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Outline Report

This thesis consists of several parts. During the preliminary phase a reports has been written
of the results so far. The preliminary phase is followed by the main phase of the thesis. For
the final phase a scientific paper has been written in IEEE style, containing the main results.
The appendices contain a more elaborated literature review and a project plan, including a
Gantt chart.

The outline of this report is as follows:
e Paper The main results are presented in a paper written in IEEE lay-out in the first
part of the report.
e Preliminary report The preliminary report is shown in the second part of this report.

e Appendices The appendices contain a more extensive literature review and a project
plan, including a Gantt chart. Additionally a shortened paper is included, that is
submitted to the SESAR innovation days 2016.
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Effect of ADS-B Limitations and Inaccuracies on
Conflict Detection and Resolution methods

Thom Langejan, Emmanuel Sunil, Joost Ellerbroek and Jacco Hoekstra

Abstract—The current Air Traffic Management (ATM) system is
reaching its capacity limits. Additionally the growing Unmanned Aerial
Vehicle (UAV) market results in new Air Traffic Control (ATC)
challenges in the near future. A possible solution is a Free Flight
environment, where all restrictions of ATC are lifted. This requires
Airborne Conflict Detection & Resolution (CD&R) methods, using
the Automatic Dependent Surveillance-Broadcast (ADS-B) system for
direct state information exchange between aircraft. Limitations of ADS-
B are system related, affecting state information quality and situation
related, resulting in reduced detect and decode probability due to range
and interference. In this project these limitations are assessed against
two CD&R methods and three air traffic densities. This research aims
to quantify the impact of these limitations on airborne CD&R and the
feasibility using the ADS-B system in Free Flight. Three experiment
are conducted to obtain safety, efficiency and stability metrics. The goal
of the first experiment is to differentiate between the effect of ADS-
B based and perfect state information on CD&R. The second and
third experiment assess the contribution of individual aspects, such as
interference and transmit power (i.e. range). The Modified Voltage
Potential (MVP) method showed better results than the swarming
method, and is very robust. The effect ADS-B limitations are small
when compared to assuming perfect state information for airborne
CD&R purposes. However, increasing traffic and transmit power lower
the detect and decode probability due to interference and should be
considered for high traffic densities.

I. INTRODUCTION

ECENT and on-going developments in aviation require a

modernization of the ATM system. First of all; due to the
steady and continuous growth of air traffic, the current ATM
system is reaching its capacity limits [1]. Secondly the current
developments in UAVs require a novel approach to ATC. Current
technologies rely on communication between the pilots and ground-
based controllers, both actively involved to prevent conflicts. A
trend in the UAV area is observed from pilot guided UAVs to
vehicles with a higher level of autonomy [2]. A restructuring
of airspace and novel ATC systems are required to fulfill future
airspace demand and to safely integrate UAVs [3], [4].

Free Flight, using airborne self separation, is identified as a
promising concept to increase capacity and integrate UAVs [5], [6].
Additional benefits of Free Flight are increases in safety as well
as economical and environmental gains [7], [8]. In Free Flight,
airborne CD&R methods are used to predict conflicts between
aircraft and provide possible resolutions to the aircrew, or even
autonomously resolve conflicts. In this research domain, the ADS-B
system is identified as a key enabling technology for Free Flight,
providing direct state information exchange between aircraft [9],
[10]. However, in the simulations performed in most CD&R related
research, the availability of perfect state information of surrounding
aircraft is assumed. Previous research has not considered the
effect of ADS-B limitations and inaccuracies on CD&R methods.
The questions arises if the ADS-B system is actually capable
of providing usable state information for CD&R purposes. It is
concluded by several studies that the ADS-B system has limitations
[11]. The main degrading factors are aircraft state inaccuracy, as
well as transmission latency and reception limitations [12]. ADS-B
reception models are derived in [9], [13]. The authors model the

effect of range and interference between aircraft on ADS-B detect
and decode probability. A gap in literature is found where the use
of CD&R methods for airborne self separation are evaluated using
realistic ADS-B limitations.

This paper aims to link the limitations of the ADS-B system and
study its effect on CD&R methods in a Free Flight environment.
An ADS-B model is created and different CD&R methods are
subjected to ADS-B limitations. Two CD&R methods are selected;
the MVP and swarming method, described in [14]. Additionally it
is assessed which factors affect the quality of the ADS-B signal
and to what extent. Therefore three experiments are created. The
goal of the first experiment is to assess the effect of different
ADS-B models on CD&R performance. The second experiment
aims to study the impact of two individual ADS-B signal degrading
properties, range and interference. Increasing the maximum ADS-B
reception range has two opposing effects: increase of range related
detect and decode probability and increase of interference severity.
Therefore the goal of the third experiment is to assess the effect of
different ADS-B reception ranges on CD&R performance.

This paper is organized as follows: an overview of the CD&R
methods is given in Section II. Subsequently the ADS-B system is
discussed in Section III. A detect and decode probability model for
ADS-B messages is created based on situational related properties.
Also system related inaccuracies are discussed. The implementation
of the ADS-B model in the BlueSky simulator is explained in
Section IV. Also the experimental dependent an independent vari-
ables for each experiment are discussed in Section IV. The results
of the three experiments are discussed in Section V, Section VI
and Section VII. This paper is concluded with a discussion in
Section VIII and a conclusion in Section IX.

II. CONFLICT DETECTION AND RESOLUTION

In this section the Conflict Detection (CD) is discussed in
Section II-A. Subsequently two Conflict Resolution (CR) methods,
MVP and Swarming, are described in Section II-B.

A. Conflict Detection

A conflict occurs when an aircraft is predicted to enter the In-
truder Protected Zone (IPZ) of another aircraft in case no additional
actions are taken. Another aircraft entering this zone results in
an intrusion, also called Loss Of Separation (LOS). In this study
state based conflict detection is chosen over intent based conflict
detection. This method uses the current positions of aircraft and
extrapolates speeds vector of itself and surrounding aircraft to detect
possible conflicts. This method has a low false-alarm rate and high
fidelity for en-route air traffic [15]. Additionally nominal trajectory
planning is chosen over worst-case or probabilistic projection,
discussed in [16]. The dimensions of the IPZ are defined by the
RTCA. For en-route air traffic a 5 nautical miles separation in the
horizontal plane and 1000 feet separation in the vertical plane need
to be maintained, to ensure safe flight [17]. Only conflicts occurring
within 5 minutes will result in CR. The 5 minutes look-ahead time
is typical and most suitable for velocity vector extrapolation [6],
[18].



B. Conflict resolution

In [14] it was found that two CD&R methods showed promising
result as application for airborne self separation, the MVP and
Swarming method (discussed in [19] and [20] respectively in
more detail). While subjected to perfect state information, the
MVP method showed better performance than the swarming
method (lower number of LOS). However, with stochastic factors
introduced, the swarming showed a decrease in numbers of LOS,
while the MVP methods showed an increase in number of LOS.
Therefore these two methods are selected for further research and
presented below.

MVP

The MVP method is based on modeling aircraft as similarly charged
particles that repel each other, described in [7], [19]. This method
contains of three steps [21]:

1) Conflict detection
2) Obtain MVP based resolution vector
3) Conflict resolution

The determination of the MVP based resolution vector is shown
in more detail in Figure 1 and discussed below.

Figure 1: Top view of two aircraft (A and B) on collision course
with MVP based resolution in the horizontal plane. Shown are the
relative velocity vector (V,..;) and the MVP based resolution vector
(VT’ES)'

The Intruder Protected Zone is shown and an additional safety
margin of 10% is added. The relative velocity vector with respect to
a conflicting aircraft (A) is calculated (V,.;). This relative velocity
vectors results in a loss of separation without any intervention.
Using this relative velocity and distance between the two aircraft,
the Closest Point of Approach (Point C) can be determined. Sub-
sequently the closest distance out of the IPZ (O) is determined. It
can be obtained the resolution vector CO still results in a LOS.
Therefore Equation (1) is used to obtain the final resolution vector
(Vres).

co’| 1 0
co |cos(arcsin(-L5) — arcsin(4%)|

Now the distance vector CO’ is determined, the new velocity vector
is calculated using Equation (2) [21]. In this equation ¢ is the time
it is predicted for aircraft B to be at point C.

co’
c

VMVP = + chr'r‘ent (2)

The swarming method

Swarming intelligence, discussed in [20], is a bio-inspired
interaction between animals in large groups, such as a school of
fish or a flock of birds. In this research the goal was to apply
the swarming method to UAVs. The behavior of each individual
agent consists of three elements and is adapted to use as a CD&R
method for en-route traffic, shown in [14]:

1) Collision Avoidance (CA) component. Uses the MVP
method to obtain a resolution vector.

2) Velocity Alignment (VA) component. Match the velocity
direction and magnitude of surrounding aircraft.

3) Flock Centering (FC) component. Obtain the graphical
center of surrounding aircraft (with aircraft in the same
heading range) and steer in that direction. This results in
grouping of aircraft.

The swarming method employs a weighted combination of the
three actions described above, shown in Equation (3). The subscripts
in the symbols correspond with the different swarming elements.

Ve — Wea-Vea+Wya-Vva+Wpe - Vic
sw = (3)
Wea+Wya+ Wee

The velocity alignment and flock centering components are
constantly activated during flight. The collision avoidance compo-
nent becomes active in case a conflict is detected. The swarming
weights are tuned based on a super-8 conflict” and “wall conflict”,
discussed in [14], [22], [19]. The values shown in Table I resulted
in satisfactory results. It was found that collision avoidance should
have the largest weight, and flock centering the smallest, for a stable
result.

Table I: Swarming weights

Swarming weights

Swarming Element Symbol ~ Weight
Collision Avoidance Wea 20
Velocity Alignment Wy a 3
Flock Centering Wrc 1

Two additional rules were added to increase the swarming per-
formance:

e Aircraft only swarm when their current heading difference is
< 30 °.

e Aircraft only swarm if their way-point heading is < 45 °.

e Aircraft only swarm if their distance is < 20 NM.

The first rule makes sure that only aircraft with a similar
current heading swarm together. The second rule enables aircraft to
“escape” a group of aircraft when they are close to their destination
(way-point heading becomes > 45 °). It should be noted that the
swarming method is MVP extended with a swarming element.

Trajectory recovery

After a successful conflict resolution, aircraft are required to
follow the heading back to their original destination. Aircraft do
not return to their original track. The Closest Point of Approach
(CPA) of a conflict is determined. After this point the conflict is
solved and the aircraft determines its new heading to arrive at its
destination. Other aircraft states, such as altitude and velocity, are
also restored.

III. ADS-B MODEL

In this research the focus is on the airborne ADS-B link between
aircraft, enabled by ADS-B IN/OUT. ADS-B transmits specific state



information in an omnidirectional manner called squitter. Different
type of squitter messages exist, with their corresponding transmit
rate:

e Airborne positions squitter (2/sec)
Surface position squitter (1/sec)
Airborne velocity squitter (2/sec)
Aircraft identification squitter (0.2/sec)
Operational Status (0.4/sec)

Target state (0.8/sec)

The reports are transmitted using a 1090 MHz carrier frequency
using Pulse Position Modulation (PPM). Each message contains
120 bits and is transmitted with 1 Mbps, resulting in a message
duration of 120 us.

Two main elements can be identified affecting the system perfor-
mance; situational and system related elements. Situation related
elements mostly affect the probability of proper detection and
decoding of an ADS-B report. System related elements affect the
actual content of the ADS-B report. A schematic overview is shown
in Figure 2.

ADS-B
Elements
Situation related System related
I
Reception Probability Accuracy Timing
Range State accuracy Update rate
Interference Truncation Latency

Figure 2: Schematic overview of elements degrading ADS-B per-
formance.

Both system and situation related elements are discussed in
Section III-A and Section III-B respectively. An analytical model is
developed and explained for both.

A. System related ADS-B elements

Several system related elements affect the quality of an ADS-B
report. Only a limited number of bits are available, affecting the
level of accuracy in the ADS-B message, caused by truncation.

Truncation

The position reports contain latitude and longitude locations. The
latitude and longitude are both transmitted using 6 significant digits.
The offset, caused by truncation, is the distance between two
locations where the 6th digit is changed. The Haversine function,
shown in Equation (4), is used to calculate the great-circle distance
between two points in meters, expressed in latitude and longitude.
In this equation ¢ is latitude (rad), A is longitude (rad), and R (m)
is the earth radius.

A AN
a= sm(%) + cos(¢1) - cos(¢a) - sin2(7) (4a)
c = atan2(v/a, V1 — a) (4b)
d=R-c (4¢c)
Using the Haversine function and a position described in longitude

and latitude with a six digit significance level results in a accuracy
ranging from 9 to 17 m, depending on the location on the earth.

State accuracy

In addition to the truncation effect, the state accuracy of the
on-board measurement equipment affects the location precision.
Location determination is done using the Global Navigation
Surveillance System (GNSS). Altitude and airspeed are obtained
using on-board sensors. These two states are expected to be highly
accurate compared to position. Position is the state that depends
on an external system, such as GNSS or Wide Area Augmentation
System (WAAS). In [23] it is that found a GPS measurement has
an accuracy of <7.8 meter with a 95% confidence interval.

Update rate and latency
Generating and transmitting an ADS-B reports results in a latency
in the order of 20 milliseconds. A much larger effect is the limited
update or transmit rate of an ADS-B report, which is in the order
of seconds. This system delay does result in a position error in the
order of tens of meters in the ADS-B position report.

Different system related properties contribute to the position
error:
1) GPS error: 8 m with a 95 % confidence interval.
2) Latency: 20 milliseconds, resulting in £5 m (assuming
cruise speeds of 800 km/h).
3) Truncation: £15 meters.

B. Situation related ADS-B elements

The situation related elements affect the reception and decode
probability of the content of an ADS-B report, caused by range
and interference. An analytical model of these two is discussed in
the following two paragraphs.

Range

The derivation of an analytical model between distance and de-
tect/decode probability is based on the 1090 Extended Squiter (ES)
Minimum Operational Performance Specifications (MOPS) [12].
The general approach, described in [9], [24], is followed. It is
assumed that the noise level on the 1090 MHz frequency is constant.
An increasing distance between transmitter and receiver results in a
decrease in Signal to Noise Ratio (SNR). An illustration is shown
in Figure 3.

This derivation consists of the following steps:

1) Step 1: Calculate the Free Space Path Loss (FSPL) per
Nautical Mile for the 1090 MHz frequency.

2) Step 2: A fixed transmit power (Sirqns) is assumed for
the ADS-B transmitter. A relation between received power
(Sree) and distance in NM between two aircraft is obtained,
using the FSPL equation from Step 1.

3) Step 3: Detect and decode probability is exponentially
modeled with respect to received power. A constant noise
level on the 1090 MHz frequency is assumed. The minimum
triggering level is based on [12].

4) Step 4: Step 2 is substituted in step 3. The detect and decode
probability relation as function of received power is rewritten
as function of distance.

5) Step 5: Parameters for specific transmit power and minimum
triggering level are derived based on [12].

Step 1:

The derivation is based on the link budget between a transmitting
and receiving aircraft. The decrease in power level due to the Free
Space Path Loss (FSPL) is shown in Equation (5) and rewritten to
dB.
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Figure 3: Two normalized SNR ratios. SNR decreases with increas-
ing distance between transmitter and receiver.

FSPL = (@)2 (5)
FSPL(dB) = 10 - zogm((@f) (5b)
FSPL(AB) = 20 - logio (22 (50)

C

In Equation (5) ¢ (speed of light) and f (carrier frequency) are
constant. The FSPL per NM can be obtained from Equation (5),
resulting in Equation (6). It should be noted that the distance
parameter d [m], in meters, is replaced with r [NM], indicating
the distance in nautical miles.

4
FSPLy = 20 - logiy?. :T (6a)

1090 - 105 - 4 - 7 - 1852
FSPLyny =201 =95.55 (6b
SPLina =20+ logio—5 557570 9555 (6b)
FSPLya(r) = 9555+ 20 - logio ()22 (60)
NMm(r) = 99. 0910\" )1\ 1f C

Step 2:
Using Equation (5) the received power (S,..) for a specific
transmit power (St-qns) is obtained for a distance (r) in NM, shown

in Equation (7).

Srec - Strans - FSPLlNM - 20- ZOQ(T) (73)

Srec = Srec_lN]\/I - 20- lOg(’I“) (7b)

In Equation (7) (Strans — FSPLina) equals the received
power at a distance of 1 Nautical Mile (NM), called S,c. 180
with a transmitted power of Si.uns. Rewriting this equation, a
relation between distance and received power is obtained, shown
in Equation (8). This equation is substituted in step 4 to determine
the maximum reception distance rg.

—(Srec=Syec 1INM)
20

r=10 (8a)

r = ¢~ (Srec=Srec.inm) 1"2(730))

(8b)

Step 3:

The detect and decode probability of an ADS-B report without
interference is modeled as an exponential function of received signal
power (Syec). A specific signal power where the detect and decode
probability is 0 (Syec0) is defined (due to background noise and
sensor sensitivity). This signal power is received at the maximum
reception distance, 79 [12]. The variable k£ is added to scale the
curve of the probability function, resulting in Equation (9).

P(Srec) =1~ efk(Sm—Smcg)(mgéo)), Srec 2 Sreco (9a)

 (Srec—Sreco)

P(Srec) =1-10" 20 >Srec > SrecO (9b)

Step 4:

The zero detect and decode distance between transmitter and
receiver, as a function of range instead of received power, can be
obtained by substituting Equation (8) in Equation (9).

1n(10)
35 )

Piry=1—(r- e~ (Srecinm—Sreco)( )k,r >y (10a)

(Srec INM =Sreco) |,
20 )

P(ry=1—(r-10" T 2T (10b)

The received power S results in a zero detect and decode
probability with the corresponding distance r. Using Equation (8),
ro is obtained as shown in Equation (11)

—(Srec0=Srec INM)
20

ro = 10 (11)
The inverse of Equation (11) is substituted in Equation (10) to
obtain Equation (12).

P(r) = 1—(%)’f,r2ro (12)

Equation (12) is used to determine the no-interference reception
probability as a function range, using a fixed transmit power, St,qns-
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Figure 4: Effect of range (x-axis) on detect and decode probability
for different transmit powers (legend). Based on [12].

Step 5:

The variable k is introduced to scale the curve of the probability
equation. In [12] a minimum triggering level (Sy;rr) of -90 dBm
for Class A3 equipped commercial transport is defined with the
following requirements:

1) If link margin (Sye. — Sasrr) = 3dB the minimum reception
probability should be > 0.99.

2) If link margin (Sye.— Sprrr) = -3dB the minimum reception
probability should be > 0.15.

Substituting these values in Equation (9) results in a scaling factor
k of 6.4314. The maximum reception distance, 7¢, is a function of
transmit power (Strqns) and sensor sensitivity (Syec0), as shown in
Equation (13).

c 1
= Srans_STec 7) T ore 13
ro (V ¢ 0 4nf) 1852 (13)
The relation of different transmit powers versus the detect and
decode probability is shown in Figure 4.
The following assumptions are made in this model:

1) Omni-directional antenna used on transmitting and receiving
aircraft.

2) A constant noise level on the 1090 MHz frequency is
assumed, based on[12].

3) No multi-path effects.

4) Weather related effects are not taken into account.

5) No shielding by aircraft of ADS-B transmitter/receiver an-
tenna.

Interference
The above defined reception probability does not take into account
interference of other aircraft. Since all ADS-B reports are trans-
mitted on the same frequency the interference effect needs to be
accounted for. The effect of receiving two messages in the same
time interval is shown in Figure 5; the bits from the original (blue)
signal cannot be decoded anymore.

To model the effect of interference on detect and decode prob-
ability the Poisson distribution, shown in Equation (14), has been
used. This probability distribution is generally used to calculate the
number off occurrences during a specified time interval with the
following variables:

ADS-B signal

— Interferring signal

— Original signal
1 1 1

0.0 0.5 1.0 1.5 2.0 2.5 3.0
x10—6

Normalized amplitude [-]
[en]
[en]

Time[s]

Figure 5: Interference effect; bits from the original signal cannot be
decoded anymore due to interference.

ke—kt

k!

e )\ = Expected number of events occurring in 1 unit length of
time.

e t = Interval length.

e X = Number of events occurring in an interval of length t.

e P = Probability of X occurrences in an interval of length t.

PIX = K] = (\t)

k=0,1,2,.. (14)

The different transmit rates, discussed in the previous section
for the 6 different ADS-B reports, are considered. Each message
has a duration of 120u seconds. Not every message is being used
for CD&R, but all the messages must be taken into account for the
interference analysis. This results in a summed ADS-B transmission
frequency of 6.4 Hz, contributing to interference. In addition to the
different type of ADS-B messages, an aircraft also transmits a Traf-
fic Collision Avoidance System (TCAS) signal on the 1090 MHz
frequency. A TCAS signal has a duration of 644 and is transmitted
with a frequency of 4 Hz [24]. Using the characteristics stated above
the probability of a message collision can be determined using the
Poisson distribution from Equation (14). Additionally the following
assumptions are made:

1) No de-garbling is used. Multiple received ADS-B mes-
sages can sometimes be de-garbled using software so both
messages can be decoded. De-garbling can be modeled by
selecting a lower message duration.

2) ADS-B message is modeled as 1 message, containing all the
state information, instead of several different messages.

A can be calculated by the summation of the message update
frequencies (Fpdate), multiplied by the number of aircraft within
range (N,.), shown in Equation (15). This represents the expected
number of instances (ADS-B messages received) in a specified time
interval (1 s). The number of aircraft within range is the number of
aircraft with a distance smaller than the maximum reception range,
as discussed in the previous section.

)\:Nac-ZF(Hz):N-F (15a)

A= Ngc- Fupdate (15b)

Assume a message is received at t=0. The duration of an ADS-B
message 7 is 120us, equal to the time variable in Equation (14).



Time interval

—— |
t=0s t=120 us t=1s

l l l

Start message End message End interval

Figure 6: Schematic interference modeling overview (not in scale).

To obtain the probability no other messages are received in this
time interval the variable X in Equation (14) is set equal to O,
resulting in Equation (16). This is visualized in Figure 6. The same
principle holds for a TCAS message, with a duration of 64us.

Since 2° = 1 and 0! = 1 the final equation to determine the
probability of no message collision for N,. within range and a
message duration of 7 seconds is shown in Equation (16).
pe M

0!

PIX =0] = ¢~ Nac(-Faps-B-Taps-p+Frcas-troas)

P[X = 0] = (At)

(16a)

(16b)

To incorporate the reception probability, the number of aircraft
within range (k) is weighted with respect to the specific aircraft (z).
Aircraft closer than aircraft ¢ are given a full weight, aircraft at a
greater distance, according to the relative reception probability, as
shown in Equation (17).

Nacscaled = Nac(PR(i,k) > PR(i,j))+
Pri; i
Z ( ),Vk(PR(i,k) < Prij))
R(i,5)
So to calculate the interference effect for aircraft ¢+ with respect
to aircraft j, Equation (18) is being used.

7)

Pl(i,j) = PI(Nacscaled) (18)

C. Situation related ADS-B model

The detect and decode probabilities described in Section III-B
can be combined. The corresponding detect and decode probability
is shown in Equation (19). The probability Pr; ;) resembles the
combined detect and decode probability of aircraft i receiving an
ADS-B message from aircraft j. Pg(; jy is the detect and decode
probability of aircraft ¢ wit respect to aircraft j due to range between
the two aircraft. Pj(; ;) is the scaled decreased detect and decode
probability due to interference of surrounding aircraft.

Total probability Range Scaled Interference
—_——— =
Pr j(r, AC) = Pr(; ) - Pre,j)(Nacscaled) (19)

IV. EXPERIMENT DESIGN

From the analysis in the previous section it is found that mul-
tiple factors affect the proper reception of an ADS-B message.
The simulation environment is introduced in Section IV-A and
the implementation of the ADS-B model in Section IV-B. The
assessed traffic scenarios are discussed in Section IV-C. Three
experiments are performed with different goals. The goal of the
first experiment is to compare the effect of using ADS-B based
state information with perfect state information on CD&R, discussed
in Section IV-D. The second experiment is a sensitivity analysis
to determine the contribution of the individual situation related
properties, namely range and interference. The dependent variables

Table II: Verification quadratic computational power ADS-B mod-
ule. Simulations performed on Intel Duo Core T9600 2.8GHz with
4 GB RAM.

Simulation time vs number of aircraft
Aircraft in simulation [ac] ADS-B module time [s]

75 0.038
150 0.15
300 0.62
600 2.3

are discussed in Section IV-E. The final experiment aims to assess
the effect of a varying transmission power, resulting in different
maximum reception distances. These independent variables are
discussed in Section IV-F. The dependent variables are discussed
in Section IV-G. This section is concluded with hypotheses in
Section IV-H.

