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Kurzfassung

Die Flugsicherung in der zivilen Luftfahrt durchgeht aktuell einen Modernisie-

rungsprozess. Im Zuge dieses Prozesses müssen auch die verwendeten Kommunika-

tions-, Navigations-, und Luftraumüberwachungssysteme modernisiert werden.

Um neue oder verbesserte Systeme nicht ausschließlich mit Hilfe von teuren Flug-

kampagnen testen zu müssen, ist ein Kanalmodell des Boden-Luftkanals notwen-

dig. Solch ein Modell erlaubt Tests mit Hilfe von Computersimulationen.

In dieser Arbeit entwerfen wir eine neue Kanalmodellarchitektur für den Boden-

Luftkanal. Aufgrund des verwendeten geometrisch-stochastischen Modellierungs-

ansatzes ist das Kanalmodell, im Gegensatz zu älteren Kanalmodellen, in der Lage,

die Nichtstationarität des Kanals genau zu reproduzieren. Das Modell verwendet

geometrische Modellierungselemente, um die verschiedenen Ausbreitungseffekte

abzubilden. Statistische Verteilungen beschreiben die Eigenschaften der Modellie-

rungselemente, z.B. die Verteilung von Reflektoren um die Sendeantenne. Durch

das Wählen unterschiedlicher Verteilungen kann die gleiche Modellarchitektur ein-

fach an verschiedene Umgebungen angepasst werden.

Für diese Arbeit wurden zwei Flugmesskampagnen im L-Band in der Nähe des

Versuchsflughafen in Oberpfaffenhofen durchgeführt. Im Zuge dieser Dissertation

verwenden wir die gewonnenen Messdaten, um die Kanalmodellarchitektur auf die

Messumgebung zu parametrisieren (anzupassen). Dafür sind neue Verfahren not-

wendig. Wir entwickeln einen Algorithmus zur Detektion von Multipfadkompo-

nenten im Messsignal und zum Schätzen der zugehörigen Parameter. Auf Basis die-

ser Schätzung lokalisieren wir die Reflektoren, welche die detektierten Multipfad-

komponenten verursachen.

Die gewonnenen Ergebnisse erlauben einen weitreichenden Erkenntnisgewinn

über die Eigenschaften des Boden-Luftkanals und unterstreichen dessen Nichtsta-

tionariät. Die Ergebnisse erlauben uns außerdem, ein Kanalmodell zur Parametri-

sierung der Messumgebung zu erstellen. Die Parametrisierung wird erfolgreich mit

v
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Hilfe verschiedener Messdatensätze validiert. Daher kann das in dieser Dissertation

vorgestellte Kanalmodell in Zukunft zur Analyse von Flugsicherungssystemen ver-

wendet werden. Dadurch kann die Anzahl der notwendigen, in der Regel extrem

teuren Flugversuche verringert werden.



Abstract

In civil aviation, air-traffic management and with that the underlying communica-

tion, navigation, and surveillance (CNS) infrastructure is currently being modern-

ized. To test improved or newly developed terrestrial CNS systems without costly

implementations and measurements, computer simulations using an AG channel

model are crucial.

In this dissertation we propose an AG channel model for the L-band which -

unlike previous proposals - fully captures the statistical non-stationary nature of the

channel: we are now able to test the full range of terrestrial CNS systems.

We propose a geometry-based stochastic channel model (GBSCM) architecture

for the AG channel. In the GBSCM, geometrical model elements represent the dif-

ferent propagation effects, e.g., reflections off buildings. The model elements and

their properties are environment specific and are characterized by statistical distri-

butions: the channel model can be adapted to different environments by choosing

the respective statistical distributions.

We conducted two L-band flight trial campaigns in a regional airport environ-

ment to investigate the AG channel. Throughout this dissertation we use the col-

lected data to parameterize the channel model architecture. To characterize the geo-

metrical model elements for the parameterization, multipath components (MPCs) in

the measured signal need to be detected and their parameters have to be estimated:

we propose an algorithm combining super-resolution parameter estimation with a

tracking filter. Based on the estimated MPC parameters we propose localizing the

reflectors causing these MPCs using a Bayesian method. The presented algorithms

may not only be used in AG channel sounding but in any scenario where an accurate

MPC parameter tracking and reflector localization is required.

Applying the algorithm to the measurement data demonstrates the non-stationa-

rity of the AG channel. The results also allow us to parameterize the channel model

to a regional airport environment. To assess the channel model quality the parame-

vii
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terization is successfully validated against measurement data. In consequence, our

newly developed channel model is of high value for the computer-based perfor-

mance analysis of CNS systems: the performance of new or improved CNS systems

can now be realistically tested using computer simulations.
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CHAPTER 1

INTRODUCTION

The way we use and manage the airspace is currently undergoing a major modern-

ization process. Two reasons for that process can be identified: first, the continued

growth of traditional airspace users, e.g., air transportation or general aviation, over

the last decades mandates an increase in terms for operational efficiency.

Second, apart from a higher number of traditional airspace users, a completely

new class of aircraft is currently emerging: unmanned aerial vehicles (UAVs) will

become a major factor within the next years. The number of UAVs are predicted

to grow by a factor of roughly seventeen compared to today’s numbers within the

next five years [1]. Their seamless integration into the airspace poses a major chal-

lenge for the future. The different types of UAVs to be integrated into the airspace

range from small recreational UAVs to large cargo or military type UAVs. The two

largest programs to push the modernization process of the airspace are Single Euro-

pean Sky ATM Research (SESAR) in Europe or Next Generation Air Transportation

System (NextGen) in the US [2], [3].

The changes in the use of the airspace also require changes in the way the air-

space is managed. In that context, the communication, navigation, and surveillance

(CNS) infrastructure is a key factor, as it has to support more aircraft and thus has to

provide better navigation accuracy and higher communication capacity. While the

provision of CNS capabilities for manned aircraft is already safety critical, for UAVs

operations without absolutely reliable CNS capabilities are not possible. Therefore,

the CNS infrastructure is currently undergoing a major innovation process. Legacy

systems, some dating back to the middle of the last century, are being replaced or

superseded by new and more efficient systems.

On the communication side, the currently used very high frequency (VHF) ana-

log air-ground voice link between pilot and air traffic controller, originally devel-

oped in the late 1930s, is planned to be modernized in the near future. The rea-

son for the modernization is twofold: first, the current radio link will soon reach

its capacity limit and will not be able to keep pace with the anticipated growth of

the air traffic. A further increase of the capacity with the current technology is not

1



2 Chapter 1. Introduction

possible. Second, the currently ongoing modernization of the complete air traffic

management (ATM) infrastructure demands digital communication capabilities be-

tween the air and ground. Digital communication systems can be used to exchange

flight critical data, e.g., flight trajectories and weather information, as well as supple-

mentary data, e.g., passenger lists. The new communication capability is planned

to be provided primarily by a network of ground stations. Satellite communication

is planned serve aircraft in areas which cannot be covered by ground links. The

designated candidate for the new ground based communication link is the L-band

Digital Aeronautical Communication System (LDACS) [4], [5].

On the navigation side, the largest part of the modernization consists of transi-

tioning to global navigation satellite system (GNSS) based navigation, e.g., Global

Positioning System (GPS) and Galileo. In combination with augmentation systems

or receiver autonomous integrity monitoring (RAIM), GNSS is able to offer a high

degree of accuracy, availability, and integrity required to support all phases of the

flight. Nevertheless, terrestrial radionavigation systems will still play an important

role as alternative positioning, navigation, and timing (APNT) systems in the future

navigation infrastructure [6]. APNT systems are used as backup systems in case the

primary GNSS based navigation becomes unavailable. An unavailability of GNSS

may be due to intentional or unintentional interference or system failures. Thus,

terrestrial radionavigation will continue to be an integral component of the future

CNS infrastructure. Current US and European plans foresee to continue and expand

the operations of distance measuring equipment (DME), a two way ranging system

dating back to the 1950s [7]. Also the use of other, more modern aviation radio sig-

nals such as LDACS or automatic dependent surveillance - broadcast (ADS-B) are

APNT candidate systems.

In the future communication systems will have to provide higher data rates and

lower latencies and serve a larger number of users; navigation and surveillance sys-

tems will have to guarantee increased positioning accuracy and integrity informa-

tion. One of the major factors limiting the performance of terrestrial CNS systems

are the propagation characteristics for radio waves between ground station and air-

craft. While traveling from ground station to aircraft, the communication or nav-

igation signals may be altered or degraded, e.g., by multipath propagation effects

or shadowing. Thus, in order develop new or improved CNS solutions a thorough

understanding of the air-ground (AG) channel is required.

A general and accurate model of the AG channel is mandatory for the testing

and optimization of both modified legacy systems as well as novel systems. An

AG channel model allows the analysis of terrestrial CNS systems independently
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from flight trials which are usually very complex, cost intensive, and require a long

lead time. Additionally, the number of flight trajectories, systems or configurations

which can be covered by flight trials is limited. Using a channel model, terrestrial

CNS systems can be evaluated using computer simulations. Simulations allow the

economic and rapid testing of a large variety of systems and configurations. Cur-

rently, no accurate general wideband model of AG channel derived from measured

data exists.

Contribution of Dissertation

In this dissertation, we propose a channel model of the AG channel for terrestrial

CNS systems in the L-band. Using the channel model we are able to realistically

simulate the effects of the channel on terrestrial CNS systems.

The contributions of the dissertation can be split up in four parts:

1. Layout of a channel model architecture for the AG channel [8], [9].

2. Development of algorithms to estimate information required to adapt the ar-

chitecture to a specific environment from measured data [10].

3. Design, implementation, and execution of flight trials to measure the AG chan-

nel properties [11].

4. Adaptation of the channel model architecture to a regional airport environ-

ment and succesful validation of the channel model against measured data

[12].

The presented AG channel model architecture uses a geometry-based stochastic

modeling approach. Thus, the AG channel model is efficiently able to describe

not only the long term statistical channel properties but also the channel’s non-

stationarity. If a channel is non-stationary its statistical properties change over time:

the statistical description of the channel at a given time instance may be very dif-

ferent from the description at a different time instance. Representing such a behav-

ior using a purely statistical modeling approach usually results in unfeasibly com-

plex channel models. Compared to a purely statistical approach, a geometry-based

stochastic channel model (GBSCM) models propagation effects closer to their orig-

inal physical cause; e.g., a multipath component (MPC) is not modeled as a purely

statistical event but as a reflection originating from a specific building.

In Fig. 1.1 we show channel model architecture and the different model elements.

The strongest signal component is usually received through the line-of-sight (LoS)

path.
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Lateral
MPCs

LoS

Ground
MPC

Antenna
Pattern

Ground
Shadowing

Figure 1.1. Model elements of the presented channel model.

The surface component, in the following referred to as ground MPC, is usually

caused by a reflection off the ground; the resulting MPCs generally have a small

delay relative to the direct LoS propagation path and therefore lead to an attenuation

of the latter. MPCs can also be caused by reflections of surrounding buildings or

structures; such lateral MPCs cause frequency selective fading and can, depending

on the delay of the MPC relative to the LoS path, result in large navigation errors.

Other relevant elements are shadowing by terrain or buildings and influence of the

involved antennas at ground station and aircraft. Not shown in Fig. 1.1 are diffuse

MPCs caused by diffraction, scattering, or reflector clusters.

The channel model architecture can be parameterized, i.e., adapted to a specific

environment using the distributions describing the model element properties shown

in Fig. 1.1, e.g., how reflectors are distributed. In this dissertation we provide the pa-

rameterization for a regional airport environment based on L-band measurements.

Structure of Dissertation

The dissertation is organized as follows.

Chapter 2 provides an overview of the propagation phenomena relevant to ter-

restrial CNS systems. A special focus is put on multipath propagation and its con-
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sequences for communication and navigation receivers. We then provide a com-

prehensive overview of different approaches to model a channel. The overview

includes three modeling techniques: statistical modeling, geometrical modeling,

and geometry-based statistical modeling. We also summarize previous models of

the AG channel and discuss their shortcomings. The major drawbacks of previ-

ous models fall into two classes: first, the models are often fully statistical models.

Therefore, in order to minimize the complexity of the model, they do not to capture

the non-stationarity of the AG channel; this non-stationarity is especially relevant in

the context of navigation systems. Second, previous models are often not derived

from flight measured data. Eventually, we derive the requirements on a comprehen-

sive channel model for the analysis of terrestrial CNS systems.

In Chapter 3 we propose a geometry-based statistical channel model architec-

ture. The architecture covers all relevant propagation effects using the geometrical

model elements shown in Fig. 1.1. The model elements are distributed in the envi-

ronment according to statistical distributions, hence the name GBSCM. Using dif-

ferent parameterizations, i.e., different distributions describing the model element

properties, the channel model architecture can adapted to different environments.

The geometry-based statistical channel model architecture is well capable to repro-

duce the non-stationarity of the AG channel.

The parameterization of the channel model to an environment requires infor-

mation which is generally not trivial to estimate based on measured data, e.g., the

positions of reflectors causing MPCs. Thus, in Chapter 4 we describe how this infor-

mation can be estimated from measured data. To this end we first describe how the

fundamental statistical channel properties can be estimated from measured data.

