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ABSTRACT
For some years now, aerospace and aviation
industries have been demanding for a new
approach using a single generic transceiver system,
which could be reprogrammable and universal,
replacing multiple radios and antennas present in
aircraft. The new system would allow simultaneous
operation of multiple systems (Communication,
Navigation, Surveillance – CNS) on a flexible
development
platform
for
future
avionics
applications. This flexible development platform is
based on a Software Defined Radio (SDR) system.
This paper reports this new flexible SDR approach
for development of a specific avionic system: a
mode S transponder application. This task takes
part of a more ambitious project currently in
development at LASSENA laboratory with the aim of
implementing avionics into these types of
embedded systems. The project intends to provide
avionics with the benefits of SDR technology, i.e.
flexibility, reducing total equipment count and weight
increased reliability and safety, and reduced time
and cost for the design and development, among
others.
This paper presents also the results of the mode S
technology implementation in an SDR. Several
functions of a typical mode S transponder are
already implemented in our model, and worked as
we might expect.

acquired from the aircraft. Mode S implements more
than 16 million unique ICAO aircraft addresses (on
24 bits) and is capable of common-channel
interoperation with previous ATCRBS modes
(1030/1090 MHz for emission/ transmission), so that
the transition to a full Mode-S system is seamless
for airlines.
Industry refers to the RTCA DO-181 E standard [1],
which explains the specifications of this technology.
Presently, not all aircraft are equipped with mode S
technology – transition to the whole globalization of
the system is currently moving on – but in several
countries and specific air spaces, mode S is
mandatory, like in Germany since 2008.
New designs of standards and avionics give several
arguments in favor of the adoption of SDR. Thus,
the LASSENA laboratory (Montreal, Canada) has
started working in mode S protocol through this new
SDR approach. One of the final purposes of the
project is to develop new efficient and robust
methods of digital signal processing for
communication,
navigation
and
surveillance
applications and their integration into a single
airborne SDR platform supporting standalone
avionics systems currently in use, such as Distance
Measurement Equipment (DME), Transponder
Mode S, Automatic Dependent Surveillance –
Broadcast (ADS-B) and wideband satellite
communication radio.
2.

1.

INTRODUCTION

Historically, the surveillance mode S transponder
system was developed by MIT Lincoln Laboratory
as a modernization of previous Air Traffic Control
Radar Beacon System (ATCRBS). Mode S
technology has already proved his benefits in
comparison to ATCRBS (modes A and C). The most
significant ones are the possibility of selective
interrogation for aircraft, drastically reducing
response garbling, and the increase of data types
transmitted so that more information can be

MATERIALS AND METHODS

Transponder Mode S uplink signals (interrogations)
use Differential Binary Phase-Shift Keying (DBPSK)
modulation; while downlink signals use PulsePosition Modulation (PPM) (see Figure 1). In our
mode S transponder SDR prototype, both kinds of
digital modulations will be implemented by software.
2.1. SDR PLATFORM
The SDR platform used in this work is the Universal
Software Radio Peripherals (USRP), developed by
Ettus Research now a subsidiary of National
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Figure 1: DF21 message, with the PPM signal form
implementing functions of the mode S transponder
transmitter section is based on a virtual bank of
fields that contains all information needed to
generate a reply. A C++ program sticks the
concerned fields by some processing operations
depending on the specific reply we want to
generate. Finally, the messages are transmitted by
the USRP following the GNU-Radio architecture
shown in Figure 3.
2.2. IMPLEMENTATION OF DF MESSAGES

Figure 2: Photo of the SDR hardware (USRP B-100
equipment and antenna used for Mode S
transponder prototype
Instruments, with either B-100 series (Figure 2) or
N-210 series and WBX daughterboard that allows
receiving and transmitting in a pretty wide
bandwidth (50MHz – 2.2 GHz) [2].
For the software component, we have worked with
the GNU Radio, a free and open-source software
development toolkit that provides signal processing
blocks to implement software radios. It can be used
with readily-available low-cost external RF hardware
to create SDRs. GNU Radio is widely used in
academic and commercial environments to support
both wireless communications research and realworld radio systems [3].
GNU Radio applications are primarily written using
the Python programming language, while the
supplied performance-critical signal processing path
is implemented in C++ using processor floatingpoint extensions, where available. It permits the
developer to implement real-time, high-throughput
radio systems in a simple-to-use, rapid-applicationdevelopment environment [3].
Thus, our USRP devices have been programmed by
means of the GNU-Radio software. Data used for

