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Kurzfassung

Beim aeronautischen Surveillance Beaconing sendet jeddagzeug regelméayig Daten
aus, die seine eigene Uberwachung (engl., surveillancanéglichen, wie z.B. seine ei-
gene Position, Geschwindigkeit und Bewegungsrichtung. Bin den Empfang der von
anderen, sich in der Nahe be ndlichen Flugzeugen ausgesterd Beacon-Nachrichten
wird jedes Flugzeug Uber den Luftverkehr in seiner Umgebumgformiert. Da die Luft-
verkehrsdichte steigt, muss fur die zukinftige Flugverkekfihrung das Situationsbe-
wusstsein gesteigert werden. Aeronautisches Surveill@anBeaconing ist eine wichtige
Methode, um diese Steigerung des Situationsbewusstseinsezreichen. Im Gegensatz
zu bodengestutztem Radar kann durch aeronautisches Surleilce Beaconing ohne zu-
satzliche Ubertragung von Verkehrsdaten zwischen Boden difFlugzeug ein Bild der
Verkehrslage ins Cockpit gebracht werden. Dies funktioniesogar in ozeanischen sowie
entlegenen Gebieten, die nicht durch Radarstationen abgedke sind.

In der aeronautischen Kommunikation ist die Knappheit von ach nicht belegtem Funk-
spektrum bereits heutzutage ein limitierender Faktor. Augliesem Grund ist spektra-
le E zienz von zentraler Bedeutung fur zukinftiges aeronatisches Surveillance Bea-
coning. Aktuell gibt es drei aeronautische Surveillance Beoning Systeme: den auf
1090 MHz ausgestrahlten SSR Mode S Extended Squitter (L0¥)Eden Universal Ac-
cess Transceiver (UAT), sowie den VHF Digital Link Mode 4 (VIR4). Es ist bekannt,
dass keines der drei existierenden Systeme ausreichend &agat bietet, um die Anfor-
derungen des zukiinftigen aeronautischen Surveillance Beaings zu erfillen. Gleich-
zeitig sind Verfahren zur Realisierung der physikalischerPHY) Schicht, sowie der
Schicht zur Mediumzugri skontrolle (engl., medium accessontrol (MAC)) fur aero-
nautisches Surveillance Beaconing bisher nicht gentigentdoescht. Es existieren keine
ausreichenden Untersuchungen, welche Verfahren auf der PHund MAC-Schicht beim
aeronautischen Surveillance Beaconing eine hohe speldr& zienz erreichen. Eben-
falls wird die gemeinsame Optimierung von Parametern sowlotler PHY- als auch der
MAC-Schicht in der Literatur meist vernachlassigt.

In dieser Dissertation werden spektral e ziente Verfahrerauf der PHY- und der MAC-
Schicht des aeronautischen Surveillance Beaconings ustght. Zundchst werden die
Anforderungen des aeronautischen Surveillance Beacorsrigeschrieben, der Vielfach-
zugri skanal erklart, sowie eine De nition der spektralenE zienz des aeronautischen
Surveillance Beaconings angegeben. Danach wird ein Ubeagbliiber existierende Ver-
fahren zur Umsetzung von PHY- und MAC-Schicht gegeben. Dieevfahren werden
hinsichtlich ihrer Eignung fiur spektral e zientes aeronauisches Surveillance Beaconing
bewertet. Basierend auf dieser Bewertung werden die beideeztiglich ihrer spektralen
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E zienz vielversprechendsten Verfahren ausgewahlt. Dasrgte Verfahren, auf Netz-
werkzellen basierendes, selbstorganisierendes TDMA (engell-based self-organizing
TDMA (CB-SOTDMA)) verwendet selbstorganisierendes TDMA éngl., time-division
multiple-access (TDMA)) innerhalb jeder Zelle eines zellaren Wiederholmusters. Bei
CB-SOTDMA werden Ubertragungen koordiniert, um Vielfachagri sinterferenz zu
minimieren. Das zweite Verfahren verwendet Aloha auf der M&:-Schicht, sowie sukzes-
sive Interferenzausléschung (engl., successive inteeigce cancellation (SIC)) im Emp-
fanger. Aloha mit SIC versucht nicht, Vielfachzugri sinterferenz zu vermeiden, sondern
sie durch Interferenzausléschung auf der PHY-Schicht taleren zu kdnnen.

Sowohl fir CB-SOTDMA als auch fur Aloha mit SIC werden in diesr Dissertation
erganzende Maynahmen eingefihrt, die zur Bewaltigung spaier Herausforderungen
beim aeronautischen Surveillance Beaconing nétig sind. FGB-SOTDMA wird eine
neuartige Losung des Problems vorgeschlagen, dass aus taatg@iedlichen Zellen emp-
fangene Signale erhebliche Leistungsunterschiede aufeei konnen. Die hierzu exi-
stierende Losungsmoglichkeit funktioniert in der Luftfait aufgrund der erheblichen
Signallaufzeiten nicht e zient. Fur Aloha mit SIC wird gezeigt, wie sich der beim
Beaconing mit einem Halbduplex-Funkgerat aufgrund des Enfgngsausfalls wéahrend
eigener Ubertragungen entstehende Nachrichtenverlust i ein Zeitsprungverfahren
ausgleichen lasst. Das Zeitsprungverfahren unterteiltge Nachricht in mehrere Teile,
die in Abstanden zufalliger Lange Ubertragen werden.

Unter Bericksichtigung der zuvor eingefihrten erganzendéMaynahmen werden semi-
analytische Modelle sowohl von Aloha mit SIC als auch von CBOTDMA entwickelt,
um die spektrale E zienz dieser Verfahren unter vereinfacknden Annahmen zu be-
rechnen. Zusatzlich wird solch ein semi-analytisches Mdbdgon Aloha ohne jegliche
Multi-User Detektion oder SIC entwickelt, da dieses Verfalen von den am weitesten
verbreiteten existierenden Systemen 1090ES und UAT eingéd wird. Durch die semi-
analytischen Modelle wird die gemeinsame Optimierung deaPameter von PHY- und
MAC-Schicht zur Maximierung der spektralen E zienz ermégicht. Diese Optimierung
ergibt, dass sich sowohl mit Aloha mit SIC als auch mit CB-SODMA eine substan-
ziell hohere spektrale E zienz erreichen lasst, als mit Alba ohne SIC. Basierend auf
der spektralen E zienz und weiteren Kriterien kommt die volliegende Arbeit zu dem
Schluss, dass Aloha mit SIC das vielversprechendste Konzdjir die PHY- und die
MAC-Schicht des aeronautischen Surveillance Beaconingarsitellt.

Im semi-analytischen Modell von Aloha mit SIC werden bestimte Komponenten der
PHY-Schicht als ideal angenommen. Um einen realistischar&ystementwurf zu er-
halten, wird in dieser Arbeit der Interference Canceling Becon Transceiver (ICBT)
entworfen, ein neuartiges aeronautisches Surveillancedgening System basierend auf



Aloha mit SIC und dem zuvor erwdhnten ZeitsprungverfahrenCBT enthélt realisti-
sche Losungen fur wichtige Komponenten der PHY-Schicht wizeB. Nachrichtendetek-
tion, Kanalschatzung und Interferenzausloschung. Der Sgsnentwurf von ICBT setzt
keinerlei Synchronizitat der empfangenen Nachrichten vaus, wie z.B. Synchronizitat
zu einem gemeinsamen Symboltakt. Zuséatzlich wird die Plagrung von bekannten
Synchronisationssymbolen innerhalb einer Nachricht so timiert, dass sich die Dopp-
lerverschiebung im Empfanger genau schatzen lasst. Die ukierende Struktur der
Synchronisationssymbole erméglicht dabei ebenfalls eireNahren zur Nachrichtende-
tektion mit reduziertem Rechenaufwand.

Schlieylich wird die spektrale E zienz von ICBT durch Monte-Carlo Simulationen der
vollstandigen PHY - und MAC-Schicht untersucht. Die Ergebisse stimmen gut mit dem
semi-analytischen Modell Uberein. Erganzend wird ein Sz zukinftigen Luftver-
kehrs basierend auf aus der Literatur bekannten Prognosdir tlas Jahr 2035 entwickelt.
Dieses Szenario beschreibt die Verteilung und Bewegung vBlugzeugen realitatsna-
her als die vereinfachenden Annahmen der semi-analytisoh#&odelle. Monte-Carlo
Simulationen von ICBT in diesem Luftverkehrsszenario furas Jahr 2035 zeigen, dass
der gesamte Datenverkehr des Surveillance Beaconings irtradb einer Funkbandbreite
transportiert werden kann, die sogar kleiner ist als die esiierender Systeme, obwohl
bei ICBT sowohl Reichweite als auch Paketgroye erhoht wurden
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Abstract

In aeronautical surveillance beaconing, each aircraft relgrly broadcasts surveillance
data such as its own position, speed and heading. By receigithe beacon messages
transmitted by other aircraft in vicinity, each aircraft becomes aware of surrounding
trac. Since the density of air tra c is growing, the situati onal awareness must be
increased for future air tra c management. Aeronautical suveillance beaconing is
an important method to achieve this increase of situationadwareness. In contrast to
ground-based radar, aeronautical surveillance beaconipgpvides situational awareness
in the cockpit without any additional ground to air transmission of tra ¢ data, and
even works in oceanic and remote areas which are not covergdradar.

In aeronautical communications, the scarcity of unoccupieradio spectrum is a limit-
ing factor already today. For this reason, spectral e cieng is of key importance for
future aeronautical surveillance beaconing. Currently,hiree aeronautical surveillance
beaconing systems exist: the SSR Mode S Extended Squittearismitted on 1090 MHz
(1090ES), the Universal Access Transceiver (UAT), and theNF Digital Link Mode 4
(VDL4). The capacity of all three existing systems is knownd be inadequate to ful ll
the demands of future aeronautical surveillance beaconingit the same time, there
is a lack of research on physical (PHY) layer and medium acsesontrol (MAC) layer
schemes for aeronautical surveillance beaconing. It is nst ciently studied which
PHY layer and MAC layer schemes achieve a high spectral e aeey in aeronautical
surveillance beaconing. Additionally, the joint optimizdion of PHY and MAC layer
parameters is typically neglected in the literature.

In this thesis, we investigate spectrally e cient PHY layerand MAC layer schemes for
aeronautical surveillance beaconing. Initially, the requements of aeronautical surveil-
lance beaconing are described, the multiple-access chdnsexplained and a de nition
of the spectral e ciency of aeronautical surveillance beaming is given. Subsequently,
we review existing PHY layer and MAC layer schemes and assdbgir suitability
for spectrally e cient aeronautical surveillance beacomg. Based on this assessment,
we select the two most promising schemes with respect to sprat e ciency. The
rst scheme, cell-based self-organizing TDMA (CB-SOTDMA) uses self-organizing
time-division multiple-access (SOTDMA) within each cell ba cellular reuse pattern.
CB-SOTDMA coordinates transmissions such that multiple-ecess interference is min-
imized. The second scheme is Aloha MAC with successive irfegence cancellation
(SIC) in the receiver. Aloha with SIC does not attempt to aval multiple-access inter-
ference, but to tolerate it through interference cancellan on the PHY layer.
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Both for CB-SOTDMA and for Aloha with SIC, we introduce additional measures
needed to overcome challenges specic to aeronautical seiflance beaconing. For
CB-SOTDMA, we propose a novel solution to the problem of laggpower imbalances
between signals received from di erent cells. The existirgplution to this problem does
not work e ciently in aeronautics due to the long signal propagation delays. For Aloha
with SIC, we show that time hopping can mitigate message lossie to received signal
outage during the own transmissions of a half-duplex beadag radio. Time hopping

splits up a message into multiple parts which are transmitee with gaps of random

length in between.

Considering the additional measures introduced before, waevelop semi-analytical
models both for Aloha with SIC and for CB-SOTDMA to compute tteir spectral e -
ciency under simplifying assumptions. Additionally, we deelop such a semi-analytical
model for Aloha without any multi-user detection or SIC, sice this technique is used
by the most common existing systems 1090ES and UAT. The seamalytical models
enable us to jointly optimize PHY and MAC layer parameters fo maximum spectral
e ciency. This optimization reveals that both Aloha with SI C and CB-SOTDMA can
achieve a substantially higher spectral e ciency than Alola without SIC. Based on
the spectral e ciency and on further criteria, we conclude hat Aloha with SIC is the
most promising PHY and MAC layer concept for aeronautical sweillance beaconing.

In the semi-analytical model of Aloha with SIC, certain PHY &yer components are
assumed to work ideally. To obtain a more realistic system dign, we develop the
Interference Canceling Beacon Transceiver (ICBT), a noveeronautical surveillance
beaconing system based on Aloha with SIC and time hopping. BT includes realistic
solutions for PHY layer components such as message detectichannel estimation and
interference cancellation. The design of ICBT does not asse received messages to be
synchronous to, e.g., a common symbol clock. Additionallye optimize the placement
of known synchronization symbols in a message such that theppler shift can be ac-
curately estimated by the receiver. The resulting structug of synchronization symbols
also enables a message detection scheme with reduced cowrmpartal complexity.

Finally, the spectral e ciency of ICBT is investigated by Monte-Carlo simulations of
the complete PHY and MAC layer. The results agree well with ta semi-analytical
model. Additionally, we derive a scenario of future air tra c based on published
predictions for the year 2035. This scenario describes thestibution and movement
of aircraft more realistically than the simplifying assumgions of the semi-analytical
models. Monte-Carlo simulations of ICBT in the 2035 air tra ¢ scenario demonstrate
that the entire beaconing tra ¢ can be handled in a bandwidthwhich is even smaller
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than that of existing systems, although both the beaconingange and the packet size
are increased in ICBT.
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Chapter 1

Introduction

1.1 Beaconing: The Broadcast of State Information

Recently, a multitude of systems has emerged for radio commuaation between mobile
nodes without any supportive infrastructure such as baseations. An important task
in many such systems is the periodical broadcast of messagg®ach node to any other
node in vicinity, a process also known as beaconing. In thiovk, a node refers to any
entity in a communication system which either transmits or eceives messages. Typical
beaconing di ers from other types of communication in that ressages are not routed
via intermediate nodes, are not acknowledged by the receiy@and not retransmitted
in case of message loss.

Beaconing is for example used in mobile ad-hoc networks (MANS) to transmit

control data needed to control the ow of payload data [HBWBO07 KAE*11]. For
geographical routing in a MANET, such control data may inclde the transmitter's

position, as well as the state of its network links [MHRR12]. Asther application of
beaconing is the mutual surveillance of mobile nodes such @s=hicles, ships, or air-
craft [CVMK11, RG12, Int10, RTCO02]. Surveillance beacon nssages typically inform
the surrounding nodes about the sender's position, speeddaheading, which may be
summarized as the current state of the sender. This state orimation increases the
situational awareness at each node and is useful for cothisiavoidance and for the
e cient routing of tra c.

A typical surveillance beaconing example is shown in Figutkel, where the beaconing
nodes are aircraft. Note, however, that the following deggtion is not specic to
aviation, but applies to any type of surveillance beaconingEach aircraft in Figure
1.1 periodically broadcasts surveillance beacon messagas exempli ed by means of
the red aircraft in the center, the radio system used for beaning must ensure that
the beacon messages transmitted by a certain aircraft can loecoded by any other
aircraft within the beaconing ranger, around the transmitter. In this way, each aircraft
also regularly receives surveillance beacon messages femy other aircraft within its
beaconing range, and thus becomes aware of surrounding ta The beaconing range
r, is selected as the maximum radius within which awareness altoother nodes is
required for tra c management.
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Surveillance broadcast:

Figure 1.1. Typical surveillance beaconing example. Eaclraaft exchanges surveil-
lance beacon messages with all other aircraft in its beacogirangery,.

The challenge in the transmission of beacon messages is tarshthe available radio
spectrum in a population of nodes extended over a large areajere each node can only
communicate with other nodes within its transmission rangeSince no infrastructure
is available and the nodes are moving, this situation consiites a non-trivial multiple-
access and radio spectrum reuse problem. The e cient use cadio spectrum for
beaconing is made more di cult by the typically small messag size and per-node data
rate, which increases the impact of any communication ovezhad such as control data.

1.2 Aeronautical Surveillance Beaconing

Aeronautical surveillance beaconing is an important enady for future air tra ¢ man-
agement procedures in civil aviation [EurO7c]. Through imeased situational awareness
combined with new concepts such as 4-D trajectory coordiriah, it is expected that
the density of air tra ¢ can be increased as needed to meet thgrowing demand, and
that at the same time, safety can be improved. The Automatic Bpendent Surveillance
Broadcast (ADS-B) standard describes the currently existg aeronautical surveillance
beaconing [RTCO02]. Note that the standard [RTC02] does notedne how beacon mes-
sages are transmitted, but only speci es the application,e., the data to be broadcast
and the communication performance parameters to be achieve
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1.3 The Need for Spectrally E cient Aeronautical
Surveillance Beaconing

For aeronautical surveillance beaconing, the e cient usefaradio spectrum is a key
issue. The spectral e ciency of aeronautical surveillancbeaconing can be expressed
as the ratio between the maximum aircraft density supportedy a beaconing system,
and the radio frequency bandwidth it occupies. The importare of spectral e ciency
results from the scarcity of both suitable and unoccupied tho spectrum. As a safety-
critical air tra ¢ management application, aeronautical surveillance beaconing must
operate in specic parts of the electromagnetic spectrum,sadetermined by interna-
tional agreements. The frequency bands assigned to air tra management purposes
are listed in the most recent Radio Regulations of the Internanal Telecommunica-
tion Union (ITU) [Intl2a]. A graphical overview may also be éund in [Sta08]. Due
to the size of the frequency allocations and the radio wave gpagation conditions, the
aeronautical frequency allocations in the very high frequey (VHF) band and in the
L-band are viable options for beaconing. A joint study by NA& and Eurocontrol
surveyed what spectrum could be used for future aeronauticeommunication systems
[Eur07b]. It concluded that the VHF allocations are alreadycongested today by the
analogue voice communication system. Therefore, [EurO7idlenti ed the frequency
range from 960 MHz to 1164 MHz in the L-band as the most promigj option. How-
ever, this frequency range is also already used in large p@rmainly by the navigation
system Distance Measuring Equipment (DME) and by secondarsurveillance radar
(SSR) [ES11, Eur07a]. The importance of spectral e ciency ialso recognized by the
ADS-B standard [RTCO02], which calls it imperative for future systems and suggests
to give special attention to it during development. Furthemore, note that surveil-
lance beaconing and similar broadcasts are expected to besthredominant kind of
data tra ¢ between aircraft in future air tra c management [ EurO7c]. The spectral
e ciency of beaconing thus has a large impact on the overallpgctral e ciency of air
tra ¢ management communication between aircratft.

1.4 State of the Art in Aeronautical Surveillance Bea-
coning

Today, three systems exist for the transmission of ADS-B mesges. The SSR Mode
S Extended Squitter transmitted on 1090 MHz (1090ES) is an &ension of the SSR
system used by civil aviation [RTC09]. 1090ES transmits AD8 messages on the



4 Chapter 1: Introduction

SSR reply channel at 1090 MHz, in addition to SSR replies. Thdniversal Access
Transceiver (UAT) was developed predominantly for ADS-B amh uses dedicated spec-
trum at 978 MHz [Int09]. The VHF Digital Link Mode 4 (VDL4) sta ndard allows the
transmission of ADS-B messages within dedicated, narrowtd channels in the VHF
band [Int04]. 1090ES and UAT are currently the only two systas in operational use
[SSLM14]. 1090ES is the most widespread option, and the ordpe used internation-
ally, while UAT is permitted for use in the United States by aicraft operating below
18000t [Hug14].

In beaconing, multiple-access interference can cause seveessage loss [SSLM14,
RG12]. Therefore, the physical (PHY) layer, which can be d&ged to tolerate
multiple-access interference, and the medium access coht(tMAC) layer, which is
responsible for controlling multiple-access interfereac predominantly determine the
spectral e ciency of beaconing. On the PHY layer, all of the gisting systems 1090ES,
UAT and VDL4 use single-carrier transmission schemes. Thgpically employed re-
ceiver algorithms do not include any multiple-user deteatn or interference cancellation
techniques [RTCO09, appendix 1.4.1.8]. As MAC layer technodly, unslotted Aloha is
used by 1090ES and UAT, while VDL4 uses self-organizing tinavision multiple-
access (SOTDMA). Unslotted Aloha refers to uncoordinateddansmissions, which are
not synchronized to time slots [Pro01]. In SOTDMA, messagese synchronized to
time slots, which are used by the nodes based on a scheduleytimegotiate using a
distributed algorithm [Lan96].

1.5 Shortcomings of the State of the Art

1.5.1 The Capacity Shortage of Existing Aeronautical Survei |-
lance Beaconing Systems

Using predictions of future air tra c increase, the performance of existing aeronautical
surveillance beaconing systems was analyzed already in 20§ the ADS-B Technical
Link Assessment Team (TLAT) led by FAA and Eurocontrol. The TLAT considered
all previously mentioned systems, i.e., 1090ES, UAT and VL In its nal report,
TLAT concluded that none of them would meet all requirementsn all considered air
tra ¢ scenarios [ADS01]. Those scenarios relied on estimas$ about future air tra c in
the 2015 to 2020 time frame. TLAT considered both the requireents described by the
current ADS-B standard [RTC02], and requirements of futursurveillance applications.
Concerning the latter, it was found that in scenarios of highair tra ¢ density, none
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of the assessed technologies would be able to support futetonomous air to air
operations with beaconing range requirements of 150 nmi (ntacal miles). The main
reason for the inadequate performance of the existing syste is that their capacity, i.e,
the maximum air tra ¢ density for which acceptable beaconirg performance can be
achieved, will be insu cient for future, high air tra ¢ dens ities and future beaconing
requirements. Predictions of air tra ¢ growth over the next decades may also be found
in [Eurl0]. Today, the predominant system 1090ES already sus from severe message
loss due to message collisions [SSLM14].

1.5.2 Existing Research on the Transmission of Surveillance
Beacon Messages

For the existing aeronautical systems 1090ES, UAT and VDL4iroduced in Section
1.4, simulative studies exist which analyze in how far theperformance meets certain
requirements in selected air tra ¢ scenarios [RTC09, IntO9ADS01]. However, these
studies neither vary the volume of air tra c to determine the exact capacity of the
system under consideration, nor do they attempt to optimizePHY or MAC layer
parameters in order to maximize the spectral e ciency. Anoher investigation of VDL4
considers multiple settings of beacon message generatiaterand air tra ¢ density,
but does not vary any other parameters [SD99]. Furthermoréhe air tra ¢ scenarios
considered in [RTCOQ9, Int09, ADS01, SD99] represent speciassumptions about the
air tra c distribution expected in certain geographical regions at some time in the
future. The existence of multiple scenarios in the literatte makes it di cult to compare
results.

Going beyond the specic design of existing systems, [Ras(fbcuses on aeronauti-
cal surveillance beaconing and compares two variants of tE®TDMA MAC scheme.
Other related works consider surveillance beaconing oudsi of aviation. In [Ebn05],
several MAC schemes, including Aloha and SOTDMA, are compat for surveillance
beaconing between road vehicles. For surveillance beacanbetween trains, a survey
of MAC schemes is available from [RG12]. Although both [Eb@&) and [RG12] develop
improved MAC protocols based on SOTDMA, and [RG12] optimizesome MAC pa-
rameters, none of the mentioned prior works attempts to optiize the PHY layer. Yet,
the interference robustness of the PHY layer determines irow far message collisions
lead to message loss, and thus has a large in uence on the gpdce ciency. The
PHY layer interference robustness is determined by the codj and modulation in the
transmitter and the signal processing in the receiver. Thesaumption used in [Ebn05]
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that any message collision results in the loss of all messagevolved is an overly sim-
plistic model. Under this assumption, the MAC layer must avil message collisions
at all cost, which is not optimal in cases where the PHY layer ould have been able
to decode overlapping messages. Assuming a xed value foretminimum signal to

interference and noise ratio (SINR) required for correct deding, as in [Ras01, RG12],
ignores the possibility to take in uence on this minimum SINR during system design
by appropriately selecting PHY layer parameters.

The previously discussed prior works do not su ciently analze the spectral e ciency
of aeronautical surveillance beaconing with Aloha MAC. Hoawver, this MAC scheme is
used by the systems 1090ES and UAT, which are the only ones @ntly in widespread
operational use (cf. Section 1.4). More generally, there i® broader survey of known
PHY and MAC layer schemes to identify concepts suitable forchieving a high spec-
tral e ciency in aeronautical surveillance beaconing. It § thus unclear, which PHY
and MAC layer scheme should be used for spectrally e cient aenautical surveillance
beaconing. Furthermore, there is a lack of joint PHY and MACdyer parameter op-
timization for maximum spectral e ciency in beaconing in gaeral. Lastly, note that
the shortcomings of existing research discussed in this e apply both to beaconing
in dedicated radio spectrum, and to the transmission of beas messages in spectrum
already occupied by another communication or radar system.

1.6 Open Issues

Since radio spectrum for aeronautical communications is aace resource (cf. Section
1.3) and the capacity of existing aeronautical surveillamcbeaconing systems is insu -
cient for future demand (cf. Section 1.5.1), it is necessatyg address the shortcomings
of existing work discussed in Section 1.5.2. To this end, thiwork aims at solving
the open issuedl-19 described in the following. Initially, a review of existingPHY
and MAC layer technologies used for beaconing or related rtiple-access problems is
necessary to identify concepts which could be used in a spatly e cient aeronautical
surveillance beaconing system. The rst open issue is thus:

1 What PHY and MAC layer technologies promise the highest spaet e ciency
for aeronautical surveillance beaconing?

As explained in Chapter 3, cell-based self-organizing TDMACB-SOTDMA) and
Aloha with successive interference cancellation (SIC) irhé receiver are selected as
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promising candidates. Due to the fact that it is used by the nm& important exist-
ing aeronautical surveillance beaconing systems 1090ESJddAT, the combination
of Aloha MAC and simple receiver algorithms which do not usenterference cancel-
lation or any other form of multi-user detection is also of iterest for comparison to
any new scheme. The primary metric for the comparison of thdaementioned three
technologies is their spectral e ciency. The second opensge is thus:

2 What spectral e ciency can be achieved when Aloha MAC and simp receiver
structures are used for aeronautical surveillance beacog?

The two candidate technologies CB-SOTDMA and Aloha with SIGhave not been con-
sidered for aeronautical beaconing before. Both candidateequire some adaptations to
overcome special challenges of aeronautical surveillar@aconing. With these adap-
tations, their spectral e ciency has to be derived, which iwolves the optimization of
system parameters. This gives rise to the next open issues:

I3 How can CB-SOTDMA be adapted to aeronautical surveillancedaconing?

14 What PHY and MAC layer parameters optimize the spectral e ciency of aero-
nautical surveillance beaconing with CB-SOTDMA, and what gectral e ciency
can be achieved?

I5 How can Aloha with SIC be adapted to aeronautical surveillaze beaconing?

I6 What PHY and MAC layer parameters optimize the spectral e ciency of aero-
nautical surveillance beaconing with Aloha and SIC, and whapectral e ciency
can be achieved?

The answers to open issud&-16 rely on simpli ed, semi-analytical system models and
a simpli ed air tra ¢ scenario. On this basis, Aloha with SIC is selected as the most
promising scheme for aeronautical surveillance beaconiimg Chapter 4. To analyze
the spectral e ciency of the most promising scheme in a reaiic scenario taking into
account important real-world e ects, a complete design ofhie PHY and MAC layer is
needed. Thus, the next open issue is:

I7 How can an aeronautical surveillance beaconing system ugilloha with SIC be
designed, including realistic solutions for important syem aspects which were
treated in a simpli ed way in the semi-analytical model?
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Once the required design of an aeronautical surveillancedm®ning system using Aloha
with SIC is available, the validity of the semi-analytical nodel and the e ectiveness
of the developed system need to be demonstrated. The lattexquires the analysis of
the system under realistic, future air tra ¢ conditions. Thus, the last two open issues
addressed in this work are:

I8 How does the spectral e ciency predicted by the semi-analytal model compare
to the spectral e ciency achieved by the full system design sing Aloha with SIC
in the simpli ed air tra ¢ scenario?

19 What spectral resources are required by the system designngsiAloha with SIC
for aeronautical surveillance beaconing in a realistic, iure air tra ¢ scenario?

1.7 Contents and Contributions

In this work, we solve the open issues listed in Section 1.60 kKeep our investigations
independent of any legacy radio systems, we focus on the c#sat dedicated radio
spectrum is available for aeronautical surveillance beatag. Important basics are
addressed in Chapter 2, where the requirements of aeronanat surveillance beacon-
ing, the channel model and the simpli ed air tra c scenario ae explained and the
key challenges for a spectrally e cient aeronautical surubance beaconing scheme are
summarized. Chapter 3 deals with the rst open issué&l. Its main contribution is:

C1 We review existing work on PHY and MAC layer schemes which aedready used
or could most likely be adapted for beaconing. The usefulreesf the schemes for
spectrally e cient aeronautical surveillance beaconingd assessed, taking into ac-
count the requirements and challenges identi ed in Chapte2. We then select the
two transmission schemes promising the highest spectral eency as candidates
for further, quantitative evaluation.

Chapter 4 begins with the analysis of Aloha with simple recegrs without interference
cancellation. We address the corresponding open isd8eby the following contribution:

C2 We develop a semi-analytical model of beaconing with Alohand no interference
cancellation or any other kind of multi-user detection. Thé model takes into
account that beaconing radios typically operate in half-dolex mode, i.e., cannot
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transmit and receive simultaneously. The main free paramets in the model
are the coding and modulation rate and the beacon generatigate, which are
optimized to achieve maximum spectral e ciency in the aeroautical surveillance
beaconing scenario with simpli ed air tra c as described inChapter 2. The
optimization also reveals the achievable spectral e cienc

The adaptation of CB-SOTDMA to aeronautical surveillance laconing (cf. 13) is
addressed as follows:

C3

We introduce a novel cell nesting scheme for CB-SOTDMA, whicallows to

combine two multiple-access schemes in a cellular reusetpat. By appropriate

selection of the two multiple-access schemes, the cell negtscheme helps to
increase the transmitted energy per bit and to reduce guardnes, while ensuring
that the large power di erences between messages from cloaad more distant

aircraft can be tolerated. This is especially useful in aenautics, due to the long
distances, long propagation delays, and high transmissidosses.

