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Abstract

Spectrum scarcity is viewed as one of the key obstacles in the area of wireless commu-
nications. The lack of available unlicensed resources is impairing the development of
newer and more modern communications systems. This is the case of L-band Digital
Aeronautical Communications System (LDACS), an innovative air communication system
that aims to use the part of the frequency spectrum licensed by Distance Measuring
Equipment (DME), a legacy radio navigation system. DME has a low channel utilization
rate, leaving idle numerous resources that could be used by LDACS through the use of
Dynamic Spectrum Access (DSA) in Cognitive Radio (CR). In order to avoid interferences
and collisions while taking advantage of these idle resources, this thesis proposes a new
LDACS Machine Learning (ML)-based Medium Access Control (MAC). It incorporates
a Long Short Term Memory (LSTM) Recurrent Neural Network (RNN) in order to
observe, learn, predict and avoid the DME licensed users. The results from this new
MAC are analyzed and compared to two alternative approaches, showing the advantages
of a ML-based approach.
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1 Introduction

Spectrum scarcity is viewed as one of the key obstacles in the area of wireless communic-
ation. This is not a new problem, and it has been studied since the 1960s [1]. However,
during the past years a growing number of communication systems have been created,
each requiring a portion of the frequency spectrum in which to transmit.

A more specific case of this problem is the air communication, that is, Air-to-Air
(A2A) and Air-to-Ground (A2G), whose allocated part of the frequency spectrum is
the aeronautical L-band (960 MHz - 1215 MHz). This part of the frequency spectrum is
occupied by communication systems related to both civil and military aviation, such as
DME, Tactical Air Navigation System (TACAN) or Automatic Dependent Surveillance-
Broadcast (ADS-B). However, many of these systems are legacy systems, meaning that
they have been operating for decades. Due to how the frequency spectrum was assigned
and licensed when these legacy systems were created, they have a larger portion of the
frequency spectrum under license than they actually need. In [2], it is shown that only
20% of these licensed channels have signals with more than 7dB over the environmental
noise level. In other words, around 80% of the licensed spectrum is locally left unused by
these legacy systems.

This means that designing a way of taking advantage of the remaining 80% of unused
frequency spectrum would not only allow for other communication systems to transmit
and receive, but it would also increase the efficiency as well as lowering the energetic
and financial costs. Therefore, this project proposes the use of channel sensing and ML
to learn and predict the frequency spectrum access behavior of these legacy systems in
order for new communication system to be able to transmit during the time slots and
frequency channels left underused and idle by the licensed legacy systems.

More specifically, this is done within the framework of two concrete systems: DME and
LDACS. LDACS is part of Single European Sky ATM Research (SESAR), which is a
European effort to accelerate the development of the “Digital European Sky” through
research and innovation [3]. It aims to modernize the aviation infrastructure to allow for
more air traffic volume at a higher speed, all while becoming more sustainable, efficient
and cost-effective. However, one of LDACS’s biggest obstacles is, as for all emerging
wireless communication systems, the frequency spectrum scarcity. The aim of this thesis
is to demonstrate that, using a ML- based MAC, LDACS would be able to use the same
frequency channels as DME without colliding or causing interferences upon it.
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2 Related Work

Coexistence between a licensed user and one or several unlicensed users in the same part of
the frequency spectrum is not a new concept. This technique can be categorized into the
field of CR and one example of its usage is Television White Space (TVWS) [4]. TVWSs
are unused TV channels that were opened for unlicensed use in 2010 by the Federal
Communications Commission (FCC). This opening made nearly 100 MHz available for
unlicensed users. Nevertheless, transmissions must be scheduled several hours in advance
in order to avoid collisions with the licensed user. A2A communications cannot be
scheduled with such precision beforehand, they happen “on the spot”. Moreover, the
scenario of communicating aircraft does not have a static frequency spectrum, but rather a
dynamic one, meaning that the communication process is affected by the varying distance
between the different aircraft and between the aircraft and the ground stations, their
speed and other interfering factors [5]. Therefore, the scenario described in this thesis
also falls under the category of DSA, that is, an aspect of CR [6], [7]. Some examples of
systems that rely on DSA are the Long Term Evolution Unlicensed (LTE-U) standard,
which will allow for both LTE-U and Wi-Fi to coexist by accessing the unlicensed 5 GHz
frequency band [8]; or many of the Internet of Things (IoT) deployments [9].

In order to avoid collisions and interferences, the observation and avoidance of the licensed
user and of other unlicensed users accessing the same part of the frequency spectrum is
a vital part of CR and DSA. One of the most popular solutions that is currently being
researched is to learn how the other users behave, predict the future behavior and
avoid the time slots and frequency channels in which it is predicted that a collision
might happen. The learning and predicting part of this approach is achieved though ML.
Some of these ML solutions use multiagent reinforcement learning such as [5], [7], [10],
and other LSTM RNNs such as [11]–[13]. The one thing that all of these approaches
have in common is that, for the learning algorithm to be able to identify a pattern, a
pattern has to exist.

As an example, some protocols like Carrier Sense Multiple Access/Collision Avoidance
(CSMA/CA) rely on random access in order to work and have therefore no clear pattern
to be learned by a learning algorithm. These would not be a good learning target for the
ML-based solutions presented above. However, many other systems show some kind of
periodicity, whether native (from the protocol itself) or hidden (induced by the upper
layers). For example, sensor networks that periodically offload data will present a periodic
medium access behavior [14]. Similarly, IoT applications that have control loops or are
in charge of monitoring will also show periodicity [9]. It is this sort of protocols that
are most suitable to be observed and predicted. It is shown in [7] that this kind of
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periodic behaviors can be learned using Deep Q learning, whereas [11], [12] reach the
same conclusion using Feed-Forward Deep Learning and LSTM RNN, the same kind of
Artificial Neural Network (ANN) that was used in this thesis.

What the learning algorithm predicts are not absolute values, but probabilities of the
licensed user behaving in a certain way. As such, some of these probabilities can be
expressed in terms of Markov Chain (MC) (see Figure 2.1). This is used in [7], [11], [15],
and allows for a mathematical representation and analysis of the frequency channels as
well as the possible transmitting options for the unlicensed user. This approach is not
the natural one for the DME behavior since it is deterministic, and although possible,
the Markov property would be violated.

Figure 2.1: Markov Chain describing the state of a frequency channel.

Moreover, Game Theory (GT) can take advantage of this mathematical formulation
and propose strategic solutions that can benefit all unlicensed users trying to access the
licensed frequency channel while avoiding the main licensed user, as studied in [5], [16]
and [15]. While GT is criticized in [17] for requiring too much information (and therefore
overhead) to be shared among the different unlicensed users involved, this problem can
be solved with an appropriate channel sensing technique, such as the ones proposed in
[18].
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3 Background

In order to further understand the methodology used in this thesis, a strong foundation
must be established and each system must be clearly defined. Therefore, this section
presents a detailed explanation of DME, LDACS, the coexistence between the two of
them and, lastly, a description of the chosen learning algorithm.