A. Simulation Environment

BlueSky, an open-source Python based ATC simulator devel-
oped at the Delft University of Technology, is used as simulation
environment. Many useful features are already available in the
simulator, such as CD and CR in the Airborne Separation Assurance
System (ASAS) module. Datal.og options, way-point routing and
aircraft performance limitations (accelerations, bank angles etc.)
are also implemented. The open-source characters enables easy
implementation of new modules in the simulator. For this research,
the simulation update rate was set to 10 Hz. Further information
regarding the simulator can be found in [25].

B. ADS-B Software implementation

Currently the real state of the aircraft is used for CD&R in the
ASAS module, shown with @ in Figure 7. This CD&R module
uses airspeed, heading and position of surrounding aircraft for
conflict detection and resolution. The open-source character of the
BlueSky simulator allows it to implement the ADS-B module, also
shown in Figure 7, on the right side.

The ADS-B model uses the real states of each aircraft@. The
actual position of each aircraft is used to determine the reception
probability between each aircraft pair, based on the model described
in Section III . This results in a NxN relative reception proba-
bility for each aircraft pair. The content of an ADS-B messages is
created for each aircraft, containing position, velocity and heading
information. In the content of this report, accuracy, truncation and
latency error is introduced @ Each ADS-B report is updated
according to the set ADS-B update frequency @ Different seeds
are used, resulting in asynchronous transmission of the ADS-B
message. Based on the calculated reception probability @ it is

determined which “in-air””> ADS-B report is received by which

aircraft @ This collection of NxN ADS-B reports are the received
ADS-B reports for each aircraft pair. This ADS-B report is used
in the ASAS module for CD&R @ All ADS-B calculations are
performed every time-step. It should be noted that the number of
calculations increases quadratically, due to the new Nx N structure
of the ADS-B states. The quadratic relation between number of
aircraft and calculation time of the ADS-B module is shown in
Table II.

C. Traffic Scenarios

A specific traffic scenario is created. The testing region is
discussed first, followed by the traffic demand.
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Figure 7: Schematic overview of implementation ADS-B model in the BlueSky simulator for N aircraft. Start at left top and end at left
bottom. ADS-B model is shown in blue. Size of the elements are indicated between brackets

Testing Region: A circular region is used, consisting of an
initialization boundary and test boundary. The aircraft are only
logged while they are within the experiment area and deleted when
leaving the experiment area. To maintain a constant air traffic
density the experiment is divided in three phases.

1) Pre-logging phase: Aircraft are created until a constant

density is reached.

2) Logging phase: Aircraft created during this period are
logged until the end of the experiment.

3) Run-out phase: Aircraft created during this phase are not
logged, but contribute on maintaining a constant air traffic
density. Aircraft created during the logging phase are allowed
to finish their flight and are still logged.

Total Experiment
150 minutes

Pre-logging phase
Build-up of number
of aircraft in simulation ———

Run-out phase
Creating aircraft to
keep aircraft density constant

Logging phase
Log performance metrics

60 minutes

45 minutes 45 minutes

Post-experiment phase
Process data

Traffic demand: A scenario generator is constructed to create
similar air traffic scenarios with a different seed randomization.
Aircraft are created on the edge of the initialization boundary at one

of the 40 discrete points. A way-point destination is defined, located
on the other side of the circle within a 45° heading band. This
limitation prevents aircraft from being pushed out of the test-area
and ensures a minimum travel distance of —= of the initialization
diameter. Aircraft are created on three different flight levels and
will randomly climb or descend to a different flight level or cruise
at the current flight level. This results in intruding aircraft from all
possible directions. An overview is shown in Figure 8.

The dimensions of the experiment area are shown in Table III.
It should be noted that the experiment radius is customized to the
MOPS maximum reception distance. This ensures full use of the
MOPS detect and decode probability.

Table III: Experiment Area settings

Experiment area dimensions

Parameter Value
Test Radius [NM] 95
Test Radius Area [N M?] 57 255
Initialization radius [NM] 135
A flight levels [ft] 3 000
Number of flight levels [-] 3

Altitude middle flight level [ft] 10 000
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Figure 8: Scenario initialization.

To assess the different CD&R methods in a wide variety of
conflict possibilities, aircraft are being created with a different
airspeed and heading. These aircraft initialization parameters are
shown in Table IV.

Table IV: Aircraft initialization variables

Aircraft initialization properties

Parameter Distribution Value
Initialization Location [°] Uniform 0-360
Initial Heading [°] Uniform -45 - 445
Average distance [NM] Uniform 162
Initial FL [FL] Uniform 70, 100 or 130
Destination [FL] Uniform 70, 100 or 130
True Air Speed [ ] Uniform 100-200
AC type [-] - B747-400

Three different scenarios are created, with Low, Medium and
High density. The mean expected time of an aircraft in the ex-
periment area is calculated using the variables from Table IV (CR
off). The aircraft create rate is adapted accordingly to obtain the
desired air traffic density. An overview is shown in table Table V.

Table V: Aircraft Scenarios: Low, Medium and High. (With resolu-
tion off)

Aircraft Scenarios

Scenario names

Parameter Low Medium High
Steady state nr of AC [AC] 50 75 100
Steady state AC / 10 000N M? FL lNAﬁz ] 28 44 5.6
AC create update interval [s] 42 31 21

D. Independent Variables - Experiment I

The goal of the first experiment is to assess the effect of
different ADS-B model on the two CD&R methods. Three different
independent variable are selected, namely CD&R method, air traffic
density and state information quality. Each independent variable has
three different levels, as shown in Table X.

Table VI: Independent variables. Experiment - I

Independent variables

Settings
Independent variable 1 2 3
CDR MVP Swarming None
AC density Low Medium High
ADS-B MOPS Realistic Perfect

CD&R method

The first independent variable, CD&R method, is introduced
in Section II; the MVP method and swarming method. As a
benchmark and for further analysis also simulations with CD&R
switched off are assessed.

Air traffic density

Previous literature shows that the performance of CR methods
depends on air traffic density [14], [26]. Therefore also three
different traffic densities are assessed. The number of aircraft and
densities per 10 000 NM? corresponding with the Low, Medium
and High traffic density are stated in Table V.

State information

The last dependent variable is state information quality. In
Section III it is found that system related and situation related
properties affect the ADS-B system. In total three different
independent variables are selected regarding state information;
perfect state information and two ADS-B models. The settings of
these two ADS-B models are discussed below.

It was found in Section III-A that the position is the most affected
state. The two system related cases are summarized in Table VII.

Table VII: System related inaccuracies

System related inaccuracies

Cases
Parameters Distribution Realistic MOPS
Position [m] Normal n=0,0 =30 pn=0,0 =50
Velocity ™ Normal - p=0,0=10
Heading [°] Normal uw=0,0=3

Additionally two cases with respect to interference level and
range effect are selected as independent variables. A worst-case
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Figure 9: Range only detect en decode probability of ADS-B
messages for MOPS and realistic scenario as function of range.

scenario, based on MOPS specifications [9], [24] and a realistic
model, based on measurements in literature are defined [3], [11].

Range
The range related parameters of these models are both shown in
Table VIII.

Table VIII: Parameters describing ADS-B detect and decode prob-
ability versus range, based on MOPS [12] and measurements[11].

ADS-B Assumptions Type

MOPS [12] Realistic
Ro[km] 176 370
Ro[NM] 95 200
Strans [dBm] 51 57
Strans [W] 125 500 [11]
Sy [dBm][12] —88.67 —88.67
Syrr [W][12] 3.686-107°  3.686-107°
State accuracy (Table VII) MOPS Realistic

The corresponding detect en decode probability with respect to
range for these two cases regarding range are shown in Figure 9.

Interference

In addition to the range effect, two interference situations are
identified; with de-garbling (Realistic) and without de-garbling
(Worst-Case/MOPS). De-garbling enables distinguishing between
two partly overlapping messages using software. De-garbling can
be modeled by changing the message duration, 7 in the interfer-
ence model. The corresponding modeling parameters are stated in
Table IX. The effect of de-garbling is shown in Figure 10. The no
de-garbling results are used in the MOPS case. The case where
de-garbling is applied is used in the realistic case.

Interference probability vs nr of AC

Probability (-)

0.2 H+— No De-garbling (MOPS)
*—& with de-garbling (Realistic)

00 1 1 1 i
0 200 400 600 800

Nr of Interferring AC

1000

Figure 10: Interference only detect and decode probability based on
Poisson distribution. With and without garbling.

Table IX: Parameters describing ADS-B interference model with
and without garbling.

ADS-B Assumptions Type

No Garbling Garbling
FADS—B[HZ] 6.4 6.4
Frcas[Hz] 4 4
TADS— B[] 120 60
Trcas|ps] 64 32

The corresponding ADS-B detect and decode probability models
are shown in Figure 11.

The 3 independent variables, with each 3 levels, result in 27
experiment conditions. Each experiment condition is repeated 5
times, with each repetition a traffic scenario with a different random
seed.

E. Independent Variables - Experiment II

A second experiment is performed to asses the individual contri-
bution of the two situation related properties; range and interference.
The same three traffic densities and CD&R methods are used as in
the previous experiment. The MOPS model, discussed in Section III,
is used as benchmark.

The following ADS-B settings are used as independent variables:

1) ADS-B MOPS settings, both interference and range effect.

2) Range effect only.

3) Interference effect only.

Again the situation where no CDR is applied are assessed. An
overview is shown in Table X.

Table X: Independent variables. Experiment - 11

Independent variables

Settings
Independent variable 1 2 3
CDR MVP Swarming None
AC density Low Medium High
ADS-B MOPS  MOPS interference only ~ MOPS range only

F. Independent Variables - Experiment IIl

The goal of the third experiment is to study the effect of a
changing maximum reception distance on the MVP method. Only
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Figure 11: ADS-B detect and decode probability (z-axis) model with respect to range between aircraft (x-axis) an number of interfering

aircraft (y-axis).
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Figure 12: MOPS based reception models defined as fraction of
MOPS range. Non-interference probability vs range.

this method is selected since it shows better results than the
swarming method. From Section III it can be obtained that an
increase in range results in a stronger interference effect. Therefore
different ADS-B ranges are assessed and compared. The same traffic
densities are used. The range of these ADS-B models, based on the
MOPS model, are shown in Table XI. The maximum reception range
can be modified by adapting the transmit power.

Table XI: Independent variables range analysis

Independent variables range analysis

Settings
Independent variable 1 2 3 4 5
ADS-B Range fraction % Mops % Mops % Mops 1- Mops 2- Mops
ADS-B Range [NM] 12 24 48 96 192
ADS-B Range [km] 22 44 89 178 356
CDR MVP None - - -
AC density Low Medium High - -

The corresponding reception probability curves (defined as frac-
tions of the MOPS range) are shown in Figure 12.

G. Dependent Variables

The CD&R performance can be assessed using different metrics.
These metrics are divided in several different groups; safety,
efficiency and airspace stability, each discussed below.

Iy
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Figure 13: Figure showing normalized path of intruding aircraft
through the ith Intruder Protected Zone (IPZ) of another aircraft.

Safety: The conflicts detected, based on ADS-B state information
are being logged. Additionally the conflicts detected when perfect
state information would be available are logged. From these two
metrics the false alerts (false positives) and missed conflicts (false
negatives) can be obtained. Besides conflicts detected, the numbers
of LOS are logged. Subsequently the severity of each LOS is logged.
A normalized number between O and 1 indicates the severity of the
LOS, as shown in Figure 13.

The total severity of a LOS can be calculated using Equa-
tion (20)[27]. This results in a number representing the severity
of the intrusion.

LOS;everity = maxmin(Ig, Iv )] (20)

Efficiency: During the experiment the covered distance of each
aircraft is logged. The resolution maneuvers causes an increase in
covered distance (So ). Therefore the route efficiency is calculated
with respect to the straight (great-circle) (Sorr) distance as shown

in Equation (21).
> Sorr

= > Son

Airspace stability: Resolving a conflict using CD&R can result in
creating one or multiple different conflicts. Conflicts can be divided
in two groups S and Sy as shown in Figure 19. S and S5 represent
the set of detected conflicts with resolution off and on respectively

21



(for the same traffic scenario). These groups share the subset Ro,
conflicts that occurred with CD&R on and off.

zz22222| Ry Solved
777222 by CD&R

///////

CR off (S1)

222222 | Common
2277757 | Conflicts (Ra)

CR on (S7)

Figure 14: Venn diagram illustrating the Domino Effect Parameter.

If Rs > R;, the performed conflict resolutions have a de-
stabilizing effect (as in the figure). If R3 < R;, the conflict
resolutions have a stabilizing effect. The Domino Effect Parameter
(DEP), gives an indication of the stability of the airspace [6]
when conflict resolution is used. The DEP can be calculated using
Equation (22). Con represents the number of detected conflicts with
CD&R on and Co g the number of detected conflicts with CD&R
off.

Cov 4 _52_ (22)

DEP =
CorFr S1

Data representation: Each observed dependent variable is shown
in two figures, one each for the two CD&R methods. The different
traffic densities are shown on the x-axis. The obtained dependent
variable on the y-axis. The legend indicate the ADS-B model. The
95% confidence interval is indicated with the error bar for the 5
repetitions of each experiment setting.

H. Hypotheses

From Figure 9 it can be observed that for both ADS-B models
the first 50 NM have a linear non-interference detect and de-
code probability, close to 1. In addition to the range effect, the
interference effect is a constant factor, depending on the traffic
density. Therefore it is hypothesized that the difference between the
two ADS-B models (MOPS and realistic) are small regarding all
metrics (H-1). In addition, the effect of position error is small with
respect to the dimensions of the IPZ. Therefore it is hypothesized
the negative effect of ADS-B based state information will be
small, compared with perfect state information, regarding efficiency
and safety metrics for both CD&R methods(H-2). The nature of
the swarming method requires close coordination between aircraft
and accurate state position. ADS-B degrades the state information
quality. The third hypothesis is that the use of ADS-B based state
information has a more negative effect on swarming than MVP
regarding number of intrusions and intrusion severity (H-3).

V. RESULTS - EXPERIMENT I

The goal of the first experiment was to identify the differences
of using ADS-B based state information on CD&R performance.
The results are shown in Figure 16 to Figure 19. The detected
conflicts are discussed in Section V-A. The safety metrics are shown

in Section V-B. Subsequently the efficiency and stability results are
shown in Section V-C and Section V-D respectively.

A. Conflict Detection

The ratio of detected real conflicts versus false positive conflicts
detected can be obtained from Table XII. It is observed that the
percentage of false positives increases with traffic density. Also
the percentage of false alerts is larger for the MOPS based ADS-
B model than the realistic ADS-B model. The false negatives, or
missed conflicts, are a small portion of the total detected conflicts.
The differences between the two CD&R methods is small. These
observations supports hypothesis (H-1).

Table XII: Type of conflicts detected as percentage of total detected
conflicts.

ADS-B model Conflict type Traffic density Cumulative
MVP method
Low  Medium  High
Real Conflict 92 88 89 89
MOPS False Positive 8 12 11 11
False Negative 5 4 5 5
Real Conflict 95 94 94 94
Realistic False Positive 5 6 6 6
False Negative 3 3 4 4
Swarming method
Low  Medium  High
Real Conflict 93 90 89 91
MOPS False Positive 7 10 11 9
False Negative 3 4 3 3
Real Conflict 96 96 95 96
Realistic False Positive 4 4 5 4
False Negative 3 2 3 3

Additionally the detected number of conflicts per aircraft are
shown in Figure 15. It is obtained that the number of conflicts
detected for both ADS-B models is higher than when using perfect
state information. The differences between the two ADS-B models
is small, supporting (H-1).

B. Safety

The number of unique intrusions per aircraft are shown for
the MVP and swarming method in Figure 16a and Figure 16b
respectively. The number of intrusions per aircraft is reduced
significantly for all cases with respect to no CDR applied. It
is observed that the MVP method performs better for all traffic
densities than the swarming method. When perfect state information
would be available MVP has 92% less intrusions for the high
traffic density and 48% less for the low traffic density compared
with the swarming method.

Using ADS-B based state information or perfect state information
results in similar values for the MVP method as shown in
Figure 16a, supporting (H-2) regarding the MVP method. The
biggest difference occurs at the lowest traffic density, resulting
in 45% between the Realistic ADS-B model and perfect state
information.

The difference between the ADS-B models and perfect state
information for the swarming methods are larger. Perfect state
information results in a larger number of intrusions than ADS-B
based state information. This is not in line with (H-3).

Intrusion severity results are shown in Figure 17. Figure 17a
corresponds to the MVP method and Figure 17b to the swarming
method.
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Figure 15: Detected number of conflicts per aircraft.
Experiment - 1.

The MVP method results in a lower average intrusion severity
than the swarming method for most cases. For perfect state infor-
mation the average intrusion severity for MVP is between 40% and
60% lower than the swarming method. Again the difference between
perfect state information and ADS-B based state information is
small for both CD&R methods. The biggest difference occurs at the
low traffic density, but here also the variance is high. At the higher
densities the difference is &= 20%, but the confidence intervals show
a large overlap. This observation supports (H-1) and (H-2).

Again the MVP method improved performance when subjected to
perfect state information, while the swarming method shows slightly
worse results using perfect state information. Also this observation
has the tendency to reject hypothesis (H-3).

C. Efficiency

The route efficiency with respect to the great circle distance
between initialization location and destination is shown in Figure 18.
In the experiment some aircraft left the experiment area prematurely;
while solving a conflict or swarming, an aircraft could be forced
out of the experiment region. This results in the specific aircraft
not able to reach its original destination. For these aircraft the
remaining distance towards the original destination is added to
calculate its efficiency. The MVP method, shown in Figure 18a
shows an decreasing trend with traffic density as expected; an
increase in traffic results in an increase in number of conflicts,
resolution maneuvers and covered distance.

Subsequently the swarming method shows an opposite trend
regarding route efficiency, shown in Figure 18b. This can be the
result of the distance correction discussed above. Aircraft are
swarming more at a higher traffic density and leave the experiment
area prematurely. The additional distance to be covered is simply
the direct distance between the point of deletion and the destination.
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Figure 16: Average number of intrusions per aircraft.
Experiment - L.
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Figure 17: Average intrusion severity.
Experiment - 1.

In reality it is likely additional resolution maneuvers had to be
performed, which are not taken into account due to the correction.
Additionally the difference in efficiency for the different ADS-



B models is small for the both CR methods. For each CD&R
and density setting the 95% confidence intervals overlap. This
observation supports hypothesis (H-1). Also no large differences are
observed between the ADS-B based case and perfect information
case. This observation supports (H-2).
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Figure 18: Route efficiency results.
Experiment - 1.
D. Stability

The DEPs for both CDR methods are shown in Figure 19. The
results regarding DEP are similar for both ADS-B models regarding
the MVP methods, as shown in Figure 19a. It should be noted that
for the calculation of the DEP the ADS-B based conflicts are used
in the nominator and the denominator (CDR on and CDR off).

The DEP for the swarming method is relatively large with a
large variance. This is expected, since aircraft are grouped together,
resulting in situations where more conflicts are likely to occur. No
real trend can be observed for the swarming method. This can be
caused by aircraft leaving the experiment region prematurely.

No real differences are observed between both ADS-B models,
and the perfect state information case. These results support (H-1)
and (H-2).

VI. RESULTS EXPERIMENT - II

The goal of this experiment was to identify the impact of the two
main contributing situation related factors: range and interference.
As benchmark the MOPS situation, discussed in Section III, is used.
The results are shown Section VI-A to Section VI-C.
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Figure 19: Domino effect parameter. Experiment - 1.
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Figure 20: Number of intrusions per aircraft.
Experiment - II.
A. Safety

Figure 20 shows the number of intrusions per aircraft for the
MVP and swarming method.
The number of intrusions, while subjected to the interference



model, are higher than the range model for the high traffic density.
Here the number of intrusions is almost similar for the MOPS model
and the interference only model. The effect of the range only model
is about 50% smaller than the MOPS and interference only model.
This is expected since a larger traffic density results in a more
dominant interference effect.

Figure 21 shows the mean intrusion severity per aircraft for the
MVP and swarming method. Again the intrusion severity is smaller
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Figure 21: Mean intrusion severity per aircraft. Experiment - II

than the MOPS ADS-B case. The interference effect has a more
negative impact than the range effect, especially at the High traffic
density. The interference model has a similar average intrusion
severity as the MOPS case, while the range case has a slightly
lower average intrusion severity. The interference effect has a more
severe impact on the safety related metrics than the range effect.

B. Efficiency

Figure 22 shows the route efficiency for the MVP and swarming
method. For the interference model the route efficiency shows
similar results as the MOPS models for both the MVP and swarming
method.

C. Stability

Figure 23 shows the DEP values for the MVP and swarming
method.

The DEP values for the range and interference model are both
lower than the MOPS model. The interference model and range
model show similar performance as the MOPS model regarding
airspace stability.
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Figure 22: Mean route efficiency.
Experiment - II.
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Figure 23: Domino effect parameter.
Experiment - II.

From the sensitivity analysis it can be concluded that the interfer-
ence effect contributions has more impact than the range effect. This
observation becomes more evident during the high traffic density



simulations.

VII. RESULTS EXPERIMENT - III

In addition to the simulations, described in Section IV and
Section VI, a range analysis is performed for the MVP method. This
method is selected over the swarming method since it shows more
promising results and is more suitable for a pure free flight situation.
In the previous section it was found that interference degrades detect
and decode probability. Therefore it can be concluded that an infinite
range is not beneficial; causing additional interference. The goal of
this analysis is to assess the effect of an increase in range, which also
results in an increasing interference effect. The results are presented
in the following subsections. The legend indicates the ADS-B model
as fraction of the MOPS range.

A. Safety

Figure 25 shows the number of intrusions and Figure 26 the

mean maximum intrusion severity. Large differences start to occur
between %th and gh of the range of the MOPS performance (12
NM and 24 NM). At 25% of the MOPS range the number of
intrusions show about a 50% increase, while at 12.5% of the MOPS
range the number of intrusions increases with 250% for the highest
traffic density.

The intrusion severity is similar for all cases. The Low traffic
density shows a larger variance due to the smaller sample size. From

Figure 24 it is obtained the percentage of head-on conflicts starts

increasing at %th of the MOPS range. This can be explained by
the fact that for these type of traffic situations the relative velocity
between the two aircraft is the highest.
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Figure 24: Percentage intrusion angle for the different ADS-B
MOPS based settings(in legend). A heading angle of involved

aircraft on the x-axis. Experiment - III

B. Efficiency

The double MOPS range shows the best results regarding effi-

ciency and the %th MOPS range the worst. The single and double

MOPS range don’t show much differences. The larger range enables
earlier conflict resolution, improving the efficiency.

C. Stability

In Figure 28 it can be observed that number of conflict detected
increases with ADS-B range. Again the (”1”) and double (72”)
MOPS ranges show similar results. The number of detected conflicts
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Figure 27: Mean route efficiency.
Experiment - III

is larger for the MOPS range than the double MOPS range, as shown
in Figure 28. This is caused by the interference effect, which is
larger for the double MOPS ADS-B range and has more effect for
the High traffic density.

The DEP values, shown in Figure 29, indicate a similar trend as
the number of detected conflicts.

D. Interference

From the metrics discussed above it is found that the performance
difference for the single MOPS model, with a range of 96 NM (’1”)
is slightly better than the model with double the MOPS model, with
a range of 190 NM (’2”) regarding conflicts detected and number
of intrusions. With the 5 minutes look-ahead time, for both ADS-B
models, the range dependent detect and decode probabilities are in
the linear region, close to 1. However, the effect of interference
increases. This is clearly shown in Figure 30; where the detect and
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Figure 29: Domino effect parameter.
Experiment - III.

decode probability caused by interference is shown. The increased
range results in a decrease of detect and decode probability due
to additional interference. Therefore it can be concluded that the
interference effect should be taken into account in extremely high
traffic density situations.
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Figure 30: Mean interference reception probability.
Experiment - III.

VIII. DISCUSSION

In this section the results presented in the previous sections
are further discussed. Each individual hypotheses, stated in Sec-
tion IV-H, are reflected with respect to the results in Section VIII-A.
A general discussion is stated in Section VIII-B. This section is
concluded with recommendations in Section VIII-C.

A. Reflection on hypotheses

H-1: The difference between the two ADS-B models is small
regarding all metrics.

The percentage of false conflicts between the two ADS-B models
is in the order of 10% for MOPS, and 5% for the Realistic ADS-B
model with respect to the total number of detected conflicts. The
MOPS based ADS-B model results in more false positives and
false negatives. This can be caused by the difference in state
information between the two models, the state accuracy of the
MOPS based model is lower. The obtained results support this
hypothesis, since the differences between the two ADS-B models
are small, especially for the MVP method.

H-2: The negative effect of ADS-B based state information
will be small, compared with perfect state information,
regarding efficiency and safety for both CD&R methods.

Hypothesis 2 holds for the MVP, and partly for the swarming
method; the efficiency and to a smaller extent, number of intrusions,
are similar between ADS-B based state information and perfect state
information. The number of intrusions for the swarming method
show a different trend. Using ADS-B based state information results
in 45 to 62% less intrusions compared with using perfect state
information, which is an unexpected result.

