensor daytime detection 6
h
 to 8

th
 magnitude stars 

Sensor nighttime detection 4
th
 to 8

th
 magnitude stars 

Signal to Noise Ratio At least 6 

Sensor Quantum Efficiency At least 0.4 

Image Capture and Transfer Time 50ms 

Image Size At least 4 Megapixels 
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 Electronics subsystem design-to specifications 4.2.3

 The electronics and power subsystem’s primary goal is to supply the necessary power to all 

other subsystems.  Thus the electronics and power system design started by looking at the power 

needs of other subsystems.   The control and data handling subsystem would need their computer 

powered as well as any peripheral components to it.  The imaging subsystem would need power to its 

sensor and any peripheral components.  

 By PDR, several important decisions were made that influenced the design-to specifications 

of the EPS system.  First, the CDH team had a better idea of the hardware they wanted.  Although the 

decision wasn’t final, they were looking into an Intel i3 processor and various solid state drives.  

More importantly, the imaging team had a pretty good idea that they were going to get the scientific 

CMOS sensor. The power system was closely linked with a microcontroller which would be handling 

the health and status measurements.  Since many of these measurements could be taken on the Power 

Board, it was determined that the EPS system would include the microcontroller as well.   

 The first set of specifications were for the CMOS power lines, which came directly from the 

CMOS data sheet.  As mentioned in Section 4.1.3, low drop out regulators would be needed to 

regulate the power for each of these lines.  The lines were broken up into different voltages and then 

into analog and digital lines.  In total, seven separate power lines would be supplied to the CMOS 

sensor.   

 The microcontroller needed to be able handle data inputs from the ADC’s, control the 

switches, and diagnostic data from other subsystems.  This meant that it needed a minimum of 15 

pins for switches, another 16 for the ADC’s, and another 5 for temperature data giving a total of 36 

input/output pins. To maintain balloon adaptability, the microcontroller needed to be able to operate 

in a temperature range that could be seen on a high altitude balloon platform.  In order to process all 

of the diagnostic data, the microcontroller needed to have at least one timer and a reasonable clock 

speed.   

 The ADC’s needed to be able to handle a variety of voltage inputs, multiplex them, and 

interface to the microcontroller.  The 10 bit design-to specifications comes from the desired to store 

measurements on the millivolt level.  Using a 10 bit ADC with a 20V input range gives a resolution 

of 20mV. This is good enough to identify if a power line is too far off its required voltage. 

 The essential requirements for the switches and the current sensor were the input current limit 

and operating temperature.  The maximum current possible was less than 5A, meaning the input 

current limit for the current sensor should be 5A or less to get the best resolution.   

A summary of the design-to specifications for the EPS system is shown in Table 12 below. 
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Table 12: EPS system design-to specifications  

Type Specification Values 

Input Standard Computer Supply Voltages 12V 5V 5VSB 3.3V -12V 

CMOS Output 

Lines 

Voltages (V) 3.3 3.3 3 2.7 1.8 -.4 3.3 

Max Current (mA) 270 13 1 1 290 100 100 

Ripple (mV) 1 .01 .01 .01 25 .1 1 

Computer 

Outputs 

Voltages 12V 5V 5VSB 3.3V -12V 

Microcontroller Minimum Input/Ouptut Pins 36 

High and Low Priority Interrupt 

Services 
Yes 

SPI Yes 

I2C Yes 

UART Yes 

Analog to 

Digital 

Converters 

Minimum Input Pins 8 

Minimum Resolution 10 bit 

Desired Interface I2C, SPI 

Switches Max Current 5A 

Current 

Sensors 

Max Current 5A 

 

 Structures subsystem design-to specifications 4.2.4

 The structures subsystem has the task of adjusting the sensor position to bring it into focus, 

ensuring that any loads on the telescope have a factor of safety associated with them, and holding the 

electronics.   

 The sensor must be mounted on a moveable platform that can be adjusted on the order of 

microns.  This because the telescope’s focus will only be known within this range.  The safety factor 

of three is somewhat arbitrary, but is in place to reduce the risk of breaking the expensive telescope or 

anything attached to it.  Finally, the sensor needs to be completely enclosed to keep any stray light 

outside the field of view from reaching the sensor.  The structures design-to specifications are shown 

in Table 13. 

Table 13: Structures Design-To Specifications 

Specification Value 

Adjustable Focus 0.0008in. 

Carrying Paths Factor of Safety 3 

Fully Enclosed Yes 
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 Control and data handling subsystem design-to specifications 4.2.5

 The top level requirements for control and data handling system were derived from accuracy 

requirements.  From here, modeling was done in order to characterize the level of accuracy needed 

within the CDH subsystem to achieve the required project level accuracy.  The CDH top level 

requirements are a result of this modeling and are seen in Table 14. 

 

Table 14: Algorithms Design-To Specifications 

Item Description 

Daytime Star Detection 4 stars 

Nighttime Star Detection 13 stars 

Nighttime Accuracy 1” RMS 

Daytime Accuracy 5” RMS 

Processing Time 50ms 

 

4.2.5.1 Hardware Design-To Specifications 

 The CDH system is essentially split into two categories: hardware and software.  The 

hardware design-to specifications are driven by the 10Hz processing rate, and the software driven by 

the accuracy requirements.  The hardware had four main requirements to satisfy: the first was that it 

must interface with the Imaging Board, the second being a data/processing rate, the third being a data 

storage budget, and the final being a memory budget.  The data rate was estimated using the total size 

of a given data product, and then multiplying this by the rate at which it needed to be processed.  This 

is summarized in Equation (4).  
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 Next the total data storage was estimated using a 48hr flight with data being continuously 

collected during the entirety of the flight.  This is seen in equation (5. 

                                 (5) 

               
  

 
           

 

 
         

Finally, the total data storage was estimated by adding in room for an operating system, algorithm 

use, and a 30% margin. 

                    (                      )         (6) 

                    (               )               

 The onboard memory was estimated using the total number or stars theoretically visible and 

how much space it takes to store each one.  The estimated cutoff point for visible stars was magnitude 

9.5, with each angle between stars taking 32 bytes to store.  The total database size was estimated 

using the number of stars in a given FOV, and the space taken to store them.  Finally, extra space was 

added in for an operating system, software operation, and a safety margin.  The results are shown in 

Equations (7) through (11). 
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4.2.5.2 Software Design-To Specifications 

 The CDH design for the DayStar system was designed to accommodate the project and 

system requirements. This was done by organizing the CDH pertinent high-level requirements into a 

set of design-to specifications. Figure 27 discusses the design-to specifications. 

 

 

Figure 27: CDH Design-to Specifications 

The rate requirement indicates that the image data must be input to the system and centroids 

output from the system at minimum rate of 10 Hz. The requirement also states that the total time from 

end of exposure, through processing of the image, to output of the centroids within the image should 

take no more than 100 ms. This time is divided in half, the first 50 ms dedicated to transferring and 

storing the image from the sCMOS, the second dedicated to centroiding the stars found in that image 

and outputting them over a serial line or to the SSD.  
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 The user interface design-to specification ensures that the system is built to be used by a 

platform bus. Specifically, this means that the DayStar device should be configurable and command-

able a user or a balloon platform bus. The bus or user should be able to easily set the configuration of 

DayStar in order to best fit their needs as well as command DayStar into a proper configuration for 

their usage. This includes control of camera settings, output data formats, information requests, and 

other basic housekeeping functions. 

 The adaptability design-to specification is derived from the balloon environment adaptability 

project requirement. Although DayStar need not be designed directly for a balloon environment, the 

software and hardware must be “readily adaptable” for such uses. This means DayStar must provide 

the means to readily modify or replace existing hardware or software to adapt to a balloon 

environment. This also includes designing the software and choosing hardware suitable for intensive 

stretch goals such as building a lost in space algorithm.  

 The DayStar CDH system is also required to be reliable. This means it must autonomously 

handle any errors that arise and take proper actions in response to such errors. This also includes 

designing mechanisms that handle real-world anomalies, such as those that can occur a cosmic ray 

flips a sensitive bit in the system.  

 The final design-to specification is a performance requirement for the centroiding of stars 

found in the DayStar FOV. These daytime and nighttime centroid accuracies are sufficient enough to 

meet the DayStar project requirements for daytime and nighttime attitude accuracies.  
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5.0 Mechanical Design Elements 

Lead Author: Sara Schuette 

Co-Authors: Tyler Murphy, Michael Skeen 

 

5.1 Optics 

 The optics system is responsible for capturing and focusing light onto the imaging sensor.  

This is done with three components: a telescope, an external baffle, and a filter.  The DayStar team is 

responsible for designing and building the external baffle as well as choosing a filter.  The designing 

and building of the telescope was outsourced to Equinox Interscience, however, DayStar was 

responsible for verifying the Equinox design. 

 Design-to Specifications 5.1.1

There are two main design-to specifications for the optics system: 1) Minimum system field 

of view of 30 square degrees; 2) Maximum baffle field of view of 50 degrees by 50 degrees. 

 The minimum system field of view (FOV) is derived from the need to be compatible with the 

ST5000 software.  The ST5000 star tracker’s optical system has a 35 square degree FOV but seeing 

as the DayStar optics system will be using COTS components, it was unlikely that the exact 35 square 

degree FOV would be achieved.  It was determined through talks with Jeff Percival, the maker of the 

ST5000 and its software, that a minimum FOV of 30 degrees would be sufficient in order to retain 

compatibility. 

 The maximum field of view of the external baffle was determined through the same modeling 

shown in Appendix Section 14.1.3 with additional background noise added. The purpose of the 

external baffle is to prevent light from outside of the desired FOV from entering the system.  

Decreasing the amount of extra light coming into the system increases the signal to noise ratio which 

allows for dimmer stars to be seen.  Background noise was added to the model until the signal to 

noise ratio (SNR) was below the 6.0 requirement.  The amount of extra background at that point was 

then turned into the maximum area of the sky that the baffle could see.  This area was determined to 

be a 50 by 50 degree FOV of the baffle. 

 Telescope Design 5.1.2

 In order to improve on the ST5000 star tracker’s accuracy, the telescope must be designed to 

have a smaller plate scale then the ST5000 system.  This can be accomplished by either increasing the 

focal length of the optics system or by having smaller pixels on the imaging sensor.  The lens on the 

ST5000 has a focal length of 50 mm so the DayStar telescope was designed to increase this number to 

provide an increased plate scale even if the sensor that would be chosen did not have smaller pixels 

than the ST5000’s camera.  The DayStar telescope also had to be able to see 8
th
 magnitude stars 

during daytime observations and have the image size match the size of the imaging sensor at the focal 

plane. 

 The telescope was designed by Equinox Interscience, Inc. with help from DayStar.  A line 

drawing of the final design can be seen below in Figure 28.  This was the second design produced for 

the project; the first design was rejected because it did not meet the requirements.  Its analysis can be 

seen in Appendix Section 14.2.1. 
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 The telescope design features an objective lens and two relay systems, each with two lenses.  

The objective lens was donated to the project by Equinox Interscience and the relay lenses are 

commercial off-the-shelf (COTS) lenses from Edmund Optics.  Because the overall length of the 

telescope was of less concern in the design, the decision was made to separate the two functions of 

the telescope: light gathering and demagnification to match the imaging sensor.  A shorter design was 

also more complex and would cost significantly more, both of which are out of the scope of this 

project. 

 Light first enters the system through the objective lens and is brought to a focus at the focal 

plane. At the focal plane, a field stop prevents any light outside of the desired field of view to enter 

the system.  The light then enters the first relay which demagnifies the image by a factor of 1.5.  

Another field stop is placed at the focal plane of the condensing lens of the first relay to block any 

rays that may have gotten through the first field stop.  The light is then passed through another relay, 

this one with a demagnification factor of 2.0.  The imaging sensor is placed at the focal plane of the 

second relay, after a total demagnification factor of 3.0. 

 

 The FOV requirement is the first thing checked on the design.  In order to determine the FOV 

of the system, the effective focal length of the telescope must be known.  The effective focal length is 

found in Equation (12). 

 
                              

                      
 

     

 
          

(12) 

 

 The effective focal length of the DayStar telescope is therefore 152.4 mm.  The size of the 

imaging sensor and its pixel length are also needed to calculate the FOV of the system (2560 x 2160 

pixels; 6.5 microns/pixel respectively).  For the combination of telescope and sensor DayStar is using, 

the field of view is 5.28° by 6.26°.  This is 33.05 square degrees which meets the requirement of at 

least 30 square degrees.  The full set of equations used can be seen in Appendix Section 14.2.2.   

 The next check of the design was to ensure that the image from the telescope at the focal 

plane was the same size as the imaging sensor.  Because the telescope’s functions were split as stated 

above, the first step is to figure out the size of the first field stop.  The first field stop is located at the 

focal point of the objective lens and is responsible for eliminating any light that is outside of the 

telescope’s FOV.  Using the FOV of the telescope (5.28° by 6.26°), the length of the diagonal at the 

first field stop is 65.46 mm. 

 

Figure 28: DayStar's final telescope design [24] 
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 After the size of the first field stop, the size of the image is determined by the 

demagnification factors of the relay systems.  The DayStar telescope has two relay systems and 

another field stop in between the two.  This field stop is to ensure that the small amount of stray light 

that might have gotten through the first one is prevented from entering the sensor.  The first relay 

system demagnifies the image by a factor of 1.5 making the size of the focal plane at the second field 

stop 43.64 mm. 

 The second relay system takes the size of the diagonal at the second field stop and 

demagnifies it by a factor of 2 before illuminating the sensor.  The size of the focal plane at the sensor 

is therefore 21.82 mm.  The sensor has a diagonal of 21.77 mm and the slight difference is due to 

rounding when calculating the diagonals of the field stops.  The length and width of the sensor and 

the image at the focal plane are summarized in Table 15.  The diagrams and equations used to 

calculate the field stop sizes can be seen in Appendix Section 14.2.3. 

Table 15: Sizes of sensor and image at focal plane 

 Horizontal (mm) Vertical (mm) Diagonal (mm) 

Size at focal plane 16.68 14.07 21.82 

Sensor size 16.64 14.04 21.77 

 

 Because the DayStar system is a prototype, the overall length of the telescope was not critical 

to the design process.  For future use of the DayStar system, a special gondola would have to be 

constructed to fly the system as is.  It would also be possible to fold the optical path of the telescope 

to get it small enough to fit on an existing platform.  This, however, would take a substantial amount 

of modification and it is not the goal of the DayStar project to do this. 

 Baffle Design 5.1.3

 The external baffle’s main function is to reduce the amount of background light that would 

reach the sensor.  Reducing the background light in the system increases the SNR which improves the 

daytime capabilities of the system.  The baffle also helps eliminate any light that may have gotten 

through the field stops by preventing it from entering the system at all. 

 An external baffle consists of two parts, the outer shell and the inner vanes.  The outer shell 

prevents light coming in from extreme angles from reaching the objective lens.  The vanes attached to 

the inside of the shell prevent light at moderate angles from bouncing off of the inside of the shell and 

into the objective lens.  Because of the difficulties in machining or obtaining a perfectly circular tube 

that could be used as the outer shell, the decision was made to make a rectangular baffle. 

 The first step in designing the baffle was to determine what the interior angles of the baffle 

would be.  The smallest the angles could be were the FOV angles from the telescope (5.28 by 6.26 

degrees). Because the baffle is not the primary method of preventing light outside of the desired FOV 

from hitting the sensor, it did not have to have the exact same angles as the telescope’s FOV.  Interior 

angles of 7 by 8 degrees were chosen to give some buffer against accidental vignetting. 

 The number of vanes inside of the shell is determined by the length of the shell.  In order to 

be completely effective in preventing reflected light from reaching the objective lens, the baffles need 
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to be spaced so that a ray of stray light requires more than two reflections inside the baffle before it 

can hit the objective lens.  Two reflections is the industry standard to designing baffles.  Ray tracing 

modeling was done in Solidworks (Figure 31) to determine the length of the shell and the number of 

baffles required at this length. 

 The Solidworks program was first drawn for the 7 degree interior angle side.  This was done 

by first drawing a line from the top of the lens to the bottom, front inside corner of the baffle. This 

line’s intersection with the 7 degree interior angle line determines the placement of the first light 

baffle vane. This is done so any reflections off of the first interior trough will be completely covered 

by the first baffle vane. Next a line is drawn from the corner of the top front opening to the bottom 

wall of the baffle that is also concentric with the top point of the first light baffle. This line shows 

where light will be able to illuminate the interior wall in the second trough. From this point another 

line is drawn to the top of the lens to determine the placement of the second baffle vane. This process 

is then repeated to determine the position of subsequent baffles until the bottom wall’s illumination 

line intersects the far right plane of the baffle without entering into the 3 in. opening on the lens 

assembly. Once the baffle locations are determined for the bottom surface, these features are then 

mirrored across the center line of the lens to create the vanes on the top surface of the baffle.  The 

completed ray trace can be seen in Figure 29 below. 

 

Figure 29: Seven degree ray trace 

 

 Once the ray trace diagram for the 7 degree interior angle was completed, the baffle vane 

positions were translated onto the ray trace diagram for the horizontal 8 degree interior angle. This 

was done so that the baffles could be manufactured as single plates that will satisfy both the vertical 

and horizontal FOVs. This ray tracing diagram can be seen in Figure 30. Unlike for the first ray 

tracing diagram, the baffle positions were already determined when for this diagram. Instead the 

position of the first baffle was used to determine the wall depth of the first trough. This was done by 

drawing a line that intersected the front plane of the baffle and was concentric with both the bottom of 

the lens, the front baffle position, and the 8 degree interior angle line. The intersection point with the 

front plane of the baffle was then used to determine the position of the interior top surface of the 

baffle. Following the determination of this surface position, we then completed the wall illumination 

lines in the same way as we did for the 7 degree interior angle diagram. These wall illumination lines 

can be seen to intersect with the baffles in Figure 30. This is because the baffle position was 

determined using the 7 degree interior angle. While this means that the baffles placements are not 
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optimized for the 8 degree interior angle, this shows that the baffle coverage overlaps onto wall 

locations that will not be illuminated. 

 

Figure 30: Eight degree ray trace 

 

 After the ray tracing was done with an arbitrary length, the length of the baffle needed to be 

determined.  The program was made to be dynamic so the ray traces would update when the length 

was changed.  The longer the baffle is; the more stray light is blocked from entering the system.  

However, as the length of the baffle increases, the width of the front vane decreases.  The baffle was 

therefore designed to be as long as it could be before the width of the front baffle vane decreased to 

below 0.25 inches.  The 0.25 in. was determined by what would be able to be machined.  This 

resulted in a baffle with a length of 20 in. and nine internal vanes.  The final ray traces for the 7 

degree and 8 degree interior angles can be seen in Figure 31 and Figure 32 respectively. 

 

Figure 31: Final ray tracing for 7 degree interior angle (units in inches) 
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 While the previous discussion of the ray trace diagrams split the two ray trace diagrams into 

separate diagrams for simplicity and clarity, these diagrams were also produced in the same three 

dimensional space to ensure that all of the measurements between each drawing were consistent. The 

complete three dimensional model is shown in Figure 33. This model was utilized for the definition, 

construction, and placement of the independent baffle vane plates. 

 

Figure 33: Complete three dimensional ray tracing diagram 

 

 

 Figure 32: Final ray tracing for 8 degree interior angle (units in inches) 
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 In order to determine the field of view of the baffle once the length was known, equations 

that related the interior angles, the length, and the field of view were derived as seen in Appendix 

Section 14.2.4. Using a length of 508 mm and the internal angles of 7 and 8 degrees, the FOV of the 

baffle was determined to be 33.48 by 32.55 degrees (Appendix Section 14.2.5).  This meets 

requirements seeing as it is well below the maximum allowable field of view of 50 by 50 degrees. 

 Filter Choice 5.1.4

 In order to improve on the daytime capabilities of current star trackers, the SNR observed 

during the day needed to be increased.  The DayStar system will improve the SNR by implementing 

an optical filter before the sensor to eliminate the scattered blue light from the atmosphere. When 

researching what types of filters satisfied the requirements, it was found that Wratten filters come in a 

multitude of different cutoff wavelengths and the process used to make them produces the same 

transmissivity curves every time.  This was helpful because we were able to characterize how adding 

the filter to our system impacted the signal to noise ratio before we decided on a particular filter. 

 From the modeling done in Section 3.2.3, it was determined that the optimal cutoff 

wavelength of the filter was around 640 nm.  The same simulation was then run with five different 

filters in the system to determine the number of stars seen with a certain exposure time and filter.  All 

five were Wratten filters with varying cutoff frequencies between 500 and 650.  A plot of the five 

transmissivity curves can be seen in Appendix Section 14.1.1.1.  The results of the simulation can be 

seen in Figure 34. 

 

Figure 34: Simulation with five Wratten filter choices 
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 Of the five, only one works for all exposure times. This one is centered at a wavelength of 

about 620 nm. In comparison, the fourth filter is centered slightly below 600 nm. It is therefore no 

surprise that it begins to saturate at higher exposures, since the same behavior is predicted in Figure 

34. Since the 620 nm filter (“deep red”) works for all exposure times, it was selected as the optimal 

filter. However, since the package for all the Wratten longpass filters is identical, multiple ones can 

be purchased and tested in the system to verify this choice. 

 

5.2 Structures 

 The structures system of the DayStar project is comprised of the external baffle, a movable 

mount for the imaging sensor, and an electronics enclosure to house the imaging mount.  The DayStar 

team will be responsible for designing and building all three of these components. 

 Design-to Specifications 5.2.1

 The structures subsystem has three main design-to specifications for the structural design. 

These are: 

 1) Must prevent additional stray light from reaching the imaging plane 

 2) Must allow for the imaging sensor to be focused with an accuracy greater than 0.0008 in. 

 3) Must ensure that load paths have a Factor of Safety (FOS) > 3  

 These design–to specifications come from the various other subsystems’ requirements. Since 

the telescope needs to maintain a high SNR, any additional light that reaches the imaging plane will 

degrade the image. To prevent this, a baffling design and electronics enclosure needed to be designed 

to only allow an acceptable amount of light into the system. Also in order to ensure that the imaging 

sensor can be properly focused, the positioning of the sensor must be able to be finely tuned into the 

focus of the telescope. In order to ensure that the system is able to remain assembled during the 

testing of the telescope in any orientation, the FOS of each of the interfaces must be greater than 

three.  

 Light Baffle Structural Design 5.2.2

 Once the ray trace diagrams were complete and the final length of the baffle was decided, 

solid models for each of the independent baffle vanes were created. This was completed by 

converting the baffle lines in the ray trace diagram into the driving geometry of each baffle vane. This 

can be seen in Figure 35. The vertical dashed lines were carried over from the 7 degree ray trace and 

the horizontal dashed lines are from the 8 degree ray trace. With these four lines, the inner and outer 

edges of the baffle vanes were determined. Once the drawings were constructed, parts were created 

for each baffle vane. The rear facing inner edge of each baffle vane was also cut to a 45 degree angle 

to produce a knife edge. This will help to minimize the potential for light to reflect off of the baffle 

surfaces at a grazing angle into the lens of the telescope. An image of a completed baffle vane is 

shown in Figure 36.  
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Figure 35: Light Baffle Vane Drawing Figure 36: Light Baffle Vane Part View 

 

 After all of the baffle vane components were created, the method of attaching the baffles to 

the exterior walls was determined. Angled brackets to hold the vanes in place were considered first 

but this design seemed far too complex to maintain alignments. The baffle frame channel concept was 

created instead. In order to implement this design, a channel was designed into each of the four sides 

of the baffle assembly. This creates a slotted design that allows for each of the baffle vanes to be 

inserted into the baffle assembly and restrained into the proper position through the alignment of 

these channels to the baffle positions in the ray trace drawings. As can be seen in Figure 37 the 

channels are cut into the interior surfaces of the baffle casing. These channels were designed to a 

depth of 0.050 in. and to be 0.010 in. wider than the baffle plates. This will allow for the baffles to be 

easily integrated into the baffle casing and also allows for some material tolerance. The baffle vane 

parts were also extended out by 0.045 in. in order to provide a proper lip around the edge of each 

plate to interface with the baffle casing. This integration of the baffle plates can be seen in Figure 38. 

 

 

Figure 37: Baffle Frame Channels Figure 38: Baffle Frame Integration 
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 The baffle casing consists of the baffle base plate, two baffle side plates, the baffle top plate 

and the baffle front plate. In order to interface the baffle system to the optics test bench, the base plate 

was designed to include four mounting locations that will interface with a 1 in. grid spacing. The base 

plate was also designed as a 0.500 in. plate. This allows the baffle and the telescope to be mounted on 

the same plane. The side plates and the top plate were designed to have a thickness of 0.250 in. This 

allows for the baffle casing to be assembled using counter sunk 4-40 socket head cap screws and 

Helicoils. While the counterbore feature is only required for the base plate so that it can sit on the 

optics table, is was continued to the rest of the parts to give the baffle a cleaner look. Also since the 

baffle frame channel design requires the plates to be properly aligned, 0.125 alignment pins were also 

designed into the base and top plates. 

 The final component of the baffle assembly is the interface between the baffle and the 

telescope. While the interface to the telescope was defined by the telescope design, an additional 

interface plate was designed so that the baffle could be easily attached. The baffle interface plate 

utilizes six of the 10-32 locations on the telescopes front interface and fourteen 6-32 socket head cap 

screws to attach the baffle casing. The baffle interface plate and the complete baffle assembly can be 

seen in Figure 39 and Figure 40 respectively. 

  

Figure 39: Baffle Interface Plate Figure 40: Full Baffle Assembly 

 

 CMOS Alignment System 5.2.3

 The focus of the Equinox Interscience telescope is located 1.371 ± 0.050 in. from the rear 

interface plane of the telescope assembly. Because the focus point is only known to within 0.050 in. 

and the DayStar system requires stars to be blurred across a precise number of pixels a system for 

both accurately finding the focus of the telescope and defocusing the image is required. In order to 

ensure that this system is capable of performing these functions, the depth of focus of the telescope 

was examined. Using the ratio of the focal length to the diameter of the objective lens and the 

dimensions of each pixel on the sensor (6.5 microns), the linear motion that will cause a point source 

to be blurred over twice the pixel area can be calculated.  It was found that a motion of 0.0077 in. will 

defocus the point source to twice the original size. 

