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Abstract: The Brno Observatory and Planetarium organised an international competition of PicoBal-
loon probes in March 2020. This article describes a technologies used in designing such probe. The
probe is powered by a lithium battery which limits runtime to several days, but in comparison with
the solar powered solutions it allows data transmission during the night. The probe is equipped with
a pressure sensor and a GPS receiver. The telemetry is sent over an Internet of Things network. The
probe was launched on 2nd of March and travelled over 1800 km in temperatures reaching -40 degrees
Celsius.
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1 INTRODUCTION

In March 2020 the Brno Observatory and Planetarium in cooperation with Slovak Organisation for
Space Activities organised a PicoBalloon Challenge [1] for a second year in a row. The goal of this
challenge was to build a probe that would weight below 20 grams and could send it’s altitude period-
ically. This probe would be launched on a helium filled balloon into altitudes between approximately
5 to 10 km above the ground. The probe that sends it’s altitude as the last one wins the competition,
probes that are silent for more than 7 days are considered dead.

The probe will be exposed to a rough weather, the temperatures during night can fall down to -50
degrees Celsius, also a humidity can condensate on the probe surface when flying though a cloud. In
a good weather conditions a balloon can circle the Earth several times before the helium leaks [2].

2 TELEMETRY TRANSMISSION

Licensed HAM radio operators usually use an APRS (Automatic Packet Reporting System) protocol
on 2 m or 70 cm amateur radio band together with ground station networks as aprs.fi. There’s
even a network called habhub.org devoted to tracking high altitude balloons.

With a rise of a Internet of Things (IoT) there are multiple networks designed for communication
with low power devices. The IoT network are usually country based, but there’s an open LoRaWan
network called The Things Network (TTN) that has over ten thousands active gateways (base stations)
spread over almost 150 countries forming a perfect solution for a telemetry transmission [3].

The LoRaWan provides two modes of node authentication, the OTAA (Over The Air Activation)
and ABP (Activation by Personalization). The OTAA requires bidirectional link and the node has
to request session keys from network after every power up. The ABP requires session keys to be
hardcoded in the device, but unidirectional (uplink only) communication can be used afterwards,
reducing the air time and increasing link reliability over long distances [4].
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2.1 TRANSMITTER DESIGN

A commonly used RF module RFM95 working at 868 MHz was selected as a RF fronted. It’s compat-
ible with a SX127x family of transceivers and comes with a sleep mode current consumption below
1 μA. It contains a 20 dBm amplifier which allows to generate 100 mW of output power.

The antenna is made from a piece of cooper wire cut to 1/4 of the wavelength (82 mm for 868 MHz
band) forming a ground plane antenna. No radials were used and the ground plane on the PCB is very
small due to the weight limitations, but the antenna proved to be working satisfactory. The SWR was
not measured due to the lack of time before the launch (the PCBs arrived from the manufacturer three
days before the launch).

3 POWER SUBSYSTEM

The weight limit severely reduces an amount of possible power sources to solar and battery power.
The probe was designed in a way both methods could be used. The solar cells come with almost
unlimited probe runtime. On the other side a battery powered probe can transmit even during nights,
however the battery capacity drops severely with a dropping temperature [5].

The solar cells are charging a supercapacitor, initially directly through a low drop Schottky diode,
once the voltage rises above 0.65 V the step-up converted MCP1640 starts to operate boosting the
voltage to 3 V. A MPPT (Maximum Power Point tracking) capable charger would achieve a higher
efficiency, but for the intended usage the solution described above is acceptable. Once the voltage on
the supercapacitor reaches 2.7 V a power supervisor circuit MCP101 triggers a second MCP1640 that
boosts the supercapacitor voltage to stable 3.3 V for powering a rest of the circuit.

If the probe is powered directly from a battery, the solar power related part of the PCB can be snapped
off to reduce weight and a battery can be fitted instead of the supercapacitor.

This year the probe was equipped with a CR2 lithium battery with estimated runtime of two weeks
with 30 minutes telemetry sending period. The finished probe with the battery connected is show on
Figure 1.

Figure 1: The finished probe
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4 SENSORS

The probe is equipped with a low-power air pressure and ambient temperature sensor MS5607, op-
tional humidity sensor and a GPS receiver SIM28ML. A small passive 16x6 mm GPS ceramic antenna
without any amplifier was used.

To minimize a power consumption, the GPS receiver power is gated by a MOSFET transistor. To
reduce a time-to-fix a backup power input of the receiver is connected directly to the battery, this way
the content of the receiver’s RAM is preserved during the power off state avoiding cold-start condition
after power on.