It should be noted the efficiency is larger at the High traffic
density situation for the swarming method. This is explained
by the correction of aircraft leaving the experiment region to
early due to swarming and conflict resolution. It was found a lot
more aircraft left the experiment area premature during the High
density swarming simulation. The reason of aircraft leaving the
experiment area too early for the swarming method is caused
by the combination of the swarming elements and the trajectory
recover algorithm. As explained in Section II-B, the CPA location
is used as reference for trajectory recovery. The swarming elements
(velocity alignment component) cause very shallow conflict angles
with the CPA location far away (Figure 31). This results in a
large portion of CPA locations outside of the experiment area.
Aircraft are being deleted and are not able to fly to the original
destination. The grouping of aircraft also results in some aircraft
being constantly in conflict with others in the swarm. The aircraft
is not able to obtain a track to its original destination. Therefore
no relevant conclusions can be drawn regarding the efficiency of
the swarming method at the high traffic density simulation. (H-2)
can be accepted for the MVP method. No solid conclusions can be
drawn for the swarming method.

H-3: Using ADS-B based state information for CD&R has
a more negative effect on swarming than MVP regarding
number of intrusions and intrusion severity.

The swarming method shows an increase in intrusions with an
increase in state information quality. Using ADS-B based state
information results in 45 to 62% less intrusions compared to using
perfect state information. Therefore hypothesis (H-3) is rejected,
since it was expected more intrusions would occur when the state
information quality decreases, especially for swarming, since this
method required close and precise coordination for aircraft flying
in groups. From the simulations it was observed aircraft show more
swarm behavior using perfect state information. The grouping of
aircraft, caused by the swarming elements, has a de-stabilizing
effect regarding safety as it is currently implemented in the BlueSky
simulator. The MVP method has the tendency to spread aircraft
equally over the available airspace, resulting in better performance
for all ADS-B cases with respect to swarming. The rejection of
hypothesis 3 is also supported by Figure 31.

From this figure it can be concluded more than +£85% of the
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Figure 31: Percentage intrusion angle for the three different CDR
methods on y-axis. A heading angle of involved aircraft on x-axis.

intrusions of swarming are shallow conflict intrusions. These
shallow conflict intrusion are caused by the velocity alignment
component of the swarming method, as discussed in Section II.

B. General discussion

It can be concluded that the effect of ADS-B based state
information is small on both CD&R methods for the assessed
traffic densities, compared to using perfect state information.
This is partly due to the look-ahead time of 5 minutes, resulting
in a detect and decode probability close to one. Subsequently
the interference effect is not strong enough for the assessed
traffic densities to have a significant impact. Also the position
accuracy is high with respect to the dimensions of the IPZ. Only
small differences were found for the two assessed CD&R methods
regarding safety, efficiency and stability when comparing the results
between ADS-B based and perfect state information. Based on the
results from this experiments it can be concluded the assumption
of perfect state information availability is valid for airborne CD&R
research for relative low traffic densities. Also the ADS-B system
shouldn’t be considered as a limiting factor for a free flight
airspace system. But in the sensitivity analysis (Experiment - III)
the effect of interference became larger at higher traffic densities.
The interference effect has a more dominant effect at extreme
traffic densities. The detect and decode probability decreases with
increasing number of aircraft according to the Poisson distribution.
Additionally an increase in maximum reception range (i.e. transmit
power) decreases this probability even further. A larger transmit
power increases the number of aircraft within range causing
interference. Additionally, the impact of each aircraft increases,
due to the higher received power level. Current ATM research aims
to increase air traffic capacity. Therefore the interference result is a
valuable observation and could be incorporated in future research.

Use of perfect state information resulted in a small increase
in performance with respect to ADS-B based state information
for the MVP method. This is intuitive, since more accurate state
information is available. The same outcome was hypothesized
for the swarming method. But for the swarming method this was
the other way around. Perfect state information resulted in more
swarming behavior and worse performance than using ADS-B based
state information. During the simulations it was observed that the
swarming elements have a negative effect on CD&R performance.

The swarming method results in more shallow intrusion angles
(+£85%). For all metrics the MVP method performed better than
swarming, also when subjected to ADS-B based state information.
During the third experiment it was obtained that the MVP
. . . . 1th 1th
method is very robust. A tipping point between g and 7 = of
the MOPS range resulted in a large increase in number of intrusions.

However, a different swarming implementation in the BlueSky
simulator can result in different outcomes. Additionally the nature
of the experiment plays a role. The current experiment is based on
an extreme “Free Flight” concept, where aircraft have a randomly
distributed destination and no destinations in common. This is
advantageous for the MVP method since this method is based
on evenly spreading aircraft over the available airspace. This
experiment structure had drawbacks for the swarming method. The
swarming method can have a more positive effect when a different
experiment structure is defined. With only a limited amount of
destinations, aircraft sharing their destination will swarm together.

C. Recommendations

Several additional factors are not taken into account in this
research. No weather related disturbances are present in this sim-
ulation. Wind, causing drifting, can have a degrading effect on
the trajectory prediction. It should be noted aggressive control
inputs are required in some cases to prevent conflicts (especially
in Experiment - III). These maneuvers are not assessed against
passenger comfort and aircrew workload. Subsequently it could be
worthwhile to further analyze the swarming method. This CD&R
method can have potential positive effects under a different type
of experiment structure, such as a limited number of destinations
where it would be more beneficial to create swarms of aircraft.
Also the human machine interface and pilot acceptance level can
be researched further. Additional topics to study could be to what
extend does an aircrew allow machine intervention, and what is
a good way to present the pilot CD&R information. Finally the
security issues related to the ADS-B system should be addressed.
The simplicity of the ADS-B message modulation allows it to easily
be jammed or spoofed.

IX. CONCLUSION

In this research an ADS-B model, based on state related and
system related limitations and inaccuracies, is created. Different
CD&R methods, MVP and Swarming, are assessed in a free flight
environment subjected to these limitations and inaccuracies. An
additional sensitivity analysis and range analysis for the MVP
method are performed. The goal of this research is to study the
effect of these ADS-B limitations and the robustness off the two
CD&R methods. The following conclusions are drawn:

e The differences between the two assessed ADS-B models, and
use of perfect state information, are small for both CD&R
methods. MVP performance slightly deteriorated when sub-
jected to ADS-B based information, while for Swarming
it was the other way around. It was obtained that this is
caused by the negative effect of the swarming method; aircraft
showed less swarming behavior when subjected to ADS-B
based state information.

o The sensitivity analysis showed that the interference effect
becomes more dominant during high traffic densities. It is
likely to play a more severe effect at extremely high traffic
densities. Additionally increase in transmit power increases
interference.
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The MVP methods showed better results in a pure free flight
setting than the swarming method. Also when subjected to
ADS-B limitations and inaccuracies the MVP method showed
better results.

The range analysis showed that MVP is a very robust method.
Even for a reception range of ith of the ADS-B MOPS range
(24 NM). The most affected metric at this range is found to
be the number of intrusions.

The ADS-B system should not be considered as a limiting
factor in Free Flight experiments. However, the interference
effect at high traffic densities should be taken into account.
The use of a single carrier frequency, increase in transmit
power and high traffic density increase the interference effect.
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Chapter 1

Introduction

Recent and on-going developments in aviation require a modernization of cur-
rent airspace design. First of all; due to the steady and continuous growth
of air traffic the current Air Traffic Control (ATC) system is reaching its capac-
ity limits. A steady growth is predicted for FEurope in the number of IFR
flights, even for the most pessimistic economic scenario, as shown in figure 1-1
(European Organisation for the Safety of Air Navigation (EUROCONTROL), 2013). A re-
structuring of airspace and a novel Air Traffic Management (ATM) system are identified as
main solutions to fulfill future airspace capacity demand. The current use of predefined air-
ways prevents pilots from flying their preferred routes. Therefore, a transition to the ”Free
Flight” concept, where the aircrew is allowed to fly its preferred route, is researched and
identified as a promising concept for future airspace. Besides the capacity increase of the
airspace, Free Flight (Valenti Clari, Ruigrok, & Hoekstra, 2000) will result in economical and
environmental gains (M. S. Eby, 1994; Bilimoria, Sheth, Lee, & Grabbe, 2000). A fundamen-
tal element of Free Flight is airborne self separation; instead of a ground-based controller the
aircrew is responsible for maintaining the defined separation distance with respect to other air-
craft. Studies are done to assess the performance of Conflict Detection & Resolution (CD&R)
methods and to quantify the realities and uncertainties in the ADS-B system. However, the ef-
fect of the realities on CD&R performance has not been investigated. The research objectives
goal is to fill the gap between two ongoing research areas and developments.

Secondly, recent developments in the Unmanned Aircraft System (UAS) area require a novel
approach to ATC. Current technologies rely on communication with the pilot and a ground-
based controller, both actively involved to prevent conflicts. A trend in the UAV area is
observed from pilot guided UAV to a higher level of autonomy (Magazine & Engineers, 2012).
UAVs in a future airspace system must be kept in mind for a safe integration. Airborne self
separation might be a promising concept to integrate UAVs in a safe manner with conventional
air traffic (Tadema, Theunissen, & Kirk, 2010). Airborne self separation can be achieved
using so-called CD&R methods. A key-enabling technology of airborne self separation using
CD&R methods is the ADS-B system. Both these concept are introduced in the following
section.
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Figure 1-1: Forecast IFR movements three different sce-

narios, depending on economic growth in Europe. Figure
from(European Organisation for the Safety of Air Navigation (EUROCONTROL), 2013).

1-1 The ADS-B system and CDR methods

The goal of CD&R is to predict when and if a conflict is going to occur, subsequently
communicate a detected conflict to a human operator, guide in resolving the conflict or
automatically solve the conflict. However, different techniques can be used for conflict
detection and resolution. CD&R consists of two parts; detection and resolution. A good
definition is given in (Kuchar & Yang, 2000):

Conflict detection can be thought of as the process of deciding when action should be
taken and conflict resolution involves determining how or what action should be performed.

The two steps involved in CD&R are introduced in the following two paragraphs.

The first part is conflict detection. To detect a conflict, state information of surrounding air-
craft needs to be known. These states (location, velocity, heading) provide an estimation of the
current air traffic situation. With the states of the aircraft, a dynamic trajectory can be cre-
ated to predict future conflicts. In general two methods are used in literature: state based and
intent based trajectory prediction (Kuchar & Yang, 2000; Prandini, Hu, Lygeros, & Sastry,
2000). In (Kuchar & Yang, 2000) both methods are discussed. State-based trajectory plan-
ing consists of extrapolation of the most recent speed vector of the aircraft. Intent-based
trajectory planning uses, for example, the flight plan to incorporate the intent of a specific
aircraft in the trajectory planning.

The second part of CD&R is conflict resolution. A good base for the discussion of several
CD&R algorithms is (Kuchar & Yang, 2000), in which 68 CD&R modeling methods, focused
at non-human-centered issues, are discussed and compared. The CD&R methods can be
divided in four categories; prescribed methods, optimization methods, force field methods
and manual methods. CD&R methods are discussed in more detail in section 2-1-2.

It should be noted that for both the conflict detection and the resolution part, state in-
formation of neighboring aircraft has to be known. A recent, developing technology, called
ADS-B, enables direct state information exchange between aircraft through a digital data-
link. ADS-B is a cooperative surveillance technology, where each aircraft is equipped with
an ADS-B transmitter (ADS-B-OUT) and a receiver (ADS-B-IN). In this research, when re-
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ferred to the ADS-B system, both the transmitting and receiving airborne part is meant
(shown in fig. 1-2).

One of the benefits using the ADS-B system is that using tech-
nologies such as satellite based navigation and on-board equipment an aircraft can deter-
mine its state (location, velocity, heading etc.)

.) more accurately than a secondary radar
(Ali, Schuster, Ochieng, Majumdar, & Chiew, 2013). Ai

Aircraft transmit an ADS-B message
containing state and identity information, in an omnidirectional manner with an interval time
of seconds. A general overview of the ADS-B system is shown in fig. 1-2

Alrborne System Global Navigation
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Figure 1-2: Overview of the ADS-B system. Figure from (Barhydt et al

n.d.).

Aircraft equipped with ADS-B-IN are able to receive the ADS-B signal. This last functionality
enables airborne separation assurance. In this research the focus is on the data link between
aircraft communicating state information using the 1090 MHz frequency, the airborne system
in fig. 1-2. Further applications of ADS-B are described in (RTCA Special Committee 186
2002). ADS-B is in several prominent studies identified as the enabling technology of airborne
self separation (Barhydt et al

n.d.; M. Eby & Kelly, 1999).The following ADS-B message
reports are send, including the transmission rate (Eurocontrol, n.d.)
e Airborne positions squitter (2/sec)
e Surface position squitter (1/sec)

e Airborne velocity squitter (2/sec)

o Aircraft identification squitter (0.2/sec)
Effect of ADS-B Limitations and Inaccuracies on CD&R Performance
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e Operational Status (0.4/sec)

e Target state (0.8/sec)

The ADS-B signal transmission is subjected to uncertainties and realities. First
of all the location of the aircraft needs to be determined on-board. Therefore
the Global Navigation Surveillance System (GNSS) and inertial systems are being
used. Since inertial sensors drift with time, satellite based navigation such as
Global Positioning System (GPS) is considered the most important source for position
determination (Ali et al., 2013). The range of the ADS-B broadcast message is limited due
to several factors. Extensive measurements to the performance of the ADS-B extended
squitter signal have been done in (Bernays, Thompson, & Harman, 2000) and (Ali et al.,
2013). In these studies the main focus is on accuracy and latency of the ADS-B message. In
(Bernays et al., 2000) a quantitative assessment of the air-to-air range of ADS-B equipment
is researched. A decreasing reception probability is observed for an increasing distance
between aircraft. Besides distance, aircraft message interference has to be considered since all
ADS-B mode S communication is performed on the same 1090 MHz frequency. It is found in
(Barhydt, Palmer, & Langley, 2004) that the message interference resulting from overlapping
messages at the receiver side can be modeled as the sum of multiple Poisson distributions.
Additional effects are more system related. Since only a limited number of bits are available,
the state information can be transmitted up to a certain accuracy; the truncation effect
(Eurocontrol, n.d.). As discussed above aircraft don’t transmit their state continuously.
Finally the aircraft need some time to generate a message, transmit the data and process
the ADS-B message causing, some latency. These properties are further discussed in chapter 3.

1-2 Thesis Objective and Research Questions

The research objective is aimed at filling the gap between two ongoing researcher areas and
developments. On one side, the research associated with enabling a Free Flight environment
using CD&R methods, and on the other side, the developments in the ADS-B system.
The goal of this research is to study the effects of ADS-B system characteristics on CD&R
performance. The research objective is stated as follows:

Study and analyze the effect of ADS-B realities and uncertainties on the
performance of different CD&R algorithms.

Several aspects are involved in this research objective. Therefore, not one but multiple
research questions are defined, each containing sub-questions. These are the sub-questions:

1. What affects proper reception by aircraft of an ADS-B signal?

(a) How can the quality of an ADS-B message be assessed?

(b) How do the consequences of ADS-B system specifications affect the ADS-B signal
reception?
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(¢) How do external factors affect the ADS-B signal reception?

2. What ADS-B related variables influence the performance of a CD&R method and to
what extend?

(a) What are suitable metrics to asses the performance of the CD&R method related
to:
i. Safety?
ii. Efficiency?
iii. Airspace stability?
(b) Which elements of the ADS-B system affect the CD&R performance?

3. How can the effect of ADS-B signal realities and uncertainties on CD&R performance
be evaluated in an experiment/simulation?

(a) What should be the dependent and independent variable in the experiment and
simulation?

(b) Which test environments are suitable for assessing the performance of CD&R
method?

During the preliminary phase some of these research questions were answered. Therefore the
following additional research questions were defined, to be investigated in the main phase:

1. What is the relation between different CD&R methods subjected to ADS-B uncertainties
and realities and the following CD&R performance indicators:
(a) Safety, measured using LOSseverity, number of LOS and LOS duration?
(b) Stability, measured using the Domino Effect Parameter?

(c) Efficiency, measured as route efficiency?
2. Which CD&R parameters has the largest effect on CD&R performance?

3. Is the ADS-B system a limiting factor for a free flight airspace?

1-3 Research Approach

This section will discuss the steps to be taken to answer the research questions and research
objective stated in section 1-2.

First of all an analysis of different ADS-B specifications is performed. Subsequently several
studies regarding the ADS-B system and CD&R methods are analyzed. Different papers are
found discussing the realities and uncertainties in the ADS-B system (Barhydt et al., 2004;
Chung & Staab, 2006). This research is a good base for developing an ADS-B system model.
Additionally, knowledge about CD&R methods needs to be obtained. In (Kuchar & Yang,
2000) a comparison between multiple methods is performed. In that research, several cate-
gories of CD&R methods are discussed and gives a good general overview of suitable CD&R
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applications for airborne separation assurance. The effect of different ADS-B uncertainties
and realities on CD&R performance can be assessed by developing an ADS-B model. Subse-
quently this ADS-B model can be implemented in the BleuSky simulator. In this simulator
fast-time simulations can be performed and data will be logged. From this logged data the
effect of the ADS-B limitations on CD&R performance can be determined.

From the knowledge obtained during the literature study an ADS-B model can be developed.
Since these need to be implemented and tested in the BlueSky simulator, knowledge regard-
ing the Python programming language and the BlueSky Simulator is required. Subsequently
an air traffic scenario needs to be designed in which all the aspects regarding CD&R. per-
formance are evaluated. Before the experiments, an hypothesis is discussed. It is assumed
the performance of CD&R methods degrades with increasing ADS-B uncertainty and reality
effects. However, this should be confirmed by experiments. Also the extend to which the
ADS-B uncertainties and realities affect the CD&R methods can be concluded from these
experiments.

This research will use the BlueSky open air traffic simulator as discussed in section section 4-1.
In the BlueSky simulator air traffic scenarios can be loaded and analyzed. Different types of
airborne separation assurance systems using CD&R methods will be assessed. Subsequently
the performance of these methods can be analyzed. Since no ADS-B model is available and
the current use of CD&R methods doesnt allow the use of ADS-B data, adaption to the
BlueSky simulator need to be made. Different CD&R methods will be evaluated with a range
of ADS-B settings. Subsequently data regarding the performance of these CD&R, methods
will be logged. The performance can be assessed in different ways, focusing on safety and
efficiency.

1-4 Research Scope

This research focuses on the airborne separation aspect during the Free Flight part for en-
route air traffic. En-route flight mostly occurs at high altitudes and with a constant airspeed.
Subsequently during en-route and the free flight concpet, aircraft are mostly travelling in a
straight line without sudden maneuvers such as cornering and speed deviations.

This research focuses on simulation using the BlueSky Simulator. The resources allow only
simulated flight, so no humans are involved in the loop. Using the BlueSky Simulator makes
it possible to create and implement an ADS-B model. This model only takes several vari-
ables in account; in reality shielding of the ADS-B signal by the aircraft, (some level of)
multipath effects, degrading performance due to weather etc. may be present. These vari-
ables are not modeled in the ADS-B model. Subsequently the CD&R methods tested are the
Modified Voltage Potential (MVP) and Swarming method, since these are available in the
BlueSky Simulator.

1-5 Preliminary Thesis Outline

The thesis consists of two parts; a preliminary phase and the main phase. This part describes
the findings of the preliminary phase.
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This preliminary report starts with the literature study in chapter 2. Different research areas
are discussed. CD&R is discussed in section 2-1 and subsequently the ADS-B system is dis-
cussed in section 2-2. From the literature review, more research is performed to the ADS-B
system by creating an ADS-B reception model, discussed in chapter 3. First the different
properties affecting the quality of an ADS-B report are discussed in section 3-1. Subse-
quently the general software implementation of an ADS-B model into software is discussed in
section 3-2-1, and the implementation in the BlueSky open ATM simulator in section 3-2-2.
The chapter is concluded with verification of the implementation of the ADS-B model in the
BlueSky Simulator in section 3-2-3. The experiment design in discussed in chapter 4, by defin-
ing the independent and dependent variables in section 4-2-1 and section 4-2-2 respectively.
The report is concluded with the conclusion in chapter 5.
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Chapter 2

Literature review

This chapter contains the literature review associated with this research. In the early stage
of the research orientation two major research fields were identified; CD&R and ADS-B.
Therefore this literature study is also divided in two parts. section 2-1, elaborates on different
CD&R methods, with conflict detection discussed in section 2-1-1 and conflict resolution in
section 2-1-2. The next section, section 2-2, discusses the airborne ADS-B system and its
limitations.

2-1 Conflict Detection and Resolution

In this section literature related to CD&R is discussed. Conflict detection is discussed in
section 2-1-1, followed by conflict resolution in section 2-1-2.

2-1-1 Conflict Detection

The first part is conflict detection. However, first the definition of a conflict needs to be
known. In Free Flight concepts constraints are defined to ensure safe flight. Defined by the
RTCA for en-route flight are 5 nautical miles separation in the horizontal plane and 1000
feet separation in the vertical plane. This results in a disk-shaped volume with a thickness of
2000 feet and a radius of 5 nautical miles, shown in fig. 2-2. This zone is in literature defined
as the protected zone or intruder protected zone (Ellerbroek, 2013; Krozel & Peters, 1997).
Intrusion of other aircraft within this zone results in a Loss Of Separation (LOS).

Several methods are found to predict a conflict. In (Krozel & Peters, 1997) an alert zone is
defined. If the alert zones of two aircraft overlap a LOS will occur in the future. Therefore a
conflict resolution maneuver should be performed to prevent LOS. In (J.M. Hoekstra, 1998)
a look-ahead time is defined of five minutes. The future location of aircraft is calculated by
extrapolation of state information of surrounding aircraft.
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Alert Zone

Protected Zone

Figure 2-1: Aircraft Protected Zone and Alert Zone definition. Figure obtained from
(Krozel & Peters, 1997).

To detect a conflict, state information (velocity, location, heading) of surrounding aircraft
needs to be known. With the states of the aircraft a dynamic trajectory can be created to
predict future conflicts. In general two methods are used in literature: state based and intent
based trajectory planning(Kuchar & Yang, 2000; Prandini et al., 2000). In (Kuchar & Yang,
2000) both methods are discussed.

Intent-based trajectory planning uses for example the flight plan to incorporate the intent of
a specific aircraft in the trajectory planning. However, these prediction methods have some
level of inaccuracy, increasing with look-ahead time and time interval of the state update
(Kuchar & Yang, 2000; Prandini et al., 2000). It was found in (J.M. Hoekstra, 1998) that
when using a look-ahead time of five minutes the level of intent hardly improves the quality
of the predictions compared with state extrapolation during en-route flight. The main reason
is that most of the times the intended route is the current track when flying direct routes.

State-based trajectory planing consists of extrapolation of the most recent speed vector of
the aircraft. Several studies have been performed on predicting the future state of aircraft.
In (Kuchar & Yang, 2000) three different state-based trajectory prediction methods are
discussed. First the nominal projection methods are described as extrapolating the current
speed vector in a straight line. The second method is the worst-case projection. All possible
future locations of the aircraft (assuming a wide range of possible maneuvers inside the
flight envelope) are considered as possible aircraft locations. This results in a large area
where a conflict might occur. This method is very conservative and will therefore also
have a high false-alarm rate. Finally the probabilistic method is discussed. In this method
different future trajectories are assigned a probability of the aircraft following this trajectory.
This method can be considered as a balance of the two earlier described methods. These
three state propagation methods are visualized in fig. 2-2. From (J.M. Hoekstra, 1998) it
was concluded a state based method results in a similar to better prediction for en-route
flight with respect to an intent-based approach. In (Kuchar & Yang, 2000) it was found a
nominal-projection method will result in good estimation results for en-route flight, since
an aircraft is mostly flying a straight line during this flight phase. Therefore a state-based,
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nominal projection method will be used in this research.

A

(a) (b) (c)

Figure 2-2: State based trajectory planning methods: A: Nominal Projection, B: Worst-case
Projection, C: Probabilistic Projection. Figure obtained from(Kuchar & Yang, 2000).

2-1-2 Conflict Resolution

The second part of CD&R is conflict resolution. A suitable starting point for the discussion of
several CD&R algorithms is (Kuchar & Yang, 2000), in which 68 CD&R modeling methods
focused at non-human-centered issues, are discussed and compared. Several conflict detection
methods are already discussed above. Four categories are identified with respect to conflict
resolution methods in (Kuchar & Yang, 2000) .

1. Prescribed method: A fixed maneuver is performed in case of a predicted conflict.
An example is (Kuchar & Carpenter, 1997). This method however is mostly suitable
for terrain and runway related conflicts.