 In order to properly move the CMOS sensor DayStar will be implementing a high precision 

linear stage from Del-Tron Precision, Inc. The linear micrometer positioning stage that has been 

selected allows for the CMOS sensor to be moved up to 0.500 in. range with an accuracy of 0.0001 

in. The linear stage is shown in Figure 41. This linear stage also has a carriage lock so that once the 
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position of the CMOS sensor has been determined the stage can be locked to prevent the system from 

moving. In order to ensure that the CMOS sensor can be properly focused, the alignment system was 

designed so that the center of travel of the linear stage is located at 1.371 in. from the back plane of 

the telescope. This will allow for up to 0.250 in. of travel in either direction.  

 

Figure 41: Del-Tron Linear Stage [25] 

 

 In order to properly place the CMOS sensor and the linear stage an alignment platform was 

designed to interface with the rear of the telescope. The alignment platform interfaces with the center 

four ¼ - 20 bolt holes as well as the two 0.250 in. alignment pins. This is shown in Figure 42. In order 

to attach the CMOS electronics board to the linear stage, a separate bracket was designed. This 

bracket allows for the wiring of the CMOS electronics board to interface to the back of the board 

without interfering with the motion of the board. The linear stage interface plate can be seen in Figure 

43.  During CDR, it was discussed that this design could potentially introduce some error due to 

bending and vibrations.  This design will be revised to take these concerns into account. 

  

Figure 42: Alignment Platform Figure 43: Linear Stage Interface Plate 

 

 CMOS Enclosure 5.2.4

 The CMOS enclosure was designed to prevent additional stray light from reaching the sensor. 

While designing a completely closed assembly would be the easiest way to ensure that stray light 

does not affect the images, the CMOS enclosure must also allow for access to the wiring harness and 

to the linear stage so that the images can be possibly focused. In order incorporate these additional 

features, the CMOS enclosure was split into three separate components; the main enclosure, the 
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enclosure lid, and the access door. The main enclosure utilizes six of the outside ¼ - 20 bolt locations 

for mounting to the back of the telescope. As can be seen in Figure 44, these bolts are internal to the 

enclosure to allow for a larger interior. The side access to the linear stage can also be seen. The 

enclosure lid was designed to allow for two panel mount Camera Link cable connectors and the DD-

50 power and commanding connector to in be connected to the lid. The lid design can be seen in 

Figure 45.  

 

  

Figure 44: CMOS Enclosure Figure 45: CMOS Enclosure Lid 

 

 The CMOS enclosure depth allows for the wiring harness to be restrained in the rear section 

of the enclosure. This area allows for 2 in. of space for the required wiring harness while still 

allowing for the motion of the linear stage. This additional depth was required due to the availability 

of Camera Link cables.  The shortest cable available is 8 in. long and these cables are far too complex 

for the team to manufacture. The complete assembly of the CMOS enclosure is shown in Figure 46. 

 

Figure 46: Complete CMOS Enclosure Assembly 
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 Bolt Loading Analysis 5.2.5

 For all of the interfaces, the bolting pattern as well as the bolt sizing was dictated by Equinox 

Interscience.  For this reason, bolt sizing optimization was not performed on these interfaces. In order 

to ensure that the system will be able to support itself during testing, some simple bolt loading 

analysis was performed. This analysis is for the worst case of the masses of each component being 

completely supported by the bolts at the interface to the telescope assembly. For this analysis the 

average shear stress in the bolts was calculated using Equation (13). Once the average shear stress in 

the bolts at each interface was calculated, the factor of safety was calculated as can be seen in 

Equation (14).  

 

     

  
 ⁄
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 The bolt loading factor of safety was calculated at three different locations. The values used 

for these calculations and the results can be seen in Table 16. 

Table 16: Bolt Loading Factors of Safety 

 

Baffle Interface 

Plate 
Baffle Panels 

CMOS Enclosure 

Interface 

Mass at Interface 23.3 lbs. 21.6 lbs. 4 lbs. 

Bolt Size #10 – 32 #6 – 32 ¼ - 20 

# of Bolts 6 14 6 

FOS 10.1 11.0 91.2 

 

5.3 Balloon Adaptability 

 In order to satisfy the balloon adaptability requirement (0.PRJ.4), several environmental 

concerns were researched for the mechanical design. One concern is water vapor condensing on the 

lenses of the DayStar system. Through research, it was found that the water content of the 

stratosphere is only approximately 1 to 10 parts per billion [26]. This is likely low enough for the 

condensation formed by the ascent of the payload through the troposphere to evaporate if the 
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temperature of the lens is greater than the surrounding atmosphere. A detailed thermal analysis of the 

ascent of DayStar through the atmosphere was deemed to be out of the scope of the project as the 

environmental conditions themselves are transient. However, it is common for payloads (such as 

BOWSER
 [2]

) to not employ any countermeasures other than the thermal inertia of the payload to 

protect against condensation remaining on the lenses. If it is deemed that the thermal mass of the 

payload is not sufficient to evaporate all condensation, it is feasible to add electrical heaters to the 

aluminum casing near the lenses to provide the energy necessary for the condensation to evaporate. 

 A second environmental concern is the potential for excessive light flux entering the optics 

system from the sun or reflection from the Earth and damaging the scientific CMOS sensor. It is 

assumed that while at altitude, the payload DayStar is on utilized active attitude control in order to 

point the main payload, as well as DayStar. However, during ascent and descent, it is necessary to 

protect the optics system when the payload attitude is not controlled. This could be easily achieved by 

implementing a protective light shade which covers the entrance to the external baffling and prevents 

light from entering the optics. This protective cover could be actuated using a simple servo to close or 

retract on command from the payload to allow for operation at altitude.  

 The final structural high altitude environmental concern relating to the mechanical design of 

DayStar is the low pressure environment. This is simply accounted for by ensuring there are no sealed 

containers or pressure vessels on DayStar. The presence of partially enclosed volumes is not a 

concern for balloon payloads. This is because the ascent rate of these missions is typically about 1000 

ft/min
 [8]

 and so the pressure differential at any instance is small. Venting analysis is not required for 

programs such as the High Altitude Student Platform or Columbia Scientific Ballooning Facility 

flights.  
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6.0 Electrical Design Elements 

Lead Author: Jed Diller 

Co-Authors: Zach Dischner, Aaron Holt 

 

6.1 Overview 

The electrical portion of the DayStar system contains three major subsystems: the Power 

Board (also referred to as just Power), the Imaging Board (also referred to as just Imaging), and the 

CDH Computer (also referred to as just CDH). The Power Board’s existence can be attributed to the 

requirements of the Imaging Board and specifically the sCMOS. The strict and uncommon power 

requirements of the sCMOS drove the design of the Power Board. The Power Board is also 

responsible for controlling the power up sequences of the Imaging Board and CDH Computer. The 

Imaging Board houses the sCMOS and contains the hardware to pipe data from the sCMOS to the 

CDH Computer. The CDH Computer interacts with the Imaging Board via a frame grabber (see 

6.3.2.2). Figure 47 below shows a high level view of the electronics.  

 

Figure 47: DayStar Electronics at a Glance 

 

In Figure 47 it can be seen that the electronics are fairly complicated and highly 

interconnected. In brief, the Power Board, along with sending regulated power to the Imaging Board 

and CDH Computer, is capable of collecting diagnostic data and reporting to the CDH Computer. The 
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Power Board is also capable of controlling the sCMOS (as an auxiliary to control from the CDH 

Computer) and receiving commands from the CDH Computer. The Imaging Board transfers data to 

the CDH Computer via a frame grabber and the CDH Computer controls the sCMOS via the frame 

grabber. In this section, the design-to specifications, components, and architectures of the electronic 

subsystems are explored.     

 

6.2 Power 

The Power Board has four main goals in the scope of the DayStar project. They are to power 

the sCMOS sensor and its peripheral components, to monitor the power to the motherboard and the 

solid state drive, to collect health and status data from all subsystems, and to initiate power on and off 

sequences. Originally, a 28V supply was going to be the input to the power system, which is a voltage 

that could be supplied by a high altitude balloon.  This was deemed out the scope of the project 

because the DayStar system is a prototype system being built on the ground, and the voltage 

conversions would have made the project much more complex.  Instead, the team decided to use a 

standard 350W power supply to be the input to the Power Board.  This made the Power Board much 

more feasible because the computer inputs no longer needed to be regulated, and it also offered 

different input voltages to work with while the CMOS power lines were being designed.    

The overall design to supply power to the motherboard and the solid state drive was relatively 

straight-forward.  This was because a computer power supply was used as the input to the Power 

Board, meaning all of the voltages needed to run the computer were already present.  There were two 

main reasons why the computer power supply didn’t connect directly to the computer. First, the 

power supplied by the power supply was needed for the CMOS lines, the solid state drive, and other 

peripherals on the Power Board.  Second, the customer had requested health and status data from all 

systems as a “should” requirement, and so voltage and current measurements were necessary on each 

line of the power supply.  Furthermore, if any of the lines were to exceed a given tolerance, a switch 

would be necessary to shut it off.  The design-to specifications of the EPS subsystem can be seen in 

Figure 48. 
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Figure 48: EPS Subsystem Diagram 

 

 Design Architecture 6.2.1

As mentioned before, the power to the motherboard and SSD were relatively straightforward.  

All that was needed were voltage and current measurements as well as a switch.  The general design 

for the power lines to the motherboard and solid state drive can be seen in Figure 49. 

 

 

Figure 49: Initial Computer Line Block Diagram 

 

 The power lines to the CMOS sensor were more complicated as there were seven different 

lines at five different voltages.  Each of these lines had different tolerances based on the CMOS data 

sheet supplied by the manufacturer.  The detailed requirements for each CMOS line can be seen in 

Table 12.  

In general, each line had a ripple requirement between 1mV and 10μV as well as a current 

that ranged from 1mA to 290mA.  Also, some of the currents of these lines varied depending on if the 

CMOS sensor was capturing an image or not.  The extremely low ripple requirement meant that the 

input voltages couldn’t be dropped using a voltage divider.  A specific component that could change 

voltages, handle a variable current source, and reduce the input ripple was needed.  Using the 

equation for power supply rejection ratio seen in [14], a specific ripple reduction value for each line 

was solved for. 

Standard Power 

Supply Voltage In 

Voltage and 

Current 

Measurement 

Switch 
Voltage 

Out 
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Buck converters were the first choice, but they failed to meet the ripple requirements.  Low 

drop out regulators were examined next because they could drop the voltage of a line, handle a 

variable current source (including current pulses), and also had a good power supply rejection ratio.  

The worst case scenario for this was the lines with the 10μV ripple requirements, which needed 

PSRRs upwards of 60dB.  No LDO had this large of a PSRR for all currents and frequencies, and so 

it was decided to use two LDOs in series in order to get the ripple rejection needed for these lines.  

Finally, each CMOS lines needed a voltage measurement, a current measurement, and a switch.  This 

led to the general CMOS line power scheme as seen in Figure 50. 

 

Figure 50: Initial sCMOS Power Line Block Diagram 

 

 The final part of the electronics and power system was the health status and control system.  

This system needed to take temperature measurements from other systems, voltage and current 

measurements from each power line, and operate the switches for each line.  As there were 15 voltage 

measurements and 15 current measurements, a multiplexer of some sort was needed.  Furthermore, 

the voltage and current measurements were analog signals, meaning an analog to digital converter 

would be needed as well.  Finally, a controller was needed in order to process the data from the 

analog to digital converter as well as to control power on and off sequences.  As balloon platforms 

have limited space available, it made sense to use a microcontroller to handle the data from the analog 

to digital converters as well as to control the various power on and off sequences.  This led to the 

general health and status diagram shown in Figure 51. 

 

Figure 51: Health Status and Control Block Diagram 

 

 

 

 

 

Standard Power 

Supply Voltage In 

Voltage and 

Current 

Measurement 

Switch 
Voltage 

Out 
One to 

Two LDOs 

Analog Voltage, 

Current, and 

Temperature Signals 

Analog to digital 

converter/multiplexer 
Microcontroller 



DayStar Aerospace Senior Projects 2011 

Fall Final Report                                                                                                                                                                  76 

 Component Selection  6.2.2

The general architecture for the electronics and power system can be seen in Figure 52. 

 

Figure 52: EPS System Design 

After the general subsystem diagram was complete and families of parts had been picked out, 

specific components were selected. 

6.2.2.1 Current Sensors and MOSFET’s 

First the current sensors and switches were selected. To simplify the board, a single current sensor 

that could meet the requirements of all lines was desired, as seen in Table 12. In the end, the ACS712 

was chosen.  The specifications for the ACS712 can be seen in Table 17.  

Table 17: ACS712 Specifications [27] 

Item Value 

Operating Temperature -40C to 85C 

Supply Voltage 4V to 5V 

Optimized Range -5A to 5A 

Sensitivity 185mV/A 

Output Error ±1.5% 
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The ACS712 is able to measure the full range of currents from the computer power supply to 

the motherboard and solid state drive.  It can measure the sustained current of most of the CMOS 

lines, except for the data lines that use a 1mA sustained current.  Fortunately it can measure the 

100mA pulses that are used when an image is captured.  This is all that is needed because the 1mA 

current for these lines is standby power, which won’t affect the images produced.  To be clear, the 

ACS712 is sensitive enough to measure current that would be detrimental to the CMOS sensor, but 

cannot measure the 1mA standby current of several CMOS power lines.  Finally, the ACS712 has a 

standard input voltage and an operating temperature range that would be acceptable if the DayStar 

prototype were adapted to a balloon environment.  

 A single switch was chosen for every line for simplicity.  The switch chosen was a MOSFET 

transistor that met the design-to specifications found in Table 12. The chosen MOSFET transistor 

specifications can be seen in Table 18. 

Table 18: IRF140 Specifications [28] 

Item Value 

Maximum Gate Voltage (at 25C) ±20V 

Continuous Current Drain (at 25C) 28A 

Maximum Power Dissipation 125W 

Operating Temperature -55C to 150C 

Resistance (at 25C) 0.077Ω 

 

Although a less robust MOSFET could have been used, it made no sense to take any risks 

when the cost and size difference between MOSFETs was minimal. The IRF140 exceeded all 

requirements at minimal cost, making it applicable to every power line on the EPS board. 

6.2.2.2 Analog to Digital Converters 

 Next analog to digital converters were needed to take in current and voltage measurements 

from each of the lines.  The requirements for the analog to digital converters can be found in Table 

12. In the end, two different analog to digital converters were chosen: one for current measurements 

and one for voltage measurements.  The ADC chosen to multiplex the current measurements was the 

ADC128D818 by National Semiconductor.  The specific parameters for the ADC128D818 are seen in 

Table 19. 
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Table 19: ADC128D818 Specifications [29] 

Item Value 

Resolution 12 bit 

Interface I2C 

Supply Voltage 3V to 5.5V 

Operating Temperature -40C to 125C 

Input Voltage Vref ±300mV 

Number of Inputs 8 

  

 This ADC had a large enough resolution to make accurate conversions from the current 

sensor chosen.  Also, its smaller input voltage was acceptable because of the output voltage range of 

the current sensors.  Finally, it had a commonly used interface method for interfacing with the 

microcontroller. 

 The ADC chosen for the voltage measurements needed a larger input voltage range, and so 

the TLC3578 by Texas instruments was chosen.  The specifications for this ADC are seen Table 20. 

Table 20: TLC3578 Specifications [30] 

Item Value 

Resolution 14 bit 

Interface SPI 

Supply Voltage 3V to 6.5V 

Operating Temperature -40C to 85C 

Input Voltage -10V to 10V 

Number of Inputs 8 

  

 The TLC3578 was ideal for measuring all the voltages because of its high resolution, 

operating temperature, and commonly used interface. The only real drawback of this ADC was that 

the input analog voltage range didn’t cover the 12V lines to the motherboard and solid state drive.  

This was fixed by adding voltage dividers on the inputs of the 12V lines, so that the ADC would read 

them as 6V lines instead. 
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6.2.2.3 Microcontroller 

 A microcontroller was needed to process all of the health and status data as well as to control 

start up and shut down operations. The design-to specifications for the microcontroller are found in 

Table 12. An overview of the specifications for the Atmega128 can be seen in Table 21. 

Table 21: Atmel Atmega128L Specifications [31] 

Item Value 

Flash Program Memory 128Kbytes 

Programmable Input/Output Lines 53 

Master/Slave SPI Serial Interface 1 

Timers 2x8bit, 2x16bit 

Clock Speed 8MHz 

Supply Voltage 2.7V to 5.5V 

Instruction Set 133 instructions 

 

This Atmega128L was chosen mostly because of group experience with this particular 

microcontroller.  Many other microcontrollers met the requirements for number of input/output pins, 

clock speed, and other operational parameters. However, as this particular microcontroller has been 

tested before on a balloon platform, it made sense to use it again. 

6.2.2.4 Power Conversion 

Six of the seven lines to the CMOS board had a typical usage of LDO’s, making the part selection for 

them relatively simple.  The lines that needed more ripple control needed 2 LDO’s whereas the lines 

that needed less ripple control needed only 1 LDO.  The exception to this was the -0.4V line, which 

needed 3 LDO’s to work. The detailed specifications for the CMOS power lines can be found in 

Table 12.. 

 To keep the EPS board as simple as possible and to keep the work load a minimum, LDO 

families were selected so that they could be used on more than one line. The first of these families 

was the LP8340.  The specifications for this LDO are seen in Table 22. 
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Table 22: LP8340 Specifications [31] 

Item Value 

Max Current  1A 

Input Voltage Range 2.7V to 10V 

Output Voltage Range 1.231V to 5.150V depending on version 

Power Supply Rejection Ratio  48dB 

Operating Temperature -40C to 125C 

  

This particular LDO needed to have a high current rating because it was used as the first LDO 

in multiple CMOS lines.  The LP8340 completed an initial drop from the 5V of the computer power 

supply to 4V, which could be used by other LDO’s to get to desired voltages. As the LP8340 is an 

adjustable LDO, it could also be used as the second LDO in one of the lines to reach non-standard 

voltages.  Specifically, it was used to reach the 2.739V AVDD_RST line. The only drawback of this 

LDO was that it required precision resistors, which are expensive.  Fortunately, these resistors are still 

feasible given DayStar’s project budget.  

 The most common LDO used was the LP2981, which was to supply all of the 3.3V and 3.0V 

lines with lower power usage to the CMOS sensor. Two different versions of the LP2981 were used, 

the LP2981IM5X-3.3 and the LP2981IM5X-3.0. The specifications of the LP2981 family can be seen 

in Table 23. 

Table 23: LP2981 Specifications [32] 

Item Value 

Max Current  300mA 

Input Voltage Range 2.1V to 16V 

Output Voltages Used 3.0V and 3.3V 

Power Supply Rejection Ratio  63dB 

Operating Temperature -40C to 125C 

 

The LP2981 is an LDO that was designed specifically to reduce noise in a system. The 

tradeoff is that it can handle a lower continuous current than other LDO’s.  This was not an issue as 

the lines it supplied power to had maximum current draws of 100mA. 

 The final line was the -0.4V line, which was much more challenging to supply.  Given the 

standard computer inputs, no single converter or linear series of LDO’s could supply this voltage.  

Furthermore, it had a maximum ripple requirement of 100μV, meaning it needed on the order of 
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50dB of PSRR.  Finally, it also was a negative voltage, which limited the amount of parts available 

that could regulate it.  It was at this time that a specific negative LDO was found that could create this 

voltage drop using inputs of ±10V.  From here two other LDO’s were chosen that could set up this 

voltage differential.  A block diagram for this line can be seen in Figure 53. 

 

 

Figure 53: 0.4V CMOS power line diagram 

  

This method was very inefficient because LDO’s change voltages by dissipating power as 

heat.  This line has a continuous current draw of 1mA with a 1 microsecond pulse of 100mA during 

image capture, making the power dissipated 0.001W most of the time. The specifications for the 

LM117 and LM2991 can be seen in Table 24. 

Table 24: Specifications for the LM117 and LM2991 [33] [34] 

 LM117 LM2991 

Item Value Value 

Max Current  1.5A 1A 

Input Voltage Range 3V to 40V -1V to -26V 

Output Voltage Range 2V to 39V -2V to -25V 

Power Supply Rejection Ratio  65dB 50dB 

Operating Temperature -55C to 150C -40C to 125C 

 

 Schematic/Board Design 6.2.3

 With all the parts picked out board design could begin.  The board design was done in Altium 

because the school already had licenses for students and it had all the functionality needed.  The first 

step was to make a schematic for every component individually.  This included labeling all the pins of 

the components and labeling all inputs and outputs.  After this was done, the footprints for each 

component were made according to the datasheets provided.  As most components had a standard 

footprint, very little needed to be changed.  The majority of the work was in the last two steps of the 

board design: creating a full system schematic and routing the PCB. 

 The first step in creating the full system schematic was to place all of the components for the 

board onto the schematic document in Altium.  As the schematic document doesn’t take into account 

sizes of the actual footprint, the parts could be grouped in whatever fashion made the document easier 
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to read.  Thus all of the CMOS lines were grouped into an area, all of the lines to the motherboard 

were grouped into an area, the AVR had its own section, and the ADC’s were all separated.  An 

example schematic for the DVDD 3.3V line is shown in Figure 54. 

 

Figure 54: Schematic for the CMOS DVDD 3.3V Line 

 

 From left to right in Figure 54 are the LP8340 LDO, the LP2981 LDO, the ACS712 current 

sensor, and the IRF140 MOSFET transistor.  Each component is connected together using net 

handles, which signify a connection without having to draw a line in between the components.  This 

makes the schematics easier to debug.  Another item of note is that many of the components required 

peripheral capacitors or resistors in order to function properly, making the schematic and PCB more 

complicated.  Eventually, all the components were connected together in the full system schematic, 

which can be found in external documentation. 

 The final step was to put all of the components onto the PCB and connect them with actual 

traces instead of net handles.  Altium was able to automatically load all of the components from the 

schematic to a PCB, along with straight lines connecting each piece together.  The board size of 7in 

by 8in was chosen because a larger board makes the routing process easier.  Before routing all of 

these lines, the components were placed on the PCB in a logical manner to keep the board easy to 

debug.  The input connector was placed on the right-hand side of the board.  All of the current sensors 

and MOSFETs for the motherboard and solid state drive were placed on the top of the board, with 

outputs on the top left of the board.  The CMOS lines, which included LDO’s, current sensors, and 

MOSFETs were placed along the bottom of the board, with outputs for these lines on the bottom left 

of the board.  The ADC’s and the microcontroller were placed in the middle of the board because they 

had connections to components on the top and bottom of the board.  The AVR also had inputs and 

outputs on the left hand side of the board.   

 The PCB ended up having 3 signal layers, a power plane, an analog plane, and a digital plane.  

Having three signal layers made the routing much easier.  The power plane made it so most of the 

components on the board just needed a small trace and a via to the power plane to be powered.  The 

separate analog and digital ground planes were needed to avoid transferring noise between the two 

planes.  However, they were still connected by a small via in one corner so they could be considered 

one ground.  Finally, the routing was done by connecting all the components with traces using various 

PCB rules.  The full EPS PCB can be found in the supporting documentation.  
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6.3 Imaging 

The imaging system is built around the sCMOS sensor. Discussed in this section are the 

design-to specifications, the imaging architecture and design process, explanations of critical design 

selections like the frame grabber and Camera Link protocol, the final architecture, and the layout of 

the imaging PCB.   

 

 Design-to specifications 6.3.1

The imaging subsystem is, to some degree, the heart of the DayStar system. The imaging 

system must take the light collected by the optics and convert it to useful digital output for the CDH 

Computer to analyze in the form of images. The high level basics of that the imaging subsystem has 

to do are shown below in Figure 55. 

 

Figure 55 : High Level Imaging Subsystem Design 

 

The imaging subsystem must be able to convert light to analog voltage and then to digital 

information compatible with the CDH Computer. The imaging subsystem also has to be able to detect 

stars with a signal to noise ratio greater than or equal to 6.0 and do so without saturating. The imaging 

subsystem also had to capture and produce the digital data, and transfer it to the CDH Computer at a 

rate of 10Hz. To do this, the sensor had to be sensitive enough and high resolution enough to detect 

the stars and for those stars to be centroided accurately enough to meet the attitude information 

accuracy requirements. The high resolution and defocusing of point-source stars over a large spread 

of pixels vastly improves star-centroiding accuracy, yielding sub-pixel star centroid locations. The 

rest of the imaging subsystem electronics were designed to support the sensor and transfer the data to 

the CDH Computer.  

 

 Imaging Architecture  6.3.2

The imaging subsystem was built around the selection of the sCMOS. The sCMOS has 168 

total pins: 54 pins of 7 different supplies at 5 different levels, 28 pins of ground (analog and digital), 

22 pins of input, and 64 pins of output. The supplies, grounds, and inputs were drivers in the power 

design detailed in Section 6.1.1. The output of the sCMOS and the problem of transferring the pixel 

data to the CDH Computer in a timely manner was the most pressing issue in the design of the 

imaging subsystem.      

 The sCMOS is really two sensors on the same chip. Two identical 2560x1080 pixel halves, 

referred to as “top” and “bottom”, are pressed together to give the operational illusion of one 

2560x2160 pixel sensor. This characteristic of the sCMOS was both advantageous at times and a 
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hindrance at others. The sCMOS outputs 11 bits of pixel data in low and variable gain for each half of 

the sensor, totaling in 44 bits of pixel data available for transfer per clock cycle. The modeling was 

done with no gain assumed so to simplify the data transfer, only the low gain bits were used, meaning 

22 bits of data (11 per pixel) needed to be transferred between the sCMOS and CDH Computer. 

These 22 bits come out in parallel so either they needed to all be transferred in parallel or they have to 

be packaged linearly for transfer and then unpackaged on the CDH Computer end. The 10Hz 

requirement also meant that the 5.53Mpix at 11bits each had to be transferred in under 100ms, 

meaning a data rate of at least 608.3 Mbits/sec. To do this, many design options were considered. The 

use of FPGA’s or microcontrollers and a combination of the two were design options considered. 

