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 I. Mission Overview  
 

On March 7
th
, 2009, the Kepler Spacecraft was launched for a 3.5 year mission in the hopes 

of discovering habitable Earth-sized planets in surveying a portion of the Milky Way galaxy. 

 Kepler will hold the same field of view for its entire flight duration and continually observe the 

photometric output of its collection of stars.  A planet orbiting that star will demonstrate a 

periodic dip in a starôs brightness as that planet passes between Keplerôs observations and the 

output of the star, which is also known as the planetary transit detection method.  The 

SPARTAN-V payload is entertaining that the same capabilities of the Kepler mission can be 

obtained with greater ease and a fraction of the cost with lighter than air balloon based 

observatories.  Floating above 99% of Earthôs distorting atmosphere, the near space environment 

may be a perfect viewpoint for capturing clear imaging of the cosmos.   

The strongest motivation for this project has been the recent Kepler discovery of an 

exoplanet to be orbiting a star similar to the Sun, and residing within that starôs habitable zone.  

The high cost of Keplerôs place in orbit and the risk of failure from inaccessibility of repairs 

make balloon based platforms a highly feasible, cost efficient alternative.  With its low cost, 

more than one ñKeplerò can be placed at the edge of earthôs atmosphere upon several balloons to 

view as many stars as possible.  With this, the possibility of an army of balloon payloads to view 

the edges of space is not far from the future. 

 
A. Planetary Transits and Earthôs Atmospheric Light Scattering Effects 

 

SPARTAN-Vôs primary mission is to determine the feasibility of detecting planetary 

transits from a high altitude balloon platform at approximately 120,000 feet (36km).  This will be 

focusing on the level of interference from the remaining 1% of Earthôs atmosphere at altitude, 

and if that interference is minimal enough to distinguish a planetary transit.  Signal to Noise 

calculations of the images detail to what magnitude this distortion has on an optical system at 

this altitude.    

 

B. Balloon Environment Characterization 
 

SPARTAN-Vôs secondary mission was to help in characterizing the HASP balloon 

environment with the use of a 3-axis gyroscope, a 3-axis accelerometer, and a number of 

temperature sensors internal and external to the SPARTAN-V structure.  All these sensors were 

sampled at a rate of 1 Hz for launch and duration of flight. 

The balloonôs spin rate during flight proved to be faster than anticipated, and a number of 

images had stars which were streaking across a number of pixels.  Although this was not the data 

anticipated, it does provide another method to calculate the spin rate of the HASP balloon in the 

yaw rotation.  Comparisons were also made between gyro data and image calculated spin rates, 

yielding promising results. 
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Figure 1, below, shows the anticipated flight concept of operations for the SPARTAN-V 

payload.  After approximately four hours, float altitude is reached by the HASP platform, 

wherein the SPARTAN-V payload is configured such that the telescope locked (facing down to 

protect from the sun) and the electrical system running and collecting platform characterization 

data.  After astronomical twilight, the telescope is unlocked and set into position to begin 

collecting image data.  Sensor data collection is continued throughout the night.  Upon flight 

termination, the telescope is locked and the system to powered down for HASP descent. 

 

 

 
Figure 1. Flight Concept of Operations (Launch to Termination).  
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II. Mission Background and Theory  
 

NASA's Kepler spacecraft was launched on March 7
th
 of 2009, for a 3.5 year mission to 

survey and discover hundreds of Earth-size and smaller planets within our region of the Milky 

Way.  Kepler will view the same field of view (10 degrees squared), shown in Fig. 2, for the 

duration of its flight, monitoring approximately 100,000 stars to measure periodic variances in 

their brightness.  A periodic decrease in a starôs brightness 

would be indicative of a planet orbiting that star.  This planetary 

detection method is also known as a planetary transit, which is 

shown in Fig. 3 below. 

As of December of 2011, Kepler has announced 30 

confirmed planetary discoveries
[1]

.  Being that these planets have 

short orbital periods, a max of 4.9 days, Kepler is able to verify 

that the periodic dip in brightness is due to a transiting planet.  