3.1 DME

In this project, the DME communication system will be considered as the frequency
spectrum license holder. Its name stands for Distance Measuring Equipment and is a
radio navigation system. DME is considered a legacy system since it has been operative
since the 1950s. It has a license over numerous channels across the aeronautical L-band.
More specifically, it can operate in the range of 978 MHz - 1213 MHz [19]. However, and
despite its large frequency spectrum range, it is a system that often leaves underutilized
and idle channels for long periods of time, especially around low air traffic volume rural
areas and over large water masses.

The distance is obtained by measuring the propagation delay between the aircraft and
the ground station (see Figure 3.1) [20].

Figure 3.1: DME functioning.
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For this, two signals travel from and to the DME user: one sent from the aircraft to the
ground station, called request or interrogation, and another one sent from the ground
station to the aircraft, called reply or response (see Figure 3.2). The time between the
request transmission and the reply reception is used to calculate the distance from the
aircraft to the ground station.

Figure 3.2: Interrogation and reply signals.

Both interrogation and reply are pulse pairs lasting 12 µs as seen on Figure 3.3. After
the interrogation is sent, the aircraft will wait for an answer for (at least) 60 µs. During
that time, it is expected that the ground station will reply after a certain delay and with
a frequency offset of ± 63 MHz (see Figure 3.4). The reply delay depends on the “DME
Channel”, that is, the mode that is being used. There are four possible channels: X, Y,
W and Z. The most common one and the only one that will be considered throughout this
project is channel X, for which the reply delay is 50 µs, as shown in Figure 3.4. Channel
Y is also commonly used but far less than channel X, and lastly channels W and Z are
only utilized for microwave landing systems and are, therefore, rarely used. [21].

Figure 3.3: Interrogation and reply pulse pair.
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Figure 3.4: DME request-reply procedure.

DME does not send a single interrogation for positioning, but rather periodical interroga-
tion pulses [22]. For this, there are two possibilities:

– Search mode: this mode is used when the aircraft has not yet located a responsive
ground station. It has a high interrogation frequency, that is, it can send around
150 pulse pairs per second (ppps) in order to locate and establish which ground
station is answering or if there is one at all. This mode is only used around 5% of
the time by each user [21].

– Track mode: this mode is used once the aircraft has already located the ground
station with which it will communicate. The frequency of interrogation pulses then
decreases drastically to only 5-15 ppps. This mode is used during the remaining
95% of the time by each user [21].

Moreover, DME ground stations do not only send reply signals upon receiving a request,
but they also send “squitter pulses”, which are single pulses periodically sent with a
frequency of up to 2700 pulses per second [20]. If a request is received, a pulse pair is
sent instead of a single pulse, indicating to the aircraft that it was not a regular squitter
pulse but a reply. However, there is no difference between the reply pulse pairs, so the
aircraft cannot know which reply was meant for it and which was meant for another
aircraft. If an aircraft sends a request, but it first detects and accepts a reply meant
for a different aircraft, it would calculate an erroneous location for the ground station.
Therefore, the location is only deemed accurate enough when multiple replies have been
received with consistent delay, that is, a delay that matches the expected distance. For
this, a maximum reply delay of 2500 µs is allowed. This number is the round trip for the
maximum radius that DME can cover, which is 200 nautical miles [21].

3.2 LDACS

In this project, the LDACS communication system will be considered as the unlicensed
user. Its name stands for L-band Digital Aeronautical Communication System, and it is
a communication system designed for A2A and A2G communication. As stated above, it
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is part of a European effort to digitalize and modernize the aviation infrastructure while
creating more sustainable systems. Moreover, it is envisioned by European Organisation
for the Safety of Air Navigation (EUROCONTROL) to be the next terrestrial data link
system [23] due to its enhanced safety, security, resilience and cost efficiency [24]. At the
time of writing, the LDACS A2A MAC has not been published, but early versions of the
specification such as [25] have been made available to the author.

The main focus of this project is the A2A component of LDACS, which achieves its
advantages thanks to an advanced two-part MAC. It comprises a Shared Channel (SH)
used for broadcasting and control messages, and multiple Point-to-Point Channel (PP)
which are used for unicast messages among two communicating aircraft (see Figure 3.5)
[26].

Figure 3.5: Two LDACS users communicating.

LDACS makes use of Orthogonal Frequency Division Multiplexing (OFDM) access as its
digital modulation scheme [27]. This means that the frequency spectrum is divided into
n frequency channels of equal bandwidth, and the time is divided into time slots of equal
duration, where the duration can be 6 ms, 12 ms or 24 ms. A graphical representation of
this system can be seen in Figure 3.6.

Figure 3.6: OFDM graphical representation.
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Therefore, in terms of SH and PP, the LDACS frequency spectrum over time can be
represented as seen in Figure 3.7.

Figure 3.7: LDACS frequency spectrum.

In order for a communication link to be established between two aircraft, a handshake
must be executed in the SH through broadcast messages. This is accomplished by using
randomized slotted ALOHA channel access with slot advertisement [28], [29]. The process
starts by choosing a value k when a broadcast message is to be sent. The slot in which
the transmission will occur is randomly assigned out of the next k time slots (see Figure
3.8). Should there be a transmission already planned in that time slot, both packets
would collide. A large k value would grant a lower collision probability, although a larger
delay due to a greater number of time slots to be assigned. On the other hand, a smaller
k value would provide a higher collision probability in exchange for a smaller delay. The
value k should therefore be chosen accordingly to the requirements of the communication
link.

Figure 3.8: Randomized slotted ALOHA channel access.
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The amount of data to be sent needs to be distributed among more than one time
slot, so in order to avoid going through the chance of colliding again, the user simply
announces in which time slot will the transmission be continued [28]. This is called “slot
advertisement” (see Figure 3.9). All other users must avoid transmitting in this time
slot, which guarantees interference-free communication for the transmitting user among
the group of recipients only, meaning that the hidden node problem remains.

Figure 3.9: Slot advertisement.

For the actual handshake process, one aircraft will propose a set of time slots located in
a PP to send unicast messages to another aircraft. Should the second aircraft find one
of these time slots suitable, it will send a reply in the SH accepting the communication
request (see Figures 3.10 and 3.11) [30].

Figure 3.10: Handshake Workflow.

Figure 3.11: Handshake between two aircraft.
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The communication in the PPs follows a reservation-based channel access. This means
that, since both aircraft involved have broadcasted the time slots in which they will
communicate in the SH, no other aircraft should interfere in that communication. The
established communication link will be kept in the agreed upon time slots until the link
times out, that is, after a fixed amount of time slots. At this point, the process for
establishing a communication link will start once again with one of the aircraft sending a
request in the SH (see Figure 3.12).

Figure 3.12: Established communication link in the PP.

3.3 Coexistence

LDACS aims to occupy the part of the aeronautical band that is licensed to DME (see
Figure 3.13) [20]. This can cause interference-related problems as well as impair DME’s
transmissions. Being a radio navigation system, DME is a safety critical system and
therefore cannot tolerate any kind of intrusion.

Figure 3.13: Frequency Spectrum Overview.

The coexistence solution that LDACS is aiming to achieve would be to take advantage
of the empty slots that are left in DME’s licensed spectrum. Given the low utilization
rate of its licensed channels, the DME frequency spectrum usage could look as depicted
in Figure 3.14a at a certain moment. Allowing LDACS to make use of the idle and
underused channels would make the frequency spectrum usage look closer to the one
depicted in Figure 3.14b.
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(a) Exemplary underused frequency spectrum.