However, the use of FPGA’s and microcontrollers to package and transfer the data quickly became a 

daunting task and logistic nightmare with concerningly high clock speeds, synchronicity issues, and 

massive amounts of programming work. Consulting with industry leaders and producers of scientific 

cameras using the sCMOS reinforced doubts with conversations about the use of FPGA’s and 

microcontrollers often include words like “headache” and “burden.” In a conversation with the head 

of sales at Andor the woes of using FPGA’s and the need to hire some 30 FPGA specific engineers 

was discussed. While Andor was attempting to do much more complicated things than the DayStar 

team, this left an impression. With the use of FPGA’s and microcontrollers looking daunting, other 

design solutions were searched for.  

 Research soon led to the consideration of devices called frame grabbers. Frame grabbers are, 

as the name suggests, hardware specifically designed to grab data off of imaging sensors. Further 

research showed that most frame grabbers use a specific protocol called Camera Link. This was 

familiar to the DayStar team because in the search for CMOS’s and CCD’s it was noticed that 

cameras using the sCMOS used a data transfer protocol called Camera Link. More research into 

frame grabbers and Camera Link proved promising and an answer to many of the design problems 

involved in the high data transfer needed for the imaging subsystem. 

 Another important design problem concerning the sCMOS was controlling it. To control the 

capture mode, exposure time, readout pattern, and other things, dedicated lines have to be held and 

pulsed accordingly. This control of the sCMOS was a major reason for the use of microcontrollers in 

preliminary designs. The use of a frame grabber and Camera Link also simplified this design 

problem. 

6.3.2.1 Camera Link 

Camera Link is a communication interface developed for use in vision applications and its 

specification was defined by industrial camera and frame grabber manufactures to create a standard 

method of communication between cameras and frame grabbers. The Camera Link standard is based 

on the Channel Link technology developed by National Semiconductor. 
[35]

     

Camera Link is able to transfer pixel data at a high rate using a parallel-to-serial transmitter 

and serial-to-parallel receiver, between which the serial data is transferred at 7x speeds on LVDS 

lines. LVDS (Low Voltage Differential Signaling) is a high-speed, low-power general purpose 

interface standard that uses differential signaling with a nominal signal swing of 350mV. This allows 

for smaller rise and fall times, and this increases transmission rates compared to typical logic lines. 

Each LVDS line consists of a positive and negative pair.
 [36] 
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Camera Link allows for the transmission of 28 bits over four LVDS lines to achieve data 

rates of up to 2.38 Gbps.[CL Tech Brief] A fifth LVDS line transmits a phase locked clock. This five 

LVDS line transmitter/ receiver configuration can be seen below in Figure 56.  

 

Figure 56: Base Camera Link Configuration [36] 

 

In Figure 56, the flow is from left to right. The 28 bits of TTL/CMOS 3.3V level logic and a 

clock are converted into four LVDS data lines and one LVDS clock line. Between transmitter and 

receiver, the data and clock are sent over at a rate of 7x the clock frequency. In the receiver, the data 

line and clock are then converted back to TTL/CMOS 3.3V level logic.  

 The setup shown in Figure 56 is one of three possible Camera Link configurations: Base, 

Medium, and Full. Figure 56 is a simplified representation of the Base configuration. Each 

configuration allows for different amounts of video data to be transferred. The Base configuration 

allows for 28 bits of video data, the Medium configuration allows 56 bits of video data, and the Full 

configuration allows 84 bits of video data to be transferred simultaneously. Because the imaging 

subsystem needs to transfer 22 bits of pixel data, the Base configuration was all that was needed. It 

should be noted that of the 28 bits of video data only 24 bits are actually available for pixel data. The 

other 4 bits are reserved for status bits; a Line Valid (LVAL) bit, a Frame Valid (FVAL) bit, a Data 

Valid (DVAL) bit, and a spare bit. While a single Base configuration could have been used, a dual 

Base configuration was chosen. This means that the 11 bits of pixel data, 4 status bits, and clock from 

each half of the sCMOS are transferred over separate Base configuration Camera Link transmitters 

and cables. This was done because, even though the sCMOS sides are identical, a slight difference in 

timing between the halves could cause the pixel data from one of the halves to be lost or for the data 

transfer to fail completely. While this requires double the hardware and a more expensive frame 

grabber (see below), it mitigates a large and uncertain risk.   

 Camera Link is not only capable of transferring data from the camera, it also allows for 

camera control data to be sent back simultaneously. The camera control is necessary because sensors 
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like the sCMOS need be commanded. This commanding includes things like setting the exposure 

time, selecting a capture mode, resets, etc. These Camera Control lines and more detailed hardware 

for the Base configuration are shown below in Figure 57.  

 

Figure 57: Detailed Base Configuration [35] 

   

In Figure 57 there are six separate pieces of hardware. From left to right, the pixel data, status 

bits, and clock enter the transmitter and are converted to LVDS lines that then connect to a Camera 

Link connector. Via this connector, the LVDS lines are carried over the MDR26 Camera Link cable 

to the receiver where they are decoded. These five LVDS pairs take up ten of the 26 connector and 

cable pins. The four Camera Control lines take up eight of the connector and cable pins. The four 

LVDS Camera Control lines do not have a built in receiver on the camera side. There are also two 

serial LVDS lines, one going from the camera to the frame grabber (SerTFG), and the other going 

from the frame grabber to the camera (SerTC). These two LVDS lines take up another four of the 

connector and cable pins and also do not have a receiver on the camera side. The four Camera Control 

lines and the to-camera serial line will be used by the frame grabber to control the camera. 
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6.3.2.2  Frame Grabber 

A frame grabber is a board designed for the rapid collection and processing of digital camera 

data that serves as the waypoint between camera and computer. Many frame grabbers use the Camera 

Link standard and interface directly to the Camera Link cable. This means that the frame grabber has 

hardware like the Camera Link receiver onboard. In Figure 57, on the right side of the image, the 

receiver for the camera data, clock, serial, and Camera Control lines, are all part of or connected to 

the frame grabber. Frame grabbers typically have a dedicated processor and memory for the frame 

grabber software to run on, allowing for real time, constant camera control. The frame grabber 

software takes care of things like image processing, storage, communication with the computer, 

controlling the camera, etc.   

 A frame grabber for the DayStar system was chosen based on many needs, some of which 

came from the sCMOS and necessary transfer rates, and others that came from the CDH interface. 

The frame grabber had to interface with the CDH Computer via PCIe (Peripheral Component 

Interconnect Express), a common and widely used interface for modern computers. Also, the frame 

grabber development software had to support the CDH chosen operating system (64 bit Linux Ubuntu 

10.04). On the imaging side, the frame grabber had to support the dual Base configuration, would 

have to operate at more than 55MHz to be able to transfer 5.53Mpix in 50 milliseconds, and had to be 

within budget constraints. With those needs (of which the Linux compatibility was the most decisive) 

the number of candidates was narrowed down to a mere three. Of those three, the Matrox Solios eV-

CLBL frame grabber was chosen based on its software support, lower cost, and more available 

information than the other candidates.  

 The Matrox frame grabber accepts two MDR26 (classic Camera Link) connectors making up 

the dual Base configuration, interfaces with the CDH Computer via PCIe x4, and the software 

supports Linux Ubuntu 10.04. The Matrox development software, Matrox Imaging Library or MIL, is 

a large toolkit featuring user interfaces and programming functions for image capture, processing, 

analysis, displaying, and archiving. The MIL library is extensive and highly optimized. Because the 

CDH Computer will be doing custom image processing, a less extensive and much cheaper version of 

the MIL software, MIL-Lite, was chosen for the DayStar system. This software interacts with the 

CDH Computer via C commands, functions, and libraries. [37] 

The architecture for the Matrox Solios eV-CLBL is shown below in Figure 58.   
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Figure 58: Matrox Solios eV-CLBL Architecture [38] 

 

In Figure 58, the dual Base configuration (left) from the Imaging Board will connect to the 

frame grabber via two MDR26 cables. The data and clock bits from the Imaging Board are decoded 

by a receiver on the frame grabber before being sent to parts of the frame grabber hardware. A UART 

(universal asynchronous receiver/transmitter) serializes parallel control lines to be sent from the 

frame grabber to the Imaging Board via the MDR26 cable. The frame grabber communicates with the 

CDH Computer via the PCIe x4 interface represented at the bottom of Figure 58. 

 

6.3.2.3 Camera Link Supporting Hardware   

With the frame grabber, Camera Link architecture chosen, the design of the imaging 

subsystem shifted to piping the data and signals from the sCMOS to the Camera Link hardware. To 

transmit the data across the Camera Link hardware, a Camera Link transmitter was needed. This 

transmitter, the DS90CR287 made by National Semiconductor, converts 28 bits of 3.3V CMOS/TTL 

logic into 4 LVDS (Low Voltage Differential Signal) data stream pairs for transfer across the camera 

link connector and cable to the frame grabber. However, the sCMOS logic levels are 1.8V LVCMOS 

logic so they must be level shifted before being transmitted across camera link. To do this, level 
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shifters that converts 1.8V logic to 3.3V logic were needed. The design solution for this was the 24 

bit, 1.8V to 3.3V Bi-directional level shifting transmitter, the PERICOM  PI74HSTL1212. The bi-

directionality allows each half of the level shifter’s direction (12 of the 24 bits) to be set individually, 

going either up 1.8 to 3.3V or down 3.3V to 1.8V. This bi-directionality came in handy. Two more 

issues remained in the sCMOS to Frame Grabber link solution. The first issue was converting the 

camera control LVDS pairs from LVDS pairs to 3.3V logic and level shifting that to the 1.8V logic 

required by the sCMOS. This LVDS to non-LVDS logic was done using another National 

Semiconductor chip, the DS90LV049A 3V Quad CMOS Differential Line Receiver. This converts 

four LVDS pair into eight 3.3V logic bits. Using this LVDS to HSTL converter and the same level 

shifter, the control lines from the frame grabber to the sCMOS were adjust to the required 1.8V 

sCMOS logic levels. 

 With the data piping back and forth between the sCMOS and frame grabber handled, a clock 

for the Imaging Board was needed. The clock speed for the Imaging Board was limited by the 

Camera Link transmitter and frame grabber which each had ranges of 20MHz-85MHz. Because time 

is a critical issue, the fastest clock speed of 85MHz was chosen to operate at. This 85MHz clock 

allows for 5.53 megapixels to be transferred in 32.5ms. To achieve this clock speed, a 17MHz crystal 

oscillator, the CTS CB3LV-6C-17M00000, and variable clock multiplier (5x used for 85MHZ), the 

IDT ICS501, were used. The clock signal, 3.3V signal, also had to be passed through a level shifter 

before connecting to the sCMOS.   

 

 Final Architecture 6.3.3

With the major components decided on, the full architecture and layout of the Imaging Board 

were contemplated. Again taking advantage of the fact that the sCMOS is two identical and 

individual haves, the architecture of each half was designed. Figure 59 below shows the architecture 

for the top half.  
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Figure 59: Imaging Board Architecture for Top Half of sCMOS. 

 

Figure 59 is best explained as a flow of operations. First, the sCMOS and the rest of the board 

are powered up according to the sCMOS and other hardware specifications. This power comes from 

the Power Board, connected to the Imaging Board via a DSUB DB50, 50 pin connector. It should also 

be noted that the DB50 also carries camera control signals from the Power Board microcontroller to 

the sCMOS. This auxiliary control option was added because some information about the sCMOS’s 

operation was unavailable due to delays in the legal nondisclosure process. This auxiliary control 

allows flexibility for when those details become available.  The DB50 also carries the on chip 

temperature diagnostic data from both halves of the board to the Power Board where it is monitored 

by the microcontroller. After power up, the 85MHz system clock is activated. This clock is 

symmetrically distributed between the two halves to ensure that that halves are in synch. Because the 

clock generates a 3.3V signal, the clock must be passed through a level shifter, shifting the logic level 

down from 3.3V to 1.8V, then it goes to both halves. 

 The rest of Figure 59 depicts the data piping and control signals to and from the sCMOS and 

frame grabber. The 11 bits of 1.8V LVCMOS pixel data are generated on each half. This pixel data is 

then shifted to the 3.3V HSTL level for transmission across the camera link transmitter. The 

transmitter converts the 3.3V HSTL logic to 3.3V LVDS pairs for the high speed transmission though 

the Camera Link connector and cable to the frame grabber.  

From the frame grabber, the camera control and clock LVDS pairs travel to the Imaging 

Board on the same Camera Link cable and connector. These LVDS lines then have to be decoded to 

3.3V HSTL logic and then shifted down to 1.8V LVCMOS for the sCMOS to accept. The camera 
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control lines shown for the top half of the sensor in Figure 59 are used to control both halves. The 

bottom half does not have its own camera control lines. This is to keep the two halves synchronized.  

 The overall architecture above was discussed with the people at Fairchild/ BAE Imaging 

Systems, who make the sCMOS, and the people at Andor Technology, who make cameras based 

around the sCMOS. Their general consensus was that this architecture was correct for the relatively 

simple data piping being done. This gives the DayStar team confidence that this architecture will be 

successful. 

 sCMOS PCB Design 6.3.4

Each electrical component was input into Altium as a schematic piece and footprint based on 

the data specifications of each component. With the imaging schematic completed, the next step was 

designing a Printed Circuit Board, or PCB. The purpose of this section is to explain the methodology 

used when designing the PCB. Though connections and parts have been previously defined, careful 

placement thereof in the design of the PCB is crucial.  PCB design has a set of principles to follow 

meant to ensure signal integrity and efficient design. However, specific functionality for a board often 

requires extra consideration be taken in design. This is especially true in this instance, where the 

Imaging Board must contain six power supplies, two grounds, and three levels of digital logic, spread 

out among over 500 connections. The connections themselves often had to be designed so as to 

ensure proper synchronization of data signals. The design of each of these elements will be discussed 

here. Figure 60 below shows the first revision of the imaging PCB. 

  

 

Figure 60: Imaging PCB  Board 
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6.3.4.1 Power and Ground  

 When designing power and ground supplies for a PCB, the choice was made to use solid 

planes for the most used supplies. A single board plane was allocated for power supplies, and one for 

grounds, leaving the other two layers of our 4-layer PCB available for signals. Figure 61 below shows 

the board configuration featuring the previously mentioned signal allocation.  

 

 

Figure 61: Layer Allocation 

 

 The sCMOS sensor’s most required supply level was a 1.8V digital, with an accompanying 

digital ground. Most of the other peripheral electronics needed for the board, however, required 

mainly a 3.3 V digital supply, paired with a digital ground. Keeping this in mind, the ground and 

power planes were designed to provide the shortest path to required chip connections. Figure 62 

shows the power planes designed for the PCB in orange. 

 

 

 

 

 

 

 

Figure 62: Power Planes 

 

3.3 V 

1.8 V 
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 The shape of both power planes allow for the planes to connect to their destinations though 

vias, without the need for extra lines. In addition, by surrounding the sCMOS supply by the 3.3V 

plane, a Faraday cage of sorts is formed, further reducing risk of unwanted interference in the sCMOS 

supply.  

 Figure 63 below features the ground planes in blue, as designed for the imaging PCB. 

  

 

 

 

 

 

Figure 63: Ground Planes 

 

 In the same fashion as for power planes, the ground planes were designed such that 

connections to them required only vias, and no need of extra traces. Again, by surrounding the 

sCMOS analog ground plane with the digital ground plane, extra electromagnetic shielding is created. 

A final note on the ground plane design is that the connection thereof is not a requirement of this 

board. The Power Board will be responsible for tying the analog and digital planes together 

externally.  

 The rest of the power supplies are meant for the sCMOS sensor. Since no more planes were 

available, these connections had to be made with standard traces. The thickness of these supply traces 

were made to be double that of standard signal traces. Any branches in these traces were ensured to 

attach to a roughly equal number of pads, so as to ensure even current draw from line branches. 

 

 

Digital 

Ground 

 Analog 

Ground 
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6.3.4.2 Digital Data Lines 

 Due to the high speed nature of LVDS lines, special care had to be taken to ensure proper 

electromagnetic separation of these lines from the other two. When possible, these traces were placed 

on the bottom side of the board. This put a full ground and power plane between the LVDS signals 

and the standard logic traces. When this was not feasible the LVDS pairs were distanced as much as 

possible from the standard logic traces.  

 Besides design considerations between LVDS lines and standard logic lines, the placement of 

LVDS traces themselves need to be considered. The main benefit of using LVDS logic lines is the 

pair’s ability to electromagnetically cancel out external electrical interference. By placing the ± pairs 

in close proximity with each other, the net effect of an electrical interference is picked up 

approximately equally by both traces. Since the traces are interpreted differentially, this results in no 

net interference picked up by the pair. This phenomenon, however, implies a design constraint in that 

the ± traces in an LVDS pair need to be roughly the same length.  

 Another design constraint is imposed by the use of LVDS lines. On the Imaging Board, a 

Camera Link transmitter chip encodes 22 pixel data bits simultaneously across four different LVDS 

pairs. These LVDS pairs are clocked at 7x the operating speed of the rest of the logic on the Imaging 

Board. In order to synchronously read all four LVDS pairs, the lengths of each pair must also be 

approximately equal so that the signal on one pair does not arrive before the other three. 

  Figure 64 below shows one instance of LVDS connections included in the imaging PCB.  

The LVDS lines are highlighted. Note the separation of these traces from the rest of the board. Most 

of the LVDS traces are kept to the bottom (blue) layer, and when they must be routed through the top 

(red) layer, a physical distance between these and standard logic lines was imposed. In addition, every 

pair of lines has roughly the same length. The maximum deviation between pairs is just over 1mm. 

Finally, the +- trace pairs were placed so that the maximum deviation within the pair is under 0.5mm. 

 

 

 

 

Figure 64: LVDS Signal Lines 

  

Trace 

Length 
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Further design constraints were imposed by the method of sensor operation specified. Recall 

that the sCMOS has the unique property of being divided into two separate halves, with independent 

output and control input. Though the data from each half is read independently, the decision was 

made to control both sensor halves synchronously, in hopes that this design would aid the overall 

synchronization of the data output. As such, the control signals intended for one sensor half are sent 

to both halves. Further ensuring synchronization in operation, these control signals were designed to 

be carried by traces of approximately equal length to each sensor half.   

 One of the most crucial control lines for the sCMOS sensor is its input clock source. Figure 

65 below shows the highlighted clock line. The signal input comes from the left side of the image, 

and is split across two traces of equal length. Each of which connects to the designated input pin on 

the top and bottom sensor halves. The other 4 control signals were designed in similar fashion, but not 

shown for purposes of clarity.  

 

Figure 65: sCMOS Clock Input 

 

 In addition to control signal considerations, attention had to be paid to the design of output 

data lines. The pixel output from each sensor half is read as a parallel bit stream. Again, to ensure 

synchronization of sensor’s output data, the trace lengths carrying these data signals were designed to 

be approximately equal in length. The clock frequency driving these data lines is 1/7
th
 the speed of 

that driving the LVDS lines, so though equal trace length is a design consideration, it is not as crucial 



DayStar Aerospace Senior Projects 2011 

Fall Final Report                                                                                                                                                                  96 

a factor as for the LVDS signals. In addition, these traces were placed so that they were isolated from 

other logic lines on the chip. This was done to ensure signal integrity.  

 Figure 66 below depicts the data lines coming from the top half of the sCMOS sensor. The 

data bits propagate from the bottom of the image upwards, into the level shifter. Each red trace 

following this data path represents one bit of pixel data. The lengths of each were designed to be 

roughly equal, with a maximum deviation of less than 1cm.   

 

Figure 66: Pixel Data Lines 

  

 The final aspect of PCB design considered specifically for this board revision was the 

utilization and placement of decoupling capacitors. The power supplies to each of the board’s 

peripheral circuits was essentially filtered through the use of two or more decoupling capacitors 

placed in parallel between power and ground, forming a basic low-pass filter. Each capacitor 

connected to ground with its own via, while the power supply shared a trace with the power terminal 

on each capacitor. In addition, all capacitor networks were placed as close to the chip as possible, so 

as to reduce the chances of picking up further electromagnetic interference after being filtered.  

 Figure 67 shows the placement of decoupling capacitors for one level shifter. The capacitors 

are marked in yellow with a C## designator. The capacitor networks were designed to adhere to the 

constraints previously mentioned. 
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Figure 67: Decoupling Capacitor Design 

 

6.4 Computer 

The CDH Computer is responsible for a wide array of tasks. It is responsible collecting the 

image data, the calculation of attitude information from the image data, and the creation and output of 

data products. It also monitors the health of the electronics and controls the sCMOS. It is the brain of 

the DayStar system. 

 

 Design-to Specifications 6.4.1

The CDH hardware design for the DayStar system was designed to accommodate the project 

and system requirements. This was done by organizing the CDH high-level requirements into a set of 

design-to specifications. Shown in the figure below, the design-to specifications are summarized, with 

their corresponding solutions outlined. These solutions are integrated into physical hardware, shown 

on the right in the schematic below.  
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Figure 68: CDH Hardware Selection and Implementation 

 

 Hardware Selection 6.4.2

To ensure meeting the 10 Hz requirement, a floating point operations (FLOPS) analysis was 

conducted on the most demanding process, the Star Tracker Processor. This process captures an 

image and centroids stars found in it. The algorithms used in this process are discussed in Section 7.2. 

The basic FLOPS calculation is below. 

 

Figure 69: Stpro FLOPS Analysis 
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Using the assumptions shown and the floating point calculation count found in the chosen 

algorithms, the total number of FLOPS was found on a per image basis. Combining this result with 

the 10 Hz (50 ms for processing) requirement produced a minimum FLOPS requirement of ~1.83 

GHz with a safety factor of 1.5. This requirement, combined with the need for multi-tasking 

capabilities and Linux/C++ support, led to the decision of a low power high speed desktop processor. 

The Intel Core i3-2120T was chosen for its extremely low max power of 35W and operating 

frequency of 2.6 GHz. This unit also offers a physical dual core and capabilities to hyper-thread to 4 

“soft-cores.” The multi-threaded, multi-processed software architecture will perform well in this 

environment. The decision to hyper-thread will be made after extensive testing subsequent to 

receiving the unit. 

 The transfer speed of the image also must be completed in 50 ms to meet the 10 Hz 

requirement. To ensure that the hardware design could meet this transfer speed a data transfer 

analysis was conducted, shown as below. 

 

Figure 70: Data Transfer Rate Analysis 

 

Using the number of pixels and bit resolution of the image the total size of the image was 

calculated. Dividing this by the 50 ms requirement, the minimum transfer speed to meet the 10 Hz 

requirement is obtained. In addition to the speed requirement, the sCMOS sensor must be 

commanded and read from in real-time. Because the Linux OS in a pseudo real-time operating 

system, a separate real-time interface was required to meet this need. Chosen for this task was the a 

Matrox Camera Link Frame Grabber. This device reads from the sCMOS using the standard Camera 

Link protocol in the required time. For more details on this device see Section 6.3.2.2. 

 In order to meet the CDH interface requirements, a minimum of two communication ports 

must be implemented into the system. These ports will communicate with the balloon system bus and 

the Power Board. One important requirement for this port is that it must be fast enough to transfer 

centroid data across the port at 10 Hz. A data transfer analysis was conducted, shown below.  
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Figure 71: Data Output Rate Analysis 

  

Using the maximum amount of stars per image, adding a timestamp, and applying the time 

requirement, a minimum data rate of ~40 kbps found. This speed can be achieved by standard USB 

2.0 and 3.0 ports. A motherboard with USB 3.0 was chosen for this purpose, allowing for faster data 

transfer rates if needed in the future. 

 The DayStar system is required to be adaptable to its stretch goals, which include the 

demanding Lost-in-space (LIS) software suite. LIS is especially demanding on the system memory. 

For LIS speed, it is optimal to have the entire star catalogue database stored on the system RAM. To 

ensure the system was designed with enough RAM, a database size calculation was conducted, shown 

below.  

 

Figure 72: Memory Usage Analysis 
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Using the Pyramid Angle Method, a catalogue size was estimated for all 4-8
th
 magnitude stars 

found within the expected FOV. After adding margin for the OS and other DayStar software, a 

minimum RAM requirement was found of 5.4184 GB. To meet this need, 8 GB of low power, low 

voltage G. Skill Sniper DDR3 SDRAM was selected.  

 DayStar is also required to store all centroid data to nonvolatile memory for post-flight or 

post-test analysis. Using the data output rate of 40 kbps calculated previously, a storage requirement 

was formulated as shown below. 

 

Figure 73: Storage Budget Analysis 

 

Adding storage for the OS, health and status data, and a 30% margin, a minimum storage size 

of ~7 GB was found. More importantly, to help DayStar meet its balloon adaptability requirement, 

the data storage unit must be able to function at 120,000 ft. altitude. This requires either a pressure 

vessel with a standard spin disk or a solid-state disk. A 64 GB Crucial RealSSD C300 was chosen for 

its reliability and simplicity.  

 To meet adaptability requirements, a modular hardware solution was chosen that meets the 

low power requirement of < 100 W. To ensure this, a small form factor Mini-ITX motherboard was 

chosen that supports the low-power processor and memory selected. Using a central motherboard 

such as the ASRock Z68M-ITX/HT Mini ITX Intel Motherboard provides a simple and reliable 

COTS solution. This requires the DayStar CDH team to assemble and test the performance of the unit 

without having to worry about designing a processing unit from the ground up. 

 

6.5 Peripheral Sensors 

DayStar has two stretch goals governing sensors that are not included in the Imaging or 

Power designs. These goals are to measure diagnostic data at various points in the system, and to 

implement a coarse attitude sensor capable of determining DayStar’s attitude to within a degree. 

Since these are stretch goals, specific sensors have not been selected, though temperature sensors and 

a magnetometer have been suggested as candidates. The important thing is to design a capable 

interface such that, if there is time to add extra sensors after the main design is concluded, the 

hardware is already in place. This is achieved using the Power PCB’s Atmega128 AVR. 

