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 This SURF proposal is in response to:
http://announcements.surf.caltech.edu/index.cfm?event=ViewAODetail&id=740&inFrame=&type=SURF&formType=AO_JPL

Background: 
NASA has plans for long duration (~100 day) scientific balloon flights in the near future. 
These flights will collect astronomical and Earth science data at a fraction of the cost of a 
space mission. It is cost prohibitive to download the data from these flights during the 
flight. The longer the flight goes, the more data will be lost in the unfortunate event of cata-
strophic failure or loss of payload. It would be beneficial to have some way of retrieving 
data on physical media from a balloon in flight. We seek to create the means to do so and 
thus retire risk in future balloon flights.

Description: 
We seek to develop a 'data capsule' that can be dropped from balloons in flight. The capsule 
will be small and light and contain a solid state hard drive with a copy of all of the 
observational data. A parachute will allow the capsule to land safely and a GPS device will 
allow the capsule to be located for recovery. We may test our capsule at the end of the 
summer by dropping it from a weather balloon at significant altitude.

Motivation

Balloons have long provided a much less expensive alternative to space flight for applications 
where being above most of the atmosphere is required and being below the last 1% can be 
tolerated.  Examples are those missions which are impacted by atmospheric absorption or image 
degradation due to atmospheric refraction or require lower temperatures at mid to low latitudes. 
Improved temporal coverage due to absent cloud cover can be an added bonus.

Given the current state of the economy and particularly the diversion of astronomy dollars to 
overruns on the flagship mission JWST,  balloons may be the only fiscally viable way to address 
many pressing scientific questions for the next 10-15 years. The cause of the apparent 
accelerating expansion of the universe, dubbed Dark Energy, is among these questions, although 
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its nature is still the subject of speculation.  <HALO: High Altitude Lensing Observatory: White 
Paper to the US Decadal Survey>.

A prime example of such a mission, whose PI is the mentor for this SURF, is the High Altitude 
Lensing Observatory. In its final form, it will fly a wide field diffraction limited telescope, 
imaging onto fifty CCDs each with ~2048x4096 pixels, and will expose for 300s to 400s with 
minimal inter exposure delay to make a high resolution map of several thousand square degrees, 
a significant fraction of the sky.  The shapes of many millions of galaxies visible in this survey 
will be analyzed to measure small biases away from random alignment.  This systematic 
elongation of the galaxy images, known as Gravitation Weak Lensing (WL), is caused by 
distortion of space time by gravity.  In combination with other data sets which sort the 
background galaxies by distance, distribution of all matter along the line of site can be computed. 

WL is a particularly powerful tool since it maps both baryonic (bright) and dark matter, and by 
analyzing the growth in clumping of all matter over cosmological timescales, constraints can be 
placed on proposed (theoretical) models for the physics dubbed Dark Energy.   

WL requires very stable image quality and exquisite calibration of the systematic image 
distortions from sources other than the cosmos.   Once the image quality and data calibrations are 
adequately addressed, the figure of merit of a WL survey is survey area (at the required 
resolution and depth).  To survey 200-1000 degrees of extragalactic sky, the very longest 
duration mission is required, with 20-100 days resulting in one to five circumnavigations of the 
globe at mid latitudes.

Enabling Balloon Technologies

Fortunately progress is being made to address the limitations of balloon missions:
• Flight duration
      Advances in membrane materials and reinforcing fibers such Kevlar have allowed the 

development of the super-pressure balloon (Ultra Long Duration Balloons), which does not 
change altitude appreciably in response to diurnal temperature variation since the envelope 
constrains the volume and thus buoyancy.   The Ultra Long Duration Balloon (ULDB) test 
program (http://sites.wff.nasa.gov/code820/uldb.html) is advancing successfully towards 
longer flights and larger payloads suitable for HALO.

• Diurnal Cycle
Antarctic flights have commonly been used for long flights since the balloon circulates over 
land/ice, but experiments requiring darkness cannot be launched in the Antarctic winter due 
to safety concerns.  These problems are also solved by the development of super-pressure 
balloons that can circumnavigate the globe at mid latitudes, taking advantage of the reliable 
easterly winds in the upper atmosphere in the southern summer.

• Launch/recovery logistics
Long duration ballooning in the Antarctic is not only incompatible with optical/infrared 
astronomy, but the logistics of launch and recovery make it expensive.  Once flights exceed 
circumnavigation at mid latitudes, launch costs are reduced (due to the benign climate) and 
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recovery options are extended to large tracts of open desert such as central Australia, with the 
Atacama desert or western Argentina serving as backup options.