(b) Exemplary opportunistically accessed frequency spectrum.

Figure 3.14: Example of frequency spectrum usage.

This is what was defined in Chapter 2 as DSA and CR. In this case, DME is the licensed
user, which means that the system must be respected at all costs, and LDACS is the
unlicensed user, and must therefore adapt to the license holder.

In order to successfully take advantage of the underused and idle DME channels, a
ML-based approach based on the literature will be presented.
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3.4 Learning Algorithm

Given the periodic behavior of DME, the spectrum availability can be predicted based
on channel sensing observations. This means that with the use of a learning algorithm,
and given a set of observations containing the frequency spectrum access behavior of
DME, the future behavior of DME can be predicted. These predictions can be used in
order to access the idle and underused channels while avoiding collisions. It would work
as depicted in Figure 3.15, and according to the following steps:

1. Observations are achieved through channel sensing.

2. These observations are fed to the learning algorithm.

3. The learning algorithm predicts the future behavior of DME.

4. The predicted behavior is later compared to the actual behavior of DME, and the
accuracy is sent to the learning algorithm in order to better train itself.

Figure 3.15: Learning Algorithm.

This learning algorithm is achieved through a LSTM RNN. RNNs are a type of ANN
that are used to recognize patterns, classify, cluster and make predictions about data [31].
Moreover, they perform especially well when used on sequential data [32]. LSTMs are
a certain type of RNNs that can train over long sequences of data and retain memory
thanks to a memory cell [31]. The use of a LSTM RNN is proven to work very well for
this scenario in [11] and [12].
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Figure 3.16: LSTM RNN Scheme.

For this project, it is assumed that the observations are achieved through channel sensing,
and that all channels can be sensed at the same time [33]. In other words, full observability
is assumed. It is acknowledged that this is an unrealistic assumption, and that more
sophisticated learning algorithms may be required to solve the problem under partial
observability. However, this thesis is concerned more with the integration of predictions
into the LDACS A2A MAC, and so the assumption is made.
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4 Model

It is clear that the frequency spectrum usage of DME leaves plenty of idle and underused
channels that could potentially be used by LDACS. The questions that are left to answer
are how successful this opportunistic medium access could be and how it would work.

4.1 Probability of Success

For this thesis, the probability of success is defined as the probability of LDACS success-
fully finding the necessary resources to establish a link. The question that needs to be
answered is: what is the probability that LDACS finds idle resources to transmit in? In
other words, what is the probability that no DME transmissions will happen during a full
LDACS time slot? This issue can be simplified by treating it as a regular combinatorics
problem, and exemplified using balls and boxes: each LDACS time slot is represented
as a numbered box Bm = 1, 2, ..., m, and each DME transmission is represented as a
numbered ball Bn = 1, 2, ..., N . All balls are indistinguishable from each other and
have equal chances of arriving at any box (see Figure 4.1). Given this formulation, the
aforementioned questions would turn into: what is the probability that one box will
receive no balls? (see Figure 4.2).

Figure 4.1: Exemplification of the probability of success.
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Figure 4.2: Exemplification of the probability of success questions.

Each ball has m ways being distributed into the m boxes. Therefore, N balls have mN

ways of being distributed into m boxes. For one box to be empty, the N balls would
have to be distributed in m − 1 boxes, having (m − 1)N ways in which this can be done.
Hence, the probability of this happening is as seen on Equation 4.1.

(
m − 1

m

)N

(4.1)

In order to make this formula a bit more specific, it will be given the values corresponding
to 1 s of transmissions. Taking the LDACS time slot length as 12 ms, there are 8.3 time
slots per second, which will be taken as just 8 time slots for this example. The result
would then be as shown on Equation 4.2, and its plot can be seen in Figure 4.3.

(8 − 1
8

)N

=
(7

8

)N

(4.2)
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Figure 4.3: Probability curve for a 12 ms time slot length.

It can be seen that there is a relatively high chance of finding available resources for up
to 20 DME users. Moreover, the time slot duration can be reduced to 6ms in areas with
high air traffic volume, resulting in 16 time slots per second instead of 8. Therefore, the
result would be as shown on Equation 4.3, and its plot can be seen in Figure 4.4.

(16 − 1
16

)N

=
(15

16

)N

(4.3)

Figure 4.4: Probability curve for a 6ms time slot length.
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This time slot duration yields a higher probability of finding available resources for a
higher number of DME users, being consequently better suited for busier areas with
higher air traffic volume and more transmitting DME users.

Each DME ground station can service up to 100 users [21], which is the reason why the
x-axis in both Figures 4.3 and 4.4 shows up to that number. However, this is rarely the
case as mentioned in Chapter 3. On a regular basis, the frequency spectrum of which
DME is the license holder is underused, and it is only filled and taken advantage of in
certain areas with very high air traffic volume, such as the European airports in Dublin
or London [20]. This opportunistic medium access system is not expected to work around
said areas, but rather take advantage of the available resources in lower air traffic areas
with lower channel utilization rate.

4.2 Augmented LDACS MAC

Knowing that there are available resources left by DME, and that LDACS has chances of
being able to access them, the LDACS MAC needs to be modified and adapted in order to
take this knowledge into consideration. This modification is referred to as Augmented
LDACS MAC.

4.2.1 Learning Algorithm

As mentioned in Chapter 3, the behavior of DME is periodic and can be predicted using
ML. More specifically, the literature suggests the use of LSTM RNNs. The predictions of
the future medium access behavior of DME can be used by LDACS to identify upcoming
idle time slots where a transmission can be established (see Figure 4.5). This information
is collected and processed independently by all the aircraft involved in the communication
process. Consequently, the handshake must involve these steps.

Figure 4.5: Augmented LDACS MAC overview.
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4.2.2 Handshake

The first and most important changes happen in the handshake. In the non-augmented
MAC, the handshake was as depicted in Figure 3.10. In the Augmented MAC, the
handshake has new information to take into account, that is, the predicted behavior of
DME. It is locally predicted by all aircraft involved in the communication process. Thus,
it does not only check if the time slots are available for LDACS, but it also checks if
there is a high probability of them not being used by DME.

The augmented handshake starts like the old one, with time slots being proposed for
the link establishment (see Figure 4.6a). The next step is to check the probabilities of
these time slots being idle based on the predicted future DME behavior (see Figure 4.6b).
Lastly, the chosen time slots are those that are both available for LDACS and have a
high probability of being idle from DME access (see Figure 4.6c).

(a) Time slots proposal.

(b) Checking the probability of the time slots being idle.

(c) Chosen time slots.

Figure 4.6: Example of the handshake process.
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Nevertheless, both communicating aircraft must be involved in the decision process when
it comes to evaluating the probability of these time slots being idle. This is done in
order to avoid the “hidden node” problem. This problem arises when one aircraft does
not detect a transmitting DME user in proximity and is therefore not able to take it
into account when predicting the DME medium access behavior in the future, causing a
collision. A more graphic example can be seen in Figure 4.7.