Even with 2,300 planetary candidates found in just two years, 

the majority of discoveries are not expected to be found until 

Keplerôs 3
rd

 year in flight. 

For a 3.5 year flight, Kepler is estimated to cost $600 

million.  It has also been speculated that Kepler could be 

extended to a 4 year or even a 6 year flight, causing the $600 

million cost to increase.  The alternative use of a Balloon-Based 

Observatory (BBO) to view and measure the photometric output 

of stars could achieve Kepler's mission for a fraction of the cost.  

By comparison it costs around $600 per kilogram to launch a 

payload into the upper-stratosphere upon a lighter-than-air 

vehicle, while prices soar upwards of $20,000 to launch a single 

kilogram into Low Earth Orbit (LEO) on a rocket.  BBOs ascend to an altitude of 120,000 feet, 

above 99% of Earth's atmosphere.  At such an altitude, there is little to no influence from the 

weather, making the flight environment highly stable for optical devices.   Also, since balloon 

vehicles are significantly cheaper, it is possible to station more than one in Earth's upper 

atmosphere.  BBOs are also 

more easily accessible for 

maintenance or adjustments.  

Balloon Based Observatories 

may be the perfect alternative 

for discovering more of the 

universe we still know so little 

about. 

Figure 3. Transit light curves from 5 Kepler exoplanets discovered. 

Figure 2. Kepler's Field of View of the 

Milky Way Galaxy.  
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III. Engineer ing Application  
 

 In pursuit of fulfilling the science objectives of the project, a physical unit was 

engineered. The following sections provide a background of the payload that was built by the 

Colorado team during the course of the HASP 2010 lifetime.  

 

A. Mechanical design 

 

 Based on the HASP platform requirements, a payload was design to fit within a 15ôô x 

12ôô x 17ôô volume envelope with a mass less than 20 kg. The payload consists of three main 

parts: the electrical casing, rotary table assembly, and telescope. The electrical casing serves as 

mounting for the majority of electronics including motherboard and memory storage devices. 

The rotary assembly is positioned at the top of the electrical housing and includes two pitch arms 

that support the telescope structure. The telescope consists of a custom built folding refractor 

telescope that allows for photometric data to be taken on flight. Figure 4, below, shows a 

comparison between the design and fabricated structure.  

 

 
Figure 3. SPARTAN-V design and fabrication comparison. 

 

The electrical casing was constructed with a primary skeleton of honey-combed 6061-T6 

aluminum alloy for maximum strength, as well as insulated with foam core in order to maintain 

as stable a thermal environment as possible, and protect from solar radiation. The rotary table 

was made to support both the telescopeôs weight as well as its movement. It consists of a base 

plate that mates to two vertically parallel precision bars that house the bearing on which the 

telescope rotates. The telescope itself was manufactured separately to house the optical system, 

explained in the following section. Figure 5 displays the components of the design and flight 

structure. 
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Figure 4. SPARTAN-V design and fabrication comparison. 

 

 

B. Telescope Design 

 

 The mission of the SPARTAN-V team was heavily dependent on the optics chosen to 

complete the photometric imaging. The telescope used was a custom designed and fabricated 

folding refractor design displayed in Fig. 6 with a 70 mm aperture and 400 mm focal length. This 

design allowed for a light-sensitive telescope to be packaged in a small area. Without the folding 

design technique, the telescope would have to extend three times the length to achieve the same 

precision.  

 

 
Figure 5. Detailed internal view of the SPARTAN-V telescope design. 
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In the lower left of the diagram is the 75 mm primary lens, where the light enters and 

then is reflected by the 75x75 mm and 40x40 mm mirrors into the charged-coupled device, or 

CCD.  A close up of the CCD camera may be seen in Fig. 7, below. 

 

 
Figure 6. QSI 504 CCD camera. 

 

 The telescope was machined locally with the help of team mentor, Russ Mellon of 

Equinox Interscience. It is comprised of aluminum 6061 and was made to fit within the ñpitch 

armsò of the payload in order to rotate about the elevation axis. 