• Pointing stability
Pointing precision is being advanced by programs such as SUNRISE 
(http://stratocat.com.ar/fichas-e/2009/KRN-20090608.htm).  HALO will use a fast steering 
mirror and ~100Hz guide star sensors on the focal plane to reduce residual pointing errors to 
< 0.1 arcsec.   Wallops Flight Facility is testing a pointing system with goals commensurate 
with HALO requirements, which uses low friction bearings.  These have an intermediate race 
which is always in motion relative to the outer races such that there is no static friction or 
windup/backlash as relative motion of the inner and outer races reverses in sign.  Optimal 
gimbal arrangements are also being studied by the HALO team <Smith, Alexandra. Field 
Rotation Correction System for the HALO Balloon-borne Telescope>.

• Data Transfer
A new problem emerges as survey science, normally done from the ground or space, is 
moved to balloons.   The data collection rate exceeds that which can be uplinked to TDRSS 
satellites (an expensive process), and downlink time is limited by ground station visibility 
through both the uncertain trajectory and the fact that 5/6 of the path is over ocean.  The 
purpose of this SURF is to provide a cost-effective alternative for progressive data delivery 
as a backup to mitigate the risk that the payload and data stored on board is lost (in the ocean 
for example).

Do we really need a backup data delivery system?

Figure 1 shows experiments with long duration trial balloons <Schumann, Aubrey P. Carrier 
Balloon Trajectories in the Stratosphere> in the late 70’s, which indicates that the balloon stays 
within an acceptable latitude range for useful periods. It also illustrates how sudden changes in 
weather conditions towards the end of the stable summer winds can lead to the balloon being 
diverted far south, reversed in direction, and becalmed over the ocean.  While this may not be an 
immediate threat to the balloon, it does make recovery impractical and could result in eventual 
loss of the payload.   Aside from weather events there is always the risk of malfunction.

If no means of recovering the data is available except landing, there will be pressure to fly only 
the minimum mission.  The existence of the backup data delivery system will allow a safe 
alternative to continue acquiring data and thus improve the yield of the mission while preserving 
the data, only risking the hardware.
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Figure 1: Trajectories of three small, super-pressure, long-duration trial balloons floating at  
constant 24km altitude. (Schuman, 1980) Demonstrates that under good conditions the balloon  
rides reliable easterly winds for multiple circumnavigations without drifting outside  
20S<latitude<32S.

Data Volume and Transfer Rates

With 50 CCDs each having 8Mpixels, two bytes per pixel and 1.6 lossless compression 
factor, a 300s exposure cadence for 10 hours per night implies 70 GB/day.

Data uplink via TDRSS satellites can support 1 GB/day (private communication to 
mentors Rhodes and Booth from Dave Pierce at Wallops) and is thus not even close to sufficient.

Data downlink using commercial aerospace line-of-site data links (S,C, or X-band) are 
capable of  20-320 Mb/s.   At the high end of this range (40MB/s) the 70GB takes only half an 
hour to transmit.  At the predicted ~60km/hr drift rate, the balloon will be more than 30 degrees 
above the horizon for this period or longer for a base station within 63 km of the balloon. The 12 
degree latitude range corresponds to ~1300 km travel for each circumnavigation.  This would 
necessitate an evenly spaced set of ground stations at 2*63 km intervals, 11 in all.  They would 
have to operate at the highest data rate and never be busy in the communication window.

The assumption that this is a problem underpins the justification of this project. 
Determining the chances of finding a ground station with this data bandwidth and within this 
distance, for any latitude in maximum range of the balloon trajectories will be one of the early 
tasks during this SURF.



Proposed Approach

Inadequate coverage by high bandwidth ground stations could be solved by having a 
mobile facility dedicated to the mission.  A truck mounted receiver would drive along a North-
South highway to position itself optimally using the GPS coordinates of the balloon to predict 
the optimal crossing location.  By optimal positioning, the path length to the balloon will be 
minimized and thus transmitter power and receiver antenna size may be less costly.  Significant 
drawbacks include a major capital expense and the substantial cost of operating a highly 
coordinated “chase crew” which could easily find itself scrambling at night or in poor weather 
and possibly miss a rendezvous if the wind changes and an optimal road is not available.  Note 
how the balloon trajectories in Figure 1 are prone to make sudden turns and are not always 
traveling east west.

Our proposed solution, motivated by lower operating and capital costs, is to build a 
capsule to protect and control the descent of data on a Solid State Disk drive, such that neither 
contents, people, nor property are placed at risk.  Capsules can carry enough data to be delivered 
when passing over northern Chile and central Australia, which both offer open accessible terrain 
over a wide latitude range.  An embedded GPS beacon will allow location of the capsule to 3m, 
supporting non-time-critical recovery with minimal support equipment.