We then propose a MPC parameter estimation and tracking algorithm able to de-

tect the individual MPCs in the measured signal and estimate the associated MPC

parameters, e.g., delay. These MPC parameters are then used to localize the reflec-

tors causing detected MPCs using a Bayesian method. Note that the applicability of

the presented algorithms goes far beyond the scope of AG measurements: the algo-

rithms may be used in any setting where an accurate estimation of MPC parameters

and reflector locations is required.

Chapter 5 is devoted to the flight trials carried out to measure the propagation

characteristics of the AG channel in the L-band. The measurements were conducted

in a regional airport environment. We start by describing the principal hardware

components and waveforms employed during the flight trials. In order to perform

a thorough analysis of the channel we require a fully synchronized hardware setup.

Thus, we present the synchronization concept and procedures to achieve time syn-
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chronization between ground station and aircraft. To be able to assess the fidelity of

the measurement system, we also include a discussion of the different errors sources

for the measurements. These errors can either be due to the setup itself or interfer-

ence by aircraft avionics or other systems. The chapter is concluded by an overview

of the different flight routes flown throughout the campaign.

In Chapter 6 we present results generated by applying the previously described

algorithms to the measured data. First we show statistical results on the channel

properties. These results include the distribution of receive power and classical

statistical channel characteristics, e.g., power delay profile (PDP). We also present

results on the MPC parameter estimation and tracking algorithm. The results of the

reflector localization algorithm illustrate the distribution of reflectors in the environ-

ment the measurements were conducted. Thus, the results allow a deep insight in

how the environment around the ground station influences the channel.

In Chapter 7 we propose a parameterization for a regional airport environment

for the L-band using geometry-based statistical channel model architecture pre-

sented in Chapter 2. We start by discussing how the distributions for the different

model elements are derived from the results presented in Chapter 6. The chan-

nel model parameterization is successfully validated using three methods: first,

a quantitative, statistical validation in which we compare key statistical parame-

ters between measurements and channel model. Second, a qualitative validation

in which we compare time series of between measurements and channel model.

Third, we validate the channel model using LDACS range measurements: we com-

pare the channel model output against the 2012/2013 LDACS flight trial ranging

experiments. Therefore, we show that the channel’s effects on a CNS system are

accurately reproduced.

In Chapter 8 we summarize the key contributions of this dissertation.
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2.1 Overview

The following chapter describes the essentials of channel modeling. We start in

Sec. 2.2 with the propagation mechanisms shaping the channel. The channel impacts

the performance of the various kinds of communication, navigation, and surveil-

lance (CNS) systems very differently as we show in Sec. 2.3. Different types of chan-

nel models are discussed in Sec. 2.4. In Sec. 2.5 we present the basic theory used to

analytically describe important features of the channel. This analytical framework is

an important basis for the modeling of a channel. The chapter concludes in Sec. 2.6

with an overview of prior work on the air-ground (AG) channel. Herein, we also

define the requirements on the comprehensive AG channel model presented in this

dissertation.

2.2 Propagation Mechanisms

When shouting while standing within a narrow canyon one is often able to hear

one or multiple echoes of his or her own voice. These echoes are caused by sound

waves being reflected off the canyon walls: sound waves are able to travel back to

the shouting person. Therefore, sound waves may reach the same point via different

propagation paths. Each of those propagation paths, depending on where and how

often sound waves are reflected, has a different length, and thus also a different

delay.

We can make similar considerations about electromagnetic waves as for acoustic

waves. The electromagnetic fields used to transmit information propagate accord-

ing to the Maxwell equations. The electromagnetic fields form a plane wave if one

is located in the far field, i.e., at distance from the transmitter larger than the Fraun-

hofer distance. In that case we can adopt the useful approximation of describing

electromagnetic waves as rays [13].

Therefore, radio signals1 emitted from the transmitter can be visualized to travel

to the receiver via multiple propagation paths (rays). The signal delay, i.e., the time

it takes for the signal to travel from receiver to transmitter, is linearly related to the

propagation path length. The shortest physically possible propagation path is re-

ferred to as the line-of-sight (LoS) path2. All other propagation paths are termed

1In the following by the term signal we understand (wireless) radio signals.
2 Note that the LoS path is not necessarily the straight line between transmitter and receiver, as

signals may travel on a bent path, e.g., due to tropospheric bending. The LoS signal can also not be

defined as the signal component with the shortest delay, i.e., the signal component received first, as

the LoS signal may be blocked, e.g., by a building.
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Figure 2.1. Fundamental propagation mechanisms.

multipaths. We refer to the signal received through the LoS path as the LoS sig-

nal, while signals received through multipaths are called multipath components

(MPCs). As shown below, both the LoS signal as well as MPCs can be characterized

by the same parameters. Thus, in the following we often do not distinguish between

LoS signal and MPCs and term all signals received through any propagation path

as MPCs.

The four main propagation mechanisms shaping the channel are shown in

Fig. 2.1.

Reflection and refraction: When signals arrive at a smooth border region be-

tween two different isotropic media, one part of the signal is reflected while the

other part entering the media is refracted. Snell’s law states that the angle of inci-

dence, i.e., between the incoming signal and the line perpendicular to the surface,

equals the reflection angle, i.e., the angle beteen the outgoing signal and the line

perpendicular to the surface [14]. Snell’s law also defines how the direction of the

refracted signals changes.

The phase and amplitude of reflected and refracted signal depend on the elec-

tromagnetic properties of the surface as well as the angle of incidence [15]. For

the angle of incidence approaching 90◦ all power of the incoming signal is reflected

back. This effect is called total reflection and can be observed when looking at a very

large incident angle, i.e., almost in parallel direction, at a glass surface: in that case

the glass surface becomes a mirror.

Reflection and refraction do not only appear between gaseous and solid media,

but also between two gaseous media. Therefore, in the context of the AG propaga-
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tion, signals generally do not travel on a straight path through the troposphere. As

the troposphere is thinning with increasing altitude, the signals are refracted, i.e.,

they travel on a slightly bent path [14], [16]. A special case of tropospheric reflec-

tion and refraction is ducting: We speak of ducting if signals become trapped in one

or more of the tropospere’s layers. The signals may be reflected back to earth, or

even start bouncing within the borders of tropospheric layers and, thus, follow the

curvature of the earth.

Scattering: While signals are reflected off smooth surfaces, in case of a rough sur-

faces signals are scattered. In that case, signals are scattered in multiple directions

(in contrast to being reflected into a single direction as in the case of a reflection).

The roughness of a surface is usually characterized using the standard deviation of

the surface irregularities relative to the mean height. Whether a surface causes scat-

tering with a specific signal is usually described by Rayleigh roughness criterion

which is a function of three parameters: the standard deviation of the surface irreg-

ularities, the signal wavelength, and the grazing angle of the signal, i.e., the angle

between the incoming signal and the ground surface. For example, given a signal

with carrier frequency of 1GHz and a grazing angle of 5◦, the standard deviation of

the surface irregularities must be at least 2.8m to cause significant scattering [14].

We distinguish between three different types of scattering. The scattering type

depends on size of the object causing the scattering in relation to the signal wave-

length [17]. If an object is small compared to the signal wavelength we speak of

Rayleigh scattering. In case of both object and signal wavelength being of similar

size Mie scattering results. For objects larger than the signal wavelength we talk of

geometric scattering.

Scattering often occurs simultaneously with reflections: depending on the rough-

ness of the surface, part of the signal is reflected in a specific direction, while another

part is scattered in multiple directions.

Diffraction: Diffraction directly follows from the Huygens-Fresnel principle

how waves enter the space lying behind an obstacle [14]. The result is that signals

are bent around edges.

For diffraction to appear, the object causing it must be in the order of a signal

wavelength. Diffraction can significantly alter the shape of a signal.

Transmission: When signals pass through different media they are attenuated.

The attenuation the signals experience depends on material and signal wavelength.

In air signals generally only experience a very minor attenuation. In optically dense

media, e.g., concrete walls, signals may be attenuated by tenths of dB per meter [18].

Note that the emitted signal may be subject to an arbitrary combination or repe-
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tition of the mechanisms described above. For example, a signal may be reflected off

a wall, then scattered off a column, and eventually reflected off a second wall before

it reaches the receiver. The concatenation of multiple reflections is often observed.

We term the concatenation of multiple reflections as multi-bounce reflections.

Parameters of a Multipath Component (MPC)

In the single input single output (SISO) case, we can characterize an MPC at a given

time instance using the following parameters:

• delay τ ,

• complex amplitude α,

• Doppler frequency ν, and

• delay-dispersive function κ.

Complex Amplitude

Both power and phase of an MPC are characterized by its complex amplitude α.

While traveling through air, the absolute value of the complex MPC amplitude de-

creases according to the free space path loss (FSPL) [14]. The phase of the complex

MPC amplitude depends on the signal wavelength of the carrier frequency and the

distance traveled.

The change the complex MPC amplitude experiences during a reflection or scat-

tering depends on the complex reflection coefficient Γ. The reflection coefficient is a

function of the material on which the reflection occurs, its electromagnetic proper-

ties, its roughness, as well as the angle between the incoming signal and the reflect-

ing surface [15], [19].

Delay

The MPC delay τ describes the time it takes for the signal to travel from the trans-

mitter to the receiver. Assuming straight propagation paths, the MPC delay is com-

pletely defined by the underlying geometry. The MPC delay is equal to the distance

traveled from the transmitter via its reflections point towards the receiver, divided

by the speed of light in air ca.
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Doppler Frequency

The MPC Doppler frequency ν is proportional to the rate of change of the MPC

delay τ , i.e., its first derivative with respect to time t

ν =
∂τ

∂t
fc (2.1)

with fc denoting the carrier frequency of the signal.

The MPC Doppler frequency also describes the direction from which the MPC

is received. Assuming a fixed ground station and a moving aircraft, we can also

interpret the MPC Doppler frequency in a geometrical sense as

ν = cos (ϕv)
|v|fc
ca

(2.2)

where ϕv is the angle between the movement direction of the aircraft and the line

connecting aircraft and ground station for the LoS path, or in the case of an MPC, its

last reflection point. The absolute aircraft speed is denoted by |v|.

Delay Dispersive Function

The propagation mechanisms described above can significantly change the shape,

i.e., the frequency response, of a signal. We denote the delay-dispersive function the

MPC undergoes by κ (τ, t), i.e., for a given carrier frequency a function of the delay

τ and continuous time t. The shape of the delay-dispersive function depends on

the fundamental propagation mechanisms the MPC has undergone. For example,

for the direct LoS signal or a reflection from a smooth surface of large dimensions,

the delay-dispersive function may be very similar to a Dirac function, i.e., has a flat

spectrum. If an MPC experiences scattering or diffraction on its way to the receiver,

the spectrum of the delay-dispersive function may not be flat at all.

Throughout the dissertation we use the term excess MPC delay, excess Doppler

frequency, and excess power. By those relative parameters we understand the MPC

delay, Doppler frequency, or power relative to the corresponding parameter of the

LoS signal.

2.3 Propagation in the Context of Terrestrial Commu-

nication, Navigation, and Surveillance Systems

The environment any radio system is operated in strongly influences the perfor-

mance of the system. In this section we describe how the underlying physics impact
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the operation of terrestrial CNS systems. We show that the AG channel significantly

affects the performance of CNS systems by two effects: flat fading and frequency

selective fading.

In flat fading (also known as narrowband or large scale fading) the received

signal is attenuated over the full signal bandwidth evenly. Flat fading can be caused

by different effects, e.g., multipath propagation, shadowing (the blockage of the

LoS signal by a building or terrain), or the directivity of the involved antennas. As

described in Sec. 2.3.1 the overlapping of the LoS signal with an MPC caused by a

ground reflection can lead to a significant reduction of the receiver performance.

If the signal experiences a different attenuation on different frequencies we speak

of frequency selective fading (also known as small scale fading). In the AG channel

frequency selective fading is predominantly caused by the overlapping of an MPC

with the LoS signal. For the fading to become frequency selective, the excess MPC

delay has to be at least in the order of the reciprocal system bandwidth. Especially

in the context of navigation, as shown in Sec. 2.3.2, frequency selective fading has a

significant impact on the receiver performance.

2.3.1 Communication

For decades in civil aviation low bandwidth analog AG communication systems

have been employed, e.g., the very high frequency (VHF) voice communication

with typical bandwidths of 25 kHz or 8.33 kHz. Such low bandwidth systems pre-

dominantly experience flat fading.

An effect often causing flat fading is the overlaying of the LoS signal with a

ground MPC, i.e., a reflection off the ground plane, as illustrated in Fig. 2.2 [20].

Due to superposition of the ground MPC with the LoS signal, the resulting signal

may be severely attenuated with respect to the individual LoS signal. The result is

fading of the received signal power.

Depending on the depth of the fade the received signal power may vanish in the
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Figure 2.3. Variation of the received signal power due to ground multipath propagation.

noise floor. For an analog voice communication system the result is an incompre-

hensible voice signal. In a digital communication system the bit error ratio (BER)

increases until it reaches 0.5: the communication link breaks down and no informa-

tion can be exchanged.

In Fig. 2.3 the fades of the received signal power due to ground multipath prop-

agation are visualized. For Fig. 2.3 we assume an aircraft flying at a constant al-

titude of 10 km above ground level (AGL). The ground station position is marked

by a black cross. We normalize the received signal power by FSPL and assume a

perfectly reflecting ground surface [14].