Issuel4 is addressed by the following contribution:

C4 We develop a semi-analytical model for aeronautical surlance beaconing with

CB-SOTDMA. Using this model, the main system parameters, Hesize, reuse pat-
tern size and reuse pattern nesting strategy, are optimizédr maximum spectral

e ciency. In this process, the maximum spectral e ciency which can be achieved
in aeronautical surveillance beaconing with CB-SOTDMA is erived as well.

Aloha with SIC in the receiver is analyzed with respect to isesl5 and 16, which leads
to the next two contributions:

C5

C6

We introduce a time hopping scheme to reduce the probabilitthat a beaconing
node misses large parts of an incoming message due to its ovamsmissions. The
problem of received signal outage during own transmissignghich is inherent to
half-duplex beaconing radios, has not yet been consideredAloha with SIC, as
such a scheme has not been used for beaconing before.

We extend a known semi-analytical model of Aloha with SIC toaver (i) half-
duplex radios and(ii) the aforementioned time hopping scheme. Using the ex-
tended model, the main system parameters, coding and modtitm rate, time

hopping sparsity and beacon generation rate, are optimizéo maximize the spec-
tral e ciency of aeronautical surveillance beaconing withAloha and SIC. This
reveals the achievable spectral e ciency.
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The results of Chapter 4 reveal that CB-SOTDMA and Aloha withSIC both achieve
a substantially higher spectral e ciency than Aloha with simple receivers. Based on
the spectral e ciency predicted by the semi-analytical moels and on further criteria
discussed in Chapter 2, Aloha with SIC is selected as the mgatomising scheme for
aeronautical surveillance beaconing.

Chapter 5 focuses on the system design which is needed for endetailed simulations
of aeronautical surveillance beaconing with Aloha and SIGif. open issuel7. Its
contribution is:

C7 We design the Interference Canceling Beacon Transceive€8T), a novel aero-
nautical surveillance beaconing system using Aloha with Gland time hopping
(cf. C5). The design of ICBT details all components needed to simu&a PHY
and MAC layer in a realistic scenario. This includes messagketection, channel
estimation and interference cancellation. Our design doe®t assume received
messages to be synchronous to, e.g., a common symbol clockidiionally, we
optimize the placement of known synchronization symbols ithe messages such
that Doppler shifts can be accurately estimated by the recetr. The resulting
structure of synchronization symbols also enables a messaggetection scheme
with reduced computational complexity.

The performance of our system design proposal ICBT is inveggated by Monte-Carlo
simulations in Chapter 6. This enables the last two contribtions of this work, address-
ing open issued$8 and 19:

C8 We compute the spectral e ciency of ICBT in the simpli ed air tra ¢ scenario
and con rm important design decisions by means of Monte-Chkr simulations.
The simulations include the main relevant propagation e ets and do not use any
knowledge at the receiver which would in reality not be avable. The spectral
e ciency resulting from the simulations is compared to the ae predicted by the
semi-analytical model.

C9 We compute the bandwidth required by ICBT to ful ll the beaconing require-
ments de ned in Chapter 2 in a realistic, future air tra c scenario. To obtain
a realistic air tra c model, our scenario is based on a publised database of
ight schedules. The air tra c is up-scaled to the estimatedvolume for the year
2035 according to predictions available from the literatw. The results show
that the complete beaconing tra ¢ can be handled within a bamlwidth which is
even smaller than that of the existing systems, although wessume that both
the range and the packet size are increased in ICBT.
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Chapter 2

Beaconing Scenario and Requirements

2.1 Introduction

In this chapter, we formally describe all aspects of aeronaeal surveillance beaconing
which are required in later chapters to nd a spectrally e cient aeronautical surveil-
lance beaconing system. First, we explain the communicatidask and quantitatively
describe the requirements to be ful lled by an aeronauticaurveillance beaconing sys-
tem in Section 2.2. Next, the multiple-access channel for ¢htransmission of beacon
messages is introduced in Section 2.4, including the relavdasics of signal propaga-
tion. Section 2.5 then focuses on the distribution and movesnt of aircraft and explains
an air tra ¢ scenario suitable for the analysis of aeronauttal beaconing schemes in later
chapters. Note that in [Frall, Fral2], we employed the samerdra c scenario and
multiple-access channel model as in this work. The combinah of multiple-access
channel and air tra c scenario may be seen as the working coittbns of an aero-
nautical surveillance beaconing system. Next to the aforemtioned requirements and
working conditions, a quantitative de nition of the spectral e ciency of aeronautical
surveillance beaconing is required for the comparison of dm®ning schemes in later
chapters. We present such a quantitative de nition in Sectin 2.6. Finally, we dis-
cuss select aspects of aeronautical surveillance beacgnivhich have to be taken into
account in the assessment of an aeronautical beaconing soke

2.2 The Task of Surveillance Beaconing and Required
Beaconing Performance

In the following, the task of surveillance beaconing is at st described qualitatively,
before we de ne quantitative performance requirements fareronautical surveillance
beaconing. As already explained in Section 1.1, aeronawicurveillance beaconing is
used to ensure that aircraft are aware both of the presencedurrent state of other
aircraft in their surrounding. This is accomplished by leting each aircraft broadcast
its current state, which may include information such as pdon, speed and heading
[RTCO2]. Asdisplayed in Figure 1.1, the beacon messagesdmtoast by each aircraft are
needed by all other aircraft at distances not exceeding thequired beaconing range,.
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Generally, in surveillance beaconing, the transmitted sta information can be seen as
a time-continuous signal which can be sampled by a transmét at any time. A node is
therefore able to encode the most recent state informationtd a message at the time
of transmission. Thus, neglecting signal processing andysal propagation delays,
it can approximately be assumed that the state information eceived in surveillance
beaconing is up-to-date at the time of reception [RG12]. Thidi ers from traditional
data communication, where packets may be waiting in a queuerfa medium access
opportunity. State tracking algorithms are typically usedto estimate, e.g, the current
position of a neighboring node from state information recetd in the past [RG12].
The uncertainty in such an estimate, however, grows with imeasing time since the
last beacon message was received from a neighboring node.usfhan aeronautical
surveillance beaconing system must ensure that for eachaaft, the information most
recently received from neighboring aircraft within a radig of ry, is, with a very high
probability, never outdated.

Let us now formally de ne the requirements to be ful lled by an aeronautical surveil-
lance beaconing system. The air space within which surveaitice beaconing shall be
used to support air tra c management is denoted byV. Typically, V  R2, whereV
would be limited to points above the earth, between the grouhand some maximum
altitude. In the following, we consider the timeliness of fmrmation received by some
aircraft B at xg 2 V. Attime t, let Ty(t;A;B) denote the time elapsed sinc8 re-
ceived the last update from another aircraftA. We call T,(t; A; B ) the data age. Note
that Ty(t;A;B) = 1 if B has not received any information fromA at or before time
t. In this work, the information about aircraft A is considered to be outdated aB if
and only if T,(t; A; B ) exceeds the critical data agd ... . Figure 2.1 shows a distance
interval around aircraft B with inner radius r r=2 and outer radiusr + r=2. Let
Mac(B;t;r; 1) denote the set of aircraft in this distance interval at timet. The set
containsN(B;t;r;  r)= Mu(B;t;r; r) aircraft. The number N2 (B;t;r; r) of
aircraft about which the information available atB is outdated can be obtained as

N2UB;tir; r)= A2 Ma(Bitir; 1) Tu(bAB) > Tye - (2.1)

C

The probability poy (B;t;r) that the data from some aircraft at distancer is outdated
is given by

. E NE'(B;tr; 1)
Pout (B;t;r) = lim

rt 0 E Ng(B;t;r; 1)
We assume that a small probability of outdated information can be tolerated. The
performance requirement to be satis ed by the beaconing dgsn may thus be stated
as

(2.2)

Pout (B; ;1) 8r rpt2R;xg 2 V. (2.3)
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outdated informatio

Figure 2.1. Aircraft in distance interval of width r around aircraft B. The total num-
ber of aircraft isN,(B;t;r; r)=10. The information about the N2*(B;t;r; r)=2
red aircraft is outdated atB.

In reality, several requirements of the form (2.3) may exisit the same time for several
di erent beaconing ranges. One example are the requirementor ADS-B, where the
tolerable time between consecutive updates is smaller fora@aft at closer distances
[RTCO2]. In this work, we restrict attention to only one set & required parameters
(ro; Tucrit; ). The number L of information bits each beacon message needs to carry
is another requirement. In accordance with [EurO7c], we asgse a constant sizd. for

all aeronautical surveillance beacon messages.

In the following chapters, actual values for the parametens,, Ty.cit, andL are some-
times required to argue why a certain beaconing scheme is teetsuited to the aeronau-
tical scenario than another. Challenging requirements atesed herein in an attempt to
cover future aeronautical beaconing applications. For theequired range,r, = 150 nmi
is assumed. This corresponds to the surveillance range esaged for future autonomous
air-to-air operations in [ADSO01], and is also identical tolte largest xed-range trans-
mission volume de ned for broadcast in [EurO7c]. In the cuemt ADS-B standard
[RTCO02], a range of 120 nmi is desired, but only 90 nmi are reiged. Also, in contrast
to this work, the longest range requirements in [RTCO02] applonly in the forward
direction. For the critical data age, Ty.cit = 1 S is used in this work. This corresponds
to the desired update interval for lower ranges from [RTCO2]The tolerable probability
of outdated information is setto =10 3. This goes beyond the strictest requirement
from [RTCO02], which tolerates excessive delay between censtive updates in one per-
cent of the cases. The message size is assumed to be 40 by&sli= 320 bits. This
is slightly more than the 34 bytes assumed for surveillancedadcasts in [EurO7c].



14 Chapter 2: Beaconing Scenario and Requirements

2.3 Message Error Rates and Scheduling Decisions

According to the previous description, the information abot some aircraft at distance
r from aircraft B is outdated at time t if and only if no message was received from this
aircraft during the past time interval of duration T,.ii. Because of thisp..(B;t;r)
depends both on how many messages an aircraft transmits withT,..;; and on the
probability that B loses a certain number of consecutive messages from the same
craft. How many messages are transmitted depends on the sdhkng decisions. They
are the output of the distributed algorithm which runs at eab aircraft and, based on
locally available information, decides when and how to trasmit messages. In the most
simple case, each aircraft transmits at a regular rate of® = R=T,.i messages per
time, with integer K. Then, poy (B;t;r) is equivalent to the probability that B has
lost the last K messages transmitted by an aircraft at distance. A beaconing scheme
may usek > 1to compensate message loss [RG12], or may transmit witA= 1 =Tt
(R=1). Inthe latter case, poyt (B; t; ) is identical to the message error rate (MER) for
messages received by aircraB from aircraft at distancer, if one ignores the change
of r during the time T,..it . Requirement (2.3) is then identical to a MER requirement.

2.4 Channel Model

2.4.1 Introduction

A central element of the problems addressed in this work iséhmultiple-access channel
through which messages are exchanged between aircraft. Tinput to the channel
consists of all beacon messages transmitted over it. For angceiving station, the
channel model describes the received signal and its depemcke on the channel input.
In the following, the channel model and all relevant signaksre described in the complex
baseband. We compute the received signal, i.e., the chanwoeltput, at one particular
receiving aircraft. For any other aircraft, the received ginal may be obtained in the
same way. Looking at a single message transmission, the wmadignal propagation
between two aircraft is described in Section 2.4.2. In Seati 2.4.3, we describe the
signal outage caused by own transmissions of the receivingceaft. Additive thermal
noise is addressed in Section 2.4.4. Combining the aforeri@med e ects, and taking
into account that many messages transmitted by a large numbef aircraft contribute to
the received signal, the entire received signal is computedSection 2.4.5. Additionally,
some beaconing schemes considered in this work subdivide thansmission channel
into subchannels, which is explained in Section 2.4.6.
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Figure 2.2. Propagation path with delay, path loss, Doppleshift and phase shift.

2.4.2 Signal Propagation E ects

The e ects of signal propagation are discussed by looking @ne particular beacon
message of index 2 N. We assume a single propagation path as depicted in Figure
2.2. It is characterized by its path losg ;j 2, its delay ;, its phase rotation' ; and its
Doppler shift f4;. The complex channel coe cient ; = j ;jel' i summarizes the e ects
of path loss and phase rotation. Leg(t t.) be the transmit signal for message
i, which is transmitted at time ty.. We assume that all nonzero parts og;(t) are
contained in a short interval of time, which nominally begis att = 0 and ends after
the nominal message duratiofMsgi. In the most simple caseg (t) consists of a single
transmission burst nominally lasting fromt = 0 to t = Tnggi. In later chapters, we will
make use of the possibility to compose a message of multiplects bursts spaced by
gaps. In this case, the rst burst nominally begins at = 0 and the last burst nominally
ends att = Tpsgi. Note that while every message contains bits of information, the
PHY layer of a beaconing scheme could potentially encode anmtbdulate messages in
di erent ways. Thus, Tnsgi IS Not necessarily the same for all messages. Furthermore,
the nominal duration of a transmission burst may be extendecharginally by rising
and falling signal edges, which are not accounted for ifi,sgi. The channel response
to gi(t tw:)is dened aswi(t ty.), wherew;(t) is given by

wi(t) = gt i)ejZPfd:i(t i) (2.4)

We assume that the channel parameters;, ; andfy; stay constant over the duration
Tmsgi Of ONe beacon message, but change from one message to the dagtto the
movement of the aircraft.

For a distance ofr; between transmitter and receiver, the propagation delay igiven

by
(2.5)

_ T
= e
The relative speedv,; of transmitter and receiver causes the Doppler shift. It is
de ned asvy; = drj=dtj;-y,, To be exact, nonzero/; also leads to a time expansion

or contraction of g(t). However, we assume messages to be short enough so that
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this can be neglected. The Doppler shift is obtained from theell-known relationship
[Rap01] y
_ rel;i

fai = fom . (2.6)
For the system design in Chapter 5, the frequency range whittas to be searched by
a receiver to nd the Doppler shift of an incoming message isf anportance. This
frequency range is called the Doppler search range and is desd by Wjy. It is equal to
the di erence between the highest and lowest possible valeéf 4, which, according to
(2.6), is proportional to the di erence between the highesand lowest possible relative
speed. Assuming a maximum aircraft speed of., the relative speed is bounded by

2o  Veli T2V, Where the extreme values are assumed when transmitter and

receiver are ying directly towards or away from each otherThen, Wy is given by

Wy = 4fcv—zc . (2.7)
For example at carrier frequencies in the aeronautical L-bd, i.e., aroundf. = 1 GHz,
Wy would amount to 4 kHz at an aircraft speed o, = 300 m/s. The complex channel
coe cient can be computed as
s
I:)rx(ri; rs) ej' i

o , (2.8)

=
where Py, denotes the transmit power P (ri;rs) denotes the received power, and is
the line of sight range explained later in this section. Thelmse' ; of ; is assumed
to be independent and identically distributed (i.i.d.) for di erent beacon messages,
following a uniform distribution in [ p;p).

The path lossj ij 2 between aircraft at carrier frequencies in the bands avalbie for

aeronautical communications is described in detail in [I1A2b]. As long as transmitting

and receiving aircraft are within line of sight, this path Iss is commonly approximated
by free space propagation [ADS01, SD99, Int09, RTC09, MHRR1B0f14]. Free space
propagation is a special case of the log-distance path lossdel [Rap01]. The received
power P p (ri) according to the log-distance path loss model is

Prx;LD(ri) = Py r;_ief ) (29)
where is the channel loss exponent ands denotes the distance at which the trans-
mission loss would hypothetically be 0 dB. In reality, (2.9)s typically only valid when
ri . Free space propagation corresponds to= 2. For distances beyond the line
of sight range, the path loss reported in [Int12b] quickly ioreases to extremely high
values. Therefore, we assume in this work that propagatioms limited by the line of
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sight rangers [Hof14, SD99]. Hence, the received powB, (ri;rs) is given by

Prx;LD(ri); if ri Is,

2.10
0; ifri>rs. ( )

P(risrs) =
It remains to be noted that although (2.9) cannot be valid for; <r . and will typically
only be valid whenr;=r.s is large, we use (2.9) even for smal]. This may be done in
aeronautical surveillance beaconing for the following rean. In free space ( = 2), (2.9)
holds when the receiver is in the far eld of the transmitter acording to the far eld
conditions given in [Rap01], which depend on the antenna s&eTypical aeronautical
beaconing antennas are omnidirectional in azimuth and haygysical dimensions not
exceeding one wavelengtle=f., where c is the speed of light andf. is the carrier
frequency used for beaconing. For such antennas, the far detonditions are ful lled
whenr; > 2c=f.. However, for the radio frequencies of interest herein, amaft are in
any practical situation separated byr;  2c=f..

To evaluate the complex channel coe cient (2.8), the line okight range between air-
craft is required. In the context of radio communications, dine of sight refers to a
direct propagation path between transmitter and receiverdr radio waves at the carrier
frequencyf . of the beaconing system. Due to refraction in the atmosphenadio waves
bend around the curvature of the earth, which increases thaé of sight range com-
pared to the hypothetical case of propagation along a strdigline. To approximate
this range increase, the line of sight range can be computesisaming a straight prop-
agation path over a spherical earth of increased radikgRg, where Rg = 6370km is
the earth radius andke = 4=3 is the e ective earth radius factor [Par00]. Accordingly,
in a realistic, three dimensional air tra ¢ scenario, the Ine of sight rangers.sp(h1; hy)
between two aircraft at altitudes h; and h, above ground is obtained as [Hof14]

q q
rs;gD(hl;hz) = h%+2h1kERE + h%+2h2kERE . (211)

Furthermore, the distancers.rs at which the transmission loss in free space would
hypothetically be 0dB can be derived from the Friis free space equation [Rap01l]cA
cording to this well known equation, the received power is

2

c_ 2.12)

Prx;FS(ri) = Pthth?x m

where Gx and G, denote the transmit and receive antenna gains, respectiyelCom-
paring (2.12) to (2.9) for the case =2, we can easily determine that

p
rref;FS = Gtx G?x

c

—_— 2.13
4pf clb ( )



18 Chapter 2: Beaconing Scenario and Requirements

100 T T T T T T T T T
Median path loss according to [Int12Db] S

110
120\ | = — =i ij ?according to (2.8),rs = rgsp(hy; hy) ]

130 N v e

140+ o | rgap(hgrhy) |

ABO v b et TR
10| R

Path loss, dB

I70F .
180
190+

200 Il Il Il Il Il Il Il Il Il
0 50 100 150 200 250 300 350 400 450 500

Tx-Rx distance r;, nmi

Figure 2.3. Median path loss according to [Int12b] comparetb (2.8) with rg =
r<ap(hi; hy), for aircraft altitudes h; = h, = 10000m, f. = 1200MHz, = 2,
Gx = Gx = 0dBi.

Let us now compare the path loss according to (2.8) and line sight range (2.11) to the
path loss reported in [Int12b] for signal propagation betwen aircraft. Of the frequencies
considered in [Int12b],f. = 1200MHz comes closest to the L-band frequency range of
interest for aeronautical beaconing according to Section3lL For two aircraft at the
same altitude ofh; = h, = 10000m and for a frequency off = 1200MHz, Figure
2.3 shows the median path loss according to [Int12b] as a fwien of distance. Note
that [Int12b] assumesG, = Gy = 0 dBi. Additionally, j ij 2 according to (2.8) and
rs = rgap(hy;hy) is plotted in Figure 2.3. For the plot ofj ;j 2, we assumed the
same frequency, aircraft altitudes and antenna gains as beé, as well as = 2 and
et = Iref:ps according to (2.13). We observe that up to a distance of = 250 nmi, there

is almost no di erence between the two curves plotted in Fige 2.3. This indicates
that the path loss according to (2.8) ands = rq3p(hy; hy) closely matches the median
path loss according to [Int12b] up to distances signi canyl exceeding the required
beaconing range off, = 150nmi (cf. Section 2.2). Atr; > 250nmi, our model
(2.8) with rs = re3p(hy; hy) overestimates the received power in the example shown in
Figure 2.3. This leads to an overestimation of interferenageated by beacon messages
from transmitters within the range 250nmi < r; r<ap(hi; h2). We consider this
overestimation of interference from faraway sources as audent assumption in the
analysis of aeronautical beaconing schemes. Figure 2.3oathows that the median
path loss according to [Int12b] is very high at; > r s3p(hy; hy) and increases rapidly
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with r;. Neglecting any signal from transmitters beyond the line ofight range thus
appears justi ed.

2.4.3 Received Signal Outage During Own Transmissions

In the following, we describe a model for the outage of the reiged signal while the
receiving aircraft is transmitting itself. Radio devices a typically unable to transmit
and receive at the same time and on the same frequency [RapOThe propagation
path loss usually leads to a huge disparity between transnetd and received power.
Due to this, it is usually not possible or too costly to instdlsu cient isolation between
the transmitter and receiver parts of the same radio device.This means that an
ongoing transmission in the same frequency range as the omwared by the receiver
input Iter renders the receiver deaf, e.g., by saturating he input ampli er and/or the
analog-to-digital converter. Concurrent transmission ah reception is only possible by
using di erent frequency ranges which are separated by Its in the analog domain
[Rap01]. Should two or more such frequency ranges exist, thase regarded herein as
independent physical channels.

The deafness of a receiver during its own transmissions oretame channel can be
modeled by the addition of a very strong noise term,,,(t) to the received signal. To
calculate ngyn(t), let Mgun be the set of message indices of all messages transmitted by
the receiving aircraft. Then, this aircraft's own transmit signal gouwn (t) is given by
X
Qown (1) = gt tui)- (2.14)
i2Mown
Let n; (t) be a white Gaussian noise process of in nite power within anyandwidth.
Then, noyn(t) is obtained as

Noun (1) = n'l (1), ift2 supp Gown (1) (2.15)
0; otherwise,

wheresupp f (t) denotes the support of the functiorf (t), which is the closure of the
set of all points wheref (t) is nonzero. Obviously, the accumulated duration of receigle
signal loss depends both on the duration of all transmissidoursts in a message, as
well as on the message generation rat€ Note that either an arbitrary portion or the
entirety of a received message may be a ected by receivedratjoutage. Whether a
partial outage leads to loss of a received message or not, elegs on the PHY layer of
the beaconing scheme. For example, low-rate forward errasreection may be able to
decode a message even if some part is missing.
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2.4.4 Thermal Noise

As last characteristic of the channel, the received signad impaired by the thermal
noise process(t), which is assumed to be additive white Gaussian noise (AWGN)
The one-sided power spectral density af(t) is denoted byN,. Here,n(t) is the entire
equivalent noise at the antenna input of the receiver, whicls the sum of background
noise and receiver noise [Rap01]. With receiver noise guFgg, given in dB, we have

No= 174dBm/Hz + Fgg, (2.16)

where 174dBm/Hz is the background noise power spectral density 290K

2.4.5 Complete Description of the Channel

Figure 2.4 depicts how the transmit signalgi(t tw.) of messagd undergoes the
propagation channel, leading to the channel responsg(t ty.) at the receiver. For
messagd, the channel responsesy (t ti.x) of all other messagesk : k 6 i;k 2
Mowng transmitted by other aircraft constitute potential multip le-access interference
(MA), since, depending on the MAC layer, they may overlap wh message at the
receiver. Summing up all channel responses, the impairmeetm ng,,(t) due to own
transmissions and the thermal noisa(t) yields the received signaw(t):

X
W(t) = Wi (t ttx;i) + nown(t) + n(t) : (2-17)
i2Mown

2.4.6 Use of Subchannels

Some beaconing schemes considered in this work require thieaduction of subchan-
nels. Subchannels are a way of subdividing the physical chret for multiple-access.
Each subchannel corresponds to a special way of creating thensmit signalsg; (t) and
choosing the access timds, ;. The idea is to design the signals such that the interfer-
ence between messages received on di erent subchannels iisimmzed. For example,
the PHY layer can subdivide the bandwidth of the channel intseveral sub-bands and
a messagej (t) can be designed such that its spectrum falls predominantiyto only
one of them. Each band is then called a frequency-division itiple-access (FDMA)
subchannel [Rap01]. Another possibility is to provide a nagslike spreading code for
each subchannel. In this case, we are looking at a number ofdeedivision multiple-
access (CDMA) subchannels [Rap01]. Note that the use of orthanal spreading codes
does not make sense in beaconing, since they are typicallyyoarthogonal when syn-
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Figure 2.4. Transmission channel with signal propagatiomultiple-access interference
and additive noise.

chronized in time. In beaconing, however, there are many rEgers and it is impossible
to synchronize messages such that they arrive synchrongusak each of them. CDMA
codes should thus provide a low cross-correlation not onlyhen they are perfectly syn-
chronized. Note that FDMA and CDMA do not impose any restricton on the access
times ty . If the subchannels are designed such that the level of crastk between
them is low enough, messages on di erent subchannels can leeaived at the same
time even when their received powers di er by a large factotdHowever, we assume that
concurrent transmission and reception is not possible, raglless of what subchannels
are used. Due to the extreme power di erence between trangteid and received signal,
concurrent transmission and reception on di erent subchanels is typically not possible
for CDMA, or requires large guard bands and analogue duplexj Iters for FDMA.

Another option is the use of time-division multiple-acces§TDMA) subchannels. In
TDMA, time is divided into slots, i.e., consecutive intervds of time [Rap01]. In their
most simple form, the slot duration is constant and designefdr the transmission of a
single message. Nodes may only access the channel (starrémsmit a message) at the
beginning of a time slot. The slot duration accounts not onlyor the message duration,
but also for propagation delays and possible timing errorg the transmitting node. The
excess time is called the guard time, as it protects messadesn colliding with other
messages transmitted in adjacent slots. The slots are gragbinto consecutive sections
called frames, where each frame holds the same number of slofo establish TDMA
subchannels, a frame is subdivided into multiple sectionahere each section belongs to
a subchannel. A message on a particular subchannel may bersaitted in any frame,
but only in the section of slots belonging to the subchannelhus, TDMA subchannels
do not impose any restrictions on the waveforms of the messag but restrict them to
separate intervals in the time domain. In consequence, tramitting on a particular
TDMA subchannel does not cause signal outage on any other TDMsubchannel. Any
other subchannel concept cannot by itself guarantee thissan ongoing transmission
on any subchannel destroys the entire received signal aatiog to (2.15).
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2.5 2-D Aircraft Distribution and Movement Model
for the Analysis of Beaconing Schemes

In the following, we describe the simpli ed air tra ¢ scenario used for the analysis of
beaconing schemes in Chapters 3 to 6 of this work. A more resic model of future
air tra c is introduced in Section 6.4 and used to demonstrae the e ectiveness of the
system design we develop in Chapter 5. In the simpli ed air & ¢ scenario, aircraft
are located on a two-dimensional plane, which is why this swa&io is in the following
also called the 2-D model. In reality, the line of sight rangé€2.11) at typical cruise
altitudes is much larger than the maximum altitude at which arcraft can y. Also, the
vertical speed of an aircraft is in typical situations much maller than its horizontal
speed. Hence, a two-dimensional air tra c distribution regonably approximates the
distances and relative speeds between aircraft, as neededdetermine all signal prop-
agation conditions described in Section 2.4.2. The only e@tion is the line of sight
range, which we assume to be; = 500 nmi for all pairs of aircraft in the 2-D model.
Such a largerg is a worst-case assumption for the following reason. A planaircraft
arrangement with constant line of sight range s corresponds to a three-dimensional
case where all aircraft are at the same altitude. The aircréltitude h,p corresponding
to the 2-D model can be obtained from (2.11) by solvingssp(hzp; h2p) = 500 nmi for
hop, which results inh,p = 41373ft. For comparison, an air tra ¢ scenario described
in [Int09] uses exponentially distributed altitudes, witha mean of5500ft, in which
case only 1 in 1849 aircraft would exceelshp = 41373ft. Furthermore, the altitude
range from 35000ft to 40000t is called high altitude in [Int09]. This indicates that
the vast majority of air tra ¢ does not exceed h,p = 41373ft, which implies that the
line of sight range exceeds; = 500 nmi only in rare cases. Hence, the 2-D model with
rs =500 nmi is a worst-case assumption in terms of multiple-accesgarference, which
is more di cult to handle when more aircraft are within line of sight of a receiving
aircratt.

Concerning the spatial node distribution, we assume randosircraft locations deter-
mined by a two-dimensional Poisson point process (PPP) witbonstant density .
Thus, the number of aircraft in an area of sizé\ is Poisson distributed with mean A
and the aircraft counts in disjoint areas are statisticallyindependent. The assumption
of a two-dimensional PPP is widespread in the analysis of MARTs, since it facilitates
analytical investigations [SS90, WAJ10, MJ14, BM10]. To modéhe movement of air-
craft, we assume a constant speed af. = 300 m/s (583 kts). This is very close to the
maximum aircraft speed of 600 kts assumed in [RTCO02] for vars worst-case scenar-
ios. The directions of movement are i.i.d., following a urefm distribution between 0
and 360.
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Table 2.1. Properties and Parameters of the 2-D Model.

Aircraft locations two-dimensional PPP, density

Direction of movement | random, uniformly distributed in [0 ; 360)

Aircraft speed vy 300m/s

Line of sight rangers 500 nmi

The 2-D model is summarized in Table 2.1. Note that in the 2-D odel, no value is
speci ed for the aircraft density , since in later chapters, we seek the maximum
a certain beaconing scheme can handle in a given bandwidth. Whwe try to keep
the discussion of spectral e ciency in Chapters 3 to 5 as ingeendent of the actual
aircraft density as possible, some conclusions require anderstanding of at least the
magnitude of to be expected in reality. The reason is that the impact of soene ects,
such as control data overhead, can depend on the actual numlaé nodes within range.
Due to this, we state already here that a typical aircraft desity to be expected in the
future over Europe is in the order of y, = 0:015aircraft per nmi? according to the
more realistic model of future air tra c to be presented in Setion 6.4.