Ease of recovery will depend on targeting accuracy, which will be a major goal of this 
study, after safety.  Two design approaches will be assessed early in the project:

• Unguided, high-speed descent with late aerobraking.
A rapid descent approaching the speed of sound in the upper atmosphere minimizes 
lateral drift due to high winds, which can be especially fierce in the jetstream. An 
increase in air density will gradually slow the payload, until explicit braking is necessary 
to minimize drift during the final approach. Braking would be triggered autonomously 
based on barometer readings. An error margin of about 3km would place the capsule 
within easy reach of longitudinal highways in open desert areas such as Chile and 
Australia. An examination of google earth reveals that there are many areas in which 
+/-1km would be much more desirable to avoid inaccessible terrain. Figure 2, calculated 
by a SURF mentor, shows that dropping an object with benign mass and terminal 
velocity, such as a soccer ball, results in ~20km lateral drift which would make recovery 
uncertain.  Figure 3 shows a descent profile also calculated by the SURF mentors for a 
capsule that is a more realistic mass (1200g) and is streamlined, with aerobraking (eg 
parachute) to provide a soft landing.  Some knowledge of current or at least prevailing 
winds is needed to increase the targeting accuracy sufficiently for viable descent rates.

• Self-steering capsule
Rapid development of extremely small and light avionics by the model rocket and 
amateur drone community make it both feasible and affordable to incorporate 
autonomous guidance at a cost of only a few hundred dollars.  See:

http://diydrones.com/notes/ArduPilot     
www.featherweightaltimeters.com     
www.bigredbee.com 

The Inertial Measurement Units weighing only tens of grams include gyros, 
accelerometers, a magnetometer and 10 Hz GPS, and free software for integrating these 
to guide model aircraft.  With as little as 2 control surfaces, one could set up the module 
to adjust yaw and pitch slightly to counter side winds and maintain constant GPS 
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coordinates, so that the lateral drift will be dominated by the unguided motion after 
aerobraking.  The fast GPS signal would also provide more reliable altitude measurement 
and permit later aerobraking, and could be upgraded later to use a coarse terrain map to 
be self-adjusting in aerobraking altitude.   Since the self-guided capsule corrects for wind 
drift there is no need to configure for such high velocity descent.  This will make the 
design easier (less aerobraking shock, less critical deployment timing) and thus safer, 
particularly in the event of failure to deploy. 



Figure 2:  Descent velocity and lateral drift for a soccer ball dropped from 36km.  (Model by  
SURF mentors.)

Figure 3: Descent velocity and lateral drift of the 1200g capsule with drag coefficient 0.15,  

aerobraking at 2000m.  The model does not include the increase in drag in the transonic region  

which will probably limit velocity to the subsonic regime. (Model by SURF mentors.)



Requirements

The high level requirements for the data capsule would appear to be:
• Human safety: Minimal injury possible, with very low probability.  Negligible risk of 

death.  Legal limitations are clearly inadequate so we will investigate NASA 
requirements and impose our own additional constraints if necessary.  Safety should be at 
least comparable to similar situations in existence such as radiosondes falling after 
weather balloons burst, model rockets, etc.

• Legal compliance: The pertinent laws are FAA Regulation 101 (also see the 
interpretation by the model rocket community at 
http://www.flyrockets.com/regulations.asp).  These regulations are in fact rather lax 
allowing 6lb with <3oz/sq.in loading and 4lb for higher loading.  Model rocket clubs 
often self-limit at 3lb.

• Survival of contents: Solid State Drives are usually specified to take 1500g shock, so 
this won't be a problem.  The locating beacon will be the driving factor.

• Ease of recovery: This results from the accuracy of targeting and is the biggest design 
challenge.

• Survival of the capsule for reuse:  This is not necessarily a requirement for the mission 
but is needed for testability during development.

Straw Man Design
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Mass Budget Examples

Mass for a simple aerobraking system:                       ~1450g
Mass for an aerobraking system with guidance:         ~1600g

It should be noted that an aerobraking system with guidance only comes at the price of 
10% of the original mass. The guided version of the capsule will have a slightly higher mass, but 
substantially less kinetic energy prior to braking since it need not fly as fast to avoid drift due to 
wind. Both systems are safe after braking. The risk stems from a failed braking system, in which 
case the unguided capsule would prove to be more dangerous to itself and bystanders.

Work Breakdown

During the SURF term, I hope to have developed and built a fully functioning unit capable of 
successful data delivery and recovery. This will involve:

1. Document legal restrictions on factors such as:
1. Payload mass
2. Available drop zones
3. Balloon trajectory
4. Telemetry

2. Design and build the prototype
3. Prototype cold test in COO environmental chamber

1. Drop tests from ~5m to test the nose cone padding and internal payload cushioning
4. Prototype test from higher altitudes

1. Drop from tethered weather balloon to test aerobrake deployment and performance
2. Low altitude (~1000m) test from weather balloon

1. Verify flight stability and survival at high speed and low temperatures
2. Verify correct actuation and performance of guidance and braking systems
3. Log position and force against time to ensure survival of the capsule's payload

5. Run a test trial including recovery of the capsule with the GPS unit intended for the final 
product

Milestones

Week 1: Document laws and assess constraints on the capsule
Week 2: Begin designing the prototype
Week 3: Begin building and programming the prototype
Week 7: Cold testing
Week 8: Tethered testing
Week 9: Low altitude and GPS location testing
Week 10: Finalize the prototype and documentation
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