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Abstract
The Desert Fireball Network (DFN) is an Australian Research Council project designed to track fireballs over ap-

proximately one third of Australia. Meteorites with a known orbit, detected and recovered through fireball networks such
as the DFN, provide information about the formation and history of the Solar System. The requirements and design of an
Advanced Digital Fireball Observatory (ADFO) are presented alongside the design challenges and results of field testing.
The deployment of over 60 ADFOs will allow the construction of a flexible continental scale planetary science installation
producing high quality all-sky data for meteorite recovery and other uses.

1. Introduction
Meteorites provide insight into the history and formation of the Solar System, but the value of chance finds is limited

due to the meteorite's unknown origin. Weathering and terrestrial contamination can also interfere with geochemical analy-
sis, further limiting the usefulness of chance finds. Sample return missions such as Stardust [1] can provide uncontaminated
samples with a known origin. However, space missions are extremely complex and costly. Meteor camera networks pro-
vide an alternative method of obtaining meteorites with a known origin, and with minimal contamination and weathering
as a result of relatively quick collection.

Estimating meteorite fall positions with sufficient accuracy to enable recovery is particularly challenging, requiring
accurate estimates of velocity, position and mass during bright flight coupled with dark flight modelling taking atmospheric
conditions into account. Pre-atmospheric orbit calculation only requires the bright flight path and an initial velocity, but
the entry mass is required for long term backward orbital calculations and fall location estimation. Meteoroid mass can be
determined by the deceleration (the dynamic method [2]) or the luminosity profile (the photometric method) during bright
flight. In order to calculate the deceleration with enough precision to accurately estimate the mass, the spatial and relative
temporal data of the trajectory need to be highly accurate. Absolute timing data is not required to determine the deceleration
and therefore mass, but it is required to determine the pre-atmospheric entry orbit, since the Earth’s orientation, and therefore
the orientation of the observing camera, is changing with time. The requirement for high precision on the relative timing
of the bright flight trajectory is more stringent than the requirement on the absolute timing because estimating the mass
accurately is vital to calculating the fall position. An imprecise or inaccurate mass estimate will make meteorite recovery
unlikely.

The proof-of-concept phase of the Desert Fireball Network (DFN) commenced in 2002 with the installation of the
first prototype film observatory. The trial progressed, and a network of four cameras was operating by 2007. The network
comprised four film desert fireball observatories using all-sky fisheye lenses to take night long exposures onto large format
sheet film. Rotating mechanical shutters were used to chop the meteor trail into a series of short segments to determine
the velocity of the meteor. The film observatories used a photomultiplier tube to obtain a light curve for each meteorite,
which was used to calculate fragmentation events and derive absolute timing information. The trial network resulted in two
successful meteorite recoveries [3, 4], proving the viability of a meteor camera network based in the Australian Outback.
The observatories used numerous custom components and moving parts in the film handling system, mechanical shutter,
retractable sun shade and lens covers leading to high manufacturing and maintenance costs. Operating costs were high due
to the expense of developing large format film and the satellite data connections. Recent developments in digital imaging
technology have pushed image resolution and low light sensitivity to the point where digital systems are now highly suited
to applications in fireball camera networks at a fraction of the cost of film based solutions. This advance presented the
opportunity to design a more flexible and cost effective meteor observatory in the Advanced Digital Fireball Observatory
(ADFO). Reductions in the manufacture, installation and operational costs are significant because they facilitate a much
larger network for the same overall cost, resulting in an increased rate of fireball detection and meteorite recovery.

2. Requirements
The objective when designing the new digital fireball observatories was to develop a system to record the bright

flight trajectory (path and timing data) with sufficient precision for meteorite recovery and which was capable of operating
autonomously in remote areas, specifically the Australian Outback. The requirements driven by this task can be broken up
into imaging and operational requirements. The imaging requirements are informed by the practicalities of searching for
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meteorites on foot. The imaging system must cover nearly the entire night sky and provide sufficient precision to narrow
the search area such that a small group of people searching on foot for one or two weeks has a high likelihood of locating
a present meteorite. The precision of the optical system depends on observatory spacing, lens characteristics, image sensor
resolution and shutter frequency. The camera spacing must be at least 100 kilometres to make installation and maintenance
practical; shorter spacing would result in increased setup and operating costs for similar area coverage.