2. Optimization method: In general a kinematic model is combined with a set of cost
metrics. Subsequently an optimal resolution strategy is determined based on the cost
metric. The cost metric can be for example fuel, time, workload or separation distance.
Techniques such as genetic algorithms and fuzzy control are being used. (Lachner, 1997)

3. Force field method: These methods model the aircraft as similar charged par-
ticles and will generate a repulsive force between two aircraft. Examples are
(Duong, Hoffman, & Nicolaon, 1997) and (M. S. Eby, 1994)

4. Manual method: A human operator selects the most suitable resolution method. This
method is more flexible and human intuition is involved. Additional information, such
as weather, can be incorporated by the decision making. An example is (J.M. Hoekstra,
1998) which uses the force field method in combination with human decision.

Effect of ADS-B Limitations and Inaccuracies on CD&R Performance T.P. Langejan



12 Literature review

It should be noted that the methods in (Kuchar & Yang, 2000) were evaluated by separate
authors, under different conditions. The CD&R methods were individually evaluated in
a qualitve manner, under different circumstances. (Maas, 2015) compared three different
CD&R methods, MVP, swarming method and differential game, in a quantitative way, with
similar experiment conditions. It was concluded MVP was the most promising CD&R method
to ensure safe flight. However, this might be different when ADS-B uncertainties and realities
are implemented in the simulation. The MVP and swarming method are selected to further
evaluate, described below.

MVP

The MVP method is based on modeling aircraft as identical charged particles as described in
(J. Hoekstra, Gent, & Ruigrok, 2002). These particles have a repellent force with respect to
each other, increasing with decreasing distance. This method is based on the voltage potential
method described in (M. Eby & Kelly, 1999), where the aircraft and destination are modeled
as positive and negative charged particles respectively. The geometrical relation to resolve a
conflict using the MVP method is shown in figure 2-3. In figure 2-3 two conflicting aircraft
are shown, A and B. The protected zone of aircraft A is indicated with a circle.

Figure 2-3: Geometrical relation of two conflicting aircraft for MVP. Figure obtained from (Maas,
2015)

First the relative velocity (black arrow) vector and Closest Point of Approach (CPA) (point
C) will be calculated. Subsequently the time to closest point of approach, tcps can be
determined. It is assumed the location and velocities of both aircraft are known. The location
of point C can be determined using geometric relations. Subsequently the distance vector CO
can be obtained. However, this will still result in a LOS. Therefore the tangent line BO’
accent need to be obtained. CO’ can be calculated using equation 2-1 (J. Hoekstra et al.,
2002).

/
co’| 1 1)

co| |cos(arcsin(%) - arcsin(A—g))

Swarming method
Swarming intelligence, described in (Aerial, Formation, & Swarm, 2003), is a bio-inspired
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interaction between animals in large groups, such as a school of fish and a flock of birds. In this
research the goal was to apply the swarming method to Unmanned Aerial Vehicle (UAV)s.
The behavior of each individual object consists of three elements and can be applied to air
traffic situations, as shown in (Maas, 2015):

e Collision Avoidance (CA): Sum up the vectors of surrounding aircraft and define
the vector pushing away from the center of the group.

e Velocity Matching (VM): Match the velocity of surrounding aircraft and thereby
lowering the possibility of collisions. Velocity matching is a dynamic way of collision
avoidance.

e Flock Centering (FC): Obtain the graphical center of surrounding aircraft and steer
in that direction.

These elements are respectively shown in figure 2-4

Figure 2-4: Three elements of swarming method. From left to right: Collision Avoidance,
Velocity Matching and Flock Centering. Image obtained from (Aerial et al., 2003).

In essence the swarming method is a weighted combination of the three actions described
above. This equation is shown in 2-2 with the different vectors indicated with V' and the
weights with W. The corresponding Swarming element is shown in the subscript.

Ve — Wea X Voa + Wya x Vya+ Wre x Vi (2-2)
W Wea+Wya+Wee

2-2 Automatic Dependent Surveillance-Broadcast

A developing technology called ADS-B enables direct state information exchange between
aircraft through a digital data-link. Aircraft transmit an ADS-B message, containing state
information, in an omnidirectional manner with an interval time of seconds. Aircraft equipped
with ADS-B IN are able to receive this signal. Besides state data also weather related data
can be received from a ground station. An overview is shown in figure 1-2.
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In this research the focus is on the data link between aircraft communicating state informa-
tion using the 1090 MHz frequency, the airborne system in figure 1-2. Further applications of
ADS-B are described in (RTCA Special Committee 186, 2002). ADS-B is in several promi-
nent studies identified as the enabling technology of airborne self separation (Barhydt et al.,
n.d.; M. Eby & Kelly, 1999; J. Hoekstra, Gent, & Groeneweg, 2003).The following ADS-B
message reports are send, including the transmission rate (Eurocontrol, n.d.):

Airborne positions squitter (2/sec)

Surface position squitter (1/sec)

Airborne velocity squitter (2/sec)

Aircraft identification squitter (0.2/sec)

Operational Status (0.4/sec)

Target state (0.8/sec)

2-2-1 ADS-B message characteristics

The ADS-B message is transmitted using a 1090 MHz carrier frequency using PPM. One
transmission message consists of a preamble of 8 pus and a data block of 112 us with a bit
duration of 1 us resulting in a data rate of 1 Mbps. A bit is divided in two parts; a pulse in
the 1st half of the bit indicates a 1 and a pulse in the second half of the bit a 0. A schematic
overview is shown in fig. 2-5, with the bit indicating a 0. The content of an actual ADS-B
message, bit-wise, is shown in table 2-1 (Harman, Gertz, & Kaminsky, 1998) (Eurocontrol,
n.d.).

1 bit: us ADS-B message: 120 us

— ]

Figure 2-5: ADS-B message using PPM. ADS-B message duration of 120us, containing 120 bits
and bit length of 1 us.

A detailed description about the content of each part of the ADS-B message is given by
(Eurocontrol, n.d.). The preamble is used to synchronize the receiver to decode the signal.
The down link format indicates the data format, DF17 in case of an ADS-B ES signal indicated
with the binary code 10001. The third part of the message is the capability; this indicates
the number of sub-type of the ADS-B message. The main focus on this research is related to
the state exchange between aircraft using the ADS-B system.
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Table 2-1: Bit-wise content of ADS-B extended squiter message. Information obtained from
(Eurocontrol, n.d.; Harman et al., 1998)

’ Number of Bits ‘ Name ‘ Function
8 Preamble Used for synchronization of reception
5 Down link Format Used to specify down link format
3 Capability Sub type of down link format
24 Aircraft ACAO dress | Unique identification code of aircraft
56 ADS-B data Send ADS-B related data
24 Parity check Error detection/integrity check usign CRC method

2-2-2 ADS-B Realities and Uncertainties

The ADS-B system is not a perfect system, but subjected to realities and uncertainties.
During the literature study several key elements are identified. The realities and uncertainties
can be divided in two main groups; system related an situation related. The situation related
elements mostly affect the reception probability of an ADS-B message. The system related
elements affect the accuracy of the state information within the ADS-B report and the time
of reception of the report. A general overview is shown in fig. 2-6. These effects are discussed
in the following paragraphs.

ADS-B
Realities and Inaccuracies

Situation related System related
Reception Probability Accuracy Timing
Range State accuracy Message update rate
Interference Truncation Latency

Figure 2-6: Schematic overview ADS-B realities and uncertainties.

Accuracy

First of all the location of the aircraft needs to be determined on-board. Therefore the GNSS
and inertial systems are being used. Since inertial sensors drift with time, satellite based nav-
igation such as GPS is considered the most important source for position determination. In
(Ali et al., 2013) it is concluded ADS-B combined with GPS provide a significantly more ac-
curate method to determine positions than radar. Only a specific amount of bits are reserved
for a specific state in the ADS-B message. Therefore the accuracy of a state can not be de-
scribed with infinite accuracy. The truncation effect should be considered (Eurocontrol, n.d.).

Timing

Aircraft don’t send their ADS-B report continuously. In (Barhydt et al., 2004;
Chung & Staab, 2006) it is analyzed how the message update rate affects the message re-
ception probability due to interference. Due to a specific transmit rate of an ADS-B message
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the aircraft is not aware of the aircraft state for a certain time interval. Therefore the message
transmit rate is a trade-off between an allowable message reception probability caused by in-
terference and a sufficient update rate of state information. This has also the result aircraft
don’t receive each others state at the same time; aircraft A might be aware of aircraft B, but
not the other way around.

Latency

It should be noted that the receiving aircraft does not have the real-time state information
of the other aircraft. Aircraft A generates a position report and sends this to Aircraft B.
However, Aircraft A needs some time to send the ADS-B message and aircraft B needs some
time to process the ADS-B message. Therefore some latency can affect the performance of
the CDR method. In (Ali et al., 2013) it is found the latency due to processing is less than
a second.

Range effect

The range of the ADS-B broadcast message is limited due to several factors. FExtensive
measurements to the performance of the ADS-B extended squitter signal have been done in
(Bernays et al., 2000) and (Ali et al., 2013). In these studies the main focus is on accuracy
and latency of the ADS-B message. In (Bernays et al., 2000) a quantitative assessment of
the air-to-air range of ADS-B equipment is researched. A decreasing reception probability is
observed for an increasing distance between aircraft.This relation is shown in fig. 2-7.

Reception probability model

0.81

0.6f

0.4t

0.2}

Message reception probability (=)

0 0.2 0.4 0.6 0.8 1
Normalized range (=)

Figure 2-7: Reception probability with respect to normalized range (max range). Model obtained
from (Chung & Staab, 2006)

Interference effect

Besides distance, aircraft message interference has to be considered since all ADS-B mode S
communication is performed on the same 1090 MHz frequency. It is found in (Barhydt et al.,
2004) the message interference resulting from overlapping messages at the receiver side can
be modeled as the sum of multiple Poisson distributions.

It can be concluded that the ADS-B system is subjected to different types of realities and
uncertainties, shown in fig. 2-6. In general these types can be divided in system related
and situation related parameters. The situation related parameters are mainly affecting the
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reception probability of an ADS-B message. The system related parameters affect the update
interval (due to latency and transmission rate) and state accuracy (due to measurement
accuracy, GPS accuracy and truncation). These elements form the base for the generation of
the physical ADS-B model discussed in section 3-1.
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Chapter 3

ADS-B model

In this chapter the ADS-B model is discussed in more detail. The different properties affecting
the reception performance and accuracy of an ADS-B report are discussed in section 3-1.
Subsequently, the translation from the analytical ADS-B model into software is discussed in
section 3-2.

3-1 Physical model of the ADS-B system

In this section the properties affecting the reception performance and accuracy of an ADS-B
report is discussed. It is found these properties can be divided in two main groups; system
related properties, discussed in section 3-1-1 and situation related properties, discussed in
section 3-1-2. It is found the first one mainly influences the accuracy of the state-information,
while the latter mostly influences the reception probability of the ADS-B report.

3-1-1 System related properties

Several system-related properties are found. These properties are discussed in the following
paragraphs.

Truncation

Since only a limited number of bits are available the states cannot be transmitted with infinite
accuracy. Therefore the truncation affect has to be considered. Since the location is expressed
in latitude and longitude, this state is considered to be the most sensitive for truncation. The
position is described using Compact Position Reporting (CPR) format; an efficient way which
uses less bits to encode position information. This method requires two position reports, an
odd and an even frame. The last report is used to determine the position of the aircraft. The
details of this method are further discussed in (Soediono, 1989). The latitude an longitude
are both transmitted using 6 significant digits; therefore the accuracy based on truncation is
the distance between two locations where the 6th digit is changed. The Haversine function,
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shown in eq. (3-1), is used to calculate the great-circle distance between two points in meters,
expressed in latitude and longitude. In this equation ¢ is latitude (rad), A is longitude (rad),
and R (m) is the earth radius.

0-A

5T¢) + cos(¢1) - cos(ga) - sz’nz(T) (3-1a)

a = sin(
c = atan2(v/a,v1 — a) (3-1b)

d=R-c (3-1c)

Using the Haversine function and a position described in longitude and latitude with a six
digit significance level results in a accuracy ranging from 9 to 17 m, depending on the location
on the earth.

Accuracy

Additional to the truncation effect the state accuracy of the on-board measurement equip-
ment affects the location precision. Location determination is done using the GNSS system
and altitude and airspeed using an on-board barometer and airspeed sensor respectively.
Of these states, position is the state depending on an external system, such as GNSS or
Wide Area Augmentation System (WAAS). Therefore the accuracy of this state is further
discussed. In (DoD, 2016) it is found an GPS measurement has an accuracy of <7.8 meter
with a 95% confidence interval.

Both the truncation effect and the accuracy of a state, position for example, can be modeled
as a normal distribution. It was found the truncation effect results in a accuracy ranging
from 9 to 17 meters and the GPS accuracy a 95% confidence interval of < 7.8 meters. The
value in the ADS-B report can be modeled as a normal distribution with the positions being
the expected value and a standard deviation of 15 meters. When location at position 0, this
results and the probability of corresponding deviation shown in fig. 3-1. The same procedure
can be used for other states.

ADS-B message update rate

ADS-B messages are not transmitted continuously; they are transmitted with a specific update
rate. Therefore an aircraft only knows the ”0ld” location of other aircraft. This is depending
on the transmission rate of the ADS-B report. As discussed in (Eurocontrol, n.d.) an update
rate of 1-2 Hz per message is proposed for state information reports. An asynchronous update
also results in a difference in state information; aircraft A might be aware of aircraft B, while
not the other way around. Also the probability of reception affects the timing of an ADS-B
report. These factors are discussed in section 3-1-2.

3-1-2 Situation related properties

Besides the system related properties the situational related properties have an effect on the
ADS-B system performance. The main factors to be considered are the range effect and
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Figure 3-1: Normal distribution used for position modeling =0 and o = 15 .

interference effect, both influencing the reception probability of an ADS-B message. These
two properties are discussed below.

Range effect

First of all the reception of an ADS-B message is limited by the range between the two
aircraft. The reception probability with respect to the range of a transmitting and re-
ceiving aircraft can be modeled. This model is based on the specification stated in 1090
ES MOPS (RTCA Special Committee 186, 2002) and the model in (Barhydt et al., 2004;
Chung & Staab, 2006) . In this derivation the following steps are taken.

1. Step 1: Free Space Path Loss (FSPL) per mile calculated

2. Step 2: Rewrite received power as function of range

3. Step 3: Reception probability exponential modeled with respect to received power
4. Step 4: Received power substituted by range

5. Step 5: Parameters for specific transmit power and minimum triggering level derived
based on (RTCA Special Committee 186, 2002)

The following assumptions are made:

1. Omni-directional antenna used on transmitting and receiving aircraft
2. No multi-path effects

3. No shielding of ADS-B transmitter/receiver antenna
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Table 3-1: Definition of variables

’ Name ‘ Symbol | Value ‘ unit ‘
Speed of light c 2.997910% | m/s
Carrier frequency fEs - Hz
Extended Squitter (ES) frequency fEs 1090 - 10° | Hz
FSPL FSPL - dBi
Minimum triggering level SuTrL - dBm
Distance d - m
Distance r - NM
Transmit Power Strans - dBm
Received Power Srec - dBm
Received Power at 1 NM SrecINM | - dBm
Received Power with 0 reception probability | SrecO - dBm
Reception probability P - -

The variables and constants are defined in table 3-1.

The model is based on the link budget between a transmitting and receiving aircraft. The
decrease in power level due to the FSPL is shown in equation eq. (3-2) and rewritten to dB.

Step 1:

FSPL = (47rcdf )? (3-2a)
FSPL(dB) = 10- loglo((@y) (3-2b)
FSPL(dB) =20 - zogm(@) (3-2¢)

The FSPL with respect to distance (in Nautical Mile (NM)) can be obtained from eq. (3-2),
resulting in eq. (3-3).

4
FSPLlNM =20- lOglof CT['T (3—3&)
1090 -10%-4-7-1852 x r
FSPL =20-1 : 3-3b
LN o910 2.9979108 (3-30)
FSPLunar = 9555+ 20 - logro(r) |25 (3-3¢)
INM = 9J9. ogi1o\Tr NM -

Using eq. (3-2) the received power (Sy..) for a specific transmit power (Syqqns) can be obtained
for a distance (d), shown in eq. (3-4).
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The received power with the corresponding FSPL at a distance of 1 NM for the 1090 MHz
frequency can now be calculated, shown in eq. (3-4). This results in an inverse quadratic
relation of range with respect to received power; if the range increases by a factor of 2 the
received power decreases with a factor of 4.

Step 2:

Srec = Strans — FSPLiny — 20 X log(r) = Specanm — 20 X log(r) (3-4a)

Srec = Srec,lNM —20 x lOg(T) (3_4b)

In eq. (3-4) (Strans — F'SPLyy) is equal to the received power at a distance of 1 NM, called
Srec.iNM With a transmitted power of Si.qns. Rewriting this equation, a relation between
distance and received power can be obtained, shown in eq. (3-5).

—(Srec=Srec 1NM)
r=10 20

(3-5a)

r = ei(srecfsr'ec,:l]\”\/f)( lné(l)0> ) (3_5b)

Step 3:

The detect and decode probability of an ADS-B report without interference is modeled as an
exponential function of received signal power (Syec). From (RTCA Special Committee 186,
2002) it can be obtained that there is a specific signal power (Sye0) where the reception
probability is 0 (due to background noise and sensor sensitivity), corresponding with a distance
rg. The variable k is introduced to scale the curve of the probability function resulting in
eq. (3-6). This equation is later used for substitution.

In(10)

p(Srec) =1- efk(SmeSreco)( 20 )7 S’r‘ec > STecO (3_63‘)

k (Srec=Srec0)
20

p(srec) =1-10" ;S'rec > SrecO (3'6b)

Substitute eq. (3-5) in eq. (3-6) where ry is the distance where the received power is Sy
resulting in a 0 reception probability, so rg is where Sy is reached. Now eq. (3-7) is obtained.

Step 4:

p(r)=1—(r x e_(STECleM_Sreco)(lnééo))

)", =10 (3-7a)
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rec. 1N M —Srec0)
20

(
pr) =1—(rx 10" V> (3-7h)

MﬂZl—G?ﬂrzm (3-7¢)

Subsequently, eq. (3-7c) can be used to determine the no-interference reception probability
as a function of received signal power.

Step 5:

The detect and decode probability without interference is modeled as a function of received
signal power (Syec). It is assumed there is a specific signal power (Syeq0) where the reception
probability is 0 (due to background noise), corresponding with a distance ro. The variable k is
introduced to scale the curve of the probability equation. In (RTCA Special Committee 186,
2002) a minimum triggering level (Sy;rp) of -90 dBm for Class A3 equipped commercial
transport is defined with the following requirements

1. If link margin (Syec — Syrz) = 3dB the minimum reception probability should be >
0.99.

Y

2. If link margin (Syec — Syrr) = -3dB the minimum reception probability should be
0.15.

Using these values different reception probability curves can be generated for a range of trans-
mit powers (Pjrqns). The values are substituted in eq. (3-7¢) to determine the corresponding
parameter k and rg. From these equations figure fig. 3-2 can be generated, showing the rela-
tion between reception probability (y-axis) and distance between two aircraft (x-axis) for an
ADS-B report. In this figure different output powers are plotted, indicated in the legend.

It should be noted this derivation is based on the system properties from (Barhydt et al., 2004;
Chung & Staab, 2006). Several companies provide a much more sensitive ADS-B receiver, re-
sulting in a lower Minimum Triggering Level (MTL) and thus better reception performance.
Also different transmit powers are considered. Subsequently (RTCA Special Committee 186,
2002) is used to determine the relation between reception probability and signal power. How-
ever, this document is based on Minimum performance. Therefore it is expected the reception
probabilities shown in fig. 3-2 are reached at a larger distance. The different settings used in
the simulations are discussed in section 4-2-1.

Interference effect

To model the effect of interference on reception probability the Poisson distribution, shown
in eq. (3-8) has been used. This probability distribution is generally used to calculate the
number off occurrences during a specified time interval.

e—At
HX:M:QN77$:QLLH (3-8)

With the following variables:
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Figure 3-2: Non-interference reception probability with respect to distance for different trans-
mitting powers.

e )\ = Expected number of events occurring in 1 unit length of time.

e X = number of events occurring in an interval of length t.

e t = interval length.

e P = probability of X occurrences happening in an interval of length t.

An ADS-B extended squitter signal has the following properties, each with a message duration
of 120us seconds, (Eurocontrol, n.d.; Chung & Staab, 2006):

Airborne positions squitter (2/sec)

Surface position squitter (1/sec)

Airborne velocity squitter (2/sec)

Aircraft identification squitter (0.2/sec)

e Operational Status (0.4/sec)

e Target state (0.8/sec)
Only the Airborne position squitter, Airborne velocity squitter and Aircraft identification
squiter are used by the Airborne Separation Assurance System (ASAS) system. However,

also the other messages do cause interference on the 1090 MHz frequency and have to be taken
into account when modeling the interference effect. This results in a total ADS-B transmission
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frequency of 6.4 Hz causing interference. Additional to the different type of ADS-B messages,
an aircraft also transmits a Traffic Collision Avoidance System (TCAS) signal on the 1090
MHz frequency. A TCAS signal has a duration of 54us and is transmitted with a frequency
of 4 Hz. Using the characteristics stated above the probability of a message collision can
be determined using the Poisson distribution from eq. (3-8). The following assumptions are
made when modeling the interference:

1. Effect of distance of interfering aircraft is not been taken into account
2. No de-garbling is used

3. ADS-B message is modeled as 1 message, containing all the state information, instead
of several different messages.

4. Aircraft at different distances have the same interference effect on degrading the recep-
tion probability.

A can be calculated by the sum of the message update frequencies (Fypdqate) multiplied by
the number of aircraft within range(N,.), shown in equation eq. (3-9b). This represents the
expected number of instances (ADS-B messages received) in a specified time interval (1 s).
The number of aircraft within range is the number of aircraft with a distance smaller than
the maximum reception range, as discussed in the previous section.

A=Na-» F(Hz)= Ny F (3-9a)

A= Nac : Fupdate (3'9b)

Now assume a message is sent at t=0. The duration of an ADS-B message (7) is 120us, equal
to the time variable in eq. (3-8).

—— | Time interval
t=0s t=120 us P t=1s
Start message End message End interval

Figure 3-3: Schematic interference modeling overview.

To obtain the probability no other messages are sent in this time interval the X variable in
eq. (3-8) is set equal to 0, resulting in eq. (3-10b). This is visualized in section 3-1-2. The
same principle holds for a TCAS message, with a duration of 56us.

Since ° = 1 and 0! = 1 the final equation to determine the probability of no message collision
for N, within range and a message duration of 7 seconds is shown in eq. (3-10b)

e~ At e*Nac('FADS—B'TADS—B+FTCAS'TTCAS)
P[X =0] = (At)° T 1 (3-10a)
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P[X =0] = e~ Nac(-Faps-BTaDs-B+Frcas Troas) — e*Nac'(FADS—B'120'1076+FTCAS'56'1076)
(3-10b)

This model is visualized in fig. 3-4, with a TCAS update frequency of 4 Hz and an ADS-B
update frequency of 6.4 Hz and a corresponding message duration of 56 and 120 us respec-
tively.

10 Reception probability wrt nr. AC
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Figure 3-4: Interference probability as function of aircraft within range. Number of aircraft in
range is defined as the number of aircraft within a distance from which the ADS-B message can
still be received and decoded (see section 3-1-1).

It can be concluded that two major situation related factors affect the reception probability;
the range between two aircraft and the number of surrounding aircraft. A model is generated,
based on the link budget and Poisson distribution. The reception probability of an ADS-B
message is modeled as a function of range in NM between two aircraft and the number of
interfering aircraft as independent variables. The total reception probability is calculated
using eq. (3-11). The total model is shown in fig. 3-5.

Ptotal = Prange : Pinterference (3'11)

Now an ADS-B model is generated, the effect on CD&R should be assessed. Therefore the
BlueSky software environment will be used, introduced in section 4-1. How the ADS-B model
is implemented in the BlueSky simulator is discussed next in section 3-2.
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Figure 3-5: ADS-B message reception probability model. X-axis indicates range between two
aircraft, Y-axis number of interfering aircraft. The corresponding reception probability is shown
on the Z-axis.

3-2 Implementation in BlueSky simulator

The translation of the physical ADS-B model discussed in section 3-1 is translated in software.
The general implementation is discussed in section 3-2-1. The implementation in the BlueSky
ATM simulator is discussed in section 3-2-2.

3-2-1 General implementation ADS-B model

The different limitations and uncertainties affecting the ADS-B system performance are dis-
cussed in section 3-1. Two categories are defined; system related properties and situation
related properties discussed in section 3-1-1 and section 3-1-2 respectively. The properties

discussed in section 3-1 are translated into a software model. A schematic overview is shown
in fig. 3-6.

Figure 3-6 shows a schematic overview of how to translate the ADS-B properties discussed
in section 3-1 into software. Different loops are indicated; running on the simulation and the
ASAS update rate to have optimal computational performance.

