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Abstract

Receiving signals on the 1090 MHz frequency, one of the most important radio fre-
quencies used in aviation, is typically done using ground-based receivers. However, an
increasing number of airborne or even space-based receivers also aim to receive these sig-
nals for applications such as air traffic surveillance and collision avoidance. In this paper,
we present our results from a high-altitude radio frequency measurement campaign with
the goal to gain insights about the challenges and limitations of receiving 1090 MHz sig-
nals at high altitudes. We used a high-altitude balloon equipped with a software-defined
radio to collect 1090 MHz signal data. In an extensive analysis of these data, we identify
several challenges and provide a first impression of the radio environment at altitudes up
to 33.5 km.

1 Introduction

One of the arguably most important radio frequencies used in todays air transportation system
is 1090 MHz. It provides the communication backbone for many crucial applications including
air traffic surveillance and collision avoidance. Due to the frequency’s high relevance and its
unique characteristics and history, an increasing number of operational systems are relying on
it, including military and civil Secondary Surveillance Radars (SSR Mode 1, 2, 3/A, C, S, 4, 5),
Airborne Collision Avoidance Systems (ACAS), and the next generation surveillance technology
Automatic Dependent Surveillance-Broadcast (ADS-B).

The main reason why this particular frequency is being reused even in newer systems is the
strong need for legacy compatibility and cost efficiency. Unfortunately, the price for this legacy
compatibility is the congestion and high interference levels experienced on 1090 MHz. Due to
the excessive use of the frequency by a multitude of operational systems and the high number of
transponders in the air, areas with high traffic densities are experiencing degradation of system
performance or in extreme cases even system failures. One infamous example is the failure of
several transponders across Europe in 2014 due to over-interrogation by ground radars [3].

While the spectrum around 1090 MHz on the ground is a well-studied field (e.g., [11]), little
is publicly known about the usage of this frequency at higher altitudes. This is surprising given
the increasing importance of 1090 MHz signal reception at high altitudes that comes along with
the ongoing development and deployment of space-based surveillance and more complex future
versions of ACAS. However, we believe that the natural reason for this lack of information is
that measurements at higher altitudes are simply not as easily accessible as those on the ground.

In this work we fill this gap by presenting the insights gained during a high-altitude 1090 MHz
frequency measurement campaign. More specifically, we used a high-altitude balloon equipped
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(a) High-altitude balloon used for the (b) The balloon’s payload consisting of a

measurement campaign. The payload is tele-metry transmitter and controller sys-
put into a styrofoam enclosure for protec- tem and a Raspberry Pi Zero attached to
tion and insulation. an RTL-SDR.

Figure 1: Setup for our high-altitude radio measurement campaign.

with a low-cost software-defined radio (SDR) to continuously record radio frequency data (I/Q
samples) during the balloon’s 33.5 km ascent. Based on the balloon’s telemetry, we were able
to recover the payload and the recorded data after it landed about 200 km from the launch site.
By providing the results of our extensive post-mission data analysis, we aim at shedding light
on the situation of the 1090 MHz frequency at higher altitudes and the challenges associated
with high-altitude spectrum measurements.

1.1 Related Work

In recent years, several attempts have been made for measuring ADS-B messages with HABs
including [4, 2, 1, 6]. These experiments all tried to hoover balloons on a high altitude close to
30 kilometer and measure ADS-B traffic at that altitude. The main goal was to see if satellites
could cover the dead spots in ADS-B messaging system, such that safety could go up and fuel
consumption could go down. The drawback of most of these studies is that they are done in
places with few airplanes only. The authors mention up to 100 airplanes during the whole
measurement. This does however result in huge coverage ranges, up to 850 km. In our case, we
investigate the region around Frankfurt airport with more avionic traffic.

Since the balloons hoovered on a high altitude, they ignored the altitudes below. The
exception is [1], they did launch a balloon that measured the intermediate altitudes between
the ground and their 30 kilometer altitude. The results are rather coarsely divided in one hour
slots, so it is difficult to assess the effect of altitude with these results.

Interesting theoretical work has been done in [12, 7, 8]. All papers describe a theoretical
framework to motivate the use of satellites to monitor ADS-B messages. In these they calculate
the amount of missed ADS-B messages, the packet collision probability. Interesting results
although some estimations are simplified heavily. It is important to note that lower orbit
satellites, or high-altitude balloons have the advantage that they see more difference in the
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received signal strength. This will make the proposed simulations for balloons more challenging
as the near-far problem needs to be taken into account. While in the simulations the power
differences will be small and collisions are more likely.

Finally, it is remarkable to notice that the first launch of these papers usually fails, including
ours. The reason for failure differ from paper to paper.

2 Background

In this section, we provide the relevant background on the frequency considered in this project
and the systems using it. Moreover, we provide a quick introduction into the specific challenges
of measurement campaigns with high-altitude balloons.

2.1 1090 MHz Frequency

Both ground-based secondary surveillance radars as well as airborne collision avoidance system
are all sharing the same frequencies to localize aircraft within their operational range. Both
systems transmit directed interrogations on 1030 MHz which elicit the transmission of replies
by airborne transponders on 1090 MHz. Since most aircraft are flying at high altitudes, re-
ply transmissions often cover much wider areas than interrogations, leading to an increased
frequency occupancy and interference level across large areas. To put this into perspective, sur-
face interrogators usually have a rather narrow beam width of 2-4 degrees [10] whereas replies
from aircraft can be received on the ground over distances of more than 400 km in all directions,
depending on the aircraft’s altitude and the surrounding geography.

These interferences caused by the long ranges and the multitude of high-altitude trans-
mitters is amplified by the fact that older systems are rather inaccurate. As a consequence,
interrogations are usually transmitted at high rates to obtain more measurements and suffi-
cient update rates. Moreover, the older SSR Mode A/C and military Modes 1 and 2 do not use
direct addressing in their interrogations, hence eliciting replies from many aircraft with each
interrogation.

Besides SSR and ACAS, many transponders are additionally equipped with ADS-B. As
ADS-B becomes mandatory for scheduled air traffic in 2020, about 90% of the transponders
seen over Central Europe have been upgraded at the time of this writing. Once equipped
with ADS-B, transponders elicit a specific type of SSR Mode S transmission without prior
interrogation, adding additional load to the 1090 MHz frequency. According to OpenSky?,
about 20% of all Mode S transmissions observed by the network are caused by ADS-B.

Finally, in some regions, other sources of interferences on the 1090 MHz exist such as the
operation of Distance Measuring Equipment (DME) on nearby frequency bands.

2.2 High-altitude Balloons

High-altitude balloons (HABs) offer a cheap way for high-altitude measurement campaigns
compared to other common approaches such as measurement flights with aircraft. However,
they come with some limitations which make experiments more challenging. In particular,
HABs must have a low mass to stay within the regulatory limits that prevent them from
causing damage in the unlikely event of a collision with air traffic or on impact on the ground.
Moreover, each additional 100 g of weight result in about 1 km lower maximum altitude.

Ihttps://opensky-network.org/network/facts
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