The operational requirements are derived from the remoteness of the areas appropriate for meteor observatory in-
stallations. The ideal location has minimal light pollution to enable the detection of faint meteors, and the ideal terrain is
flat and light in colour with minimal vegetation in order to maximise the likelihood of a successful search for meteorites
on the ground. The Australian Outback and the Nullarbor Plain in particular fit these requirements, but their remoteness
presents operational challenges. The inaccessibility and distances between cameras make maintenance trips a costly and
time consuming exercise; the observatories need be capable of operating for at least a year between service intervals. Mobile
data coverage is rare in these regions, and downloading all captured images over a such a connection is cost prohibitive,
so the observatories must be able to store up to a year's worth of images locally for download or collection during annual
maintenance visits. The power usage of the system also needs to be low enough such that it can be powered year round
by a small solar photovoltaic (PV) installation. The harsh conditions of the Outback mean that the system must be able to
withstand very hot weather (up to ≈50°C), rapid temperature changes, high wind speeds (gusts in excess of 100 km/hr), dust
storms, rainfall and condensation.

The expansion of the DFN aims to cover in excess of two million square kilometres. In order to achieve this goal,
the initial cost and operating expenses of the fireball observatories need to be as low as possible per square kilometre of
coverage whilst still satisfying the other requirements. In order to keep the per system cost low, the manufacturing and
assembly time and costs also need to be minimised. Installation must be simple and fast to enable the deployment of such a
large network. An installation trip to the Outback usually involves a journey of at least 2000 kilometres including significant
distances off-road; the observatories need to be durable enough to be transported to the installation sites and set up without
suffering damage.

3. Design
The observatory's imaging system is the primary focus, so this aspect of the design took precedence. Choices made

for the imaging system influenced most other elements of the design. In order to keep costs as low as possible, off the shelf
components were used wherever feasible, including the imaging components. Two different options were tested: a Digital
Single Lens Reflex (DSLR) camera with a full frame (36 x 24 mm) sensor and a mirrorless camera with an APS-C sized (24
x 16 mm) sensor. Cameras with smaller sensors were not considered due to their poor low light performance; scientific and
astronomical cameras were briefly considered but dismissed due to their high cost. The short sensor to lens mount flange
distance on mirrorless cameras allows a wider selection of lenses, but the full frame option was selected due to better low
light noise performance from the larger sensor and lens apertures available: specifically, the 36 megapixel Nikon D800E
DSLR and the Samyang 8mm f/3.5 fisheye lens with removable hood. This combination crops off a small portion of the
sky at the top and bottom of the image, but the loss is acceptable, and the larger image circle results in a higher angular
resolution across the visible area. The D800E is suitable for autonomous observatories because it can be easily controlled
from a computer using gphoto2 [5].

A mechanical rotating shutter was briefly considered but rejected due to the reliability and manufacturing issues
associated with havingmovingmechanical parts between the lens and sensor. Themoving parts and tight tolerances required
would have significantly increased the time and cost of manufacture over a solid state option. Three different types of
electro-optical shutters were tested: Liquid Crystal (LC), Polymer Dispersed Liquid Crystal (PDLC) film and metal hydride
switchable mirrors. PDLC film is not a suitable modulator for our application because it functions by dispersing light in its
closed state resulting in low contrast images. LC shutters were selected due to their low cost, high contrast ratio between
their open and closed states, low switching times and proven reliability. The only drawback to the LC shutters is their low
transmittance in the open state (≈38%[6]). Metal hydride switchable mirrors offer a solution to this problem but are much
more expensive and have unproven reliability; these are currently being tested for consideration as a drop in replacement
for the LC shutters at a later stage.

The LC shutter is driven with a square alternating current waveform produced by an H-bridge controlled with an
Atmel Atmega32U4 microcontroller. This microcontroller was selected for its USB communication functionality and its
ready availability on the Freetronics LeoStick development and breakout board. The LUFA library is used for USB and
bootloader support [7]. This enables remote updates to the microcontroller firmware to be flashed over the USB connection.
The LC shutter is used to chop the meteor trails in the still image at 10 Hz allowing the entry velocity and deceleration of
the meteor to be calculated with sufficient precision for fall position estimation. The microcontroller uses a GPS module
to ensure timing accuracy. A video camera is used in conjunction with the LC shutter to obtain the absolute arrival time
and to track the brightness without interruption. The Watec WAT-902H2 ULTIMATE video camera was selected due to
its exceptional low light sensitivity, and is paired with a Fujinon all-sky fisheye lens.