Each iteration starts at the top left, with [N] number of aircraft. Each aircraft has a specific
real state. This state is used to calculate a relative reception probability based on range
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Figure 3-6: Schematic overview of how to implement ADS-B model in software for N aircraft.
Start at left top and end at right bottom. Two different update rates are indicated with red and
blue respectively; simulation update rate dt and ASAS update rate to optimize computation time.
Size of the elements are indicated between brackets

between each aircraft and interference caused by the number of aircraft within range. This
results in [Nz N] relative reception probabilities. It should be noted aircraft A has a different
reception probability of an ADS-B report with respect to aircraft B than aircraft B for aircraft
A due to the interference effect. When only taking the range effect in to account both aircraft
have the same reception probability. However, the number of surrounding aircraft is different.
Therefore the reception probability is not a triangular matrix but a matrix containing [Nz N ]
elements.

From the real state [Nz1] ” ADS-B messages in the air” are generated with a rate correspond-
ing with the ADS-B transmit frequency. However, not the real location is transmitted, some
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error due to truncation and state accuracy is added. In the update block it is decided, based
on the reception probability, if each aircraft receives and update of another aircraft resulting
in [NzN] ADS-B messages. These messages are used in the ASAS system for CD&R. It
should be noted different recommended update rates are shown in fig. 3-6; simulation update
rate in blue and ASAS frequency in red. The reception probability changes based on range,
which changes every simulation step. The received ADS-B message however is only required
when an ASAS iteration is performed. Therefore this can run on a lower frequency. In case
the ASAS frequency and simulation frequency are identical the same frequency should be
used for the both systems.

3-2-2 Implementation ADS-B model in BlueSky simulator

A general overview of how the the ADS-B model can be translated to a simulation environment
is discussed in section 3-2-1. For this research the BlueSky simulator is used. In this subsection
it is discussed how the ADS-B model is implemented in the BlueSky simulator. The BlueSky
ATM is discussed in more detail in section 4-1 and (J. Hoekstra, 2015). The following modules
are modified and used to implement the ADS-B model.

e traffic.py Module where aircraft are created, deleted and processed. Air-
craft kinematics are modeled as a point-mass. Systems such as autopilot and
Flight Management System (FMS) are simulated. Also performance data of aircraft
is included. In the traffic module the traf instance is created, containing (real) state
information about each aircraft. This module is the source for state information to
generate ADS-B reports and calculate ADS-B reception probabilities.

e cstack.py In the command stack the input in the command window is processed.
Different type of commands are possible, ranging from generating traffic, define logging
data to switching specific modules on or off. This module is adapted so the user is
able to change different aspects of the ADS-B model and logging settings. Four type
of ADS-B settings can be used; 1) perfect reception, 2)interference and range effect, 3)
only range effect and 4) only interference effec.t

e ASAS.py In this module the CD&R part is performed. Conflicts are detected and,
depending on the resolution setting, resolved. The input for this module has a [Nz1]
dimension. However, as explained in section 3-2 this needs to be converted to a [Nz N]|
input.

e adsbmodel.py The adsbmodel.py module is generated, containing the ADSB-
Model class. This class contains ADS-B related parameters in different attributes,
defined in the constructor. The class also inherits all attributes from the traffic class for
easy access to calculate reception probabilities. Subsequently different ADS-B related
methods are defined. This module is further discussed below.

The ADS-B module consists of different parts, discussed below.

Instances Different instances are created in the constructor of the ADSBModel class. In
general three groups can be defined:
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1. ADS-B model settings: Different parameters of the ADS-B model are defined, such
as maximum range, message update rate, message duration and position accuracy in the
ADS-B report. Also settings are implemented; the interference effect or range effect can
be switched on or off. These variables can be changed through the BlueSky command
window using the cstack.py module.

2. ADS-B situation related parameters: Variables for the different reception proba-
bilities (range and interference) are stored. Also instances to store the different reception
probabilites are created.

3. ADS-B reports A database is created to store the most up to date ADS-B message
in the air and the most up to date ADS-B message received for each aircraft.

Methods Besides different variables also different methods are defined in the ADSBModel
class. These are divided in three groups and discussed below.

1. Reception probability calculation Two main methods are created to determine the
reception probability. The derivation of these functions is discussed in section 3-1-1.
The first method calculates the reception probability of two aircraft with range as
independent variable, based on eq. (3-7c). The second function is based on the Pois-
son distribution and calculates the reception probability due to interference, based on
eq. (3-10Db).

2. Situation related parameters calculation Different methods are defined to calculate
situation related parameters. The two most important functions are the calculation for
the relative distances between all aircraft and the relative number of surrounding aircraft
for each aircraft. The obtained values are stored as a variable and used in functions to
calculate the reception probability.

3. ADS-B signal related methods As discussed in section 3-1-1 different system related
uncertainties are present in the ADS-B system. The three main factors are ADS-B
report update rate, truncation and accuracy.

(a) Accuracy The on-board navigation system uses GNSS to determine its location,
so the position determination depends on the accuracy of the GNSS system. Sub-
sequently states as altitude and heading are determined using on-board equipment.
All these states have some level of accuracy. This inaccuracy is modeled as a nor-
mal distribution. It was found that for example GPS has an accuracy of 7.8 meter
with an 95% confidence interval (DoD, 2016).

(b) Truncation The truncation effect is discussed in section 3-1-1. The worst case
scenario is assumed; a distance, caused by the truncation effect is added to the real
location of the aircraft. It is found this is depending on the location on the earth
and ranging from 12-17 m max. The truncation effect can, like the accuracy, be
modeled as a normal distribution.

(c) Update rate As discussed in 2-2 aircraft don’t send their ADS-B report contin-
uously, but they have a specific update rate. This is modeled by assigning each
aircraft an initial random time variable. Subsequently a timer is started. If the
specific ADS-B update rate for an aircraft has passed a new ”in air” ADS-B signal
is created and the [Nz1] ”in air” database is updated.
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3-2-3 Verification situation related effects

The situation related reception probabilities are implemented in the BlueSky simulator. Two
different verification scenarios are generated to check the implementation of the range-effect
and the interference effect and check the implementation for inconsistencies such as errors
and singularities . These scenarios and the results are discussed below. For both verification
scenarios the ADS-B settings described by the optimistic model in section 4-2-1 are used,
corresponding with a maximum range of 300 NM.

Range effect To verify the implementation of the range-effect as discussed in section 3-1-2
a simple air traffic scenario is generated. Two aircraft are generated with an initial distance
of 300 NM shown in fig. 3-7. During this scenario the aircraft are flying towards each other,
reducing the distance. The distance between the two aircraft and the range-related reception
probability are logged.

Logging
Aircraft

Figure 3-7: Range verification BlueSky Scenario. Two aircraft flying towards each other. For
the blue aircraft the reception probability based on range and distance with respect to the other
aircraft is logged.

A maximum reception range of 300 NM has been used, based on (Barhydt et al., 2004)
for verification purposes. This results in an analytical reception model, shown in fig. 3-8.
Subsequently reception probability based on range and distance between the two aircraft is
logged in the air traffic scenario. These are also shown in fig. 3-8.

Range effect
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Figure 3-8: X-axis showing distance between two aircraft and y-axis reception probability due to
range. Red solid line is the analytical model, discussed in section 3-1-2. The blue dots are logged
simulation data using the BlueSky simulator.
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From the comparison between the analytical model and the logged simulation data it can be
obtained the range effect probability is correctly implemented in the BlueSky ATM simulator.

Interference effect Subsequently the interference effect, as discussed in section 3-1-2, is
verified. An air traffic scenario of one aircraft, flying towards a string of 600 aircraft with a
distance of 1 NM between each aircraft is generated. The initial distance between the string
and single aircraft is 300 NM This scenario ensures a wide range of number of interfering
aircraft,ranging from 0 to 600 aircraft within interferring range. An overview of the scenario
is shown in fig. 3-9.

600 Aircraft

Logging /N @ c o o Interferring
Aircraft Aircraft

300 NM 600 NM

Figure 3-9: Interference verification BlueSky Scenario. One aircraft (blue) flying towards a string
of 600 aircraft (black) to verify the Interference reception probability. Two aircraft flying towards
each other. For the blue aircraft the reception probability based on interference and number of
interferring aircraft within range (300NM) is logged.

The interference-related reception probability and number of surrounding aircraft (within 300
NM) are logged. The data is shown in fig. 3-10.
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Figure 3-10: X-axis showing number of aircraft in range (300 NM) and y-axis reception proba-
bility due to interference. Red solid line is the analytical model, discussed in section 3-1-2. The
blue dots are logged simulation data using the BlueSky simulator.

From the comparison between the analytical model and the logged simulation data it can

be obtained the interference effect probability is correctly implemented in the BlueSky ATM
simulator.
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Chapter 4

Experiment design

To assess the effect of ADS-B properties on CD&R performance an experiment will be
designed. The effects are investigated by three-dimensional flight simulations through an
airspace. Conflicts are tried to be resolved using state information obtained from the mod-
elled ADS-B system. First the experiment platform, the BlueSky open ATM simulator, is
discussed in section 4-1. Subsequently the variable selection is discussed in section 4-2 by
elaborating on the independent variables in section 4-2-1 and the dependent variables in sec-
tion 4-2-2. The experiment area is discussed in section 4-3. This chapter is concluded with
an hypothesis in section 4-6.

4-1 BlueSky open air traffic simulator

An air traffic simulation environment has been developed at the Aerospace Engineering faculty
of Delft Technical University, called BlueSky. The goal of BlueSky is to provide everybody
who wants to visualize, analyze or simulate air traffic with a tool to do so without any restric-
tions, licenses or limitations. It can be copied, modified, cited, etc. without any limitations
(J. Hoekstra, 2015).The BlueSky simulator is written in the Python(2.xx) programming lan-
guage and uses pygame for visualization. An overview is shown in fig. A-1.

The BlueSky simulation environment has many build-in features like airborne separation
assurance, different conflict detection and resolution methods, data-log options and much
more (J. Hoekstra, 2015). Due to it’s open-source character it is possible to implement new
features, such as an ADS-B reception model.

For creating an aircraft and its flight plan, the parameters shown in table 4-1 need to be
defined.
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Figure 4-1: BlueSky Simulator environment (J. Hoekstra, 2015)

Table 4-1: BlueSky Aircraft initialization variables.

’ Parameter ‘ Unit ‘
Aircraft ID [string]
Initialization position | [lat,long]
Heading [deg]
Altitude [feet]

True Airspeed [kts]

4-2 Variable selection

In this section the variable selection is discussed. First the independent variables are discussed
in section 4-2-1. Three main categories; Conflict Detection (CD) method, air traffic density
and ADS-B settings are identified. Subsequently the dependent variables are discussed in
section 4-2-2.

4-2-1 Independent variables

For the experiment different independent variables are selected. These can be divided in three
categories, each discussed in the following paragraphs.

CD&R method
The first dependent variable is the CD method. In section 2-1-1 different CD meth-
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ods are discussed. Subsequently different Conflict Resolution (CR) methods are intro-
duced in section 2-1-2, being the MVP and swarming method. In (M. Eby & Kelly, 1999;
J. Hoekstra et al., 2002) and (Aerial et al., 2003) it is discussed both these methods are suit-
able techniques that can be incorporated in a future ASAS system. These methods are
quantitatively assessed in (Maas, 2015), where it was found the MVP method performance
was better than the swarming methods. Some error is introduced to assess the performance
of the CD methods, but not a realistic ADS-B model has been implemented. Since the gen-
eral conclusion is that these methods are suitable for airborne separation assurance, these
methods are selected.

From the literature review it is found in (J.M. Hoekstra, 1998) that using a look-ahead time
of five minutes the level of intent hardly improves the quality of predictions, compared for
en-route flight.In (Kuchar & Yang, 2000) it is found the nominal projection method results
in a small error rate for en-route flight, since aircraft are mainly flying in a straight line.
Since en-route flight is identified as the most suitable option for applying Free Flight using
ASAS, nominal projection using a look-ahead time is selected as most suitableCD method.
Therefore a single CR method has been used and is not a variable. Since the CD is closely
related to CR, it is discussed in this section.

ADS-B performance

The different ADS-B limitations and uncertainties are discussed in detail in chapter 3.
A general outline of the ADS-B system properties are stated in (Eurocontrol, n.d.).
Several researchers have modelled the situation related effect in (Barhydt et al., 2004;
Chung & Staab, 2006), based on the Minimum Operation Performance Specifications
(RTCA Special Committee 186, 2002). It should be noted a worst-case scenario view-
point is considered and therefore not representing a realistic model. For example; in
(RTCA Special Committee 186, 2002) a maximum reception range of 90 NM is defined while
during experiments a range of 200+ NM has been reached.

It is decided four types of ADS-B performance models are created, based on (Barhydt et al.,
2004; Chung & Staab, 2006; Eurocontrol, n.d.) and:

1. Pessimistic model, based on (RTCA Special Committee 186, 2002).
2. Realistic model, based on field experiments.
3. Optimistic model.

4. Perfect model.

The ADS-B state accuracy is based on the analysis in section 3-1-1. In general the message
duration of an ADS-B message is fixed, however to change the behavior of reception probabil-
ity due to interference a different message duration is selected. The different model variables
are shown in table 4-2

It should be noted different ADS-B and TCAS message durations are used, influencing the in-
terference reception probability. In reality this message duration is fixed, following the values
for the realistic model (120us). However, de-garbling algorithms can be used to differentiate
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Table 4-2: Different ADS-B model parameter settings

’ Parameter/Model H Pessimistic | Realistic | Optimistic | Perfect ‘ Unit ‘
Maximum reception range 90 200 300 o NM
ADS-B Message duration 240 120 80 0 us
ADS-B Update rate 3 1 0.5 00 Hz
TCAS Message duration 112 56 28 0 18
Position standard deviation || 150 15 1.5 0 m
Heading standard deviation || 5 3 0 deg
Speed standard deviation 10 ) 0 knts

between two overlapping messages. On the other hand; messages can cause additional inter-
ference due to multipath effects. Additionally aircraft out of interference range can also still
have a (minor) interference effect. Therefore half and double the message duration is used
for the pessimistic and optimistic scenario respectively.

As discussed in chapter 3 the state information in the ADS-B report do have some inaccu-
racies. The three states used for CD&R are position, heading and velocity. It was found in
section 3-1-1 that due to sensor inaccuracies and using the Haversine equation the position
can be modeled as a Gaussian distribution with a standard deviation (o) of 15 meters. For
the pessimistic and optimistic model a factor of 10 is applied. It is assumed also the speed
and heading sensor-accuracy can be modeled according to a Gaussian distribution with the
corresponding standard deviation shown in table 4-2 and the real value as mean(u).

Traffic density

Increasing traffic density has a negative effect on the CD&R performance. First of all the
interference effect as discussed in section 3-1-1 degrades the reception probability of an ADS-B
message. Additionally a larger traffic density results in more complex conflict situations. To
study the effect of traffic density, different densities are used in the simulation. In (Aviation,
2008) two capacity limits are defined for Schiphol airport during the summer, an arrival peak
and a departure peak. The flights are spread evenly over 20 minute blocks. The values are
shown in table 4-3. It gives a good indication of the amount Instrument Flight Rules (IFR)
flights in the area around Schiphol as independent variable.

Table 4-3: Capacity limit for Schiphol airport, obtained form (Aviation, 2008).

’ Parameter/Model Number of IFR flights per hour ‘
Movements Arrival peak 106
Of which arrivals 68
Of which departures 38
Movements Departure peak | 110
Of which arrivals 36
Of which departures 74

In fig. 1-1 the predicted growth of air traffic is shown. From this figure it can be seen an
increase ranging between 10 and 20 % is predicted in 2022, depending on the economic growth.
However, to observe a relation of air traffic density with CD&R. performance doubling and

T.P. Langejan Effect of ADS-B Limitations and Inaccuracies on CD&R Performance



4-2 Variable selection 39

halve of the number of IFR flights is chosen.

Table 4-4: Air traffic movements per hour. Independet variables in simulation environment,
based on fig. 1-1 and table 4-3

’ Scenario ‘ IFR movements \ % difference ‘

Half 50 50%
Current +-—100 0
Double 200 +100 %

As discussed above two different CD&R methods are discussed; the MVP and Swarm method.
As a benchmark, also the same scenarios are assessed without applying CD&R as benchmark,
resulting in a total of three variables. Subsequently 3 different ADS-B models are evaluated;
a pessimistic, realistic, and perfect model. Finally three different air traffic densities are
tested; based on current air traffic. Therefore it can be concluded in total 36 different
scenarios are assessed. Each scenario will be repeated 5 times to obtain a consistent result.
The experiment design is further discussed in section 4-3.

4-2-2 Dependent variables

As discussed in section 1-2 the performance of a CD&R method can be assessed with respect
to different metrics; safety ,efficiency and stability. Metrics related to these two categories
are selected as dependent variables and discussed below.

Safety

The safety aspect performance can be measured in different ways. First of all, the number
of LOS can be logged. The definition of LOS is discussed in section 2-1-1. Subsequently the
duration of each LOS is determined. Finally also the severity of the LOS can be determined.

Besides the number of LOS the severity can be identified. In (Delahaye et al., n.d.) a metric
has been developed, based on the path flown by an intruding aircraft through the protected
zone of another aircraft, shown infig. 4-2.

In this figure a path traveled of an intruding aircraft is shown. The LOSseperity can be
calculated using eq. (4-1) (Delahaye et al., n.d.).

LOSsevem'ty = ma:n[mm(IH, IV)] (4'1)

In fig. 4-2 for example, this results at a LOSseyerity value of around 0.8, reached on the most
right point on the x-axis. Using the LOSscperity a trend might be observed, showing a relation
between CD&R method or ADS-B model and LOSeyperity location.

Efficiency

Besides the safety also the efficiency of a CD&R method should analyzed. First of all the
distance traveled for each aircraft is logged. Also the amount of thrust is logged. Using this
date the work-done, shown in eq. (4-2), can be calculated post-simulation and compared for
different experiment settings. In this formula t=0 and t=end is the time when the aircraft
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Figure 4-2: Figure showing path of intruding aircraft through IPZ of other aircraft (IPZ). Back

view with ith of the IPZ shown. Vertical and horizontal LOSscyerity component indicated by Iy

and Iy respectively. X and Y axes show the normalized IPZ dimensions.

enters and leaves the test volume respectively. Thrust is the trust and s the distance traveled.
When integrating these variables over the total flight path inside the Test Volume the total
work done is calculated.

s(t=end)
W= / Tds. (4-2)
s(t=0)

Stability

As a final metric the airspace stability is tested, using the Domino Effect Parameter (DEP)
(Krozel, Peters, Bilimoria, Lee, & Mitchell, 2001). Resolving a conflict using CD&R, might
result in creating one or multiple different conflicts. Conflicts can be divided in two groups;
S1 and S3. S7 represents the number of conflicts with resolution on and S3 the number
of conflicts with resolution. These groups have a set of common conflicts (shown in red),
conflicts that occurred in both situations So, and a separate part. The separate part of S3 is
the number of conflicts caused by resolution maneuvers, creating a de-stabilizing effect. An
overview is shown in fig. 4-3.

The DEP can be calculated using eq. (4-3).
S3—S1 S

DEp="22"721_ 28 4-
S S (4-3)

In this equation S3 is the number of conflicts when CD&R is on and S; when CD&R is off.
A negative implies a de-stabilizing effect using CD&R and a positive value a stabilizing effect

of using CD&R.
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Figure 4-3: Domino Effect Parameter.

All dependent variables are shown in table 4-5. To compare different air traffic densities the
values shown in table table 4-5 can be normalized or averaged to compare different traffic
rate scenarios.

Table 4-5: Dependent variables

’ Type ‘ Variable ‘ Calculation ‘ Unit ‘
Safety Normalized number of LOS Zj\%o?ﬁ) [LAOCS]
Safety Normalized LOS duration %5%95 [4¢]
Safety LOScverity eq. (4-1) [-]

Efficiency Work done eq. (4-2) [J]
Stability DEP eq. (4-3) [-]

4-3 Experiment Area

With the variables defined in section 4-2, a scenario can be generated. First the experiment
requirements and the limitations are stated in section 4-3-1. The shape and dimensions of
the experiment area is discussed in section 4-3-2. The general shaping and flight levels are
discussed in this subsection.

4-3-1 Experiment Area Requirements

To assess the performance of a CD&R algorithm, an experiment area needs to be defined.
The experiment area needs to fulfill several requirements and is limited due to several factors.
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Number of aircraft in simulation

The ADS-B reception probability calculations are computational expensive and grow quadrat-
ically with the number of aircraft in the simulation (N); for each aircraft a relative reception
probability is calculated with each other aircraft resulting in N? calculations. Results from
simulations shown in table 4-6 show the duration of all ADS-B calculations with respect to
the number of aircraft, which confirms the quadratic relation of number of calculations (i.e.
time) with number of aircraft in the simulation.

Table 4-6: Duration of ADS-B calculation loop in BlueSky ATM simulator for different number
of aircraft.

’ # of AC in simulation ‘ ADS-B loop duration (s) ‘

150 0.075
300 0.3
600 1.15

Since it is desired to run the simulation at real-time (or a little slower) the instantaneous
number of aircraft in the simulation should be < 600 aircraft. It should be noted aircraft can
be deleted an created to maintain a certain traffic density.

Experiment Area

A discussed above the number of aircraft in the simulation is limited. In section 4-2-1 typical
IFR movement in the area around Schiphol were discussed. Therefore an experiment area is
defined. Difficulties occur at the edges of the experiment area. At the edges of the experiment
area aircraft are affected less by the interference effect than aircraft located at the center of
the experiment area. Aircraft entering and leaving the experiment area, while keeping the
number of aircraft in the simulation relatively low, can be simulated by creating aircraft on
the edges of the area an deleting aircraft when leaving the area. It should be made sure
aircraft are not created and cause an immediate conflict with an already existing aircraft.
Subsequently conflicts can be resolved by steering an aircraft outside the experiment area,
resulting in deleting the aircraft. These factors should be considered in the experiment design.

Horizontal and Vertical plane

To study the effect in three dimensions several flight levels need to be implemented. When
creating the aircraft in 1 vertical plane only horizontal resolution is assessed. Therefore
aircraft need to be created on multiple flight levels, and some portion of the aircraft need to
have a vertical velocity; moving from one flight level to another.

4-3-2 Experiment Area Definition

Due to the limitations of number aircraft a finite experiment area has to be used. Different
type of scenarios are considered; an circular area and a square experiment area. The smaller
the experiment area the larger the effect of the corners in case of a square experiment area.
Therefore a circular (which has an equal shape) experiment area is selected as used in literature
(Bilimoria et al., 2000; M. S. Eby, 1994; Maas, 2015). The main advantage of using an
circular experiment area over an square experiment area is the equal shape; no corners exist
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which can cause a quick, artificial deleting of aircraft. Since also the 3D effect needs to be
taken into account, a cylindrical shaped test volume is selected, shown in fig. 4-4.
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Test Volume
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Length ¥/
Initialization
Volume
(L1) e ST Initialization
Radius(Ry)

Figure 4-4: Isometric overview of the research field.

Two volumes can be seen; a Test Volume(Vr) surrounded by an Initialization Volume(V7).
Aircraft are generated on the edges of the initialization volume with a specific altitude, air-
speed and heading crossing the Test Volume. The aircraft are not immediately logged; since
by creating an aircraft an instant conflict can be created, skewing the results. Only aircraft
inside the Test Volume are logged. It should be noted this has an additional advantage: Air-
craft outside the Test Volume still cause interference. Therefore aircraft at the boundaries
of the Test Volume don’t experience an (artificially) lower interference effect but a realistic
interference level when inside the Test Volume.

The aircraft are logged for performance indicators, discussed in table table 4-5, when enter-
ing the Test Volume. Subsequently the aircraft are deleted when crossing the Initialization
Volume again. The distance between the edges of the Test Volume and Initialization Volume
should be at least as large as the time traveled by an aircraft during the look-ahead time.
(Rr — Rr > SLook—Ahead)- This case no artificial conflicts are created. Subsequently the
interference effects of aircraft that just entered the Test Volume should be realistic. This can
be achieved by making sure enough aircraft are initialized (but still outisde the Test Volume)
causing interference for the aircraft at the edges of the Test Volume. Finally the effect of
climbing and descending aircraft should be included. Therefore three different flight levels
are defined, as shown in figure fig. 4-5.

In fig. 4-5 it can be seen three different flight levels are created. In total three types of aircraft
can be created, schematically indicated by black, red and green arrows. Black aircraft are
en-route aircraft keeping the same altitude and start at a specific flight level. Subsequently
ascending and descending aircraft are created; indicated by a red and green arrow respectively.
These aircraft start at a flight level and will, at a specific time, travel to another flight level.
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Figure 4-5: Experiment Area side-view

By having three flight levels all type of maneuvers will be tested; horizontal conflicts and
vertical conflicts.