The Atmega128 is equipped with a Serial Peripheral Interface (SPI) bus and an Inter-

Integrated Circuit (I
2
C) bus. These are both standard interfaces for embedded components, and 

together allow the AVR to communicate with nearly any standard IC. Thus, if/when DayStar selects a 
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magnetometer or a set of temperature sensors, they need only be connected to the appropriate bus, 

and data may be collected. This assumes digital components; if any extra sensors are analog, an SPI 

or I
2
C compatible analog-to-digital converter (ADC) may be implemented with the same effect. 

Both buses will be broken out to standard headers, allowing external components to be 

interfaced to the board. The I
2
C bus uses slave addresses to talk with individual components, and so 

does not require any additional input/output (I/O) pins from the AVR. The SPI bus uses a slave select 

line for each IC on the bus, so any sensor would need to levy one of the AVR’s extra I/O pins. Since 

there are 36 pins, only 14 of which are utilized by the CMOS or power PCB, a reasonable number of 

extra sensors can be implemented on the bus.  

 

6.6 Balloon Adaptability 

In order to satisfy the balloon adaptability requirement (0.PRJ.4), two environmental 

concerns were considered for the electrical design. The first environmental concern was the removal 

of the power dissipated as heat within the EPS and CDH subsystems. Thermal considerations were 

one driving factor in deciding to separate the sensor enclosure and optics system from the CDH and 

EPS hardware. This is because the vast majority of the system power is dissipated from the CDH and 

EPS components, while the sensor board only dissipates approximately 2W at peak operation.  

In a high altitude balloon environment, there is no convective heat transfer that computer 

processors or other electronics usually rely on to remove waste heat. In addition, there is assumed to 

be minimal conduction between the power dissipating components and any large thermal mass to act 

as a heat sink. However, there is conductive heat transfer between components in the payload, which 

is the primary method of transferring heat energy from one component to another. The predominant 

mode of dissipating waste heat must therefore be radiative heat transfer from the exterior of the 

payload. Therefore, it was required to implement a BOTE thermal analysis to ensure that the DayStar 

system would be able to dissipate the heat produced by the electronics (approximately 87.3 W during 

maximum instantaneous power draw) in a high altitude balloon environment and remain within the 

strictest operating limits prescribed by component data sheets. While the analysis performed focused 

on dissipating energy to prevent components from overheating, it is also necessary to protect 

components from becoming too cold. Due to the large power budget available to DayStar, it is 

deemed feasible that simple electrical heaters could be added in strategic locations and turned on by 

the CDH subsystem when a temperature sensor reads temperatures below the accepted range. It is 

important to note that DayStar is not required to implement any thermal control measures required for 

high altitude balloon flight; it is simply required to demonstrate the feasibility of doing so. 

The thermal analysis was set up to model two identical radiators facing 180° apart. This 

scenario ensures that even if one radiating panel is facing directly towards the sun, the other will be 

facing towards empty sky. This arrangement provides a more area and mass efficient radiator design 

than a single radiating panel. Since the thermal model is only intended to demonstrate future 

adaptability to the future DayStar design, the geometry of any components was not considered. It was 

found that a maximum total radiator area between the two individual radiators required is 

approximately 0.5 m
2
 (775 in

2
) or less, depending on the properties of the thermal paint selected and 

the effectiveness of the thermal contact between the electronics boards and the radiators. Assuming 

two square radiators, this equates to a maximum dimension of 0.5m (20 in). This dimension fits 
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within a standard large-payload slot on the HASP 
[8]

 platform. Therefore it was determined that given 

the power dissipated on the DayStar system, it was feasible to adapt the system in the future to fly in a 

high altitude balloon environment. The full thermal analysis model, assumptions, and results are 

provided in Section 14.3 in the Appendix. However, DayStar is not required to install radiators, 

heaters, or heat sinks to the system to operate in the balloon environment.  
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7.0 Software Design Elements 

Lead Author: Kevin Dinkel 

Co-Author: Andrew Zizzi 

 

7.1  CDH Design 

 Design-to Specifications 7.1.1

 The CDH design for the DayStar system was designed to accommodate the project and 

system requirements. This was done by organizing the CDH pertinent high-level requirements into a 

set of design-to specifications. Figure 74, below, discusses the design-to specifications. 

 

Figure 74: CDH Design-to Specifications 

 

 The rate requirement indicates that the image data must be input to the system and centroids 

output from the system at minimum rate of 10 Hz. The requirement also states that the total time from 

end of exposure, through processing of the image, to output of the centroids within the image should 

take no more than 100 ms. This time is divided in half, the first 50 ms dedicated to transferring and 

storing the image from the sCMOS, the second dedicated to centroiding the stars found in that image 

and outputting them over a serial line or to the SSD.  

 The user interface design-to specification ensures that the system is built to be used by a 

platform bus. Specifically, this means that the DayStar device should be configurable and command-

able to a user or a balloon platform bus. The bus or user should be able to easily set the configuration 

of DayStar in order to best suit their needs as well as command DayStar into a proper configuration 

for their usage. This includes control of camera settings, output data formats, information requests, 

and other basic housekeeping functions. 

 The adaptability design-to specification is derived from the balloon environment adaptability 

project requirement. Although DayStar need not be designed directly for a balloon environment, the 

software and hardware must be “readily adaptable” for such uses. This means DayStar must provide 
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the means to readily modify or replace existing hardware or software to adapt to a balloon 

environment. This also includes designing the software and choosing hardware suitable for intensive 

stretch goals such as building a lost in space algorithm.  

 The DayStar CDH system is also required to be reliable. This means it must autonomously 

handle any errors that arise and take proper actions in response to such errors. This also includes 

designing mechanisms that handle real-world anomalies, like a cosmic ray flipping a sensitive bit in 

the system.  

 The final design-to specification is a performance requirement for the centroiding of stars 

found in the DayStar FOV. These daytime and nighttime centroid accuracies must be sufficient 

enough to meet the DayStar project requirements for daytime and nighttime attitude accuracies.  

 

 CDH Software Methodology 7.1.2

 The DayStar software design was constructed to meet the design-to specifications shown in 

the previous section. A chart of chosen solutions to each requirement is shown in below in Figure 75.  

 

Figure 75: Software Design Chart 

 

 In order to ensure that DayStar meets the 10 Hz design-to specification, the software must be 

fast enough to grab and process the image within the required 100 ms time. For fast run times the 

CDH team chose to use a low-level compiled language, namely C++, embedded inside an efficient 

pseudo real-time OS, Debian Linux. Special care was taken in designing algorithms to ensure that 

they were optimized for speed, often at the expense of memory usage. Also, to increase the speed at 

which an image can be collected, processed, and output, a pipelined, multi-tasking design was chosen. 

This means that the software design will be capable of outputting the processed image, processing a 
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prior image, and taking a new image all simultaneously. This pipeline approach will minimize any 

dead time that would be experienced in a non-pipelined approach. This will be accomplished using a 

concurrent programming methodology, implementing the pThread library, and semaphores in C++.  

 To accommodate the user interface design-to specification, the DayStar software will 

incorporate a configuration file system. This will allow a process to be configured to behave in 

different ways on start-up without the need to recompile the binary. This provides a way to change 

the functionality of a process seamlessly and intuitively from a user’s point of view. The DayStar 

system will also implement a command library which will handle DayStar specified commands from 

the command line as well as a serial port. 

 To address the adaptability requirement, DayStar’s software design is debug friendly and 

modular. This is accomplished by using an object oriented software approach, embedded in a logical 

segmented build structure. To accommodate simple debugging, the code is imbedded with debug 

statements that will write to logs. 

 The reliability design-to specification is addressed by implementing robust software design. 

First, a process watchdog program ensures that all processes configured to be running in a certain 

mode are indeed running. If they are not, the process watchdog starts them. Secondly, a house 

keeping program was designed to look that the health & status data produced by DayStar (ie. 

temperature, voltage), and ensure that they are within their specified healthy ranges. If the sensor 

readings are found out-of-bounds, the house keeping program will take an action to protect DayStar, 

or mitigate the issue. The DayStar software is constructed with basic error handling in mind, and 

implements the capability to log errors for later debugging.  

 The centroid accuracy requirement was satisfied by careful selection of algorithms that 

provide both speed and the required accuracy.  
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 CDH Software Design 7.1.3

7.1.3.1 Software Architecture 

 The CDH architecture is organized in levels of abstraction, shown in Figure 76, below. The 

lowest levels represent the DayStar interfaces and CDH hardware. The higher levels represent the 

processes and error handling software designed to  communicate with DayStar’s interfaces and CDH 

hardware. 

 

 

Figure 76: CDH Software Architecture 

 

 The bottom layer of abstraction is the hardware interfaces the DayStar CDH is designed to 

communicate with. This includes the power microcontroller, the balloon platform bus, and the 

sCMOS sensor. These are comminicated with using the CDH harware, which is the next layer of 

abstraction. This includes the processor, memory, USB ports, and the PCIe frame grabber. This 

hardware is hidden to the DayStar software by the hardware abstraction layer included in the Linux 

operating system (Ubuntu 10.04). This OS includes a basic kernel to handle process tasks, a 

filesystem in which data can be organized, a Bash shell to interface with the user, and various drivers 

to interface with the peripherals. 

 Everything above the harware abstraction layer was designed and written by DayStar. The 

boxes highlighted in pink are software modules that have their first revision completed. First, DayStar 

designed a set of C++ libraries that are used by multiple processes to accomplish simple tasks such as 

communicating with serial ports, the filesystem, and logger files. DayStar has also designed a set of 

basic utilities to aid in the development and upkeep of the star tracker. This includes a Star Tracker 

Commandline program that can be used to issue commands and request data from DayStar. Other 
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utilities include scripts to start-up and shut-down DayStar safely, scripts to clean data off of the 

system, and configuration and log files for each process. 

 The next level of abstraction includes four mutlithreaded programs that perform the highlevel  

DayStar tasks. From left-to-right: The Data Collector collects health and status data from the power 

AVR. The Health and Status program collects health and status data and stores it to files for later 

usage. The Star Tracker Command Handler gathers user commands from the port and executes them 

appropriately. Finally, the Star Tracker Processor grabs data from the sCMOS, processes it, and then 

outputs the centroids to a file or over a serial port. 

 The final layer of abstraction is the recovery processes designed by DayStar. The first of 

these is the process watchdog which ensures any programs that should be running in a certain 

configuration are indeed running. The second is the house keeping program which checks health and 

status data on DayStar and performs actions when a value is found out of the expected healthy range. 

 

7.1.3.2 Shared Libraries 

 The software system is designed to be modular such that additional functionality can be 

easily integrated into the base system. One way this is done is through abstraction of common cross-

process tasks into C++ shared libraries. This ensures uniformity in the way processes perform library 

tasks (ie. writing to a port). This makes problems easier to debug and makes the compiled binaries 

smaller in size. A diagram of the DayStar libraries is shown below in Figure 77. 

 

Figure 77: CDH Shared Libraries 
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 The Configuration Library that allows a process to read in and parse DayStar configuration 

files. These configuration files will be in XML format, providing a simple, intuitive format for both 

configuring the process by the user as well as implementing the parsing portion of the Configuration 

Library. 

 The Semaphore Wrapper Library is an easy to use wrapper around basic Linux semaphore 

functions. This makes implementing semaphore actions easy from the worker processes. Linux 

semaphores act as variables that are global to the entire system. DayStar will use them to store global 

data, communicate between processes, send commands, and receive commands. This semaphore 

wrapper library offers easy methods for creating, deleting, getting, and setting these global 

semaphores.  

 The Data Writer Library is a wrapper around basic C++/Linux file input/output functions. It 

provides DayStar specific methods for writing binary data to files, as well as, opening, moving, 

naming, and closing these files. 

 The Logger Library is a tool for logging debug and error statements for any process. This 

library is designed to be thread-safe, such that only one thread can append to a log file at any given 

time. Each process will create a logger object that utilizes this library. Each logger will have a set log 

level (1-5), which can be configured on startup using the configuration files. During runtime, all log 

statements called with a log level greater than or equal to the configured log level will be printed to 

the process log. This allows for log statement filtering. For instance, during flight it might be 

advantageous to only fill the log with errors, ignoring any debug or spam type log statements. This is 

possible by simply setting the log level of the process to the desired level. The Logger Library has the 

capability to write to multiple log files of a specified size, or simply overwrite a log file of constant 

size. This ensures that the log files never fill up the hard drive, leaving no room for flight data. 

 The Port Interface Library consists of a set of thread-safe functions that allow a process to 

write, read, open, and close serial ports. It ensures that two threads cannot read from or write to a 

serial port concurrently.  

 Figure 78 shows a graphic outlining the functionality of the Command Library. This library 

will be used to transfer commands from the user to shared semaphores for execution. It will be 

specifically used with the Star Tracker Command Line utility (stcl) and the Star Tracker Command 

Handler (stch). 
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Figure 78: Star Tracker Command Library 

 

 Once the user issues a command to the system via stcl or stch, the command library will parse 

the command into one of three categories: data request, executable, or action request. 

  Data request refers to a request to grab data from a shared global semaphore (ie. the current 

temperature of the sCMOS box) and return that data to the user. These global data semaphores are 

updated periodically by their parent process (ie. the current temperature of the sCMOS box would be 

updated by the Data Collector process which grabs data from temperature sensors off of the Power 

Board microcontroller).  

 The second command category is an executable command. This is a command that executes 

directly on the command line (ie. deleting data from the system, or shutting down DayStar). In this 

case, the user does not have to direct access the Linux Bash shell; instead they can issue this 

command through a common user interface such as stcl or stch. Following the execution of the 

executable command, a success or failure will be sent to the user. 

 The third command type is an action request. This type of request involves the user changing 

a configuration value inside a currently running process (ie. changing the exposure time of the 

camera). After this command is issued, the Command Library will update the proper command 

semaphores. These command semaphores are checked regularly by command-able processes such as 

the Star Tracker Processor (stpro) or the Data Collector (dcol). An example of the flow follows: 
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Action Command Flow: 

1. The user issues a command to change the exposure time for the camera through stch. 

2. stch sends the command bits to the Command Library. 

3. The Command Library parses the bits and sets the stpro command semaphores 

4. The stpro command thread looks at its command semaphores and sees that it has a 

command to execute. 

5. stpro signifies to its worker threads that it has received a command and indicates the 

type of command to issue. 

6. The stpro worker threads recognize the command type and use the Matrox PCIe 

Frame Grabber drivers to change the exposure time on the sCMOS. 

7. The worker threads confirm if the command was executed successfully or not and set 

the response bits in global memory.  

8. The stpro command thread reads the response bits and sets the global response 

semaphore. 

9. stch reads the response semaphore and sends the response to the user through the 

serial port. 

 

This library provides a very powerful tool not only for the eventual user of DayStar but also 

for the entire DayStar team. It will be the primary tool for running tests on the system prior to 

delivery of the final system. 
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7.1.3.3 Worker Processes 

 This section details the four DayStar worker processes: Data Collector (dcol), Health and 

Status (h&s), Star Tracker Command Handler (stch), and Star Tracker Processor (stpro). Each of 

these processes uses the shared libraries in a specified way to execute the primary tasks of the 

DayStar system. 

 Figure 79, below, shows the inner workings of the dcol process. 

 

Figure 79: Data Collector 

 

 The data collector begins by running by using the configuration library to open the specified 

configuration file in the block labeled “Run.” It configures data such as thread sleep times, data file 

prefixes, the port that the power microcontroller is currently attached to etc. After storing these 

variables into global memory, the “Run” function spawns three worker threads: monitor, collect, and 

command.  

 The monitor thread simply makes sure that the command and collect thread are constantly 

running. If they are running the monitor thread “kicks” the Process Watchdog semaphore by setting it 

from 0 to 1. If either of the threads are not running, the monitor does not kick the watchdog. The 

watchdog will eventually notice that it has not received a kick from dcol in a while, causing it to kill 

dcol and restart it. This will be outlined in the following section. 

 The collect thread will use the Port Interface Library as well as the Data Writer library to grab 

data off the serial port from the Power Board and then store it to a file. It will also update the current 

health and status variables in shared memory. 
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 The command thread will grab these health and status variables and store them periodically to 

global semaphores. The command thread will also have the responsibility of checking the dcol 

command semaphores for an incoming command. The command thread may also forward commands 

through the serial port to the power microcontroller.  

 Unlike the other programs which are written in C++ the H&S program is written in Bash to 

preserve its simplicity. The sole job of H&S is to grab health and status data from various places in 

the system and store the data to a file periodically, shown below in Figure 80. 

 

Figure 80: Health and Status 

 

 H&S begins operation by running basic Linux H&S commands to find data such as processor 

load, memory usage, storage remaining, the number of data files collected etc. and outputs these to a 

file. Next, it runs a series of specified stcl commands to gather inter-process information such as 

temperature, voltage, number of processes running, current exposure time, etc. and appends these to a 

file. It does this on a regular interval configurable by the user. 

 Commands can be issues through the Command Library by one of two processes. The first is 

the Star Tracker Command Line (stcl) which acts as a command line interface to access the 

Command Library. This will be useful for debugging and testing of the DayStar system. During a 

flight where DayStar is connected to a main platform bus, the second method of commanding 

DayStar will be done through the Star Tracker Command Handler (stch), shown in Figure 81.  
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Figure 81: Star Tracker Command Handler 

 

 This run process configures stch and spawns the worker threads similar to dcol. The monitor 

thread acts identically to the monitor thread in dcol. The listen thread listens for commands on the 

configured serial port. If a command arrives the thread verifies the command is valid and then 

forwards it to be executed by the Command Library. The command thread’s sole responsibility is to 

send health & status data at a periodic interval to the platform bus.  

 The most processor and memory intensive process on DayStar is the Star Tracker Processor 

(stpro). Stpro’s primary task is to request an image from the frame grabber, store the image in local 

memory, locate stars in the image, centroid stars in the image, and then output those centroids over a 

port or to a file. This program is also required to allow simple implementation of a lost in space 

algorithm and attitude transformations. A flow diagram of stpro can be seen in Figure 82. 
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Figure 82: Star Tracker Processor 

 

 Stpro opens similar to dcol; it configures global variables from a configuration file and then 

spawns its worker threads. Its threads include a monitor and command thread similar to those 

implemented in dcol, a lost in space thread and a thread queue of grab and process image threads. The 

command thread is responsible for receiving commands from the Command Library and forwarding 

them to the PCIe frame grabber to change the configuration of the sCMOS. 

 The thread queue design is a result of a redesign from the results of the Fall 2011 prototype, 

seen in Section 8.2. Each thread in the configurable size queue has the task of requesting images from 

the frame grabber, processing the image, and outputting the data gathered from processing. After 

completing its task, the thread is sent into the back of the queue line. The thread at the front of the 

queue is then popped off and sent to capture, process, and output the next image. The only constraint 

on this design is that two threads cannot be taking images at the same time. Adding C++ Mutex 

locking to this critical section of code will ensure that no race conditions occur. As soon as the current 

thread is done capturing an image, the thread at the top of the queue can be popped off and begin 

requesting another image. This design eliminates any latency between the thread tasks, while still 

providing a multi-tasking solution (ie. stpro will be requesting and image, processing and image, and 

outputting data simultaneously without conflict). 

 The lost in space thread will wait for a lost in space request, which will be invoked only if the 

star Tracker has lost its previous tracking solution. It will take the most recent centroid data, stored in 

global variables, and run the lost in space algorithm on it until it finds a solution. When a solution is 

found it will update the current LIS solution in the shared global variables. From that moment 
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onwards, the process image threads in the queue will use the new LIS solution as an initial condition 

for tracking. 

 

7.1.3.4 Recovery Processes 

 In order to ensure the robustness of DayStar’s software design, all process that are supposed 

to be running in a configuration must remain running for as long as DayStar is in that configuration. 

A number of things can cause a process to terminate: a lack of memory, a segmentation fault, a race 

condition, or an unexpected electronic event from the environment such as a cosmic ray. To protect 

against unexpected termination of a program a Process Watchdog (pdog) was constructed, seen below 

in Figure 83. 

 

Figure 83: Process Watchdog 

 

 Pdog can be configured to watch three types of processes. The configuration names are as 

follows: process, semaphore timeout, and semaphore. Process configuration is the simplest 

implementation of pdog. When a process is configured with process configuration pdog will 

periodically check the Linux process list to see if the process is listed as running. If the process is not 

running, pdog will start it up again. This configuration is meant for continuously running programs.  

 The semaphore timeout configuration is implemented for utility scripts run by DayStar which 

are only expected to run for a short duration of time before gracefully terminating on their own. When 

the one-time script begins it will “kick” its pdog semaphore. This means that it sets a global variable 

within the Linux OS to 1. Pdog will become alerted once it is kicked and immediately set the 

semaphore back to 0. After a specified configurable time (ie. ~10 s) pdog will check the process list 
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to see if the one-time process is still running. If so, pdog will kill it. This presents a one-time process 

from freezing in the system, causing unnecessary usage of the memory and processor. This 

configuration also helps prevent the creation of zombie processes. 

 The semaphore configuration is the most commonly used configuration in DayStar 

continuous processes (stpro, dcol, stch). In this configuration a process will continuously “kick” the 

watchdog, setting its global semaphore from 0 to 1. When pdog sees that this process semaphore has 

been set to 1, it reports that the process is running well (ie. not frozen), and sets the semaphore back 

to 0. If the process is running properly this setting back and forth of the semaphore will continue 

indefinitely. If a worker process freezes in a loop for some reason, it will cease kicking the watchdog. 

Pdog will soon realize this and after some configurable time it will kill the process and restart it. This 

configuration has the added ability of also checking the process list periodically for the configured 

process. If the process is not found in the process list, it is started. 

 The process watchdog ensures that the DayStar software is always running, but has no way of 

monitoring if it is running properly. To mitigate this issue a house keeping program was designed 

called House Keeper (hskpr), shown in Figure 84, below.  

 

Figure 84: House Keeper 

 

 Upon initiation, the run thread will spawn a monitor thread similar to those in stpro and dcol 

and also spawn multiple housekeeping worker threads. Each of these threads has a single task: 1) 

Check the configured semaphore value. 2) If the value has been out of configurable range for a long 

enough time (configurable) submit an action to the Linux Bash shell. An example of a sample 

configuration would be as follows: 
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House Keeper Flow: 

1) A single hskpr thread is configured to check a global semaphore that corresponds to a 

temperature sensor on the SSD. 

2) This temperature data is collected by the power avr and sent through a serial port to dcol, 

which updates the global semaphores with the current temperature of the SSD. 

3) The hskpr thread looks at this global temperature semaphore every second. 

4) The hskpr thread realizes that the temperature has been too cold now consistently for 30 

seconds and triggers an action on the Bash shell. 

5) As configured, the hskpr thread runs a utility script on the bash shell which sends a 

command to the power avr to turn on a heater next to the SSD. 

 

 This is a very powerful tool to ensure that the entire system is within safe operational ranges. 

Hskpr has ultimate flexibility due to the fact that it can call any script that can be run on a Bash shell. 

This means the actions it takes can be as complicated or simple as necessary to mitigate / report the 

current issue. Hskpr will be able to use this same system to check CDH-internal issues so long as their 

status’ are held in global semaphores. 

 

7.2 Algorithms 

 The algorithms employed by DayStar were chosen after much research and analysis (Section 

4.1.5). They were selected on the basis of running time over memory usage due to the 10 Hz 

operational requirement. To run as fast as possible, the algorithms were coded in C++, minimize the 

amount of memory that is dynamically allocated, and use relatively large data structures to facilitate 

easy look-ups. 

 The implementation presented here describes the current software architecture. Particular 

interest is paid to the Star Tracker Processor (stpro) process, which is responsible for processing each 

image from the sCMOS. This particular process uses most of the processing time allocated to CDH 

by the timing budget, and has been built to minimize run time using fast algorithms and sleek data 

structures. 

 There are two primary data 

classes used by stpro, the image class 

and the centroidList class. The image 

class has a two-dimensional array of 

imgPixel pointers, as well as image 

dimensions. The image class is used 

for storing the data captured by the 

sCMOS in memory. Each imgPixel 

struct holds the value of the pixel, a boolean flag used for the graph exploration algorithms, and x and 

y values for the pixel that correct for gnomonic projection (Section 14.4.1). 

 The centroidList class holds an array of starCenter pointers, and keeps track of the total 

number of centroids. Each starCenter struct corresponds to a single star’s centroid and tracks the x 

and y location of the centroid, and the intensity (total signal), width and height of the star (in pixels). 

 

Figure 85: The starCenter and imgPixel data structures 
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 These data structures were designed to facilitate speed over memory usage because memory 

is a cheap resource in a balloon environment where mass is less of an issue. The stpro process does 

error checking and command handling, but its primary responsibility is to read in an image, process it, 

and output the resulting star centroids. These three tasks are handled by a single thread to eliminate 

latency between each event. The design is kept concurrent by implementing a thread queue. This 

ensures that images are read in, and centroid vectors are being output as fast as possible. A high level 

overview of this design can be viewed in Figure 86. 

 

Figure 86: stpro software architecture 

 

 The bulk of the processing done by stpro is contained within the Centroid class. Reading in 

the image to memory cannot be sped up and is limited by the transfer speed of the Camera Link 

interface and the Matrox frame grabber. Similarly, outputting the star centroid vectors is not a task 

that can have its time improved by fast algorithms because it only involves formatting the data and 

returning it over a port. Processing the image, however, could be a very fast or slow process 

depending on the implementation. As a result, a large amount of analysis and planning went into the 

final implementation. An overview of the Centroid class is provided in Figure 87. 
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Figure 87: Centroid class architecture 

 

 The tasks in Figure 87 must be performed for every image. It is important to remember that 

the sCMOS has 5.53 million pixels, which will be represented as   thus forth and is a driving factor 

in the asymptotic analysis. The first task is to perform a robust median absolute deviation calculation 

on the image using the method roboMAD(). This serves as an initial estimate for the mean and 

standard deviation of background pixel intensities by removing outliers (like stars). 

 Calculating the median is an operation that, in 

our case, scales linearly with the number of unsorted 

objects due to a priori knowledge about the pixel values. 

We know that the analog to digital conversion process 

constrains the pixel values between   and     , where 

  is the bit resolution of the ADC. The sCMOS has 

    , which yields a range of       . Since the 

range of values is known, the fastest way to find the 

median is to create a histogram and find the bin that 

splits the area of the histogram in two (Figure 88). The 

asymptotic running time of this algorithm is  ( )  

 ( ), which is dominated by  ;   is three orders of 

magnitude larger than   for the Fairchild sCMOS. 