DF (Downlink Formats) messages represent all
responses of mode S transponders and UF (Uplink
Formats) ones make reference to interrogations. To
generate these DF messages, we firstly created a
program written in C++, in order to concatenate
concerned fields of the messages together.
Afterwards, we dumped the final message in a
binary file, ready to be read by the GNU Radio. The
GNU Radio then converts the binary file into a floatvalued baseband signal which is sent to the USRP.
Finally, the USRP transmits mode S messages by
modulating a 1090-MHz carrier with the output of
the SDR, as it is shown in Figure 3.
2.3. TRANSMISSION/RECEPTION
In order to test the prototype, in particular for the
transmission, a mode S receiver [4] processes the
replies and plays the role of Secondary Surveillance
Radar (SSR) on the ground. If transmission is
actually effective, the mode S receiver program
shall decode the incoming messages and print its
interpretation on terminal. The experimental setup
for testing the transponder prototype is shown on
Figure 4. Each antenna is connected to an USRP.
In this configuration, the carrier frequency is set to
1090 MHz for transmission and reception, as the
experiment concerns the downlink.
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Figure 3: Receiver and transmitter section of the mode S transponder based on GNU Radio blocks

3.

RESULTS

3.1. SENDING A RESPONSE
The current prototype is able to transmit all replies
corresponding to a Level 2 transponder, as it is
defined in the RTCA standard “DO-181-E” [1]. First
results show that all generated messages are well
decoded by the receiver. However, we saw during
tests that some messages could be randomly
corrupted. In these cases, messages were also
decoded by the receiver, but with one or more
mistakes, regarding the original message. We firstly
think that these perturbations could be due to a
misconfiguration of MTL (Minimum Triggering Level)
of the receiver (too low,! "! -65dB), so it permits to
detect signals with a low power level and so a
greater chance to contain errors. We are continuing
to look for other possible reasons for the occurrence
of these errors.
3.2. DETECTING AN INTERROGATION
Critical issue of a transponder is to detect (reception
part) an interrogation to specifically send the
corresponding response (transmission part). Thus,
we have two distinct parts in our model, as we can
see in Figure 4. To manage transition from detection
to transmission, we have created exceptions (one
by UF type) that allow interrupting the detection
routine, to swift our mode S transponder program to
transmission mode. When these exceptions are
raised by the code, they disable detection part of
our program, and enable the transmission one
(composed of some basic GNU Radio blocks) with
the generated message we want to transmit as the
source of the flow-graph.

4.

DISCUSSION

Basic GNU Radio blocks, which are already
supplied by software, are enough to transmit a
mode S response (we don’t need to write any code
to create the necessary blocks for sending replies).
Therefore, as soon as we succeed in generating a
message (effective bits containing the information to
transmit) with the desired format (PPM premodulation), transmission part does not need
programming skills. GNU Radio supplies blocks for
creating a functional flow-graph.
At this stage, we have demonstrated that it is
possible to implement mode S technology in a SDR.
After the implementation of the SDR mode S
prototype on USRP B100, our next step is to
implement our prototype on an embedded SDR,
such as USRB E110. This type of SDR can run
standalone operations for embedded applications,
thanks to its Real-Time Operating System (RTOS),
Embedded Linux.
RTOS are operating systems intended to serve real-

Figure 4: Configuration of Transmitter/Receiver for
tests
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time application requirements. They must be able to
process data as it comes in, typically without
buffering delays [5]. This is typically a critical issue
to address in the final design of our mode S
transponder prototype.
Future purpose is to implement a highly integrated
embedded SDR avionics system performing
different functions: Mode S, ADS-B, and DME,
among others. Functional tests will be managed by
the IFR 6000, a dedicated unit for testing mode
A/C/S transponder, DME, TCAS, ADS-B and TIS
avionic systems.
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