From Fig. 2.3, we observe that for an aircraft flying at a constant altitude, the

variation of the received signal power occurs in a circular shape. With increasing

link distance the distance between two fades decreases. Assuming a straight trajec-

tory, an aircraft experiences longer periods where the received signal is at a very low

power level.

A critical situation occurs if the aircraft flies on a circle around the ground station,

i.e., continuously stays in an area experiencing fading. In that case the fades of the

received signal power can last for a very long time.

Frequency selective fading is relevant in the context of modern wideband aero-

nautical communication systems, e.g., L-band Digital Aeronautical Communication
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System (LDACS). Frequency selective fading causes the communication signal to

arrive at the receiver distorted. In general, equalization of the received signal be-

comes necessary [21]. Depending on the quality of the equalization process the BER

can reach an error floor, i.e., even if the signal power is increased, the BER stays

constant.

We conclude that in the past mainly flat fading was relevant for the low band-

width civil communication systems. For the digital civil communication systems

currently being introduced also frequency selective fading is highly relevant.

2.3.2 Navigation

As for a communication system, the performance of a navigation system can also be

severely influenced by the channel. The figure of merit in the context of navigation

is the range estimation error, also referred to as the ranging error.

To estimate its position, the navigation receiver relies on combining ranges to

different ground stations of known location. These ranges can be in the form of

a true range, e.g., in the case of the two way ranging system distance measuring

equipment (DME), or a pseudorange like in Global Positioning System (GPS) [22],

[23]. Additional sensors such as barometer, inertial navigation system (INS), or in

the case of a VHF omnidirectional range (VOR) angle information often supplement

the position estimation [22].

In the DME system the airborne DME interrogates, i.e., sends pulses, to a neigh-

boring ground station [22]. After waiting a fixed delay time tDME,w, the ground

station replies to the interrogation using pulses. The true range d is calculated based

on the total propagation time tDME,t as

d =
tDME,t − tDME,w

2
ca. (2.3)

In pseudoranging systems, e.g., global navigation satellite system (GNSS) or the

proposed LDACS based navigation, the ground station continuously emits a known

signal [5], [23]. Based on the time instant at which the signal is received the range

to the ground station is estimated. As the exact time of transmission with respect to

the system time3 is unknown at the receiver, the range contains an unknown clock

offset and is therefore referred to as a pseudorange [23].

Calculating pseudoranges to four known transmitter locations, e.g., satellites or

ground stations, allows the estimation of the own position as well as of the clock

3 By system time we understand a common time identical to all ground stations.
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Figure 2.4. DME multipath error envelope for two-path channel (LoS signal and MPC) based

on measured on standard airborne DME signal [24].

offset at the receiver with respect to the system time. As the degradation on rang-

ing and pseudoranging caused by the channel are identical, we do not distinguish

between the two in the following.

Ranging errors can be divided into fast and slowly varying ranging errors. Fast

varying ranging errors can in general be well mitigated by tracking or averaging,

e.g., a delay-locked loop (DLL), as they usually follow a zero mean distribution [23].

Slowly varying ranging errors are far more critical as they are in a form of a bias

rather than a zero-mean error distribution. Such a bias in the ranging is hard to

mitigate [24]–[26].

The most typical cause for fast varying ranging errors is a low signal-to-noise-

ratio (SNR). The low SNR may be caused by flat fading or a large link distance. The

ranging error becomes more and more influenced by the thermal noise. Resulting is

a normally distributed ranging error.

Frequency selective fading caused by the overlapping of the LoS signal with one

or more MPCs is known to cause both slowly and fast varying ranging errors. As

an example Fig. 2.4 shows the ranging error envelope generated using an airborne

DME signal. The MPC power relative to the LoS signal power in Fig. 2.4 is −6 dB.

From Fig. 2.4, we observe a dependency of the ranging error on the excess MPC

delay: small ranging errors exist for very short excess MPC delays < 100 ns. The

largest ranging errors are observed between 250 ns and 2µs. For larger excess MPC
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delays the ranging error decreases again. The ranging error scales with the excess

MPC power (not shown in Fig. 2.4), i.e., increasing the excess MPC power also in-

creases the ranging error. Error envelopes for different systems look similar in its

shape, but depending on the system bandwidth, waveform, and receiver algorithm,

the errors may scale up and down.

Assuming a fixed excess MPC delay and power, the ranging error oscillates be-

tween the upper and lower curve in Fig. 2.4 with the excess MPC Doppler frequency.

Thus, the excess MPC Doppler frequency determines whether the ranging error is

slowly or fast varying. In both cases the resulting ranging error may not be dis-

tributed with zero mean, i.e., will be in the form of a bias. While fast varying rang-

ing errors can be averaged out, slowly varying MPCs, especially MPCs with a long

lifetime, are hard to mitigate. For averaging out such ranging errors, the averaging

duration would have to be chosen unrealistically long in order to mitigate the error.

Both flat and frequency selective fading usually exist at the same time in the AG

channel. Large ranging errors can occur if the LoS signal is strongly attenuated by

flat fading, while at the same time a MPC at the critical excess MPC delay exists. In

that case the excess MPC power of a typically weak MPC increases. The resulting

ranging error also increases. The corner case of that situation is if the MPC power

becomes higher than the LoS signal power. In that case the ranging error can grow

to very high values as an MPC might be mistaken for the LoS signal.

2.3.3 Surveillance

There are currently several systems for surveillance in civil aviation. The most rele-

vant systems in the L-band are automatic dependent surveillance - broadcast (ADS-

B), secondary surveillance radar (SSR), and primary surveillance radar (PSR) [27].

In ADS-B a transponder continuously broadcasts its position in the L-band to

both the ground and other aircraft using pulse position modulation (PPM). For the

position calculation the aircraft usually relies on its onboard navigation systems.

Therefore, ADS-B functions like a communication system. The channel degrades

the ADS-B performance in the same way as described in Sec. 2.3.1.

In SSR the ground station interrogates the aircraft, which replies using PPM. Us-

ing a directional antenna both the range to the aircraft as well as the angle under

which the aircraft is seen at the ground station can be estimated. Multipath prop-

agation affects the ranging and angle estimation error similarly as the navigation

systems described in Sec. 2.3.2. In SSR supplementary information like the aircraft

identification and altitude is transmitted. The communication functionality of SSR

experiences the degradation as a communication system described in Sec. 2.3.1.
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The PSR is a conventional radar. A strong signal is transmitted from the ground

station towards the aircraft. Aircraft are localized using the reflected signal. The

main advantage of the PSR is that no equipment is required onboard the aircraft.

The performance of the PSR is influenced in similar fashion by the channel as a

navigation system as discussed in Sec. 2.3.2.

2.4 Channel Modeling

In the previous section we described the impact of the channel on terrestrial CNS

systems. It is unfeasible to conduct flight trials every time a new or improved system

is to be tested. Thus, starting in the early 1960’s first models of the AG channel were

developed.

Existing channel models can be divided into three types [28]: deterministic chan-

nel models, statistical channel models, and geometry-based stochastic channel mod-

els. The different types are discussed in Sec. 2.4.1 through Sec. 2.4.3.

2.4.1 Deterministic Channel Modeling

Deterministic or physical channel models aim to reproduce the theoretical physical

propagation mechanisms. These deterministic models usually require a detailed

knowledge about the environment transmitter and receiver are located in. The

knowledge often consists of a detailed building plan of the environment, e.g., of an

airport. Such a building plan includes information about the location of buildings

or objects. Additionally, the building plan provides information about the materi-

als the buildings or objects are composed of. The propagation characteristics are

then computed based on the physical propagation mechanisms. Depending on the

acceptable complexity, the simulations take into account some or all of the propaga-

tion mechanisms described in Sec. 2.1 and shown in Fig. 2.1.

The propagation mechanisms can be modeled using two approaches [29]. The

full wave approach aims to solve the Maxwell equations directly. In contrast to that,

the geometrical theory of diffraction (GTD) approach approximates planar electro-

magnetic waves as rays. Hence they are often commonly referred to as ray tracers.

A major drawback of deterministic channel models is that their output is not

necessarily identical to what measurements would provide. This is due to simplifi-

cations of deterministic channel models. These simplifications, in turn, are required

to keep the computational complexity in acceptable limits. Nevertheless, determin-
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Figure 2.5. Graphical representation of a tapped delay line model.

istic channel models are often used to obtain an approximation of the channel if

setting up a measurement campaign is not possible or unfeasible.

2.4.2 Statistical Channel Modeling

Most of the past and current channel models are statistical channel models. Hereby,

the channel is described as a statistical process without any reference to the under-

lying geometry. Statistical channel models provide a simple, yet powerful way to

describe different environments.

Fig. 2.5 shows the general form of the most commonly used realization of a sta-

tistical channel model, the tapped delay line model.

The channel consists of L (t) taps, each representing one or the vector sum of

multiple MPCs. Each tap is delayed by the delay τl (t) and multiplied by the com-

plex weight αl (t).

The additional delay of each MPC ∆τk(t) in Fig. 2.5 is given as

∆τk(t) = τk(t)−
k−1∑

l=1

τl(t). (2.4)

In a statistical channel model both the MPC delays and complex weights as well as

the number of taps follow a statistical distribution, e.g., Rice and Rayleigh distribu-

tions are typical for the complex weights.

We can differentiate between stationary and non-stationary channel models - see

Sec. 2.5 for a definition of stationarity . If stationarity is assumed the distributions

of MPC delays, complex weights, and number of MPCs do not change over time.

Due to the simplicity, stationary channel models are currently predominantly used
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in the field of statistical channel modeling: the channel is described using a linear

time-invariant model. Nevertheless, in recent years more interest has been focused

on modeling non-stationary channels [30], [31].

Early channel models were stationary narrowband channel models describing

only flat fading, i.e., distribution of the receive power. The narrowband assump-

tion applied to Fig. 2.5 means that only one tap exists. Apart from the simplicity,

the measurement data required for such channel models could already be recorded

with hardware available back then. Additionally, single tap channel models were

usually sufficient for the narrowband CNS systems employed at those times. Nev-

ertheless, the applicability of narrowband statistical channel models in the context

of navigation has always been limited. The main reason is that narrowband channel

models do not consider frequency selective effects caused by MPCs, the major cause

for the most critical ranging errors.

As the typical bandwidth of communication systems grew over decades narrow-

band channel models are proving less applicable to the new systems. The necessity

arose to model the frequency selective fading of a channel. The resulting models

are wideband channel models with multiple taps. Again, both MPC delays and

complex weights are drawn from statistical distribution.

A major drawback of statistical channels is that modeling non-stationary chan-

nels using solely statistical distributions is very complex. The complexity, how-

ever, can be reduced if the underlying geometry is considered, as it is the case for

geometry-based stochastic channel model (GBSCM) described in the following.

2.4.3 Geometry-Based Stochastic Channel Modeling

GBSCMs arose as a hybrid between deterministic and statistical channel models and

combine the advantages of both [28], [32], [33]. Their main advantage over purely

statistical channel models is that they are more suited to model non-stationary chan-

nels. Compared to deterministic channel models, the simulations using GBSCMs

are usually significantly less computationally complex than simulations using de-

terministic channel models.

A typical approach in GBSCM is to use geometrical model elements, e.g., re-

flectors or scatterers, and to place these model elements in the environment to be

investigated, in our case an airport. Usually, the locations of model elements follow

a statistical distribution. Once the model elements are placed, their influence on the

channel only depend on the position of receiver and transmitter. The evolution of

MPC parameters, e.g., MPC delay, are a direct result of the geometry. As model ele-



2.5. Channel Description 21

ments are statistically distributed, different realizations of the same channel can be

rapidly generated and employed for testing different systems or scenarios.

There are two ways to derive the statistical distributions for the model elements.

The first is to derive the statistical distributions based on the underling geometry.

For example, if driving through a canyon, reflectors may be located on walls on

both sides of the road. In this dissertation however, we will base the distributions

on measurement data, e.g., as done in [32], [33].

2.5 Channel Description

In the previous section, we describe different ways to model a channel. We now

focus on methods of describing and characterizing channels using standard values.

Early channel descriptions used a narrowband approach in which only flat fad-

ing is is modeled, i.e., in terms of statistics the receive power. As the bandwidth of

systems increased over decades the narrowband description of the channel turned

out to be insufficient to model the performance of new systems. The necessity arose

to consider wideband channels and to take its frequency selective fading into ac-

count. The underlying theory to describe channels was first developed by Bello in

his seminal work [34]. Bello’s considerations still build the basis for the description

of channels and various channel model types.

In Fig. 2.6 an overview of the functions introduced by Bello is given. The de-

terministic and statistical description of channels using so called system functions

derived by Bello is discussed in Sec. 2.5.1 and Sec. 2.5.2, respectively.

2.5.1 Deterministic Channel Description

Bello introduces four kernel functions shown in Fig. 2.6 (left side) to describe a time-

variant channel. The different functions describe the identical channel and can be

transformed into each other according to Fig. 2.6.