A small form factor computer was required to control the camera, download and store images, interact with the
microcontroller, manage the observatory and provide a communication link over an Ethernet, Wi-Fi, mobile data or satellite
connection. The primary requirements on the computer were small size, low power consumption, a miniPCIe port, and
enough processing power to be able to monitor a video stream for meteor events. The Advantech MIO-5250 met these
requirements and was selected after some initial testing and benchmarking. The two options for image storage were to
filter and retain only the images containing meteors or to keep all images. The decision was made to keep all images to
create a high resolution all-sky dataset captured frommultiple locations for astronomical, meteorological and other scientific
uses. Each observatory is equipped with two four terabyte 3.5 inch Hard Disk Drives (HDD) and one 512 gigabyte Solid
State Drive (SSD). The SSD is used for image processing before archive onto the HDDs. The LeoStick, shutter driving
hardware and camera triggering components are integrated on a custom Printed Circuit Board (PCB) that also contains the
power management electronics, distributes the power for the observatory and serves as an interconnect between the various
systems.

The observatory's housing is an off the shelf IP65 general purpose enclosure which is water-jet cut to accommodate
the observatory's connectors, ports and mounting patterns. The internal components are mounted on a removable laser cut
steel plate. The lenses are sealed into custom Aluminium flanges turned on a Computer Numeric Control (CNC) lathe, and
the flanges mount on the top of the box using rubber gaskets. The enclosure is shaded by a laser cut sun shade that signifi-
cantly reduces the internal temperature of the observatory during the day. Themechanical design was a significant portion of
the design effort, but was accelerated through Computer Aided Design (CAD) and Computer Aided Manufacturing (CAM)
techniques.

A major design consideration was ease of installation and maintenance. The small size and weight allows observa-
tories to be swapped easily in the field on annual maintenance trips and then serviced in the laboratory. The data storage
capabilities of the observatories coincide with the one year service interval dictated by the expected DSLR shutter lifetime.
Swapping the observatories does not require specialist skills, and they are small enough to mail, so the exchange can be
carried out by site administrators via mail. The installation procedure for the new digital observatories is significantly faster
and requires much less equipment than the procedure for the trial film observatories.

4. Design Challenges
The remoteness of installation sites had a large impact on the design process. The system must be reliable enough to

operate for approximately one year without intervention; the observatory also needs to recover from most faults. The most
likely failure scenarios are network interruption or failure, power interruption, computer lockups and component failure. Off
the shelf consumer components such as the USB mobile data modems are not designed to run for several months without
interruption; substantial design effort was expended to ensure all parts of the system could be remotely power cycled if
required. A reliable and a fault tolerant design is essential when the observatories are installed more than 1000 kilometres
from the nearest large city.

The main challenge in implementing the concept design was to minimise the manufacturing and assembly time.
Manufacturing time and cost was decreased by eliminating as many manual manufacturing steps as possible. CAM was
used extensively to produce the components that could not be bought off the shelf. The design of laser and water-jet cut
components and CNC machined flanges are dictated by a 3D CAD model. Changes can be made to the model, and new
prototype components can be delivered within days; CAD/CAM techniques significantly reduced the development time
of the new fireball observatory and the per system cost. Assembly time was minimised by using pluggable spring cage
connectors on the PCB. This significantly reduced the assembly time of the observatory as the wiring is a time-consuming
element of the assembly process. The PCB uses mostly Surface Mount Devices (SMD) to allow faster manufacture and
possible mass production in the future. The internals of the pre-SMDADFO are shown in Figure 1. The observatory stand is
constructed from interlocking laser cut steel plates fastened with metal wedges. This solution resulted in a low cost support
that could be quickly and easily installed with only two people as shown in Figure 2; observatory installation takes just a
few hours including the stand and PV system.

5. Results
The current design is the result of multiple revisions of the original concept design, and has proven itself capable of

withstanding the hot Australian summer, strong winds, and torrential rain. The systems and components have proven that
they can operate under the required conditions. The shutter lifetime of the Nikon D800E has proven to be long enough that
the observatories can be expected to run for the maximum planned service interval of one year, with one test camera taking
over 300,000 exposures before needing a shutter replacement. The latest test observatories were installed in October 2013
and have successfully detected and recorded numerous meteors. These will continue to run as the software functionality
is upgraded. The current hardware design is not expected to significantly change from this point, but small incremental
upgrades may be made for future production runs.



Figure 1: ADFO internals Figure 2: ADFO installation

The ADFO is cost effective and fast to manufacture, assemble and install. Over thirty Advanced Digital Fireball
Observatories have been manufactured so far; final assembly will be completed on an as needed basis as installation of the
expanded network takes place over the next year. At least another thirty ADFOs will be manufactured in the near future
to turn the DFN into a continental scale planetary science installation covering in excess of two million square kilometres
providing high quality all-sky data for meteorite recovery and multiple other uses.
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