One LDACS user detects one DME user, but fails to detect a second DME user in
proximity (see Figure 4.7a). Another LDACS user can detect both DME users due to its
positioning (see Figure 4.7b). If only the first LDACS user was involved in the decision
process, a wrong prediction would have been used and LDACS would have collided upon
the “hidden” DME user (see Figure 4.7c).

(a) One LDACS user detects one DME user.

(b) Another LDACS user detects two DME users.

(c) The problem in the detection of DME users causes a collision.

Figure 4.7: Hidden node problem.
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This is the reason why both LDACS users share their predictions along with the proposed
time slots (see Figure 4.8).

Figure 4.8: Sharing probabilities of being idle for every proposed time slot.

When comparing the probabilities, the lowest one is chosen in order to avoid false positives.
This probability must be above a certain threshold Tt that should be determined depending
on the situation.

Figure 4.9: Handshake Workflow.

4.2.3 Dynamic Threshold

The question of where to set the threshold is not an easy one to answer. Authors have
proposed the use of an adaptive threshold in [34]. This means that the threshold is
constantly being updated in order to take into account the target collision rate and the
actual collision rate. Should the actual collision rate be higher than the target collision
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rate, the probability threshold must be stricter. Should the actual collision rate be much
lower than the target collision rate, the probability threshold can be relaxed in order to
avoid false negatives and not waste resources.

However, this kind of adaptive threshold needs the actual collision rate as an input.
Due to the LDACS receiver being blind during an ongoing transmission, it would be
impossible to detect the collisions upon DME, making the necessary information for
the adaptive threshold unavailable. Hence, a more detailed study of possible fixed or
adaptive thresholds must be performed in the future.

21



5 Implementation

This chapter describes the implementation steps that have been followed throughout the
thesis. It consists of three main parts: communication simulations (DME implementation
and LDACS adaptation), the learning algorithm and the TCP connection between both
(see Figure 5.1).

Figure 5.1: Implementation description.

The simulations were built over an existing project, the Inter Aircraft Network [25]. This
project is financed by the Bundesministerium für Wirtschaft und Klimaschutz, and it
comprises the description and simulation of LDACS. The protocol stack can be seen in
Figure 5.2, and it includes:

– Fragmentation, Concatenation and Reassembly;

– Automatic Repeat Request;

– Medium Access Control (MAC).

Figure 5.2: Data Link Layer Protocol Stack.

22



This thesis is solely focused on the MAC, and hence is where all the changes and
adaptations have taken place.

The simulations of LDACS are done with the OMNeT++ simulator, along with the INET
library. OMNeT++ is an object-oriented discrete event network simulation framework
used to the modeling, validation and evaluation of wired and wireless communication
systems as well as other areas such as queuing networks, distributed hardware systems
et cetera [35]. INET is a model library for OMNeT++ that provides protocols, agents
and other models in order to simulate communication networks. For this thesis, the
OMNeT++ version used was v5.6.2, and the INET version used was v4.2.5.

5.1 DME Implementation

The DME communication system and its behavior was coded as a new configurable
module integrated into the LDACS modules from [25]. It consists of two main parts: one
for the aircraft and one for the ground stations. These mimic the real-life behavior of
DME as described in the literature [20]–[22] (see Figure 5.3).

Figure 5.3: The module mimics the real-life DME behavior.

The module functions according to the following steps, and as seen in Figure 5.4:

1. The aircraft schedules a request to be sent.

2. The request is sent and, after a certain transmission delay, it is received by the
ground station. There, it is processed in order to differentiate DME requests from
interfering communication systems, i.e., LDACS packets.

3. Once the packet has been processed, the ground station schedules a reply to be
sent after the stipulated message delay (50 µs).
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4. The reply is sent and, after a certain transmission delay, it is received by the
aircraft where it is processed in order to differentiate DME replies from interfering
communication systems, i.e., LDACS packets.

Figure 5.4: Overview of the DME OMNeT++ implementation.

Should any LDACS transmission be present during a DME transmission, this DME signal
will not be received, it will be lost. This represents how destructive LDACS interferences
are on DME.

5.2 LDACS MAC Adaptation

The second part of the OMNeT++ simulations was to modify the provided LDACS
MAC, and adapt it to the changes described in Chapter 4.

Firstly, the channel sensing was added. Once every time slot, LDACS senses all channels
and collects information about the DME behavior. This information is put into a vector
and sent over to the learning algorithm, where it is processed. Then, the predictions for
all the sensed frequency channels for the next τ time slots are returned. These predictions
are sent to the Link Establishment Manager to be used.

Previously, the Link Establishment Manager acted according to the following steps in
order to choose the link establishment time slots, as in Figure 5.5a:

1. Finding candidate slots, that is, possible time slots in which to transmit.

2. Checking these time slots for availability, in other words, checking if those time
slots are idle or if they are already allocated for some other transmission.

3. Lastly, checking that both the transmitter and the receiver are available for their
respective parts of the communication link.
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4. If all these checks are positive, the earliest available time slots are sent back to the
Link Establishment Manager in order for the communication link to be established.

For the augmented process, an extra step was added in order to ensure that the DME
predicted behavior is taken into account, as seen in Figure 5.5b.

(a) Previous time slot selection process. (b) Augmented time slot selection process.

Figure 5.5: Time slot selection process comparison.

Now that DME is taken into account, the LDACS MAC needs to be able to adapt to the
DME predicted patterns, and therefore to be more flexible than it was before. This has
to do with how the time slots are chosen. This process has three main parameters, which
can also be seen in Figure 5.6:

– Start offset or start time slot: it is the first time slot of the transmission.

– Burst length: it is the number of transmissions per burst.

– Burst offset: it is the number of idle time slots left between each burst.

Figure 5.6: Time slot selection parameters.

The burst offset is determined by the number of neighbors, meaning that the more
LDACS users there are, the longer the burst offset is. This is done to avoid interferences
among each other. As seen in Figure 5.7, a scenario with only two LDACS users would
have a burst offset of 0 while a scenario with three LDACS users would have a burst
offset of 1.
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Figure 5.7: Burst offset with respect to the number of LDACS users.

The burst length is fixed and always lasts 2 time slots, one for transmitting and one for
receiving. The start offset is the parameter that changes when looking for available time
slots to transmit in. An example can be seen in Figure 5.8, where the starting time slot
must be the second one instead of the first one in order to avoid a time slot that is not
available for transmission.

(a) The first time slot is not available for transmission.

(b) The starting time slot is the second one instead of the first one.

Figure 5.8: Start offset example.

The non-augmented LDACS MAC would only change the start offset when looking for
available time slots. This approach proved to be problematic for some DME patterns.
An example can be seen in Figures 5.9 and 5.10. It depicts an LDACS slot selection
with a burst offset of 1 (see Figure 5.9a), and a predicted DME behavior occupying two
consecutive time slots (see Figure 5.9b). The initial LDACS pattern would provoke a
collision at the beginning of the second LDACS burst (see Figure 5.10a), whereas changing
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the start offset would provoke a collision at the end of the first LDACS burst (see Figure
5.10b). However, by increasing the burst offset by 1 time slot, the DME transmissions
can be circumvented, making use of all the available resources while avoiding collisions
at the same time (see Figure 5.10c).