2.6 Spectral E ciency as Performance Metric

As explained in Section 1.3, bandwidth is a critical resouedfor aeronautical surveillance
beaconing. We will therefore employ the spectral e ciency & performance metric
for the evaluation and comparison of di erent beaconing semes in this work. In
this section, we introduce an appropriate formal de nitionof the spectral e ciency of
surveillance beaconing. Assume that all signalg(t) used by the beaconing system
(cf. Section 2.4) comply with some spectral mask of bandwidtWsy. In this case,
Wsys may be called the bandwidth occupied by the beaconing systen\s explained
in Section 1.7, we assume that spectrum of bandwidiWs is available exclusively for
the beaconing system. According to Section 2.3, a singleaft transmits °messages
per time. The normalized message transmission rateof a single aircraft is de ned as

o L
Wsys '
which is identical to the average amount of information trasmitted by each aircraft per
time and bandwidth. To assess the e ciency of a beaconing seme, however, we are
interested in the maximum aircraft density for which the beaconing requirements (2.3)
can be ful lled using a bandwidth of Wsys. In this respect, the data rate transmitted

(2.18)
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by a single aircraft or the aggregate data rate of messagexsessfully received from
surrounding aircraft matter only indirectly. This is becatse aircraft may transmit at
an increased rate to compensate message loss, as explaime&action 2.3. In the
same way, more messages may be received from a certain neaginlg aircraft than
absolutely necessary to prevent outdated information. Thiefore, we de ne the nominal
normalized message transmission rate as

L
rom = Tu;crit Wsys’ (2.19)
which is the minimum at which a beaconing system could hypothetically avoid out-
dated information in the absence of message loss. The maximaircraft density ax
which can be supported by a given beaconing system withoutlating the requirement
(2.3) is
max = SUp  : Requirement (2.3) ful lled (2.20)

where sup(M) denotes the supremum, or least upper bound, of the skt. By means
of max, We can determine the maximum nominal normalized data rateeceived by
an aircraft from other aircraft at distancesr r,. We call it the nominal spectral
eciency anddeneitas

=  max nomprtzy (2.21)

Note that may be seen as a normalization of,,x and that the search in the following
chapters for the beaconing scheme that maximizesis identical to looking for the
scheme that supports an as large as possible user densify, within an as small as
possible bandwidthWs,s. De ned as above, may be expressed in received bits per time
and bandwidth. Without message loss and with © = 1=T,.;, the nominal spectral
e ciency would be identical to the aggregate data rate received by anreraft from
all others within r,. Another criterion looking at the aggregate rate at a receer is
the local capacity de ned in [MJ14] to assess MANET communi¢@an. The di erence
is that the local capacity considers any correctly receivedata packet, while (2.21)
considers only the information of interest, i.e., only meages from distances ry
and only the minimum necessary beaconing rate,om.

2.7 Special Aspects of Aeronautical Surveillance Bea-
coning

Some aspects of aeronautical surveillance beaconing arpeesally relevant for the
assessment of beaconing schemes in the following chaptefbese aspect, which can
be seen as special challenges in aeronautical surveillabeaconing, result from the
aeronautical scenario and the surveillance beaconing reeuments.
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1. Number of nodes: In aeronautical beaconing, both the lired sight rangers and
the required beaconing range, are much larger than in other typical beaconing
applications. It has to be expected that the number of aircfé within a circle
of radius r, = 150nmi is in the order of ,pr2 1000 The fact that the
received data tra c consists of transmissions from this may sources may lead to
excessive control data overhead in a communication protdcéor a more detailed
discussion of the air tra c density, cf. Section 6.4.

2. Interference from nodes outside the desired range: Thediof sight range between
aircraft at cruise altitude is usually much larger than the equired beaconing range
r,. Even the relatively large value ofr, = 150 nmi considered herein amounts
to only 30% of the line of sight range between aircraft at crge altitude. In
a homogeneous aircraft distribution, this means that only % of the messages
contributing to the received signal are of interest to the reeiver. Additionally,
the ratio of interference power to signal power for a far awawpterfering node at
distancer;,, wherery < rjn r, and a desired node at distanCegqes [rp IS
(rges=fint) according to (2.10). In free space, i.e., for = 2, this interference
to signal ratio is much larger than it would be in ground-bas® communication,
where is typically around 4 [SS90, AWHO7]. In conclusion, an aerouotcal
surveillance beaconing system has to ful Il the requiremer2.3) in the presence
of a high amount of transmissions from nodes outside its intded range, while at
the same time, the interference created by any single suchatrsmission is more
severe than in ground-based communication.

3. Propagation delays: The large ranges between aircrafsallead to unusually long
delays. Signals communicated over a distance igf = 150 nmi will experience a
propagation delay of920us. To travel the line of sight range of 500 nmi, signals
even take about 3ms. As will be discussed in Chapter 3, progmpn delays are
known to impair the performance of various MAC schemes, foxample due to
required guard times or due to the time delay until a distant nde becomes aware
of an ongoing transmission.

4. Robustness: Aeronautical surveillance beaconing is aegfcritical service for air
tra c management. The employed beaconing scheme should trefore be robust
against protocol failures, which may occur, e.g., throughr®rs in any part of
the control data. Also, in the case of system overloading tbugh an excessive
aircraft density , the performance should degrade gracefully. For examplé, i
the requirement (2.3) cannot be ful lled anymore at > ., then a reduced
beaconing rangep.eq < I, should exist such that (2.3) is at least ful lled for
distancesr  ry.eq. Additionally, ry.eq Should not become signi cantly smaller
than r, when only slightly exceeds nax.
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5. Dependency on other systems: As aeronautical beaconisgcritical for safety

(cf. point 4), it has to stay operational even when other sysms fail. In civil
aviation, it can be challenging to address concerns aboutélreliability of global
navigation satellite systems (GNSSs) due to the possibifitof signal outage or
jamming [SEH11, MB11]. However, many transmission schemis infrastruc-
tureless communication, including important beaconing semes, rely on the pre-
cise time reference provided by a GNSS to schedule their tsamissions. For this
reason, any aeronautical beaconing scheme requiring a psedime reference has
to be able to operate at least in an acceptable degraded modethe absence of
its time reference. As a consequence, a beaconing schemelhvtelies on a GNSS
should only be considered for use in aeronautics if it 0 erdaantages over other
schemes, such as a signi cantly higher spectral e ciency. dte that in aviation,
backup systems are available to determine the location of aircraft in the event
of a GNSS outage [Inta]. Therefore, position reports can Btbe broadcast in such
a case. Unfortunately, the currently available backup sysins for positioning do
not provide an accurate time reference in the way a GNSS does.



27

Chapter 3

Review and Evaluation of Existing
PHY/MAC Layer Techniques

3.1 Introduction

This chapter gives an overview of the most important beacamy schemes known from
the literature. Additionally, we consider known PHY and MAC layer techniques that
could be applicable to beaconing, but were not designed fdr iThe contribution of
this chapter is the qualitative assessment of the suitabiji of each scheme for spectrally
e cient aeronautical surveillance beaconing in light of tke special challenges listed in
Section 2.7. Based on this assessment, we select the mostpsing schemes for further,
guantitative analysis in Chapter 4. Note that a similar disassion may also be found
in [RG12], albeit for the design of a surveillance beaconirsystem for trains.

By the term beaconing scheme , we refer to the combinatiorf @ MAC layer scheme
and a PHY layer scheme for beaconing. The tasks of MAC for s@illance beaconing go
beyond those of traditional MAC. As explained in Section 2,2an up-to-date version of
the surveillance data contained in a beacon message is ahlé at any time. Therefore,
surveillance beacon messages are not entering a queue wihieeg await transmission,
but may be transmitted by the MAC layer at any time and any rate In consequence,
a surveillance beaconing MAC layer also has to decide how nyamessages shall be
transmitted per time. The PHY layer maps the beacon messageaté onto a physical
transmit signal according to instructions provided by the MAC layer and transmits the
resulting signal at the time determined by the MAC. In the reeiver, the PHY layer
handles signal processing. The receiver algorithm detemes the conditions under
which a message can be received successfully and can havergelampact on the
spectral e ciency of beaconing.

Within this chapter, the di erent capabilities of single-user and multiple-user receiver
algorithms have to be considered. Single-user receivergat messages independent
of each other, considering any overlapping messages as @ois their most primitive
form, correct reception cannot be guaranteed in the presemof an overlapping message
even if the desired message is of much higher power than theedapping one. Other
single-user receivers are able to capture any message if theerference caused by
overlapping messages is su ciently weak [Rap01]. This is irhe following referred to
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as message capture capability. Multiple-user detection bad receivers jointly process
all messages involved in a group of overlapping messages.e Theoretically optimum
joint decision strategy is very often replaced by a suboptiat approximation algorithm
based on interference cancellation, due to the prohibitiveomputational complexity of
the optimum solution. Multiple-user detection is inherenly capable of message capture
and often succeeds to decode even the weaker messages iadalv a collision.

Note that improving the decoding capabilities of the recear should not be understood
merely as a performance boost which is independent of the tred the system. The

optimum design of physical signals and MAC layer can be veryi drent for systems

designed with a simple receiver in mind or optimized, e.g.oif a multi-user receiver
which uses interference cancellation. In the rst case, it ay be best to use a high
channel coding and modulation rate, which makes messagesrstand thereby reduces
the probability of message collisions. In the second caskete ciency may be best for

a low channel coding and modulation rate, where collisionsaappen most of the time,
but overlapping signals can be decoded in the receiver.

The structure of this chapter follows the di erent MAC options for beaconing. In
many cases, the initial assessment whether a beaconing soheshould be considered
for aeronautical surveillance beaconing can be made by laad at its MAC strategy.
A fundamental division of MAC strategies can be made by lookg at whether they
try to coordinate the medium access of individual nodes in der to avoid message
loss. This leads to the categorization into coordinated andncoordinated MAC. The
PHY layer will only be considered when necessary to assess #ppropriateness of the
scheme for the aeronautical scenario. This will especialhg the case for uncoordinated
schemes, where the receiver algorithm determines whetheredapping messages can
be decoded.

3.2 Uncoordinated MAC

3.2.1 Unslotted Aloha Designed for Single-User Receivers

A very simple surveillance beaconing scheme is to use untdt Aloha as MAC strat-
egy, together with a xed average transmission rate at each node and single-user
receivers [Ebn05]. Unslotted Aloha refers to completely anordinated and unsynchro-
nized channel access by each node of a wireless system [Hro8ich kind of channel
access is in the literature often called Aloha because it wased in the Aloha system,
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which was conceived for wireless communications by Abranmsm 1970 [Abr70]. We
use the term unslotted Aloha to distinguish Aloha without time slots from Aloha
with time slots, which is introduced later. In unslotted Aldha, messages from di erent
transmitters arrive at a receiver in a completely random waysuch that any degree of
overlap between two messages is possible.

Currently, unslotted Aloha is used by all aeronautical surgillance beaconing systems
which are in widespread use. These are the SSR Mode S Exten@egitter transmitted
on 1090 MHz (1090ES) [RTCO09], and the Universal Access Traesver (UAT) [Int09]
(cf. Section 1.4). Contradictory to the principle of unsloted Aloha, UAT restricts
message transmission times to a discrete grid, which is pissly time synchronized
via GNSS. However, the intention behind using discrete tramission times in UAT
iS not to improve medium access, but to allow time synchrorerl receivers to deduce
the propagation delay from the time of transmission, whichsiencoded in the message
[Int09]. The time grid spacing in UAT is only 250ps, which is less than the shortest
UAT message duration of280us, and signi cantly less than the maximum possible
propagation delay. Therefore, UAT messages may partiallwerlap at a receiver just
as in unslotted Aloha [ADSO01], which is why we view the UAT MAGas unslotted Aloha.
To the best of our knowledge, unslotted Aloha is not commonlysed in surveillance
beaconing systems for other types of mobile nodes than aatftr While neither 1090ES
nor UAT excludes the use of a multi-user or interference cagling receiver, they were
not speci cally designed to support interference resoluin. For example, [RTCQ9,
appendix 1.4.1.8] assumes that a 1090ES receiver cannotaige more than one message
at a time.

Unslotted Aloha, regardless of receiver algorithm, has sral advantages for aeronau-
tical surveillance beaconing. As aircraft do not coordinat their transmissions, no
exchange of control data is necessary. In consequence, tlogeacy of unslotted Aloha
does not su er from excessive control data overhead when ada number of aircraft
are in range (cf. point 1 in Section 2.7). As transmissions @masynchronous, unslotted
Aloha does not rely on any time reference (cf. point 5 in Seoth 2.7) and its e ciency
is also independent of propagation delays (cf. point 3 in Semn 2.7). Degradation in
the presence of an excessive aircraft density happens gfattg under the propagation
model (2.10), as weaker messages from further away are losit while stronger ones
remain intelligible (cf. point 4 in Section 2.7). Note, howeer, that this requires a
receiver capable of message capture. Due to the aforememéid advantages and due
to the widespread use of unslotted Aloha with single-user geivers in aeronautical
surveillance beaconing, its spectral e ciency is analyzeth more detail in Section 4.3.
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Figure 3.1. Order of processing in Aloha with SIC.

3.2.2 Unslotted Aloha Designed for SIC

A major problem in any Aloha system is message loss due to de@ping transmissions.
One way to mitigate this e ect is to employ successive integfence cancellation (SIC)
in the receiver. The idea of SIC is to rst decode the strongesicoming message, and,
in case of success, subtract it from the received signal. Thexeiver then proceeds with
the next strongest message. This way, messages can be dedaddch are overlapped
by substantially stronger ones. An example for the order ofrpcessing is shown in
Figure 3.1.

After earlier work by Viterbi [Vit90], recent work on satelite communications has con-
rmed that the spectral e ciency of unslotted Aloha may be greatly increased when
SIC is used by the receiver, together with an appropriate PHYayer transmission
scheme. For instance, the Enhanced Spread Spectrum Aloha@SA) system has been
proposed for random access in the satellite return link [dRH&D9, dRHAG12]. A con-
cept similar to E-SSA is also described in [FEBQ9]. In E-SSAany users try to access
a central point, such as a satellite, via the same channel. ®afurther access schemes
combining unslotted Aloha with SIC for the same satellite mario are Contention Res-
olution Aloha (CRA) [Kis11] and its extension Enhanced Contation Resolution Aloha
(ECRA) [CK13]. While E-SSA employs spreading and channel cadj to protect mes-
sages against interference, CRA and ECRA repeat each messagsdtiple times with
random delays in between. Each message contains the time ets to all of its replicas.
If any of the replicas can be decoded, CRA is capable of subttiag all of them from
the received signal. In addition, ECRA combines parts takerrdm multiple replicas to
improve the decoding performance.
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To the best of our knowledge, unslotted Aloha with SIC has s@f not been applied
to beaconing. Due to the advantages of unslotted Aloha for emautical surveillance
beaconing already explained in Section 3.2.1 and the aforentioned promising results,
unslotted Aloha with SIC is analyzed in more detail in Sectio 4.5

3.2.3 Slotted Aloha Designed for Single-User Receivers

A popular improvement of unslotted Aloha is the introductio of time slots as described
for TDMA in Section 2.4.6. As transmissions may only start athe beginning of a time
slot, messages transmitted in di erent slots cannot overfa Under the assumption
that any overlap of messages leads to the loss of all messageslved, the well-known
textbook result may be derived that slotted Aloha is two time more e cient than
unslotted Aloha [ProO1]. However, the advantage of slottedver unslotted Aloha is
much smaller when a single-user receiver capable of messegeture is used with a
node distribution and channel model similar to the 2-D modedescribed in Section 2.5.
Assumingrs = 1 , the e ciency of slotted Aloha can be shown to approach that b
unslotted Aloha as the channel loss exponent approaches 2 [BM10].

To the best of our knowledge, slotted Aloha is currently not sed by any infrastruc-
tureless system for beacon exchange between vehicles,raftcor ships. For aeronau-
tical surveillance beaconing, the advantages and disadvages of slotted Aloha are
equivalent to those stated for unslotted Aloha in Section 2.1, with the following two
disadvantageous exceptions. First, the use of time slots Aloha requires guard times,
which must comprise the propagation delays. In aeronauticthose are in the order of
1 ms (cf. point 3 in Section 2.7), which is substantially moréhan in most ground-based
wireless communication systems. Second, slotted Aloha uégs nodes to be synchro-
nized to a common time reference. This has undesirable ingadtions in aeronautical
surveillance beaconing, cf. point 5 in Section 2.7. Due todke disadvantages and the
results from [BM10], slotted Aloha with single-user receers is not considered further
in this work.

3.2.4 Slotted Aloha Designed for SIC

Even with SIC in the receiver, the disadvantages of time slgtin Aloha as detailed in
Section 3.2.3 still hold. For this reason, slotted Aloha wit SIC is also not considered
further in this work. For completeness, we brie y discuss tated work which combines
SIC with slotted Aloha.
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The e ciency of slotted Aloha with SIC is analyzed for a MANET in [WAYdVO07]. In
contrast to this work, [WAYdV07] considers unicast commurmation, i.e., one receiving
node for each transmitting node. As in [WAYdVO07], the recerrs are all at the same
distance to their transmitter, the results can in principlebe used to analyze the MER
for a node at distancer, from a transmitter in beaconing. However, [WAYdVO07] only
looks at the case ofs = 1 and > 2. While these two assumptions are common
for ground-based communications, they are not applicabl® taeronautical beaconing.
Two notable access schemes using slotted Aloha with SIC arertention Resolution
Diversity Slotted Aloha (CRDSA) and its improved version Irregular Repetition Slotted
Aloha (IRSA) [Liv11]. Both are designed for random access imé¢ satellite return link.
CRDSA may be seen as the slotted version of the unslotted CRA,. cEection 3.2.2.
Messages are repeated two or more times in random slots ovkhe tduration of one
larger section of slots called a frame. Like in CRA, the corredecoding of any replica
allows the receiver to subtract all replicas of the respew message from the received
signal. In CRDSA, the number of packet repetitions is xed. Asshown in [Liv11],
the e ciency of CRDSA can be increased by using a random numbaeaf repetitions
according to some probability distribution. Doing so leadgo the improved access
scheme IRSA.

3.3 Coordinated MAC

3.3.1 Carrier Sense Multiple-Access

A straightforward method for coordinating transmissionsg to listen to the channel
and only start to transmit if the channel is perceived to be ®e. This MAC strategy is
commonly known as carrier sense multiple-access (CSMA). Aramon carrier sensing
method is to consider the channel busy when the received povexceeds some sensing
threshold [KJO11]. Under the channel model (2.10), this leado a sensing rangesense
Each node is able to sense, but not necessarily to decode nsmissions made within
a circle ofrgense around its position. CSMA is widespread in both wired and weless
communications. As long as all nodes in a system are withinnséng range of each other
and propagation delays are negligible, CSMA can utilize thehannel very e ciently.
This means that the channel is almost always occupied by a tiamission and almost
all transmissions are successful.

In surveillance beaconing, the most prominent system usir@SMA is the IEEE 802.11
standard [IEE12], which in its latest version includes theBEE 802.11p amendment for
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Figure 3.2. Hidden node problem. For simpliCityfsense = rp IS assumed. Msgl and
Msg2 collide at aircraft B because A and C cannot sense eacherts transmissions.

vehicular communications [IEE10]. IEEE 802.11p is not lined to beaconing, but the
surveillance beacons broadcast by each vehicle are an intpat part of it.

The performance of CSMA in aeronautical surveillance beadag is mainly impaired

by two e ects: (i) the hidden node problem, andii) the vulnerable time. The hidden
node problem can occur when not all aircraft are within sensj range of each other,
which is the typical situation. In the example shown in Figue 3.2, the aircraft labeled A
cannot sense the transmissions from aircraft C, although And C should not transmit

at the same time to avoid collision at aircraft B. Thus, C is a ldden node for A. Due
to the large number of aircraft within line of sight of a receier (cf. point 2 in Section

2.7), the hidden node problem can be especially severe in @eutical surveillance
beaconing. Its impact depends crucially on the sensing raamgas well as on the ability
of the receiver algorithm to decode overlapping messages.

The vulnerable time is the duration from the start of a transnmssion until the time at
which the last node within sensing range of the transmittingnode has detected that
the channel is busy [BB99]. Within the vulnerable time, othemodes may start to
transmit and cause interference because they have not yetaitieed that the channel is
busy. Ignoring any processing delay in the receiver, the \ndrable time is equal to the
propagation delay. If the sensing rangesenseis Similar to the required beaconing range,
the propagation delay is around 1 ms in the aeronautical scamo. For rgense ClOSe to the
line of sight range, it can amount to 3ms (cf. point 3 in Sectiw2.7). If receivers are
not capable of decoding overlapping messages, CSMA can owiyrk e ciently if the
duration of messages is much longer than the vulnerable tinflero01]. In aeronautics,
the number of messages received per second would have to béaénorder of 1000, due
to the number of aircraft within the required beaconing rang (cf. point 1 in Section
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2.7). If all those messages need to arrive at a receiver withooverlaps, they would
have to be shorter than the vulnerable time. Due to the hiddenode problem and the
vulnerable time, CSMA is not considered further in this work

3.3.2 Basic Version of Self-Organizing TDMA

Self-organizing time-division multiple-access (SOTDMA)s a MAC strategy that en-
ables the use of TDMA for communication in a MANET, of which baconing is a special
case. This section describes the basic version of SOTDMA fl%6]. We consider a re-
ceiver architecture which can decode the strongest messageolved in a collision if
the SINR is su cient. As described in Section 2.4.6, TDMA divdes the time into slots
which are grouped into frames and accessed according to sana@smission schedule.
Figure 3.3 shows an example frame structure. Normally, TDMAequires some central
node such as a base station to determine the transmission edble. In SOTDMA,
a distributed algorithm is used to negotiate the schedule #iout any infrastructure.
The main idea is that each node announces which slots it wigshéo use in future
frames. These announcements are called reservations and aormally transmitted as
additional control data within a regular message.

For surveillance beaconing, the length of a frame can for exgle be set to the required
update time T,.cit and each node can then reserve one slot per frame [RG12]. When
a node enters the network, it rst has to listen to the channefor at least one frame
to learn the transmission schedule from the reservations afl nodes within range.
Once the schedule is known, the node selects an unoccupied Bl the next frame and
transmits its rst packet in this slot. An example is depicted in Figure 3.3, where the
red aircraft has to listen to frame 2 before being able to pickn unreserved slot in
frame 3. From the rst transmission of the new node, its neidtors will learn about
its presence and about its reservations in the transmissi@thedule. Note that a node
does not necessarily have to reserve the same slot in eachmiga In Figure 3.3, the
blue aircraft switches its slot in frame 3. At least when all ades are within range of
each other, SOTDMA is able to use almost every slot for a cdlon-free and hence
successful transmission.

SOTDMA in its basic version is used by two existing surveillace beaconing systems,
the airborne VHF Digital Link Mode 4 (VDL4) [Int04], and the shipborne Automatic
Identi cation System (AIS) [Int10]. Both VDL4 and AIS were not exclusively designed
for beaconing, but can also be used for other types of data tca



3.3 Coordinated MAC 35

Users with reserved slot: & o1 Reservationgy

tFrame 1 i Frame 2 Frame 3
—
= 1 [y
— Time

New user\-: 1) listen to one frame 2) select empty slot

Figure 3.3. Slot reservation and network entry in SOTDMA.

For aeronautical surveillance beaconing, the basic versiof SOTDMA has the advan-
tage that each node only transmits its own reservations as ool information. Why
this is an advantage will become clear in comparison to schemusing more control
data, which will be described in later sections. To let eachode transmit once per
frame, the number of slots in a frame must be at least in the oed of the number of
nodes within the required beaconing range. The bits necepg&o transmit a reserva-
tion can therefore be roughly estimated to grow only with théogarithm of the number
of nodes in range. It may therefore be assumed that even theda expected number
of nodes in range in an aeronautical scenario does not caugeessive overhead in the
basic version of SOTDMA (cf. point 1 in Section 2.7). Howeveras a node cannot
receive reservations transmitted outside of its range, thkasic version of SOTDMA
su ers from the hidden node problem explained in Section 3B [Ebn05]. According
to point 2 in Section 2.7, the number of nodes outside of theqaired beaconing range
r, of a node, but still close enough to cause interference, isda in aeronautics. Even
for surveillance beaconing between vehicles on the groundhere the interference from
nodes out of beaconing range should be less severe due thbdrigath loss exponent, it
was found in [RG12] that the basic version of SOTDMA does notgsform much better
than slotted Aloha. Another problem for SOTDMA are the guardtimes which are
required just like in slotted Aloha, cf. Section 3.2.3. Futtermore, SOTDMA depends
on the global availability of an accurate timing source to $wedule messages, which
is usually provided by a GNSS. Dependency on a GNSS is undedirin aeronautics,
as discussed under point 5 in Section 2.7. While the existingD{4 includes fallback
procedures for the case of a GNSS outage [Int04], such praoed typically degrade
the spectral e ciency.

Mainly due to the impact of the hidden node problem, the basigersion of SOTDMA
is not considered further in this work. Instead, several eghsions of SOTDMA are
discussed in the following sections which try to mitigate ta hidden node problem.
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3.3.3 Cell-Based Self-Organizing TDMA

One method to solve the hidden node problem in SOTDMA is to inbduce a map
of hexagonal network cells, which we call cell-based setGanizing TDMA (CB-
SOTDMA). This method was rst used by the MAC protocol Cell-Based Orientation
Aware MAC Broadcast (COMB), designed for surveillance beaaing between trains
[RGLS08, RG12]. The map of cells may span the whole globe, arlypthe area where
the surveillance beaconing system is needed. The physicabpagation channel is di-
vided into several subchannels (cf. Section 2.4.6) and ea#ll is assigned a subchannel
by means of a cellular reuse pattern [Rap01]. An example forcsua cellular reuse pat-
tern is shown in Figure 3.4, where each cell is assigned ondonir TDMA subchannels.
Note that cellular reuse patterns are addressed in more ddtan Section 4.4.1.

Within each cell of CB-SOTDMA, the nodes use SOTDMA to coordiate access to
the subchannel of their cell. Coordination with nodes in otlr cells is not necessary,
since they use a di erent subchannel. If the cell diameter &3 not exceed,, all nodes

in a cell are in range of each other, which eliminates the hidd node problem. Note
that to ful Il the surveillance beaconing requirement (2.3, nodes must listen to the

subchannels of all cells within a radius of,. Furthermore, the reuse distance, which
is the minimum distance between two cells using the same shiaanel, must be large
enough to avoid excessive interference.

In [RG12], the use of CDMA, FDMA or TDMA subchannels is considred. It is

mentioned that the use of CDMA or FDMA subchannels creates #hrisk of losing
messages from a neighboring cell, due to the inability to reiwe while transmitting.

This is in accordance with the assumptions made in this worknd means that TDMA

subchannels have to be used to make sure a node can overheangmissions from
neighboring cells.

For aeronautical surveillance beaconing, CB-SOTDMA is amieresting MAC option,
as it can solve the hidden node problem of SOTDMA without anyncrease in control
data overhead. Additionally, the guard times in TDMA can be educed by roughly
90% if the order of transmitters is chosen according to a medd introduced in [NAO2].
As we discussed in [WFS10], this method can be applied to CB-SDMA. Apart from
this, the advantages and disadvantages of SOTDMA describad Section 3.3.2 are
also valid for CB-SOTDMA. In Chapter 4, it will be analyzed hav CB-SOTDMA can
be adapted to aeronautical surveillance beaconing and whgpectral e ciency can be
achieved with it.
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TDMA subchannels:

Figure 3.4. Cellular reuse pattern with four TDMA subchannks.

3.3.4 Further MAC Strategies Based on Cells

In the literature, some other cell-based MAC strategies foMANETs have been de-
scribed. One notable idea is to make the cells so small thatdfe is never more than one
node in a cell. In this case, nodes can access the subchanh#ieair cell without having
to coordinate their transmissions with other nodes. Exampk are a special version of
space-division multiple-access (SDMA) described in [BV])land the Location-Based
Channel Access (LCA) protocol [KMR 03]. How e cient such a MAC strategy can be
depends on the percentage of cells that are actually occugiey exactly one node. For
very regular node distributions, this percentage could beigh, in which case almost
every subchannel would be in use. However, when node locaticare random and the
distance from a node to its nearest neighbor varies signi odly, using small cells with
capacity for only one node per cell is very ine cient. The reaon is than in this case,
cells would have to be made so small that the vast majority othem would remain
empty. One has to design the cell size as the largest area (e6D3volume) within
which the existence of more than one node can be excluded, ®1ass probable than
some acceptable probability. Obviously, this probabilitywould have to be very low in
a reliable system, in which case the percentage of used sudoahels is approximately
equal to the expected number of nodes per cell. For aeronagtj a cell could certainly
not be larger than the minimum safe separation distances lvaten aircraft, which are
in the order of a few nautical miles laterally and 1000 feet wécally [EurO7c]. Even
in high-density airspace, the average number of aircraft thin such a space would be
very low. Therefore, the use of very small cells cannot lead &in e cient surveillance
beaconing scheme in aeronautics and is not considered fuath

Another scheme which uses cells is Two-Phase Coding with RswControl (TPCPC)

[ZSX03]. Like CB-SOTDMA, it uses cells to avoid the hidden t@ninal problem. Since
the coordination in TPCPC relies on master nodes, we discui®e details of TPCPC
in Section 3.3.8, where master nodes are looked at in more alet
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3.3.5 MAC Strategies Using Implicit Reservations

In SOTDMA and its variants, each node explicitly announces hich slots it plans to
use in the future. Such explicit reservations create a ceitaoverhead. Another pos-
sibility is to not transmit reservations at all, but to derive future usage of the TDMA
slots from what was observed in the past. This requires nodés access the channel
in a predictable way, usually by using the same slot in everyadme. Hence, the mere
presence of a message in a certain slot can be seen as an iipéservation for this
slot in future frames. Note that implicit reservations are &0 used in some implemen-
tations of SOTDMA, but only as a backup solution in case exgit reservations were
lost (cf. Section 3.3.2) [Int04, Ebn05]. Implicit reservabns are for example used in
the Reservation Aloha (R-Aloha) MAC protocol, cf. [Lam80] andeferences therein.
Another variant of R-Aloha is Sliding Frame R-Aloha, which deronstrates that frame
synchronization is unnecessary in R-Aloha [Ma07].

For aeronautical surveillance beaconing, implicit resemtions are problematic. In
reservation-based MANET MAC protocols, nodes are typicallrequired to change their
slot every few frames. The reason is that two nodes who aretially at a su cient
distance from each other to use the same slot can move towasetsch other. Without
slot changes, this can lead to con icting reservations whicpersist over longer periods
of time. With implicit reservations, the slot changes lead tanore message collisions
than when explicit reservations are used. As described in@en 3.3.2, the overhead
for explicit reservations is acceptable. Therefore, beatag schemes relying exclusively
on implicit reservations are not considered further.

3.3.6 Slotmap Propagation to Improve SOTDMA

Another solution to the hidden node problem in SOTDMA is slanap propagation. In
[BCCF02, SC09, LHSRO01], several MAC protocols using slotmgpopagation are pro-
posed for vehicular beaconing in the FleetNet project [HBE1]. Further examples of
slotmap propagation are described in [Ebn05, LITO9]. In a reservation-based scheme,
each node keeps track of the status of each slot as seen frosnawvn position. A slot
can be free, occupied by a single message (correct reseorgti or occupied by more
than one message (collision). This information about the atus of each slot is called
a slotmap. In slotmap propagation, each node broadcasts isdotmap as additional
control data in its messages. Through the received slotmgpsodes know in which
slots their neighbors are receiving messages. A node canghry to transmit in a slot
perceived as free both by itself and by all of its neighbors. didce, the hidden node
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problem is alleviated. Note that reporting which slots aren use by all direct neighbors,
i.e. other nodes within the beaconing rangg,, might not be su cient. Based on the
signal propagation conditions and the value af,, nodes from more than one hop away
may cause interference. In this case, the usage of slots canpgoopagated over multiple
hops, i.e., it can be reported that a slot is in use by a neighbavho is k hops away, up
to some maximum hop distance.