 Post fabrication, the telescope was aligned by laser and optical methods. The light path 

was aligned by pointing a laser into the lens and allowing it to reflect off the mirrors into the 

CCD mount, as seen in Fig. 8. Once the correct light path was achieved, the laser was focused to 

the estimated focal plane of the CCD camera.   

 

 
Figure 7. Laser Beam Mirror Alignment Set Up 
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The optical focus was then aligned using a USAF three-bar alignment chart, pictured in 

Fig. 9. This photo was taken by the SPARTAN-V telescope during alignment. This test allows 

for the camera to take a physical picture of a target, in this case, three bars; the smaller the set of 

bars that the camera can focus on, the greater the angular resolution.  

 

 

 
Figure 8. USAF three-bar alignment. 

 

 

Using the testing set-up in Fig. 10, the telescope was focused to infinity through a 

collimating lens. This essentially makes the target seem very far away; this mimics looking 

through a telescope backwards.  

 

 

 
Figure 9. Optical bench set-up used during alignment. 
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This test was a good benchmark to align the focus of the telescope, but to further focus 

the camera a pinhole-LED set-up was used. By performing the same technique of focusing the 

target at infinity, the telescope focused on a 50 ɛm wide hole. This allowed for a more precise 

focusing of the optical system for flight. Figure 11 displays a photo taken during the pinhole-

LED alignment.  

 

 
Figure 10. CCD image of 50 ɛm pinhole for alignment. 

 

After alignment the telescope was used for several night observations near Boulder, CO, 

and confirmed to function properly. These observations verified the functionality of the telescope 

at ground-level conditions shown in Fig. 12, below. The telescope was later verified to operate in 

a thermal vacuum chamber located in Palestine, TX, granting the payload flight certification. 

 
 

 
Figure 11. Ground-based star field image captured with aligned optical system. 
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The telescope field of view was angled at approximately 55ę above the horizon (red line 

in Fig. 13), ensuring that viewing was not obscured by other payloads on flight, or the bottom of 

the balloon. 
 
 

 
Figure 12. Telescope field of view and flight pointing angle. 
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C. Electrical Power and Hardware Design 

 

The electrical hardware and power system is displayed in Fig. 14 below, which also 

presents a visual representation of the data flow for the SPARTAN-V system. 

30V at 2.5A is provided by the HASP platform to the SPARTAN-V payload, which is 

stepped down through a series of linear regulators to the appropriate voltages needed for various 

hardware components.  All components are powered to the shown voltages upon system start up, 

with sensor sampling initiating via the AVR microcontroller.  

 

 

 
Figure 13. Electrical Hardware, Power, and Data Flow FBD 
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SPARTAN-V consisted of nine sensors total, and information is provided in Table 1, 

below.  These sensors will help to characterize the HASP balloon environment, which will detail 

temperature, spin rates and pendulum motion of the platform at float altitude of 120,000 feet.  

The temperature sensors are also used to help detect thermal failures within the SPARAN-V 

system.  All sensors were sampled at a rate of 10 Hz from the AVR microcontroller, which 

cycles through the sensors with an 8:2 multiplexer.  The analog outputs of the sensors are sent to 

the 10-bit ADC of the AVR, which is then saved to the Solid State Drive (SSD) via RS-232 and 

SATA communication.  Images captured during flight were also saved to the SSD via USB 2.0 

and SATA communication. 

The AVR also provides hardware logic control for the telescope motor and linear 

actuator.  Serial uplink commands are sent to the Motherboard, which is then communicated via 

RS-232 to the AVR.  Depending on which byte the AVR receives, it will call the appropriate 

action for the corresponding hardware component. 