(a) LDACS initial time slot selection.

(b) DME behavior prediction.

Figure 5.9: Example of initial LDACS time slot selection and DME behavior prediction.

(a) The initial LDACS time slot selection would cause a collision.

(b) Changing the start offset does not fix the collision.

(c) Changing the burst offset fixes the collision.

Figure 5.10: Example of collision avoidance.
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The augmented LDACS MAC can now change both the start and the burst offset to
adapt to more complicated patterns. Another example can be seen in Figures 5.11 and
5.12. It depicts an LDACS slot selection with a burst offset of 1 (see Figure 5.11a), and
a predicted DME behavior occupying two consecutive time slots twice (see Figure 5.11b),
so now the DME behavior would collide with both the first and the second LDACS burst
(see Figure 5.12a). In order to solve this scenario, both parameters need to be changed,
that is, the start offset needs to be increased to 2 time slots in order to avoid the first
DME cluster, and the burst offset must also be increased by 1 time slot in order to avoid
the second DME cluster (see Figure 5.12b).

(a) Initial LDACS time slot selection.

(b) DME behavior prediction.

Figure 5.11: Example of initial LDACS time slot selection and DME behavior prediction.

(a) The initial LDACS time slot selection would cause collisions.

(b) Changing both the start and the burst offset fixes the collisions.

Figure 5.12: Example of collision avoidance.
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Thanks to these changes, the augmented LDACS MAC is now able to take into account
the predictions given by the learning algorithm.

5.3 Learning Algorithm Implementation

The augmented LDACS MAC is now equipped to provide observations and to deal with
predictions. The processing of the observations must be done by the learning algorithm,
where the observations containing the DME behavior are processed in order to output
predictions about the future DME behavior (see Figure 5.13). It is implemented in
Python v.3.8.10 using Tensorflow v.2.8.0 and Keras v.2.8.0. Tensorflow is a ML software
library that allows to train and build models [36], [37]. Keras is a deep learning API
written in Python which runs on top of TensorFlow [38], [39]. It provides the simplicity
and abstraction needed for the code to be comfortably implemented in Tensorflow.
Additionally, Unittest is used as the testing framework for the evaluation of the project
[40].

Figure 5.13: OMNeT++ - Tensorflow connection.

More specifically, the observations are sent as a column vector with as many rows as
frequency channels are being sensed. This vector is processed by the learning algorithm
which outputs a matrix with the future predictions. The size is as many rows as frequency
channels were being sensed, and as many columns as time slots in the future are being
predicted (see Figure 5.14).

Figure 5.14: Observation vector (“obs”) and prediction matrix (“prd”) on frequency
channels fi and time slots tj .

An example can be seen in Figure 5.15. The observations can either be a −1 if the
frequency channel was occupied, or a +1 if the frequency channel was idle. The predictions
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Figure 5.15: Example of observation vector and prediction matrix.

can be any value between −1 and +1 since they represent a probability. However, in this
example only −1 and +1 are assigned for simplicity.

The predictions are done with an ANN as the one described in Chapter 3, that is, a
LSTM RNN. It consists of an input layer with 16 neurons, an output layer with as
many neurons as frequency channels, and a hidden middle layer (see Figure 5.16). In
this hidden layer there is an activation function f(·), which is a non-linear differentiable
transformation. This makes sure that the LSTM RNN is able to learn both linear and
non-linear patterns.

Figure 5.16: LSTM Layers.

The observation vector is fed into the LSTM layer, and the result of this is passed through
the activation function and then fed to the output layer. The output from this last layer
is then compared to the actual DME behavior in order to obtain the loss function. This
is then passed through the Adam Optimizer, which is a state-of-the-art optimization
algorithm for stochastic gradient descent for training [41], back into the different layers
(see Figure 5.17).

This process provides the first column of the prediction matrix, that is, the prediction
for the next time slot. However, in order to provide the LDACS MAC with a prediction
matrix that goes τ time slots into the future, further inference over a certain planning
horizon is needed. Therefore, the first prediction column is fed to the LSTM RNN again
in order to obtain the second prediction column, and the second one is fed to obtain the
third, and so on recursively until the desired number of columns in the matrix has been
achieved (see Figure 5.18).
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Figure 5.17: LSTM architecture.

Figure 5.18: Inference.

Before being re-fed into the learning algorithm, the prediction columns are normalized,
that is, the values are set to ±1. If the prediction is a positive value, it is set to +1.
On the other hand, if it is 0 or a negative value, it is set to −1. This is done for the
learning algorithm to treat the predictions like observations again, and as seen in 5.15,
the observations can only be +1 or −1.

All of these inference results are put together into what has been referred to as the
prediction matrix, which is then passed back to the OMNeT++ simulator for the Link
Establishment Manager to work with it.

5.4 TCP Connection

The last step of the implementation was to establish the TCP connection between the
OMNeT++ simulations and the TensorFlow learning algorithm. This was accomplished
using Veins-Gym, a project that exports simulations as AI Gyms [42]. An AI Gym allows
for the model to be trained outside the actual simulations. In the case of this project, it
allows for the DME behavior observations to be sent from OMNeT++ to the learning
algorithm, and for the predictions to be sent back to OMNeT++ in order for them to be
used in the LDACS MAC (see Figure 5.19).

Veins-Gym is a piece of research software developed by the Telecommunication Networks
Group of TU Berlin, and it was initially designed for vehicular networks. Its code has
therefore been adapted and re-engineered to serve the purposes of this project.
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Figure 5.19: TCP Connection.

The other TCP connection alternative would have been to compile the RNN into C++.
However, it was decided not to pursue this concept on the basis that the C++ interface
for Tensorflow is very limited and unflexible. This would have coerced the expected
extents of this project and would have yielded more limited results than the ones hereby
presented.

5.5 Exemplary time step

In order to summarize this chapter, an exemplary time step will be followed. All the
values and behaviors in this section are hypothetical, and are only meant to show the
functioning of the whole system.

DME starts by transmitting. In the example in Figure 5.20, it occupies two frequency
channels at different time slots.

Figure 5.20: Example: DME transmission.

When LDACS performs the channel sensing, it will sense the two frequency channels

every time slot, so the observations will look like
[
PP2
PP1

]
. At t = 0 the observation vector
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will be
[
0
1

]
, at t = 1 the observation vector will be

[
1
0

]
, t = 2 to t = 4 will have a

[
0
0

]
observation vector and then the pattern repeats.

This information is passed each time slot from OMNeT++ to Tensorflow through the
TCP connection (see Figure 5.21).

Figure 5.21: Example: TCP Connection for observations.

When it reaches TensorFlow, the model is trained on the observation vector, and it
outputs a prediction for the upcoming time slot. This first prediction is the input for the
inference over the planning horizon part of the code, which outputs the prediction for the
second upcoming time slots. Using this second prediction, the prediction for the third
upcoming time slot is calculated, and so on until the prediction matrix is big enough.

Once the model is fully trained, for an observation vector of
[
0
1

]
the prediction matrix

will be:

[
1 0 0 0 0 1 0 0 ...
0 0 0 0 1 0 0 0 ...