For aeronautical surveillance beaconing, slotmap propaii@n has one major drawback.
As explained in Section 3.3.2, the number of slots per frama BOTDMA must be
at least in the order of the number of nodes within the beacamy ranger,, which
is roughly estimated as 1000 under point 1 in Section 2.7. TEhialso holds for any
other coordinated beaconing scheme which uses slotted MAGdaa receiver algorithm
capable of decoding at most one message per slot. If a slotm@amtains the status
of 1000 or more slots, the number of bits needed to transmit #xceeds the size of
the actual payload data in aeronautical surveillance beanmg, which isL = 320
bits according to Section 2.2. Therefore, the protocols bed on slotmap propagation
mentioned in this section would be ine cient when used for a®nautical surveillance
beaconing. A further disadvantage of slotmap propagatiorsithat the hidden node
problem is only solved as long as all nodes are transmittingn aeronautical surveillance
beaconing, one may want to install monitoring ground statios in areas of dense air
tra c to monitor the beacon messages for air tra ¢ control. | f the monitoring station
comprises only a receiver, it could theoretically still suer from interference by hidden
nodes, because it does not communicate its view of the slogmaNote that this issue
does not exist with the cell-based solution of the hidden nedproblem. Due to the
aforementioned disadvantages, the propagation of slotms&js not considered further.

3.3.7 Handshake-Based Methods

An important class of MAC strategies known from the literatwe are those employing
handshakes to negotiate which nodes are allowed to access¢hannel. In a handshake-
based protocol, a node has to request access to the channeling other nodes the

opportunity to approve or reject the request before it tranmits the actual user data.

Special control messages are used both for the request andth@ responses.

In an approval-based handshake, the addressees of a mesgagshich channel access is
requested have to respond with an approval, and the absendeany approving control
message is considered as an objection. A very prominent exdenis the request to send,
clear to send (RTS/CTS) message exchange described in theElE 802.11 standard for
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wireless local area networks [IEE12]. In IEEE 802.11, RTS/IS handshakes are only
used for unicast messages, i.e., messages with a single esltlre. An approval-based
handshake for broadcast can be found in the Broadcast Protcwith Busy Tone
(BPBT) [CWCO07]. However, for broadcasts like surveillancdbeacon messages, the
problem is that a request must be approved by each receiverhit is ine cient when
there are usually a lot of nodes within range of any transmithg node (cf. point 1
in Section 2.7). Additionally, waiting for all receivers toapprove of a request is not a
robust algorithm in a mobile environment, because it critially depends on an up-to-
date list of all nodes within range (cf. point 4 in Section 2)7 Therefore, approval-based
handshakes are not suitable for surveillance beaconing [R&].

An objection-based handshake allows the requesting nodettansmit its payload data
unless another node raises an objection. Unlike approvaishich must be transmit-
ted such that the requesting node learns who exactly sent tihne objections can be
transmitted in a colliding way. Their presence can be deteetl, e.g., by looking at the
received power. Protocols with objection-based handshakeat could potentially be
used for broadcast may be found in [MKKO01, ZC01, TGLA99, KVMO09]. All of them
use time slots and a frame structure. Special time slots eki®r the handshake mes-
sages, to make sure they do not collide with the data messagétably, the Multi-User
Detection MAC (MUD-MAC) protocol is designed for receiversapable of processing
multiple overlapping messages [KVMO9].

For aeronautical surveillance beaconing, the only advarge of objection-based hand-
shakes compared to reservations without slotmap propagati is the alleviation of the
hidden node problem. A node receiving con icting requestsdm its neighbors can
raise an objection. Other advantages of handshakes, likeetlfast initial channel access
or the ability to handle sporadic tra c, are not important fo r aeronautical surveillance
beaconing. The initial channel access times of reservatiprotocols are acceptable, and
surveillance beacon messages are not transmitted sporadli; but at regular intervals.
At the same time, using handshakes in a spectrally e cient a®nautical surveillance
beaconing protocol may be di cult due to the large propagaton delays, cf. point 3 in
Section 2.7. The round trip delay from a requesting aircrafto a neighbor at distance
r, and back amounts to roughly 1.8 ms. The time needed for a hardke can obvi-
ously not be shorter than this. As the hidden node problem caalso be solved with
other MAC approaches, such as CB-SOTDMA (cf. Section 3.3,3handshake-based
protocols are not considered further. Lastly, note that hatishake methods create the
same drawback for monitoring ground stations that only lisgn to the channel as al-
ready described for slotmap propagation in Section 3.3.6.h€y would not be able to
participate in the handshake and could therefore su er fromncreased message loss,
e.g., through hidden terminals.
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3.3.8 Methods Based on Master Node Election

Another MAC approach is the use of master nodes. As it is geradlly considered to be
easier to establish a transmission schedule at a central &ion than in a distributed

way, the idea is to let the nodes elect masters amongst therhas. Each master
is then responsible for coordinating the medium access of ather nodes within its
range, similar to a base station in a network with infrastruture.

One example for a MAC strategy using master nodes in a MANET i§PCPC
[ZSX03], as already mentioned in Section 3.3.4. It uses sellith subchannels as in
CB-SOTDMA (cf. Section 3.3.3) and lets the nodes in each calect a master. Nodes
entering a cell have to register with the master and requesthannel access rights.
TPCPC tries to select a master node close to the center of eachll. Once the master
node moves away from the center, it indicates that it wishesothand over its master
role. Other nodes close to the center will o er to be the new nséer and the old master
will hand over control of the cell to one of them.

The main concern against using master nodes for aeronauticarveillance beaconing
is the robustness of such a scheme (cf. point 4 in Section 2.7 the master election
process fails, there may be either no master in a certain ayear there may be more
than one. This problem is more severe if the nodes are movirag the set of masters
constantly has to be adapted to the changing topology. For axple, if the master fails
to hand over its responsibilities prior to leaving a cell orurning o its radio device in
TPCPC, the nodes remaining in the cell must contend for the nster role. During the
contention phase, other nodes entering the cell will be unkgbto obtain channel access
rights, or con icting assignments may be made by multiple ndes who each consider
themselves as master. For these reasons, MAC schemes usiragter nodes are not
considered further.

3.3.9 MAC Scheduling Based on SINR

Almost all of the previously discussed coordinated MAC schees try to make sure that
within a certain distance around a transmitter, no other noé transmits at the same
time and on the same subchannel, if subchannels are used. S briterion is in general
only a coarse approximation of the real conditions under wth all messages can be
received by their respective addressees without errors. Aome accurate criterion is
that the SINR at any receiving node must remain above a certaithreshold depending
on the PHY layer design [Gro03].
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An SINR based criterion has for example been proposed for tremission scheduling
in spatial reuse TDMA (STDMA) [Gr603]. In order to determine whether a certain
message can be transmitted at a certain time in addition to bers which have already
been scheduled, the distributed scheduling algorithm of f@03] looks at two things:
First, the SINR for that message at each addressee and secotite increase of inter-
ference power at each node within a certain range around theahsmitter. ldeally, this

range should be identical to the line of sight range, i.e., ghould include the whole
area a ected by the additional message.

Unfortunately, to schedule messages based on SINR, a tran#mng node needs to
know the current SINR at all receiving nodes within its line bsight range. We assume
that distributing this SINR information would lead to excessive control data exchange
in aeronautical surveillance beaconing, given the large mber of aircraft within line
of sight range of a transmitter (cf. point 2 in Section 2.7). Terefore, SINR based
scheduling is not considered further.

3.4 Selection of Beaconing Schemes for Further In-
vestigation

An important nding of this chapter is that unslotted Aloha i s advantageous with
respect to most of the challenging aspects of aeronauticairgeillance beaconing listed
in Section 2.7. Additionally, results from the literature ndicate that the poor spectral

e ciency of unslotted Aloha with single-user receivers maye substantially improved

through the use of SIC in the receiver and an appropriate PHYayer. The combination

of unslotted Aloha with SIC is thus a promising candidate sa@me for aeronautical
surveillance beaconing. How often beacon messages showdransmitted by such a
scheme, how to design its PHY layer and what spectral e cienccan be expected is
analyzed in Section 4.5. Answers to these questions canna tound in the literature

about Aloha with SIC, because the existing results do not ceider beaconing.

Additionally, CB-SOTDMA is a promising candidate scheme foaeronautical surveil-
lance beaconing. It retains the advantages of SOTDMA and s@ls the hidden node
problem without increasing the control overhead. While CB-STDMA has been de-
scribed in the literature for surveillance beaconing befer special care needs to be taken
to adapt it to the situation in aeronautics. How this can be dae and what spectral
e ciency is possible is analyzed in Section 4.4.
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Chapter 4

Semi-Analytical Investigation of the Spectral
E ciency of Selected Beaconing Schemes

4.1 Introduction

In this chapter, we quantitatively analyze, optimize and cmpare the spectral e -
ciency of three schemes of interest for aeronautical suml@nce beaconing: unslot-
ted Aloha with single-user receivers, CB-SOTDMA and unslted Aloha with SIC.
For CB-SOTDMA and unslotted Aloha with SIC, we additionally introduce mea-
sures needed to overcome challenges specic to aeronadtisarveillance beaconing.
CB-SOTDMA and unslotted Aloha with SIC were selected in Seiin 3.4 as promising
candidates with respect to their spectral e ciency. Unsloted Aloha with single-user
receivers is considered due to its widespread use in aerdizal surveillance beacon-
ing. For each scheme, we optimize the PHY and MAC layer paranges to maximize
the spectral e ciency. This leads to two results: First, the spectral e ciency gain of
the more advanced schemes as compared to the traditional hetl unslotted Aloha
with single-user receivers can be quantied. Second, based the spectral e ciency
and further criteria, the most promising aeronautical surgillance beaconing scheme
can be selected for the detailed system design to be consatein Chapter 5. For the
optimization of each beaconing scheme, we establish mathratinal models to compute
the spectral e ciency from PHY and MAC layer parameters. To fcilitate parame-
ter optimization, we make suitable simpli cations which pemit the use of analytical
expressions as far as possible. Yet, some integrals and etpe values are evaluated
using numerical methods. Therefore, we call our models seamalytical [dRHdG12].

Section 4.2 addresses important assumptions under whichaoening schemes are com-
pared in this chapter. This includes a summary of the beacarg scenario and require-
ments already discussed in Chapter 2, as well as further sgst properties such as the
available bandwidth and transmit power. Section 4.3 focuseon the semi-analytical
model of unslotted Aloha with single-user receivers, the bmization of parameters in
this model, and the resulting spectral e ciency. Section 4 deals with CB-SOTDMA.
Initially, a novel solution to the problem of large power imlalances between received
signals from adjacent cells is described. The existing stan to this problem does
not work e ciently in aeronautics due to the long signal propagation ranges. Sub-
sequently, the semi-analytical model of CB-SOTDMA is estdished and the system
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parameters maximizing the spectral e ciency are determing Section 4.5 considers
unslotted Aloha with SIC. We show how to mitigate the negatie impact of signal out-

age during the own transmissions of a half-duplex beaconirgdio. Then, we establish
the semi-analytical model of unslotted Aloha with SIC and ojimize the system pa-

rameters to maximize the spectral e ciency. Finally, Secton 4.6 compares the spectral
e ciency of all schemes previously analyzed and selects timeost promising scheme for
the detailed design of an aeronautical beaconing system te lsonsidered in Chapter
5. Note that we have published earlier stages of some of therkwgresented in this

chapter in [WFS10, Frall, Fral2, Fral4].

4.2 Assumptions for the Comparison of Beaconing
Schemes

In this section, we discuss the assumptions to be applied tdl Beaconing schemes in
this chapter in order to enable a fair comparison. These asaptions can be described
by the parameters listed in Table 4.1. With respect to node disbution and movement,
line of sight rangers, channel loss exponent , beaconing rangey,, critical data age
Tu.crit » tolerable outage probability and message size, Table 4.1 merely summarizes
the beaconing scenario and requirements already introduten Chapter 2.

Additionally, some parameters constraining the PHY layer apabilities are required.
At rst, we assume a bandwidth of Wy = 1 MHz (cf. Table 4.1). This bandwidth
is comparable to the state of the art aeronautical beaconirgystem UAT, where 99%
of the emitted power is contained within a bandwidth ofl:3MHz [Int09, Intb]. Next,
we consider the signal to noise ratio (SNR) for a message fronsender at distancey,
using the whole bandwidthWs. This SNR is denoted bySNR, and summarizes the
e ects of (i) the transmitted power Py, (ii) the distancer . at which the transmission
loss would hypothetically beOdB, and (iii ) the receiver noise gureFgs. With the
received power (2.10), we have

P (ro; I's)

SNR, =
WsysNO

(4.1)
For the semi-analytical models, the SINR needs to be computdor each considered
beaconing scheme in order to derive the MER. Generally, theaeived signal powers
are proportional to Py (ref) as per (2.9). The noise power can be represented as
SNRblPrX(rb; rs), which makes it proportional to Py (rief) as well. Thus, whenSNR,

is given, the factor Py (ref) cancels out of the SINR and is not explicitly required
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Table 4.1. Assumptions for the Comparison of Beaconing Sches.

Parameter Symbol | Value

Node Distribution and Movement 2-D Model, cf. Section 2.5

Line of sight range rs 500 nmi (as per the 2-D Model)
Channel loss exponent 2 (cf. Section 2.4.2)

Beaconing range Iy 0:3rg = 150nmi (cf. Section 2.2)
Critical data age Tu:crit 1s (cf. Section 2.2)

Tolerable outage probability 10 3 (cf. Section 2.2)

Data bits per message L 320 (cf. Section 2.2)

System bandwidth Wesys 1 MHz

SNR at distancer, SNR, 10dB

anymore for the semi-analytical models in this chapter. Thaoise gure Fq4g is con-
tained in SNR, sinceNg includesFq4g as per (2.16). The assumptiorSNR, = 10 dB
made in Table 4.1 is conservative, but realistic for an aeraatical surveillance bea-
coning system, as can be seen from the following link budgdh free space, we have
Px(rp;rs) = Purs(rp) according to (2.12), which can be inserted into (4.1). Then,
solving for Py yields the transmit power required for a certairfSNR,. Assuming that
Gxjaei + Gxjaei = Fgs, a transmit power of P, = 37:3dBm would be required for
SNR, = 10dB at r, = 0:3rs = 150nmi, f = 1 GHz and Wsys = 1 MHz. Such a
transmit power assumption is conservative, since it is lowe¢han the transmit power
of existing systems. For example, on-board UAT devices usansmit powers between
425dBm and 54dBm, depending on equipment class [Int09].

Note that while a line of sight rangers = 500 nmi is assumed in the 2-D model as per
Section 2.4.2, the spectral e ciencies computed in this clder are independent of the
actual value ofrg, as long as the ratior,=rs and the value ofSNR, are not changed.

4.3 Unslotted Aloha Designed for Single-User Re-
ceivers

This section focuses on the derivation of the semi-analyitmodel for unslotted Aloha
with single-user receivers. This semi-analytical model mputes the spectral e ciency
from PHY and MAC layer parameters. As outlined in Section 2.3compliance with the
requirement (2.3) depends on the probability to lose too mgnconsecutive messages
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from the same neighboring aircraft. Therefore, we require mathematical model for
the MER based on noise and interference power. To this end, \assume that each
message consists of complex modulation symbols and contamsingle codeword from
an error correcting code. Coding and modulation map the message bits ontd.=a
complex symbols, whera denotes the number of information bits per complex symbol.
For a nite number of channel uses, i.e., modulation symbaglgper codeword and a
given codeword error rate on an AWGN channel, an approximatn of the maximum
number of information bits per channel use is given by Polyakiy et al. in [PPV10, eq.
(296)]. Solving this approximation for the codeword errorate yields an approximation
(SINR ;a) of the minimum possible MER:
0 11
a

(SWR;aﬁz%mm@B log,(1 + SINR) a+ o

2L
log, - A (4.2)

whereerfc() denotes the complementary error function [AS64], andl is given by

5 - (L SINR)In(2)

4.3)

2§$NR(2+SWR)

The derivation of (4.2) is discussed in more detail in Appemd A.1.1. By using (4.2),
we assume Gaussian interference, which is supported by slations in [dRHdG12].
Figure 4.1 shows (4.2) for the exampla = 1=3. As we shall see later, such a low
setting of a is bene cial for unslotted Aloha with single-user receivet The two curves
for L = 320 and L = 32000illustrate that (4.2) converges to a step functiona& !'1
where the step is atSINR;, =22 1. Here, SINR;, is the required SINR to achieve
a channel capacity ofa bits per complex channel use under AWGN [Pro01].

Due to the homogeneous node distribution in the 2-D model (cfSection 2.5), the
interference statistics is independent of the receiver laton. It is therefore su cient
to check the requirement (2.3) at a single receiver [WAYdV(Q7 To mathematically
describe the interference at this receiver, we assume thaiah node transmitsk 2 N
messages pefy.qit (cf. Section 2.3). As an approximation, we assume the locatis
and times at which messages are created to be the random outeoof a 3-D PPP (cf.
Section 2.5) in space and time with densityR=T,..;i . This approximation is called the
Poisson Rain model in [BM10]. As the nodes generate messagea eonstant rate, it
is su cient to derive the error probability for a single desred message with arbitrary
time of arrival t,. The set of interfering messages is denoted I and contains the
tuples (t,; ri) indicating the time of arrival and distance to the transmitter of message
i. Note that M contains in nitely many messages generated by the aforentemed
PPP.
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10' 1 1 1 1 - 1
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SINR, dB

Figure 4.1. MER under AWGN according to (4.2), fora=1=3.

We assume the symbol rate to be equivalent to the system banuith Ws,s. Hence,

the message duration is
L

aWsys

To calculate the interference power, the power of each infering message is weighted
with the interfering message's relative overlap with the dgred message [BM10]. At
the receiver, the desired message can be partially destrdyghen it is overlapped by an
own transmission (cf. Section 2.4.3). If the degree of ovapl with an own transmission
IS Xov 2 [0; 1], the usable duration of the desired message is reducedTigsg(1  Xov).
With all times normalized to Tpsg, consider a desired message of duratigh  Xoy)
starting at t, = Xo=2 and an interfering message of duratiod arriving at t, = t.
Then, the degree of overlap( t; x,,) between desired and interfering message is

Tmsg = (4 . 4)

t 1
t:Xo) =rect(t) rect . 4.5
(tiXou) =rect(t) R (4.5)

As usual, the rectangular function is

1 ifjtj 3 4.6)

rect(t) =
® 0; otherwise.

Note that ( t;xo) is a piecewise linear function and assumes values betweennd a
1. When x,, > 0, the receiver blanks the parts of the desired message whicte a
overlapped by an own transmission. The probabilityy,.nsg that a message is a ected



48 Chapter 4: Semi-Analytical Investigation of the Spectral E ciency

by blanking can be computed as

2 nomK
Poi;msg = ao . (4.7)
The cumulative distribution function (CDF) of X,y is
Pr(xow X)=(1  Poimsg) + Poi:msgX for x 2 [O; 1]. (4.8)

The interference powerP a5y ON the symbols of the desired message is computed as

!
X ta'i
Pint;asu = —— Xov Pu(ri;rs). (4.9)
(ta;i;ri)2Mm msg
Although M contains an in nite number of messages, only the nite numbreof messages
overlapping with the desired message and transmitted withithe line of sight rangers
of the receiver contribute to (4.9), due to (4.5) and (2.10),espectively.

Using (4.2) and (4.9), the MER for messages received from @aft at distancer in

unslotted Aloha with single-user receivers, denoted IMER ¢ (r), IS approximated as
8 9

< P (1) a =

MERau(r) E. MR L ; _

. SNRb Prx(rb, rs) + I:)int ;asu 1 Xov

, (4.10)

where we optimistically assume that the outage of,, L=a transmitted symbols is equiv-
alent to an increased rat@=1 X,,) of bits per symbol. Therefore, (4.10) upper bounds
the true MER. With the known distributions of x,, and M, we can use Monte-Carlo
methods to evaluate (4.10). Under the optimistic assumptiothat consecutive message
transmissions are independent, we can compute the probatyilto lose K consecutive
messages from the same aircraft at distanceas MER z5,(r) X, The requirement (2.3)

is then equivalent to MER z54(r) K 8r ry (cf. Section 2.3). As can be shown,
MERsu(r) is a nondecreasing function of. Therefore, the maximum possible user
density max:asu(@;K) according to (2.20) is

maxcasu(@R) =sup 1 MERasu(rn) < . (4.11)

Equation (4.11) can be solved numerically. From this solutn, the optimum parameters
(Bopt:asu; Kopt:asu) are obtained as

(aopt;asu; kopt;asu) = arg max max;asu(a; lZ) . (4-12)
ak

The spectral e ciency asu(@;R) =  nom maxasu(@; R)prg is plotted in Figure 4.2 for the
parameters given in Table 4.1. The curves show thalyp.asy = 0:337 and Ropt.asu = 5
maximize the spectral e ciency, with  asu(8opt:asu; Kopt;asu) = 0 :0353bits/s/Hz.
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Figure 4.2. Nominal spectral e ciency of unslotted Aloha wih single-user receivers.

4.4 Cell-Based SOTDMA

4.4.1 Hexagonal Reuse Patterns

We brie y review the mathematical description of a reuse paern of hexagonal cells
[Rap01]. A reuse pattern is a map of network cells which assgya radio channel to
each cell using a repetitive pattern. In the context of this wrk, subchannels of the
entire beaconing channel (cf. Section 2.4.6) are assignemlthe cells. Generally, a
cellular reuse pattern is de ned by the radiusR, of the circumscribed circle of a cell,
which is simply called the cell radius, together with the pdaern parametersi 2 N and
g 2 No. Note that in the literature, the pattern parameters are usally denoted by
(i;j ). Instead, the notation (i;q) is used here to avoid confusion with= =~ 1. As
exempli ed in Figure 4.3,1 and q de ne how co-channel cells are located relative to
each other. Starting at any cell, the nearest co-channel tetan be found by moving
cells into one direction, turning counter-clockwise b0 , and moving g cells into the
new direction. The number of subchannels necessary to asseaxactly one subchannel
to each cell is called the reuse pattern siZ¢[i; q] and can be computed as [Rap01]

N[i;q] = i+ ig+ . (4.13)

The reuse distancd NJi;q] indicates the distance between the centers of neighboring
co-channel cells and is given by [Rap01]

D Nfi;q] = Ra 3N ql- (4.14)
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Figure 4.3. Hexagonal cells in a reuse pattern with=2 andqg=1.

Due to (4.13),N[i; g] can only assume integers from the s@q,se, given by
Nreuse: N[I,Q]I 2 N;qz N0 . (4.15)

For a cell centered atx, 2 R?, the centers of all co-channel cells can be found at
Xo + kvi[i;q] + Ivo[i; q], with k;I 2 Z and v4[i; q]; v2[i; q] 2 R?, where
Op_ o 1 !

vili;alvali;q] = Re@ 03

(o8]

i
A i+qq . (4.16)

NIw I\)l

4.4.2 Reuse Pattern Nesting

According to Section 3.3.3, cells closer to each other thamme minimum distance
must use di erent TDMA subchannels to avoid message loss dog own transmissions.
Here, we present a novel reuse concept, which minimizes thember Nt of TDMA
subchannels required for a given total numbéX,,; of subchannels. The trivial solution
would be to separate all subchannels in the time domain, i@\t = Ny. However,
in aeronautical beaconingNt = Ny IS undesirable, as it requires a short message
duration Tmsg. TO maximize the transmitted energy per bit when the transntipower
is limited, Tmsg Should be as long as possible. Additionally, the guard timeverhead,
i.e., the ratio of guard times to useful message transmissitimes, is less whem g is
longer. Both the transmitted energy per bit and the guard tine overhead are especially
critical in aeronautics due to the large beaconing ranges @rthe long propagation
delays. Therefore, a combination of subchannel concept arelise concept is required
which allows longerTysg than the trivial solution Nt = Ny, but still ensures that
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aircraft in di erent cells do not transmit at the same time when the cells are too close
to each other. In the following, we explain how such a subchaal and reuse concept
can be implemented by nesting two reuse patterns [WFS10, Fréjl

The subchannel concept employBlt 2 N euse TDMA subchannels and further subdi-
vides each of them using a concurrent multiple-access sclentor this subdivision,
we useNg 2 N euse FDMA subchannels to obtain a total of Nyt = NtNg combined
TDMA-FDMA subchannels. Each of them corresponds to a certaitime and frequency
region in a repetitive frame structure as shown in Figure 44). Our novel reuse concept
assigns theNy,; subchannels to the cells of a cellular reuse pattern as exdnga in
Figure 4.4 b) to d). In a conventional reuse pattern oNt TDMA subchannels (Figure
4.4 b), restrict attention to the cells of one particular TDMA subchannel. Into this set
of cells, a second reuse pattern &®fr FDMA channels can be nested as demonstrated
in Figure 4.4 c). Accordingly, the TDMA reuse pattern is the ater and the FDMA
reuse pattern is the inner reuse pattern. Nesting the FDMA rgse pattern into all
TDMA subchannels yields the nested TDMA-FDMA reuse patterras shown in Figure
4.4 d). It can be shown thatNi: 2 N euse and that the reuse distance of the nested
reuse pattern isDyt = D[N ].

To ensure that message reception is not impaired by own tramgssions, no two aircraft
at a distance ofr, or less may transmit at the same time. This requires a su cien
distance between cells of the same TDMA subchannel. Approxating the cells by
circles of radiusR, the separation between neighboring cells of the same TDMA
subchannel can be approximated a®[Nt] 2Ry. Then, both Nt and Ny must be
restricted to the subsetN 2 . of N euse, given by

N2 .= N2Nuse:D[N]> 2Ry + rp . (4.17)

reuse —

For given Nyt 2 N 2 ., the longestTysg is achieved and the received energy per bit is
maximized for the lowest possible choice df;. We therefore set

Nr=min n2N_2..: — 2Nrewse , and (4.18)

NE = Nt =Nt . (4.19)

Note that if there is no suitableNt < N (¢, then Nt = Nyt and Ng = 1 is selected in
(4.18) and (4.19), respectively.
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Figure 4.4. Reuse pattern nesting and channel assignment fd¢ = Ng =4 [WFS10,
Frald].
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4.4.3 Message Scheduling

We assume that the frame duration isT,..it and that each node transmits once per
frame. To derive the spectral e ciency of CB-SOTDMA, the folowing simplifying
assumptions about message scheduling are made:

Propagation delays and guard times are ignored. As discuds@ Section 3.3.3,
appropriate scheduling can reduce the guard times requiréd CB-SOTDMA by

roughly 90%. Due to the complexity of such appropriate schating [WFS10],
its implementation is non-trivial and would be di cult to in clude in the semi-
analytical model. Therefore, we omit guard times, which israoptimistic as-
sumption with respect to the spectral e ciency.

Control data overhead is ignored. This means that each meggacontains only
the L payload data bits.

The coordination of transmissions works perfectly. This nams that the nodes
within a cell transmit one after the other during the time interval belonging to
the TDMA subchannel of their cell.

The available resources are shared equally and entirely. iShmeans that the
entire time interval belonging to the TDMA subchannel of a ckis equally divided
between the nodes in the cell.

4.4.4 Selection of the Coding and Modulation Rate

We assume that each message consists of complex modulatipmisols transmitted

at a rate of Wgs=Ng. Since each node transmits once per frame, each cell can be
assigned a transmission time of,..;ii =Nt. Neglecting guard times, the combined num-
ber of symbols which can be transmitted per frame by all nodes a cell is thus
(Tu:crit Wsys)=(NeN+t), which can be expressed ds=( nomNiwt) by means of (2.19). As
the numberM of nodes in a single cell changes over time, the time, or nuntzé sym-
bols, available to each node for message transmission varas well (cf. Section 4.4.3).

In order to adapt the message duratio,sg While maintaining a constant number of
payload bits L, the number of bitsay[M ] transmitted per complex symbol is set to

dg| [M cl] = npomNwt Mg . (4-20)

Under the 2-D model (cf. Section 2.5), The number of nodes insingle cell is Poisson-

distributed with EfMyg = A , where the cell are@ is given by

P
3 3
Ad = —= RZ. (4.21)
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4.4.5 Calculation of the Message Error Rate

Here, we calculate the MER for CB-SOTDMA with a nested TDMA-FDMA reuse
pattern according to Section 4.4.2 using the assumptions ailnt message scheduling and
coding and modulation rate discussed in Section 4.4.3 andc8en 4.4.4, respectively.
Due to the homogeneous aircraft distribution of the 2-D modgthe constant message
generation rate of each aircraft and the perfect message edhling, the MER is time-
invariant. Thus, the arrival time of the desired message isah explicitly considered.
Initially, we compute the MER for a given receiver locationx,, 2 R?, transmitter
location X, 2 R?, node density , cell radius Ry and parameters(i; Got) Of the
combined TDMA-FDMA reuse pattern. The geometry is exemplied in Figure 4.5,
where the largest relevant transmitter-receiver distanck&xy, Xk = r, is assumed.
In the example shown, the cell radius iRy = 58 nmi, while the rangesrs and ry,
correspond to the values given in Table 4.1. The transmittas located in a cell centered
at xg 2 R2. This cell center location can be written as

Xo = KgVv1[1; 0] + Igv3[1; 0], (4.22)
where the cell coordinategk,; ) 2 Z? are found to be

(ke Ig) = argminkkv4[1; 0] + Iv,[1;0] XK. (4.23)
k;l

Relative to x, all co-channel cells are located at integer multiples of éhco-channel cell
o setvectorsvi®" = Vit ; Got] aNd V' = Vy[iter; Got]. Due to the coordinated channel
access, there is exactly one interfering transmitter in eamonempty co-channel cell.
For the co-channel cell atxy + kv + vy with k;1 2 Z, this interfering transmitter
is placed at the random o setRyzx; 2 R? from the cell center. The normalized
0 sets zy, are i.i.d. with uniform distribution in a cell of radius R = 1 centered at
the origin. Let dy; 2 [0;1] for k;I 2 Z denote random variables, wherel,, = 1 if
the co-channel cell atxy + kv + Iv¥' contains at least one aircraft, anddy, = 0
otherwise. As the node locations form a PPP, the random vatiesdy, are i.i.d., with
Pr dg =0 =Pr(My=0)=e #¢. The interference can be computed as
X
Pint;cl = Ol Prx kKXo + KV + IVRU + Razis  XixKiTs (4.24)
(k:1)2Z2n(0;0)

Note that due to (2.10), interfering transmitters outside 6 the line of sight rangersg
of the receiver do not contribute to (4.24). This permits usd numerically generate
random realizations of (4.24) by only considering co-chaahcells which intersect with
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Legend:
O Cell containing the desired transmitter atxy

O Co-channel cell atxq + kv + Iv¥'; containsdy, 2 [0; 1] interfering transmitters

Cell using a di erent subchannel than the desired transmitr

Figure 4.5. Example geometry for calculation of the SINR; = Got =4 (Nt = 16),
Rqo =58 nmi. Transmitter at X and receiver atx,, are located at a distance of = ry,.
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a disc of radiusrs around x,,. Employing (4.2), the MER, denoted byMER ¢ (Xx; Xt ),
is approximated as
8 |

<
Pix KXox  XixK;Ts

MER : E X My +1 , 4.25
o (Xrs Xix) : (N SNR,) lPrx(rb;rs)"' Pt aq[M ] : ( )

Il ©

where we assume thak,, and xy are in di erent cells. Due to the Poisson assumption
of the 2-D model, the number of other aircraft in the cell of te transmitter follows
the same statistical distribution asM, and hence,ay[M + 1] bits are transmitted
per complex symbol. The expectation (4.25) can be evaluatédrough Monte-Carlo
simulations.