 The remaining computations by roboMAD() involve calculating the mean and standard 

deviation of the image, which are all  ( ). The only way to decrease the running time of 

roboMAD() is to decrease  , which we do by sampling a subset of the image. Let the size of the 

subsample be defined as  ̃. Through analysis (Section 4.1.5.1), it was determined that  ̃       is 

sufficient to achieve the same accuracy in calculating the median for typical images. This decreases 

the running time of roboMAD() considerably because  ̃ and   are the same order of magnitude. 

 

Figure 88: Calculating the median using a 

histogram 
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 With the background limit defined 

from the results of roboMAD(), identifyStars() 

is invoked to search the image and determine 

whether any pixels that are over the limit are 

part of a star. This is done using a graph 

exploration algorithm called Depth-First 

Search (DFS). Each pixel of the image is 

considered a node in the graph with four 

neighbors (up, down, left and right). Whenever 

a pixel is found to be above the background 

limit, it is pushed onto a stack for processing 

and flagged as visited. Each of its four 

neighbors is also investigated to see if they are 

above the limit, and labeled/saved accordingly. 

The exploration process continues until the 

stack of nodes to be processed is empty. At 

this point, the exploration is guaranteed to have identified every node in the group. The size of the 

potential star is checked to make sure it falls within the 16-36 pixel blur requirement, and does not 

contain any saturated pixels that represent false data. If all is found to be satisfactory, the star’s 

intensity (signal) is saved and its centroid is calculated using a computationally inexpensive method 

referred to as center of gravity (CoG). CoG is only an initial guess at the location of the centroid. For 

a more refined result, roboIWC() is invoked on a small region surrounding our initial guess. Through 

analysis, the final centroid is known to be within 1 arcsecond of the true location, which is an 

acceptable amount of error for the required attitude accuracy. At this point the centroid is returned to 

the centroidList data structure in identifyStars() for storing. 

 While identifyStars() resumes searching the image where it left off before the dfsCoG() 

function call, any explored nodes have already been marked, so we are guaranteed not to visit them 

twice. As a result, the searching process runs in barely more than  ( ) time. 

 Once the search is complete, all identified star centroids are stored in 

the centroidList data structure. These centroids are ordered in the way they 

were found. However, the ST5000 interface requirement states that the 32 

brightest stars of 4
th
 magnitude and higher must be returned in descending 

order. The imaging system is designed to saturate stars brighter than 4
th
 

magnitude, which we discard. As a result, the star centroids need only be sorted 

by intensity to be in a format compatible with the ST5000. To do this, a simple 

bubbleSort() algorithm is employed on the centroidList data structure. The final 

product is a sorted list that contains up to 32 stars in descending order 

according to magnitude. 

 This concludes the tasks that the Centroid class is responsible for. The stpro process 

terminates after receiving the list of centroid vectors and outputting them via serial port. The Star 

Tracker Processor is designed to be robust and fast. It’s algorithms are stripped down and optimized 

specifically for this application, and the C++ coding environment. 

 

 

Figure 89: Identifying stars using background limit 

 

Figure 90: Sorting the 

star centroids 
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7.3  Balloon Adaptability 

 In order to satisfy the balloon adaptability requirement (0.PRJ.4), a few environmental 

concerns were considered for the electrical design. The first was to select low power memory, 

processor, and motherboard elements to minimize the power draw from the overall power budget as 

well as to minimize the power dissipated by the CDH hardware. This, in turn, limits the size and 

amount of thermal control required for DayStar. A solid state drive was selected for data storage as 

opposed to a hard disk drive due to the lack of air in the near-vacuum environment on a high altitude 

balloon.  

 Another environmental concern addressed is the effect of platform motion on the images 

captured and processed by the CDH subsystem. The CDH subsystem has a requirement for blur – 

defined as a known and desired defocusing of a star’s signal over multiple pixels by the optics. This 

can be changed by smear – defined as a defocusing of the star’s signal due to angular rotation during 

the exposure of the image. The maximum smear can be defined from the maximum blur requirement. 

This smear can then be used to derive the maximum amount of acceptable angular motion that can be 

experienced during the exposure. For the desired exposure time of 67 ms, the maximum balloon spin 

rate is 0.949 degrees per second. In comparison, known spin rates from previous balloon missions 

average only 0.17 degrees per second, giving DayStar a resulting safety factor of 5.6 (Section 14.4.2). 

 Another concern at altitude is the lack of control over software and hardware. If electronics 

fail, there is no way to toggle the power switch. Cosmic ray strikes are just as much a concern on 

balloons as they are on satellites, so the software also needs to be robust against unforeseeable errors. 

To mitigate these risks, DayStar will be implementing a watchdog for EPS and CDH. The EPS 

watchdog will be controlled by the AVR microcontroller; it will be responsible for power cycling any 

component that does not respond within a certain time window. The CDH watchdog behaves 

similarly by restarting any process that does not respond within a certain time window. The program 

in charge of the time keeping is the CDH housekeeper. For more information on how the CDH 

watchdog or housekeeper is implemented, please refer to Section 7.1. 
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Assembly, Integration, and Testing Plans 

8.0 Project Feasibility, Prototyping and Risk Assessment 

Lead Author: Andrew Zizzi 

Co-Authors: Kevin Dinkel 

 

8.1 Prototype Motivation 

 The electronics subsystem was identified as DayStar’s highest risk at PDR. The electronics 

team members had limited experience with high data transfer electronics design, and the Fairchild 

sCMOS sensor had very stringent voltage ripple requirements and 168 pins to interface with. Table 

25, below, identifies the material handling of the sCMOS and electronic hardware integration as two 

of the highest project risks. To mitigate these, the team would be trained in ESD protection and 

engineering grade sCMOS sensors would be used for practice. Since the electronics components also 

had a very long lead time, it was decided that prototyping the Imaging Board and sCMOS interface 

would give DayStar its greatest chance of project success. 

Table 25: PDR Electronics Risks 

Risk Severity Mitigation Off Ramp 

Material 

Handling 
High 

ESD Training, confirm access to 

appropriate workspaces/environments, 

use engineering grade sensors for 

prototyping 

Outside source assembles 

board components, use of less 

valuable components when 

possible 

Peripheral 

Hardware 

Integration 

High 

Obtain instruction/assistance from 

professionals versed in imaging 

electronics, investigate existing 

hardware solutions 

Purchase COTS digital camera 

to capture images 

Hardware 

Procurement 

Lead Time 

Medium 

Order large lead-time components 

early (e.g. sCMOS), plan margin into 

schedule 

Continue development (and 

test, if possible) with 

engineering grade components 
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 At that time, the system architecture 

involved using an FPGA to get the CMOS image 

transferred into flash memory (Figure 91). At 

PDR, the exact workings of this system were not 

understood because the design was still in its 

preliminary stages. The electronics team had 

almost no experience with FPGAs, and the team 

was still open to alternative design solutions. 

After speaking with Brian Roth, a team member 

from the 2010-2011 senior project team THEIA, 

about their FPGA, as well as Michael Vincent, 

an expert from Southwest Research Institute, the 

imaging team was persuaded to pursue an 

alternative that used a COTS frame grabber for image data transfer and an Atmega AVR 

microcontroller to control the CMOS. 

 The block diagram in Figure 92 illustrates the 

change to the imaging subsystem by CDR. The 

COTS frame grabber replaced the need for the FPGA, 

which was determined to be out of the scope of this 

project for professional electronics engineers, let 

along our level of team expertise. The Fairchild 

sCMOS will transfer data to the frame grabber via 

Cameral Link, which is a standard protocol available 

for interfacing with imaging sensors. The Matrox 

Solios frame grabber was selected because it met the 

transfer rate requirement and because it was 

compatible with the selected Linux kernel. The AVR 

is responsible for commanding the sCMOS and 

configuring its exposure time. The sCMOS had tight 

voltage ripple requirements, and an electronics 

solution needed to be designed to satisfy them. The 

Imaging Board needed to be part of the prototype because the complexity of the design would take a 

large amount of time for our inexperienced electronics team. It was decided that all board designs 

should be done in Altium due to the size of the boards and the number of signals layers they required. 

This decision added another level of complexity to the design because no team members had 

experience using Altium before. 

 Despite the challenge of never working with Altium before and not having much experience 

with electronics, the imaging and power teams learned the material necessary to design a first revision 

of the power and imaging PCBs for CDR (sub-images of which are displayed in Figure 93 and Figure 

94). These boards were critical design elements for the sCMOS interface. 

 

Figure 91: PDR block diagram of imaging subsystem 

 

Figure 92: CDR block diagram of imaging system 
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Figure 93: Power PCB Figure 94: Imaging PCB 

 

 Ironically, the extra effort by the imaging and power teams to finish the PCBs was a moot 

point because the lead times on the sCMOS (4 to 6 weeks) eliminated the possibility of completing 

the prototype by CDR, which was a class requirement. Completing the Imaging Board would still 

have been difficult because information was being withheld for legal issues until a Nondisclosure 

Agreement was signed by CU. That being said, the boards are currently ready to be ordered, 

assembled and tested as a first revision over winter break. While the designs are complex and will 

most likely have issues in the first revision, time has been scheduled for up to three revisions of these 

PCBs. For more information on our schedule, please refer to Section 11.5. 

 With the imaging prototype no longer a possibility, the second most critical timing element 

was the computational processing on the image to produce the star centroids. The DayStar system 

must meet two timing requirements: a minimum of 10 Hz output rate and less than 100 ms processing 

time from the end of an exposure until the data is output from the processing unit. The total timing 

breakdown of these 100 ms is shown in Figure 95 below.  
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Figure 95: Timing diagram 

 

 The timing can be divided into two main sections. The first is determined by the frame 

grabbing hardware and includes the 32.5 ms frame transfer, the 6.4 ms image assembly, and the 11.1 

ms image transfer to the CDH system memory. This entire process takes half of the 100 ms 

requirement, equaling 50 ms. This leaves 50 ms for the CDH software to process the image (find star 

centroids), and output the data through a serial port or save it to the SSD.  

 Because of the inherent risk with meeting such a strict 50 ms timing requirement within 

software, the DayStar team decided to implement a prototype software unit as mitigation. The desired 

performance specification to test was the average processing time for centroiding stars in an image. 

The only way to get an accurate measure of run time is to emulate the hardware performance of the 

DayStar system. To do this without procuring hardware, a virtual machine (VM) running Ubuntu 

10.04 OS was constructed using VirtualBox VM software. The resources allocated to this virtual 

machine matched that chosen for the DayStar CDH hardware.  

The specifications are listed as follows: 

1) 2-cores (4 hyper-threaded) @ 2.6 GHz 

2) 8 GB of RAM 

3) Virtual USB 2.0 serial port for data output 

 

 There were two assumptions made for this test; the total image input time takes exactly 50 

ms, and the virtual machine will not run faster than the actual CDH hardware because it is not a 

dedicated system. 

 Again, the goal of this test was to confirm that the processing time of the image is less than 

the required 50 ms. To do this accurately, a first revision of most processes were designed. Included 

in the prototype are the DayStar VM, and all processes except the house keeper, data collector, and 

command handler (for a visual of what has been completed, please refer to Figure 76). As discussed 

in Section 7.1, the image processing is performed by the Star Tracker Processor (stpro) process. This 

process is responsible for all of the processing time spent on the image, and was the primary focus of 

the prototype. 
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8.2 Feasibility Analysis 

Stpro’s prototype design is shown below. 

 

Figure 96: Prototype Design 

 The process begins, is configured, and spawns the monitor, command, input, process, LIS, 

and output threads. The critical timing path is as follows: 

1) Image input through PCIe Camera Link into the Input Image Thread, which stores this image into 

a shared memory buffer (assumed to take 50 ms) 

2) Image waits in shared image buffer until picked up by Process Image Thread 

3) Process Image Thread sees that a new image is ready for processing, grabs the image, identifies 

and centroids stars, and stores the resulting data into a shared data buffer 

4) Data waits in shared data buffer until picked up by Output Data Thread 

5) Output Data Thread recognizes there is new data and outputs it at its specified rate 

 

This design was chosen for a few specific reasons: 

1) The approach is pipelined and concurrent, meaning data can be output, an image can be 

processed, and a new image can be input into the system at the same time 

2) The output data thread could be configured to output at any rate ≥ 10 Hz as the user desired 

 

 The obvious con to this design is the time that the data spends in a latent, unused state. These 

states occur at both the shared image buffer and the shared data buffer. When setting the requirement 

for the clock speed on the processor, the CDH team analyzed the number of floating point operations 

(FLOPS) performed by Stpro. More specifically, the Centroid class contained inside Stpro is the work 

horse which runs the algorithms on the image. The result of this analysis determined that the Intel 

Core i3 would be able to perform more than the number of FLOPS required by Stpro’s Centroid class 

to process each image in 100 ms. In fact, Given that the Intel i3 operates at 2.6 GHz, all 61 million 
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FLOPS performed by Stpro’s Centroid class should take no longer than 24 ms. This calculation 

indicated that images could spend up to 26 ms waiting in the shared buffers and the total requirement 

of 100 ms processing time would be met. 

 

8.3 Prototype 

 As mentioned previously, the DayStar VM was constructed using VirtualBox VM software. 

The resources allocated to this VM matched that chosen for the DayStar CDH hardware: 2 cores (4 

hyper-threaded) operating at 2.6 GHz, 8 GB of RAM, a virtual USB 2.0 serial port for data output, 

and an underlying Ubuntu 10.04 OS. In addition, all prototype code was written in C++ to match the 

operating speed of the final flight software. This flight software was complemented by an image 

generation suite, written in Python. The purpose of this code was to create a powerful testing tool that 

could be used to verify the correctness of some of the algorithms. The images it produces can 

simulate any level of background intensity and any magnitude star for a given blur and exposure time. 

This component was used to test flight software as it was written and is part of the reason why the 

scope of the software was determined to be feasible. 

 A timing suite was implemented on top of the Star Tracker Processor to measure the time 

taken in each thread, as well as the times taken in a latent state. The test was run for a total of 5 

minutes on the DayStar VM to generate approximately 3000 time trials. The times were then 

averaged over the entire period. The results with their respective standard deviations are shown in the 

table below. 

Table 26: CDH Prototype Time Test Results 

 

 As can be seen, the actual time that the image was being processed, including the 50 ms input 

time, was only 57 ms. However, the time that the data spent in a latent state, in the data buffers 

between thread operations, was a whopping 120 ms. The resulting total time of 176 ms is well above 

the 100 ms requirement. 
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8.4 Risk Assessment 

 This timing prototype provided DayStar with valuable information. It identified an area of the 

project with potential risk during the first implementation of the flight software. It was clear that a 

redesign of the software was necessary to meet the CDH requirements of 50 ms processing time. The 

design-to specifications of the redesign are minimal, or nonexistent, latency time and to maintain a 

concurrent, pipelined approach. The new design is shown in Figure 97 below. 

 

 

Figure 97: Redesigned Star Tracker Processor 

 This design offers a different approach to the timing problem. Instead of separate dedicated 

threads for separate tasks, a set of uniform threads implemented in a first-in-last-out queue set-up 

each perform the same task. Each thread will function as follows after it has been popped off the top 

of the queue: 

1) Receive signal to start running 

2) Request and store and image 

3) Process (identify and centroid) stars in the image 

4) Output the resulting data 

5) Return to the end of the thread queue and wait to be popped again (step 1) 

 

 Since a single thread completes all three phases, there is no latency time experienced. 

Furthermore, because the threads are implemented in a queue format, as soon as one thread has 

grabbed an image and begun processing it, the following thread in line can begin grabbing a new 

image. The concurrent approach is preserved. Images can be captured, processed, and output at the 

same time with zero latency. Using the data from the previous design, the results from the re-design 

can be predicted, as shown in Table 27 below. 
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Table 27: Predicted Redesign Timing Performance 

 

 By eliminating the latency time, we reach a total time of approximately 57 ms which is below 

the 100 ms requirement as specified by the timing budget. This test will be rerun after the new design 

is implemented in order to verify the prediction stated here. 
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9.0 Manufacturing and Integration Plan 

Lead Author: Tyler Murphy 

Co-Authors: Zach Dischner, Michael Skeen 

 

9.1 Manufacturing 

 In-House Machining 9.1.1

The in-house manufacturing for the DayStar project will take place within the Aerospace 

Machine Shop and will utilize many of the shop’s different capabilities. The parts that will be 

manufactured are listed in Table 28 below. All of the components will be machined from aluminum 

6061 to minimize CTE mismatch between the components and the telescope. For each of these 

components, mechanical drawings have been completed and can be found in DayStar_CDR_ 

Mechanical.docx. The team will also be following a strict drawing signoff procedure requiring 

signatures from the Fabrication Lead, the Systems Engineer, the Project Manager, and the Aerospace 

Machine Shop Manager.     

Table 28: In-House Machined Parts 

Part Name 
Part 

Number 
Quantity 

Stock 

Dimensions 
Machine Required 

Number 

of Setups 

Baffle Base Plate STR.201-1 1 9x20x0.75 CNC Mill & Manual Mill  3 

Baffle Side Plate STR.201-2 2 8x20x0.25 CNC Mill & Manual Mill  5 

Baffle Top Plate STR.201-3 1 8x20x0.25 CNC Mill & Manual Mill  4 

Baffle 1 STR.201-4 1 8x8x0.125 CNC Mill 1 

Baffle 2 STR.201-5 1 8x8x0.125 CNC Mill 1 

Baffle 3 STR.201-6 1 8x8x0.125 CNC Mill 1 

Baffle 4 STR.201-7 1 8x8x0.125 CNC Mill 1 

Baffle 5 STR.201-8 1 8x8x0.125 CNC Mill 1 

Baffle 6 STR.201-9 1 8x8x0.125 CNC Mill 1 

Baffle 7 STR.201-10 1 8x8x0.125 CNC Mill 1 

Baffle 8 STR.201-11 1 8x8x0.125 CNC Mill 1 

Baffle 9 STR.201-12 1 8x8x0.125 CNC Mill 1 

Baffle Front Plate STR.201-13 1 8.5x8.5x0.125 CNC Mill 1 

Baffle Interface 

Plate 
STR.201-14 1 8x11.5x1 CNC Mill & Manual Mill  5 

Alignment Bracket STR.202-1 1 2x3.5x0.25 Manual Mill 1 

Alignment Riser STR.202-2 2 0.5x4.75x0.25 Manual Mill 2 

Linear Stage 

Interface Plate 
STR.202-3 1 3.5x4x0.75 CNC Mill 2 

Electronics 

Enclosure 
STR.203-1 1 7x7x4 CNC Mill 3 

Enclosure Lid STR.203-2 1 7x7x0.125 CNC Mill 1 

CMOS Access Door STR.203-3 1 3.5x6x0.125 CNC Mill 1 

 

The number of setups listed in Table 28 are estimates for how each of these components will be 

manufactured on the required machines. It is important to note that the majority of the machining for 
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these components is completed during the first setup and that none of the setups require any 

specialized fixtures. The remaining setups are required mainly for completing bolting locations or 

counterbores for the socket head cap screws that will be used to assemble the components. In order to 

simplify the counterbore process, the free-fit hole will be drilled during the CNC Mill setup. The team 

will then complete the counterbore with a piloted counterbore tool. This will reduce the required 

amount of setup for the subsequent processes. Also, in order to reduce the required manufacturing 

time, the DayStar team will be ordering materials with near-net dimensions to reduce the machining 

time required to prepare the stock materials.  

In order to insure that all of the components required for DayStar can be manufactured during the 

semester a schedule has been developed indicating when each component will be machined. This 

schedule is shown in Figure 98. As can be seen we will begin by machining protective optical covers 

to protect the telescope hardware as well as the light baffle casing. It is important to note that the 

protective covers for the telescope optics have not been fully designed at this point in the project. The 

design for these covers will be completed over the winter break and we expect these covers to be 

manufactured using the ITLL laser cutter to reduce machine shop use. The light baffle casing consists 

of the baffle base, side, top, and interface plates. These components will allow us to move on to the 

manufacturing of the light baffles and the front plate of the baffle during the second week. During the 

third week, we will manufacture all of the components for the CMOS alignment system. The final 

three weeks of our manufacturing schedule will be dedicated to manufacturing the CMOS enclosure 

components. We have scheduled the most time for these components as we expect these parts to take 

the most time to manufacture.  This schedule also allows for up to four weeks of margin on the 

machining of all of the components. 

 

Figure 98: Machining Schedule 

 

In order to properly machine some of the parts for DayStar, a few specialized tools will need to 

be acquired. These include a couple of long reach endmills for the manufacturing of the Electronics 

Enclosure and a chamfered endmill for the manufacturing of the Baffles 1-9. We will also require 

Helicoiling tools for the insertion of 4-40 and 6-32 Helicoils. This will be done manually to both ease 

the use of the machine shop resources as well as insure the reliability of the tapping process. 
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Following the machining of all of the structural components, the parts will be sent out for surface 

coating. The surface coating that has been selected is a hard anodized coating that will give the parts a 

more durable surface finish as well as act as a dark base coat on assembly’s interior components. This 

process will be completed by Finishing Pros. of Denver. We expect this process to take up to two 

weeks. Once the components are coated, they will also be painted using Krylon Ultra Flat Black Paint 

for the interior surface and a white paint for the exterior. This process will be performed by the 

DayStar team and consists of masking off the components and coating the surfaces with their 

respective spray paint colors. 

 Subcontracted Machining 9.1.2

Since the telescope assembly has been outsourced to Equinox Interscience, all of the machining 

pertaining to the telescope assembly has been completed at their facilities. This includes all of the 

mounting hardware for the optical lenses and the housing for the optical components. Due to this 

subcontracted manufacturing, the telescope’s mechanical interfaces to both the baffle assembly and 

the CMOS assembly will be inspected prior to the manufacturing of our in-house components. This 

will be performed to insure that our components will properly interface with the telescope assembly. 

The expected baffle interface and CMOS interface are shown in Figure 99 and Figure 100 

respectively. These documents have also been included in DayStar_CDR_ Mechanical.docx. 

 

Figure 99: Baffle Interface ICD 
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Figure 100: CMOS Interface ICD 

 

Due to the contract between Equinox Interscience and SwRI, the telescope machining has been 

completed at this stage of the project. An image of the completed components is shown in Figure 101. 

These components will be painted with Krylon Ultra Flat Black paint on the interior surfaces to limit 

internal reflections in the optical system. The exterior surfaces will also be painted white to limit the 

heat absorption during daytime observations. 
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Figure 101: DayStar’s Telescope During Manufacturing at Equinox Interscience 

 

 Electronics Manufacturing 9.1.3

The DayStar project has two main electronic design elements-the Electronic and Power Systems 

(EPS) and Imaging (IMG) subsystems. Each consists of a single Printed Circuit Board (PCB) which 

has been independently designed, and can therefore benefit from parallel manufacturing. Each PCB 

design will concurrently be printed through Advanced Circuits.  After printing, however, the two 

boards will diverge in how they will be completed.  

 

9.1.3.1 EPS Board Manufacturing 

Upon receiving the printed EPS board, its components will be manually soldered into place. 

Manual soldering tools are available in the Aerospace Instrument Shop, run by Trudy Schwartz. In 

this shop, the board’s population will be performed. To ensure proper completion of the board, an 

iterative place-then-probe process will be conformed to throughout the build. After each component is 

placed, the continuity function on a digital multimeter will be used to verify the integrity of the solder 

joint. First, we will perform testing across pins to ensure that adjacent connections have not been 

shorted. Next, pin-pad or pin-trace connections will be tested to check for cold-solder joints or other 

faulty solder connections.  

In addition to performing checks on connection integrity, the board will be populated in a 

sequence starting with the most critical components. Critical components are ones that have large pin 

counts and/or small pitch, since these parts will be the most difficult to solder properly. As the board 

becomes more populated, ideal soldering technique becomes less achievable. By placing the most 

critical components first, risk of faulty connections due to improper solder technique will be 

minimized. Population will start with the AVR, followed by ADCs, current sensors, and voltage 
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regulators. The final elements to be placed will be resistors and decoupling capacitors. They have the 

simplest footprints and are indifferent towards electrical orientation when soldered.   

 

9.1.3.2 IMG Board Manufacturing  

In contrast to the EPS board, the IMG board will be fully assembled externally through Advanced 

Assembly. They coordinate with Advanced Circuits for the board printing, and fully assemble the 

printed board using vary precise machine placement whenever possible. Outsourcing board assembly 

was chosen due to the complexity and unnecessary risks that would arise if the board were to be 

assembled in-house. Most parts on this board have high pin counts with small, 0.5mm pitch. 

Members’ experience with hand-soldering such components indicated that in-house population would 

take more time and bring about more risks than was necessary. In addition to time risks, assembling 

the board in house would subject the sensitive and costly Fairchild sCMOS sensor to an increased 

amount of handling, increasing the risk of accidental damage. The potential financial and time risks 

incurred by ordering a replacement sensor far outweighs the cost of ordering a fully populated board.  

After receiving the fully populated IMG PCB, a check-in will ensue. This involves performing 

the same continuity tests as outlined in 9.1.3.1. In addition, checks will still be performed to make 

sure all components have correct orientation and were placed in their intended locations.  

 

9.1.3.3 Wiring Harness Fabrication 

As described in the system architecture, DayStar utilizes a custom wiring harness to connect the 

sensor board to the EPS PCB and the Matrox frame grabber, in addition to two COTS Camera Link 

cables that link the sensor board to the Matrox frame grabber. The sensor board and EPS board both 

utilize DD50 connectors to interface with the wiring harness. The D-subminiature connector model 

was selected due to its ease of fabrication and widespread use. The connectors that supply power are 

selected to be female so that the pins cannot accidentally be shorted when the wiring harness is not 

installed. The connectors that receive power are selected to be male so that there is only one correct 

orientation the wiring harness can be installed in.  