]

This prediction matrix is sent back from Tensorflow to OMNeT++ through the TCP
connection (see Figure 5.22), where the Link Establishment Manager will use it to
establish an LDACS PP link.

Figure 5.22: Example: TCP Connection for predictions.

The Link Establishment Manager chooses a set of candidate slots to transmit in and
checks the LDACS availability during these slots (see Figure 5.23a), the DME availability
(see Figure 5.23b) and only chooses the ones that are available for both (see Figure
5.23c).
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(a) LDACS available slots (in green) and occupied slots (in orange).

(b) DME available slots (in green) and occupied slots (in yellow).

(c) Collective available slots (in green) and occupied slots (in orange and yellow).

Figure 5.23: Available and occupied slots.

It then goes through all the combinations of start time slots and burst offsets until it
finds one that fits the LDACS MAC requirements and uses only the DME available time
slots in one frequency channel only. In this case, that combination is in PP1 with start
time slot t = 1 and with a burst offset of 3 time slots (see Figure 5.24).

Figure 5.24: Example: chosen slots for LDACS transmission (in blue).

This pattern for LDACS is kept until the timeout is reached. Once this happens, the
whole process is repeated from the beginning.
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6 Analysis

Following the implementation, the results were observed and analyzed. They are discussed
in this chapter.

6.1 Non-augmented LDACS MAC

The non-augmented LDACS MAC is the previous design of the LDACS MAC and cannot
take into account the behavior of DME when transmitting. Therefore, there are two
ways in which it can behave:

6.1.1 Native Approach

The most basic way in which LDACS can behave is the “native approach”, that is, it
has no information about the DME behavior, and it does not try to get any. This is of
course a very disruptive approach, and it causes a lot of collisions.

The metric that was chosen to evaluate the simulations was not the absolute number of
collisions, but the collision rate on DME. This is calculated dividing the number of
received DME replies by the number of sent DME requests, that is, checking how many
packets are lost due to collisions with LDACS and calculating the rate at which this
happens. For this approach, the number of collisions depends on the burst offset. As
seen in Figure 5.7, the number of time slots between bursts depends on the number of
LDACS neighbors. Therefore, for the case of 2 LDACS users transmitting, the burst
offset would be zero (see Figure 6.1a) and the collision rate on DME during the LDACS
PP transmission would be of 100% (see Figure 6.1b).

However, and as seen in Figure 6.1b, the PP transmission does not occupy 100% of
the time. In order to see how much it actually occupies, one whole link establishment
plus transmission will be taken into account, which lasts about 90 time slots. Out of
these, 14 are used for the link establishment (assuming that resources are found without
a problem) and the remaining 86 are used for the PP transmission. Therefore, 100%
collision rate would only happen for 86% of the time, resulting in an analytical result of
86% collision rate on DME overall. The simulated results reflect these numbers, as can
be seen in Figure 6.2.
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(a) Burst offset of 0 time slots.

(b) Collision rate on DME.

Figure 6.1: Native approach, 2 LDACS users.

Figure 6.2: Simulated collision rate on DME for 2 LDACS users.
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For a variable number of DME users between 1 and 9, the collision rate stays stable
around 80%. It is slightly under the analytical expectations, but this is due to the fact
that the link establishment process is not always accomplished in one try. Even without
taking DME into account it can last longer than the assumed 14 time slots due to LDACS
itself, therefore taking a longer percentage of the link establishment time without causing
collisions.

For a growing number of LDACS users, the collision rate decreases. This is due to how
the burst offset is calculated (see Figure 5.7). For more than 2 LDACS users, the burst
offset would increase (see Figure 6.3a), decreasing thus the changes of colliding with a
DME transmission (see Figure 6.3b).

(a) Burst offset of 1 time slots.

(b) Collision rate on DME.

Figure 6.3: Native approach, LDACS users > 2.

The more LDACS users there are, the larger the burst offset is (see Figure 6.4a), and the
more the chances of collision with DME decrease (see Figure 6.4b).

The different burst offsets and consequent collision probabilities are reflected in the
simulated results as shown in Figure 6.5.
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(a) Burst offset of over 3 time slots.

(b) Collision rate on DME.

Figure 6.4: Native approach, LDACS users ≫ 2.

Figure 6.5: Collision rate on DME and burst offset for several LDACS users.
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The collision rate on DME starts at around 80% for 2 LDACS users and decreases down
to around 30% for 5 LDACS users while the burst offset starts at 0 time slots for 2
LDACS users and goes up to 3 time slots for 5 LDACS users, as expected.

In conclusion, the collision rate is variable between 20% and 80% for 2 to 5 LDACS
users, but even at its lowest these numbers are extremely high, and even more taking
into account that DME is a safety critical system and should under no circumstances be
interfered with. A different approach is required.

6.1.2 Blacklisting Approach

The next approach and the one that is currently used by the LDACS MAC is channel
blacklisting. This means that if DME is known to use one channel (see Figure 6.6a),
LDACS will blacklist this channel entirely, and it will not be used under any circumstances
(see Figure 6.6b).

(a) DME-used channels.

(b) Blacklisted channels.

Figure 6.6: Blacklisting Approach.
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This approach is a very safe one and yields no collisions at all. However, it is problematic
in the sense that it wastes entire frequency channels that could be taken advantage of
otherwise.

DME transmits 5 to 15 ppps on track mode, which is every 60 ms to 200 ms [21]. Looking
firstly at the worst case scenario, where DME transmits the most, there is a DME packet
every 60 ms. Assuming 12 ms-long LDACS time slots, there is one DME transmission
every 5 time slots, which yields a utilization of 20% (see Figure 6.7a). Assuming 6 ms-long
LDACS time slots, there is one DME transmission every 10 time slots, which yields a
utilization of 10% (see Figure 6.7b).

(a) 12 ms LDACS time slots.

(b) 6 ms LDACS time slots.

Figure 6.7: Worst case scenario DME channel utilization.

When looking at the best case scenario, where DME transmits the least, there is a
DME packet every 200 ms. Assuming 12 ms-long LDACS time slots, there is one DME
transmission approximately every 16 time slots, which yields a utilization of 6.25% (see
Figure 6.8a). Assuming 6 ms-long LDACS time slots, there is one DME transmission
approximately every 32 time slots, which yields a utilization of 3.125% (see Figure
6.8b).

The presented percentages are only for one DME user. More users will likely increase the
DME channel utilization. That is not guaranteed though, as several DME users might
be transmitting within the same LDACS time slot. As seen in Section 3, the length of a
DME request is around 20 µs for one pulse pair. The waiting time and the reply are not
counted towards this since they happen on another frequency channel (differing 63 MHz
from the request channel). These 20 µs represent 0.33% of a 6 ms LDACS time slot or
0.166% of a 12 ms LDACS time slot (see Figure 6.9). These values mean that one 6 ms
LDACS time slot could host up to 300 DME users, and one 12 ms LDACS time slot up
to 600 DME users.
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(a) 12 ms LDACS time slots.

(b) 6 ms LDACS time slots.

Figure 6.8: Best case scenario DME channel utilization.

Figure 6.9: DME time slot utilization.