4-4 Experiment area dimensions

In this section the dimensions of the experiment area are discussed. An overview of the
dimensions is shown in table table 4-7. Typical airspeed for en-route air traffic is in the
order of 150 m/s, as discussed further in section 4-5. To have proper measurements it is
expected an aircraft should be on average in the experiment volume 30 minutes. However,
aircraft will also have to perform resolutions and some will have to climb or descend to a
different flight level, estimated to take around 5 minutes. Therefore a crossing time of 25
minutes is used as basis for the experiment dimensions. This results in an experiment area
diameter of 225 km. As discussed in section 4-2, the minimum time the aircraft should be in
the initialization region should be equal to the look-ahead time of 5 minutes. As discussed
in section 4-5, the maximum airspeed in the simulation will be 200 m/s. Therefore an
minimum distance between Test Volume and Initialization Volume is 60 km. The variables
discussed above results in an Test Radius of 112.5 km and an Initialization Radius of 132.5 km.

To assess the behavior with respect to intruding aircraft in the vertical dimension, three
flight levels were defined. Since the vertical separation minimum is 1000 feet, these flight
levels should be at least 2000 feet apart. An extra margin of 1000 feet is selected, resulting
in a distance of 3000 feet between the flight levels. The lower airspace in the area around
Schiphol, controlled by Lucht Verkeersleiding Nederland (LVNL), ranges from FL095 to
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FL245. Therefore in this experiment the intermediate, FL.170 is chosen, corresponding with
an altitude of 17000 feet, or 5 km.

Table 4-7: Experiment dimensions.

Name Symbol | Value ‘ unit ‘
Test Radius Ry 112.5 | [km]
Initialization Radius Ry 132.5 | [km]
Flight Level interval - 3000 [ft]
Number of Flight Levels - 3 ]
Altitude middle Flight Level | - 50000 | [£t]

4-5 Experiment scenario design

An experiment area is defined, containing of an Test Volume and a Initialization Volume.
Aircraft are created at the edge of the Initialization Volume with an uniform distribution.
In this section the actual aircraft scenario variables are explained. In section 4-2-1 different
IFR movements per hour scenarios are defined. To create a scenario aircraft can be created
at random location, with an uniform distribution, on the edge of the Initialization Volume.
The aircraft will have a heading directing at the other half side of the Initialization Volume,
shown in fig. 4-6.

Initialization
Volume

Initial
Heading Test

Volume

Figure 4-6: Experiment Area side-view top view. Showing initial heading range of created
aircraft.

Besides the heading and location, the airspeed (TAS) needs to be defined. The aircraft a
assigned a random airspeed based on an uniform distribution between 100 and 200 “*. Three
different flight levels were defined, over which the aircraft are also uniformly distributed.
As discussed in section 4-3, also a mix of climbing and descending aircraft is required to
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assess the 3 dimensional aspect. Therefore also an uniform distribution of aircraft moving
to the other flight level or staying at their current flight level is used. The location where
the aircraft will start its ascend or descend is chosen randomly. The climb or descend rate
follows a normal distribution with a mean of 1500 % and a standard deviation of 10 fit .
The variables are summarized in table table 4-8.

min

As discussed in section 4-2 a specific aircraft rate (77) is assessed. It was assumed it takes on
average 25 minutes to enter and exit the Test Volume. Since a constant traffic rate is assumed,
an pre-logging phase is required to have the specific amount of aircraft in the simulation.
Subsequently aircraft generated during the test-period need to be able to finish their flight.
During this phase aircraft still need to be generated to sustain the required number of aircraft
in the simulation, called the run-out phase. After the experiment the logged data is analyzed.
This is schematically shown in figure fig. 4-7.

Pre-logging phase
Build-up of number
of aircraft in simulation

Run-out phase
Creating aircraft to
keep aircraft rate constant

Logging phase
Create logged aircraft

9 .
25 minuntes 5 minutes 25 minutes

Total Experiment
75 minutes

Post-experiment phase
Process data

Figure 4-7: Schematic Phases experiment.

Table 4-8: Experiment design, aircraft initialization variables.

’ Parameter Distribution | Range ‘ Unit ‘
Location Uniform 0-360 degrees on initialization boundary | [*]
True Air Speed Uniform 100-200 ]
Heading Uniform -45 to +45 wrt straight crossing ]
Flight level Uniform first, second or third FL -]
Vertical movement | Uniform to first, second or third FL [—
Vertical rate Normal pw=150,0 =1 W{fn

These variables should result in an experiment with a good mix of airspeed, conflict angles,
horizontal conflicts and spread of conflicts through the experiment area. However, this
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should be verified later. This covers all the initialization variables of a newly created aircraft
in the BlueSky simulator, as discussed in section 4-1.

4-6 Hypothesis

In this section a hypothesis is stated with, reflecting back to some of the research questions
and the research goal:

Study and analyze the effect of ADS-B limitations and uncertainties on the
performance of different CD&R algorithms by implementing an ADS-B model
and perform simulations in the BlueSky simulator

Different type of ADS-B limitations and uncertainties are identified, which can be grouped
in situation related and system related properties. These properties affect the quality of the
ADS-B signal in accuracy and reception probability. It is expected an decrease in ADS-B
accuracy or a decrease in reception probability will result in more conflicts. However, the
severity of decrease in CD&R with respect to a degrading quality of ADS-B system perfor-
mance is difficult to predict. This will follow from experiments logging the metrics discussed
in table 4-5. It is expected the reception probability and update rate have the largest effect
on ADS-B performance; a not received signal results in an offset from the real location in the
order of several hundreds of meters, while the accuracy of the GNSS is in the order of dozens
of meters (For example: an Boeing 747 has a cruise speed of 2007, resulting in a large error
and increasing with time when using out-dated information).

Similarly an increase in traffic density will likely degrade the CD&R. performance in two
ways. First of all an increase in traffic density will result in an increase in interference effect;
decreasing the reception probability of surrounding aircraft. Secondly a larger air traffic
density will result in more complex air traffic scenarios and likely result in an increase in
conflicts.

The working principles of the CD&R algorithms( swarming and MVP) differentiates and is
complex. Therefore it is difficult to make a hypothesis with respect to the performance of both
CD&R methods with respect to ADS-B performance. During experiments the performance
of both CD&R methods with similar ADS-B model performance will be evaluated. However,
it is expected that the effect of ADS-B limitations will be larger on the swarming method,
since this method requires close coordination between aircraft.
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Chapter 5

Conclusion

It is observed two recent and ongoing developments require a modernization of the airspace
structure and management. First of all; due to current and predicted future growth of air
traffic, a novel ATC system is required to fulfill the (future) capacity demands. A key-element
for free flight and (autonomous) UAV integration in the current airspace system is ASAS; a
shift from a ground-based controller to an airborne controller. An important aspect in the
ASAS system is Conflict Detection and Resolution, CD&R. Different type of CD&R methods
exist and can be used for ASAS. In this research the MVP and swarming method are
researched. It should be noted that for all CD&R method state information of surrounding
aircraft is required. An enabling technology to obtain airborne state information is the
ADS-B system, where each aircraft transmits its state information in an omni-directional
manner to surrounding aircraft. However; the ADS-B system is subjected to realities and
uncertainties. Al tough some research is done to the ADS-B realities and uncertainties and
CD&R. algorithms, the effects of these ADS-B system properties on CD&R. methods has
not been investigated. This research aims to combine and relate these two research fields.
Therefore the following research objective is stated:

Study and analyze the effect of ADS-B realities and uncertainties on the
performance of different CD&R algorithms by implementing an ADS-B model
and perform simulations in the BlueSky simulator.

To answer this research objective several research questions are stated. First of all the
different ADS-B realities and uncertainties are identified. These can be divided in two main
categories; system related properties and situation related properties. The situation related
properties affect the reception probability of an ADS-B message by an aircraft, caused by a
decreasing power level with distance and interference caused by surrounding aircraft. The
system related parameters result in a decrease in accuracy of state information. The situation
related parameters can be modeled using the FSPL and Poisson distribution. The system
related parameters can be modeled according to a Gaussian distribution. And ADS-B model
has been implemented and tested in the BlueSky simulator. An experiment design has been
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performed to assess the effect of the ADS-B system properties on the two CD&R methods
(MVP and swarming). The performance of the CD&R methods can be measured according
to efficiency, safety and airspace stability.

It is expected the performance of both CD&R methods degrades with decreasing ADS-B
message level quality (i.e.: lower reception probability and accuracy). The increase in traffic
density results in a generally lower reception probability; likely to also decrease the CD&R
performance. However, it is not possible to predict which CD&R methods is more sensitive
to the effect of ADS-B properties. Also the severity of the decrease in ADS-B performance
needs to be tested using stability, efficiency and safety metrics.

The research performed in this thesis can provide a basement for further research in the
application of free flight using CD&R methods and the ADS-B system. This research can help
solving the problem of air traffic capacity demand and the integration of (autonomous) UAV
in the current airspace system while maintaining, or even improving, safety and efficiency.
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Project Plan

The aim of the project related to this project proposal and plan is to identify
the different factors influencing the quality of the ADS-B signal and study its ef-
fect of the CD&R performance. Therefore the characteristics of the ADS-B data
link are studied. Subsequently different characteristics of CD&R algorithms and
their applicability to the unmanaged airspace concept are assessed. It is found
that the ADS-B data performance is degraded by interference of surrounding
aircraft and range between two aircraft. Elaborate research studying the effect
of ADS-B effects on CD&R performance has not been found. This research will
fill this gap by evaluating the effect of ADS-B realities on different CD&R meth-
ods by modeling the ADS-B data link and simulate several unmanaged airspace
scenarios.

A-1 Introduction

To process the increasing demand of air traffic in a safe and economic way a moderniza-
tion of the current air traffic management system is required (SESAR Consortium, 2012;
Francisco & Louisville, 2014). The current system consists of specified air routes, so called
‘highways-in-the-sky’, along which air traffic is directed by air traffic controllers. The pilot
must follow instructions from the Air Traffic Controller (AT Co) and ask permission for route
changes. The ATCo is therefore responsible of maintaining a safe distance between aircraft
and sustain an efficient flow of traffic.

However, the increase in air traffic (Ballin, Wing, Hughes, & Conway,  1999;
Valenti Clari et al., 2000) and developments in UAV technology require a new approach of
air traffic control (Conde, Alejo, Cobano, Viguria, & Ollero, 2012). Current development
in ATM strategies show a responsibility shift from the ground-based ATCo to the pilot in
the cockpit to maintain a safe separation between aircraft (Ellerbroek, 2013; Barhydt et al.,
2004). The aircrew can be guided in solving conflicts by using Conflict Detection and
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Resolution (CD&R) methods (M. Eby & Kelly, 1999; Duong et al., 1997). These algorithms
detect a conflict and provide possible solutions to resolve a conflict. Different levels of
autonomy are researched in literature; ranging from human in the loop to fully autonomous
conflict resolution(Duong et al., 1997), (J.M. Hoekstra, 1998). CD&R methods require
state information of neighboring aircraft. A new technology, Automatic Dependent Surveil-
lance - Broadcast (ADS-B) enables state exchange between aircraft (Eurocontrol, n.d.).
ADS-B is considered in several studies the key-technology used for airborne separation
assurance (Valenti Clari et al., 2000; M. Eby & Kelly, 1999). The performance of the
ADS-B signal is limited (Barhydt et al., 2004; Bernays et al., 2000). Studies are performed
to assess the performance of CD&R methods, but the effect of ADS-B uncertainties
and realities has not been evaluated. Therefore the research goal is to study the effect of
ADS-B realities and uncertainties on the performance of different airborne CD&R algorithms.

The aim of this report is to provide a structured basis for the steps to be performed research
on this topic. First the relevant research areas and current understanding of these areas
are discussed in appendix B-2. Subsequently the research questions, aims and objective are
stated and evaluated in appendix B-3. In appendix A-4 the theory associated with this
research is discussed. The steps to be taken to answer the research questions are stated. The
different dependent and independent variables are discussed in appendix A-6. A Gantt-Chart
is created and explained in appendix A-7. This project plan is concluded in appendix B-4
with a summary of discussed content in this report.

A-2 State of the art / Literature review

Different aspects are involved in this project plan report. As stated in appendix B-1, impor-
tant aspects related with this research are the ADS-B system and CD&R methods. Addition-
ally a software environment is required to evaluate the performance of CD&R methods and
analyze the effect of ADS-B realities and uncertainties. Therefore this section is divided in
several sub-sections. CD&R methods and the ADS-B system are discussed in appendix B-2-2
and appendix B-2-3 respectively. The software-environment is discussed in appendix A-5-1.

A-2-1 Conflict Detection and Resolution

The goal of the CD&R system is to predict the occurance of a conflict, subsequently
communicate the detected conflict to a human operator and guide in resolving the con-
flict (Kuchar & Yang, 2000). Other ways of resolving are also proposed; such as fully
automatic decision making (Introduction, 2006). Conflict detection and resolution can be
divided in two parts. A good definition is stated in by (Kuchar, 2000) (Kuchar & Yang, 2000):

"conflict detection can be thought of as the process of deciding when action should be taken
and conflict resolution involves determining how or what action should be performed”.

However, different techniques can be used for conflict detection and resolution. These are
discussed in the following two paragraphs.
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The first part is conflict detection. To detect a conflict, state information of surrounding
aircraft needs to be known. These states (location, velocity, heading) provide an estimate
of the current air traffic situation. With the states of the aircraft, a dynamic trajectory can
be created to predict future conflicts. In general two methods are used in literature: state
based and intent based trajectory planning (Kuchar & Yang, 2000; Prandini et al., 2000). In
(Kuchar, 2000) both methods are discussed (Kuchar & Yang, 2000). State-based trajectory
planing consists of extrapolation of the most recent speed vector of the aircraft. Intent-
based trajectory planning uses for example the flight plan to incorporate the intend of a
specific aircraft in the trajectory planning. However, these prediction methods have some
level of inaccuracy, increasing with look-ahead time and time interval of the state update
(Kuchar & Yang, 2000; Prandini et al., 2000). Several studies are performed on predicting
the future state of aircraft. In (Kuchar, 2000) three different state-based trajectory planning
methods are discussed (Kuchar & Yang, 2000). First the nominal projection methods is
described as extrapolating the current speed vector. The second method is the worst-case
projection. All possible locations of the aircraft (assuming a wide range of possible maneuvers
inside the flight envelope) are considered as possible aircraft locations. This results in a large
area where a conflict might occur. This method is very conservative but will have a high
false-alarm rate. Finally the probabilistic method is discussed. In this method different
future trajectories are assigned a probability of the aircraft following this trajectory. This
method can be considered as a balance of the two earlier described methods.

The second part of conflict detection and resolution is resolution. A good base for the discus-
sion of several CD&R algorithms is performed by (Kuchar, 2000) (Kuchar & Yang, 2000), in
which 68 CD&R modeling methods, focused at non-human-centered issues, are discussed and
compared. Several conflict detection methods are already discussed above. Four categories
are created with respect to conflict resolution methods.

1. Prescribed method: a fixed maneuver is performed in case of conflict. An example
is described in (Kuchar, 1997) (Kuchar & Carpenter, 1997). This method however is
mostly suitable for terrain and runway related conflicts.

2. Optimization method: In general, a kinematic model is combined with a set of cost
metrics. Subsequently an optimal resolution strategy is determined based on the cost
metric. The cost metric can be for example fuel, time, workload or separation distance.
Techniques such as genetic algorithms and fuzzy control are being used (Kuchar & Yang,
2000; Prandini et al., 2000).

3. Force field method: These methods model the aircraft as similar charged particles and
will generate a repulsive force. Examples are (Duong et al., 1997) and (Eby, 1994)
(Duong et al., 1997; M. S. Eby, 1994).

4. Manual method: A human operator selects the most suitable resolution method. This
method is more flexible and human intuition is involved. Additional information, such
as weather, can be incorporated by the decision making. An example is analyzed by
(Hoekstra, 1998) which uses the force field method in combination with human decision
(J.M. Hoekstra, 1998).

It is obtained that for all CD&R method state information of surrounding aircraft is required.
In an signification amount of studies to CD&R. methods,the ADS-B system is identified as
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the key system to obtain and transmit state information between aircraft(Duong et al., 1997;
J.M. Hoekstra, 1998; M. S. Eby, 1994) . However, the ADS-B system is subjected to uncer-
tainties and realities(Bernays et al., 2000; Ali et al., 2013), discussed in the next section.

A-2-2 ADS-B realities and uncertainties

Automatic Dependence Surveillance - Broadcast is a system in which an aircraft automat-
ically transmits its state information and is able to receive traffic information from sur-
rounding aircraft. Aircraft equipped with ADS-B IN are able to receive this signal. In this
literature survey the focus is on the data link between aircraft communicating state infor-
mation using the 1090 MHz frequency (Eurocontrol, n.d.). Further applications of ADS-B
are described in the ADS-B Minimum Aviation System Performance Standards (MASPS)
(RTCA Special Committee 186, 2002) . ADS-B is in several prominent studies identified as
the enabling technology of airborne self separation using CD&R methods (Valenti Clari et al.,
2000; M. Eby & Kelly, 1999).

The following ADS-B message reports are send, including the transmission rate(Eurocontrol,

n.d.):

Airborne positions squitter (2/sec)

Surface position squitter (1/sec)

Airborne velocity squitter (2/sec)

Aircraft identification squitter (0.2/sec)

Operational Status (0.4/sec)

Target state (0.8/sec)

The ADS-B signal transmission is subjected to uncertainties and realities. First of all the
location of the aircraft needs to be determined on-board. Therefore the Global Navigation
Surveillance System (GNSS) and inertial systems are being used (Eurocontrol, n.d.). Since
inertial sensors drift with time, satellite based navigation such as GPS is considered the most
important source for position determination. By (Ali, 2013) it is concluded that ADS-B is a
significant more accurate method to determine positions than radar with horizontal position
error smaller than 150m for 66.7% of the aircraft (Ali et al., 2013).

The range of the ADS-B broadcast message is limited due to several factors. Extensive
measurements to the performance of the ADS-B extended squitter signal have been done by
(Beryans, 2000) and (Ali, 2013) (Bernays et al., 2000; Ali et al., 2013). In these studies was
mainly focused on accuracy and latency of the ADS-B message. In (Beryans, 2000) a quan-
titative assessment of the air to air range of ADS-B equipment is researched (Bernays et al.,
2000). A decreasing reception probability is observed for an increasing range of aircraft.
Besides range, aircraft message interference has to be considered since all ADS-B mode S
communication is performed on the same 1090 MHz frequency. It is found in (Barhydt,
2004) the message interference resulting from overlapping messages at the receiver side can
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be modeled as the sum of multiple Poisson distributions (Barhydt et al., 2004) . The Poisson
distribution is depending the following properties:

e Message transmitting aircraft in range
e Message frequency

o Message duration

In both (Barhydt, 2004) and (Chung et al. 2006) an ADS-B model is created with reception
probability as main output (Barhydt et al., 2004) (Chung & Staab, 2006) . The message
reception probability is modeled as a function of two variables: range between aircraft and
level of interference due to surrounding aircraft.

From the literature review it can be concluded research is done to CD&R methods and the
ADS-B system. Both systems are required for airborne self separation. However, in current
research these two areas are not combined. This research aims to help fill current gap in these
two research areas and study the effect of ADS-B shortcomings on CD&R performance.

A-3 Research question, aims and objectives

The research objective is inspired to fill the gap between two ongoing researcher areas/de-
velopments. On one side the research associated with enabling an unmanaged airspace
environment using CD&R methods and on the other side the the ADS-B system. The goal
of the research associated with this literature review is to study the effects of ADS-B system
characteristics on CD&R performance. The research objective is stated as follows:

Study and analyze the effect of ADS-B realities and uncertainties on the
performance of different CD&R algorithms by implementing an ADS-B model
and perform simulations in the BlueSky simulator.

Several aspects are involved in this research objective. Therefore multiple research question
are defined, each containing sub-questions. The research questions are defined as follows:

1. How is proper reception by aircraft of an ADS-B signal affected?

(a) How can the quality of and ADS-B message be assessed?
(b) How do ADS-B system specifications affect the ADS-B signal reception?
(c) How do external factors affect the ADS-B signal reception?

2. What ADS-B related variables determine the performance of a CD&R, method?

(a) What are suitable metrics to asses the performance of the CD&R method related
to:
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i. Safety?
ii. Efficiency?
iii. Airspace stability?
(b) Which elements of the ADS-B system affect the CD&R performance?

3. How can the effect of ADS-B signal realities and uncertainties on CD&R performance
be evaluated in an experiment/simulation?

(a) What should be the dependent and independent variable in the experiment/simu-
lation?

(b) Which test environments are suitable for assessing the performance of CD&R
method?

The research questions are created, using the SMART method. The research questions are
specific and will lead to measurable results. It is achievable and realistic to research these
topics using the BlueSky simulator. Finally it is discussed with the supervisor if the work to
be done is achievable in 9 months; it was concluded it is. In the literature study a gap was
found linking CD&R. performance and the realities and uncertainties in the ADS-B system.
This research will identify suitable CD&R methods for airborne separation assurance and
analyze the effect of ADS-B realities and uncertainties and by linking these two research
fields. The use of the BlueSky ATM simulator will help performing experiments as discussed
in appendix A-5-1.

A-4 Theoretical Content/Methodology

This section will discuss the theoretical basis of the work that will be undertaken to fulfill
the research objective and answer the research questions stated in appendix B-3. From the
research questions it can be concluded first some level of knowledge is required regarding
the ADS-B system and CD&R methods. A good start for this research is to gain in-depth
knowledge about these two topics. Different papers are found discussing the realities and un-
certainties in the ADS-B system (Barhydt et al., 2004; Bernays et al., 2000). This research is
a good base for developing and ADS-B system model. The state of the art resarch considering
the ADS-B system has been discussed in more detail in appendix B-2-3. A software-model of
the ADS-B system can be generated; linking a specific reception probability of a message to
factors like range between two aircraft and number of interfering aircraft.

Additionally, knowledge about CD&R methods needs to be obtained. Research done by
(Kuchar, 2000) is found where an comparison between multiple methods is performed
(Kuchar & Yang, 2000). In this research several categories of CD&R methods are discussed
and gives a good general overview of suitable CD&R. applications for airborne separation
assurance. CD&R methods have been further discussed in appendix B-2-2. Using this knowl-
edge suitable CD&R, methods can be evaluated to study the effect of the ADS-B realities
and uncertainties. Since these need to be implemented and tested in the BlueSky simula-
tor, knowledge regarding the Python programming language and the BlueSky Simulator is
required. Subsequently an air traffic scenario needs to be designed in which all the aspects re-
garding CD&R performance are evaluated. Before the experiments an hypothesis is stated. It
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is assumed the performance of CD&R methods degrades with increasing ADS-B uncertainty
and reality effects. However, this should be confirmed by experiments. Data will be logged
and analyzed to study the effect of ADS-B realities and uncertainties on different CD&R
methods. By analyzing the generated data in the experiments the goal is to quantify the
performance of different CD&R methods in case an ADS-B model is implemented.

A-5 Experimental Set-up

This research will use the BlueSky open air traffic simulator as discussed in appendix A-5-1.
In the BlueSky simulator air traffic scenarios can be loaded and analyzed. Different types of
airborne separation assurance systems using CD&R methods will be assessed. Subsequently
the performance of these methods can be analyzed. Since no ADS-B model is available and
the current use of CD&R methods doesn’t allow the use of ADS-B data, adaption to the
BlueSky simulator need to be made. Different CD&R methods will be evaluated with a
range of ADS-B settings using a specific air traffic scenario. Subsequently data regarding the
performance of these CD&R methods will be logged. The performance can be assessed in
different ways, focusing on safety and efficiency. Examples of safety related metrics are the
number of separations losses and severity of a separation loss (duration of separation loss,
crossing distance, etc.). Besides safety also the efficiency should be considered. Efficiency
can be measured with respect to flight time and distance traveled. These metrics will answer
the research questions relating the ADS-B system uncertainties and realities to the CD&R
performance. Experimental variables are further discussed in appendix A-6. General, in re-
search the results and mathematical model need to be validated wit a physical representation.
However, with the resources available for this research this is not a feasible option. Therefore
this research is limited to performing computational simulations only.

A-5-1 BlueSky open air traffic simulator

An air traffic simulation environment has been developed at the TU Delft, called BlueSky.
The goal of BlueSky is to provide everybody who wants to visualize, analyze or simulate air
traffic with a tool to do so without any restrictions, licenses or limitations. It can be copied,
modified, cited, etc. without any limitations (J. Hoekstra, 2015). The BlueSky simulator
is written in the Python(2.xx) programming language and uses pygame for visualization. A
screen shot is shown in fig. A-1.

The BlueSky simulation environment has build-in features like airborne separation assur-
ance, different conflict detection and resolution methods, data-log options and much more
(J. Hoekstra, 2015). Due to it’s open-source character it is possible to implement new fea-
tures such as an ADS-B model.

A-6 Results, Outcome and Relevance

As stated in appendix A-5 suitable air traffic scenarios need to be generated, covering different
aspects of conflict detection and resolution performance. An example of these variables are
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Figure A-1: BlueSky Simulator environment

the following:

e Air traffic density: number of aircraft per unit area.

e Conflict angle: the conflict angle can influence the performance of CD&R methods.
Therefore a good mix of conflicts angles needs to be present in the test scenario.

e Aircraft states: the effect of a range in aircraft states needs to be evaluated.