The starting point of any channel description is the time-variant impulse re-

sponse h (τ, t) describing the relation between the received signal y (t) and the trans-

mit signal s (t)

y (t) =

∞∫

−∞

h (τ, t) s (t− τ) dτ + ψ (t) , (2.5)

where ψ (t) represents additive noise. The time-variant impulse response allows us

to analyze the evolution of MPC delays τ over time t.
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Figure 2.6. System functions of the time-variant WSSUS channel (based on [35]).
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The Doppler-variant impulse response is calculated as

h (τ, ν) =

∞∫

−∞

h (τ, t) exp (−j2πνt) dt (2.6)

and shows the delay τ and Doppler frequency ν of the MPCs.

The time-variant transfer function

h (f, t) =

∞∫

−∞

h (τ, t) exp (−j2πfτ) dτ (2.7)

provides information about the change of the signal spectrum h (f) over time t.

The Doppler-variant transfer function

h (f, ν) =

∞∫

−∞

h (f, ν) exp (−j2πft) dt (2.8)

gives describes how quickly the signal spectrum h (f) changes using the Doppler

frequency ν.

2.5.2 Statistical Channel Description

The autocorrelation functions between the deterministic functions introduced in

Sec. 2.5.1 build the basis for the statistical description of a channel:

P (τ1, τ2, t1, t2) = E{h (τ1, t1)h
∗ (τ2, t2)}, (2.9)

P (τ1, τ2, ν1, ν2) = E{h (τ1, ν1)h
∗ (τ2, ν2)}, (2.10)

P (f1, f2, t1, t2) = E{h (f1, t1)h
∗ (f2, t2)}, and (2.11)

P (f1, f2, ν1, ν2) = E{h (f1, ν1)h
∗ (f2, ν2)}. (2.12)

Generally the correlation functions are four-dimensional. However, as we show be-

low the number of variables can be reduced to two if two assumptions are fulfilled.

Wide-Sense Stationarity (WSS)

In statistics a stationary process is a stochastic process whose first and second order

moment, e.g., mean and variance, are independent from the time [36]. In general

no real world channel is stationary in the strict sense. But we can weaken the term

stationary by assuming stationarity in a wide-sense. By a wide-sense stationary

(WSS) channel we understand a channel whose fading statistics do not depend on
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the absolute time, but only on the time difference[14]. Thus the fading characteristics

neither depend on the absolute time t1 and t2 but only on the time difference ∆t =

t2− t1. Hence, the number of variables in (2.9) through (2.12) can be reduced by one.

The delay-Doppler autocorrelation function becomes

P (τ1, τ2, ν1, ν2) =
WSS

P (τ1, τ2,∆ν) . (2.13)

Uncorrelated Scattering (US)

Uncorrelated scattering (US) means that the scattering occuring in the channel is

uncorrelated [14]. That means a scatterer with delay τ1 is uncorrelated from a scat-

terer with different delay τ2. Using the US assumption the number of variables in

(2.9) through (2.12) can be reduced. We can write the delay-Doppler autocorrelation

function as

P (τ1, τ2, ν1, ν2) =
US
P (∆τ, ν1, ν2) (2.14)

with the delay difference ∆τ = τ2 − τ1.

Wide-Sense Stationary Uncorrelated Scattering (WSSUS)

Using the assumptions of WSS and US, in short the WSSUS assumption, we obtain

the statistical description of the channel shown in Fig. 2.6 (right side): the correlation

functions now only depend on two input variables

Of great importance in the context of channel modeling is the scattering function

P (τ, ν). The scattering function describes the expected receive power at a certain

delay τ and Doppler frequency ν.

The functions shown in Fig. 2.6 are often marginalized to obtain a more compact

characterization of the statistical channel properties. The two most commonly used

marginals are presented in the following:

The power delay profile (PDP) P (τ) describes the receive power distribution

over the delay τ . In both communication and navigation the power-delay profile is

a key figure allowing for an elementary performance analysis of a system using the

channel. For example, if a significant part of the power is received at the delay τ

most critical for a specific navigation system, e.g., around 800 ns for DME as shown

in Fig. 2.4, large ranging errors are to be expected.
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Both mean delaymτ and root-mean-square (rms) delay spread σ2
τ can be directly

calculated from the power delay profile (PDP) P (τ) resulting in

mτ =

∫∞

0
τP (τ) dτ

∫∞

0
P (τ) dτ

and (2.15)

σ2
τ =

∫∞

0
(mτ − τ)2 P (τ) dτ
∫∞

0
P (τ) dτ

. (2.16)

Both parameters are widely used to describe the dispersiveness of the channel in a

very compact form. The mean delay mτ provides information at which delay the

power is concentrated. The rms delay spread σ2
τ describes how the receive power

spreads around the mean delay mτ .

The Doppler power profile (DPP) P (ν) describes the receive power distribution

over the Doppler frequency ν. If the channel exhibits all its power on the LoS signal

Doppler frequency, ranging errors due to MPCs are more difficult to mitigate as

described in Sec. 2.3.2.

Similarly as for the PDP, we can use the Doppler power profile (DPP) to calculate

the mean Doppler frequency mν and rms Doppler spread σ2
ν as

mν =

∫∞

−∞
νP (ν) dν

∫∞

−∞
P (ν) dν

and (2.17)

σ2
ν =

∫∞

−∞
(mν − ν)2 P (ν) dν
∫∞

−∞
P (ν) dν

. (2.18)

Again, both mean Doppler frequency mν and rms Doppler spread σ2
ν allow for a

very compact description of the channel’s statistical properties.

2.6 Air-Ground Channel Modeling - Prior Work

The prior work on the AG channel has been predominantly conducted in the field

of communications. We can divide the previous work in two categories: flight trial

measurements and theoretical analyses. Flight trial channel measurements often re-

sulted in statistical analyses or channel models. Theoretical analyses based on con-

siderations of the underlying geometry both resulted in deterministic and statistical

descriptions or channel models.

2.6.1 Channel Measurements

We can classify previous measurements by the frequency band they were conducted

in. As this dissertation is concerned with the L-band AG channel we focus on mea-

surements in that frequency band in the following. For a more comprehensive
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overview including other frequency bands refer to [37], [38]. Examples for mea-

surements in VHF- and C-band are [39]–[42] and [43]–[50], respectively.

Tab. 2.1 gives an overview of previous measurements conducted in the L-band.

While early L-band measurements were narrowband measurements using a con-

tinuous wave (CW) signal, the transition to wideband measurements over time be-

comes obvious in Tab. 2.1.

Narrowband L-band measurements were conducted by Painter in 1973 using an

aircraft [51]. The publication is focused on the variation of the receive power due

to ground multipath propagation. Measurements are taken at fc = 1463MHz over

calm ocean, swamp, and cultivated fields. A two-ray channel model developed in

the paper is validated against the measurements. The authors conclude that even

the presented simple channel model allows for an accurate prediction of the receive

power.

J. R. Child also analyzes the effects of ground multipath propagation in the con-

text of coverage prediction for a communication system [52]. Measurements using

a variety of jet and turboprop aircraft are conducted at fc = 900MHz confirm the

well-known slow variation of the receive power. Child also proposes a method to

predict coverage based on panoramic photographs taken from the ground station

site. It is concluded that with the help of photographs one is able to predict the

coverage accurately within ‘a few percent’.

The transition to wideband AG measurements is made in [53], [54]. Measure-

ments using an mid-size business jet are conducted at fc = 1500MHz with a band-

width of 10MHz in a desert environment. Due to a tracking parabolic ground an-

tenna multipath propagation is significantly reduced. Nevertheless, both ground

and additional MPCs are detected. The statistical analysis of the measurement data

includes receive power and phase, PDP as well as rms delay spread and mean delay.

The authors conclude that the channel can be modeled by a 3-ray channel model:

LoS path, ground MPC, and second MPC, caused by bounces off the surrounding

foothills and mountains. The ground MPC has a power between 70% to 96% relative

to the LoS signal power. Its MPC parameters are calculated based on the underly-

ing geometry. The second MPC with a power between 2% to 8% relative to the LoS

signal power is modeled as a zero mean circularly-symmetric complex normal dis-

tribution.

In [55] measurements for low-altitude operations are conducted at fc = 2GHz

with a bandwidth of 80MHz. Statistics of the receive power, PDP, mean delay, rms

delay spread, and MPC counts are presented. Using a four element antenna array

an analysis of achievable diversity gain is performed.



2.6. Air-Ground Channel Modeling - Prior Work 27

Y
e
a
r

C
a
rr

.
F

re
q

.
f c

B
a
n

d
w

.
O

u
tc

o
m

e
R

e
f.

19
73

14
63

M
H
z

C
W

S
ta

ti
st

ic
al

an
al

y
si

s
(r

x
p

o
w

er
)

2-
p

at
h

m
o

d
el

fo
r

re
ce

iv
e

p
o

w
er

[5
1]

19
85

90
0
M
H
z

C
W

S
ta

ti
st

ic
al

an
al

y
si

s
(r

x
p

o
w

er
)

C
o

v
er

ag
e

p
re

d
ic

ti
o

n
b

as
ed

o
n

p
h

o
to

g
ra

p
h

s
[5

2]

20
02

15
00

M
H
z

10
M
H
z

S
ta

ti
st

ic
al

an
al

y
si

s
(r

x
p

o
w

er
&

p
h

as
e,

P
D

P
,d

el
ay

sp
re

ad
)

3-
p

at
h

m
o

d
el

[5
3]

,[
54

]

20
03

2
G
H
z

80
M
H
z

S
ta

ti
st

ic
al

an
al

y
si

s
(r

x
p

o
w

er
,P

D
P

,m
ea

n
d

el
ay

,d
el

ay
sp

re
ad

,M
P

C
co

u
n

ts
)

D
iv

er
si

ty
an

al
y

si
s

[5
5]

20
11

18
00

M
H
z

50
M
H
z

S
ta

ti
st

ic
al

an
al

y
si

s
(P

D
P

,d
el

ay
sp

re
ad

,M
P

C
co

u
n

ts
)

D
iv

er
si

ty
an

al
y

si
s

[5
6]

20
11

2
G
H
z

C
W

S
ta

ti
st

ic
al

an
al

y
si

s
(p

at
h

lo
ss

)

P
at

h
lo

ss
m

o
d

el
[5

7]

20
11

11
00

M
H
z

50
0
k
H
z

R
an

g
in

g
er

ro
r

an
al

y
si

s
o

f
D

M
E

an
d

A
D

S
-B

[5
8]

–[
61

]

20
11

2
G
H
z

C
W

D
iv

er
si

ty
A

n
al

y
si

s
[6

2]
,[

63
]

20
11

91
5
M
H
z

10
M
H
z

S
ta

ti
st

ic
al

an
al

y
si

s
(r

x
p

o
w

er
an

d
d

el
ay

sp
re

ad
s)

D
iv

er
si

ty
an

al
y

si
s

[6
4]

20
13

97
0
M
H
z

5
M
H
z

S
ta

ti
st

ic
al

an
al

y
si

s
(r

x
p

o
w

er
,d

el
ay

sp
re

ad
,K

-f
ac

to
r,

sp
at

ia
l

co
rr

el
at

io
n

)

W
id

eb
an

d
ch

an
n

el
m

o
d

el
[6

5]
–[

69
]

T
a
b

le
2
.1

.
P

re
vi

ou
s

L
-b

an
d

m
ea

su
re

m
en

ts
co

n
du

ct
ed

fo
r

th
e

A
G

ch
an

n
el

.



28 Chapter 2. Channel Modeling Fundamentals

The author of [53] conducts multiple input multiple output (MIMO) measure-

ments using a helicopter at fc = 1800MHz with a bandwidth of 50MHz in [56]. A

statistical analysis using PDP is performed. The PDPs from the different antennas

are compared with each other. Additionally, the achievable diversity gain is ana-

lyzed.

In [57] a unmanned aerial vehicle (UAV) is used to study the receive power in an

urban environment at fc = 2GHz. The measurements deal with a blockage of the

LoS signal by buildings, caused by the low elevation angles at which the airship is

seen under at the ground station, as well as fading due to MPCs. A channel model

is developed to predict the receive power.

The group of authors from [57] conducts single input multiple output (SIMO)

measurements using an airship at fc = 2GHz [62], [63]. For two environments,

urban and wooded, the achievable diversity gains are investigated for low elevation

angles.

In [64] an UAV is employed for MIMO L-band measurements at fc = 915MHz

with a bandwidth of 10MHz. The altitude of the UAV is 200m and its maximum

range to the ground receiver is less than a kilometer. The statistical analysis of the

measurement data includes distributions of receive power and rms delay spreads.

Additionally the spatial correlation of the channel is analyzed.

The most comprehensive AG channel measurements so far are described in [65]–

[69]. During the measurements the propagation conditions are investigated at fc =

970MHz using a bandwidth of 5MHz in a variety of different environments, e.g.,

fresh and salt water, hilly, mountainous, urban, and suburban, using a jet aircraft.

The publications present a very thorough statistical evaluation of the measurement

data including the statistics of receive power, rms delay spread, K-factor, and spa-

tial correlation. Wideband statistical channel models for the different environments

are presented. Apart from the LoS path, the channel model includes a specular

ground reflection, which MPC parameters are calculated based on the underlying

geometry. Additional MPCs represent reflection from other objects, e.g., buildings

or terrain features. The MPC parameters of those MPCs are statistically distributed.