Depending on how the DME users are transmitting, there is the possibility that 2 DME
users will transmit in two separate LDACS time slots (see Figure 6.10a), but also the
possibility that many DME users will transmit in the same LDACS time slot (see Figure
6.10b).
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(a) Two DME users on two LDACS time slots.

(b) Several DME users on one LDACS time slot.

Figure 6.10: DME users with respect to LDACS time slots.

The probability of this happening has already been reviewed in Section 4.1, but this
comes to show that even for a larger number of DME users, the channel utilization rate
in terms of LDACS time slots could still be as low as the percentages shown above, and
that an increased number of DME users does not necessarily mean a decrease in the
number of available time slots.

Moreover, not only are the utilization rates low, but this approach also blacklists channels
that could be used by DME without checking if they are used at all. Therefore, channels
with 100% availability in all their time slots could be automatically ignored, hence wasting
even more resources.

In conclusion, if the DME channel utilization (for one user) ranges between 3.125% and
20%, LDACS could take advantage of 80% to 96.875% of the DME licensed channels.
Consequently, it can be concluded that the “Blacklisting Approach”, while safe, is
extremely wasteful and wastes up to almost 97% of the available time slots in the worst
case scenario.
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6.2 Augmented LDACS MAC

The inadequacy of both aforementioned approaches results in the need for the augmented
LDACS MAC. The results presented here are the results from the implementation
described in Chapter 5.

The first step is for the RNN to learn the DME behavior. The initial simulations used
one transmitting DME user every 60 ms, so every fifth time slot (see Figure 6.11).

(a) DME Behavior over 120 time slots. (b) DME Behavior over 30 time slots.

Figure 6.11: Simulations of the DME Behavior.

The code was successfully able to learn the pattern as shown in Figure 6.12.

Figure 6.12: Predictions accuracy.
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How well the pattern was learned was not only proven with Figure 6.12, but also calculated
using the accuracy: the predictions at time t are compared with the channel sensing
observations from t + 1 which yields the accuracy at time t + 1, the predictions at time
t + 1 are compared with the channel sensing observations from t + 2 which yields the
accuracy at time t + 2, and so on for as long as the simulation lasts. These values are not
only used in order to check that the project is succeeding, but for the learning algorithm
to train itself and know which predictions are correct and which ones are incorrect. As
can be seen in Figure 6.13, the accuracy goes to 1 after less than 100 time slots, i.e. 1.2 s.
Once the accuracy reaches 1, the pattern is learned and there are no more incorrect
predictions. The other parameter that can be seen in Figure 6.13 is the loss, which is the
input to the Adam Optimizer described in Section 5.3.

Once that it is clear that the learning algorithm is learning the pattern without a problem,
this information was input to the adapted LDACS MAC.

Figure 6.13: Accuracy and losses.

The first simulation that will be presented evaluates the capacity of LDACS to determine
which frequency channels are occupied by DME and which ones are not. It was done
using 10 frequency channels, out of which 2 were used by DME users and 8 were idle.
The LDACS users were set to start checking the DME-occupied channels first, but were
expected to quickly learn which channels were used and which were never used. This
was achieved, and the links were successfully established without causing interferences.

The first set of results can be seen in Figure 6.14, where the collision rate is stable around
1.25%. This slight error is due to the first 50-100 time slots, in which the model is still
being trained and, therefore, mistakes are still being made and some collisions occur.
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Figure 6.14: Collision rate on DME (untrained).

The second set of results can be seen in Figure 6.15. These results were achieved by
training the model on the DME behavior first without LDACS communications and
adding the LDACS communications once the accuracy had reached 1. This is why the
collision rate drops to 0%: the LDACS users already know which channels to avoid and
which ones are available.

Figure 6.15: Collision rate on DME (trained).
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These results can be seen in comparison with the previous collision rate in Figure 6.16.
In blue is the data for the non-augmented MAC, in green the data for the untrained
augmented LDACS MAC and in red the data for the trained augmented LDACS MAC.
The biggest remark is that the collision rate for 2 LDACS users goes from 80% down to
1.25% for the untrained model, that is, a difference of 78.75%; and down to 0% for the
trained model. For 3 LDACS users the difference is 48.75% and 50% respectively, for 4
LDACS users 31.75% and 33% respectively, and lastly for 5 LDACS users 23.75% and
25% respectively.

Figure 6.16: Collision rate comparison.

The second simulation to be evaluated is the critical scenario. Here, LDACS has only
one available frequency channel and there are already DME users transmitting in said
channel. The LDACS user were expected to learn how to go around the DME user
without causing collisions by modifying their burst offset and start time slot. The results
can be seen in Figure 6.17.

The collision rate is not 0%, but rather 8%. Moreover, there are certain simulations in
which the accuracy of the learning algorithm decreases, as seen in Figure 6.18.
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Figure 6.17: Collision rate.

Figure 6.18: Accuracy decreasing.

This drop in the accuracy is only present in some iterations of the simulations, not in
all of them. The reason for this is not perfectly clear, but some theories showcase that
it might be due to rounding errors that shift the pattern within the LSTM RNN, some
internal offset happening, or perhaps some configuration of the learning algorithm is not
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the ideal one, such as the learning rate or the optimizer used. All in all, the learning
algorithm does not perform as flawlessly as expected.

Additionally, the more DME users that were added, the less resources LDACS could take
advantage of. This can be seen in Figure 6.19.

(a) DME Behavior with 3 users (edge case).

(b) DME Behavior with 4 users (insufficient idle resources).

Figure 6.19: DME Behavior with 3 and 4 users.
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Given that the burst length for LDACS is always 2 time slots, the case with 3 DME users
(see Figure 6.19a) is an edge case since it has only the necessary resources for LDACS to
be able to transmit. The case with 4 DME users (see Figure 6.19b) has only one available
time slot out of each five, making it impossible for LDACS to establish a link. This is
due to the fact that DME users transmit in consecutive LDACS slots.

This lack of idle resources can be seen in the number of established LDACS links. Figure
6.20 represents how many LDACS links are established in the span of 3 s of simulation
time. It can be seen that it is possible to achieve 2 links in 3 s of simulation with 1, 2
and 3 DME users. From 4 DME users on, no links can be established due to the lack of
resources.

Figure 6.20: LDACS Links Established per 3 s of simulation.

Lastly, in previous simulations a growing number of DME users presented a constant
collision rate of 80%. The comparison between these results and the results from the
current LDACS MAC can be seen in Figure 6.21. The collision rate goes from 80% to
8%, resulting in a decrease of 72%.

These simulations are of course extreme cases in which the DME users were coded to
occupy as many resources as possible in order to study the behavior of LDACS. They
are therefore portrayed as the worst case scenario rather than as a realistic situation. As
stated in Section 4.1, having n DME users does not mean that n time slots will be occupied,
and there are in fact high chances that several DME users will be transmitting.
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Figure 6.21: Collision rate comparison.

In conclusion, the performed simulations show that the new augmented LDACS MAC
can:

– Learn the DME behavior.

– Identify idle frequency channels and avoid DME-occupied channels.

– When left no other choice, transmit in a DME-occupied channel making use of the
idle time slots left by DME and avoiding most of the collisions that would take
place otherwise.