The mean MER at x, for distancer = kxy Xk is denoted byMER(X;r) and

computed by averaging over a circle:

22p 0 !1

_ 1 cos
MER (X T) = % MER g @X i Xy + T Sing)) Adi. (4.26)
0
Note that MER (X x; Xx ) IS constant for all x within the intersection of any cell with
the circle Xy :kxx Xik=r1 . The reason is that the interference (4.24) has the
same statistical distribution for all Xy in the same cell. Hence, the integrand in (4.26)

is piecewise constant, which simpli es the numerical evadtion of the integral.

4.4.6 Parameter Optimization for Maximum Spectral E -
ciency

In this section, we seek the reuse pattern parameterg;, Got and Ry maximizing the
spectral e ciency. Since each aircraft transmits only onceper T,...it, the requirement
(2.3) is equivalent to a MER requirement (cf. Section 2.3). iBce the MER is time-
invariant (cf. Section 4.4.5), it is su cient to check (2.3) at a single point in time. As
the MER depends on the reuse pattern parameteiig,, Got and Ry, this is also the
case for the maximum possible node densitynax:ci(itot ; Got ; Re1). According to (2.20),
max;cl(itot s Got Rcl) is given by
n o]
max;cl(itot » Got 5 Rcl) = min max : mcl(xrx; I‘) 8r h (4-27)

Xrx 2A rx

where we have to minimize ovek,,, as the MER depends on the receiver location.
Due to symmetry, it is su cient to consider X,x 2 A, where the receiver area
corresponds to the triangle depicted in Figure 4.6. The nomal spectral e ciency
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Figure 4.6. Cell sectionA, and set of pointsA?

X *

o(itot; Got ; Rar) IS obtained by inserting (4.27) into (2.21). For numerical waluations
of (4.27), we use two approximations. First, we replack,, by a discrete set of receiver
locations A% A . Since the minimum in (4.27) cannot be solved analyticallyit
can only be evaluated numerically over a nite set of point#AS. In our numerical
evaluation of (4.27), the computational e ort for A% = 10 proved feasible. For this
reason the setAd shown in Figure 4.6 was selected. Note that when only a subset
of A is checked in (4.27), the resulting minimum is an upper bountbr the exact
minimum. As second approximation, we only checMER (X ) , l.e., only
considerr = ry,. Again, this serves the purpose of keeping the computatioha ort for
evaluating (4.27) within feasible limits. When transmitting a beacon message over a
distance ofr <r , the SINR will typically not be substantially smaller than for r = ry,.
Due to this, it may be assumed that the e ect of the second appkimation is limited.
As was the case for the rst approximation, an approximativesolution of (4.27) which
only considersr = r, cannot be smaller than the true max.c(itwot; Got ; Ra). Hence, the
results presented in the following upper bound the exact; (it ; Got ; Rel)-

opt

The optimum reuse scheme parametei§y and o' for given Ry are computed as

-opt. .opt
ltot » Ghot

=argmax ¢ (itot; Got; Ral) - (4.28)
(itot ;0fot )

For the parameters listed in Table 4.1, Figure 4.7 plotsq(igh'; o2': Ry) versusRy,

where R, is sampled in steps oD:1nmi between15nmi and 75nmi, and at 4 addi-

tional values between 10 nmi and 15 nmi. While both high and lo®R turn out to be
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Figure 4.7. Nominal spectral e ciency of CB-SOTDMA.

suboptimal, several similar local maxima of (i2h': 2*'; Ry) can be found in the range

20nmi < Ry < 50nmi. The largest spectral e ciency is found atRy = 25:3nmi,
with  (i%": o®': Ry) = 0:79bits/s/Hz. At Ry = 25:3nmi, the optimal reuse pat-
tern parameters maximizing the spectral e ciency are(igh'; %) = (12;6), leading to
NP = N[ o' = 252. From (4.18) and (4.19), we obtainNt = 21 and Ng = 12
at Nyt = N2,

The other local maxima of (i2%'; 2%'; Rg) coming close to the maximum aRg = 25:3

are found for largerR.. However, when the spectral e ciency is similar, smaller dks
are preferable to larger cells, as the line of sight range eged for communication
between all aircraft within a smaller cell is lower.

In Figure 4.8, the reuse distanc®[i'; ¢'] of the optimal reuse pattern is displayed

as a function ofR. The smallest reuse distance at which interference beconpessible
can be upper bounded by2R + r, + rs. This upper bound is shown in Figure 4.8
as well. Comparing it to the optimal reuse distance shows thahe largest spectral
e ciency is always achieved when only little or no interferace exists within line of
sight range of any receiver.
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Figure 4.8. Optimal reuse distance in CB-SOTDMA.
4.5 Unslotted Aloha Designed for SIC

4.5.1 Message Error Rate as a Function of SINR under Blank-
ing Impairment

In this section, we explain how the MER is computed as a funcn of SINR in the
semi-analytical model of Aloha with SIC to be derived in Semin 4.5.3. As explained in
Section 4.3, a beaconing scheme with Aloha MAC su ers from éhhalf-duplex operation
of beaconing radios. In the following, we assume that durints own transmissions, i.e.,
during the support of (2.14), a beaconing radio sets the raeed signal to zero, e.g., to
protect itself against the substantialng,,(t) created by own transmissions according
to Section 2.4.3. Setting the received signal to zero is alsalled blanking [Zhi08].
Just as in Section 4.3, we assume that the messages transnatie unslotted Aloha
designed for SIC consist of complex modulation symbols tramitted at a rate of Wys.
In (4.10), we made the optimistic assumption that lost seabins in the received signal
merely increase the coding and modulation rate. Here, we remove this assumption,
and instead, represent the transmission channel as a fadidgannel with a givenSINR
on non-blanked symbols an&INR = 0 on blanked symbols. Each symbol is blanked
with probability p, and the blanking of di erent symbols is for simplicity assurad to
be independent. An approximation of the maximum number of fiormation bits per
complex symbol on an AWGN fading channel for a nite number otomplex symbols
per codeword and a given codeword error rate is available fno[PV11, eq. (34)].
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Solving for the codeword error rate, the blanking AWGN MER mdel ,(SINR; a; py)
is obtained as

5 (SINR; a; py) = %erfc Bu (1 pu)log,(1+SINR) a (4.29)
where
B = ¥ In(2) (4.30)
PZ% Pl Pu) IN(L+SINR) *+1 % 2

The derivation of (4.29) is explained in more detail in Appetix A.1.2. Note that for
poi = O, equation (4.30) simpli es to (4.3), but (4.29) still diers from (4.2). More
precisely, (SINR;a;0)> (SINR ;a) aslong a2L > a . This is due to the fact that
[PPV10, eq. (296)], based on which we computed the AWGN MER el (4.2), uses a
more accurate approximation of the maximum number of inforation bits per channel
use than [PV11, eq. (34)], which we used for the blanking AWGNIER model (4.29).

4.5.2 Time Hopping

To mitigate the negative e ects of blanking during own transnissions, we propose
the use of time hopping. Time hopping splits up each messag#o multiple smaller
transmission bursts, which are transmitted with gaps of rasiom length in between, as
illustrated in Figure 4.9. As a node is able to listen to the dmnnel during the gaps
in an outgoing message, the chance of losing large parts olyancoming message is
reduced. With time hopping, the transmit signal can be desdred as sparse. The
sparsity S indicates the factor by which the durationTsq of each message is increased
with respect to a contiguous transmission. As a generalizah of (4.4), the message
duration with time hopping can be expressed as

L
aWsys

Tmsg = S (4.31)
The probability that the received signal is lost at any pointin time during an own
transmission is onlyl=S when time hopping is applied.

In general, the receivers need to learn the time hopping parngters of each incoming
message, which may be accomplished by detecting specialcyonization sequences
contained in each message. This issue is addressed in Chapte Here, we assume
message detection and parameter estimation to work perfect
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S =1: Contiguous messag

1%

} S > 1. Sparse message

LR A A

Trnsg Time

Figure 4.9. Example for time hopping with sparse message wtture.

4.5.3 Calculation of the Message Error Rate after SIC

In the following, we derive a semi-analytical model of the ME in beaconing with un-
slotted Aloha and SIC. As in the case of Aloha without SIC exgined in Section 4.3, in
the 2-D model (cf. Section 2.5), it is su cient to consider mgsage reception at a single
aircraft. Our derivations are based on the MER model presead in [dRHdG12]. Since
[dRHAG12] considers neither blanking nor time hopping, we otribute an extension
of this model which enables us to calculate the MER for a hatfuplex beaconing node
a ected by blanking during its own, sparse transmissions.

The basic idea of [dRHdG12] is to represent the interferencewer as a function of the
MER and vice versa. Initially, prior to the application of interference cancellation (IC),
the receiver is able to decode a certain percentage of theanting messages. Assuming
that the decoded messages are perfectly canceled, the ifdeence power is reduced,
which can be exploited in an iterative receiver structure.n each processing step, the
remaining interference power is updated based on the curteMER and the MER is
updated based on the updated interference power.

Additionally, the MER achieved by the receiver after a givemumber of iterations is
a function of received power. To facilitate the mathematidaanalysis, a discrete set of
Nowr di erent received power levels is assumed, which are dendtby Py.n;0 m <
Nowr [dRHAG12]. The power levels are ordered such th&,.m+1 > P x.m. The fraction
of received messages having a power Bf ., is denoted by g, [m]. Going beyond
[dRHAG12], we take into account that in beaconing, the MER adtonally depends
on the message arrival time, due to a possible overlap with amwn transmission. We
assume that each node periodically transmits one message fie ° (cf. Section 2.3).
Under this condition, the MER is periodic in time of arrival with periodicity 1= ©
Without loss of generality, we assume that the receiving nodeansmits its messages
att=n=%n2 Z. We compute the MER for N, di erent times of arrival t;, given



62 Chapter 4: Semi-Analytical Investigation of the Spectral E ciency

by !

N
t) = Ta | ‘z"a ‘0 <N a, (4.32)

with spacing Ty,q de ned by
Tioa = (Nwa 9 1. (4.33)

Consider a desired message receivedtat t; and one interfering message arriving in
the interval (t t)=Twa 2 [ | 1=2; [|+1=2], with integer time o set |. The average
overlap [ 1] between desired and interfering message is now

1 _Ttoa —
% sti1 4Tmsg , =0,
S ! 1 J 'I-!-toa ! 0<J IJ< |max, (434)
% Tmsg ( Imax 1= 2)Ttoa i IJ - | )
2Tmsgs ] max 1
otherwise,
with the maximum integer time o set |ax computed as
Tms 1
Imax = —=3 = 4.35
e Toa 2 (4.35)

Out of all overlapping messages, the fraction arriving in # interval (t = t))=Tea 2
[ | 1=2; |+ 1=2]is denoted bygo.[ I] and given by

5;—9 Joli< lmax,
Goal 1]= BT"*SQ o2 = (4.36)
- 0, otherwise.

For a message arriving at;, the probability py[l] that a certain symbol of the message
is blanked can be obtained as

( )

pull=s tmax 1 Thio (4.37)
msg

where S ! is the probability that a symbol received during an own tranmiission is
blanked, andmaxf 1 j tj=Tysg; Og is the degree of overlap between the message arriving
at t; and the own transmission starting att = 0. Note that (4.37) is only valid for
Tmsg < (2 9 1, which is assumed to be the case in the following.

Let us now describe the order of message processing assumethé semi-analytical
model of Aloha with SIC. As illustrated in Figure 3.1, messagp of higher received power
are processed rst [dRHdG12]. However, in our case, the comhtions (t;; Px.m) of
time of arrival and received power need to be processed cangeely. Hence, for
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Table 4.2. Example Processing Order[l; m]. Npwr =2, Nioa = 4.

| 1123
t1=Tea | 2| 1/0[1
1 | ol 2/3|1
oyl 4| 6/7|5

messages of the sam@,.,, but di erent t;, we additionally require a suitable order
of processing in time direction. Since SIC can only reducedhnterference in case
of successful decoding, it is reasonable to process messagach are easy to decode
prior to messages received under more di cult circumstanse Due to signal outage,
messages having a larger degree of overlap with an own transsion are more di cult
to decode. Therefore, we assume that messages are processe@scending order of
their time o set jt;j to the own transmission att = 0. Let the order of processing be
given by the function [I;m] 2 f0;:::;NpwNwa 19, which indicates the number of
combinations(t P.m) processed prior to the combinatiort;; Pix.m). According to the
previous discussion, we compute[l; m] as

N)(a 1
0;m]= Nea(Npwe 1 m) 1 1fty>0g+  L1jtj jtj ,  (4.38)

=0

where the indicator function1f Cg yields 1 if the boolean expressiol€ is true and zero
otherwise. An example withN,,, =2 and N, = 4 is shown in Table 4.2.

The receiver processes the received signal in multiple i#ions, which we term pro-
cessing passes. Within each processing pass, the combimetid,; Prc.m) are processed
consecutively, in the order (4.38). EacH{t|; P«:m) iS processed exactly once per pro-
cessing pass. In total, the receiver perforns,,x processing passes. LMERgﬁ)C[I; m],
0 | < Nia, O m < N pw, denote the message error rate for time of arrivai
and received powerP., after processing pasp 2 f1;:::;pnax9. Initially, we set
MER(Sol)C[I; m]=1forall0 I<Nsand0 mxEN ., $ince no messages have yet
been decoded. During processing papsMERi(r‘r’,) l;m; T m denotes the intermediate
MER which is valid for time of arrival t. and received poweP . during the processing
of time of arrival t; and received powePy.,. MER'® |:m;Irm is obtained as
8 h i h i
h i 3MERY rm; if Km < [;m],
MER® I:m;m = h oo h o (4.39)
EMERE.D Em : if hm  [lm].
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In processing pas$, during the decoding of a desired message with time of arrlva
t; and received powerP., the average interference caused by a single overlapping
message can be expressed as

P.EE)S[L m] =
NNT 1 Xmax ()
Prx:;m Gpwr [M] Ooal 111 I]MERir‘r’] [;m; (1+ 1) modNgpa;m . (4.40)
m=0 I= I max

Here, we average over all overlapping messages which wertally present. The prob-
ability that any of the initially present messages with timeof arrival t. apd received
power P has not yet been decoded and canceled is equivalenﬂ\xkERi(nﬂ) ILm;Tm .
Conditioned on the initial number k of overlapping messages, which were present prior
to any interference cancellation, the message error rateER (P [I; mjk] can be approx-

cnd
imated as
0 1

PI’X ym

SNR, Py (rp; rs) + kPP [I:m]

int;s

MERE,Imik]  »@ ca;pll]A . (4.41)

The number of messages initially overlapping with a certaidesired message is Poisson
distributed with mean Gy,sq given by

Gmsg = Pri 2Tmsg- (4.42)

Averaging MER ng[l; mjk] with respect to k yields the MER for messages with time of
arrival t; and received poweP,,., after processing passg:

Gk

b
MERGEIim] = MERD,[;mjk]-"2e O (4.43)

cnd
k=0

The semi-analytical model for beaconing with Aloha and SiCsibased on repetitive
computations of (4.40) and (4.43). Note that (4.39) ensurethat the computation of
MER(S"I)C[I; m] depends only on MER values which have already been computeztard-

ing to the order of processing (4.38). The receiver algorithand the order of processing
are also described by the pseudocode in Figure 4.10. For slitipy, this pseudocode
assumes eveil,,. After p processing passes, the average MER for each received power
level, denoted bym(sﬁ)c[m], is computed as

N}a 1

MEREL[I; m]. (4.44)

—===(p) 1
MERsﬁc[m] = N

oa |_g

To better understand the dierences between our semi-andlgal model and
[dRHAG12], note that our model simpli es to the one from [dRHdAG2] for S = 1,
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1: Initialization: MER(SOI)C[I; m]:=1for0 [<Niaand0 m<N
2: for processing pasp =1 t0 pmax dO

3 for power levelm = N,,, 1 down to0do

4 for | =0 to Niwa=2 1do

5 Compute interference poweP Y [l; m] as per (4.40)

6: Compute MERYL[I: m] as per (4.43)

7 Compute interference poweP"[Nwa 1 I;m] as per (4.40)
8 Compute MER®L[Nyea 1 I;m] as per (4.43)

9 end for

10: end for

11: end for

Figure 4.10. Pseudocode describing semi-analytical modet iterative SIC beacon
message receiver.

Poi[l] =0, Nioga =1, Inax =0, [0] =1 =2 and ga[0] = 1. Furthermore, instead
of (4.29), [dRHAG12] uses thMER(SINR) characteristic of a speci c channel code
with a xed coding and modulation rate a. This precludes the optimization ofa for
maximum spectral e ciency.

4.5.4 Discretization of Received Power and Message Arrival
Time

To numerically evaluate MER(S%[I;m], the power levelsPy., need to be selected

appropriately. To this end, we chooseNp,, + 1 transmitter-receiver distancesry,
0 m Ny, and by means of (2.10), compute the power levels as
— Prx(rm; rs) + I:)rx(rm+l , rs)

Pr;m = > : (4.45)

The distancesr, are selected such thaP, (rm+1;rs)=Px(rm;rs) = 0:1dB, starting at
ro = rsand going down tory,,, = rp=500 With the parameters given in Table 4.1, this
requiresN,,, = 644 power levels. Note that the selection ofy,, = r,=500as closest
distance implies that messages from closer transmitterseanlways correctly decoded
and canceled. In Section 4.5.5, we verify that the impact ohts optimistic assumption
on the presented results can be neglected. For the homogameoode distribution of
the 2-D model (cf. Section 2.5), the probabilityg,.,[M] is obtained as

rr2n rﬁnl
Gowr [M] = (2 : (4.46)
s
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We select the spacinglie, such that (i) Tiwa  Tmsg=2, and (i) Nia 2. These
two conditions are heuristic approaches to ensuig) that the temporal correlation of
MERYL[I; m] is not underestimated, and(ii) that very short periods of time with high
MER do not lead to signi cant errors in the temporal average 4.44).

4.5.5 Parameter Optimization for Maximum Spectral E -
ciency

In this section, we employ the semi-analytical MER model ofe&gtion 4.5.3 and the
discretization of power and time explained in Section 4.5.#b compute the spectral
e ciency of unslotted Aloha with SIC for the parameters given in Table 4.1. As a
function of message duration, we determine the optimum spaty which maximizes
the spectral e ciency. Note that this is equivalent to detemining the optimum coding
and modulation ratea, sincea depends on message duration and sparsity according to
a = LS=(TmsgWsys), cf. (4.31). Additionally, we investigate the per-aircraf message
generation rate to be used for maximum spectral e ciency. Gaciding with the as-
sumptions for Aloha with single-user receivers in Section3} the message generation
rate is assumed to be = R=T,.¢it, K 2 N. Similar to (4.11), the maximum possible
node density can then be computed as

h e
macsic(Tmsgi SiR) =sup  © MERSE M 8M:Pom  Pulroiry) , (4.47)

where it is su cient to check all power levelsP.m P (rp;rs) due to the fact that
(2.10) is a nonincreasing function of distance. The maximurpossible node density

max:sic(Tmsg; S;K) can be seen as a function of,sg, S and K as the calculation of
mg;g“)[m] depends on these parameters. The spectral e ciencysic(Tmsg; S;K)

follows from the insertion of (4.47) into (2.21). The optimm sparsity Sypi(Tmsg),
which maximizes the spectral e ciency for givenTysg, Can be computed as

Sopt(Tmsg) =arg rsnaX SIC Tmsg; S;K . (4-48)

Using the settings discussed in Section 4.5.4, the averag&Rlaccording to (4.44) can
be computed. Repeating this computation for di erent aircrdt densities , equations
(4.47) and (4.48) can be solved numerically for a given valeé pnax Without particular

di culties. For the following results, the number of SIC processing passes is set to
Pmax = 6. We observed empirically that the MER reduction betweemp =5 andp =6

is negligible in all cases considered herein. This suggdsist for the system parameters
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Figure 4.11. Nominal spectral e ciency of unslotted Aloha wth SIC as a function of
Timsg-

considered herein, the MER achieved witlp,h,x = 6 cannot be improved signi cantly
by using pmax > 6. Unfortunately, the MER for p! 1 is not known, which is why we
have to rely on this empirical evidence.

For the parameters given in Table 4.1, the spectral e ciencyobtained by inserting
(4.47) into (2.21) is plotted in Figure 4.11. Without time hoging (S = 1), the curves
a), b) and c) for K 2 f 1;2; 3y demonstrate that an increased beaconing rat&k (> 1)

is not bene cial in the case of Aloha with SIC. When the messag#uration Tpgg iS

selected to maximize the spectral e ciency, the maximum ofurve a) (K = 1) exceeds
the maximum spectral e ciency obtained fork > 1. We therefore restrict attention to
R =1 in the following.

To assess the impact of blanking and to obtain an upper bound iine spectral e ciency,
results can be computed for the full-duplex case, i.e., undiée assumption that nodes
can transmit and receive simultaneously. To this end, we s [l] = 0,0 | <
Nioa, iNnstead of (4.37). The spectral e ciency for full-duplex mdios and without time
hopping is shown by curve d) in Figure 4.11. The e ect of time dpping in the full-
duplex case would be small, as it mainly mitigates the negaé impact of blanking.
Comparing curves a) and d), we observe that the e ciency losscurred by blanking
is only moderate at shortTngg, but grows with Trsg. While curve d) appears to grow
monotonically with Trsq and to converge to some positive limit ady,sg ! 1, curve
a) exhibits a maximum at TsgWsys = 550, with an e ciency of  gic(Tmsg; 1, 1) =
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Figure 4.12. Optimal sparsitySepi (Tmsg); K= 1.

0:29bits/s/Hz. For TmsgWsys > 550 curve a) decreases due to the growing impact of
blanking at large Trsg and S = 1.

The spectral e ciency with optimal sparsity Sep:(Tmsg) according to (4.48) is shown by
curve e) in Figure 4.11. While time hopping $ > 1) is not able to improve the spectral
e ciency for TnsgWsys  55Q it drastically increases the spectral e ciency at longer
message durations. Using = Sy (Tmsg), the spectral e ciency shown by curve e)
approaches curve d) and grows signi cantly larger than the aximum of curve a). For
example, atTynsgWsys = 30 10°, we obtained sic (Tmsg; Sopt (Tmsg); 1) = 0:47bits/s/Hz.
This result demonstrates that the adverse impact of blankop can be mitigated by
time hopping. The optimal sparsity Sep: (Trmsg) is plotted in Figure 4.12, revealing that
Sopt (Tmsg) grows with Trsg in the analyzed rangeb00  TsgWeys 10°.

In Figure 4.13, the spectral e ciency is plotted as a function of S for three message
durations. As already indicated, the settingS = 1 maximizes the spectral e ciency
for TmsgWsys = 500. At the longer message duration ol msqWsys = 2000, the spectral
e ciency is maximized for Sy, (2000-Wsys) = 2:9, and the spectral e ciency with
this optimal sparsity is about 5 times larger than the specal e ciency without time
hopping (S = 1). When the message duration is increased further t®msgWsys =
30 10, both the optimum sparsity Sept(Tmsg) @and the maximum spectral e ciency
sic Tmsg: Sopt; 1 are larger than at TysgWsys = 2000.
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Figure 4.13. Nominal spectral e ciency of unslotted Aloha with SIC as a function of
S, for di erent message lengths an&k = 1.

Finally, Figure 4.14 showsl\/IER(Splg:[I; m] after di erent processing passep. The error
rate MER(S%[I; m] is plotted as a function oft; and distancer corresponding to each
received power leveP,,., according to (2.10). The thick dashed contour lines indicat
the distances at whichMER(Sﬁ)C[I;m] =10 X, k 2 f0;1:::;6g. The thick red line
indicates the MER atr = ry,. In the example shown, the MER does not change
noticeably anymore betweerp =3 and p= pmax = 6.

Due to the selection of received powers in Section 4.5.4, w&ges from transmitters
closer thanry,, = rp=500have not been considered for the results just presented.
The impact of this simpli cation on the results cannot be sigi cant for the follow-
ing reasons. The probability that more than one transmitteris closer thanry,, to
the receiver is negligible compared to the tolerable outag@obability in all cases
considered above. This can be concluded from the Poissontadstion of nodes and
the maximum tolerable node density max:sic(Tmsg; S;K). Hence, attention may be re-
stricted to possible deterioration of the MER due to a singl&ransmitter at a distance
lower than ry,, . Even without any interference cancellation, the messaged this
transmitter experience a SINR which is always su cient for @&coding if no blanking
has occurred, due to the high received power. Therefore, tlmly case which could
make the MER worse than the presented results is the loss of ssages from a single
transmitter closer thanry,, due to collisions with own transmissions. It can be shown
that the probability for this case is negligible compared to.
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Table 4.3. Summary of the Results.

Beaconing Scheme Spectral E ciency, Spectral E ciency,
bits/s/Hz relative to scheme 1
1) Unslotted Aloha, 0.0353 1
Single-User Rx
2) CB-SOTDMA 0.79 22.4
3) Unslotted Aloha with SIC, | 0.47 13.3
TmsgWsys =30 10°

4.6 Selection of the Most Promising Beaconing
Scheme

In Table 4.3, the spectral e ciencies derived in this chapte are summarized. For
unslotted Aloha with SIC, a message duration off sy = 30ms is assumed, i.e.,
TmsgWsys = 30 1C° (cf. Table 4.1). While a slight increase of the spectral e ciacy
has been observed for largdlinsgWsys, it appears questionable whether longer messages
would be acceptable at a critical data age of,.it = 1S, given that the transmission
delay cannot be lower thanT ysg.

As the results reveal, both CB-SOTDMA and unslotted Aloha vith SIC signi cantly
outperform unslotted Aloha with single-user receivers. GBOTDMA provides a 68%
higher spectral e ciency than unslotted Aloha with SIC. However, this gain is achieved
at the expense of time synchronization between all aircraftMethods which achieve
this time synchronization in a reliable way as required in aenautical communica-
tion (cf. point 5 in Section 2.7) would most likely degrade th spectral e ciency of
CB-SOTDMA. Additionally, guard times were not considered n the semi-analytical
model of CB-SOTDMA, and perfect message scheduling was as&d (cf. Section
4.4). We argue that it would be questionable whether a signtant part of the spectral
e ciency gain of 68% would remain once the issue of time synanization is solved,
guard times are accounted for and realistic message schauayis considered. Therefore,
we conclude that unslotted Aloha with SIC is the most promisig beaconing scheme
for future aeronautical applications, and focus on this beaning scheme in the remain-
der of this work. In Chapter 6, the bandwidth required for thehigh volume of future
aeronautical beaconing tra c is calculated for the beacomig system ICBT designed
in Chapter 5 based on Aloha with SIC. As will be shown, this regred bandwidth is
guite moderate, which further supports the decision to uselgha with SIC.
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Chapter 5

Design of the Interference Canceling Beacon
Transceiver

5.1 Introduction

In this chapter, we propose a novel aeronautical beaconingstem, which we call the
Interference Canceling Beacon Transceiver (ICBT). The dem of ICBT is based on
unslotted Aloha with SIC and is explained in the following. ®ing beyond the simplify-
ing assumptions of Chapter 4, realistic mathematical modehkre used for the following
e ects and system components:

message detection,

estimation of message parameters such as Doppler shiff, arrival time t,; and
complex channel coe cient ; (cf. Section 2.4.2),

interference cancellation,
channel coding,
receiver algorithm,

received signal blanking due to own transmissions (cf. Sest 2.4.3).
Section 5.2 gives an overview of the system concept and expéathe receiver algorithm.
In Section 5.3, we describe our main contributions with reggt to time hopping, syn-
chronization and IC. Section 5.4 discusses how the systenrg@eters can be selected

in practice, which completes the design of ICBT. Note that tB design of ICBT is also
described in a paper we recently submitted for publicatiorFS15].

5.2 Basic System Description

5.2.1 Beaconing Link

To illustrate the system concept, we consider the transmigs of message from its
transmitter to some other aircraft. Figure 5.1 shows a basabhd model of this process.
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The transmitter maps the L message bits ontc.=a modulation symbols. The resulting
symbol vectord, 2 C-2 is then pseudo-randomized through interleaving, scramhiy
and time hopping. Interleaving and scrambling are needed &nable the separation of
several messages arriving at a receiver at similar time iastces and with similar power
levels [dRHAGO09, dRHAG12]. As shown by the semi-analytical rdel of Aloha and SIC
in Section 4.5, time hopping increases the spectral e cieycby reducing message loss
during the receiving node's own transmissions. Due to timeopping, the message has a
total length of N, > L=a symbols. The transmitter has a pool oM di erent pseudo-
randomization options, from which it randomly selects oneof each message. Each
pseudo-randomization optioorm, 1 m M, corresponds to a speci c realization of
interleaving, scrambling and time hopping. The interleavig pattern is de ned by the
permutation matrix , 2 R(3) (L73) "which shu es the symbols in dg. The vector
cm 2 CY@ contains the scrambling sequence of unit-magnitude elentgnand the time-
hopping matrix T, 2 RN (553) partitions the symbol vector into smaller zero-padded
symbol bursts. The matrixT ,, is constructed by insertingN,, L=a all-zero rows into
an identity matrix of dimension (L=a) (L=a), thus increasing its row count toN .
For pseudo-randomization optiorm, the pseudo-randomized symbol vectat,, 2 CNa
is constructed as

dpr = Tmdiag(cm) mdo, (5.1)

wherediag(cy) denotes a diagonal matrix with the elements of vectar,, on its main
diagonal.