Since the effect of the ADS-B system on CD&R performance will be evaluated, different
settings of ADS-B system variables need to be tested. In (Barhydt, 2004) and (Chung et al.,
2006) the ADS-B system is modeled with variables such as reception probability dependent
on range and interference level (Barhydt et al., 2004; Chung & Staab, 2006). Other ADS-B
related variables are latency and truncation effect. Therefore suitable independent variables
in the experiment are sensitivity of reception probability and interference, latency duration
and state accuracy of the ADS-B system. The metrics assessing the performance in terms of
safety and efficiency of a CD&R method are the dependent variables. A lot of the dependent
variables are related to Loss of Seperation (LOS); an occurnce where no safe separation
between two aircraft is maintained. An overview of these variables is shown in table A-1.

From the performed experiments the relation between ADS-B signal quality and CD&R per-
formance can be concluded. This research can help contributing to a framework for further
selection of suitable airborne separation assurance methods in aviation.
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Table A-1: Dependent and independent variables in experiment.

Type ‘ Variable Number of variables ‘ Unit ‘
Independent ADS-B setting 3 -]
Independent | Air Traffic density 3 [ ]\‘;11\32]
Independent | CD&R method 3 ]
Independent Total 27 ]

Dependent Number of LOS - [LOS]
Dependent | Duration of LOS - [s]
Dependent | Distance traveled - [m]
Dependent Time of flight - [s]

A-7 Project Planning and Gantt Chart

A Gantt chart is created to visualize and easily monitor the progress during the project. The
project is divided in two parts; the preliminary phase and the main phase. The Gantt chart
of the preliminary phase and the main phase are shown in fig. A-2 and fig. A-3 respectively.
The preliminary phase consists of several parts with a duration of 4 months, starting with the
orientation phase. First the kick-off meeting is held to discuss the research with the supervi-
sors. Subsequently a literature study is performed in the orientation phase. Synchronously
with the literature study familiarization with the Python programming language and the
BlueSky simulator is performed. After the orientation phase the developed ADS-B model
will be implemented in the BlueSky simulator and tested. Some preliminary simulations are
performed and the findings so-far are documented. The preliminary phase is concluded with
the preliminary presentation (mid-term review). In case an iteration is needed for completing
the preliminary phase a delay of 1 or 2 weeks is taken into account.

After the preliminary phase the main phase is started with a planned duration of 5 months.
The ADS-B model is further developed, implemented and tested in the BlueSky simulator.
Experiment assessing the performance and effect of the ADS-B system on CD&R performance
are generated. A month before the final thesis deadline the results so far are handed to the
supervisors during the ” Green light review”. Any remarks or comments considering the result
so far by the supervisors are implemented in an iterative manner. If sufficient, the final thesis
phase is started. Finally the results are reported and presented to the public. Holiday and
possible unforeseen delays are taken in consideration in the Gantt chart.
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A-8 Conclusions

This project plan gives an outline of the aspects involved and an approach to research the
effect of ADS-B uncertainties and realities on CD&R performance. Due to the growth of air
traffic and new developments in the UAV area a modernization of current air space structure
is required. The general consensus is a shift from ground-based controller to an airborne
controller. Airborne self separation enables the concept of free flight; instead of following
structured air-routes pilots can navigate from A to B themselves resulting in environmental,
safety and economical gains. Developments in ADS-B technology provide state exchange
between aircraft enabling airborne self separation using CD&R methods.

In the Literature study it was found the ADS-B system is subjected to uncertainties and
realities. The link between the ADS-B system and its effect on CD&R methods has not
been analyzed. Research investigating the effects of these limitations on the performance
of CD&R algorithms should be performed and can be used to determine the feasibility of
airborne self separation. In the literature review two key research areas were defined; ADS-
B system performance and CD&R. algorithms. Several properties of the ADS-B system,
such as reception probability, accuracy and latency, are identified as factors influencing the
performance of CD&R methods. Different categories of CD&R methods are discussed. Based
on the literature study the research objective and multiple research questions are formulated
based on SMART criteria. The theoretical content is discussed to answer these research
questions and fulfill the research objective.

The experiment set-up, computational based modeling and simulation is discussed in more
detail. The BlueSky simulator is introduced: A simulation environment suitable for evaluating
air traffic scenarios, developed at the Delft University of Technology. The open-source char-
acter enables the implementation of an ADS-B system. Subsequently different metrics can
be logged to relate the performance of ADS-B characteristics to CD&R performance. The
results and outcome are discussed subsequently. Finally different work packages are created
with an estimation of the amount of time involved. Also important milestones are identified
and (possible) required iterations are taken into account. These work packages and milestones
are used in creating Gantt chars. Two Gantt charts are created; one for the preliminary phase
and one four the main thesis phase with an estimated duration of 4 and 5 month respectively.
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Literature Review

The aim of this literature review is to obtain an overview of performed research
related to the research topic; unmanaged airspace, the ADS-B system and CD&R
methods. Therefore literature related to the the ADS-B data link are studied.
Subsequently different CD&R algorithms and their applicability to the unman-
aged airspace concept are assessed using different scientific sources. It is found
that the ADS-B data performance is degraded by interference of surrounding
aircraft and range between two aircraft. Elaborate research studying the effect
of ADS-B effects on CD&R performance has not been found. This research will
fill this gap by evaluating the effect of ADS-B realities on different CD&R meth-
ods by modeling the ADS-B data link and simulate several unmanaged airspace
scenarios.

B-1 Introduction

To process the increasing demand of air traffic in a safe and economic way a moderniza-
tion of the current air traffic management system is required (SESAR Consortium, 2012;
Francisco & Louisville, 2014). The current system consists of specified air routes, so called
‘highways-in-the-sky’, along which air traffic is directed by air traffic controllers. The pilot
must follow instructions from the Air Traffic Controller (AT Co) and ask permission for route
changes. The ATCo is therefore responsible of maintaining a safe distance between aircraft
and sustain an efficient flow of traffic.

However, the increase in air traffic and developments in UAV technology require a new
approach of Air Traffic Control (ATC) (Ballin et al., 1999; Valenti Clari et al., 2000;
Conde et al., 2012). Current development in Air Traffic Management (ATM) strategies show
a responsibility shift from the ground-based controller to the pilot in the cockpit to sustain
separation standards between aircraft. The controller is responsible of maintaining a safe
separation between aircraft and ensure a good traffic flow (Ellerbroek, 2013; Barhydt et al.,
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2004). An airborne controller will enable the concept of unmanaged airspace; instead of
following specified air routes, pilots are able to plan their own route to their destination. In
(Hoekstra, 2002) it is concluded that in an unmanaged airspace environment the subjective
safety was equal or better than using a ground-based controller(J. M. Hoekstra et al., 2000).
Besides safety other important aspects are studied, such as efficiency and airspace stability.
Unmanaged airspace will enable the pilots to fly more efficient routes, resulting in time,
environmental and financial gains (Valenti Clari et al., 2000). A crucial element is airborne
separation assurance; the minimum separations standards of aircraft need to be maintained.
Conflict detection and resolution methods can be used to aid air traffic controllers to
maintain the minimum separation requirements, or can be used for fully automatic sepa-
ration (Kuchar & Yang, 2000). ADS-B technology enables the application of new airborne
separation assurance systems (Ellerbroek, 2013). ADS-B is a direct data-link between
aircraft through which these transmit and receive state information like position, velocity
and intend from surrounding aircraft (RTCA Special Committee 186, 2002). However, the
performance of the ADS-B signal is limited (Barhydt et al., 2004; Bernays et al., 2000).

Several studies are performed to a distributed air ground traffic management system, with
humans in the loop (Ballin et al., 1999; J. M. Hoekstra et al., 2000), and with an ADS-B
model included (Barhydt et al., 2004). However, the effect of the ADS-B signal quality on
the performance of CD&R algorithms has not been researched. Therefore the research goal
is to study the effect of ADS-B realities and uncertainties on the performance of different
airborne CD&R algorithms by implementing a ADS-B model in the BlueSky simulator. The
corresponding research question is defined as:

”What is the quantitative effect of ADS-B uncertainties and realities on CD&R
performance with respect to safety, efficiency and airspace stability?”

This literature review elaborates on the different CD&R methods and ADS-B signal char-
acteristics. This report starts with a literature review in appendix B-2. The results and a
analysis of this literature review is done in appendix B-3. Finally this literature review is
concluded in appendix B-4 with a plan on how to fill this gap in current research.

B-2 State of the art / Literature review

Different aspects are involved in this research project. Therefore this section is divided
in several subsections, each reviewing a relevant research area of the work carried out by
other researchers. In appendix B-2-1 the unamanaged airspace concept is explained. In
appendix B-2-2 conflict detection and resolution methods are analyzed. Subsequently the
ADS-B signal is discussed in appendix B-2-3. Finally it is discussed in appendix B-2-4 how
this research field fits in the current time framework.

B-2-1 Unmanaged airspace

As stated in several reports it is expected the air traffic demand will grow in the future
(SESAR Consortium, 2012; Francisco & Louisville, 2014). To be able to process the air
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traffic flow in a safe, efficient en economical manner, a shift from ground controller to
cockpit responsibility is proposed in several papers(Valenti Clari et al., 2000; J.M. Hoekstra,
1998; Ellerbroek, 2013). The main advantages are a decrease in controller workload,
found in (Ellerbroek, 2013) (Ellerbroek, 2013) and a capacity increase (Hoekstra, 1998)
(J.M. Hoekstra, 1998).

The definition of unamanged airspace 1is that all constraints of ATCo are
lifted(M. Eby & Kelly, 1999; J.M. Hoekstra, 1998); a pilot is responsible for separa-
tion with respect to other aircraft and can plan his or her route freely. According to several
studies the main advantages of free flight are: safety, robustness and environmental gains
(M. Eby & Kelly, 1999; Duong et al., 1997). It is found that the effect on system stability
by additional trajectory deviations was low (Bilimoria et al., 2000). The capacity of the
airspace is increased by implementing the unmanaged airspace concept, that will otherwise
be constrained by a centralized ground-based system (Ballin et al., 1999). Besides the
performance gains also the acceptability of the users (aircrew) has been researched. In
(Hoekstra, 2000) it is concluded that in a free-flight environment the subjective safety was
equal or better than using a ground-based controller (J. M. Hoekstra et al., 2000). Many
of the papers refer to Conflict Detect and Resolution (CD&R) techniques to predict the
occurrence of future conflicts and determine possible resolutions. Therefore different CD&R
techniques are discussed in the next subsection.

B-2-2 Conflict Detection and Resolution

The goal of the CD&R system is to predict the occurance of a conflict, subsequently
communicate the detected conflict to a human operator and guide in resolving the conflict
(Kuchar & Yang, 2000). Other ways of resolving are also proposed; such as fully automatic
decision making (Introduction, 2006). Conflict detection and resolution can be divided in
two parts. A good definition is stated in (Kuchar et al., 2000) (Kuchar & Yang, 2000):

"Conflict detection can be thought of as the process of deciding when action should be
taken and conflict resolution involves determining how or what action should be performed”.

However, different techniques can be used for conflict detection and resolution. These
are discussed in the following two paragraphs.

The first part is conflict detection. To detect a conflict state information of surrounding
aircraft needs to be known. These states (location, velocity, heading) provide an estimate
of the current air traffic situation. With the states of the aircraft a dynamic trajectory can
be created to predict future conflicts. In general two methods are used in literature: state
based and intent based trajectory planning (Kuchar & Yang, 2000; Prandini et al., 2000).
In (Kuchar et al., 2000) both methods are discussed (Kuchar & Yang, 2000). State-based
trajectory planing consists of extrapolation of the most recent speed vector of the aircraft.
Intent-based trajectory planning uses for example the flight plan to incorporate the intend of
a specific aircraft in the trajectory planning. However, these prediction methods have some
level of inaccuracy, increasing with look-ahead time and time interval of the state update
(Kuchar & Yang, 2000; Prandini et al., 2000). For en-route air traffic, the scope of this
research, state-based trajectory planning is considered the most suitable trajectory planning
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method (Kuchar & Yang, 2000).

Several studies are performed on predicting the future state of aircraft. In (Kuchar et al.,
2000) three different state-based trajectory planning methods are discussed (Kuchar & Yang,
2000). First the nominal projection methods is described as extrapolating the current
speed vector. The second method is the worst-case projection. All possible locations of
the aircraft (assuming a wide range of possible maneuvers inside the flight envelope) are
considered as possible aircraft locations. This results in a large area where a conflict might
occur. This method is very conservative but will have a high false-alarm rate. Finally the
probabilistic method is discussed. In this method different future trajectories are assigned
a probability of the aircraft following this trajectory. This method can be considered as
a balance of the two earlier described methods. Al three state propagation methods are
visualized in figure fig. B-1. For en-route flying most part of the aircraft path is a straight
line between two points, for which nominal projection is the most suitable (J.M. Hoekstra,
1998). Therefore the main focus for this research should be on the nominal projection method.

A A A

(@) (b) (c)

Figure B-1: From left to right: nominal projection, worst-case projection, probabilistic method.
Figure from (Kuchar et al, 2000) (Kuchar & Yang, 2000).

The second part of conflict detection and resolution is resolution. A good base for the discus-
sion of several CD&R algorithms done by (Kuchar et al., 2000) (Kuchar & Yang, 2000), in
which 68 CD&R modeling methods, focused at non-human-centered issues, are discussed and
compared. Several conflict detection methods are already discussed above. Four categories
are created with respect to conflict resolution methods.

1. Prescribed method: a fixed maneuver is performed in case of conflict. An example is
found in (Kuchar, 1997) (Kuchar & Carpenter, 1997). This method however is mostly
suitable for terrain and runway related conflicts.

2. Optimization method: In general a kinematic model is combined with a set of cost
metrics. Subsequently an optimal resolution strategy is determined based on the cost
metric. The cost metric can be for example fuel, time, workload or separation distance.
Techniques such as genetic algorithms and fuzzy control are being used (Kuchar & Yang,
2000).

3. Force field method: These methods model the aircraft as similar charged particles and
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will generate a repulsive force. Examples are (Duong et al., 1997) and (Eby, 1994)
(Duong et al., 1997; M. S. Eby, 1994).

4. Manual method: A human operator selects the most suitable resolution method. This
method is more flexible and human intuition is involved. Additional information, such
as weather, can be incorporated by the decision making. An example is found in
(Hoekstra et al., 1998) which uses the force field method in combination with human
decision(J.M. Hoekstra, 1998).

It should be noted that the developers of the CD&R algorithms in (Kuchar et al., 2000)
(Kuchar & Yang, 2000) separately tested and evaluated the performance of their algorithm.
In the paper only the basic working principles and capabilities are discussed and compared.
To have a fair comparison, experiments of different CD&R algorithms using the same test
scenario and same measuring performance metrics should be performed and analyzed.

B-2-3 ADS-B realities and uncertainties

Automatic Dependence Surveillance - Broadcast is a system in which an aircraft automatically
transmits its state information and is able to receive information from other aircraft. A class
of ADS-B is ADS-Broadcast (mode-S) Extended Squiter; the aircraft broadcasts its state
with time intervals in the order of seconds in an omni-directional manner. Aircraft equipped
with ADS-B IN are able to receive this signal. Besides state data also weather related data
can be received. In this literature survey the focus is on the data link between aircraft
communicating state information using the 1090 MHz frequency (Eurocontrol, n.d.). Further
applications of ADS-B are described in the ADS-B Minimum Aviation System Performance
Standards (MASPS) (RTCA Special Committee 186, 2002) . ADS-B is in several prominent
studies identified as the enabling technology of airborne self separation (Barhydt et al., 2004;
M. Eby & Kelly, 1999; J. Hoekstra et al., 2003).

The following ADS-B message reports are send, including the transmission rate(Eurocontrol,
n.d.):

Airborne positions squitter (2/sec)

Surface position squitter (1/sec)

Airborne velocity squitter (2/sec)

Aircraft identification squitter (0.2/sec)

e Operational Status (0.4/sec)

e Target state (0.8/sec)
The ADS-B signal transmission is subjected to uncertainties and realities. First of all the
location of the aircraft needs to be determined on-board. Therefore the Global Navigation
Surveillance System (GNSS) and inertial systems are being used. Since inertial sensors drift

with time, satellite based navigation such as GPS is considered the most important source
for position determination. By (Ali, 2013) it is concluded that ADS-B is a significant more
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accurate method to determine positions than radar with horizontal position error smaller
than 150m for 66.7% of the aircraft (Ali et al., 2013).

The range of the ADS-B broadcast message is limited due to several factors. FExtensive
measurements to the performance of the ADS-B extended squitter signal have been done
in (Bernays et al., 2000) and (Ali, 2013) (Bernays et al., 2000; Ali et al., 2013). In these
studies tha main focus was on accuracy and latency of the ADS-B message. In (Bernays et
al., 2000) a quantitative assessment of the air to air range of ADS-B equipment is researched
(Bernays et al., 2000). A decreasing reception probability is observed for an increasing range
of aircraft. Besides range, aircraft message interference has to be considered since all ADS-
B mode S communication is performed on the same 1090 MHz frequency. It is found in
(Barhydt, 2004) the message interference resulting from overlapping messages at the receiver
side can be modeled as the sum of multiple Poisson distributions(Barhydt et al., 2004) . The
Poisson distribution is depending the following properties:

e Messeage transmitting aircraft in range
e Message frequency

o Message duration

In both (Barhydt, 2004) and (Chung, 2006) an ADS-B model is created with reception
probability as main output (Barhydt et al., 2004; Chung & Staab, 2006). The message
reception probability is modeled as a function of two variables: range between aircraft and
level of interference due to surrounding aircraft.

It should be noted that the receiving aircraft does not have the real-time state information
of the other aircraft. Aircraft A generates a position report and sends this to Aircraft B.
However Aircraft A needs some time to send the ADS-B message and aircraft B needs some
time to process the ADS-B message. Therefore latency affects the performance of the CD&R
method. In Framework for ADS-B Performance Assessment: the London TMA Case Study
it is found the latency due to processing is less than a second (Ali et al., 2013).

As sated above aircraft don’t send their ADS-B report continuously. In (Barhydt, 2004) and
(Chung, 2006) it is analyzed how the transmission frequency affects the message reception
probability due to interference (Barhydt et al., 2004; Chung & Staab, 2006). However
because of the transmission frequency of ADS-B message the aircraft is not aware of the
aircraft state for a certain time interval. Therefore the transmit frequency is a trade-off
between an allowable message reception probability caused by interference and a sufficient
update rate of state information.

Only a specific amount of bits are reserved for a specific state in the ADS-B message.
Therefore the accuracy of a state can not be described with infinite accuracy. The truncation
effect should be considered.

It can be stated the general consensus is a transition of a ground-based controller to an
airborne controller is expected. This will improve airspace capacity and enable the integration
of UAVs in current airspace. Two important areas are defined for this research; CD&R and the
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ADS-B system. Different type of conflict detection methods were found. Of those the nominal
projection method with a fixed look-ahead time is identified as the most suitable one for en-
route flight. Subsequently different type of CD&R methods were found and their general
outline was discussed. However, all CD&R methods need state information of surrounding
aircraft, which can be provided by the ADS-B system.

B-2-4 Research in current time framework

It should be noted there is a large research gap in the area of unmanaged airspace and conflict
detection and resolution in the first decade of this millennium. This can be explained by the
terrorist attacks on the world trade center in 2001. The ATM research field tended to be
much more conservative after these attacks. Currently the research topics has gained more
attention due to the developments in the UAV area. CD&R is a promising technology to
integrate UAV technology with current air traffic. As stated above a key-technology for using
airborne self separation is ADS-B technology. When an aircraft is aware of its surround air
traffic it can apply conflict detection and resolution methods. However, the ADS-B system
is not perfect. No extensive research is performed to assess the effect of ADS-B realities and
uncertainties on conflict detection and resolution performance.

B-3 Results and Analysis

In several articles in section appendix B-2 it is concluded that a novel structure of airspace
is needed to comply with future airspace demand due to increase in air traffic and devel-
opments in the UAV area (Conde et al., 2012). The vast majority of these studies predict
a shift from ground-based centered control to airborne centered control (Ellerbroek, 2013;
J. Hoekstra et al., 2003). Promising results is the unmanaged airspace, or free flight concept
(J.M. Hoekstra, 1998). In this review the nominal projection has been used in combination
with the modified voltage potential as a CDR methods. However also different CDR methods
are proposed in (Kuchar et al., 1997) (Kuchar & Carpenter, 1997).

In general three different type of conflict detection are used in literature; nominal projection,
worst-case projection and probabilistic projection. For each method a look-ahead time
is being used to determining the future state of the aircraft using extrapolation. The
nominal projections assumes one specific future location of the aircraft while the other two
methods use an area where the the aircraft can be located. Each method is a trade-off
between conservatism (safety) and false alarm rate (Kuchar & Carpenter, 1997). Several
CDR methods are discussed and evaluated. This paper is a good reference to obtain a good
overview of different CDR methods. The conflict resolution methods can be divided in four
categories, namely prescribed, optimized, force field an manual.

Several studies are performed analyzing the ADS-B signal. (Ali, 2013) uses measurements
are performed analyzing the accuracy and update rate of the ADS-B signal (Ali et al., 2013).
In (Bernays, 2000) measurements are performed to analyze the reception probability between
two aircraft with range as the independent variable (Bernays et al., 2000). Besides analyz-
ing also different research is performed modeling the ADS-B signal. In (Barhydt, 2004) a
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reception probability model for an ADS-B message is generated based on range between two
aircraft and number of surrounding aircraft causing interference (Barhydt et al., 2004). A
similar approach is used by (Chung, 2006) (Chung & Staab, 2006). In this research the re-
ception probability model is validated with real-life measurement data from (Bernays, 2000)
(Bernays et al., 2000). The research done to modeling of the ADS-B and measurements can
be used to analyze the ADS-B system limitation and generate a reception model. Subse-
quently this model can be used in CD&R methods and the effect of the ADS-B realities and
uncertainties on CD&R performance can be analyzed.

B-4 Discussions and Conclusions

From the literature in this survey several conclusion can be made. First of all a new structure
of airspace will enable more efficient, safer flight and higher airspace capacity. The general
tendency in aviation is that the ground-based controller will be replaced in an airborne self
separation system. The infrastructure foundation is available; such the implementation of the
ADS-B system.

Secondly the different aspects involved in airborne self separation assurance are identified and
discussed in appendix B-2; conflict detection and resolution methods and the ADS-B system.
Conflict detection and resolution methods are based on state information of surrounding
aircraft. In this research en-route traffic is analyzed. A nominal projection method, and a
look-ahead time of around 5 minutes is optimal for CD&R for traffic during the en-route phase.

A recent development, ADS-B technology, enables sate information exchange between air-
craft. However, the ADS-B system doesn’t provide a continuous and perfect information link.
The ADS-B system is subjected to realities and uncertainties such as a decreasing reception
probability with increasing interference level and range between two aircraft. To develop a
functional airborne self separation system, the effect of these system realities and uncertain-
ties needs to be assessed. Al tough some literature was found analyzing the realities and
uncertainties of the ADS-B system no research was found where its effects are related to the
performance of CD&R methods. Therefore the research associated with this literature review
aims to contribute to analyze the effect of these realities and uncertainties on different CD&R
methods. An ADS-B reception model needs to be developed, implementing the situational
and system related effects. Subsequently the performance of different CDR methods will be
analyzed.
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SESAR innovation days paper

A shortened paper (8 pages) will be submitted to the SESAR innovation days 2016. The
sixth SESAR innovation days are hosted by the Technical University of Delft from the 8'A to
the 10°h of November 2016. This appendix contains the to be submitted paper.
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Effect of ADS-B Characteristics on Airborne
Conflict Detection and Resolution

Thom Langejan, Emmanuel Sunil, Joost Ellerbroek and Jacco M. Hoekstra

Abstract—Most Free-Flight concepts rely on self-separation by
means of airborne Conflict Detection and Resolution (CD&R)
algorithms. A key enabling technology for airborne CD&R is the
Automatic Dependent Surveillance-Broadcast (ADS-B) system,
which is used for direct state information exchange between
aircraft. Similar to other communication systems, ADS-B is
affected by a number of limitations which can be broadly
classified as system and situation related deficiencies. This re-
search investigates the impact of these limitations on the viability
of using ADS-B for airborne CD&R within the Free-Flight
context. Here, ‘state-based’ conflict detection and the modified
voltage potential conflict resolution algorithm are used as a case-
study. An ADS-B model is developed, and its effect on the
aforementioned CD&R method is measured using three fast-
time simulation experiments. The experiments studied overall
safety with ADS-B, as well as the specific effect of situation
related characteristics, i.e., transmission range and interference,
on safety. The results indicated that the overall safety with ADS-
B was comparable to the case where perfect state information
was assumed. Additionally, it was found that increasing ADS-
B transmission range also increased signal interference, which
in turn lowered safety. This suggests that the degrading effect
of ADS-B signal interference should be considered in future
airborne CD&R research, particularly for high traffic densities.