– Keep establishing links even when several DME users are using the frequency
channel (until the point where not enough idle slots are available).
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7 Conclusion

Spectrum Scarcity is an obstacle in the way of newer and more advanced emerging
communication systems. Thanks to CR and DSA, parts of the frequency spectrum that
are licensed by legacy systems with low utilization rate can be used by unlicensed users
while avoiding collisions and interferences with the main user. This thesis demonstrates
that using ML for this purpose proves to be an efficient and successful method for finding
available resources to transmit in.

This thesis was based on the project described in [25], which describes and simulates
LDACS and its behavior. It was build using the OMNeT++ simulator. The DME system
description was taken from the literature [20]–[22] and implemented in OMNeT++ as
a new configurable module integrated in the LDACS modules from [25]. This imple-
mentation simulates how the aircraft send requests to the ground stations, how the
ground stations answer in a different frequency channel after a fixed delay and how, upon
detecting a collision with LDACS, the packet is lost.

This implementation served to simulate the interactions between LDACS and DME,
which were measured in terms of the collision rate, that is, how many of the packets sent
by DME end up colliding with an LDACS transmission. The first case to be analyzed was
when LDACS “ignored” the existence of DME and just transmitted without taking it into
account. The results from this approach were that the collision rate caused upon DME
by 2 transmitting LDACS users was up to 80%, matching the analytical expectations.
Due to how LDACS behaves when a larger number of LDACS users are in proximity,
this 80% collision rate lowers down to around 30% with 5 transmitting LDACS users.
Nevertheless, and taking into account that DME is a safety critical system, neither of
these percentages are acceptable. The second case to be analyzed was the blacklisting
approach, that is, LDACS does not transmit in any frequency channel that might be
locally assigned to DME. This approach is very safe and yields no collisions, but it fails to
take advantage to underused DME frequency channels where the utilization rate is as low
as 3%, and even misses entire frequency channels where no DME users are transmitting
at all, that is, where the DME utilization rate is of 0%.

The need for an augmented LDACS MAC is clear from the analysis of both approaches.
Therefore, a detailed augmented LDACS MAC was designed and presented. It observes
the DME medium access behavior through channel sensing and uses these observations
to predict the future behavior of DME and avoid it. These predictions are done by
a learning algorithm like the one described in [11], [12] and [34]. It was implemented
including not only the regular RNN predictions but also inferring over a certain time
horizon in order to constantly provide the LDACS MAC with as many future predictions
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as necessary. This was done using Tensorflow, a ML software library that allows to build
and train models. In order to take into account these predictions, the code from [25]
was changed and adapted. Not only were the predictions taken into account to avoid
collisions, but the MAC was made more flexible in order to be able to adapt to the
DME predicted behavior and make opportunistic use of idle slots that would have never
been used otherwise. Lastly, a TCP connection was established between OMNeT++
(containing the LDACS MAC and the DME modules) and Tensorflow (containing the
learning algorithm).

The results form this implementation were quite favorable. It first showed that the new
augmented LDACS MAC can identify which channels are being used and which not
and switch in order to avoid DME altogether, resulting in a 0% collision rate. Most
importantly, when encountered with a “critical scenario”, that is, only one available
channel in which DME is already transmitting, it proved to be able to adapt to the
predicted DME behavior and transmit with a lower collision rate than the native approach,
namely only 8% collision rate. This rate could be maintained until the DME pattern
exceeded the proposed augmented LDACS MAC’s communication pattern. For this
reason, the next chapter will outline possible future extensions to improve upon the
predictive MAC that has been investigated in this thesis.

7.1 Future Work

As successful as these results may be, there is plenty of work to be done in the future
in order to make the LDACS MAC as efficient as possible and for it to be able to take
advantage of all the idle available resources left by DME.

7.1.1 Learning Algorithm

As seen in Section 6.2, the collision rate for the worst case scenario remains at 8%,
and the accuracy exhibits irregularities during certain simulations. Some reasons why
this might happen are rounding errors within the learning algorithm, internal offsets or
even a wrong LSTM parameter configuration. Future work should investigate different
configurations for the LSTM RNN as well as more robust algorithms that might fit the
objectives better.

7.1.2 Handshake Implementation

The augmented MAC model presented in Chapter 4 included both communicating aircraft
sharing their local predictions and the probabilities of the candidate time slots of being
idle. Due to the time constraints of this project, this part was not implemented in the
current Augmented LDACS MAC.
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Moreover, the inability to find an appropriate fixed probability acceptance threshold
and the unrealistic technical requirements of a dynamic adaptive threshold were also
presented. Therefore, there is the need to set a limit or threshold (whether fixed or
dynamic) to discern which probabilities of being idle can be accepted and which cannot
due to them being too low and not offering enough security for the transmission.

Future work should then include the implementation of the comparison in predictions
between the communicating aircraft, as well as finding an appropriate and technically
possible probability acceptance threshold.

7.1.3 Game Theory

Leaving behind the augmented LDACS MAC proposed in Chapter 4, the design itself
could be improved. As seen in Figure 6.19b, there are patterns that can be simply not
used opportunistically. This is due to two reasons:

– The link is established in one frequency channel and cannot hop to another one.

– The burst length is always two consecutive time slots.

These characteristics (as seen in Figure 7.1) limit the range of possible resources that
can be taken advantage of, especially in highly congested environments with many DME
users transmitting.

Figure 7.1: LDACS MAC Limitations.

Techniques like GT could be used to alleviate this problem [15]. GT formulates the
problem of fitting the LDACS transmission to the DME behavior as a kind of optimization
problem called a Spectrum Mobility Game (SMG) [16]. As its name indicates, the LDACS
MAC now has to move through the available spectrum in order to find the best possible
combination of frequency channels and time slots in which to transmit. An example of
this can be seen in Figure 7.2. Figure 7.2a shows a frequency spectrum sensing in which
the gray slots are idle, and the red ones are busy. Using GT this game can be solved as
seen in Figure 7.2b, where the unlicensed user has found a way of transmitting while
avoiding collisions.
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(a) Pattern.

(b) Opportunistic Access.

Figure 7.2: SMG example.

Similarly, this can be applied to LDACS MAC. Figure 7.3a shows the same pattern as
7.2a, one that could never be opportunistically accessed by the current LDACS MAC due
to the required hops between frequency channels and the inability to have two consecutive
LDACS time slots assigned to a single burst. However, Figure 7.3b shows how this SMG
would have been solved using GT, the same way as Figure 7.2b was solved. LDACS
would be able to transmit in all the idle slots without colliding with DME.

Moreover, SMGs are proven to have at least one Nash equilibrium point. A Nash
equilibrium point means that a strategy is reached for all players of the game in which
none can improve their individual payoff by changing strategies unilaterally. In other
words, since the DME behavior is fixed (only depending on the frequency with which pulse
pairs are sent), reaching a Nash equilibrium would mean that LDACS finds an optimal
way of transmitting around DME without causing collisions. This could drastically
improve LDACS’s chances of being able to opportunistically transmit around congested
areas or in locations with high air traffic volume. Therefore, future work should include
implementing GT and SMG into the LDACS MAC.
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(a) Pattern.

(b) Opportunistic Access.

Figure 7.3: DME as a SMG.
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