The number of additional MPC depends on the environment.

Worth noting in the context of measurements are the flight trials conducted at

Ohio University [58]–[61]. It is debatable whether these measurements can be seen

as channel measurements in a strict sense, as they measure the ranging error using

DME and ADS-B signals. Yet they offer very detailed insight into the effects of the

AG channel on ranging and terrestrial navigation systems in general. It is confirmed

that the LoS can be attenuated by tenths of dB due to ground multipath propaga-
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tion. The authors show that the time-variance of the channel is able to cause bias

like ranging errors existing for several minutes. Such errors cannot be mitigated by

methods such as averaging or tracking.

2.6.2 Theoretical Channel Analyses

The AG channel has also been analyzed using theoretical considerations. The ad-

vantage of such analyses is that they do not require cost intensive flight trials. Addi-

tionally, the resulting simulations and channel models are easy to adapt to different

frequency bands. The major drawback of channel models based solely on theory is

that they may not fully reflect the reality, as the underlying assumptions are usually

simplifications of the reality. In the worst case the assumptions may even be wrong.

In the following we only discuss the analyses most relevant in the context of L-band

channel modeling. For a more complete summary the reader is referred to [37], [38].

An often cited theoretical work about the AG channel was published by Bello.

Within [70] analytic expressions for the correlation functions are derived based on

the underlying geometry. While going into mathematical depth in the publication,

Bello does not provide an easily usable channel model able to be used directly for

simulations.

In [71] a tapped-delay line model is proposed for different phases of the flight.

The channel model has been widely used in literature for simulating AG communi-

cation links. Although some references to earlier channel measurements are made,

the parameters are mostly derived using theoretical considerations and/or scientific

guesses. While initially developed for the VHF-band, an extension to the L-band

exists [72]. However, like the original channel model, the L-band extension is also

based on theoretical considerations. For both channel models, a validation using

measurement data is not provided.

Further theoretical analyses of the AG channel resulting in statistic or determin-

istic models have been published in [73]–[77].

2.6.3 Shortcomings of Previous Channel Models

Currently there exists no comprehensive wideband channel model based on and

validated by measurement data which is suitable for testing the full range of CNS

systems.

Being focused on communication systems previous channel models based on

measurement data are statistical channel models. They are not suitable to describe

the non-stationarity of the AG channel sufficiently for navigation systems: while
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being able to model fast varying ranging errors caused by short-lived MPCs well,

current channel models are not able to reproduce slowly varying ranging errors,

e.g., caused by long-lived MPCs. However, these slowly varying ranging errors are

most critical in the navigation context as these errors are hard to mitigate.

Deterministic channel models considering underlying geometry are theoretically

able to capture the non-stationary nature of the AG channel. Nevertheless, these

channel models have two major drawbacks. First, it is hard to estimate in which

way they are able to represent the reality of AG channel. Second, due to the com-

plex simulations required for deterministic channel models, deterministic channel

models are not suited for rapid testing for various flight situations, environments

and system parameters. Thus, it is impossible to simulate a large number of flight

hours necessary to investigate rare events, i.e., errors which only occur with a very

low probability. Such rare errors are highly relevant for a safety critical environment

such as civil aviation where the correct functioning of systems has to be guaranteed

to down very small probabilities, e.g., 10−7.

We are able to conclude the requirements on a channel model suitable to test all

CNS systems in the L-band as follows. The AG channel model we propose should...

1. ...be able to capture the non-stationary nature of the AG channel. Especially

slowly varying ranging errors need to be representable by the channel model.

2. ...allow for the computationally efficient simulation of different flight situa-

tions and system parameters.

3. ...be based on and validated by flight trial measurement data.

As described in Chapter 3 we model the channel using a GBSCM. We show

throughout this dissertation, particularly in Chapter 7, that a GBSCM is well suitable

to fulfill the first two requirements. Basis for the validation of the channel model is

measurement data collected during the flight trials described in Chapter 5.

2.7 Summary

In this chapter we analyze the current state of the art of modeling the AG channel.

To this end we first discuss the fundamental propagation effects shaping channel

and characterize their influence on terrestrial CNS systems. Following is a brief

overview of different ways to describe channels. Based on a literature research we

derive the requirements on a channel model able to asses the performance of the full

range of terrestrial CNS systems.
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Figure 3.1. Relevant propagation effects in the AG channel.

3.1 Overview

The previous chapter focused on channel modeling in general and on previous ap-

proaches of modeling the air-ground (AG) channel. We also discussed shortcomings

of existing models. In this chapter we propose a new approach of modeling the AG

channel. To this end, in Sec. 3.2 we start by discussing the relevant propagation

effects an AG channel model has to cover. Based on the knowledge on the propa-

gation effects in Sec. 3.3 we propose an architecture for modeling the AG channel

using a geometrical-based stochastic approach. We present both the channel model

architecture as well as individual model elements of the proposed geometry-based

stochastic channel model (GBSCM). Based on the channel model architecture, we

can use different parameterizations to model different environments. Later in this

dissertation we present a parameterization for a regional airport environment. In

Sec. 3.4 we outline how a parameterization for a specific environment is derived:

we discuss what information is required, i.e., what kind of information has to be

obtained.

Content of this chapter has been published in [8] and submitted for publication

to [9].

3.2 Propagation Effects in the Air-Ground Channel

In Fig. 3.1 we show the main propagation effects of the AG channel relevant for

terrestrial communication, navigation, and surveillance (CNS) systems. The most

dominant propagation component is the line-of-sight (LoS) signal: it has usually a

significantly higher power than the other signals caused by multipath propagation.

We can distinguish between multipath related and non-multipath related effects.

The multipath propagation related effects are

• Ground multipath component (MPC) is an MPC with a usually short delay,

mostly caused by a reflection off the ground surface. As the delay is usually
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significantly smaller than the reciprocal signal bandwidth, the delay can gener-

ally not be resolved by the receiver: thus, ground MPCs often cause flat fading

and, therefore, an attenuation of the LoS signal. Ground multipath propagation

can limit the coverage of a communication system or increase ranging errors in a

terrestrial navigation system.

• Lateral MPC is an MPC with a longer delay attributable to reflections of build-

ings, large structures, vegetation, or terrain. Due to the usually long delay rela-

tive to the reciprocal signal bandwidth of lateral MPCs, these components cause

frequency selective fading: a the signal in a part of the frequency band is attenu-

ated. Lateral MPCs are the main driver for ranging errors in terrestrial navigation

systems as described in Chapter 2.

• Diffuse MPCs are predominantly caused by clusters of reflectors or scattering.

We model diffuse MPCs using a colored noise term.

The non-multipath related effects are

• Antennas at the ground and aircraft (including effects of the airframe) alter the

measured signal power and phase depending on the angle of departure and ar-

rival, respectively.

• Ground shadowing describes the blockage of the LoS path by a building or ter-

rain mostly in the vicinity of the ground station.

These two effects can lead to an attenuation of the LoS signal.

In this section we describe how each effect can be modeled in a GBSCM.

3.3 Channel Model Architecture and Elements

We start in Sec. 3.3.1 by presenting the general architecture of the proposed GBSCM

for the AG channel. In Sec. 3.3.2 we outline the how simulations using the channel

model are conducted. The section concludes with a discussion of the different model

elements in Sec. 3.3.3 to Sec. 3.3.8.

3.3.1 Architecture Overview

The model architecture uses a geometry-based stochastic approach: we draw the

model element’s properties, e.g., location of a reflector, from statistical distributions.

These distributions are derived from measurement data. We call the entirety of the
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Figure 3.2. Proposed GBSCM approach for the AG channel.

statistical distributions describing all properties of a model element as a parameter-

ization. A parameterization is thus environment specific: different parameteriza-

tions allow us to use the same architecture to model different environments.

We talk of a realization of the channel model if we draw values for all model

elements, e.g., positions of reflectors, from the corresponding distributions. After

that the properties remain fixed. Apart from noise, the channel is deterministic: the

channel impulse response (CIR) is solely a function of the aircraft position.

Fig. 3.2 shows the proposed architecture of the channel model. The general idea

is to model the propagation channel as a sum of plane waves. The waves present

different propagation effects, such as LoS propagation, ground multipath propaga-

tion, and lateral multipath propagation, described in Sec. 3.3.3 through Sec. 3.3.5.

To model the channel we use the concept of the double-directional mobile radio

channel [78] .

Propagation paths are weighted by an antenna radiation pattern at the aircraft

and an antenna radiation pattern ground station described in Sec. 3.3.6. Addition-

ally, the LoS path may be blocked by the effect of ground shadowing as outlined

in Sec. 3.3.7. The colored noise component described in Sec. 3.3.8 models diffuse

MPCs.
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3.3.2 Simulation Chain

The simulation chain of the channel model shown in Fig. 3.3 can be divided into

three steps.

To initialize the channel model a parameterization for an environment is re-

quired. This parameterization includes all required statistical distributions describ-

ing model element properties and other information, e.g., information about the

antennas. From the distributions describing the model element properties a real-

ization of the channel model is generated: we draw the properties of ground MPC,

the lateral MPCs, and diffuse MPCs, e.g., location of ground reflecting areas or the

power associated with each reflector. After the initialization the channel model is

fully defined: the channel characteristics are - apart from thermal noise - only a

function of the aircraft position and attitude.

In the next step the CIRs is generated. To this end, we first calculate the aircraft

position and attitude for every time instance for which the channel is to be simu-

lated. The positions and attitudes are interpolated based on the aircraft trajectory

defined by the user. Given aircraft position and attitude, the geometrical nature

of the channel model allows the calculation the MPC properties for every time in-

stance: these properties include the MPC parameters, i.e., delay, Doppler frequency,

and complex weight, and the gains of the involved antennas. For reflectors repre-

senting lateral MPCs we additionally check if the aircraft is seen within the cone

associated with the reflector, i.e., if a lateral MPC is received from the reflector.

In the application phase we convolve the CIRs with the desired transmit signal.

This transmit signal may be a channel sounding signal to reproduce the channel

sounding experiments, or the signal of a terrestrial CNS system. The generated

receive signal is then analyzed: possible characteristics of interest are channel prop-

erties, e.g., power delay profile (PDP) or delay spreads, or CNS system performance

characteristics, e.g., bit error ratio (BER) or ranging errors.

3.3.3 Line-of-Sight Signal

The LoS path is the direct propagation path between the ground station and the air-

craft. Most of the time the majority of power is received through the LoS signal. The

received power of the LoS signal follows free space path loss (FSPL) conditions (if

not influenced by any of the effects described below). However, for large link dis-

tances we have to consider the divergence of the reflected rays due to the curvature

of the earth as well as diffration effects. Both lead to a reduction of the received

power [14], [79].
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For navigation applications, the bending of the electromagnetic waves due to

the troposphere’s composition leads to a slight overestimation of the range [14].

The increasing speed of light for higher layers of the troposphere has the opposite

effect, as it cause ranges to be estimated too short. Methods exist to predict and to

compensate the effects of the troposphere [11], [16].

3.3.4 Ground Multipath Component

Ground multipath propagation originates from a reflection off the ground surface

with (for most practical link distances) a short excess delay, i.e., delay relative to the

delay of the LoS signal; the phase of the (received) ground multipath component

varies in a different way compared to the phase of the (received) LoS signal while

the aircraft moves. The superposition of both signal components results in a fading

of the received LoS signal - see Sec. 2.3.1. However, measurements have shown that

the ground MPC is not always present or exhibits only weak power levels [20]. The

ground MPC may be attenuated relative to FSPL due to a poorly reflecting ground

surface (given the current angle of incidence, ground material, and roughness) or a

shadowing of the ground component, e.g., by a building or terrain features.

Proposed Modeling

We propose modeling ground multipath propagation by characterization of reflect-

ing areas on the ground. A ground MPC is received if the ground reflection point

lies in such a reflecting area. The ground reflection point is defined as the specular

reflection point on the ground surface. The location of the ground reflection point

depends on both ground station antenna height above ground and aircraft posi-

tion. We assume horizontally aligned reflecting areas, i.e., the reflecting areas lie in

the same plane as the ground surface around the ground antenna. Thus, once the

reflecting areas are defined, the interaction of the ground MPC with the LoS com-

ponent, and the resulting attenuation or amplification of the latter, follows directly

from the underlying geometry.

We characterize the reflecting areas by the following properties. The values for

the different properties are drawn from statistical distributions. Note that all of

those properties strongly depend on the environment a ground station is set up in.

• Coverage ratio: We define the coverage ratio as the ratio between the sum of all

reflecting area sizes and the overall area size around the ground station.

• Size: We model the size of a reflecting area statistically.
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• Shape: The reflecting areas (such as a runway, a parking area, a taxiing area) are

of different shape. We also model the distribution of the shape statistically.

• Material: The ground station environment is usually composed of a mix of dif-

ferent types of surfaces. Their electro-magnetic properties such as conductivity

and permitivity have been extensively investigated in the past and are modeled

by estimates based upon known material constant values, which are selected as

mean values of a random distribution [15], [19].