The EPS board sends 6 power supply lines, an analog ground, a digital ground, and 17 data lines 

over the custom wiring harness to the CMOS board PCB. Each of the sensor power lines are twisted 

into pairs with a ground line to provide basic shielding from external EMI. The data lines require 

additional shielding in order to minimize crosstalk with other signal lines and to remove as much 

external EMI interference as possible that would otherwise degrade the signal quality through the 

transmission lines. This is accomplished using shielded twisted pair (STP) cabling that includes 

metallic shielding coaxially surrounding the transmission lines. The shield is connected to the ground 

on the EPS board to drain any charge that builds up. The pinouts for the custom designed EPS and 

CMOS board DD50 connectors are shown in Figure 102 and Figure 103 respectively.  
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The twisted pair lines can be 

manufactured simply using a hand 

drill and a c-clamp to twist two 

lengths of wire together. The wire 

ends are then stripped and male or 

female pins are attached as 

appropriate using a crimping tool. 

The pins are then simply inserted 

into the back of the DD50 

connector to complete the 

fabrication of those lines. To 

fabricate the STP lines, the 

insulation surrounding the shield 

is first cut near the end of the 

cable to expose some of the 

shield. A short length of wire is 

attached to the metallic shield 

using a solder sleeve. This wire 

and the signal wires are stripped 

at the ends and pins are crimped 

on in the same manner as the 

twisted pair lines. The pins are 

then inserted into the DD50 

connector to complete installation.  

 

 

 

9.2 Integration  

The DayStar system has been split up into four main sub-assemblies. These sub-assemblies are 

shown in Figure 104.  For integrations of the complete system, first each sub-assembly will be 

assembled and checked to insure that it can be safely assembled to the other sub-assemblies. A 

complete list of all of the components required can be found in the Master Equipment List.xlsx. 

 

Figure 102: EPS Board DD50 Connector Pinout 

 

Figure 103: Sensor Board DD50 Connector Pinout 
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Figure 104: DayStar Sub-Assembly Architecture 

 

 Sub-Assembly Integration 9.2.1

9.2.1.1 Light Baffle Assembly 

The light baffle assembly consists of the parts listed in Table 29. 

 

Table 29: List of Components for Light Baffle Assembly 

Part Name 
Drawing 

Number 

Quantity 

Baffle Base Plate STR.201-1 1 

Baffle Side Plate STR.201-2 2 

Baffle Top Plate STR.201-3 1 

Baffle 1 STR.201-4 1 

Baffle 2 STR.201-5 1 

Baffle 3 STR.201-6 1 

Baffle 4 STR.201-7 1 

Baffle 5 STR.201-8 1 

Baffle 6 STR.201-9 1 

Baffle 7 STR.201-10 1 

Baffle 8 STR.201-11 1 

Baffle 9 STR.201-12 1 

Baffle Front Plate STR.201-13 1 

Dowel Pin 0.125 x 

0.375 
 

8 

SHCS 4-40 x 0.250  26 

SHCS 4-40 x 0.500  14 

DayStar Star Tracker 

SYS.200 

Light Baffle Assembly 

STR.200 

Manufactured by 
DayStar Team 

Telescope 

OPT.200 

Manufactured by 
Equinox Interscience  

CMOS Assembly 

IMG.200 

Manufactured by 
DayStar Team 

Computer Assembly 

CDH.200 

Assembled by team 
from COTS and 

designed components 
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The assembly of the light baffle assembly will begin with the dowel pins being inserted into the 

base plate and the top plate.  With the dowel pins inserted the side plates will then be integrated to the 

base plate. During this step the alignment of the baffle frame channels must be verified so that the 

panels are not integrated backwards. Following this step, the baffle assembly will look like Figure 

105. Once the baffle frame channel alignment has been verified and the side plates are flush with the 

base plate, the assembly will be turned over and fourteen SHCS 4-40 x 0.500 bolts will be inserted 

into the base plate. This will attach the side plates to the base plate.  

  

Figure 105: Baffle Base Plate and Side Plate Assembly Step Figure 106: Baffle Vane Integration 

 
Once the side panels have been fully attached, the assembly will be uprighted and the baffles will 

be inserted into their proper channels. Care should be taken to ensure that the baffles are in the correct 

order and that the knife edges are all on the inward face of the baffle assembly. This integration can 

be seen in Figure 106. Following the insertion of all of the baffles, the top plate will be aligned with 

the side plate and bolted down using fourteen SHCS 4-40 x 0.250 bolts, shown in Figure 107. The 

last step of the light baffle assembly will be to install the front plate using the remaining twelve SHCS 

4-40 x 0.250 bolts. The completed baffle assembly is shown in Figure 108. 

  
Figure 107: Top Plate Installation Figure 108: Completed Baffle Assembly 
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9.2.1.2 Telescope Assembly 

The telescope will come from Equinox Interscience in two components; the primary lens/optics 

tube and the relay housing. These components can be seen in Figure 109. In order to connect the two 

components, first the top plate must be removed from the relay housing. With the top plate removed, 

the back plate of the optics tube can then be aligned with the relay housing. Once aligned four SHCS 

¼ -20 bolts are inserted from the front of the assembly. Next the assembly is rotated so that an 

additional three SHCS ¼ -20 bolts can be inserted from the underside of the telescope. After all of the 

bolts have been inserted, the top plate can be reintegrated to the relay housing. 

 

Figure 109: Telescope Sub-Assembly 

 

9.2.1.3 CMOS Assembly 

The CMOS assembly contains all of the parts listed in  

Table 30. 

Table 30: List of Components for the CMOS Assembly  

Part Name 
Drawing 

Number 

Quantity 

Alignment Bracket STR.202-1 1 

Alignment Riser STR.202-2 2 

Linear Stage Interface 

Plate 
STR.202-3 1 

Electronics Enclosure STR.203-1 1 

Enclosure Lid STR.203-2 1 

CMOS Access Door STR.203-3 1 

SHCS 1/4-20 x 0.500  10 

SHCS 6-32 x 0.375  6 

SHCS 4-40 x 0.250  4 

SHCS 4-40 x 0.188  18 

SHCS 2-56 x 0.375  10 

5/16 4-40 Standoff  4 

Del-Tron Linear Stage  1 

CMOS Board  1 

DD-50 Wiring  1 
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Harness 

Camera Link Patch 

Cable 
 2 

 

Integration of the CMOS assembly begins by connecting the alignment bracket to the two 

alignment risers using four SHCS 4-40 x 0.250 bolts. This can be seen in Figure 110. Once the 

alignment risers are attached the Del-Tron linear stage will be integrated to the alignment bracket 

using four SHCS 2-56 x 0.375 bolts. In order to access the counterbores for these bolts, the linear 

stage will need to be moved to each extreme to expose the bolting positions. This step is shown in 

Figure 111. 

 

 

Figure 110: Attachment of Risers  Figure 111: Attachment of Linear Stage 

 

Next the linear stage interface plate will be installed to the linear stage using six SHCS 2-56 x 

0.375 bolts. This is shown in Figure 112. The 4-40 standoffs will then be integrated to the CMOS 

board and the attached to the linear stage interface plate. The integrated CMOS board is shown in 

Figure 113. The remaining components of the CMOS assembly will be integrated during the final 

system assembly. 

  

Figure 112: Linear Stage Interface Plate Integration Figure 113: CMOS Board Integration 

 

9.2.1.4 Computer Assembly 
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The computer assembly consists of the motherboard, the PCIe frame grabber card, the Power 

Board, power supply and the solid state disk. All of these components will be mounted in a Mini ITX 

computer case. The details of how the components will be mounted will be designed once the Power 

Board is completed but the other components will utilize the standard interface positions. This 

assembly is shown in Figure 114.  

 

 

Figure 114: Computer Assembly 

 

 

 System Assembly Integration 9.2.2

Once all of the sub-assemblies are finalized, the full DayStar system can be integrated. The 

assembly of the full system will begin by installing the baffle to the telescope. This is done by first 

mounting the baffle interface plate to the front interface of the telescope assembly, as seen in Figure 

115. This plate allows for the baffle to be integrated using fourteen SHCS 6-30 x 0.25. These bolting 

locations are located on all four sides of the baffle assembly so the system will need to be turned over 

to complete the bolting to the interface plate. An image of the baffle attached to the telescope can be 

seen in Figure 116. 

 

 

Figure 115: Baffle Interface Plate Figure 116: Integrated Baffle 
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Following the integration of the baffle, the CMOS alignment system will be integrated to the rear 

of the telescope. This is done by attaching the alignment system to the telescope with four SHCS ¼-

20 x 0.500 bolts and the two alignment pins in the telescope. Once the alignment system is integrated 

the CMOS board can then be integrated to the linear stage interface bracket using four SHCS 4-40 x 

0.250 bolts. The integrated CMOS board and alignment system can be seen in Figure 117. Next the 

CMOS enclosure can be integrated using six SHCS ¼-20 x 0.500 bolts into the back of the telescope. 

The back of the full assembly at this step can be seen in Figure 118. 

 

 

Figure 117: CMOS Alignment System Integrated Figure 118: Rear View of CMOS Enclosure without Lid 

 

Before the CMOS enclosure lid is installed to the CMOS enclosure, the internal wiring harness 

for the DD-50 and the two Camera Link cables need to be integrated to both the CMOS board and the 

CMOS enclosure lid. Once the cables are integrated the lid can then be integrated using six SHCS 6-

32 x 0.375 bolts. The last component that needs to be integrated to the assembly is the CMOS access 

door. This is done with ten SHCS 4-40 x 0.188 bolts as shown in Figure 119. After the door is 

integrated the system can then be connected to the computer assembly with the power/command 

cable and the Camera Link Cables. The full DayStar system is shown in Figure 120 without the 

connecting cables.  

 

 

Figure 119: Completely Integrated CMOS Enclosure Figure 120: Fully Integrated DayStar System 
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10.0 Verification and Test Plan 

Lead Author: Zach Dischner 

Co-Authors: Michael Skeen 

 

10.1 Schedule and Outline 

 It is critical throughout the design process to test and verify subsystems and the assembled 

system. Verification of the former will confirm that subsystems meet their design-to requirements and 

that they can perform the task they are designed to.  The latter confirms that the assembled system can 

perform the mission set before it. This section will give overview of testing methodology for each 

subsystem and the full DayStar system.  In addition, safe-to-integrate criterion and the validation 

thereof will be outlined, and combined-subsystem tests will be discussed. All procedures, facilities, 

and referenced material can be found in the DayStar testing/verification document: SYS500.0. All 

verifications will be tracked through Requirement Verification Matrices. These are contained in 

SYS510.  

 Though verification is a constant part of the design process, the system will require a 

chronological order of testing in order to ensure final system assembly and testing can be completed 

in a timely manner. Figure 121 outlines the order of testing and integration that the DayStar system 

will adhere to.  

 

 

 
Figure 121: Testing/Verification Schedule 
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10.2 Subsystem Testing 

 The fully assembled DayStar system is required to verify project-level requirements. In order 

to test the full system, individual subsystem requirements must be verified. The outlines for 

subsystem testing and verification are given here. 

 

 EPS Test Plans (EPS501, EPS502) 10.2.1

 The EPS system provides power and startup sequencing for both the Imaging system and the 

CDH system. Verification of the former will require voltage and current quantification for each EPS 

output, and can be performed using standard electrical testing equipment. The latter requirement only 

applies to the Imaging system, which requires specific chronological enabling of its power supplies. 

This sequence will be verified using multimeters, oscilloscopes, and other testing equipment.  

Before sequencing and full board tests can be completed, individual component testing must 

be completed.  This begins by verifying the PSRR and voltage outputs of the LDO’s.  An input 

voltage must be supplied to the LDO with a measureable amount of ripple.  From here, the total ripple 

reduction can be measured at the output of the LDO and the performance validated.  As an LDO’s 

performance varies with frequency, each LDO must be tested over a frequency range of 1Hz to 

1MHz, with a finite resolution that yields an acceptable frequency response for the LDO.  The reason 

for this range is that an LDO’s performance is typically worst around 100KHz.  Next the current 

sensors will be tested by running known currents through them, converting the output voltage to a 

current value, and comparing this current value to the known input. The final individual component 

test that can be performed is the MOSFET test.  This test will be performed by passing a known 

current at a known voltage through the MOSFET to check its internal resistance. Next a power supply 

will be used to toggle the MOSFET off and check that it can handle the maximum expected current 

and voltage. 

The rest of the tests require the full EPS board to be completed.  The first of these tests is the 

ADC verification test.  This test will consist of measuring a known voltage, converting it with the 

ADC, and then sending the result to the AVR.  The AVR will process this and send the value to a 

computer where the measurement can be verified.  Next the AVR verification test will ensure that the 

AVR can use the ADC’s, initiate power on and off sequences, process diagnostic data, and transfer 

data to the CDH system.  Finally, a full subsystem test will involve verifying the voltages and 

currents of ever power line, as well as all of the AVR and ADC functions. 

 

 Imaging Testing (IMG501, IMG502) 10.2.2

 The Imaging system is responsible for converting light into usable digital data for the CDH 

system. This must be done at a rate of no less than 10 Hz. Verification thereof will be indicated by the 

measured rate of particular status bits output by the image sensor measured using an oscilloscope. 

Particularly, Data Ready bits must be toggled at a rate indicatory of 10 Hz output rate. 

 Data products from the image sensor will be manually obtained with a Frame Grabber unit 

installed in a host computer of similar configuration as the CDH Computer.  Images will be obtained 

through the Frame Grabber using its built-in commands and libraries, executed in a Linux 
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environment comparable to the CDH system’s configuration. Obtaining an image from the sensor in 

this manner ensures that the CDH system’s capabilities are sufficient to operate the image sensor.  

The format of the images taken will be verified as compatible with the CDH system. This will be 

done by transferring the obtained image from the Frame Grabber to the host computer, using only the 

commands that are available to the CDH Computer.  

 

 Optics Testing (OPT501) 10.2.3

 Most of the optics systems tests require integration between the telescope and the imaging 

sensor.  One requirement, the size of the image at the focal plane, can be verified without the sensor 

though.  The tests setup will require several external light sources and a frosted glass pane.  The light 

sources will be placed in an arc in front of the telescope to ensure the light is directly into the baffle.  

With any overhead light sources turned off, the external light source will project a rectangle of light 

onto the glass pane.  By measuring this rectangle when the glass pane is in the focal plane of the 

telescope, the requirement can be verified by comparing those dimensions with the sensor size. 

 

 CDH Testing (CDH501, CDH502, CDH503) 10.2.4

 The CDH system must detect stars in an image, centroid the stars, and output the data in a 

ST5000-compatible format at a rate of no less than 10 Hz. A synthesized test image with a known 

ST5000-compatible FOV (5.CDH.2) will be processed by the CDH system. Inspecting time stamps 

on resulting data products will verify rate requirements. Data products will then be provided to the 

ST5000 operators, who will calculate the relative attitude of the data and return it to the CDH team. 

The overall RMS accuracy of the attitude will then be computed. 

 

10.3 Combined Subsystem Testing 

 Many subsystem design-to requirements cannot be verified by just a single subsystem alone. 

This section outlines the tests that are to be performed using multiple subsystems in conjunction with 

each other.  These tests require verification of a Safe-to-Integrate checklist. This ensures that physical 

and electrical connections on both assemblies will not interfere, and are completely compatible. Each 

time a hardware configuration changes, the check list must be re-visited. See document SYS00.0 for 

descriptions of these criterion. The following outlines assume the Safe-to-Integrate criteria have been 

met.  

 

 Sensor Power-Up Procedure Test (COMB501) 10.3.1

 This test requires integration of the EPS power system and the Imaging system, and will be 

performed in the University of Colorado’s Aerospace Instruments lab. Test equipment will consist of 

standard electrical testing equipment. The EPS system will power up and program the Imaging 

system. Verification of this procedure will be done by probing status bits on the sCMOS sensor, as 

well as measuring timing between power-up steps using an oscilloscope.  
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 Frame Grabber Camera Control/Acquisition (COMB502) 10.3.2

 This test requires the CDH and Imaging subsystems. It will verify autonomous camera 

control and image acquisition through the Frame Grabber using the Star Tracker Processor thread. 

The user must not manually command the FG’s control and fetching of an image, rather the entire 

process must be handled by CDH automated processes. Recall that before this test takes place, 

manual control of the FG will be utilized to obtain images 10.2.2. The throughput of images to data 

products must meet 10 Hz requirements with 100 ms latency. These will both be verified by 

inspection of data product timestamps.  

 

 Sensor Placement Test (COMB503) 10.3.3

 Because of the uncertainty in exact position of the focal plane in relation to the back of the 

telescope, an imaging sensor test must be conducted.  The complete telescope/baffle system and the 

imaging sensor will need to be used for this test which will occur at Equinox Interscience.  Using a 

collimator, a point source will be put through the optical system and onto the CMOS detector that is 

on its movable mount.  The mount will then be moved in and out of the focal plane while taking 

pictures with the CMOS.  The picture will then be analyzed at a pixel-by-pixel level to determine the 

amount of blur produced in the image.  If the amount of blurring does not fall within the designated 

values, the sensor will be moved one position in or out of the focus using the linear stage and the 

picture will be analyzed again.  This will be repeated until the amount of pixels that the point source 

is blurred over falls within the acceptable range given by requirement 2.SYS.2. 

 

 Optical Distortion Test (COMB504) 10.3.4

 In order for the DayStar system to detect and centroid stars that can later be used to produce 

accurate lost in space solutions, the images cannot be distorted.  If the images are distorted, the angles 

and distances between the centroids will be incorrect leading to either an incorrect attitude solution or 

not one at all.  The distortion tests of the telescope will occur at Equinox Interscience.  Using a backlit 

grid seen through a collimator, the grid will be projected onto the imaging sensor.  The picture 

obtained from this will then be able to be analyzed to see if the gridlines have been bent.  This will 

then be correlated back to the percent distortion in the system. 

 

 Optical Star Testing (COMB506) 10.3.5

 Star testing the telescope will be the largest of the optical tests as it can be used to verify 

multiple requirements.  Both the field of view and the star magnitude requirements will be tested with 

actual star fields.  The telescope/baffle system and the imaging sensor will be integrated together for 

this test, which can occur either at Equinox Interscience or on a rooftop in Boulder.  The telescope 

will be positioned to point at known patch of sky and multiple pictures will be taken.  The stars in the 

image will then be identified visually using a star projection program such as Stellarium.  If an eighth 

magnitude star is identified, that requirement is satisfied.  The field of view of the picture will be 

determined using stars near the outer edge of the picture.  By using the right ascension and 

declination of these stars, the amount of sky viewed in the picture can be calculated and used to verify 
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the field of view of the telescope.  Multiple pictures will be taken to confirm the star identifications 

and magnitudes as well as the field of view more than once. 

 

10.4 Full System Tests 

 With all subsystem and combined-subsystem requirements verified, the full system will be 

assembled so that system and project level requirements can be verified. Each of the following tests 

requires the full DayStar system, and is designed to verify one project level requirement. 

Concurrently, system level requirements will also be verified by these tests.  

 ST5000 Interface Test (SYS501) 10.4.1

 This test will verify the full throughput of the DayStar computed star-field to data-products 

(0.PRJ.3). The CDH Computer must output data products in a format compatible with the ST5000 

algorithms machine. The data products themselves must be representative of an imaged star field 

correctly sized to ST5000 expectations, and containing enough recognizable stars for the ST5000 

algorithms computer to obtain orientation coordinates. Verification will come from communication 

with the ST5000 operators after receiving data products.  A con-ops of this test is shown in Figure 

122. 

 The test begins by placing DayStar on a stable fixture so that it can image the sky. The 

system is then powered on, and a minimum of one image of the stars is captured. This image is 

processed by the CDH subsystem to identify star centroid locations and output the data as a list of 

vectors. This data will be sent to Jeff Percival at the University of Wisconsin, where it will be fed into 

the ST5000 software attitude determination algorithms as an input file. The test will be successful if 

the ST5000 software can return an attitude solution from the provided data. 

 

Figure 122: SYS501 Test Diagram 
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 Sky Brightness Table Test (SYS502) 10.4.2

 This test will verify that the DayStar system can operate under characterized daytime 

observation conditions. This will be a long duration test, and will take place at Equinox 

Interscience. Here, we will use a Unihedron ambient light measurement tool to characterize the sky 

being imaged from an equatorially stable platform, provided by Equinox.  

 The test will start at dusk, whence the DayStar system will begin imaging the sky and 

attempt to obtain star centroids. By beginning the imaging test in the evening, the ambient sky 

brightness will be above that of required daytime conditions. As the test progresses through the 

night, ambient sky brightness will drop well below the daytime threshold. The sky brightness will 

be measured and recorded as a function of time, every 5 minutes. At the start of the test, DayStar 

will be imaging a sky above the maximum ambient brightness threshold for the system. DayStar 

will be unable obtain usable star centroids, either because the image sensor is saturated or because 

the captured image has too small of a signal to noise ratio for stars to be identified. The point at 

which the system is able to obtain viable centroids will be noted. The viability of the centroids 

computed will come from the number of centroids computed for each image, read by the test 

operator from output data products.  The ambient sky brightness reading measured at that point in 

time will need to be at least that of daytime brightness conditions to verify DayStar’s daytime 

operation requirement (1.SYS.3). A con-ops for this test is shown in Figure 123 below.  

 

Figure 123: SYS502 Test Diagram 

 

 Star Tracking Test (SYS503) 10.4.3

 The final operational test for the DayStar system is an accuracy verification test. The previous 

test verified that the system can operate under required conditions, whereas this test will verify that 

the accuracy requirements (0.PRJ.1, 0.PRJ.2) at nighttime and daytime are met. The DayStar system 

will be mounted to Equinox Interscience’s Constellation™ telescope mount. This mount is capable of 

canceling out the Earth’s apparent local rotation in the systems field of view, to a quantifiable extent. 

The telescope mount rotates at the same angular velocity of the Earth about an axis parallel to the 

Earth’s rotational axis. This ensures that the DayStar system will only view a single patch of sky 

throughout the duration of the test. By then imaging single, stationary star in a field and exporting 
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centroid locations to the ST5000 algorithms hardware, we can characterize the RMS deviation in 

attitude solutions as the deviation of the data points from the mean attitude solution. This will be done 

at both equivalent day and nighttime conditions to verify both project level accuracy requirements.  

 In addition, a second period of data collection will be performed, during which the system 

will be attached to an inertially stable mount, again provided by Equinox Interscience. In this 

configuration, the stars will sweep across DayStar’s FOV. The propagation of stars will be seen as a 

low frequency component of changes in the ST5000’s computed attitude solutions. A curve can be fit 

to this data, and this observed motion subtracted from computed attitude solutions. With the Earth’s 

rotation mathematically removed from computed attitude solutions, the RMS deviation in resulting 

solutions from their mean represents the RMS accuracy of our system. This RMS deviation in attitude 

solutions, again, must meet Project level requirement 0.PRJ.1 and 0.PRJ.2. Figure 124 below features 

the con-ops for this test 

 

Figure 124: SYS503 Test Diagram 

 

 High Altitude Balloon Adaptability Verification (SYS504) 10.4.4

 The final checkout for the DayStar system will be a verification of its balloon adaptability. It 

will consist of both visual inspections, and verification of analyses that demonstrate the feasibility of 

design potential solutions. This will be performed throughout the design and build process. DayStar 

need not be fully prepared for balloon flight, but it does have to prove adaptability to a balloon 

platform (0.PRJ.4). This will include checking critical computational hardware for components that 

are unfit for balloon flight, as well as verification that the system can readily accept hardware 

necessary for high-altitude balloon flight. Such hardware includes heaters/space radiators as 

necessitated by thermal analysis, optical covers, and coarse attitude sensors. Finally, the system must 

show that it can be readily adapted to account for balloon carriage motion. A fuller discussion of 

these adaptability requirements can be found in Design Element sections (section 5.0, 6.0 and 7.0). 

An important thing to note is that while balloon adaptability designs do not need to be implemented 

by the DayStar team, the identification and feasibility thereof does need to be shown.  
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11.0 Project Management Plan 

Lead Author: Michael Skeen 

 

11.1 Organizational Responsibilities 

 Team Organization Chart 11.1.1

The DayStar team is organized as shown in Figure 125. There are 4 primary subsystems, 

which are further divided into subgroups. Each subgroup has a leader assigned, who is ultimately 

responsible for the work produced in that particular technical area. Also shown are the customer, 

project advisors, and other student leadership positions. 

 

Figure 125: DayStar Organizational Chart 

 

 Team Member Skills and Responsibilities 11.1.2

As shown in Table 31 on the following page, the DayStar team has a diverse set of skills, 

many of which go beyond the AES standard curriculum. Each team member is expected to work in 

multiple technical areas. As a result, the team has been able to tackle the numerous technical 

challenges required to satisfy the DayStar project requirements. To date, there have been no 

significant interpersonal conflicts between team members. However, in the case of personality 

conflict, there is enough lateral freedom and responsibility sharing between subsystems and team 

members to minimize the impact of an organizational change (if necessary). 
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Table 31: DayStar Team Members 

Team Member Leadership Position Skills 

Jed Diller Firmware Lead Software Architecture, Microcontrollers 

Kevin Dinkel Software Lead Software Architecture, Image Processing, Project 

Management, Thermal Analysis 

Zach Dischner Embedded System 

Lead, Testing Lead 

Embedded Electronics, Software Architecture 

Aaron Holt Power Electronics 

Lead, Safety Officer 

Optics, Software, CAD, Embedded Systems 

Tyler Murphy CAD/Fabrication 

Lead, CFO 

CAD/Fabrication, FEA, Project Management, Systems 

Engineering, Payload Integration 

Sara Schuette Optics Lead Optics, High-Altitude Environment 

Michael Skeen Project Manager 

Mechanical/Electrical 

Systems 

Project Management, Systems Engineering,  Analog 

Electronics, CAD/Fabrication 

Nick Truesdale Electrical/Software 

Systems 

Systems Engineering, Embedded Electronics, Software 

Architecture, Power Electronics 

Andrew Zizzi Algorithms Lead Image Processing, Algorithms Analysis, High-Altitude 

Environment, Data Structures 

 

11.2 Work Breakdown Structure 

 Management 11.2.1

 Schedule 

 Financial Budget 

 Work Breakdown Structure 

 Documentation and Templates 

 Facilities and Tool Arrangements 

 Review and Report Coordination 

 Systems 11.2.2

 Requirements Validation and Verification 

 Testing 

 Budget Upkeep (Mass, Power, Data) – Note that the individual subsystems are responsible 

for providing data for the individual system budgets. The system engineers’ responsibility to 

ensure completeness across subsystems and keep the budgets up-to-date. 