5 ENVIRONMENTAL PROTECTION

The assembled PCB was painted with a transparent nail polish to protect the probe from a humidity.
Most of the components are designed to work down to -40 degrees Celsius, except the RF module
which is supposed to work down to -20 degrees. However it proved to work well below this limit in
the last year competition.

Due to a lack of time before the launch, the probe was not tested under low temperatures.

6 SOFTWARE

A firmware for the probe is written in a pure C language. To reduce a firmware size a libopencm3
- lightweight opensource library for STM32 microcontrollers - was used instead of the official ST
library. To speed up the development and debugging, the unit tests were written for most of the
non-hardware related code.

After the probe is powered on, the code initializes all the peripherals (RFM95, pressure and humidity
sensors, GPS receiver), measures the air pressure, temperature and humidity and waits for a GPS fix.
After the position fix is obtained or 30 seconds since boot elapsed the data are sent over LoRaWan (in
ABP mode) and the MCU powers off all the peripherals, setups a wake up timer to 30 minutes and
goes to a low power mode.

As the LoRaWan is using different frequencies across the world a simple georeferencing algorithm is
used to determine a correct LoRaWan frequency from a current GPS position. Only 3 frequency
regions were implemented - Europe (868 MHz), America (902 to 928 MHz) and Asia ( 920 to
923 MHz). A selection of the correct region is based on comparing current position with prepro-
grammed latitude and longitude ranges. In future versions a list of regions where LoRaWan usage is
illegal (North Korea for example) should be made and taken into the consideration.

The whole design (all source codes and hardware design files) was released under a copyleft license
GNU GPL 3 at [6].

6.1 PROBE TRACKING

The telemetry data received by the TTN are encoded as JSON and sent to a custom web server for
further processing.

The code running on the server was written in PHP. The JSON data from TTN are parsed and stored
in a SQLite database. To avoid tampering with the server a basic HTTP authorization is required. The
data transferred between the TTN and the server are encrypted using an HTTPS protocol.

Additionally the server provides a simple tracking web page written in PHP. The probe position is
drawn on map using mapy.cz and a javascript that processes the location data and draws lines and
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points on the map. The tracking webpage is shown on Figure 2 and can be directly accessed at
bal.deadbadger.cz.

Figure 2: The probe tracking website

In case the GPS data are not valid the probe position can be estimated from metadata about the
gateways that received the packet. Due to a lack of time only a simple averaging of latitudes and
longitudes was implemented. For the next year a more precise localization based on received signal
strength shall be developed.

7 THE COMPETITION

The final take off weight of the probe is 15.3 grams. It was launched on Monday 2nd of March
2020 at 10:15 UTC from Brno. The first few telemetry packets were lost due to issues with internet
connection on the tracking server side. The first packet was captured at 11:49 at approximately 7 km
above the ground with ambient temperature at -20 degrees Celsius. During the night the ambient
temperature dropped to -41 degrees Celsius and the probe descended to the 5.5 km. The ambient air
temperature is tightly coupled to the time of the day as can be seen on Figure 3.
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Figure 3: Temperature and altitude changes in time

The last packet was received at 4:18 UTC on 3rd of March 2020 after 18 hours of flight by station
located in a Russian city Rostov on Don, over 1800 km from the launch site. Unfortunately due to
a bug in the GPS code the georeferencing algorithm could not be used and the probe continued to
transmit on the European frequencies instead of retuning to the Asian ones.

119



The battery was expected to last for about two weeks for estimated 5 seconds intervals needed to get
a GPS fix. Due to the GPS issues prolonging the MCU power on period the runtime was severely
reduced to approximately 2 and half days. Therefore even if the probe was still airbone it won’t be
alive when it flies over the Europe in reach of ground stations again.

Other probes using LoRaWan went silent similarly after leaving Europe (the gateways coverage over
Russia is almost non-existent). To the date of writing this article (13th of March) the only probe alive
is the one constructed by SP9UOB, the latest position known was above the Canada.

8 CONCLUSION

A probe weighting 15.3 g was built, it was sending telemetry for over 18 hours since the launch and
it crossed distance over 1800 km before leaving a range of available ground stations. Due to a bug
in the software the GPS module was not able to obtain any valid data, but the probe position was
estimated from the ground stations that received the telemetry. At the time of writing this article the
competition results were still not final, but the probes using the APRS were still responding after my
probe went silent.

The battery powered probe proved to be working well. As the probe position can be estimated from
the IoT network metadata, the battery powered probe with only a pressure sensor to fulfill the compe-
tition rules (approximate information about altitude required) can be used. Without a power hungry
GPS receiver a runtime in range of several months should be achievable.

The LoRaWan IoT network proved to be a reliable solution for sending the telemetry. The longest
distance on which the telemetry was successfully received was over 200 km.
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