Index Terms—ADS-B, Free Flight, Conflict Detection and
Resolution (CD&R), Modified Voltage Potential (MVP), Air
Traffic Management (ATM), Safety, Self-Separation, BlueSky
ATM Simulator

I. INTRODUCTION

HE Free-Flight Air Traffic Management (ATM) concept
has been proposed as a means of increasing airspace
safety, efficiency and capacity by permitting user defined
trajectories. Most Free-Flight concepts rely on self-separation
using airborne Conflict Detection and Resolution (CD&R)
automation. As airborne CD&R requires information sharing
between aircraft, a system for inter-aircraft communication is
required. In Free-Flight literature, this information sharing is
often achieved using the Automatic Dependent Surveillance-
Broadcast (ADS-B) system. Aircraft equipped with ADS-B
transmitters periodically broadcast their own state information,
such as position and velocity, using data obtained from on-
board sensors. Aircraft can also receive this information from
neighboring traffic, which can in turn be used for detecting
and resolving conflicts.
Similar to other data-link systems, ADS-B has a number
of limitations that affect the quality of the transmitted and
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received information. These limitations can be broadly clas-
sified as system and situation related deficiencies. System
related limitations affect the accuracy of the transmitted state
information. This is not only affected by the accuracy of
on-board sensors, but also by the number of bits available
for (digital) data encoding. For example, ABS-B position
messages are only accurate to within 30 meters of the true
position, even though the Global Positioning System (GPS),
which is the underlying system used for measuring aircraft
position, is accurate up to 7.8 meters [1]. On the other hand,
situation related deficiencies reduce ADS-B message detect
and decode probability due to the distance between aircraft
and due to signal interference[2].

Despite these limitations, much of the previous work on
airborne CD&R, particularly studies related to the devel-
opment of novel conflict resolution methods, have assumed
perfect state information exchange between aircraft. Thus, it
is as yet unknown whether the ADS-B system is actually
capable of providing usable state information for airborne
CD&R purposes. Furthermore, the extent to which the safety
of CD&R methods is affected by ADS-B limitations is also
unknown.

The research that is presented in this paper represents the
initial work done towards understanding the effect of ADS-B
on self-separation safety by focusing on one particular airborne
CD&R method. Given the plethora of CD&R methods, the
frequently used ‘state-based’ Conflict Detection (CD) method,
and the Modified Voltage Potential (MVP) Conflict Resolution
(CR) algorithm, have been selected as a case-study. An ADS-
B model is developed, and its effect on state-based CD and
the MVP CR algorithm are measured using three fast-time
simulation experiments. The goal of the first experiment is
to determine the overall safety with ADS-B. To this end, an
ABS-B system based on Minimum Operational Performance
Specifications (MOPS) [3] is compared to one that is based on
measured actual performance [4], and to the case where perfect
state information is used. The second and third experiments
focus on the specific effect of situation related characteristics,
i.e., transmission range and interference, on safety.

This paper is organized as follows. An overview of the Au-
tomatic Dependent Surveillance-Broadcast (ADS-B) system
and its model derivation is described in Section II. Details
of the three experiments used to study the safety impact of
ADS-B, as well as a description of the Conflict Detection &
Resolution (CD&R) method used are presented in Section III.
The results are presented and discussed in Section IV. This
paper ends with the main conclusions in Section V.



II. ADS-B MODEL

In this research, the focus is on the airborne ADS-B link be-
tween aircraft, enabled by ADS-B IN/OUT. ADS-B transmits
specific state information in an omnidirectional manner, called
squitter. The following different type of squitter messages
exist, with their corresponding transmission rate:

o Airborne positions squitter (2 Hz)

o Surface position squitter (1 Hz)

« Airborne velocity squitter (2 Hz)

o Aircraft identification squitter (0.2 Hz)
o Operational Status (0.4 Hz)

o Target state (0.8 Hz)

The messages are transmitted using Pulse Position Modula-
tion (PPM) on the 1090 MHz carrier frequency. Each message
contains 120 bits and is transmitted at 1 Mbps, resulting in a
message duration of 120 us.

Two main elements can be identified affecting the ADS-B
system performance; system and situational related elements.
System related elements affect the accuracy of an ADS-B
message, while situation related elements mostly affect the
probability of proper detection and decoding of an ADS-
B message. A schematic overview is shown in Figure 1.
Both elements are discussed and modeled in the following
subsections.

ADS-B
Elements
System related Situation related
I
Accuracy Timing Reception Probability
State accuracy Update rate Range
Truncation Latency Interference

Figure 1: Schematic overview of elements degrading ADS-B
performance.

A. System Related ADS-B Elements

The quality of an ADS-B message is affected by truncation,
state accuracy and latency.

Truncation

The position reports contain latitude and longitude locations.
Only 6 significant digits are available for transmission. Using
the Haversine function, and a position described in longitude
and latitude with a six digit significance level results in a
accuracy ranging from 9 to 17 m, depending on the location
on the earth.

State Accuracy

In addition to the truncation effect, the accuracy of the
on-board measurement sensors affects the location precision.
Location is determined wusing the Global Navigation
Surveillance System (GNSS). In [1] it is that found a GPS

measurement has an accuracy of <7.8 meter with a 95%
confidence interval.

Latency

Generating and transmitting an ADS-B report results in a
latency in the order of 20 milliseconds. This system delay
results in a position error in the order of tens of meters.

Based on the truncation, accuracy and latency, the position
accuracy of an ADS-B report can be modeled as a standard
normal distribution with a standard deviation of 30 meters.

B. Situation Related ADS-B Elements

The situation related elements affect the detect and decode
probability of an ADS-B report, caused by range and
interference. Analytical models for these two aspects are
discussed below.

Range

The derivation of an analytical model between distance and
detect/decode probability is based on the 1090 Extended Squit-
ter (ES) Minimum Operational Performance Specifications
(MOPS) [3]. The general approach, described in [2], [5], is
followed. This derivation consists of 5 steps.

Step 1: The derivation begins by computing the Free Space
Path Loss (FSPL) for the 1090 MHz frequency.

B Ardf?

FSPL(d) (1)

In Equation (1) ¢ (speed of light) and f (carrier frequency)
are constant. The FSPL per Nautical Mile (NM) is shown in
Equation (2).
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Step 2: The second step is to obtain the relation between
distance and received power (S,..) for a specific transmit
power (Strans), shown in Equation (3).
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In Equation (3), (Strans — F'SPL1n ) equals the received
power at a distance of 1 Nautical Mile (NM), called Syc._ 1w,
for a transmitted power of Si.qns. Rewriting this equation,
a relation between distance and received power is obtained,
shown in Section II-B.
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Step 3: In this step the detect and decode probability of
an ADS-B report (without interference) is modeled as an
exponential function of received signal power (Syc.). At
the maximum reception distance, r¢, the detect and decode
probability is set to zero. The received power at rg is defined



as S;eco [3]. The variable & is added to scale the curve of the
reception probability function, resulting in Equation (5).
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Step 4: The distance between transmitter and receiver for a
detect and decode probability of zero, as a function of range
(instead of received power), can be obtained by substituting
Section II-B in Equation (5):
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The received power Sy results in a zero detect and decode
probability with the corresponding distance 7y. Using Sec-
tion II-B, rq is obtained as shown in Equation (7)
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The inverse of Equation (7) is substituted in Equation (6)
to obtain Equation (8).
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Equation (8) is used to determine the no-interference reception
probability as a function range, using a fixed transmit power,
Strans~
Step 5: For the final step, the value of the scaling variable
k is determined. In [3] a minimum triggering level (Sys7r)
of -90 dBm for Class A3 equipped commercial transport is
defined with the following requirements:

1) If link margin (Syec — Syrr) = 3dB the minimum
reception probability should be > 0.99.

2) If link margin (Syec — Syrrr) = -3dB the minimum
reception probability should be > 0.15.

Substituting these values in Equation (5) results in a scaling
factor k£ of 6.4314. In this model, it should be noted that the
maximum reception distance, 7o, is a function of transmit
power (Strans) and sensor sensitivity (Syeco).

The following assumptions are made in the detect and
decode probability model derived with respect to range:

1) Omni-directional antenna used by transmitting and re-
ceiving aircraft.

2) A constant noise level on the 1090 MHz frequency is
assumed, based on [3].

3) No multi-path effects.

4) Weather related effects are not taken into account.

5) No shielding by aircraft of ADS-B transmitter/receiver
antenna.

Interference
If multiple ADS-B messages are received simultaneously at
a receiver, it may not be possible to decode the received

ADS-B signal

— Interferring signal
' ] — Original signal

| | I I I

0.0 0.5 1.0 1.5 2.0 2.5 3.0
%106

Normalized amplitude [-]
o
o

Timels]

Figure 2: Interference effect; bits from the original signal
cannot be decoded anymore due to interference.

messages depending on the degree of overlap. This effect is
called interference, and is visualized in Figure 2.

To model the effect of interference on detect and decode
probability, the Poisson distribution, shown in Equation (9),
has been used. This probability distribution is generally used
to calculate the number of events occurring during a specified
time interval:

A 67)\15

k!’
In this equation, X is the expected number of events occurring
in unit time, t is the interval length, X is the number of events
occurring in interval of length t, and P is the probability of X
occurrences in an interval of length t.

The different ADS-B transmission rates, discussed in the
previous section for the 6 different ADS-B reports, are con-
sidered. Each message has a duration of 120y seconds and a
total update rate of 6.4 Hz is obtained. The effect of the Traffic
Collision Avoidance System (TCAS), transmitted on the same
frequency is also added. The following assumptions are made:

P[X = k] = (At) k=0,1,2,.. 9)

1) No de-garbling is used. De-garbling can be modeled by
selecting a lower message duration.

2) ADS-B message is modeled as 1 message, containing
all the state information (instead of several different
messages).

A is calculated by the summation of the message update
frequencies (F,pdate), multiplied by the number of aircraft
within range (IV,.), shown in Equation (10).

A= Nac : Fupdate (10)

Assume a message is received at t=0. The duration of an
ADS-B message 7 is 120us, equal to the time variable in
Equation (9).

To obtain the probability no other messages are received in
this time interval the variable X in Equation (9) is set equal
to 0, resulting in Equation (11).

(11a)
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Figure 3: ADS-B detect and decode probability for MOPS
specifications, based on number of interferring aircraft and
range between aircraft.

P[X _ O] _ e*Nac(-FADs—B-TADS—B+FTCAS~TTCAS) (11b)

C. Situation Related ADS-B Model

The detect and decode probabilities described in Sec-
tion II-B can be combined. The corresponding detect and
decode probability is shown in Equation (12). The probability
Pr(; ;) resembles the combined detect and decode probability
of aircraft ¢ receiving an ADS-B message from aircraft j,
depending on range and interference. Pg(; ;) is the detect
and decode probability of aircraft ¢ with respect to aircraft
j due to range between the two aircraft. Pr(; j)(Nacscaled)
is the probability due to interference. The number of aircraft
(Naescalea) are scaled according to the distance of aircraft j
at aircraft ¢. The model is shown in Figure 3.

Scaled Interference

—_— —— ———
PT(ivj) (T7 AC) = PR(i,j)(T) : PI(i,j)(Nacscaled)

III. EXPERIMENT DESIGN

Total probability Range

12)

In this section the design of three separate fast-time simula-
tion experiments are described. The goal of the first experiment
is to assess the overall safety of the ADS-B system. The aim of
the second experiment is to study the effect of ADS-B range.
The goal of the third experiment is to differentiate between the
contribution of the range effect and the interference effect in
the ADS-B model. Since experiment has a different goal, the
independent variables for each experiment are different. But,
the scenario settings, Conflict Detection (CD) and Conflict
Resolution (CR) method, and dependent variables are similar
between the experiments.

A. Simulation Environment

BlueSky, an open-source Python based Air Traffic Con-
trol (ATC) simulator developed at the Delft University of
Technology, is used as simulation environment. Many useful
features are already available in the simulator, such as CD
and CR in the Airborne Separation Assurance System (ASAS)

module. Datal.og options, way-point routing and aircraft
performance limitations (accelerations, bank angles etc.) are
also implemented. The open-source characters enables easy
implementation of new modules, such as an ADS-B model,
in the simulator. For this research, the simulation update rate
was set to 10 Hz. Further information regarding the simulator
can be found in [6].

B. Conflict Detection

In the context of CD&R it is important to distinguish
between intrusions and conflicts. An intrusion, also known
as Loss Of Separation (LOS), occurs when the following
minimum separation requirements are violated:

o 5 Nautical miles in the horizontal plane

e 1000 feet in the vertical plane
On the other hand, a conflict is a predicted intrusion within a
certain look-ahead time; a five minute look-ahead time used
in this work. To detect conflicts, the simple state-based CD
method is used. Here, linear extrapolation of aircraft state
vectors over the look-ahead time is used to detect conflicting
trajectories.

C. Conflict Resolution - MVP

The Modified Voltage Potential (MVP) conflict resolution
method is based on modeling aircraft as similarly charged
particles that repel each other as described in [7], [8]. The
determination of the MVP-based resolution vector is shown
in more detail in Figure 4:

Figure 4: MVP-based conflict resolution for aircraft A and B
in the horizontal plane. The relative velocity vector (V,.¢;) and
the MVP-based resolution vector (V,..s) are displayed.

The relative velocity vector with respect to a conflicting
aircraft (A) is calculated (V,.;). This relative velocity vector
results in a loss of separation without any intervention. Using
this relative velocity and distance between the two aircraft, the
Closest Point of Approach (CPA), point C, can be determined.
Subsequently the closest distance out of the Intruder Protected
Zone (IPZ), point O, is determined. The corresponding resolu-
tion vector CO still results in a LOS. Therefore Equation (13)
is used to obtain the final resolution vector (V).

co'| 1 a3)
CO  |cos(arcsin(L5) — arcsin(4S)|

Using the distance vector CO’, the resolution velocity vector
is calculated using Equation (14) [9]. In this equation, t¢ is
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Figure 5: Scenario initialization.

the time required for aircraft B to reach point C when traveling
with its pre-resolution velocity.

/

VMVP = + chur'rent

i (14)

After a successful conflict resolution, aircraft are required
to follow the heading back to their original destination, i.e.,
aircraft do not recover their original track but fly the heading
that leads them directly to their destination. Other aircraft
states, such as altitude and velocity, are also restored.

D. Traffic Scenarios

A common set of traffic scenarios were created for all three
experiments. The testing region is discussed first, followed
by the traffic demand.

Testing Region: A cylindrical region is used, consisting
of an initialization volume and test volume. Aircraft are only
logged while they are within the experiment area and deleted
when leaving the experiment area. To maintain a constant air
traffic density the experiment is divided in three phases.

Total Experiment
150 minutes

Pre-logging phase
Build-up of number
of aircraft in simulation ——

Run-out phase
Creating aircraft to
keep aircraft density constant

Logging phase
Log performance metrics

60 minutes

45 minutes 45 minutes

Post-experiment phase
Process data

Traffic demand: A scenario generator is constructed to cre-
ate similar air traffic scenarios (with different random number
seeds). Aircraft are created on the edge of the initialization
boundary at one of the 40 discrete points. Aircraft are created
on three different flight levels and will randomly climb or
descend to a different flight level or continue cruising at the
current flight level. This results in conflicting aircraft from all
possible directions. An overview is shown in Figure 5. Thee
traffic densities are defined with their corresponding steady
state number of aircraft, named Low (50), Medium (75) and
High (100).

E. Independent Variables - Experiment [

The goal of this experiment is to assess the overall safety of
the MVP method using ADS-B based state information. An
overview of the independent variables is shown in Table I.
Three ADS-B models are used; one based on the MOPS
specifications (MOPS), one on measurements (Realistic) and
one without ADS-B for perfect state information (Perfect).

Table I: Independent variables. Experiment - 1

Medium
Realistic

Low
MOPS

AC density
ADS-B

High
Perfect

The ADS-B performance described in the previous section
is based on the MOPS specifications. However, from mea-
surements it is obtained that the ADS-B system has a larger
range than the MOPS specifications [4]. Also the interference
effect can be reduced using de-garbling. This can be mod-
eled by reducing the specific message length in the Poisson
distribution. Therefore two ADS-B models are assessed, one
based on MOPS specifications and one on measurements. The
parameters to determine the two ADS-B models are shown in
Table II.

Table II: Parameters describing ADS-B detect and decode
probability, based on MOPS [3] and measurements[4].

ADS-B Assumptions Type

MOPS [3] Realistic
Ro[km] 176 370
Ro[NM] 95 200
Strans [dBm] 51 57
Strans [W] 125 500 [4]
7 ADS-B us 120 60
7 TCAS pus 64 32
State accuracy (Table III) MOPS Realistic

The resulting range and interference detect and decode
probability curves are shown in Figure 6.
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Figure 6: Detect and decode probability for MOPS and Real-
istic model.

The different system related inaccuracies used in the MOPS
and realistic model are shown in Table III.



Table III: System related inaccuracies

System related inaccuracies

Cases

Parameters Distribution Realistic MOPS

Position [m] Normal nu=0,0=30 pu=0,0=50

Velocity “* Normal - uw=0,0=10

Heading [°] Normal - u=0,0=3
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Figure 7: MOPS based reception models defined as fraction
of MOPS range. Non-interference probability vs range.

Five repetitions were performed for each independent vari-
able combination, using a different traffic scenario for each
repetition. This resulted in 45 separate runs for Experiment I
(3 ADS-B settings x 3 traffic densities x 5 repetitions).

F. Independent Variables - Experiment Il

The goal of the second experiment is to study the effect of
changing the maximum reception distance. From Section II
it can be obtained that an increase in range results in a
stronger interference effect. Therefore different ADS-B ranges
are assessed and compared. The same traffic densities are used.
The range of these ADS-B models, based on the MOPS model,
are shown in Table IV. The maximum reception range can be
modified by adapting the transmit power.

Table IV: Independent variables Experiment II (range analy-
sis).

The following ADS-B settings are used as independent
variables:

1) ADS-B MOPS settings, interference and range effect.
2) Range effect only.
3) Interference effect only.

For this experiment, five repetitions were also performed.
This resulted in 45 separate runs for Experiment III (3 ADS-B
models x 3 traffic densities x 5 repetitions).

H. Dependent variables

The conflicts detected, based on ADS-B state information
are being logged. Additionally the conflicts detected when
perfect state information would be available are logged. From
these two metrics the false alerts (false positives) and missed
conflicts (false negatives) can be obtained. Besides conflicts
detected, the intrusions are logged.

Data representation: Each observed dependent variable is
shown in a figure. The different traffic densities are shown
on the x-axis, and the dependent variable on the y-axis.
The legend indicates the ADS-B model. The 95% confidence
interval is shown with the error bar for the 5 repetitions of
each experiment setting.

IV. RESULTS AND DISCUSSION
In this section the results of the three different experiments
are discussed and presented.

A. Results Experiment - 1

The goal of this experiment is to identify the overall effect
on safety when ADS-B is used for inter-aircraft information
sharing. An overview of the type of detected conflicts is shown
in Table VI.

Table VI: Type of conflicts detected as percentage of total
conflicts for the MOPS and Perfect ADS-B settings.

MOPS fraction é i % 1 2 ADS-B model Conflict type Traffic density Cumulative
ADS-B Range [NM] 12 24 48 9% 192 Low Medium High

AC density Low Medium High - - Real Conflict 92 88 89 89
MOPS False Positive 8 12 11 11
. . . False Negative 5 4 5 5
The corresponding reception probability curves (defined as Real Conflict 05 o4 04 04
fractions of the MOPS range) are shown in Figure 7. Realistic False Positive 5 6 6 6
False Negative 3 3 4 4

Once again, five repetitions were performed. This resulted
in 75 separate runs for Experiment II (5 range settings x 3
traffic densities x 5 repetitions).

G. Independent Variables - Experiment III

An experiment is performed to asses the individual con-
tribution of the two situation related properties; range and
interference. Three traffic densities are assessed. An overview
of the dependent variables is shown in Table V.

Table V: Independent variables. Experiment - III

AC density
ADS-B

Medium
MOPS interference

Low
MOPS

High
MOPS range

It can be observed that the percentage of false positive
conflicts increases with traffic density. The percentage of false
alerts is larger for the MOPS based ADS-B model than the
Realistic ADS-B model. The detected number of conflicts per
aircraft are shown in Figure 8. It is shown that more conflicts
are detected for the ADS-B based state information cases.

The number of intrusions per aircraft is shown in Figure 9.
The number of intrusions when perfect state information is
used is larger than the case where the ADS-B model is used
for the medium and high traffic density situation. However, no
significant differences are observed.
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B. Results Experiment - I1

In addition to the simulations, described in Section IV-A,
a range analysis is performed. The goal of this analysis is to
assess the effect of an increase in range, which also results
in an increasing interference effect. The legend indicates the
ADS-B model as fraction of the MOPS range. The number of
detected conflicts for each model are shown in Figure 10. The
models with %th and %th of the MOPS range show a smaller
amount of detected conflicts.

Figure 11 shows the number of intrusions. Large differences
start to occur between %th and ith of the range of the MOPS
performance (12 NM and 24 NM). At 25% of the MOPS
range, the number of intrusions show about a 50% increase,
while at 12.5% of the MOPS range the number of intrusions
increases with 250% for the highest traffic density.

From the number of intrusions it is found that the per-
formance difference for the single MOPS model, with a
range of 96 NM (”17) is slightly better than the model with

[= B

Conflicts detected per ac
O = N W e Ut

Figure 10: Number of detected conflicts per aircraft.
Experiment - II.
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Figure 11: Number of intrusions per aircraft.
Experiment - II.
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Figure 12: Mean interference reception probability.
Experiment - II.

double the MOPS model, with a range of 190 NM (72”)
regarding number of intrusions. With the 5 minutes look-ahead
time, for both ADS-B models, the range dependent detect
and decode probabilities are in the linear region, close to 1.
However, the effect of interference increases. This is clearly
shown in Figure 12; where the decreased detect and decode
probability caused by interference is shown. The increased
range results in a decrease of detect and decode probability
due to additional interference. Therefore it can be concluded
that the interference effect should be taken into account in
extremely high traffic density situations.

C. Results Experiment - 111

The goal of this final experiment is to differentiate between
the two main situation related effects; interference and range.
The number of detected conflicts are shown in Figure 13. It
is obtained that the number of detected conflicts for the range
only model is slightly lower than for the other two.

-l Interference A—A Range

S = N W R N

Conflicts detected per AC [-]

High

Figure 13: Number of detected conflicts per aircraft.
Experiment - III.
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The number of intrusions while using the interference only
model is higher than the range model, especially at the higher
traffic densities. The interference effect has a more negative
impact than the range effect, especially at the High traffic
density.

D. Discussion

From the first experiment it can be concluded that the
effect of ADS-B based state information is small for the
MVP method for the assessed traffic densities, compared
to using perfect state information. This is partly due to
the look-ahead time of 5 minutes, resulting in a detect and
decode probability close to one. Also the position accuracy
is high with respect to the dimensions of the IPZ. However,
the interference effect should be taken into account. A larger
transmit power increases the number of aircraft within range
causing interference. Additionally, the impact of each aircraft
increases, due to the higher transmitted power level. Also
in the sensitivity analysis (Experiment - III) the effect of
interference became larger at higher traffic densities. The
detect and decode probability decreases with increasing
number of aircraft according to the Poisson distribution.
Additionally an increase in maximum reception range (i.e.
transmit power) decreases this probability even further.
Current Air Traffic Management (ATM) research aims to
increase air traffic capacity. Therefore the interference result
is a valuable observation and could be incorporated in future
research.

V. CONCLUSION

In this paper, an ADS-B model based on system and
situation related characteristics was presented. The effect
of these characteristics on airborne Conflict Detection
and Resolution (CD&R) was studied using fast-time
simulation experiments. Here, sate-based conflict detection
and the Modified Voltage Potential (MVP) conflict resolution
algorithm was used as a case-study. For the studied conditions,
the following conclusions can be drawn:

o The difference in safety between using ADS-B based
state information and perfect state information was small.

(1]

(2]

(3]

(4]

(5]

(6]

(71

(8]

[9]

o The range analysis showed that the combination of sate-

based conflict detection and MVP is a very robust CD&R
method, even when the maximum range was artificially
reduced to %th of the ADS-B minimum ADS-B specifi-
cations.

An increase in maximum reception range (by increasing
transmission power) decreases the total detect and de-
code probability. This is because increasing range also
increases signal interference as additional aircraft are
detected.

The interference effect becomes more dominant than the
range effect for higher traffic densities. It is likely to play
a more severe effect at very high traffic densities.

The ADS-B system should not be considered as a di-
rect limiting factor for self-separation or Free Flight.
However, the interference effect at high traffic densities
should be taken into account. The use of a single carrier
frequency, increase in transmit power and high traffic
density increase the interference effect.

Future research will investigate the effect of ADS-B
characteristics on additional CD&R methods and for
higher densities.
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