 Interface Definitions 

 System-wide Modeling 
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 Structures 11.2.3

 Requirements Verification 

 Testing 

 Mass Budget 

 CAD Modeling 

 Fabrication 

 Component Mounting 

 Thermal Analysis 

 Optics 11.2.4

 Requirements Verification 

 Testing 

 Telescope Package – Note that the telescope package is being primarily designed by Equinox 

Interscience Inc. However, the Optics team is responsible for interfacing with the 

subcontractor and ensuring that the telescope package interfaces properly with the DayStar 

system and provides images with the required characteristics for software processing and 

analysis 

 Alignment 

 Environmental Factors * 

 Electronics 11.2.5

 Requirements Verification 

 Testing 

 Power Budget 

 Image Sensor 

 Embedded Electronics 

 Power Regulation 

 Wiring Harness 

 Diagnostic Sensors * 

 Coarse Attitude Sensor * 

 Command and Data Handling 11.2.6

 Requirements Verification 

 Testing 

 Data Budget 

 Star Identification 

 Centroiding Algorithm 

 Star Tracking Algorithm 

 System Timing and Control 

 Diagnostic Data Collection 

 Data Storage 

 Lost In Space Algorithm * 

* Stretch Goal Responsibility 
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11.3 Project Risks 

The DayStar team performed a risk assessment of the project and ranked each of these risks by 

how likely they were to occur and the resulting impact such an occurrence would have on the 

project.  These risks are summarized in Figure 126 and are detailed in sections 11.1 – 11.9 

below. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Peripheral Electronics Failure (0.RSK.1) 11.3.1

 Risk: If for any reason the electrical system cannot capture an image and deliver it to the data 

processor, the project requirements will not be met. 

 Mitigation: The peripheral electronics design has been modified to rely primarily on COTS 

components designed for image data transfer. The system will be extensively tested early in 

the spring semester to ensure full compatibility and communication between all components. 

 Imaging Electronics Damage (0.RSK.2) 11.3.2

 Risk: The imaging electronics are ESD sensitive components and may be inadvertently 

damaged or destroyed during the course of the project. 

 Mitigation: Proper ESD training for all team members, use of testing grade hardware 

whenever possible. 

 

Probability of Occurrence: Consequence of Occurrence: 

Remote (0.1%) 1 Minimal 1 

Improbable (1%) 2 Minor 2 

Might Happen 

(10%) 
3 Major 3 

Probable (33%) 4 Critical 4 
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Figure 126: DayStar’s Risk Evaluation 
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 Optics System Damage (0.RSK.3) 11.3.3

 Risk: If for any reason the optics system is damaged and therefore unable to produce an 

image of necessary quality, the project requirements will not be met. 

 Mitigation: Careful handling of all optics components will be required as well as protective 

coverings and proper storage. 

 Optics Design (0.RSK.4) 11.3.4

 Risk: The DayStar team does not have extensive background knowledge in optical systems, 

as optical design is not a part of the Aerospace Engineering Sciences curriculum. 

 Mitigation: The DayStar team will work in conjunction with Equinox Interscience, Inc. to 

design an optics system that meets the appropriate requirements. 

 Optics Manufacturing (0.RSK.5) 11.3.5

 Risk: The designed optics system may not be able to be manufactured using CU facilities. 

 Mitigation: The DayStar team will assist in constructing the optics system using the 

machining facilities at Equinox Interscience, Inc. In addition, COTS components will be 

utilized whenever possible. 

 Timing Budget (0.RSK.6) 11.3.6

 Risk: The image transfer hardware and software algorithms implemented may not meet 

output frequency or data latency requirements 

 Mitigation: The DayStar team will prototype the data throughput speed of the software 

architecture and algorithms chosen before CDR. All COTS hardware selected will be chosen 

to meet high data transfer rate requirements. Additional software architectures and algorithms 

will be identified in case the chosen implementation does not perform as required. 

 Attitude Algorithms (0.RSK.7) 11.3.7

 Risk: The attitude algorithms chosen may not be able to successfully identify and remove all 

off-nominal or error cases, resulting in diminished system accuracy.  

 Mitigation: The DayStar team will work with advisors from SwRI and the University of 

Wisconsin to identify as many error cases as possible and methods to address them, document 

all boundary cases that the algorithms are capable of handling, and ensure that images used 

for system testing do not contain boundary cases that were not yet addressed. 

 Testing Environment (0.RSK.8) 11.3.8

 Risk: In order to ensure DayStar will fulfill its requirement of daylight operation, a test must 

be completed simulating the brightness conditions of daytime at altitude while on the ground.  

This may require additional facilities and testing equipment. 

 Mitigation: External testing facilities and additional tools have been identified and 

coordinated. As a more detailed testing plan is drafted, alternative testing procedures have 

been identified as backup plans, such as decoupling the image capture and software 

processing components of the system. 
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 Schedule Constraints (0.RSK.9) 11.3.9

 Risk: Both the optics system and the software/electrical system must be completed and tested 

for mission success.  The time constraints may limit the system’s capabilities. 

 Mitigation: Informed decisions will be made concerning the scope and feasibility of the 

project throughout the design phase, as well as potential alternate paths. Testing and 

prototyping of critical path systems will be conducted early and often. Acquisition of large 

lead-time hardware will be accounted for with margin in the schedule, and alternate testing 

hardware will be utilized where possible. Off-ramps have been identified for all risks, along 

with deadlines for decisions on each. 

 Financial Constraints (0.RSK.10) 11.3.10

 Risk: The cost of components, optics advising, and facility resources necessary for DayStar to 

achieve its requirements may exceed the provided $20,000. 

 Mitigation: A detailed budget will be constructed and adhered to. Less expensive testing 

grade components will be acquired where possible. 

 

11.4 Configuration Management 

The DayStar team has configured a subversion repository (SVN) in which to store all project 

documents, including design documents, presentation and deliverable materials, software code, and 

specialized design files (e.g. Altium and SolidWorks). The SVN also stores revision history. If there 

is an error or incorrect update in one or more files, the SVN is capable of reverting back to an old 

revision to remove the error. The SVN is downloaded remotely on a regular basis onto each team 

member’s personal computer, where local files can be worked on. However, the SVN will not allow 

different versions of the same file to be committed without first updating to the current revision and 

then implementing the changes. This prevents team members from accidentally modifying the same 

document at once and overwriting someone else’s work.  At the time of authorship, the DayStar SVN 

has been updated 735 times, which corresponds to approximately 8 updates per day throughout the 

course of the entire semester.  

In addition to the SVN’s documentation control, the DayStar team follows a documentation 

scheme for the release and organization of all official design documents. This system is based off of 

the documentation system of the Drag and Atmospheric Neutral Density Explorer (DANDE) satellite 

program. It is organized into 6 different tiers of documentation within each subsystem, as detailed 

below in Table 32. 

Table 32: DayStar Official Documentation Scheme 

Folder Level Designation 

100 Requirements and Background 

200 Mechanical Drawings 

300 Electrical Schematics 

400 Assembly Plans 

500 Testing Procedures and Results 

600 External Documentation 
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Each document must be reviewed by the author, the subsystem lead, and a systems engineer 

before it can be officially released and placed into the official documentation folder. At this point it is 

given a unique name based on its type (e.g. Mechanical Drawing), subsystem (e.g. Optics), and part 

or assembly number (e.g. 201-1), and revision number (e.g. .2) to form a document number (e.g. 

OPT201-1.2). The document must be approved once again after any revisions are made before it can 

be added to the official documentation folder. The full listing of these documents is provided in the 

Mechanical, Electrical, and Software Element documents submitted with the Fall Final Report. This 

methodology provides strict control to differentiate between working copies of documents and the 

official, as built, finalized products. The system also ensures that proper peer review is required for 

each document to minimize errors and ensure there are no conflicts with other aspects of the system. 

Finally, the system also ensures that the customer and external advisors can easily find official 

documents detailing DayStar’s design, even after the project’s completion.  

 

11.5 Schedule 

A preliminary schedule through the remainder of Fall semester and the entire Spring semester 

has been drafted for the DayStar project, and is provided in Figure 127 and Figure 128 below. This is 

a top-level schedule of project milestones, and as such broad assignments across the system and for 

each subsystem have been identified to demonstrate parallel tasking. This parallel tasking mitigates 

critical path schedule items and therefore schedule risk for the DayStar project. The critical path items 

on the top-level schedule are component acquirement (complete by 2/13/12) and system integration 

(scheduled to begin at IR 2, 3/5/2012).   

Once authorization to purchase hardware has been granted, DayStar will begin ordering the 

majority of COTS hardware and some specialized components for testing and prototyping. Due to 

long lead times, some of this hardware has already been ordered. This will allow the DayStar team to 

receive much of its hardware over Winter Break to begin familiarization and testing before the Spring 

semester even begins.  

For the spring schedule, development and testing of subsystems can occur largely in parallel 

due to the system architecture of DayStar. This mitigates the schedule risk posed by the system 

integration critical path item. Subsystems are able to test independently, and can begin integrating 

with another subsystem even if the development of one or more other subsystems is behind schedule. 

That is, the system integration can be started in any order and no one subsystem is necessary to begin 

system integration. A session has been scheduled in the first week of February for the CDH team to 

teach the rest of the team how to properly use the DayStar software. This will further allow parallel 

development between subsystems without dependence on critical path hardware or personnel. 

Machining is estimated to require approximately 6 weeks for all in-house components, leaving ample 

margin (4 weeks) for the last machining date. Safe-to-Integrate checks as detailed in the Testing and 

Verification plan will be performed before a new configuration of hardware is to be integrated with 

another subsystem. Two Safe-to-Integrate checks are scheduled to precede IR1 and IR2, but they will 

be performed as needed when hardware configurations change.  
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Figure 127: DayStar Subsystem Development Schedule, December 2011 to February 2012 

 

 
Figure 128: DayStar System Development Schedule, March to May 2012 

 

 In addition to the top-level schedule provided in Figure 127 and Figure 128, DayStar has 

scheduled assembly and test milestones for the custom components developed by each subsystem. 

This will ensure that proper margin has been provided to make revisions to hardware and/or software. 

A summary of these deadlines is provided in Table 33. 
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Table 33: DayStar Subsystem Assembly and Test Deadlines 

Task Deadline 

1
st
 sensor board PCB ordered 12/23/11 

1
st
 EPS board PCB ordered 12/30/11 

1
st
 revisions of sensor board and EPS boards tested, necessary 

modifications identified 
1/17/12 

2
nd

 revision of EPS and sensor PCBs ordered 1/30/12 

Operating software complete (star detection and centroiding algorithm 

development may continue)  
2/1/12 

2
nd

 revision of EPS and sensor PCBs tested 2/10/12 

3
rd

  revision of EPS and sensor PCBs ordered (if necessary) 2/24/12 

All machining complete 2/24/12 

3
rd

 revision of EPS and sensor PCBs tested (if necessary) 3/5/12 

Final system integration complete 3/24/12 

 

11.6 Cost Estimates 

A detailed budget for the DayStar projects has been created and updated throughout the fall 

semester. After CDR, the budget still predicts over 30% margin. The budget includes two complete 

sets of COTS hardware to allow for parallel development between teams. For custom electronics, 

such and the PCBs for the Imaging Board and Power Board, 4 revisions of hardware has been budget 

in anticipation of future revisions and updates to the designs. Purchasing of high value hardware, such 

as the Fairchild sCMOS sensor, shall require the approval of the customer and related advisors to 

ensure that the components will meet requirements.  

Table 34: Top Level Budget 

Total Budget  $  20,000.00  

Structures  $    1,626.46  

Electronics  $    9,910.98  

Command and Data Handling  $    1,087.87  

Systems  $    1,480.00  

 TOTAL   $  13,905.31 

Margin ($)  $    6,094.69 

Margin (%) 30.47% 

Table 35: Structures Budget 

 Optics supplemental costs*  $             - -    

 Material   $     602.46  

 Fasteners  $     200.00  

 Specialized Tools  $     300.00  

 Thermal   $     200.00  

Linear Stage  $     324.00 

 TOTAL   $  1,626.46  
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* The customer has a pre-existing $10,000 contract in place with an optics subcontractor for all labor 

and component costs. The DayStar team may need to cover additional COTS component costs if the 

necessary budget exceeds this contract, but this is not expected at this time. 

Table 36: Electronics Budget 

 Fairchild sCMOS Sensor   $    5,000.00  

 Engineering Grade Sensor (x2)  $    1,000.00  

 Sensor Peripheral Electronics (4 board revisions)  $       145.96  

Power Electronics Components (4 board revisions)  $       287.52  

 Peripheral Test Equipment    $         35.00  

Camera Link Frame Grabber (x2)  $    1,850.00 

Camera Link Cables (x2)  $       260.00 

Frame Grabber Software   $       297.50 

 PCBs ($66 per 4-layer board, 1 sensor and 1 power 

board, 4 board revisions)  $       528.00  

Sensor board PCB external assembly  $       400.00 

 Static Supplies   $         97.00  

 TOTAL   $    9,910.98  

 

Table 37: Command and Data Handling Budget 

 Processor (x2)  $        269.98 

 Motherboard (x2)   $        239.98  

 Memory (x2)  $          99.98  

 Testing Hardware   $          87.96  

 Solid State Hard Drive (x3)  $        389.97  

 TOTAL   $     1,087.87  

 

Table 38: Systems Budget 

 Portable Power Supply (2)   $     280.00  

 Luminance Meter (2)  $     500.00 

 Printing / Outreach  $     500.00 

 TOTAL   $  1,280.00  
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11.7 Specialized Facilities and Resources 

 Equinox Interscience Inc. 11.7.1

The DayStar optics system is being designed by Equinox Interscience Inc. in Pinecliffe, 

Colorado. Additional optics advising is being provided by Russ Mellon and John Asztalos. In 

addition there are optics-specific machining facilities available for the telescope construction and 

assembly. Finally, Equinox Interscience Inc. has numerous testing resources to use for both 

subsystem and system testing. These resources include the USAF 1951 resolution test chart to 

characterize the optics subsystem and a gimbaled telescope mount that can rotate to precisely 

counteract the rotation of the Earth. This testing stand will be useful for optics specific testing as well 

as full system testing and characterization of the accuracy of DayStar. 

 

 Southwest Research Institude 11.7.2

Dr. Kimberly Ennico of the Southwest Research Institute office in Boulder, Colorado is 

advising the DayStar team on optical sensor selection and implementation. Michael Vincent is an 

electrical engineer at SwRI who has advised the team on sensor integration, data transfer, and control. 

In addition, the DayStar team may utilize some testing facilities at SwRI for the full system testing if 

the resources at Equinox Interscience, Inc. are not sufficient. 

 

11.8 Health and Safety Plan 

 Personal Safety 11.8.1

The main personal safety risks of this project come from the chemicals used in cleaning 

optics and working on the hardware.  Chemicals such as methanol are used in optical cleaning fluids.  

Thus DayStar will wear gloves when cleaning optics and avoid touching their eyes.  Next, working on 

the electronics package will involve a significant amount of soldering.  DayStar members should 

handle the soldering irons with care to avoid being burned.  

The dangers posed by the size and mass of the DayStar payload must be taken into account 

when lifting or moving the hardware. At least 2 people are required to lift and/or carry the telescope 

and baffling to protect against accidental dropping. The telescope and baffling must also be placed 

fully on a flat surface during assembly, integration, and testing to protect against the payload falling 

off the workspace and injuring team members. 

 

 Hardware Protection 11.8.2

The optical components as well as the CMOS sensor are sensitive and need to be handled 

with care.  The lenses should be cleaned infrequently because they will scratch if cleaned too often.  

The lenses should be cleaned with lens tissue as well as a verified cleaning fluid.  Low quality 

cleaning fluids can leave films or spots on the lens, which should be avoided. In addition, protective 

covers will be attached to the baffle and/or primary lens to protect the optical lenses. 

The CMOS sensor is the most expensive item on the payload and likely the most fragile.  

Before handling the CMOS sensor, DayStar members need to follow all relevant Electrostatic 

Discharge (ESD) precautions, such as being grounded and working on a static mat.  Furthermore, the 
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CMOS sensor should be stored in a container designed to protect against static discharge.  Finally, all 

hardware components should be stored in a locked area to prevent other university students from 

damaging them.  

The DayStar payload will measure approximately 65 inches long and weigh 70 pounds. The 

system includes many fragile components.  At least 2 people should be carrying the telescope and 

baffling when transporting on foot. In addition, the DayStar system can be simply broken down into 3 

major pieces to simplify transport. When transportation by car is needed, the DayStar telescope 

should be securely fastened with tie-downs so it does not bounce.  Furthermore the objective lens 

should not be exposed so that it is not scratched or broken en route to the destination. 
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14.0 Appendices 

14.1 Image Quality Modeling 

 The purpose of the modeling described in this section was twofold: to inform the selection of 

key parts and parameters, and to prove the feasibility of the system as a whole once those pieces were 

chosen. In order to accomplish these tasks, it was necessary to model the quality of the images 

produced by DayStar.  

 Simply put, the quality of an image is the number of stars it detects that can be analyzed by 

the CDH subsystem. This requires a measure of quality for individual stars, which is easily visualized 

as the signal-to-noise ratio (SNR). As shown in Figure 129 below, the process for calculating SNR is 

quite detailed, and depends on numerous subfunctions and many system parameters. Furthermore, 

issues such as saturation and DayStar’s pointing can affect performance as well. In order to arrive at a 

measure for image quality, all of these must be taken into account. 

 

Figure 129: Modeling software flow diagram. 

 System Parameters 14.1.1

 The first step in understanding the modeling process is to identify the key parameters of the 

system. As Figure 129 shows, these are split into subsets which include the camera and telescope 

subsystems, as well as groups for operational and environmental values. The final set of values are 

inherent not in the system itself, but in the sky being viewed; the star parameters will be discussed 

further in Section 11.1.2. 
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Table 39: System Parameters by Subsystem 

Subset Parameter Symbol Units Value 

T
el

es
co

p
e Field of View     degrees × degrees 5.28 × 6.26 

Aperture Diameter   cm 11.725 

Longpass Filter 

Wavelength 
      nm ~620 

C
a

m
er

a
 

Quantum Efficiency    - 
See Figure 

131 

Number of Pixels      megapixels 5.7 

Dark Current    e
-
/pixel/s 10 

Read Noise    (e
-
)

1/2
/pixel 3 

Well Depth       e
-
 30,000 

O
p

er
a
ti

o
n

a
l Exposure Time   ms - 

Blur   pixels - 

Minimum SNR        - 6.0 

E
n

v
ir

o
n

m
en

t 

Altitude   km ~35 

Galactic Latitude   degrees - 

 

14.1.1.1 Telescope Parameters 

 The telescope impacts the system in three key ways: field of view, aperture size and the 

center wavelength of the longpass filter. While the center wavelength can be used directly in 

modeling, both the field of view and aperture size must be modified. For field of view, the task is to 

convert the two side angles to an equivalent solid angle in steradians. This is given by (16) below, 

with   and   being the two side angles (i.e. an   x   degree field of view):  

        [   
 

 
   

 

 
] 

(16) 

 For the aperture, the issue is that only the light incident on the rectangular CMOS is relevant. 

Thus, an equivalent aperture area must be calculated from the diameter and the dimensions of the 

field of view. This is given by (17) below: 

  
   

    
   

 

 
  

(17) 
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 The final value for the telescope is the longpass filter wavelength. While in most cases a filter 

will not have a perfect cutoff – i.e. there it will ramp up from zero to one over a range of wavelengths 

– the modeling for DayStar assumed an ideal cutoff wavelength in most cases. The only exception to 

this was when data for specific filters was available; specifically, when choosing which Wratten filter 

to use. The filter characteristics for these are shown in Figure 130 below. 

 

Figure 130: Transmittance curves for the available Wratten filters. Deep red was chosen to use before the sCMOS. 

 

14.1.1.2 Camera Parameters 

 The camera contains the bulk of the relevant system parameters for this model. The first of 

these is the quantum efficiency (QE), which determines the camera’s response as a function of 

wavelength to incoming light. As shown in Figure 131, the QE is in the shape of a bell curve, so a 

Gaussian function was used to approximate it. This allowed for individual qualities of the QE to be 

changed in the model, which in turn helped in the CMOS selection process. Note that, while the far 

lefthand side of the Gaussian begins to diverge from the observed QE, the model begins at a 

wavelength of 441 nm, so the effect is minimal. 
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Figure 131: Comparison of the sCMOS QE and the Gaussian curve that is used to approximate it. 

 

 The next most critical components of the camera are its dark current and read noise 

characteristics. These both affect the noise in the sensor, and can dramatically alter the quality of an 

image. The dark current is measured in electrons per pixel per second; it is the rate at which thermo-

electrons are created in each pixel. While the value is highly temperature dependent, a worst case 

estimate for the sCMOS was implemented as 10 e
-
/pixel/s.  

 The read noise is caused by digitization of the data stored in the CMOS pixels. Unlike dark 

current, it is a time-invariant process, and thus is unaffected by the exposure time. Read noise is 

particularly important because, by some quirk of the camera industry, it is always reported as the 

square of the electrons produced. Thus, if      , the actual variance is 100 electrons per pixel. 

The read noise used for the sCMOS in modeling is 3. 

 Another critical aspect of the camera is the well depth, which defines the limit of saturation 

for each pixel. The sCMOS has a well depth of 30,000 electrons; thus, any pixel trying to absorb 

more will saturate, ruining that part of the image. This is problematic for individual stars, but even 

more so for the daytime background brightness. If the brightness surpasses 30,000 electrons per pixel, 

the entire image will saturate. This has driven the choice of longpass filter, and limited possible 

exposure times. 

 Finally, the number of pixels on the camera plays a large role in the background brightness as 

well. For a constant FOV and aperture, increasing the number of pixels means the background light is 

more distributed, and thus much dimmer per pixel. An increase in pixels also improves the angular 
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resolution per pixel (arcseconds/pixel); while this is important to the CDH team’s ability to detect and 

centroid stars, it is not implemented in this model.  

14.1.1.3 Operational Parameters 

 There are three key parameters that fall under the operational aspect of the DayStar system. 

These are the allowable SNR, exposure time, and the star blur. The last value is more rigidly defined; 

it is determined as the smallest signal-to-noise ratio that the CDH team can reliably identify and 

centroid, and has been defined in the requirements as 6.0. The exposure time is the length of time 

during which the sCMOS integrates charge on its pixels. To maintain the operational rate 

requirement, this value is capped at 70 ms. 

 The blur is the purposeful defocusing of a star in the image. It is defined as the number of 

square pixels within which the signal from a star resides. Thus, it takes the values 1, 4, 9, 16, etc. Blur 

can also be defined as the side length of the square in order to maintain an incremental counting 

system (i.e. 1, 2, 3, 4, etc.).  

 The last two parameters are more variable, and can even be changed while the system is 

operating. Due to this flexibility, both the exposure time and the blur were analyzed after the rest of 

the system had been defined. These analyses will be detailed in subsequent sections.  

14.1.1.4 Environment Parameters 

 DayStar’s operational environment determines its performance, largely due to the amount of 

background scattering in the atmosphere. This is due chiefly to the altitude, which will be shown in 

the next section to affect the background brightness by an order of magnitude for a 10 km variation. 

Based on prospective balloon platforms, the estimated flight altitude is 35 km; this value has been 

used in most of the models.  

 Another variable of the 

environment is the density of stars 

in the sky. When looking at the 

galactic plane, stars are very 

densely populated. However, 

when looking away, the number of 

stars decreases considerably. 

There is not a single latitude that 

DayStar intends to utilize, since it 

must retain the ability to discover 

its pointing anywhere in the sky. 

However, the variation in star 

population was modeled as a 

function of the latitude, the star 

magnitude and its stellar class. 

Figure 132 below shows this 

variation, with all magnitudes 

summed together. 

 

 

Figure 132: The general decrease in stars as galactic latitude increases. 
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 Star and Background Brightness 14.1.2

 In order to determine the quality of an image, its constituent light sources must be analyzed. 

Using the system parameters defined in the previous section, it is possible to model the light seen by 

each pixel, whether it comes from a star or from the ambient background. This requires a fundamental 

understanding of the light emitted by stars and within the atmosphere, which will be discussed in the 

following subsections. 

 For DayStar to operate successfully during the day, it must be capable of filtering at least 

some of the ambient light in the atmosphere, or else the sCMOS camera will saturate. The problem of 

filtering is heavily dependent upon wavelength; this requires that light sources be quantified as a 

function of wavelength as well. This proves to be the most complicated part of the modeling process, 

especially for stars. However, once the background and star fluxes are parameterized by wavelength, 

it becomes a simple matter to determine the SNR for any given star, and extrapolate that to the total 

number of visible stars.  

14.1.2.1 Star Modeling 

 Modeling the flux from a star 

first requires an understanding of the 

governing equations for a blackbody 

and for star magnitudes. The most 

fundamental of these is Planck’s 

Law, which relates the irradiance 

from a star to its temperature as a 

function of wavelength: 

 (   )  
    

  [   (
  
   

)   ]
 

(18) 

 Though Planck’s Law is very useful in generating the shape of the blackbody curve, the value 

for irradiance is not easily related to the star’s magnitude. Thus, it is convenient to define a simple 

magnitude scale, which is logarithmic and is used to relate 

the flux of a star to its magnitude. Even more usefully, it can 

be combined for two stars as shown in (18), which allows 

for the use of a reference star with known magnitude and 

flux: 

              (
  

  
) 

(19) 

 At this point we have the shape of the blackbody 

curve for an arbitrary star, and a scale for measuring 

magnitude and relating it to total flux. There is not, however, 

a clear means of relating these to the star fields that DayStar 

expects to see. For this, it is necessary to characterize the stars seen in the sky. This process was 

Table 40: Constants used in calculating blackbody curves. 