 
Table 1. SPARTAN-V Sensor Details 

Sensor Voltage Sensitivity Placement Functional 

Temp Range 

ADXL325 

3-Axis 

Accelerometer 

3.3V 174mV/g Sensor Board -40 to + 85ęC 

LPR503AL 

Pitch, Roll 

Gyro 

3.3V 33.3mV/ę/s Sensor Board -40 to + 85ęC 

LY503ALH  

Yaw Gyro 

3.3V 33.3mV/ę/s Sensor Board -40 to + 85ęC 

AD592 

Temperature 

Sensors 

5V 1uA/K 1 Sensor Board, 

2 Motherboard, 

1 External, 1 Motor, 

1 Linear Actuator 

-25 to + 105ęC 
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Figures 15 and 16 detail the orientation of the sensors relative to the HASP launch 

vehicle, and to the SPARTAN-V payload. 

 

 
Figure 14. Orientation of X and Y accelerometers and yaw, roll  gyroscope sensors relative to the HASP 

Platform. 

 

 

 
Figure 15. Z accelerometer and pitch gyroscope sensor orientation relative to the HASP Platform. 
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All uplink and downlink traffic is sent to the CPU of the Motherboard, which either sends 

health and status (H&S) packets down, or calls an action within the SPARTAN-V system.  

Details for each health and status packets are included in Tables 2 and 3, below.  A full list of 

uplink and downlink commands is detailed in the Appendix (Table 7).   

 

 
Table 2. Large Health and Status Packet 

Large Health and 

Status Packet 

Packet time stamp 

Number of uplink 

commands successfully 

received 

Number of process 

restarts from Watchdog 

Last process restarted 

Runtime since last restart 

What restarted/initiated 

the software system 

 

 

 

 

 

 

 

 

 

Table 3. Small Health and Status Packet 

Small Health and 

Status Packet 

Current CPU Usage 

SSD Data Storage 
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D. Software Design 

 

i. High Level Software Architecture 

 

 The software system is built around two major components: the motherboard and the 

AVR microcontroller.  Figure 17 below presents a flow diagram for the SPARTAN-V software 

system, and primarily handled by the motherboard software.  The motherboard includes a 

software Watchdog that monitors the status and operation of the entire software system upon the 

motherboard, and interfaces with the power board, CCD camera, and SSD devices.  More details 

about the software architecture of the motherboard, microcontroller, and process watchdog are 

detailed in the sections below. 

 

Serial 
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Watchdog 
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Capture 

Process Uplink & 
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Figure 16. Higher Level Software Flow Diagram 
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ii . Motherboard Software  

 

Serving as the central processing element on-board the payload, the motherboard is 

responsible for objectives necessary to the mission. The motherboard software system is 

designed to properly handle data and commands, support image capture functionality, and 

maintain reliable operation for the duration of the flight. 

Command and data handling involves inter-system communication that spans the entirety 

of the physical payload. In order to provide this communication between processes, a certain 

structure was designed to enable parallel processing and the queuing of messages. Message 

queue wrappers were created for each process that contained awaiting messages (according to a 

first in, first out policy), where a message is either a command or data. This enhances parallel 

processing capabilities of the system by providing inter-thread communication, and providing 

more efficient command handling capabilities.  

Uplink and downlink processes are essential to the command and data handling system, 

as they serve as the means of delivery of messages external to the motherboard through serial 

communication.  On the motherboard side, one serial port was set to simply read data coming in, 

and another as the output serial port.  Separating serial data in and data out on the motherboard 

allowed for ease with system communication with HASP and intersystem communication for 

hardware control.  Figure 18 shows a block diagram of the motherboardôs responsibilities. 

 

 
Figure 17. Block Diagram of Motherboard Control 

 

Health and status data from the AVR is parsed, and sent to the SSD to be either stored or 

downlinked to the ground station upon request by the process local to the motherboard that 

generates health and status packets with this data and from calculated system statistics. 

Commands sent from the ground station are parsed and sent to appropriate message queues. If 

the command involves control of the linear actuator or telescope movement, the command byte 

is relayed to the AVR serially where it is processed by the microprocessorôs control system.  

Image capture functionality is defined as capturing an image using the CCD camera and 

storing the image to the SSD continuously throughout the flight. The image capture process 

controlled the camera exposure settings and timing of image capture as well as sending the 




































