To enable message detection at the receiver, it is necesstrynclude synchronization
symbols into each ICBT message. To this end, for each randamation option m, a
sparse vectors,, 2 CNa' containing Nsync Synchronization symbols is created such that
T!sm = 0. This implies that [sy],o = 0 when dp ,, 6 0, wherek®2 [0;:::; Ny 1]
denotes the symbol index. The transmitted symbol vectog 2 CNa' is then obtained
as

q = dpr + Sm. (5.2)

The structure of the message is exempli ed in Figure 5.2.

Onceq has been generated, the symbols are serialized and trandedt at a Nyquist
symbol rate of 1=T;, using a continuous-time elementary baseband waveforog, (t).
Thus, the nominal message duration (cf. Section 2.4.2) is

Tmsg = NanTs. (5.3)

The baseband transmit signaly (t  ty.i) (cf. Section 2.4) can be represented as

p_"™*
gi (t ttx ;i) = Ptx q[k(?lutx (t ttx:i kOTs)a (54)

k=0
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where k9 denotes elemenk® of . We assume all data and synchronization symbols
to be normalized such thatE jgk9j2 2 f 0;1g. Furthermore, we assume thaty (t)
is dimensionless and normalized such that
Z .,

. jun (D)j?dt = Ts. (5.5)
The aforementioned two assumptions ensure appropriate fiog of the transmit signal
such that the average transmitted energy per nonzero symbisl Py, Ts. On its way to
the receiver,g(t ty.) undergoes the propagation channel described in Section.2.4
The received signalx(t) is given by (2.17).

The receiver applies a Iter with impulse responsei, (t) to the received signal, and
samples the resulting signal at a rate o1=T = =T, where is the oversampling
factor. Since typically, multiple messages with asynchraus and initially unknown
symbol timing overlap at the receiver, it is not possible toyschronize the sampling
instants to the symbol timing of a particular incoming messge. For this reasonu (t)
is not selected as a Iter matched tou(t). Instead, we designuy(t) as an anti-
aliasing low-pass Iter and oversample its output. The Itering necessary for decoding
a particular message may then be performed on the sampled esed signal after
estimating required parameters such as the message arrivathe. We address this
additional Itering in more detail in Section 5.4.4.

According to (2.15), the receiver is impaired by very stron@dditive noise ngyn(t)
whenever its own transmit signalg,wn (t) is nonzero. Obviously, this causes the loss of
all samples received during the support @own(t) U (t). The sequencelk] of received
samples available for further processing is thus obtaineafn the sampled receiver lter
output by blanking the samples collected during own transmsions. This is modeled
as a multiplication with a blanking sequencdgk]:

0, if KT 2 supp Gown(t) un(t) ,
1; otherwise.

blk] = (5.6)

Both y[k] and QK] are used for further signal processing.

5.2.2 Receiver Signal Processing

In this section, we describe the receiver signal processiggorithm, i.e., the last block
in the chain of blocks shown in Figure 5.1. In ICBT, signal preessing at the receiver is
largely based on the ideas described in [dRHJG09] and [dRHdG1&here Aloha with



5.2 Basic System Description 77

SIC is applied to random access in the return link of a satei communication system.
In contrast to a receiver in a coordinated communication sy@m, which processes a
consecutive stream of incoming messages, ICBT applies SI€ firocess overlapping
messages. To allow the receiver to decode and cancel strangessages rst, the re-
ceived signal is processed in segments, called processimgdows, within which the
receiver can process messages in arbitrary order. Each mssing window is processed
in multiple processing passes, similar to the signal prosasg in the semi-analytical
model described in Section 4.5. Within each processing pa#ise receiver processes
messages until it cannot detect any unprocessed messagenamse. Message process-
ing consists of three steps{i) detection of the message with the highest SINRji)
decoding of the detected message, afid ) cancellation of the channel response to the
message from the received signal. In the same processingspasch detected message
is processed only once. If decoding fails, the respectivessage is excluded from fur-
ther message detection attempts within this processing pas Sometimes, a message
which was already processed and could not be decoded becomietligible after other
messages overlapping with this message are decoded and e@ac The reason for this
is that the order of message processing relies on a realisgtgtimate of SINR and is
therefore not always perfect. To mitigate this problem, theeceiver performs multiple
processing passes for each processing window, whereby asags which could not be
decoded in one pass is processed again in the next pass.

Message detection relies on the function(k; f;m) 2 R}, which is termed the coarse
synchronization metric and indicates the likelihood that amessage of randomization
option m has been received with arrival timekT (i.e., at sample indexk) and with
a Doppler shift f . The computation of s(k;f;m) will be considered later in Section
5.3.4. To understand the receiver algorithm, it is su cientto know that messages with
better SINR on average generate a larger peak ing(k;f;m). In processing window
n, the coarse synchronization metric .(k;f; m) is computed for the time interval
Kos [N] k < kos[n] + Luin, Wherek,s[n] is the rst sample index in processing
window n and L, is the processing window length. With respect to Doppler, the
metric s(k;f;m) is only evaluated at discrete frequenciek = | f, | 2 Z, where

f s denotes the coarse synchronization frequency step size.n€idering only values of

s(K; I fes; m) larger than some detection threshold k; m], message detection within
the current processing window is implemented by solving

(R;f: ) =argmax c(k;| fes;m), (5.7)
st oKl fogm)> [ Rim]andkos[n] K <kos[N]+ Lyin -

The threshold [ k; m] depends on sample time and randomization option, and will be
modi ed at runtime: After an unsuccessful decoding attemptwe set [ k;M] = 1



78 Chapter 5: Design of the Interference Canceling Beacon Transce&iv

for jk  Kj kn, where kj is the detection hold-o time in samples. This ensures
that a peak in .s(k;f;m) at which an error is detected (e.g., through a checksum
in the message) is ignored in subsequent evaluations of (5.7he number of peaks
exceeding the threshold is reduced in each message proogsstep, either through IC
or by an additional detection holdo period. At the beginning of each processing pass,
the threshold is reset to[ k;m] = i kK Kos[n], forO k Kkys[n] < L win and

1 m M, with some initial threshold function i, [k]. By resetting the threshold,
we ensure that messages which could not yet be decoded arecpssed again in the
next processing pass.

In total, pmax processing passes are performed for each processing windonce allpmax
processing passes are nished, the receiver moves on to thexinprocessing window.
Consecutive processing windows have to overlap to prevemicieased message error
rates at their borders. Denoting the length of this overlap ¥ K \in, the window o set
advances as

kos [n + 1] = kos [n] + Lwin K win - (58)

The receiver algorithm just described is depicted in Figurg.3 as pseudo-code and as

beginning of each processing window, the receiver needsampute the coarse synchro-
nization metric (k;f;m) for the whole processing window. Note that interference
cancellation, i.e., the removal of the channel response todacoded message from the
received signal, modi es the memory of received samplgfk]. Therefore, s(k;f;m)
needs to be updated wherever it depends on the changed sampley[k] after each
interference cancellation step. Message processing, idetection, decoding and inter-
ference cancellation, is handled by the inner loop of the aligthm, which is marked in
the owchart in Figure 5.3.

5.3 Special Challenges in Beaconing with Unslotted
Aloha and SIC

5.3.1 Suitable Structure for Long and Sparse Messages

As indicated by the results in Section 4.5, the spectral e @ncy of unslotted Aloha
with SIC can be increased by using long and sparse messagesiiiigate partial signal
outage due to own transmissions. In practice, however, th&pproach creates a new



5.3 Special Challenges in Beaconing with Unslotted Aloha and SIC

1: for processing windown =1;:::;;1 do
2 Compute coarse sync. metric .s(k;1 fcs; m) for entire processing windown
3 for processing pasp=1;:::; Pmax dO
4 Reset threshold: [ k;m] = i K Kos[N]
5: while solution (K;} ) to (5.7) can be founddo
6 Try to decode the message ak; I} i)
7 if new message decoddten
8 Perform IC. This alters the memory of received samplegk].
9: Update s(k;l f.s; m) where it depends on changed samplesyik].
10: else
11: Sethold-o: [ k;m]=1 forjk Kj ks
12: end if
13: end while
14: end for
15: end for
o~ .
Compute —
Start here withn =1 metric increment
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Figure 5.3. ICBT receiver algorithm pseudocode and owchar
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Burst of symbols: [ Sync.

oL LTI, P Data

Begin sync. Main section End sync.
Tx Power, section (BSS) , . section (ESS),
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Figure 5.4. Sparse ICBT message structure with bursts of neero symbols. The
magni ed main section burst has one synchronization symbah this example.

challenge: Longer message durations require a higher Dappéstimation accuracy for
the coherent demodulation of data. In the following secti®) we will explain how
an appropriate time hopping scheme and high accuracy Dopplestimation can be
realized for the ICBT message structure shown in Figure 5.&£ach message is composed
of a main section enclosed by two dedicated synchronizatigections, referred to as
begin synchronization section (BSS) and end synchronizati section (ESS). Both BSS
and ESS containNgync.4s Synchronization symbols and are lled with zeros to a total
length of Ngs symbols. We employ BSS and ESS for two main reasons. First, as
will be explained in Section 5.3.4, message detection bete both from the short
length Ngs  Ng and from the large temporal separation of BSS and ESS. Second
following the results of [WLJ93], concentrating signal eneygat the beginning and end
of the synchronization sequencs,, improves the Doppler estimation accuracy. The
main section of lengthN,,  2Ngs contains the L=a data symbols and the remaining
Nsync:main = Nsync  2Nsync;as Synchronization symbols. As will be discussed in Section
5.4.5,Ngync:main > 0is necessary to avoid ambiguities in Doppler estimation. Nethat
the sparsities and burst sizes given in Figure 5.4 will be elgned in Section 5.3.2.

5.3.2 Time Hopping

To implement time hopping, Nay  (L=a + Ngync) zero symbols are inserted into each
message. The nonzero symbols are transmitted in bursts adsistrated in Figure 5.4.
Typically, the blanked time for a single transmitted symbali.e., the support ofu (t)

U (t), exceedsTs. Hence, burst transmissions reduce the number of blankednsales
in the received signal. For each randomization optiom, a di erent, pseudo-random
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distribution of the zero symbols is used. This increases thghance that during an
own transmission, the blanked samples will fall into the zersymbol segments of any
incoming message, thus allowing message reception.

The sparsity S is given by the ratio of total symbols to nonzero symbols andaa be

computed as
Nay

= m. (5.9
Note that S denotes the overall sparsity of the whole message. Insidetiod message,
BSS and ESS have a sparsity &gs, while the main section has a sparsity 05pqin. AS
will be discussed in Section 5.3.4, the computational e owf message detection can be

reduced by decreasinys.

The burst size in BSS and ESS iblg.4s Symbols, while a burst size oNg.man Symbols
is used in the main section. If the number of nonzero symbols a section is not
an integer multiple of the burst size, then the symbols whicliemain after integer
division are equally distributed over all bursts. We uséNg.gs > N g.main in Order to
protect the BSS and ESS bursts against collision with the nraisection bursts of an
own transmission. In the event of such a collision, only a paof the synchronization
symbols in the a ected BSS or ESS burst are lost due to blankin

5.3.3 Hierarchical Synchronization Concept

In this section, we motivate the use of a hierarchical syncbnization concept in ICBT.
The insertion of synchronization symbolss,, into each message serves two purposes:
(1) message detection, andii) estimation of message and channel parameters, such
as randomization optionm, arrival time t,, Doppler shift f4, and complex channel
amplitude . In general, auto-correlation methods such as the Schmi@lex algorithm
[SC97] can solve both problems. Yet, the performance of swato-correlation methods
degrades forSINR 0 dB [FWD™*03]. For unslotted Aloha with SIC, the results
of Section 4.5 predict the optimala which maximizes the spectral e ciency. This
optimal a is typically low enough to permit message decoding &NR  0dB (e.g.,

a 0lat TmsgWsys =30 10°), which only makes sense if message detection works for
SINR  0dB as well. Thus, the Schmidl-Cox algorithm would not delivethe required
performance. Instead, we detect messages and estimate itherameters with a bank

of Iters matched to frequency-shifted replicas of the know synchronization sequences
sm for each considered,. This corresponds to a two-dimensional grid search fox and

fd.
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In a grid search, the accuracy of the obtained estimates daty depends on the size
of the grid cells. The accuracy needed for the coherent demuation of data requires
a search cell size in frequency domain well belgMy Ts) 1. The bandwidth Wy be-
tween the highest and lowesfty is given by (2.7). For largeWgNy Ts, the number
of Iters required for a full search of Wy, i.e., the required number of search cells in
frequency domain, becomes numerically prohibitive. Thei@e, we propose a hierar-
chical approach with two stages. At the rst stage, termed carse synchronization, the
metric s(k;f;m) in (5.7) is designed to have a low frequency resolution. Thalows
us to use a frequency spacing (cell size)fcs (NaTs) ! for message detection. The
obtained coarse estimategk;f; M) are then re ned in the second stage, termed ne
synchronization, where we increase the frequency resotiutias needed for the coher-
ent demodulation of data. In ne synchronization, attention may be restricted to a
smaller search window centered on the coarse estimates. &lttat similar hierarchical
approaches have been successfully applied in other areasighal processing, e.g., in
multilevel image processing [TL94]. In the following two s#ions, we formulate both
stages more formally.

5.3.4 Coarse Synchronization

Message detection with low frequency resolution can be aomaished through the
incoherent combination of several short correlation Ites [JRHdG12, JM13]. To this
end, we use the two short synchronization sections BSS and& B each ICBT message
(cf. Figure 5.4). Note that the large temporal separation oBSS and ESS lowers the
chance of both being a ected by, e.g., blanking.

Let x(t) stand for the transmitted waveform after the receiver lIter, which can be
obtained as 0
X() = Puun(t) un(t). (5.10)

Furthermore, let s, [k9 denote elemenk®of s,,. For a frequency shiftf of the incoming
message, the sequenagss(k; f; m) of received samples for the BSS of randomization
option m is given by

l\b(S 1

Sess(k;f;m) = smlkIx (k kYT exp(j2pfkT ). (5.11)
K0=0

The sequencesess(k; f; m) of received samples for the ESS is similarly computed as

Ny L
sess(k;f;m) = smlKIx (k k9T exp(2pfkT ). (5.12)

k%= Nai  Ngs
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Using these de nitions, the correlation Iter outputs gss(k;f;m) for the BSS and
ess(k; f;m) for the ESS are given by

Bss(K;f;m) = y[k] sgss( k;f;m) and

(5.13)
ess(k;f;m) = y[k] sess( kifym),
respectively. The coarse synchronization metric is now c@uted as
kiffm) + k:f:m
W fmy = —sglelim) * essGbm) | (5.14)

Pass[k; m] + Pess[k; m]

where the enumerator combines the Iter outputs (5.13) aceding to the nonquadratic,
noncoherent postintegration described in [JM13]. This in¢e@rent combination needs
to be normalized to account for the time-varying interferece power. To this end,
we employ the estimatesPgss[k; m] and Pess[k; m] of the variance of gss(k;f;m)
and gss(k;f;m), respectively. We assume that these quantities do not depeion f ,
which holds as long a8W3Ts 1. Under the assumption thatNg is known, we derive
Pass[k; m] and Pess[k; m] from a running average of the received powgy[k]j2 over one
message duration.

Due to the length of the correlation lters (5.11) and (5.12) the frequency resolution
of (5.14) is proportional to (NgsTs) 1. Using a frequency oversampling factor of.,
the frequency spacing used in (5.7) is set to

fes = (NasTs cs) L. (5.15)

Note that dWy= f e di erent frequencies have to be considered in (5.7). Thusoif a
constant numberNgync.qs Of Nonzero symbols in BSS and ESS, the computational e ort
of coarse synchronization grows linearly witiNg4s. In practice, Ngs can be reduced by
lowering the sparsity Sys.

5.3.5 Fine Synchronization

To obtain re ned estimates for t, and f4, we perform a grid search with increased
frequency resolution, followed by interpolation in time ad frequency to obtain sub-
sample parameter estimates. The grid is restricted to a timand frequency window
around the coarse estimategk;f; m). We coherently correlate a vector of received
samplesy 2 CNv with frequency shifted replicas of theentire synchronization sequence
Sm. As shown in Figure 5.5y contains sampleg/(k) in a window around sample index
k. To compensate errors in the coarse estimakds of t,, and to account for the length
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Figure 5.5. Interval of sampling timesk which are cut out fromy[k] to obtain y .

of (5.10), the lengthN, of y is selected? N, samples longer than a single message:

h i
y= yIR  NJsyR+ Na+ Ny, 1] . (5.16)

To express the linear relationship betweey and the message symbol vectay, we
further introduce the matrix X (t;f ), with elementk; k° de ned as:

X(tF) (o= x tik] K°Ts t exp j2pf (k] t) , (5.17)
with k 2 [0;::5Ny 1] ; K92 [0 Nay 1],
wheret{k] = (K N, + k)T is the sampling time of elemenk in y. Then, taking into

account the channel model (2.4) and the blanking sequence@p y can be expressed
as

B X(tg;fg) g+t n+i
X (ta;fa)g + R, (5.18)

<
1

whereB = diag bk Ny + K] , k2 [0;::;Ny, 1], describes the blanking operator,
and X (ty;fq) = BX (ta; fg) denotes the blanked version oK (t,;f4). Vector r =
B(n+1i) is the e ective noise at the output of the receiver lter. It includes the AWGN
part n and the interference parti. Due to the oversampling,i is generally not white.
Thus, the e ective noise needs to be whitened, which requsen estimate” ., of the
autocorrelation matrix ., = E na" . The ne synchronization metric (t;f; )
is then computed as the magnitude of the correlation after mge whitening using the
Moore-Penrose pseudoinverse”,:

(b my= s @Ry y . (5.19)

The grid search evaluatesis (Q+ K)T | f+ | frorm fora nite range of integers
k and | within an appropriate search interval. The frequency resotion of (5.19) is
proportional to (N4 Ts) 1. In contrast to (5.15), the ne synchronization frequency
step size fy is thus set to

fis = (NaiTs 1) L (5.20)
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where s denotes the oversampling factor in frequency direction. g 2-D quadratic
interpolation around the maximum value on the search grid,ite estimatedf,, for t, and
fy for f4 are then computed as

f..fy =argmax (t;f; m). (5.21)
t;f

Neglecting the data symbols, i.e., assuming = ss, and assuming Gaussiam with
wn = e, Maximizing the correlation magnitude (5.19) as in (5.21)iglds maximum-
likelihood estimates fort, and f4 [VTO1].

With the result from (5.21), we can now deneX = X f3;fy , and compute the

estimate " of as
1
P RPN Rsy  SHRHMY v (5.22)

To estimate .., we note that ., = B( i + w)B, with ,, = E nn? and
i = E ii" . We assume ,, to be known, which requires knowledge of the noise
power spectral densityNg. To estimate i, we assume that the interference power

Pt [K] is constant over the received signal window, but changes for di erent window

positionsk. Then, we can write j = P [K] i 0, With the Toeplitz matrix . o given
by
1

0 ke Kk Y] 2
* L X(t) “dt

B Ry (Ox(t+ KT )dt 5.29

An estimate By [K] for Py [K] can be derived by averaging over one message duration:
0 1

RN g 2o
P [R] = max @0; 4 No  jun(t)’dtA (5.24)
+QN all lqk] 1
k=

Note that the power of the message of interest is neglected {5.24), which is not
signi cant in our targeted setting with SINR 0. Finally, " .- can be computed as

Aﬁﬁ =B Iﬁint [Q] iot m B. (5.25)

5.3.6 Interference Cancellation

Once a message has been decoded, the interference it causedhter messages can be
canceled. To this end, we extend a method described by Gakagn [Gal97]. The basic
idea is to use a linear channel estimate based on knowledgetha# received message,
and to subtract the channel response to this message from thexeived signaly. Due
to the channel model (2.4), one could attempt to perform the ethod from [Gal97]
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for a channel with one path of delay, and Doppler shift fy. However, this can lead
to insu cient IC, due to estimation errors in f, and fy. Therefore, we approximate
the propagation channel (2.4) with discrete taps on a regulalelay and Doppler grid
[Bel63]. This allows us to regard the channel response to tineessage as an element
of a linear subspace which we term the cancellation subspacdéectors spanning this
subspace are obtained from the responses of the channel tapshe message. The
responsexic[k; |] from the tap at time f,+ kT and Doppler shiftfy + | f;. is given by

Xie[k;1]= X o+ KT ;fy+1 fic 4, (5.26)

whereg is an estimate of the transmitted symbols and fic < (N, T ) !isthe frequency
step size of the cancellation subspace. Assuming that deouyl failures are always
detected, we havel} = q, since IC is only performed in case of decoding success. We
now limit the cancellation subspace to the column span of theatrix X, formed by
all (2 kic+1)(2 lic +1) vectors from the setf xic[K;I]: (K;1) 2 [ kic; i+ Kic]
[ lic;iin+  licJg. Here, ki and [i; are the maximum cancellation tap time and
frequency o set, respectively. The channel response to tleessage can then be written
as Xich, whereh is a channel coe cient vector. With the true parameterst,, f4 and

, the IC error y, can be expressed as

Ye= Xich X (ta;fa)g. (5.27)

Under the assumption of Gaussian noise and interference [dBB12] with autocorre-
lation ", according to (5.25), a maximum likelihood estimate dfi can be computed
as

RAE

A=argminy X" (y Xih)
h
y
= Xit':/\zﬁxic Xit:l/\ﬁﬁy' (5-28)

IC updates the observation vector a¥new = Y XA, or equivalently, Ynew = Cy,
where C is the cancellation matrix,

y
C= | X XBM X xXH™MY (5.29)

adas

Note that the eigenvalues ofC are either one or zero. The space orthogonal to the
columns of’\},’mx ic is the eigenspace associated with the eigenvalue 1, while gtolumns
of Xic span the nullspace ofC. This means that C removes all energy from the
cancellation subspace of the decoded message. Due to thigltiplication with C may
be seen as a generalized form of blanking, where a certairelin subspace of the space
of all possible received signals is blanked. Moreover, byserting A from (5.28) in
(5.27), the error term can be written as

ye=(l C)y  X(tafa)g) C X(taifa)q. (5.30)
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The rst term in (5.30) is independent of the received power fathe canceled message.
Apart from thermal noise, it contains the distortion of othe messages overlapping with
y, which occurs when such messages are not completely orthwgjoto the columns
of '\meic. The second term in (5.30) is proportional to the canceled rmsage and
describes its suppression. We can thus de ne the suppressiactor " as

_ kCX(ta;fa)qk?

. 5.31
kX (ta; fq)qk? ( )

Under idealized conditions,” vanishes [Gal97]. Then, only the rst term in (5.30)
remains andy. becomes independent of the power of the message to be camcefes

shown by Monte-Carlo simulations in Section 6.3.7, can be practically very small so
that the remaining power of a canceled message may be negelct

5.4 Implementation Aspects and System Parameter
Selection for ICBT

5.4.1 Introduction

To complete the design of ICBT, practical implementations iad parameter choices are
required for the functional blocks of the system concept irdduced in Section 5.2 and
Section 5.3. To this end, we discuss appropriate settings ®fmbol rate and message
length in Section 5.4.2, before focusing on transmitted waform and receiver lter in
Section 5.4.3. Subsequently, Section 5.4.4 speci es cagiand modulation. To select
the sparsity and the coding and modulation rate, we employ thsemi-analytical results
from Section 4.5.5. Finally, we optimize the distribution &synchronization symbols in
Section 5.4.5 and the detection threshold for coarse synohization in Section 5.4.6.

5.4.2 Symbol Rate and Message Length

ICBT uses a symbol rate ofl=T; = 1 MHz, which leads to a bandwidth comparable to
the state of the art aeronautical beaconing system UAT (cf. &tion 4.2). WhetherTs
could be increased to decrease the bandwidth depends on theaboning data tra c
and is further analyzed in Section 6.5. To select the messalgmgth Ty, We look
at the semi-analytical results of Section 4.5.5. Figure 4l1shows that with optimized
sparsity, the spectral e ciency grows with Tngg, but also indicates that this growth
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diminishes for longTsyg. For optimized sparsity, the spectral e ciency increases Y
only 3% when increasing the message length frofRsgWsys = 3 10* t0 TrnggWsys = 10°.
Note that we have TsqWsys = Ngai under the assumption thatWsy,s = 1=T;. While
we do not consider the transmission delay in detail, it appes questionable whether
the transmission delay would still be acceptable at a messadength of more than
1P Ts = 100ms, which is already 10% of the critical data age of,.cit = 1s (cf.
Section 2.2). For the purposes of this work, we assume th#it,sy 30ms would still
be acceptable in terms of transmission delay. Since the sprate ciency could only
be marginally increased by selectin@msg 2 (30ms; 100msg], we selectT,sg 30ms in
ICBT, i.e., Ny 3 10* symbols. The exactNy is determined in later sections after
appropriately designing the synchronization sequences.

5.4.3 Transmitted Waveform and Receiver Filter

The elementary wavefornmuy (t) used in ICBT is a root raised-cosine pulse with Nyquist
rate 1=Ts and roll-o factor 1=2 [Rap01]. A window function is applied to limit its
length to 4T5. The transmitted power spectral density (PSD) results fronthe squared
magnitude of the spectrum ofuy (t) and is shown in Figure 5.6. The PSD in Figure
5.6 is normalized such that0dB corresponds to the average PSD within the nominal
bandwidth of 1=Ts, i.e., in the frequency ranggf jTs  0:5. Note that Wgys = 1=Tg =
1MHz is the 3dB bandwidth, and recall that the setting Wsys = 1 MHz was already
used in Chapter 4 (cf. Table 4.1). The parameters afy (t) selected above are a good
trade-o between the shape of the PSD and the signal duratiorOutside of the nominal
bandwidth, the PSD should ideally exhibit both a steep decagnd low side lobes. A
roll-o factor below 1=2 would lead to a steeper decay fgf jTs 2 [0:5; 1], but would also
increase the side lobes due to the limited duration afy (t). Increasing the duration
of uk (t) would increase the number of samples blanked during an owratrsmission
according to (5.6).

As explained in Section 5.2.1, the receiver Iteu,(t) serves only as an anti-aliasing
low-pass. To prevent excessive blanking, its duration shiobube short. Therefore, we
employ u (t) = ( =Ts)ux(t ), which has a duration of only4Ts= , due to the limited
length of uy (t). According (5.6), around each nonzero symbol of an outgoimgessage,
the received signal is blanked for the duration of (5.10), vith is (4 + 4= )Ts. Note
also that for 2, the transfer function of u(t) is approximately at within the
nominal signal bandwidthjf jTs  0:5. The desired signal spectrum will thus be only
marginally distorted by u.(t), especially for > 2.
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Figure 5.6. Power spectral density of the ICBT transmitted \@aveform uy (t), relative
to mean value in domainjf jTs  0:5.

5.4.4 Coding and Modulation

For forward error correction, we employ a non-binary low-desity parity check (LDPC)
code with multiplicative repetition according to [KDPS11,PFD08]. The Galois eld
order is selected ag®. The overall code may be seen as a serial concatenation of an
outer and an inner code. The non-binary LDPC code serves astbuter code and the
multiplicative repetition code represents the inner codeThe non-binary LDPC code
is regular, with a check node degree of 3 and variable node egyof 2 (code ratel=3).
Each codeword contains 40 bytes of information, which cospond toL = 320 bits (cf.
Section 2.2). The multiplicative repetition code multiples each of the3 40 output
bytes of the outer code withT,, 2 N nonzero elements of the Galois eld. This is
equivalent to a binary (8T,ep; 8) block code. After coding, the bits are modulated onto
quadrature phase shift keying (QPSK) symbols. The coding dnmodulation rate is
thus a = 2=(3T\ep).

To selectT,e,, we consider the results of Section 4.5.5 for our targeted ssage length
of 3 10* symbols andWsys = 1=T. Ignoring the Ngyn Synchronization symbols, the
sparsity isS = Na a=L = 2Ng=(3T,eL). According to Figure 4.13, the optimum
sparsity lies between the sparsities obtained witie, = 6 and Ty, = 7, Which are
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S =10:4 and S = 8:9, respectively. We use€Tl, = 7 in the following, which results in
a = 2=21 bits per data symbol andL=a = 3360 data symbols per message.

To compute the likelihoodL (d,) of some pseudo-randomized symbol vectd,, we
assume that the ne synchronization estimate® = X f;fy , " and " ., are correct
and that r is Gaussian. By subtracting the synchronization sequena®i y, we obtain
y°=y "Rsam. Then, we havel (dp) exp (v “Rd )" %.(y° “Rd,) . Ne-
glecting inter-symbol interference (ISI) and exploiting he fact that all QPSK symbols
have the same magnitude, we obtain

n 0
logL (dpr) = 2Re di (" X"y +e, (5.32)

wheree 2 R stands for some constant independent af,,. Finally, decoding is realized
as in [KDPS11]. The required likelihood vectors for the ended bytes can be obtained
by inserting (5.1) into (5.32). Note that (5.32) applies a whening matched Iter to
y%in order to extract the data symbols of the desired messagejus performing the
Itering required for decoding, as initially mentioned in Sction 5.2.

Figure 5.7 shows the MER of the described code on an AWGN chasirover Es=Ny,
where E refers to the energy received per modulated symbol. Note ththe MER
including ne-synchronization errors and the labels and shown in Figure 5.7 will
be discussed in Section 5.4.5. For the AWGN MER, perfect knésdge of all channel
parameters and absence of ISI is assumed. The MER is displadter 50 and 1000
belief propagation (BP) decoder iterations. As the MER redction by the additional
iterations is insigni cant, a maximum of 50 BP iterations isused in the following. In
Figure 5.7, we also show( Es=Ng; 2=21) according to (4.2), which is an approximation
of the smallest error rate achievable with the selected codj and modulation rate. The
loss inEs=N, with respect to this fundamental limit is about 0.7 dB atMER = 10 3.