• Material Roughness: The roughness has an influence on how much power is scat-

tered in all directions rather than reflected in the direction defined by the law of

reflection [14]. As often done in literature the variation of the surface irregularities

relative to the mean height is modeled using a normal distribution, characterized

by the standard deviation. Given material roughness the reflected power can be

approximated [19]. We model the standard deviation of the surface irregularities

using a statistical distribution, i.e., each reflecting area has a different standard

deviation of the surface irregularities relative to the mean height.

For the derivation of the distributions describing ground reflecting area prop-

erties we would ideally like to estimate the complex weight of the ground MPC.

Unfortunately, in measurements the ground MPC and LoS signal can usually not be

separated, i.e., their MPC parameters cannot be estimated individually: a separation

is not possible due to the small excess delay of the ground MPC with respect to the

resolution of the received signal. Therefore, from the measurement we are not able

to directly obtain information about the ground reflection coefficient.

However, a different approach is possible: we derive the distributions reflecting

area properties based on ground surface information of the environment to be mod-

eled. In our case we use land usage data, satellite imagery, and a digital elevation

model (DEM) of the ground station surrounding. We are then able to validate the

chosen distributions against the measured received LoS signal power.

3.3.5 Lateral Multipath Components

By lateral MPCs we mean signal components that originate from reflections outside

the two-dimensional plane defined by the LoS path and the ground MPC. In most

cases lateral MPCs are attributable to large structures such as buildings, vegetation,

or terrain; unlike the ground MPC, lateral MPCs usually have a relatively large ex-

cess delay: lateral MPCs lead to frequency selective fading and may cause large
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Figure 3.4. Illustration of modeling lateral MPCs as point reflectors.

range estimation errors for terrestrial navigation systems, e.g., distance measuring

equipment (DME) [25].

Proposed Modeling

It can be observed that lateral MPCs with similar MPC parameters only appear

within specific sections of the flight; if the aircraft returns to the approximately same

location, MPCs with similar MPC parameters will be observed again. We therefore

propose representing lateral components by point reflectors. The visibility of a re-

flector is defined by a cone shaped opening as shown in Fig. 3.4 [33]. Thus, the

number of visible lateral MPCs and their MPC parameters is a function of the air-

craft position. A reflector can be described by the following properties:

• Location r: The location of a reflector defines the delay of the MPC it represents:

it is equal to the distance traveled from ground station via the reflector to the

aircraft, divided by the speed of light.

• Opening direction [θd, φd]
T: The opening direction is the direction of the cone’s

axis of symmetry. The opening direction is characterized by an azimuth and ele-

vation angle, θd and φd, taken with respect to the reflector location - see Sec. 7.2.3.

• Opening width ω: The opening angle describes how far the cone opens relative

to the cone’s axis of symmetry.

• Complex weight α: The complex weight of a reflector is described by a statistical
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process. Depending on aircraft and reflector position, the power is additionally

altered according to FSPL and antenna gains.

The derivation of the distributions describing the above properties requires an

analysis of the reflectors causing the observed lateral MPCs: this analysis includes

both MPC parameters and locations of the reflectors. To model the complex weight

of a reflector, we have to estimate the reflectors’ complex amplitude for each time

step of the reflectors’ visibility. Additionally, for the geometrical modeling we have

to know the location of each reflector.

3.3.6 Antennas

The ground and airborne antennas have a significant influence on the received

power level and, thus, are taken into account in the proposed modeling approach.

While the gain of the ground antenna exhibits only small variations for typical link

geometries, the gain of the aircraft antenna experiences rapid and strong variations

depending on the aircraft attitude: fades exceeding 10 dB for a duration of more

than 20 s were observed while the aircraft was performing banking maneuvers [11].

Under unfavorable circumstances the LoS signal might be attenuated, while at the

same time an MPC is amplified. The resulting propagation conditions are very chal-

lenging for terrestrial CNS systems. As an example for a typical aircraft antenna in

Fig. 3.5 we show the radiation pattern of the CNS antenna used during the flight

trials. Note however, that this pattern may significantly change once the antenna is

mounted on the aircraft - see App. B.

Due to the geometrical nature of the channel model, the inclusion of antenna ef-

fects is straight forward. The antenna’s radiation pattern may only describe received

amplitude but can also include information about the phase as well. If the locations

of aircraft and reflector relative to the location of the ground station are known, the

gain of the ground antenna can be directly calculated for all propagation paths. For

the calculation of the airborne antenna gain the aircraft attitude, i.e., yaw, pitch, and

roll, is additionally required.

For the channel model parameterization presented in this dissertation we mea-

sured the radiation patterns of the involved antennas in an anechoic chamber with-

out the aircraft. Nevertheless, also the aircraft pattern, i.e., antenna radiation pattern

including effects by the airframe, can be included if available.
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Figure 3.5. Measured gain pattern of the aircraft antenna (without aircraft). The cut in az-

imuthal direction is at an elevation angle of 5◦.

3.3.7 Ground Shadowing

Ground shadowing is understood as the blockage of the LoS signal by surround-

ing structures, vegetation or terrain. Ground shadowing usually causes a strong

attenuation or even full blockage of the LoS path.

Ground shadowing has been observed to severely degrade the ranging perfor-

mance, as it can lead to strong attenuation of the LoS signal for a long duration.

The degradation can be especially severe for aircraft flying at low elevation angles

relative to the ground facility, a typical scenario when using terrestrial radionavi-

gation. As a result, a lateral MPC may be received with a higher power than the

LoS signal power [25]. Herein, the LoS is strongly attenuated by vegetation, while

a lateral MPC exists originating from a hangar: the LoS signal is received at a lower

power than the lateral MPC for over a minute. The result is a strongly degraded

DME performance, i.e., errors exceeding 150m.

Proposed Modeling

We propose modeling ground shadowing by an azimuth-elevation mask. An ex-

ample for such a mask is shown in Fig. 3.6. The brightness in Fig. 3.6 describes the

attenuation of the LoS signal. Thus, for any aircraft location the LoS signal attenua-

tion can be directly calculated.

The elevation mask can be derived by different means: we may derive the ele-

vation mask using received LoS signal power directly. Such measurements require
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Figure 3.6. Azimuth-elevation mask describing the attenuation of the LoS signal.

the aircraft to be seen under a low elevation angles from the ground station for a

long duration: the aircraft needs to be either very far away from the ground station,

or fly at a very low altitude. Therefore, two alternatives to measurements are pro-

posed [80]. First we can rely on DEM data. Knowing the location of ground station

and aircraft we can calculate blockage of the LoS path. We chose a second approach

based on image processing techniques. Using a calibrated panorama image taken

from the ground station location we can estimate at which elevation and azimuth

angles the LoS path is shadowed. However, for the parameterization presented in

this dissertation ground shadowing does not play a role as the antenna is located

highly elevated above ground.

3.3.8 Diffuse Multipath Components

Diffuse MPCs are caused by clusters of reflectors, multi-bounce reflections, diffrac-

tion, or scattering. Thus, diffuse MPCs can usually not be modeled as a single re-

flector. As their power level is generally significantly lower than the power levels of

other types of MPCs, their influence on the performance of CNS systems is usually

small to non-existent.

Proposed Modeling

We propose modeling diffuse MPCs as a geometry-based stoachstic process: the

decay of the power over the delay is described by an exponential function. The dis-

tribution of the power over the Doppler frequency is defined by the aircraft position

and speed relative to the ground station.
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3.4 Required Information

In Tab. 3.1 we summarize the information required to derive a parameterization of

the channel model. The table shows both the required information as well as the

resulting propagation effect.

The LoS signal power is modeled to follow FSPL. The LoS signal delay depends

on the geometrical distance between ground station and aircraft as well as the path

bending due to the troposphere. Both MPC parameters are defined if the ground sta-

tion and the aircraft position are known. Additionally, meteorological information

is used to improve the prediction of the bending due to troposphere. The distribu-

tion of the LoS signal power and delay have to be estimated from the measurement

data in order to validate the modeling approach against the measurements.

We validate the ground MPC modeling approach using the measured LoS signal

power. For the derivation of the property distributions for the ground reflecting

areas we rely on land usage data, satellite imagery, and a DEM of the ground station

surrounding. To calculate delay and complex weight of the ground MPC we have

to know the aircraft position and ground antenna height above ground.

For the geometrical modeling of the lateral MPCs it is mandatory to estimate the

location of reflectors causing MPCs. Given the location of a reflector (including the

height relative to GS antenna) and aircraft position, the distributions for the reflector

properties, e.g., opening direction or angle, can be directly derived. Additionally, we

have to estimate complex weight and its evolution over time for each reflector.

To model the effects of the antenna we require the antenna radiation patterns.

Given the aircraft position and attitude, i.e., yaw, pitch, and roll, as well as the an-

tenna radiation patterns, the gain of the involved antennas can directly be calcu-

lated.

To include shadowing effects in the model we use a panoramic shadowing mask

(taken at the ground station location) to predict blockage of the LoS signal. The

panoramic image has to be calibrated, i.e., we are able to map an aircraft position

directly on a pixel in the image. A second method to generate such a mask might be

based on an DEM. Using the measured received power we define angular segments

in which the LoS signal is strongly attenuated.

To analyze the diffuse MPCs we have to calculate the residual received signal,

i.e., the signal after all specular MPCs are removed. Thus, we have to estimate the

delay, Doppler frequency, and complex weight for both LoS signal and all detectable

MPCs.

The validation of the complete model is performed in two parts. In a quantita-
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Model Element Effect Information

Line of sight sig-

nal
• LoS delay & complex ampli-

tude

• Aircraft position & velocity

• Ground station position

• Meteorological information

Ground MPC
• Ground MPC delay & com-

plex amplitude

• Aircraft position & velocity

• Ground station position &

height

• Ground surface information

Lateral MPCs
• MPC delay & complex ampli-

tude

• Aircraft position & velocity

• Ground station position &

height

• Building or terrain map

Antenna patterns
• (Complex) antenna gains • Aircraft position & attitude

• Antenna patterns

Ground shadow-

ing
• Attenuation • Aircraft position

• Ground station panorama

• DEM

Colored noise
• Residual signal, PSD • Aircraft position & velocity

Table 3.1. Required information for the derivation of a channel model parameterization.
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tive validation we compare the measured statistical characteristics against the sta-

tistical characteristics of the channel model. In this dissertation we use the statistics

of the LoS signal power, PDP, and Doppler power profile (DPP), as well as Delay

and Doppler spread for validation. The second part of the validation is done in a

qualitative manner: we compare the LoS and MPC parameter evolution over time

between measurement and model for selected segments of the flight.

3.5 Summary

In this chapter we present a GBSCM architecture to model the AG channel. The

channel model architecture uses geometrical model elements to represent the dif-

ferent propagation effects, e.g., reflections off buildings. The model elements and

their properties are environment specific and are characterized by statistical distri-

butions: this approach enables to parameterize the channel model, i.e., to adapt it,

to different environments or frequency bands by choosing the respective statistical

distributions.

Due to the geometrical nature of the proposed architecture we are able to accurately

model the non-stationarity of the AG channel - a factor especially relevant for navi-

gation systems. Additionally, due to the geometrical modeling approach we are not

only limited to modeling single input single output (SISO) channels, but the chan-

nel model architecture is also well suited for multiple input multiple output (MIMO)

channels.

Overall, we have presented a versatile AG channel model architecture which may

be applied to a wide range of environments and frequencies.
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4.1 Overview

In Chapter 3 we presented the framework for a geometry-based stochastic channel

model (GBSCM) of the air-ground (AG) channel. We also discussed the required

information to parameterize the channel model architecture to a specific environ-

ment. As we base the channel model on measurement data, we have to estimate the

following information from measurement data:

1. the statistical channel description parameters, e.g., a set of power delay pro-

files (PDPs) a flight scenario - see Sec. 4.4;

2. the propagation paths and the evolution of the associated multipath compo-

nent (MPC) parameters, i.e., delay, Doppler frequency, and complex weight -

see Sec. 4.5;

3. the locations of reflectors causing MPCs - see Sec. 4.6.

The above information can be estimated from the channel sounding experiments

described in Chapter 5.

The basis for the estimation is the signal model described in Sec. 4.2: the system

model describes how a periodic channel sounding signal emitted from a ground

station is altered by the multipath channel. We assume that the channel impulse

response consists of a superposition of plane waves [33], [81], [82].

Before the above information can be estimated, the interference in the measured

signal is detected during the preprocessing described in Sec. 4.3. We also shift the

measured signal in time and frequency by the line-of-sight (LoS) signal delay and

Doppler frequency. The shifting improves the MPC parameter estimation discussed

in Sec. 4.5 and simplifies the data processing.

The methods developed in this chapter are applied to measurement data dis-

cussed in Chapter 5. Results of that application are presented in Chapter 6. These

results also build the basis for the parameterization of the channel model proposed

in Chapter 7.

Content of this chapter has been published in [11], [83] and submitted for publi-

cation to [10].

4.2 Signal Model

In this section we define the fundamental signal model which describes how the

multipath channel transforms a transmitted signal. We also provide the mathemat-

ical basis on how an individual MPC is non-linearly parameterized by the delay τ
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and Doppler frequency ν. As the Doppler frequency ν we understand the negative

change rate of the delay τ over time multiplied by the carrier frequency fc. There-

fore, the Doppler frequency ν is proportional to the first derivative of the delay τ

with respect to time. The signal model builds the basis for any of the following

estimation methods.