Constant Value Units 

                Js 

                J/K 

               m/s 

Table 41: Stellar class vs. temperature [39] 

Stellar 

Class 

Low 

Temp (K) 

High 

Temp (K) 

B 10000 33000 

A 7500 10000 

F 6000 7500 

G 5200 6000 

K 3700 5200 

M 3000 3700 
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alluded to in Section 14.1.1.4, since the star field will have a large dependence on the galactic 

latitude. Beyond that, stars can be split up by their magnitudes and stellar class, as shown in Figure 

133. Since stellar class is an abstracted measure of temperature, this (almost) yields all the parameters 

needed to analyze the flux from a given star. Table 41 above relates stellar class and temperature. 

 
Figure 133: Comprehensive table of stars in the sky, combining magnitude, stellar class and galactic latitude. [40] 

 It would seem that, given an arbitrary star, we could use its magnitude and temperature to get 

a blackbody curve, calculate the flux, and even say how many stars of that type should fall in 

DayStars field of view for a given galactic latitude. However, there is still one more catch: the 

magnitude of a star is measured in the visual spectrum (461-639 nm). In other words, it is a 

photometric value, and is completely unrelated to the star’s blackbody curve, because it is the flux as 



DayStar Aerospace Senior Projects 2011 

Fall Final Report                                                                                                                                                                  174 

seen by the human eye and not by a camera looking in the red spectrum. To fix this, the visual 

magnitude (which, for clarity, will be referred to as    instead of the typical  ) needs to be corrected 

to apply to the entire spectrum. 

 The magnitude we are looking for is called the bolometric magnitude   . The purpose of this 

measurement, which is radiometric instead of photometric, is to account for the light from a star that 

falls outside of the visual band. As Figure 134 shows, the shape of a star’s blackbody curve is very 

temperature dependent. Very cool or very hot stars have curves that are predominantly outside the 

visual band; thus the visual magnitude is a very poor indicator of magnitude in other bands. In 

contrast, stars of medium temperature are centered in the visual spectrum, so the visual magnitude is 

not as poor a measurement. 

 
Figure 134: Effect of temperature on the shape of a blackbody curve (the amplitude has been normalized for each). 

 This deficiency of the visual magnitude scale is remedied using a “bolometric correction” that 

is a function of temperature alone. The data for this correction is a fourth-order polynomial fit based 

on empirical data [41]. When applied, the resulting bolometric magnitude is given by (20). A plot of 

the bolometric correction as a function of temperature is given in Figure 135. 

        (      ) 

(20) 

0 500 1000 1500 2000 2500 3000
0

0.5

1

1.5

2

2.5
x 10

-3

 (nm)

Ir
ra

d
ia

n
c
e
 (

W
/c

m
2
/n

m
)

Blackbody curves for normalized total irradiance (1 W/cm2)

 

 

B = 10,000 K

A = 7500 K

F = 6000 K

G = 5200 K

K = 3700 K

M = 3000 K



DayStar Aerospace Senior Projects 2011 

Fall Final Report                                                                                                                                                                  175 

 
Figure 135: The bolometric correction depends on temperature alone. It is valid in the range of 2500K to 50,000K. [41]  

 At this point, the flux for a star can be calculated using just its visual magnitude and 

temperature. The procedure begins by applying (20) in order to obtain the bolometric magnitude. The 

total flux from the star is then found using (19), with the Sun as a reference (             , 

          W/m
2
). The total flux is used to scale the star’s blackbody curve, which requires the 

curve first be normalized. This is achieved by calculating a curve (which has arbitrary amplitude), 

then dividing everywhere by the integrated area; this works by the principle that the integral of a 

function scales linearly with its amplitude. Since the area under the curve is the total flux, the 

normalized curve can be multiplied by the calculated bolometric flux, yielding a curve that is 

parameterized by wavelength. Figure 136 shows the result of the procedure for a given magnitude and 

many temperatures, epitomizing the necessity of this operation in developing a model that is 

wavelength-dependent. 

 A final note on units is pertinent. The flux of a star is referenced to the sun, and begins with 

units of W/m
2
 or J/s/m

2
. The energy is converted to photons using the Planck Relation (21), which 

relates the energy of a single photon to its wavelength. Also converting from m
2
 to cm

2
, the final units 

are photons/cm
2
/s/nm. Multiplying by aperture and integrating yields a measure of total photon flux 

rate.   
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Figure 136: The variation in shape and flux of a star’s blackbody curve for a single visual magnitude.  

 

 

14.1.2.2 Daytime Sky Brightness 

 The biggest hurdle for DayStar is daytime operation, because even at an altitude of 30-40 km, 

there is a significant amount of scattered light in the atmosphere. This is chiefly due to Rayleigh 

scattering, which describes the diffusion of light due to particles much smaller than the light’s 

wavelength. By this model, given in (22), the gases of the atmosphere scatter sunlight as a function of 

its wavelength, effectively causing the sky to generate light in all directions.    

    
      

    
(       )             

 

  
 

(22) 

 While the Rayleigh scattering model identifies a key     proportionality for sky brightness, it 

is not enough to describe the myriad of variables that go into a full sky brightness calculation. Indeed, 

this sort of analysis requires sophisticated (and therefore expensive) software such as the MODTRAN 

suite. Due to a lack of access to the MODTRAN program itself, full models could not be generated. 

However, a single plot of sky brightness versus altitude and solar azimuthal angle was obtained from 

Dr. Eliot Young, as shown in Figure 137. This allowed for a simple worst case analysis of the 

conditions DayStar is likely to experience. 
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Figure 137: MODTRAN model for sky brightness as a function of altitude and azimuthal angle from the sun. [42] 

 The MODTRAN data in Figure 137 shows two of the three main metrics for determining sky 

brightness: altitude and solar azimuth. The third is the zenith angle, which in both plots is 60°; it is 

assumed that DayStar will operate at or above this value. In order to analyze the effect of altitude and 

azimuth together, the above data was imported to MATLAB and plotted on a linear scale (Figure 

138). 
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Figure 138: Adopted MODTRAN data on a linear scale. The y-axis has been converted to standard units. 

  

As Figure 138 shows, the effect of decreasing the altitude or azimuth is to increase the sky 

brightness. Excepting angles very close to the sun, this increase is roughly a scale factor of a single 

curve shape. This is a useful relation because of the limited data; it allows us to approximate a worst 

case brightness curve using one of the given data sets, rather than using a somewhat more arbitrary 

interpolated curve. To this end, the 30 km, 90° azimuth curve will be used for most models, since it 

encompasses the anticipated 35 km altitude while leaving room for azimuths closer to 45°. 

 A final note on the MODTRAN data units: the original data was given in terms of Rayleighs, 

which are a unit tailored specifically for scattered brightness data. A more conventional unit is 

photons/s/cm
2
/sr/nm, which is obtained using the conversion in (23). This allows individual photons 

to be counted as a function of DayStar’s field of view and aperture. Multiplying by these values and 

integrating over wavelength yields the total background photon flux rate. Furthermore, since the 

background is incident on the entire sensor, the brightness will later be described in photons/s/pixel; 

division by the number of pixels is saved for the SNR calculation to maintain generality of the data. 

           
   

  

       

                 
 

(23) 

14.1.2.3 Nighttime Sky Brightness 

 At an altitude of 35 km, the nighttime sky brightness is very close to that seen in space. It is 

therefore effectively negligible, since it is several orders of magnitude less than any other light source 

picked up by the CMOS sensor. However, in the interest of a complete model, and also to facilitate 
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ground testing where the sky quality is not as good, a basic model of the nighttime background was 

constructed. 

 Unfortunately, the nighttime sky brightness is not measured by wavelength. Rather, it is 

given by a magnitude, such that the brightness of the sky is equivalent to one star of that magnitude 

every square arcsecond. An issue was encountered identical to that of the star magnitudes: the only 

given data is a magnitude in a single band, not the entire spectrum. This time, however, there was no 

bolometric correction to mitigate the problem, so an approximation was made using the brightness in 

the red band.  

 The red magnitude at a typical ground site is 20.87 [43]. This value is integrated over the 

Johnson red band, assuming a Gaussian with a center of 700 nm and a FWHM of 220 nm [44]. The 

flux for a magnitude zero star is given as           erg/cm
2
/s/nm, so the magnitude scale (19) can 

be used to determine the flux per arcsecond of the background. It is then a simple matter to convert to 

the standard units, changing arcseconds to steradians and using the Planck Relation (23) to get 

photons/s/cm
2
/sr. This value is finally made compatible with the rest of the model by dividing by the 

wavelength range, thus arbitrarily creating a (constant) wavelength dependence.  

 Figure 139 shows the nighttime and daytime models side by side, and proves that the 

nighttime brightness is nearly negligible. Even compared to the best case daytime brightness, the 

nighttime value is four orders of magnitude lower. This equates to a total of 13.5 photoelectrons per 

pixel per second; for short exposures, this drops to no more than a single electron, again showing that 

the nighttime flux is effectively zero, since star fluxes are on the order of thousands of electrons. 

 
Figure 139: Comparison of daytime and nighttime sky brightness. 
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 Image Quality Analysis 14.1.3

 Having analyzed the flux from stars and the background as a function of wavelength, the 

quality of an image can now be put into numerical terms. This is done by combining the models 

discussed in the previous section to calculate the signal-to-noise ratio of a given star. This way, a field 

of various types of stars can be checked to see which surpass the minimum SNR. The same stars are 

also checked to be sure that, along with the background, they do not saturate the sensor. With these 

two metrics, the star population model can be extrapolated to calculate the total number of visible 

stars. This finally yields a direct validation of DayStar’s requirements. 

14.1.3.1 Signal-to-Noise Ratio 

 The signal-to-noise ratio is the key quantity for determining whether a star is visible. It 

describes the extent to which noise inherent in the image renders the signal undistinguishable from 

the background. The SNR calculation takes into account four sources of noise: the star itself, the 

background, dark current and read noise within the sensor. The first two are simply Poisson or shot 

noise from the respective sources; each increases with the square of the total flux. The latter two are 

inherent in the camera and, as described in Section 14.1.1.2, can be defined from the camera 

datasheet. Each of the four noise values is added in quadrature; that is, the total noise is the square of 

each element squared. Since each contains a square root, the total noise is just a function of the 

electron-generation rates for each noise source. 

 The SNR equation is shown in (24) below, where       and             denote the 

integrated flux from each source in photons/s and photons/s/pixel, respectively. The value of      is 

not the total number of pixels in the CMOS, but rather the number of pixels required to contain the 

star signal. Thus, if the star is blurred over a 36 pixel square,      is 36. This allows the model to 

account for the noise in each pixel the star is viewed in. 

    
         

√                                                

 

(24) 

 In order to properly utilize the above equation, the total flux from the star and the background 

must be calculated. This is accomplished by multiplying each curve by the quantum efficiency and 

relevant system values, then integrating over wavelength. Figure 140 below shows a sample plot for a 

star and the daytime background at 30 km, both with and without the quantum efficiency. The star 

flux has been multiplied by the aperture, and the background flux has been multiplied by the aperture 

and field of view, and divided by the number of pixels.  
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Figure 140: Comparison of the background and star fluxes, with and without QE. 

 An important aspect of Figure 140 that must be noted is the relative magnitudes of the star 

and background fluxes. Despite the fact that the background is almost as bright as the star itself, the 

noise from the background is all that matters. This is because when an image is analyzed, the value of 

the background – which is common to all pixels – is subtracted from the image. Thus, the remaining 

data is only the noise that was caused by the background, not the background itself. Because of this, 

while the above image has             photons and                  photons for an exposure 

of 17.5 ms, the SNR is still 10.024. Figure 141 below shows each of the components of noise, giving 

a clearer idea of what goes into the SNR calculation. 
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Figure 141: Noise comparison for an m=6 star, with each noise source plotted individually. 

 

14.2 Optics 

 Analysis of First Design 14.2.1

 The first design from Equinox Interscience was analyzed before the exact sensor was 

determined so determining the field of view of the system would not have been possible.  However, 

because all the sensors that were under consideration had approximately the same 20-25 mm 

diagonal, it was possible to determine whether the image size at the focal plane was close to the size 

of the sensor.  Also, because the exact field of view was unable to be determined, the 5 by 7 degree 

field of view of the ST5000 was used as an approximation.  A line drawing of the design with the 

focal lengths of the lenses can be seen in Figure 142 below. 

 

Figure 142: Line drawing of first telescope design 
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 The first quantity that needs to be calculated is the diagonal of the field stop at the focal plane 

of the objective lens.  Using the half angle of the 5 by 7 degree field of view (4.3 degrees), the 

diagonal is calculated using the triangle formed by focal length of the objective lens and the half 

diagonal shown in Figure 143. 

 

Figure 143: Triangle to determine half diagonal of field stop 

  

 The half diagonal (X in the figure) is calculated to be 53.9 mm; the full diagonal then being 

107.8 mm. 

 The next step is to determine the size of the diagonal at the imaging plane.  This is done using 

the ratios between the focal lengths of the two lenses of the relay system and the two diagonal lengths 

shown in (25). 

 
  
  

  
     

     
   

      

  
  

     

 
             (25) 

 The full diagonal of the image at the focal plane was determined to be 43.73 mm.  Even 

without the exact sensor chosen, this design was determined to be unacceptable because none of the 

sensors would be able to image the entire focal plane of that size. 

 

 Field of View of System 14.2.2

 The first step in determining the field of view of the system is determining the plate scale of 

the sensor that is being used.  The equation for plate scale is shown in (26) below. 

             
 

            
 [
       

      
]  

      

            
 [
          

      
] (26) 

 Using the effective focal length of 152.4 mm and a pixel size of 6.5 microns, the calculated 

plate scale is shown in (27). 

             
                   

          
   

           

         
       

          

     
 (27) 

 The sizes of the horizontal and vertical field of views are determined in (28) and (29) below.  

The size of the sensor is 2560 by 2160 pixels. 
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                                      [

          

     
]   

          

                 

              

(28) 

                                     [
          

     
]   

          

                 
              (29) 

 The total field of view of the system is then the height and width multiplied together, leading 

to a field of view of 33.05 square degrees. 

 

 Field Stop Sizes 14.2.3

 The first step in figuring out the sizes of the field stops is to calculate the size of the diagonal 

at the focal plane of the objective lens.  This field stop must match the field of view of the telescope 

so the half angle of the diagonal field of view is used (4.095 ).  The triangle used to find the size of 

the half diagonal is shown in Figure 144. 

 

Figure 144:Triangle used to determine half diagonal of first field stop 

 

 Solving for   and multiplying by two in order to get the full diagonal, the necessary diagonal 

of the first field stop is 65.46 mm. 

 The size of this diagonal after the first relay system is determined by the ratio of the diagonals 

and the focal lengths ( ) of the two lenses in the relay system.  This calculation is shown in (30). 

 
  
  

  
     

     
   

   

   
  

     

 
             (30) 

 The size of the diagonal at the sensor is done using the same equation with the focal lengths 

of the second relay system shown in (31). 

 
  
  

  
     

     
   

   

  
  

     

 
             (31) 

 Using the aspect ratio of the sensor, the lengths of the sides of the field stops and the size of 

the image at the sensor can be determined.  The results are shown pictorially in Figure 145 below and 

are listed in Table 42 for easy reference. 
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Field of view and aspect ratio Size of first field stop 

 

  

Size of second field stop Size of focal plane at imaging sensor 
 

 

Size of imaging sensor 

Figure 145: Sizes of field stops and focal planes 

 

Table 42: Sizes of field stops and focal planes 

 Horizontal (mm) Vertical (mm) Diagonal (mm) 

First field stop 50.04 42.20 65.46 

Second field stop 33.36 28.14 43.64 

Size at focal plane 16.68 14.07 21.82 

Sensor size 16.64 14.04 21.77 
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 Derivation of Baffle Equations 14.2.4

 The internal angles of the baffle describe how the width of the baffle vanes change going 

down the baffle but do not describe the field of view of the baffle.  In order to determine whether a 

baffle of a certain length would meet the maximum 50 by 50 degree field of view requirement, 

equations were needed that could determine the field of view of the baffle based on an inputted 

internal angle and a length.  A diagram of the baffle can be seen in Figure 146 where   and   are 

unknowns that will be determined later and   is the interior angle of the baffle. 

 

Figure 146: Baffle diagram 

 

 Two triangles can be taken from the above figure and are shown below in Figure 147. 

 

Figure 147: Triangles from baffle diagram 

 

 Three equations can be taken from Figure 147.  These are listed below in (32), (33), and (34). 

        (32) 

    
 

 
  

        

 
 (33) 
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 (34) 

 Because the three equations contain four unknowns, they are currently unsolvable.  However, 

looking back at Figure 146, one sees that   can be expressed in terms of   and  , as shown in (35). 

       
 

 
 (35) 

 It may seem that one unknown quantity was replaced with another unknown but   is internal 

angle of the baffle which will be chosen when solving the problem and therefore is not unknown.    is 

also a known quantity obtained from the Solidworks model. 

 The first step in solving this system of equations is to equate (33) and (34).  Substituting (35) 

in for   and (32) in for b into (33) results in (36) below. 

 
            

   
  

      

 
 (36) 

   is the only unknown in (36) and solving for it results in (37). 

    
       

            
 (37) 

 Substituting (37) into (34) and solving for   results in an equation that only requires the 

length of the baffle ( , known) and the interior angle of the baffle ( , known) in order to determine 

the field of view of the baffle, as shown in (38). 

         (     
      

 
) (38) 

 Field of View of Baffle 14.2.5

 The maximum length the baffle could be was determined to be 508 mm.  Using this and the 

decided upon interior angles of 7 and 8 degrees, the baffle field of view can be determined by (38) 

where   is one of the interior angles and   is the length of the baffle. 

 As seen in (39) and (40) below, the baffle is able to see 33.48 degrees in the horizontal 

direction and 32.55 degrees in the horizontal direction. 

          (   ( )  
      

   
)                (39) 

          (   (   )  
      

   
)                (40) 

14.3 Electronics Thermal Analysis 

The DayStar team determined that due to the balloon adaptability project requirement 

(0.PRJ.4) it was required to implement a BOTE thermal analysis to ensure that the DayStar system 

would be able to dissipate the heat produced by the electronics (approximately 87.3 W during 

maximum instantaneous power draw) in a high altitude balloon environment.  

In a high altitude balloon environment, there is no convective heat transfer that computer 

processors or other electronics usually rely on to remove waste heat. In addition, there is assumed to 
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be minimal conduction between the power dissipating components and any large thermal mass to act 

as a heat sink. However, there is conductive heat transfer between components in the payload, which 

is the primary method of transferring heat energy from one component to another. The predominant 

mode of dissipating waste heat must therefore be radiative heat transfer from the exterior of the 

payload. It is important to note that DayStar is not required to implement any thermal control 

measures required for high altitude balloon flight; it is simply required to demonstrate the feasibility 

of doing so. 

 The thermal analysis was set up to model 2 identical radiators facing 180° apart. This 

scenario ensures that even if one radiating panel is facing directly towards the sun, the other will be 

facing towards empty sky. This arrangement provides a more area and mass efficient radiator design 

than a single radiating panel. Since the thermal model is only intended to demonstrate future 

adaptability to the future DayStar design, the geometry of any components was not considered. A 1D 

heat transfer model was set up to model the system under the following assumptions: 

 Heat is dissipated through 2 identical planar radiators (same size, mass, material, 

surface coatings, and mechanical interfaces). 

 1D heat transfer only (including through all conductive paths). 

 Heat is transferred between components on DayStar through conductive heat transfer 

only. 

 Heat is dissipated away from DayStar through radiative heat transfer only. 

 All heat is generated at a point (heat conduction within electronics boards were not 

considered). 

 The sky forms 50% of the view factor for each radiator, and radiates at T∞ = 4K. 

 Any portions of payload and Earth in the field of view of each radiator forms the 

other 50% of the view factor, and all of these objects radiate at TE = 25 °C. 

 The radiator panels are thin, with negligible temperature gradient across them. 

The model was constructed to model the worst case scenario, where the electronics are at risk 

of overheating. It was assumed that heaters could be added to the system and be turned on to protect 

the electronics from becoming too cold. Due to the high margin on the power budget, the extra power 

required for this solution is far from prohibitive. The worst case scenario assumptions are as follows: 

 Maximum instantaneous power draw (87.3 W) 

 One radiator panel is pointed directly at the sun, which has an irradiance (Gsun) of 

1360 W/m
2
 

These assumptions and environmental conditions lead to the formation of the following 

model, as visualized in a thermal circuit format. 
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Figure 148: Thermal Circuit 

 In Figure 148, Tb is the electronics board temperature, TR1 and TR2 are the temperatures of the 

two radiators, Rcond is the thermal conduction resistance between the radiating panels and the 

electronics boards, q1 and q2 are the heat transfer flux away from the electronics boards, qd is the 

power dissipated by the electronics boards, and qsun is the radiative heat transfer from the sun. The 

following equations were defined from thermal circuit and radiative heat transfer analysis. 

               (41) 

         
     

 

 
(  

    
 )  (42) 

         
     

 

 
(  

    
 )  (43) 

             (44) 

 In the above equations, A is the area of a single radiator panel, ε is the emissivity of the 

radiators, α is the solar absorptivity of the radiators, and σ is the Stefan-Boltzmann constant. These 

equations were then combined to form a single equation. 

             (   
     

 )     (  
    

 ) (45) 

 Equation (45) relates the required radiator area for a single radiator (identical between the 

radiators) to the temperature of each radiator. However, the temperatures of the radiators are not 

known, and so it is necessary to relate the temperature of each radiator to the board temperature. The 

board temperature was set to be the maximum temperature allowable for all electronics components, 

minus a 5 °C safety margin, resulting in a value of 65 °C. These relations were obtained once again 

through thermal circuit analysis for the heat fluxes q1 and q2.  

                (46) 

        (     )      (47) 

  After inserting Equation (43) into Equations (46) and (47), a system of 3 equations and 3 

unknowns was formed between Equations (45), (46), and (47). This system of equations is nonlinear, 

and lends itself to a numerical solution. This was implemented in MATLAB by first selecting an 

initial guess for the single radiator area A. Equation (46) was first solved using the function fsolve, 

followed by Equation (47). This provided estimates for TR1 and TR2, which were inserted into 

Equation (45). This would not necessarily yield 0 as required since the value of A was an initial 

guess. A simple proportional control was implemented to vary A until the result of Equation (45) was 

below an absolute tolerance of 10
-3

.  
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 Since the thermal model developed was generally independent of the thermal radiator design, 

3 parameters were varied to describe the design space and demonstrate adaptability of the DayStar 

design. One important parameter to study is the effect of how well the electronics boards are 

connected thermally to the radiator. As the conductive heat transfer resistance Rcond increases, the 

temperature gradient between the electronics boards and the radiators increase, making the thermal 

dissipation system less effective. Figure 149 shows the results of varying the value of Rcond for 

nominal absorptivity and emissivity values. These nominal values were selected by modifying the 

model to approximately match the flight data from the radiator implemented on the BOWSER 
[2]

 

payload.
 

 

Figure 149: R_cond Parameter Study 

 The other two parameters important to the radiator design are the absorptivity and emissivity 

of the thermal coating applied to the radiators. It is desired to have a high emissivity coating to make 

the radiators more efficient for a given area and a low absorptivity to minimize the absorbed heat 

energy from the sun. Figure 150 shows the results of modifying the thermal paint properties given a 

nominal value from Rcond. 
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Figure 150: Thermal Paint Parameter Study 
 The results of Figure 149 and Figure 150 show that a maximum total radiator area between 

the two individual radiators required is approximately 0.5 m
2
 (775 in

2
) or less, depending on the 

properties of the thermal paint selected and the effectiveness of the thermal contact between the 

electronics boards and the radiators. Assuming 2 square radiators, this equates to a maximum 

dimension of 0.5m (20 in). This dimension fits within a standard large-payload slot on the HASP 
[8]

 

platform. Therefore it was determined that give the power dissipated on the DayStar system, it was 

feasible to adapt the system in the future to fly in a high altitude balloon environment. However, 

DayStar is not required to install radiators, heaters, or heat sinks to the system to operate in the 

balloon environment. 

14.4 CDH 

 Gnomonic Correction 14.4.1

Stars found in the centroiding algorithm are assumed to be on a spherical surface centered at 

earth. However, an image is flattened onto a plane when it is captured by a sensor. An analysis was 

conducted to determine the magnitude of this distortion affect as a function of field of view (FOV) of 

the optical system. Figure 151 shows the spherical sky being projected onto the flat sensor. It can be 

seen that stars will tend to appear further away from the center of the image than they actually should 

appear in reality. 
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Figure 151: Projecting a Spherical Image onto a Flat Surface. 

The error of the star location, x, can be determined in 1 dimension using the following 

equation, derived from Figure 151: 

   
   ( )     ( )     ( )

    ( )
    

   ( )     ( )     (     )

     (     )
 

(48) 

Where x is the error distance usually measured in arcseconds,         , and   is the 

angle between the centroid and the center coordinate of the image. To extend this correction to two 

dimensions, the norm of the lengthwise and widthwise error of each pixel can be calculated. A plot of 

the error over the entire image is shown in Figure 152 for the ST5000 Startracker. 

 
Figure 152: ST5000 Gnomonic Projection Error. 
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This maximum error is approximately 9 arcseconds. This is too large to be considered 

negligible for DayStar’s attitude determination algorithms. Thus, this correction must be made for 

every image taken by DayStar before attitude determination algorithms can be invoked. The proposed 

solution is to generate a look-up table that includes the coordinates corresponding to the corrected 

center of each pixel on the light sensor. Because (48) becomes constant for each pixel once the FOV 

has been determined, the look-up table will be a static 2-dimensional array of the corrected center for 

each pixel. In this way, when the centroiding algorithm is invoked, it will refer to the corrected 

coordinates for each pixel during computation instead of referencing the standard pixel centers, 

[0.5,0.5], [0.5,1.5], [0.5,2.5] etc.  

 Spin Rate Analysis 14.4.2

The figures below detail the analysis of spin rate. The goal is to prove under what conditions 

DayStar can identify and centroid stars, even at very high rates of spin of the gondola. 

 
Figure 153: Overview of the spin rate analysis procedure. 
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Figure 154: Spin rate analysis plots. 

 