Finally, let us explain why we do not use spreading, i.e., reat each modulation sym-
bol Ngpread times, followed by scrambling. When the theoretically optimmm a is low,
using an increased coding and modulation rata’ = aNgpead together with spreading

is a computationally inexpensive way to transmita bits per symbol. In some cases,
this strategy can reduce the computational e ort of the decder, at the expense of
a small loss inEs=Ny. For example, with the code design presented here, one could
try to use only the inner, non-binary LDPC code to obtaina® = 2=3 and additionally
repeat each modulation symboNgyead = Trep times. Comparing the minimum achiev-
able error rates ( Es=Np; 2=21) and (7 Es=Np; 2=3) shown in Figure 5.7, we observe
that at T, = 7, the Es=Ny required to achieve a certain MER would rise by about
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Figure 5.7. MER of the channel code used in ICBT, and approxiation ( Es=Np; 2=21)
of the minimum possible MER for the AWGN channel, cf. (4.2).

0:9dB if an ideal code of ratea = 2=21 was replaced by an ideal code of rata® = 2=3
combined with Ngpeaq = 7. While this loss in Es=Ny may be seen as small, we do
not use spreading for two reasons. First, for the combinatioof non-binary LDPC
code and multiplicative repetition described above, the coputational e ort is almost
independent ofT,, [KDPS11]. In fact, the computational e ort for rst despreading
a spreading factor ofNgpeas = Trep and then decoding only the inner code would not
be much lower than the computational e ort for decoding the dginal, multiplicatively
repeated non-binary LDPC code. Second, to compensate thedmf0:9dB in decoding
performance, the SINR must be increased 9dB. Since in ICBT, the SINR is dom-
inated by interference, this can only be achieved by lowegrthe number of interfering
nodes byl 10 %% =19%. The spectral e ciency would thus be reduced byl9%

5.4.5 Synchronization Structure Optimization

In this section, we minimizeNgync:main fOr a given total number of synchronization sym-
bolsNgync. This maximizes the SINR at the coarse synchronization lteoutputs (5.13)

and, with respect to Doppler shift, narrows the peak in the ® synchronization met-
ric (5.19). The former facilitates message detection, thatter improves the Doppler
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estimation accuracy [WLJ93]. Note that with Ngync.main = O, the phase of an incom-
ing message can only be observed during BSS and ESS. This gjitlse to ambiguous
frequencies, i.e., side lobes in (5.13), located at o set®m the true Doppler shift f 4
which are integer multiples ofl= Tgg, where Tge = (Nai  Ngs)Ts is the time di er-
ence between BSS and ESS. To avoid such Doppler ambiguitiesrie synchronization,
Nsync;main > 0 synchronization symbols must be transmitted in the main séion of each
message. Thus, we intend to select the minimuisync.main for which the impact of am-
biguities is acceptable. To quantify this impact, we consgl the probability pre (large
frequency error ) that the frequency estimatefy is closer to an ambiguous frequency
than to the true f4 of the incoming message, computed as

pre=Pr fq fg > Tee) ! . (5.33)

According to Section 4.5.5, an Aloha beaconing system witHGGshould use the lowest
possible beaconing rate®= 1=T,.. In this case, the beaconing system must achieve
MER for all messages from distances ry,. As a heuristic approach, we require
that pie =10, which ensures that only a small fraction of the MER is causeby
large frequency synchronization errors. The smalleblsyncmain for which the condition
pre =10is ful lled can be searched numerically.

For given synchronization sequences,,, the probability ps can be determined by a
simpli ed Monte-Carlo simulation of ne synchronization, which averages over message
parameters(t,; f 4; m) and noise realizationst. The desired message is transmitted over
the largest relevant distance, and the covariance gy is adjusted to a certain SINR

From the AWGN results in Figure 5.7, we determine as the Es=Ng for which
MER = . For messages from distances ry, this choice of is the minimum
acceptable SINR, as foSINR < , the channel code is not able to meet the error rate
requirement anymore. We assumé = nn fOr the computation of pye.

With .0 denoting columnk®of X (t,;f4), the SINR on symbolk® can be computed as

)
SINRyo = rr—ef ko
b

ﬁﬁX‘ko, (5.34)
where we assume perfect synchronization and no inter-synhliterference. Note that
(5.34) varies withk® mainly due to blanking. By ignoring blanking in the Monte-Calo
simulation of pe, we can use nn = Pix 0+ nn as a simpli cation of (5.25). Under
this condition, SINRy. is approximately constant ink® With the known matrices ;. o
and ., we determineP;,; such that SINRyo =
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Table 5.1. Input Parameters for Optimization of Sync. Distibution.

Parameter Symbol | Value
Number of information bits per message L 320
Number of information bits per modulated symbol a 2/21
Total number of synchronization symbols Nsync 670
Sparsity factor in BSS & ESS Sus 5
Sparsity factor in main section Smain 8

Min. number of symbols per burst in BSS & ESS| Ng.gs 32
Min. number of symbols per burst in main section Ng.main | 16

Number of randomization options M 16

Time oversampling factor 4
Frequency oversampling factor in ne sync. fs 8
Tolerable outage probability 10 3
SNR at ry SNR, 10 dB
Lowest SINR for decoding 9:77dB

In the following, we discusNsync.main @s determined for the parameters given in Table
5.1 and the waveformsu (t) and u (t) described in Section 5.4.3. The selected value
of Ngync = 670 corresponds to an overhead of 20% with respect to the 3360 aat
symbols. As simulation results in Section 6.3.6 will showush a large value is required
to achieve acceptable performance of coarse synchroniaati According to the semi-
analytical model of Section 4.5, which does not consider symonization symbols, the
optimal sparsity for our targeted message length &0 10° symbols is 9.8, cf. Figure
4.12. To accommodate theNs,,c = 670 synchronization symbols, we use a reduced
sparsity of Sphain =8 and Sgs = 5. The thermal noise is speci ed by the signal to noise
ratio SNR, (cf. Chapter 4). For the practical implementation considezd here, it can
be computed as

SNR, = rrf—Ef *h Y e, (5.35)
b

which corresponds to (5.34) withP;; = 0. With the chosen settings, we obtained
Nsyncmain = 190, which leads to a message length &f,; = 30800. For this solution,
the complementary cumulative distribution function (CCDF) of the frequency error
magnitude computed in a Monte-Carlo simulation is shown in igure 5.8. It is repre-
sented as the phase error that accumulates over the time drence between BSS and
ESS, i.e.,360 f4 fyq Tge. The probability ps is equivalent to the probability that
this phase error exceed$80. As can be seen, this value is below10 = 10 4.
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Figure 5.8. CCDF of the ne synchronization frequency erromagnitude, represented
as accumulated phase error over Tge.

Finally, to show that the choice ofNsyc is su ciently large for parameter estimation
in ne synchronization, ne synchronization and decoding have been jointly simulated
to obtain the coded MER under realistic ne synchronizatiorerrors inf, f'\d and . In
this simulation, we simplifyingly assumed that ., was known to the receiver and that
coarse synchronization (message detection) worked petlgcThe results are plotted
in Figure 5.7, where the value oEs=N, on the horizontal axis indicates the SINR for
which the results are valid. The loss with respect to the purBWGN case is reasonably
small.

5.4.6 Initial Detection Threshold for Coarse Synchronizati on

We de ne the initial detection threshold for coarse synchmization (cf. Section 5.2.2)
as
n[K]= pmax 1;1+ K Luwm+1+ Lo , (5.36)
I—rise
where  is the threshold baseline and. e is the length of the threshold rise interval
at the end of the processing window. The increased threshaddl the end of the pro-
cessing window ensures that weaker messages in this regiom @nly processed after

advancing to the next processing window. These messages tcally corrupted by
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strong messages from the following processing window, whian only be decoded and
canceled once the processing window is advanced. Increggime threshold at the end

of the processing window merely saves processing resoulgesiinimizing unsuccessful
decoding attempts.

The threshold baseline , must be carefully selected such that the rate of undetected
messages from sources closer thapnis acceptable and the rate of false alarms stays
low. As a theoretical analysis of the optimal , is challenging, here we use a simpli-
ed Monte-Carlo simulation to determine the probability of a message miss in coarse
synchronization. To this end, an incoming message is simtdd with arrival time

ta = T =2 and with Doppler shift f4 = =2, i.e., with the largest possible o -
set to the time and frequency grid used in coarse synchronia. No blanking is
assumed and the same assumptions about noise and interfeeras in Section 5.4.5
are used, albeit withSINR = 9:62 dB. At this SINR, the MER including errors of
ne synchronization and channel estimation reaches = 10 3, cf. Figure 5.7. Under
these conditions, we determine the probability that the cage synchronization met-
ric stays below , at all four sampling points surrounding the truet, and f4. This
means that for (k;l) 2 f0;1g f 0;1g, we simulate the missed detection probability
Pmd = Pr(max; cs(k;l fcs;m) b). Then, we minimize |, subject to pmq =10
in order to limit the impact of missed messages on the systenefiormance. For the
parameters given in Section 5.4.5 and a coarse synchroniaatfrequency oversampling
of =4, thisleadsto , =3:51(or, indB: 20log, , =10:9).

Figure 5.9 exempli es message detection in a processing dow. The parameters used
here arelL s = 2Ng4 and a window length ofLi, = 9N, . Figure 5.9a shows the
arrival time of all incoming messages and the distance to theansmitter of each mes-
sage. Some messages have already been decoded, while ctinerget to be processed.
The high number of decoded messages at the beginning of the@gessing window is
mainly due to messages already decoded in the preceding @®sing window, in the
region where both windows overlap. In the example shown, tttdmmunication range
Iy is 0:3rs. The product of user density and message transmission rate® is so high
that the receiver cannot typically see further away thanry, due to interference. Figure
5.9b shows the coarse synchronization metric for the curitesituation, maximized over
frequency and randomization option, i.e.max.m cs(k;l fcs; m). The synchronization
threshold ini[k] computed according to (5.36) is shown as well. In the consree
processing window, the receiving node transmitted one magg, which is marked by
a gray bar in the background of Figure 5.9. Due to time hoppinghe received signal
is only partially lost during this own transmission, which § why overlapping messages
can be decoded.
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Figure 5.9. (a) Typical ICBT receiver progress, (b) corregpnding coarse synchroniza-
tion metric. Gray bar: blanks due to outgoing transmission.Vertical broken lines:
current processing window. a), b) share horizontal axis.

5.4.7 ICBT System Parameter Summary

The system parameters we propose for ICBT are summarized iaflle 5.2. As explained
in the previous sections, the message generation rat& the coding and modulation
rate a, the number Ny, of symbols per message, as well as the spars@ycould be
selected to maximize the spectral e ciency according to thesemi-analytical model
from Section 4.5. Note that the parameter choices for the dattion threshold baseline

b, the number of processing passgs..x and the number of synchronization symbols
Ngync Will be veri ed by simulations in Chapter 6.
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Table 5.2. ICBT System Parameters

(a) Transmitter Parameters

Parameter Symbol | Value
Message generation rate 0 Tu;clm =1Hz
Number of information bits per message 320
Number of information bits per modulated symbol | a 2/21
Symbol interval Ts lus
Total number of synchronization symbols Nsync 670
Number of synchronization symbols in main section Ngsync:main | 190
Sparsity factor in BSS & ESS Sus 5
Sparsity factor in main section Smain 8
Overall sparsity factor S 7.6
Total number of symbols per message, incl. zeros| Ny, 30800
Min. number of symbols per burst in BSS & ESS | Ng.qgs 32
Min. number of symbols per burst in main section | Ng.main 16
Number of randomization options M 16

(b) Receiver Parameters
Parameter Symbol | Value
Time oversampling factor 4
Frequency oversampling factor in coarse sync. cs 4
Frequency oversampling factor in ne sync. fs 8
Doppler search range Wy 4 kHz
Processing window length (in samples) L win ON
Processing window overlap (in samples) win 3N
Detection threshold baseline b 10.9 dB
Threshold rise interval (in samples) L rise 2N
Holdo after decoding failure (in samples) kn 4
Number of processing passes Pmax 2
IC frequency step size fic (4Ng Ts) *
IC max. time o set (in samples) Kic 3
IC max. frequency o set (in multiples of fi) lic 3
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Chapter 6
Simulation of ICBT under Real-World E ects

6.1 Introduction

This chapter focuses on Monte-Carlo simulations computintpe MER and the spectral
e ciency of the beaconing system ICBT designed in Chapter 5Under the 2-D aircraft
distribution and movement model according to Section 2.5,avanalyze the in uence of
selected system parameters on the spectral e ciency of ICBTAdditionally, the MER
and the spectral e ciency of ICBT are compared to the MER and he spectral e ciency
predicted by the semi-analytical model of Aloha with SIC. Fially, we investigate the
performance of ICBT under a realistic 3-D model of future aitra c.

In Section 6.2, we explain how certain realistic e ects relant to the performance of
ICBT can be included in the semi-analytical model of Aloha wh SIC developed in
Section 4.5. In Section 6.3, we compute the MER and the spealre ciency of ICBT
under the 2-D model, compare ICBT to the semi-analytical mael, and analyze the
in uence of selected system parameters on ICBT. In Section4 we derive a realistic
3-D model of air tra c from ight schedules and predictions of future air tra ¢ growth
available from the literature. Monte-Carlo simulations othe MER in the realistic 3-D
air tra ¢ model are presented in Section 6.5 to demonstratetiat ICBT can ful Il the
demands of future air tra c.

6.2 Extended Semi-Analytical Model of Aloha with
SIC

One goal of this chapter is to compare the semi-analytical rdel of Aloha with SIC
(cf. Section 4.5) to the results of Monte-Carlo simulation®f ICBT. For the sake of
comparability to the other semi-analytical models discussl in Chapter 4, the semi-
analytical model of Aloha with SIC neglects certain e ects. In the following, the
semi-analytical model of Aloha with SIC is extended to inclde the following three
e ects, which have a signi cant impact on the performance ofCBT:

The use of a whitening matched lter in the receiver, which tkes into account
the frequency-dependent power spectral density of the inference.
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The loss iInEs=N, of the realistic channel code (cf. Section 5.4.4) as compdr®
the theoretically optimum coding and modulation assumed ithe semi-analytical
model.

The additional interference introduced by theNgy,c synchronization symbols con-
tained in each message.

The aforementioned e ects can be integrated into the semmalytical model of Aloha
with SIC merely by modifying some underlying equations, i.ewithout any changes to
the algorithm shown in Figure 4.10.

To account for the use of a whitening matched lter in the receer, we derive the SINR
at the correct sampling time behind such a Iter for a symbol Wwich is not a ected by
blanking. For this derivation, the receiver input signalw(t) (cf. Figure 5.1 and Figure
2.4) is assumed to b&¥(t) = = PpuomUy (1) + i(t) + n(t), where' Pp.mUy(t) is a single
symbol of a desired message receivedtat 0 with power Py, and i(t) denotes the
multiple-access interference. Since the power spectrahday ;i (f ) of the interference
must be pﬂ)portional tojUy (f )j2, whereUy (f ) denotes the Fourier transform ofiy (t),

and since i jUw (f)j2df = T follows from (5.5), we have

. 5
i (f) = PintJUtx#, (6.1)
whereP;y stands for the interference power. InsertinilVsys = 1=Ts into (4.1), we obtain

SNR;, = P (rp; rs) Ts=Ng, which is equivalent to the SNR at the correct sampling time
at the output of a matched Iter for a single symbol transmitted from a sender at
distancery, to the receiver. The power spectral density of the AWGN can ts be

written as Ny = SNRblPrx(rb;rs)Ts. The SINR behind a whitening matched Iter

without blanking can be computed as

Z . )
! Prx;m ) U (f )j?

SINRut (Prxm’ Pint; SNRy) = [Uoc ()]
wf UFr;m s Fint ) SNRblprx(rb;rs)Ts+ PintJU[XT(I)JZ

df . (6.2)

The loss inEs=Ny of the realistic channel code is accounted for by dividing hSINR
by a loss factor 4. TO consider both the whitening matched Iter and the coding
loss in the extended semi-analytical model (ESAM) of Alohaith SIC, we reformulate
MER® [ mjk] given by (4.41). Instead of the originaMER . [I; mjk], the ESAM uses
MER®), canll; mjk], computed as

0 1

SINRy( (Prcm: KPP [I: m]; SN
MERc(:a)d;esam[l;mjk] bl@ ut Procm thS[ ] Rb);a;pol[l]A- (6.3)

code
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Note that (6.3) simplies to (4.41) for ¢ge = 0dB and Uy (f) = Tsrect(fTs). To

take into account the additional interference caused by sghronization symbols in the
ESAM of Aloha with SIC, we calculate Ty,sg according to (5.3) andS according to
(5.9). This replaces the more simple equation (4.31). By sgeling oqe SUch that

(SINR = ¢oge;a = 2=21) ts the MER shown in Figure 5.7 for the case with ne
synchronization errors, we determined that the combined iperfections of coding and
synchronization in ICBT can be described by g 0:8dB.

For comparability to ICBT, all ESAM results reported in the following assume the
elementary waveformuy, (t) presented in Section 5.4.3, the ICBT system parameters
given in Table 5.2, and g4 = 0:8dB. For the 2-D node distribution and movement
model, SNR, = 10dB and = 2 (cf. Table 4.1), we calculated a spectral e ciency
of sicesam = 0:53bits/s/Hz using the ESAM with pmax = 6 processing passes (cf.
Section 4.5). The reason why this value exceeds the corresgimg value of gc =
0:47bits/s/Hz from Table 4.3 is the use of a whitening matched ler together with a
realistic elementary waveform which is nonzero outside d6i3dB bandwidth of 1=Ti.

6.3 Simulation Results in the 2-D Scenario

6.3.1 Monte-Carlo Simulation of the ICBT Message Error Rate

To compute MER(r; ) for ICBT in the 2-D aircraft distribution and movement model
(cf. Section 2.5), we perform Monte-Carlo simulations as phained in the following.
As discussed in Sections 4.3 and 4.5, it is su cient to simuta the receiver of a single
aircraft, since MER(r; ) is independent of the receiver location. The time arrival
process of all messages generated within the radio horizqrof the simulated receiver
can be well approximated by a Poisson process, since airtratbnsmission instants
are independent and uniformly distributed. For each messagwe randomly generate
a new transmitter location and direction of movement accoidg to Section 2.5. This
method is equivalent to the 3-D PPP described in Section 4.3nd may be seen as
averaging over all possible aircraft arrangements. To sifate blanking as per (5.6), the
aircraft whose receiver is simulated transmits messagesragular intervals of1= °. The
combined message generation rate of all other aircraft i§ pr2. Finally, to approximate
MER(r; ), messages originating from di erent distances are groupéato intervals and
the average error rate is then computed within each distandaterval. The intervals
are determined such that a message from the lower end of théeirval is received with
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Figure 6.1. ICBT MER at various trac loads  pr2.

exactly 1 dB more power than a message from the upper end. Magss from the rst
processing window are ignored.

Unless explicitly stated otherwise, the parameters givem iTable 5.2 were assumed for
the following simulation results, together with an SNR at dstancer,, of SNR, = 10 dB
and a channel loss exponent of =2 (cf. Table 4.1).

6.3.2 Spectral E ciency of ICBT

To determine the spectral e ciency of ICBT in the 2-D scenaro, we have performed
Monte-Carlo simulations with various beaconing tra c loads  prZ as shown in Figure
6.1. The ticks on the horizontal axis indicate the distancentervals described in Section
6.3.1 and the horizontal bars indicate the MER inside of eacimterval. One of the
interval boundaries was set to, = 150 nmi. According to the results, pr2 = 0:5is the
highest tra c load for which the MER in the distance bin directly below r, = 150 nmi is
below =10 3. Note that here, we have ,om = , as ICBT uses %= 1=T,;. Hence,
following the argumentation of Section 2.3, the nominal sp&al e ciency of ICBT
is approximately cgr = 0:5bits/s/Hz. This agrees well with the spectral e ciency
sicesam = 0:53bits/s/Hz predicted by the ESAM (cf. Section 6.2).

For each curve plotted in Figure 6.1, except for prZ = 0:5, approximately 5:3s of
simulated receiver operation were evaluated. Depending dime tra c load, between
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7500 and 10000 messages from transmitters within the beacanranger, arrived at
the receiver during this time, together with a much larger nmber of messages from
the distance intervalry <r rs. Around 1500 to 2000 messages originated from the
distance bin between 134 nmi and 150 nmi. For the most intetésy case pr2 = 0:5,
the simulation runtime was increased sixfold in order to inmease the accuracy. In this
case, the intervals belowl34nmi altogether contained about 40100 messages which
could all be detected and decoded. The rst interval with emrs was the one between
134 nmi and 150 nmi. It contained 10339 messages, of which @ldonot be decoded.

6.3.3 Message Error Rate with ICBT Compared to the Ex-
tended Semi-Analytical Model

To compare ICBT to the ESAM of Aloha with SIC, the MER accordirg to Monte-
Carlo simulations of ICBT and according to the ESAM is plottel in Figure 6.2. For
better comparability, the ESAM MER is averaged over the samdistance bins as used
for evaluation of the ICBT MER. Both for ICBT and for the ESAM, we assumed a
beaconing trac load of prZ = 0:5. The evaluated receiver runtime for the ICBT
simulation is the same as reported in Section 6.3.2 for prZ = 0:5. Results are shown
for pmax 2 T 1;2; 4g to demonstrate the in uence of the number of processing passfor
both ICBT and ESAM. The results show that for both ICBT and ESAM, the MER
reduction betweenpmax = 2 and pmax = 4 is only moderate, which justi es the choice
of pmax = 2 in Table 5.2. The distancer at which the MER rst exceeds the required
value = 10 3 seems to be slightly larger for the ESAM than for ICBT, which hd
to be expected due to the idealized assumptions contained tine ESAM. The main
e ect making the ICBT MER worse than the ESAM MER appears to bethe non-ideal
IC in ICBT. This is revealed by another simulation of a hypotketical ICBT, in which
the realistic IC of ICBT is replaced by perfect subtraction 6the decoded messages
(green curve labeled pIC). The average MER determined fdCBT with perfect IC
in the distance bins above, = 150 nmi almost matches the ESAM MER. Note that
the simulated receiver runtime for ICBT with perfect IC was aly 5:3s, and that no
message from a distance bin belowy = 150 nmi was lost. As a consequence, no MER
is plotted in Figure 6.2 for ICBT with perfect IC at distancesbelowr, = 150nmi. In
the two distance bins betweerl68nmi and 212nmi, the MER for ICBT with perfect
IC is slightly lower than the ESAM MER. This is due to the fact that the model for
the channel code MER in the ESAM is only approximate. As desbed in Section 6.2,
the ESAM assumes that the realistic channel code from Seati®.4.4 behaves like the
theoretical optimum shifted by e = 0:8dB. While this assumption is quite accurate
for 10 ® < MER < 10 2, it is slightly pessimistic for larger error rates.
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Figure 6.2. ICBT MER compared to ESAM MER; pr2 = 0:5.

6.3.4 In uence of Blanking on the Message Error Rate of ICBT

How much the ICBT MER is impaired by blanking can be analyzed sing the output
of the ICBT simulation with  prZ = 0:5 already presented in Section 6.3.2. Only
the time intervals between outgoing transmissions are evalted to obtain the MER
without blanking. The MER without blanking is plotted in Fig ure 6.3 together with
the MER in the case with blanking already shown in Figure 6.1Recall that °=1 Hz
was used for the result in Figure 6.1 (as per Table 5.2). It bemes apparent from
Figure 6.3 that at °= 1 Hz, the in uence of blanking is not very large, mainly becates
it occurs quite infrequently. As an extreme example, the raft of another simulation
with °=1=2N4Ts) 16Hz is shown in Figure 6.3. The beaconing tra c load pr?
is kept constant by assuming that the aircraft density decises to compensate the
increase of % The gaps between outgoing messages are now just as long astiessages
themselves, meaning that every message is to some extentcel by blanking. In the
simulation with °= 1=(2N, Ts), about 10.:6s of receiver operation were evaluated.
Of the 13400 messages from  134nmi, only one was lost (not shown in Figure
6.3). This low MER shows that time hopping is e ective even wan blanking occurs
frequently. Without time hopping, a signi cantly higher number of messages from close
transmitters would have been lost due to the half-duplex catraint.
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Figure 6.3. MER with blanking according to di erent °> 0 compared to no blanking;
prz = 0:5in all cases.

6.3.5 Inuence of Undetected Messages on the Message Error

Rate of ICBT

Here we verify our choice of the detection threshold basedin ,. To this end, we
plot the ICBT MER together with the ratio of undetected messages in Figure 6.4.
The beaconing trac load is  pr2 = 0:5. To decide whether a certain message was
detected, we consider all solutionﬂé;f\; M) of (5.7) found by the detection stage of
the receiver algorithm (cf. Figure 5.3) during the whole simation. Then, we restrict
attention to only those solutions which were found for the sae randomization option
as that used by the message under question. If any of theseusimins comes closer
than Ts to the true time of arrival of the message, then it is consided as detected.
As can be seen from Figure 6.4, the missed detection ratio ig more than an order
of magnitude below the MER in the distance interval above, = 150nmi, and no
messages were missed in any closer interval. This suggebts tundetected messages
do not have a signi cant impact on the MER forr  ry,. Thus, the value of , has
been chosen appropriately.
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Figure 6.4. ICBT MER, compared to missed detection rate; prZ = 0:5.

6.3.6 ICBT Performance with Reduced Number of Synchro-
nization Symbols

To determine the in uence of the number of synchronizationygnbols on the system
performance, we consider the alternative settinglar. = 504, which corresponds to
an overhead of 15% relative to the 3360 data symbols. RecallathiICBT uses an
overhead of 20% according to Section 5.4.5. Applying the dgs procedures described
in Sections 5.4.5 and 5.4.6 to the settiny &, = 504, we determined thatNg . .ain =
194 synchronization symbols have to be used in the main sectiof @ach message and

computed a detection threshold baseline of2" = 7:71dB.

To reveal the main e ect of reducingNsync, we look at the number of receiver iterations.
Each time the receiver algorithm enters the decoding stagef( Figure 5.3, line number
6 in the pseudo-code) is equivalent to a receiver iteratiorsimulations with a beaconing
tra c load of prZ = 0:5 show that the unmodi ed ICBT decodes on average one
message per 28.1 receiver iterations, while with the alteative setting N ;‘y“nc =504, one
message is on average decoded per 1478.9 iterations. Hewben the synchronization
overhead is reduced from 20% to 15%, the number of unsuccekséceiver iterations
increases by a factor of 52.6. This is mainly due to false atas in message detection
(coarse synchronization), which are caused by the reducedmber of synchronization
symbols in BSS and ESS. The relatively high synchronizatiooverhead of 20% is thus
required in ICBT to avoid the excessive number of unnecesgamessage decoding
attempts at lower values ofNgync.
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6.3.7 Interference Suppression Achieved by ICBT

In the simulation of ICBT with tra c load prz = 0:5 (cf. Section 6.3.2), the interfer-
ence suppressioh according to (5.31) is below 60dB except for0:17%of all decoded
messages. This shows that the remaining energy of a messdtgr @ancellation can be
negligible in a practical situation. Note that(2 ki +1)(2 I +1) =49 cancellation
subspace taps are used in ICBT, cf. section 5.3.6 and Tabl&5.

6.4 Future Air Tra c Scenario

6.4.1 Air Trac in Europe 2035

To evaluate the ICBT MER in a realistic 3-D aircraft distribution, we have developed a
simulation of air tra ¢ over Europe in the year 2035. This sinulation is in the following
called the Europe 2035 air tra c scenario. It is shortly sumnarized here, while a
complete description is given in Appendix A.2. The distribtion of air trac was
derived from a commercially available database of ight s@dules from 2007 [Inn07].
By applying the average annual air tra ¢c growth predicted in [Eur10] to the air trac
volume derived from the database, we obtained a predictionrfthe air tra ¢ in Europe

in the year 2035. Additionally, we increased the aircraft desity in the vicinity of major
airports such that this density matches corresponding estiates reported in [Eur07c]
for the 2035 time frame.

Each aircraft in the Europe 2035 air tra c scenario travels dong a 3-D trajectory.
For the computation of distances and trajectories, we assuwma spherical earth of
the radius Rg = 6370km already introduced in Section 2.4.2. Flights departing ro
landing at an airport within the simulated area include a clnb or descent phase for
the transition between ground level and a cruise altitude df, = 45000ft. The line
of sight range between aircraft at cruise altitude slightlyexceeds the value ofs =
500nmi assumed in the 2-D model according to Section 2.5. From.{2), we obtain
r<ap(her; Ner) = 521 nmi. As explained in Section 2.5, the assumption of such a hig
cruise altitude leads to worst-case multiple-access inference. However, in contrast
to the 2-D model, we do not use a constant line of sight range the Europe 2035 air
tra ¢ scenario, but apply (2.11) to the actual aircraft alti tudes. For a transmitter at
Xy 2 R® and a receiver atx,x 2 R3, we insert (2.11) into (2.10) to obtain the received
power P (kXx  XixK;rsasp(kXxk  Rg;kxxk  Rg)). The channel loss exponent is
=2.
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Figure 6.5. Aircraft density in the Europe 2035 air tra c scenario. Red rectangle
delimits the area considered by the scenario. Satellite igary: NASA World Wind,
Blue Marble 2004 [BKM' 07].

We now consider the aircraft distribution during the 10s inerval with the highest
aircraft count from a longer simulation of aircraft movemets according to the Europe
2035 air tra c scenario (cf. Appendix A.2.5.2). This 10s inerval of simulated air
tra c will later be used for the Monte-Carlo simulations of the ICBT MER, and is
therefore termed the MER simulation interval. The obtainedaircraft distribution is
shown in Figure 6.5. The highest air tra ¢ density is observd in the surrounding of
Brussels, which is located in between the large airports abhdon, Paris, Frankfurt and
Amsterdam. Within a circle of 150 nmi radius centered at Brusds, 1267 aircraft can
be found, which translates into an average density @018 aircraft per nmi2. Within
large parts of Europe, the average aircraft density in a cile of 150 nmi radius lies
between0:01=nmi? and 0:02=nmi®. This justi es the assumption , = 0:015-nmi?
introduced in Section 2.5.
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6.4.2 \Worst-Case Receiver Location

Since the aircraft distribution is inhomogeneous in the Ewpe 2035 air tra ¢ scenario,
the ICBT MER depends on the receiver location. We thereforeesk the worst-case
location, where reception is most di cult. As an approximative criterion, we maximize
the interference to signal ratio (ISR). To this end, letM denote the set of all aircraft
locations in the Europe 2035 air tra ¢ scenario, at the begining of the 10s MER
simulation interval. Note that in the Europe 2035 air tra ¢ s cenario, only transmitters
within line of sight from the receiver are considered when oguting the MER. This is
in line with [RTCO02, Y3.3.3.1.1]. The distances to all airaft within line of sight from
some receiver locatiorx,, are the elements of the seM 4, Which is given by

Mdst = erx thk * Xix 2 Mtx\ rs;3D(kthk RE;erxk RE) k Xrx thk .