We employ a multipath channel model where the channel impulse response

(CIR) at continuous delay τ and time t consists of the superposition of plane waves1,

each representing an MPC [33], [81]:

h(τ, t) =
∞∑

l=1

αl(t)κl (τ − τl (t)) , (4.1)

where αl(t) represents the complex weight of MPC l and τl (t) its delay. The delay-

dispersive function the l-th MPC is subjected to is denoted by κl (τ). The shape of

κl (τ) depends on the fundamental propagation phenomena the l-th MPC has un-

dergone. For example, for the direct LoS path or a reflection from a flat surface of

large dimensions, κl (τ) may be very similar to a Dirac function. If an MPC experi-

ences scattering or diffraction on its way to the receiver, the spectrum of κl (τ) may

not be flat at all.

To investigate the propagation conditions that can be described by the model in

(4.1) we use channel sounding. In channel sounding the transmit signal consists of

the periodic repetition of a known time-discrete transmit sequence of duration Tsym.

We assume in the following that I repetitions of the transmit sequence are combined

into a block b. During the block duration we assume the MPC parameters to be

constant and the channel to fulfill the wide-sense stationary uncorrelated scattering

(WSSUS) assumption. The discrete measured signal ymod,b for block b according to

(4.1) is given as

ymod,b =
∞∑

l=1

αb,lc
I(τb,l, νb,l) ∗ κ̃b,l +ψw,b, (4.2)

where αb,l represents the complex weight of MPC l. The vector cI(τ, ν) ∈ CIN×1

consists of I repetitions of the time sampled transmit signal c, non-linearly parame-

terized by the delay τ and Doppler frequency ν. The Doppler frequency ν describes

the change of the delay τ during a block b. As described each path signal is distorted

by κb,l (τ). We denote the time discrete impulse response of κb,l (τ) as κ̃b,l. The addi-

tive white noise is represented byψw,b ∈ CN×1 which follows a circularly-symmetric

complex zero mean normal distribution, i.e., ψw,b∼CN (0, IINσ
2
n).

1 Note, that in reality an infinite number of possible connections between a transmitter and re-

ceiver exist. As this assumption is not practical we limit the number of propagation paths later in

this section.
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Delay τ

Funct. κ

Doppler
freq. ν

Weight α

Figure 4.1. Visualization of the signal transformation in time and frequency domain.

In Fig. 4.1 we visualize the transformation a signal may undergo. The complex

weight α scales the signal. While the delay τ shifts the signal in the time domain, the

Doppler frequency ν shifts the signal in the frequency domain. The delay-dispersive

function κ changes the shape of the signal itself (more apparent in the frequency

domain but also visible in the time domain).

Unfortunately, due to its complexity, (4.2) cannot be directly used as basis for the

detection of MPCs and estimation of its parameters from measurements. Therefore,

the following simplifications are often made in literature. These simplifications are

in general only valid for narrowband signals [81].

First, we have to limit the MPC number to an integer number L (sparsity as-

sumption). Second, the arbitrary form of κ̃b,l cannot be parametrically estimated,

therefore we simplify κ̃b,l to be a Dirac function.

Hence, the simplified model can be written as

yb =
L∑

l=1

αb,lc
I(τb,l, νb,l) +ψb. (4.3)

The simplifications result in a model mismatch between (4.2) and (4.3). Thus, if

we subtract all MPCs from the measured signal

ψb = yb −
L∑

l=1

αb,lc
I(τb,l, νb,l), (4.4)

the residual signal (or short residuum) consists of the colored noise ψb, which con-

tains of the complex white noise ψw,b and an additional term due to the model mis-

match. We assume the colored noise to be distributed as a circularly-symmetric
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complex normal distribution with covariance Σψψ, i.e., ψb ∼ CN (0,Σψψ). A second

motivation for introducing the colored noise ψb are effects associated with mea-

surements of limited bandwidth: In measurements with a limited bandwidth, it is

impossible to detect all MPCs existing in the measured signal. MPCs with very sim-

ilar parameters (which often appear as clusters of MPCs) may be only detected as a

single MPC. MPCs of low power comparable to the noise floor may not be detected

at all. These undetected MPCs will also be part of the colored noise ψb.

In literature the colored noiseψb, often referred to as dense multipath component

(DMC), is modeled in various ways [84]–[86], e.g., using single or multiple exponen-

tial functions over the delay τ or an autoregressive (AR) process. In contrast to that,

we model the colored noise ψb in the frequency domain using a two-dimensional

moving average process as described in Sec. 4.5.3.

For notational convenience we define the following vectors containing the pa-

rameters of all L MPCs. For block b the complex weights of the MPCs are denoted

as αb = [αb,1, . . . , αb,L]
T, the delays as τb = [τb,1, . . . , τb,L]

T, and the Doppler frequen-

cies as νb = [νb,1, . . . , νb,L]
T. The matrix C(τb,νb) ∈ CIN×L includes the signals of all

MPCs and is defined as

C(τb,νb) =
[
cI(τb,1, νb,1), . . . , c

I(τb,L, νb,L)
]
. (4.5)

Using the definitions above we rewrite (4.3) as

yb = C(τb,νb)αb +ψb. (4.6)

For the identification of MPCs and estimation of their parameters, in addition

to the multipath model in (4.6), we require a mathematical description of how the

parameters in (4.6) alter a block of I repetitions of the transmit sequence cI . The pa-

rameterization by the weight αb only constitutes a simple multiplication. In contrast

delay τb and Doppler frequency νb alter a block non-linearly.

The block of I repetitions of the transformed transmit sequence period cI(τ, ν) ∈

CIN×1 can be expressed as

cI(τ, ν) =







c (τ 1)
...

c
(
τ I
)






⊙ exp{j2πTs [0, . . . , NI]

T ν}, (4.7)

where c (τ i) denotes the time domain transmit sequence shifted by the delay τ i with

c
(
τ i
)
= FH

N

(

F
N
s⊙ exp{−j

2π

NTs
[0, .., N ]T τ i}

)

. (4.8)
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Hereby, F
N

and FH
N

represent the discrete Fourier transform (DFT) and inverse DFT

matrices of size N . In case of a non-zero Doppler frequency ν, each repetition of

the transmit sequence arrives at the receiver shifted by a different delay τ i. The

changing delay τ i compensates the effect of the aircraft movement within a block:

τ i (τ, ν) = τ −
TsN

fc
ν

(
I − 1

2
− i

)

. (4.9)

4.3 Preprocessing

During the preprocessing two actions are performed: first, we detect parts in the

measured signal yb corrupted by interference. The interference can be mainly at-

tributed to the onboard distance measuring equipment (DME). Second, the mea-

sured signal yb is shifted in time and frequency by the LoS signal delay τLoS and

Doppler frequency νLoS.

4.3.1 Detection of DME Interference

The onboard DME is transmitting at a maximum power of 60 dBm with a duty cycle

of roughly 3%. While transmitting, the onboard DME drives the receiver low noise

amplifier (LNA) into saturation (co-site interference). Instances of the transmit se-

quence affected by DME interference manifest themselves by a significant increase

(several tens of dB) of the noise floor. Thus, those instances of the transmit sequence

are not considered for the calculation of the statistical channel description and MPC

parameter estimation described in Sec. 4.5.2 and Sec. 4.5.2, respectively.

To detect instances of the transmit sequence which are subjected to interference

we first estimate the noise floor for each instance. To this end, we estimate the time-

variant impulse response of the measured signal yb. We reshape yb into a (N × I)

matrix and apply a column-wise DFT2 resulting in Y f,t
b

Y
f,t
b = F

N
vec−1

N×I{yb}. (4.10)

We then perform an element-wise division by the frequency domain calibration sig-

nal, F
N
c

H
f,t
b = Y f,t

b ⊘
(
F
N
c⊗1

T
I

)
(4.11)

2 By applying a DFT we assume periodicity of the signal. Although the measured signal is not

periodic, only very minor distortions are observed due to the signals non-periodicity when applying

the DFT. Thus, we forego the utilization of a tapering window.
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resulting in the time-variant transfer function Hf,t
b . The time-variant impulse re-

sponse is calculated by an inverse DFT along the first dimension of the time-variant

transfer functionHf,t
b :

H
τ,f
b = FH

N
H

f,t
b . (4.12)

Each column of Hτ,t
b contains the impulse response of the channel for a dif-

ferent time t. Each row n of Hτ,t
b corresponds to a delay τn = nTs. We assume

that the time-variant impulse response consists only of noise for large delay indices

(τn − τLoS) > 50 km/ca. This assumption can be easily verified by a visual inspection

of measurement data. The noise floor for each column, σ2
b ∈ C1×I is calculated as

the column-wise mean power of all elements corresponding to a delay index in the

set Γn

Γn = {n ∈ {0, .., N − 1} : 50 km < (τn − τLoS) ca < 100 km} . (4.13)

With no interference present, i.e., under the assumption that all elements inHτ,t
b cor-

responding to a delay index τn ∈ Γn being complex circularly symmetric normally

distributed, the elements in σ2
b follow a chi squared distribution with 2〈Γn〉 degrees

of freedom. A visual inspection of the measurement data shows that in most cases

the assumption is valid and the chi squared distribution provides a decent fit. We

detect an instance of the channel sounding sequence i being distorted by interfer-

ence, if its noise floor is outside the 99.9% quantile of the chi squared distribution.

Let χ2
2〈Γn〉

−1
(x) be the cumulative distribution function (CDF) of σ2

b describing the

distribution of the elements in σ2
b , i.e., a chi squared distribution with 2〈Γn〉 degrees

of freedom. The set of interference free instances of the transmit sequence is denoted

by Γτ,b.

Γτ,b = {i ∈ {1, .., I} : σ2
b,i < χ2

2〈Γn〉
−1

(0.999)} . (4.14)

4.3.2 Shifting to LoS Signal Delay and Doppler Frequency

The main motivation for shifting the measured signal yb to the LoS signal delay and

Doppler frequency is to limit the variability of the MPC parameters: the parameters

of the different MPCs usually change in a similar manner as those associated with

the LoS signal. A limited variability of the MPC parameters improves the parameter

estimation described in Sec. 4.5. Additionally, the shifting simplifies the processing

of the measured signal: all MPC parameters are automatically taken relative to those

of the LoS signal.

To shift a block yb of the measured signal we use the system function defined

in (4.7). However, while in the parameter estimation the system function is applied

to I repetitions of the transmit sequence, for the preprocessing we apply the same
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function on a block of the measured signal yb. We shift the measured signal in time

by the negative LoS signal delay −τLoS,b and in frequency by the negative LoS signal

Doppler frequency −νLoS,b. The values for τLoS,b and νLoS,b are as we later explain in

Sec. 5.2.4 based on Global Positioning System (GPS) and inertial measurements. We

denote the block of measured signal yb shifted to LoS signal delay −τLoS,b and LoS

signal Doppler frequency −νLoS,b as ỹb.

4.4 Statistical Channel Description

For the characterization of the AG channel and for the validation of the chan-

nel model presented in Chapter 7 we require a statistical channel description. In

Sec. 2.5.2 we discuss the theoretical basis for such a statistical description - see

Fig. 2.6.

If working with measurement data, the estimation of the statistical channel prop-

erties is not as straightforward as in theory: therefore, in this section we describe

how we estimate the main statistical channel description parameters from a block b

of the preprocessed measured signal ỹb. In the following we have to keep in mind

that the calculation of the statistical channel description parameters involves taking

the expected value. We realize the expectation operation by averaging over multi-

ple blocks b. We base our calculations on the time-variant channel impulse response

H
f,t
b - see Sec. 4.3. In the following the set of Γτ,b denotes the interference free in-

stances of the transmit sequence as calculated in Sec. 4.3.

4.4.1 Power Delay Profile (PDP)

The PDP P τ
b provides the average power over delay of the CIR. Let xΓτ,b

∈ R〈Γτ,b〉×1

denote a indictator vector with ones at the positions of indices contained in Γτ,b and

the rest zeros. Thus, xΓτ,b
is a vector indicating which column in Hτ,t

b is influenced

by interference. The PDP P τ
b for block b is calculated the row-wise sum of the time-

variant impulse response power |Hτ,t
b |2.

P τ
b =

1

〈Γτ,b〉
|Hτ,t

b |2xΓτ,b
. (4.15)

Thus, we only consider instances of the transmit sequence which are not influenced

by onboard DME interference.
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4.4.2 Doppler Power Profile (DPP)

The distribution of the power over Doppler frequency is described by the Doppler

power profile (DPP) P ν
b . For the calculation of the DPP we first calculate the scatter-

ing function P τ,ν
b of block b of the channel.