(6.4)
Let N (Xix) = JMg4stj denote the number of aircraft visible fromx,,. Let the sequence
of distancesri(X.), 1 i N (Xix), be equal to the elements oMy ordered in

ascending order. We now hypothetically assume that all airaft transmit at the same
time, that the receiver processes messages in descendingdeorof power, and that
perfect SIC is employed. Under these conditions, the ISR faransmitter i can be
computed as I
Ntx(er) ri(er)
n=i+1 rn(xrx)

Since the receiver is only interested in messages from trem#ers closer thanry, the
maximum ISR the receiver has to operate at is

ISR; (er) = (6-5)

ISRmax (Xrx) = max ISR (Xix) : ri(X,) rp - (6.6)
The worst-case receiver locationyc 2 R3? is determined by solving

Xwe = argmax  ISRyax(Xx), (6.7)
Re k Xixk Rg+hg

where Xy is restricted to locations above the earth and not exceedingn altitude
of he;,. We employ a regular grid in spherical coordinates to numeally solve (6.7).
The grid spacing is0:02 in latitude, 0:025 in longitude and 5000ft in altitude. The
worst-case receiver location is found a4895 north, 4:3875 east, and at the highest
considered altitude ofh., = 45000ft. It can be observed thatISRyax(Xx) IS generally
larger at higher altitude, due to the increased line of sightange.

Figure 6.6 showdSRnax(X1x) for X, at an altitude of h,, = 45000ft. The determined
solution for xyc is marked, as well as the locations of the major airports at loalon
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Figure 6.6. ISRmax(Xx) for receiver locationx,, at an altitude of 45000t. Satellite
imagery: NASA World Wind, Blue Marble 2004 [BKM' 07].

(LHR), Paris (CDG), Frankfurt (FRA) and Amsterdam (AMS). Note that ISRmax(Xrx)
is plotted only in locations where it is not more than 3dB bel the maximum at X .
It can be seen that for the chosen receiver altitude, the vaduof ISRyax(Xx) varies by
less than 3dB within a very large area.

The geographical density of aircraft within line of sight fom xyc is plotted in Figure
6.7, where we consider the time average of this density dugithe 10s MER simulation
interval. Figure 6.8 considers the distances of the airctato xwc and shows how
many aircraft visible from xyc are on average located within distance bins of 25nmi
width. As can be seen, a large number of aircraft are clusteren the distance bins
directly above r, = 150nmi. When a SIC receiver is decoding a message received
from ri(X,x) = rp, interfering transmitters from distances directly above,, create the
largest possible contribution to (6.5). This explains whyle clustering of transmitters

at distances close tay, typically leads to a high ISRyax (Xx).
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Figure 6.7. Aircraft density visible from xyc in the Europe 2035 air tra ¢ scenario.
Satellite imagery: NASA World Wind, Blue Marble 2004 [BKM 07].



112 Chapter 6: Simulation of ICBT under Real-World E ects

500

X

400

X

T
b

300

X

Aircraft Count
X

X

100

T
4

0O 50 100 150 200 250 300 350 400 450 500
Distance to Xyc , nmi

Figure 6.8. Number of aircraft visible fromxyc in the Europe 2035 air tra ¢ scenario.
Aircraft are counted in distance bins of 25 nmi width.

6.5 Simulation Results in the Future Air Tra c Sce-
nario

6.5.1 ICBT Message Error Rate

We simulated the ICBT MER in the Europe 2035 air tra ¢ scenario for a receiver
located at xyc, system parameters as per Table 5.2, an8NR, = 10 dB (cf. Section

6.3.1). Intotal, 5:6 10* messages arrived at the receiver during the 10 s MER simulati

interval. In the MER simulation, all messages could be deced correctly, irrespective
of distance, as long as the transmitter was within line of sig of xwc. This shows
that ICBT is perfectly able to ful Il the beaconing requirements stated in Section 2.2
for the beaconing tra c in the Europe 2035 air tra ¢ scenario. Since ICBT performs
even better than required, further air tra ¢ growth or an increased data tra c per

aircraft could be supported. The reason for this result is gt the number of aircraft

visible from xwc in the Europe 2035 air tra ¢ scenario is considerably less #n the

number of aircraft in the 2-D scenario with prg = 0:5. Although the corresponding
aircraft density in the 2-D scenario of = 0:022=nmi? is signi cantly lower than the

peak density in the Europe 2035 air tra ¢ scenario (cf. Figue 6.7), the density in
the latter, more realistic scenario is not constant, but deeases signi cantly at larger
distances toxyc (cf. Figure 6.8).
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Figure 6.9. ICBT MER, various bandwidths, Europe 2035 air & c scenario.

6.5.2 Bandwidth Required by ICBT in the Future Air Trac
Scenario

The fact that ICBT performs even better than required leads d the question for the
minimum bandwidth needed to ful Il the beaconing requiremats in the Europe 2035
air tra ¢ scenario. Here, we look at a modi cation of ICBT where the symbol duration
is T9> T, while all other parameters remain as per Table 5.2. For a facomparison,
we assume that the same transmit powers are used in the origirand in the modi ed
ICBT, which means that the SNR is nowSNRg = SNRp, TET.. In Figure 6.9, the
MER is shown for three di erent values ofT2. While the MER in the distance interval
directly below r, = 150nmi exceeds = 10 2 for the lowest considered bandwidth
1=T2 = 390kHz, no errors occurred in the same distance interval for thivo larger
bandwidths 1=T? = 410kHz and 1=T? = 430kHz. These results suggest that the
beaconing requirements (2.3) are still ful lled forT?  (410kHz) !, which means that
less than half of the original bandwidth of1=Ts = 1 MHz could be su cient for the
beaconing tra c generated in the Europe 2035 air tra ¢ scenaio. Note, however, that
this result is achieved with an increased message lengthMf, T = 75:1ms. If this is
not acceptable in reality, the design procedure described Chapter 5 would have to
be repeated for lowelN,,, and the semi-analytical model of Section 4.5 could again be
used to determine the optimumS and a for the chosen message length.
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6.6 Summary

We have shown in this chapter that ICBT achieves a spectral eciency of cgr =
0:5bits/s/Hz in the 2-D scenario, which is only slightly less tlan the value of gicesam =
0:53bits/s/Hz predicted by the ESAM. The discrepancy is mainly die to the assump-
tion of perfect IC in the ESAM. The validity of key parameter ¢oices in ICBT, such
as the number of processing passpsax, the detection threshold baseline ,,, and the
number of synchronization symboldNsy, could be veri ed by simulations.

Going beyond the 2-D scenario, we have employed publishedegictions of future air
tra ¢ growth [Eurl0] to develop a model of air tra c over Euro pe in 2035. The most
critical receiver location was found and selected for Mon#€arlo simulations of the
ICBT MER in the Europe 2035 air tra c scenario. The results slow that with a

bandwidth of 1=Ts = 1 MHz, ICBT o ers more capacity than actually needed, and
that even a bandwidth of approximately410kHz would be su cient for ICBT to ful Il

all beaconing requirements stated in Section 2.2.
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Chapter 7

Summary and Outlook

In this work, we addressed the problem of spectrally e cienieronautical surveillance
beaconing. As explained in Chapter 1, future aeronauticatisseillance beaconing will
require a system which provides increased surveillance eapities to each aircraft in
a situation of increased air trac density. At the same time, the radio spectrum
allocated to aeronautical communications is already congfed today. For this reason,
the spectral e ciency was used as the primary performance e in this work.

In Chapter 2, the fundamentals needed for the quantitative rmalysis of beaconing
schemes were explained. The surveillance beaconing prableas formalized by the
required beaconing rangey, the critical data age T,..iit, the tolerable probability of
outdated information , and the beacon message sikte The multiple-access channel
was explained, including the e ects of signal propagationral received signal outage
during own transmissions. Subsequently, a two-dimensidnaircraft distribution and
movement model was introduced. Due to its simplicity, the 2 model is a suitable
benchmark for the comparison of beaconing schemes. ConahgdChapter 2, we estab-
lished a mathematical de nition of the spectral e ciency of surveillance beaconing and
discussed important aspects and challenges to be tackledaaronautical surveillance
beaconing.

In Chapter 3, PHY and MAC layer techniques known from the liteature were reviewed.
We considered the suitability of such techniques to an aeraatical surveillance beacon-
ing scheme, in order to identify the most promising schemegrfquantitative analysis
in later chapters. The transmission schemes were categedzaccording to their use
of either coordinated or uncoordinated MAC. The main advarstges of uncoordinated
MAC are (i) the lack of control data exchange and corresponding overltkaand (ii)
the possibility to transmit without time synchronization, which removes the need to
synchronize nodes and makes the spectral e ciency indepesrt of propagation de-
lays. The main disadvantage of uncoordinated MAC are the didions of transmissions
at the receiver. The main advantage of coordinated MAC is th@ossibility to con-
trol the SINR at the receiver by appropriate transmission steduling, while the main
disadvantages are the control data overhead, the need fomt synchronization be-
tween nodes, and possible stability issues with the schenhg algorithm. We found
unslotted Aloha with SIC to be the most promising uncoordingd beaconing scheme,
due to the aforementioned advantages of uncoordinated, asyronous transmissions
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and due to literature reporting that in satellite communicdions, the poor spectral e -
ciency of unslotted Aloha could be mitigated through SIC. Aditionally, we identi ed
CB-SOTDMA as the most promising coordinated beaconing same, since it is able
to solve the hidden node problem of SOTDMA without increasm the control data
overhead.

In Chapter 4, we developed semi-analytical mathematical ndels to compute the spec-
tral e ciency of three aeronautical surveillance beaconig schemes: unslotted Aloha
with single-user receivers, CB-SOTDMA and unslotted Alohavith SIC. The latter two
schemes were found to be promising candidates in Chapter 3ndlbtted Aloha with
single-user receivers was considered since it is the mospaortant surveillance beacon-
ing scheme used in aviation today and no suitable model of ispectral e ciency is
known from the literature. The models we derived may be sees aemi-analytical, since
we made suitable simpli cations which permit the applicaton of analytical expressions
as far as possible, but still require the numerical evaluatn of integrals and expected
values in some cases. In this way, the computational compigxof the semi-analytical
models could be kept su ciently low to numerically search fothe optimum PHY and
MAC parameters which maximize the spectral e ciency of eaclbeaconing scheme.

Since both CB-SOTDMA and unslotted Aloha with SIC had not preiously been
used for aeronautical surveillance beaconing, additionateasures had to be devised
to overcome challenges specic to aeronautical surveille® beaconing. To apply
CB-SOTDMA to aeronautical beaconing, we introduced a novetubchannel reuse
concept, which tackles the large power di erences betweeigsals from near and far
transmitters when a concurrent multiple-access scheme isad. The exclusive use of
sequential transmissions (TDMA) would lead to problems in@onautics, due to trans-
mit power limitations and necessary guard times. To utilizeinslotted Aloha with SIC
for beaconing, we proposed the use of time hopping. Our seamalytical model re-
veals that without time hopping, the spectral e ciency of unslotted Aloha with SIC
su ers signi cantly from received signal outage during owrntransmissions. Through
time hopping, the spectral e ciency loss incurred by such ginal outage can be com-
pensated in large parts. Concluding Chapter 4, we found thahe spectral e ciency of
both advanced schemes signi cantly surpasses that of unxd Aloha without multi-
user detection. The semi-analytical models predict that CEBEOTDMA has the highest
spectral e ciency. However, as already reported in ChapteB, CB-SOTDMA has the
disadvantage of requiring time synchronization between raraft. Since the spectral
e ciency of unslotted Aloha with SIC is not by a large factor lower than the spectral
e ciency of CB-SOTDMA, we argued that unslotted Aloha with SIC is the better
choice for aeronautical surveillance beaconing.
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In Chapter 5, we designed the ICBT, an aeronautical beacorgrsystem using unslotted
Aloha with SIC. To enable simulations of the system behaviarnder real-world e ects

(cf. Chapter 6), the design of ICBT addresses multiple isssavhich were treated in

a simpli ed way in the semi-analytical model from Chapter 4. For message detec-
tion and channel estimation, we proposed a novel structurd &nown synchronization

symbols. This structure enables a hierarchical coarse- n@ncept, which reduces the
size of the Doppler Iter bank needed for message detectioand at the same time

achieves the Doppler estimation accuracy required for theolserent demodulation of
data. The parameters of the synchronization structure werselected to maximize the
SINR during message detection and maximize the Doppler asttion accuracy, while

avoiding Doppler ambiguities. For IC, we described a schemaich achieves negligible
residual interference for realistic time of arrival and Dopler shift estimation errors

and for received messages which are asynchronous to the stamgpclock. For channel

estimation, message decoding and IC, the non-white corrgta of the interference was
taken into account. The coding and modulation rate, as wellsathe sparsity introduced

by time hopping, were selected according to the optimum vads which maximize the
spectral e ciency predicted by the semi-analytical modelfom Chapter 4. A realistic

channel code was selected for ICBT and its MER performance svaompared to the
idealized assumptions of the semi-analytical models (cf.h@pter 4).

Chapter 6 focused on Monte-Carlo simulations of the MER in agwsystem design pro-
posal ICBT. The simulation results reveal the spectral e cency of ICBT, allow a
comparison with the semi-analytical model, and enable theevi cation of parameter
choices in the design. For a meaningful comparison, the seamalytical model of Aloha
with SIC from Chapter 4 had to be extended to take into accounthe non-white in-
terference correlation, the imperfections of the realigtichannel code used in ICBT,
and the synchronization symbol overhead. This led to the ESW of unslotted Aloha
with SIC. For the 2-D aircraft distribution and movement mocel (cf. Chapter 2), we
computed the spectral e ciency of ICBT and demonstrated tha the ICBT MER and
the ESAM MER are in good agreement. The remaining MER loss o€BT with re-
spect to the ESAM was shown to be mainly due to the fact that ICB uses a realistic
IC method, while perfect IC is assumed in the ESAM. The MER ragttion achieved
between receiver processing passes two and four was foundbéosmall, justifying the
use of only two processing passes in ICBT. The rate of undeted messages was shown
to be negligible, which veri es the detection threshold setted in the ICBT design.
The synchronization symbol overhead of 20% in ICBT was founb be necessary to
control the number of false alarms in message detection.

Concluding Chapter 6, we described a realistic scenario atdre air tra c over Europe,
which is based on published tra ¢ predictions for the year 285 and takes into account
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three dimensional ight paths. The ICBT MER was simulated inthis Europe 2035 air
tra c scenario. The results reveal that with its bandwidth of 1MHz, which is similar
to the bandwidth used by the existing UAT system, ICBT signi cantly exceeds the
requirements (cf. Chapter 2). It was shown that the bandwidt of ICBT could be
reduced to around410kHz in the Europe 2035 scenario, although both the beaconing
range and the packet size are larger in ICBT than in state of # art aeronautical
surveillance beaconing systems.

In future work, the suitability of the beaconing schemes cadered herein could be
investigated for beaconing applications other than surance. As remarked in Chap-
ter 1, beaconing is also used in MANETs to exchange control tda Exactly how

this control data exchange can be implemented is left open jMHRR12, Gr603]. The

semi-analytical models developed in this work could help ttetermine the best solution,
which may be a system similar to ICBT. Furthermore, future wek could investigate

the performance of ICBT for non-aeronautical applicationswhere non-line of sight
conditions and node mobility cause severe multipath and fau.
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Appendix

A.1 Derivation of the Message Error Rate Equations

A.1.1 AWGN Without Blanking

Here, we derive (4.2) from [PPV10, eq. (296)], which approriates the maximum
codebook sizeM at which a MER of can be achieved on a real-valued AWGN
channel with ng channel uses per codeword. According to [PPV10, eq. (296)¢ have

p—— 1
|ng M nRCawgn;R nRVann;RQ 1( ) + é |092 NRr, (A-l)

where Q( ) is the CCDF of the standard normal distribution, C,ugn.r denotes the
capacity of the real-valued AWGN channel,

1
Cangnir = 1085(1 + SINR) , (A.2)

and Vawgn:r IS the dispersion of the real-valued AWGN channel, given byPPV10, eq.

(293)]
SINR SINR +2

Vawgnig = 5 (1 + SINR)?2
Note that while the base of the logarithm is arbitrary in [PPV10], we have used a base
of 2 in (A.1) - (A.3), whereby information is measured in bits To bring (A.1) to the
form (4.2), we note that

(log, ey . (A.3)

In our context, one message carries one codeword. Hence, tiaenber of infor-
mation bits per message i& =log,M .

We consider a complex AWGN channel with.=a channel uses per codeword.
This is equivalent to a real-valued AWGN channel withng = 2L=a channel uses
per codeword.

We have Q( ) = %erfc P~ , Whereerfc() is the complementary error function
[AS64].

Inserting the aforementioned relationships into (A.1) angolving for , (4.2) is obtained
in a straightforward way.
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A.1.2 AWGN With Blanking

In this section, we derive the MER model (4.29) for the case BIWGN and symbol-wise
blanking from the results of [PV11]. To this end, we describlelanking by multiplying
each symbol of a message with a fading coe cient. The coe cig for symbol k° is
Hyo 2 C. For simplicity, we assume the coe cientsHyo to be i.i.d. random variables,
which assume either the valuédo = 1 with probability 1 py, or the valueHyo =0
with probability py. With fading, nc complex channel uses are not equivalent anymore
to ngr = 2nc real-valued channel uses, since in the complex case, the safading
coe cient applies to real and imaginary part of each symbolwhile in the real-valued
case, each channel use has its own, independent fading caemt. From [PV11, eq.
(34)], we obtain the expression

p__
log, M = NncCragic NcViaa:cQ () + O(pn_), (A.4)

where, in our caseCiygq.c IS the capacity andViq.c is the dispersion of the complex
AWGN fading channel. In our case, the receiver knows the fadj coe cients, since it
knows which received symbols are a ected by its own transnsi®ns. Yet, this knowl-
edge is not available at the transmitter. Under these condins, the capacity Ciag.c
can be computed as [BPS98, eq. rg’3>.3.10)]

Cagic = E 10g,(1 + jHid* SINR)

0]

=1 pu)log,(1+SINR) . (A.5)
The dispersion is given by [PV11, eq. (36)]
0 0 1.1
( . ) 2
o= 2 @ A
Vfad,C L+ (IOQZe) %1 E 1+ ij0j2 SINR g
!
1+ pySINR 2
_ 2
=L +(log,e) 1 1+ SINR , (A.6)
where 8 9
1. =X B
L = lim —Var log,(1 + jHj? SINR)
mil m " omg ,
= pu(l  pu) logy(1 +SINR) 2. (A7)

The base-2 logarithm is used in (A.4) - (A.7) in order to expiss information in bits,
while the corresponding equations in [PV11, BPS98] use arbérary logarithmic base.
The second line in (A.7) can be explained by noting that the su term in the rst line
is proportional to a binomially distributed random variable of variancempy (1  py).
To obtain (4.29), we insert (A.5) - (A.7) into (A.4), useL =log,M andnc = L=a,
and solve for . The o(" n¢) term is neglected.
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A.2 Development of the Europe 2035 Air Tra ¢ Sce-
nario

A.2.1 Methodology

As part of the simulations of beaconing in Section 6.5, a restic simulation of future
air tra c is required. Such a simulation is also referred to & an air tra ¢ scenario
[Int09, ADSO01]. The procedure we use to derive such a scewacan be broken down
into the following steps:

1. selection of an appropriate simulation area,

2. evaluation of available data to obtain the current air trac volume in the simu-
lation area,

3. up-scaling of the air tra ¢ according to predictions of fuure tra ¢ growth,

4. simulation of the up-scaled air tra ¢ and extraction of all aircraft trajectories
during a time interval which is suitable for the beaconing MR simulations in
Section 6.5,

5. insertion of additional aircraft to make up for remainingdiscrepancies between
the simulated air tra ¢ and the air tra ¢ density close to maj or airports reported
in the literature.

The steps 1 to 5 are addressed in the following Sections A.2.A.2.6.

A.2.2 Simulation Area

The simulation area is depicted in Figure A.1. Within Europethe highest air tra c
densities, and hence the most critical situations for aerantical communications, are
found over France and Germany [EurlQ]. However, based on thee of sight range
discussed in Section 6.4.1, the simulation area must be s¢ésl signi cantly larger to
ensure that all airborne transmitters are considered, whicare picked up by a receiver
at high altitude. For this reason, we choose as simulation @ a rectangle in latitude
and longitude, de ned by the following intervals:

latitude between34 north and 72 north,

longitude betweenl8 west and35 east.
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Figure A.1. Simulation area of the Europe 2035 air tra ¢ sceario. Satellite imagery:
NASA World Wind, Blue Marble 2004 [BKM* 07].

A.2.3 Flight Database Evaluation

The volume of air tra c is often summarized by the total number of ights per year
within large geographical regions [Eurl0]. However, to aectly assess the interference
in the MER simulations, the spatial and temporal distribution of air tra ¢ needs to
be known in more detail. In this section, the required air tr& parameters for a
time period in the past are obtained from a database of ights We determine both
the spatial distribution of air tra ¢ during a suitable peri od of peak tra c, and the
total number of ights per year within the simulation area. The spatial distribution
is described by the matrix 4, Where[ o], is the average number of aircraft which
are at the same time ying from locationk to location |. These locations are either
airports, or points on the border of the simulation area wher ights enter or exit the
simulation area. The total number of annual ights is requied in the following section
to up-scale g, according to predictions of annual ight movements in the fture.

The database we evaluated contains worldwide ight scheded from the year 2007,
as well as a corresponding list of airport coordinates [Inil The database elds of
relevance here are the origin and destination airports of aght, as well as its departure
and arrival time. In this section, we assume that each aircfamoves along a great
circle on the ground, and with constant speed according to ¢hdeparture and arrival
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Figure A.2. Instantaneous aircraft count over the simulabn area as per the database.
Red bars mark the time frame used to estimate the yearly numberf ights.

times indicated in the database. The altitude pro le is conislered later in Section
A.2.5.1. Only ights with great circle routes that intersed with the simulation area
are considered. This includes ights inside of the simulath area, ights going to or
coming from the simulation area, as well as overights of thsimulation area. If a
ight departs or lands at an airport outside the simulation aea, its path is truncated
to begin or end at the point of entry into or exit from the simuhtion area. Likewise,
the time of departure or arrival is set to the time of entry or &it.

The described process yields a list of ights, where each g begins and ends at a
location in the simulation area or on its border. From the dearture and arrival times
of these ights, the instantaneous number of aircraft in thesimulation area is derived
as a function of time. It is plotted in Figure A.2. For our simudations, it is su cient
to consider a suitable time period of maximum tra c. To this end, the busiest hour in
2007 is determined by nding the maximum of a running averagef the instantaneous
number of aircraft in the simulation area. With an average of 284 aircraft in the
simulation area, the hour from 8:45 to 9:45 (UTC) on June 29 is found to be the
busiest hour. Accordingly, we sef ], to the average number of aircraft en route
from location k to location | during this hour.

As can be seen from Figure A.2, no ights occur during the rsdays of the year, and
the number of ights drops signi cantly after day 300. Sincethis appears implausible,
we use only the time frame between the days 150 and 300 to ests the annual
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number of ights. During this time frame, 3:29 10° ights took place, which, upscaled
to one year, corresponds tdl g,007 = 8:01 10° ights in 2007 according to the database.

A.2.4 Air Tra c Upscaling According to Predicted Growth

To determine the tra ¢ matrix sy, Which is used in our simulation of future air tra c,
we employ growth predictions published by Eurocontrol [EW0]. We extrapolate the
predicted air tra ¢ growth until the year 2035 to obtain 4, for the Europe 2035 air
tra c scenario. In [Eurl0], the number of annual ight movements in the Eurocontrol
Statistical Reference Area 2008 (ESRAO08) is discussed. Altlgh ESRAO08 follows
national borders and is not entirely identical with our simdation area, we employ data
applicable to ESRAO0S8 in the following. In areas where our siration area diers
from ESRAOS8, the air trac volume is signi cantly less than in areas of high air
tra ¢ such as France or Germany. Therefore, the error introdiced by applying gures
published for ESRAOQ8 to our simulation area is limited. For tk years 2007 and 2009,
[Eurl0] reportsNecrio007 = 10:043 10° and Necrioooe = 9:413 10° ight movements,
respectively. Several scenarios of future growth making eient assumptions about
in uencing factors are discussed in [EurlO]. In the scenarwith the highest growth,
the average annual air tra c growth factor between 2009 and @30 is estimated as
=1 :039 Accordingly, sm IS computed as

Nectiz2007 NecTiz009
_ 2035 2009
sim — . (A.8)

Nab2007 NEecTi2007

The rst term represents the mismatch between the databasend [Eurl0]. It amounts
to Necriz007 =Navzooz = 1:25. The second term, (Necrizoo0 =Nectizoor) 20%° 2099 =
2:53, describes the growth factor between 2007 and 2035.

A.2.5 Air Tra c Simulation

A.2.5.1 Aircraft Trajectories

To simulate aircraft movement, trajectories need to be speed in three spatial dimen-
sions and in time. Here, a trajectory is characterized b§i) its departure time, (ii) its
path in the three spatial dimensions, andiii ) a set of movement speeds applicable to
di erent sections of the path. The departure times used in te simulation are described
later. In the following, the procedure used to construct th@ath and set the movement
speeds of each ight is described.
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Cruise altitude: h,, = 24500ft

/Cruise speed abov@4500t: Vaceng = 240mM/s \

Upper TMA limit: 24500t
TMA speed:Vyetva = 120m/s

Climb and descent rate:8%
Origin Destination

Figure A.3. Trajectory altitude and speed pro le.

The ight path is broken down into a path on the ground and an alitude pro le.
The altitude pro le is shown in Figure A.3. According to [Eu07c], a special airspace
domain called the terminal maneuvering area (TMA) exists akvery airport for the
transition of tra ¢ between the airport domain close to the ground and the en-route
domain at higher altitudes. Typically, the TMA has a radius ¢ 50 nmi and is located
between5000ft and 24500t altitude. Accordingly, we set the climb and descent rated
(24500ft)=(50nmi) = 8%. Once the aircraft is in the en-route airspace above4500t,
we assume it to move withvaceng = 240m/s (467kts). Below 24500, the movement
speed is reduced to/,ctma = 120m/s. For a given average number of aircraft on
a certain route, reducing the speed of air trac in the TMA increases the density
of aircraft in the TMA and reduces the density of aircraft in e en-route domain.
With the selected setting ofvaetma = Vacenr =2, the peak aircraft density in the en-
route domain in our simulation matches the en-route peak iteBntaneous aircraft count
reported in [Eur07c] for the time after 2030. As explained isection 6.4.1, the cruise
altitude is he, = 45000ft. The cruise altitude is maintained during the cruise phas
of the trajectory, which connects the climb and the descenthases. If the distance
between origin and destination of a ight is too short to reab h,, i.e., shorter than
2h,=0:08 = 185nmi, then the cruise phase is omitted, such that the altitudepro le
describes an isosceles triangle. If either origin or desdiion is on the border of the
simulation area, then the corresponding climb or descent pke is omitted, such that
the trajectory begins or ends at cruise altitude. Recall thabrigins and destinations
on the border of the simulation area are merely the points whe ights enter or exit
the simulation area, not the actual locations of departurerdanding.

The path on the ground can be determined in two di erent waysHESF12]. First, the
shortest path along a graph of air tra ¢ routes can be used. Hothis, we employ air
tra ¢ routes obtained from the software Eurocontrol SkyView. Second, the path can
follow a great circle between origin and destination. Greatircle routing is randomly
selected for 50% of the ights in our simulation in order to mdel future improvements
of air tra c routes. The remaining ights follow the route gr aph. Figure A.4 shows
the climb phase of a trajectory originating at Vienna and yng along the route graph.
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Figure A.4. Climb phase of a trajectory over the route graphSatellite imagery: NASA
World Wind, Landsat [BKM * 07].

The vertical lines delimit sections of 10 seconds ight timethus illustrating the speed
change at 24500 ft.

A.2.5.2 Simulation Procedure and Selection of Time Interval for Beacon-
ing Simulations

To simulate air trac, we employ the Future Aeronautical Communications Tra c
Simulator (FACTS) [HBMAOS], which we extended by the altitude-dependent aircraft
speeds explained in Section A.2.5.1. Aircraft ying from location k to location | are
generated according to a Poisson process with mean interigal time T/ =] simlic1
where T/, is the ight time according to our trajectory model. In this way, we have
simulated air tra c in the simulation area for 17:5h. From this simulation, we have
selected the interval of10s duration with the highest average number of aircraft. All
aircraft trajectories during this interval are used for thebeaconing MER simulations
in Section 6.5, which is why we refer to this interval as the ME simulation interval.
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A.2.6 Additional TMA Trac

As discussed in Section A.2.5.1, the aircraft speed is reéddn TMA airspace such that
the aircraft density in the en-route domain is consistent wh [EurO7c]. In the following,
we additionally match the aircraft counts in some major TMAsof the Europe 2035
air tra ¢ scenario to peak values found in [EurO7c]. We do notconsider a detailed
model of the TMA boundaries at any speci ¢ airport, but merey look at the number
of aircraft which can be found within a radius ofLOOnmi around any airport, between
5000ft and 24500ft altitude. According to [EurQ7c], the peak instantaneousaircraft
count within a radius of 100nmi in TMA airspace can be as high as 400 in the time
frame after 2030. The highest TMA aircraft count of our simudtion is found at London
Heathrow (LHR), with an average of 225 aircraft during the MERsimulation interval.
A further reduction of v,ctwa would increase this value, but would also decrease the
en-route aircraft density further, which is not desired. Istead, to match our simulated
aircraft count in the largest TMA to the peak value from [Eur(rc], we insert additional
aircraft at the ve airports with the highest aircraft generation rates according to gjm.
These are the airports at London (LHR), Paris (CDG), Frankfut (FRA), Amsterdam
(AMS) and Madrid (MAD). At each airport, 175 additional aircraft are randomly
placed, following a uniform distribution within a circle of 100 nmi radius around the
airport and between5000ft and 24500ft altitude. This increases the TMA aircraft
count at LHR to 400. The additional aircraft remain at the sane position during
the MER simulation interval. However, the Doppler shifts inthe MER simulation
are calculated as if each of them was moving into a random duten with a speed of
240m/s. The density of the additional TMA tra c is displayed in F igure A.5. The
aircraft densities discussed in Section 6.5 already incledhe additional TMA tra c.
Note that for better comparability, Figure A.5 uses the sameolor scale as Figure 6.5,
which shows the entire aircraft density.
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Figure A.5. Density of additional aircraft in large TMAs. Sdellite imagery: NASA
World Wind, Blue Marble 2004 [BKM* 07].
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