The Doppler-variant impulse response Hτ,ν
b is obtained by a DFT along the sec-

ond dimension of the time-variant impulse responseHτ,t
b :

H
τ,ν
b =Hτ,t

b FT
I
. (4.16)

We estimate the scattering function P τ,ν
b for a single block as

P
τ,ν
b = |Hτ,ν

b |2. (4.17)

Due to interference of the onboard DME, the noise power between consecutive

instances of the transmit sequence varies. The interference degrades the estimation

of the scattering function P τ,ν
b and can be mitigated up to a certain extent by con-

sidering only delay indices τn, i.e., rows of P τ,ν
b , which exhibit a significant signal to

interference power for the calculation of the DPP. A visual inspection shows, that

no significant MPCs with a delay exceed the corresponding distance of 5 km. There-

fore, the set of the delay indices Γτ,b to be considered for the calculation of the DPP

is

Γτ,b = {n ∈ {0, .., N − 1} : 0 km < τnca < 5 km} . (4.18)

Let again xΓτ,b
∈ R〈Γτ,b〉×1 denote an indicator vector with ones at the positions of

indices contained in Γτ,b and the rest zeros. Thus, xΓτ,b
is a vector indicating rows in

P
τ,ν
b which contain a signal other than noise. The DPP P ν

b is calculated as

P ν
b =

1

〈Γτ,b〉
P
τ,ν
b

T
xΓτ,b

. (4.19)

4.4.3 Parameters of the Delay-dispersive Channel

Mean delay, delay spread, mean Doppler and Doppler spread are standard mea-

sures to describe the dispersiveness of the channel.

The mean delay mτ,b of block b’s PDP Pb is calculated as

mτ,b =

(

P τ
b ⊙ [0, .., N − 1]T Ts

)T

xτ,b

(P τ
b )

T
xτ,b

(4.20)

and the squared delay spread σ2
τ,b as

σ2
τ,b =

(

P τ
b ⊙

(

[0, .., N − 1]T Ts

)2
)T

xτ,b

(P τ
b )

T
xτ,b

−m2
τ,b. (4.21)
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By using the thresholding vector xτ,b ∈ RN×1 we only consider elements signifi-

cantly high above the noise floor. The vector xτ,b is all zeros, except for positions

where the values of PDP P τ
b are outside the 99% quantile of the noise floor.

4.5 MPC Parameter Estimation & Tracking

The goal of the proposed parameter estimation and tracking algorithm is to identify

dominant MPCs, estimate, and track their parameters. The estimated MPC param-

eters build the basis for the localization of reflectors in Sec. 4.6.

To estimate and track the MPC parameters we combine super-resolution param-

eter estimation with an information filter. For block b the MPC parameter vector ξb
to be estimated is defined as

ξb =
[

τT
b ,ν

T
b , log|αb|

T, arg (αb)
T
]T

. (4.22)

Note that in ξb we separate the complex weights αb into amplitude and phase and

take the logarithm of the amplitude vector αb according to [84]. According to (4.6),

the estimation of the MPC parameters ξb is performed block-wise based on the pre-

processed signal ỹb.

Fig. 4.2 shows the block diagram of the parameter estimation and tracking algo-

rithm. We observe the two integral parts: on the right side the parameter estimation,

responsible for the estimation of ξb and for finding new MPCs; on the left side the

information filter responsible for tracking and smoothing the estimated parameters

ξb.

The MPC parameters ξb are maximum likelihood (ML) estimated based on the

preprocessed signal. Using the estimated colored noise Ψ
τ,ν
b we derive a power

threshold for the detection of new MPCs. If the power of a newly detected MPC

exceeds this threshold the MPC is considered for the parameter estimation. New

MPCs are added to the model as long as MPCs with a power exceeding the threshold

exist.

The estimated MPC parameters are filtered in an information filter. The infor-

mation filter smooths the MPC parameter estimates by assuming a linear dynam-

ical system model, i.e., the information filter exploits the correlations of the MPC

parameters over the time. The filtering of the MPC parameter estimates requires

information about the quality of the estimation, i.e., the expected error between the

MPC parameter estimate and the true parameter. This information is provided by

the Fisher information matrix Ib. Additionally, the information filter also estimates
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Figure 4.2. Block diagram of the parameter estimation and tracking algorithm.
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the error variance V b of the filtered MPC parameters and predicts the MPC param-

eters for the next block b+ 1.

MPCs which have a low power are removed after the update step in the infor-

mation filter. An MPC is removed from the model if its power is below a threshold

calculated based on the colored noise.

In order to maintain conciseness we limit ourselves to the description of the sin-

gle input single output (SISO) case. Nevertheless, the extension of the algorithm to

the multiple input multiple output (MIMO) case is straight forward. The general

structure of the algorithm remains unchanged.

4.5.1 Parameter Tracking

The tracking algorithm is realized by an information filter, sometimes also referred

to as inverse covariance filter [87]. Our motivation to include an information filter is

twofold: first, the combination of information filter and ML parameter estimation

allows us identify the parameter estimates ξ̆b across time which belong to the same

physical signal path, which otherwise would be independent. We are thus able to

analyze the evolution of MPCs over time. Second, the information filter increases

the reliability of the MPC parameter estimates, as it exploits the inherent temporal

coherence of the paths by applying smoothing. Accurate parameter estimates are a

requirement for the localization of reflectors described in Sec. 4.6.

Compared to a Kalman filter, an information filter uses the same assumptions

and delivers identical results. However, due to a different formulation of the filter

equations, it directly uses the Fisher information matrix Ĭb as input rather than its

inverse, as the Kalman filter does. As a consequence, the estimation is numerically

more robust as the inversion of the Fisher information matrix can cause numerical

problems for an ill conditioned Fisher information matrix, e.g., if highly correlated

MPCs with similar parameters exist.

The information filter assumes a time discrete linear dynamical system model

based on a homogeneous first order Markov chain: the current true value of the

parameter ξb, usually referred to as the state, only depends on the previous state ξb−1

via a transition matrixF , and additive state noise of covarianceQ. For both matrices

F and Q we assume no correlation between the individual MPCs, i.e., F = IL⊗F 1

and Q = IL⊗Q1
. The information filter performs a sequential Bayesian estimation

for the state vector ξ̂b and its error covariance matrix V̂ b. The Bayesian estimation

uses the ML parameter estimate ξ̆b, the Fisher information matrix Ĭb, the previous

state ξ̂b−1, and the error covariance matrix V̂ b−1 as input.
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The equations for the information filter are given as [87]

Prediction:

ξ̂
−

b = F ξ̂b−1 (4.23)

V −
b = FV b−1F

T +Q (4.24)

Update:

V +
b =

[(
V −

b

)−1
+MTĬbM

]−1

(4.25)

Kb = V +
bM

TĬb (4.26)

ξ̂
+

b = ξ̂
−

b +K+
b

(

ξ̆b −Mξ̂
−

b

)

. (4.27)

The observation model M = I4L describes the relation between measurement ξ̆b
and state ξ̂b. The Kalman gain is denoted byKb.

For the transition matrix F 1 we have to consider the dependency between

Doppler frequency ν, delay τ , and phase arg (α) of an MPC. Both the derivative

of the delay τ and phase arg (α) are proportional to the Doppler frequency ν. Thus,

the transition matrix F 1 is an identity matrix plus off-diagonal elements connecting

Doppler frequency ν, delay τ , and phase arg (α).

We assume a random walk for both the Doppler frequency ν and the logarithmic

amplitude log|α|, i.e., their evolution over time is only driven by the state noise

characterized by the state covariance matrix Q. Similarly to the transition matrix

F , for the state covariance matrix Q we also have to consider the relation between

Doppler frequency ν, delay τ , and phase arg (α) [87]. The individual elements in

Q
1
, e.g., the state noise of the Doppler frequency ν, are chosen taking into account

the flight dynamics.

Note that the number of tracked MPCs changes as described in Sec. 4.5.4, i.e., if

L changes, the dimension of the error covariance matrix V b has to be adjusted.

Role of Preprocessing

As described in Sec. 4.3 we shift the measured signal yb by the LoS signal delay

τLoS and LoS signal Doppler frequency νLoS. The shifting reduces the variability

of the MPC parameters delay τ and Doppler frequency ν. Both the estimated LoS

signal delay τ̆LoS and LoS signal Doppler frequency ν̆LoS after correction are zero on

average. Thus, the evolution of both parameters can be described using a random

walk, the underlying assumption of the information filter.
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4.5.2 MPC Parameter Estimation

The goal of the parameter estimation is to find the ML estimate for the MPC pa-

rameters ξ̆b. To this end we minimize the mean squared error (MSE) between the

preprocessed measured signal ỹb and the theoretical signal ymod,b based on the signal

model (4.6):

ξ̆b = argmin
ξ

(ỹb − yb)
H
Σ

−1
ψψ (ỹb − yb) . (4.28)

For the minimization, all instances of the transmit sequence in ỹb affected by inter-

ference are discarded.

The minimization is initialized with the previously detected MPC parameters.

For the first iteration, as shown in Fig. 4.2 (right side), we use the predicted state

vector ξ̂
−

b of the information filter. For all following iterations we use ξ̆
+

b which

contains the result of the previous ML estimation ξ̆b and the MPC parameters of

MPCs which were newly detected according to Sec. 4.5.4.

The minimization is performed using the bound optimization by quadratic ap-

proximation (BOBYQA) algorithm [88]. The BOBYQA algorithm is chosen for two

reasons: first, it is derivative free. An investigation on the presented measured data

has shown that derivative free minimization algorithms exhibit more stability. Sec-

ond, it is bound constrained: the maximum deviation from its initialization a param-

eter can have after the minimization can be set. Thus, if a previously tracked MPC

does not exist anymore, it is removed from the model. Without a bound constrained

algorithm, the minimization may “jump” to an MPC with similar MPC parameters.

4.5.3 Colored Noise Estimation

We model the residuum, i.e., the remaining measured signal after all detectable

MPCs have been subtracted, using the colored noise term ψb as defined in (4.4). By

colored noise we mean that the noise variance is a function of delay τ and Doppler

frequency ν. We assume the time-frequency correlation function P f,t
ψ,b of colored

noise to be a two dimensional moving average process. Note that the following

definitions only stand under the assumption that the channel pertains the WSSUS

properties for a sufficient time.

For one block, the colored noise ψb is defined as

ψb = ỹb −C(τb,νb)αb. (4.29)

First, we calculate the Doppler-variant impulse response of the colored noise ψb.
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Therefore, we reshape ψb into a (N × I) matrix and apply a column-wise DFT re-

sulting in ψf,t

b
with

ψf,t

b
= F

N
vec−1

N×I{ψb}. (4.30)

We then perform an element-wise division by the frequency domain calibration sig-

nal, F
N
c

H
f,t
ψ,b = ψ

f,t

b
⊘
(
F
N
c⊗1

T
I

)
(4.31)

resulting in the time-variant transfer function Hf,t
ψ,b. Again, ⊘ denotes the element-

wise division. The Doppler variant impulse responseHτ,ν
ψ,b is obtained by an inverse

DFT along the first, and a DFT along the second dimension of the time-variant trans-

fer functionHf,t
ψ,b:

H
τ,ν
ψ,b = FH

N
H

f,t
ψ,bF

T
I
. (4.32)

The scattering function P τ,ν
ψ,b is estimated as3

P
τ,ν
ψ,b = |Hτ,ν

ψ,b|
2. (4.33)

Fig. 4.3a shows a typical realization of the scattering function P τ,ν
ψ,b calculated

from the colored noiseψb of the measured signal. WithinP τ,ν
ψ,b previously undetected

MPCs as well as effects due to the model mismatch discussed in (4.2) are visible.

The colored noise is modeled using a two-dimensional moving average process:

Therefore, we assume that the time-frequency correlation function of the colored

noise Ψ̆
τ,ν

b can be expressed by filter coefficients of a finite impulse response filter.

For the estimation of the filter coefficients we first calculate the time-frequency cor-

relation function P f,t
ψ,b of the colored noise ψb as

P
f,t
ψ,b = F

N
P
τ,ν
ψ,bF

H
I

T
. (4.34)

Next, we estimate the time-frequency correlation function of the moving average

process using the Blackman-Tukey transformation [89]. Let the vector wBM (n) ∈

Rn×1 denote the Blackman window of length n. The length of the windows used

in the Blackman-Tukey transformation in frequency nfBM and time domain ntBM, is

defined by the relative Blackman window length ∆BM as

nfBM = ⌈∆BMN⌉ and ntBM = ⌈∆BMI⌉. (4.35)

In other words, ∆BM is the ratio of the dimensions of P f,t
ψ,b and Blackman-window

length. Appending zeros evenly before the first and after the last element of the

3 The calculation of P τ,ν
ψ,b involves taking the expected value of |Hτ,ν

ψ,b|
2. However, as we only

have one representation of |Hτ,ν
ψ,b|

2 we omit the expectation operation and use the |Hτ,ν
ψ,b|

2 as the best

available estimate. In the literature, the scattering function estimated in such a way is also termed

instant scattering function or squared spreading function.
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(a) Scattering function P τ,ν
ψ,b
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(b) Est. colored noise scattering function Ψ̆
τ,ν

b
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(c) Detection matrixDτ,ν
b

Figure 4.3. Modeling of the colored noise and detection of new MPCs. Delay τ and Doppler

frequency ν are normalized by physical delay and Doppler frequency resolution.
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windowswBM

(

nfBM

)

andwBM (ntBM) results in the vectors w̃f
BM ∈ RN×1 and w̃t

BM ∈

RI×1.

The filtered time-frequency correlation function of the colored noise Ψ̆
f,t

b is cal-

culated as

Ψ̆
f,t

b = P f,t
ψ,b⊙

(

w̃
f
BM(w̃

t
BM)

T
)

. (4.36)

The colored noise scattering function Ψ̆
τ,ν

b is obtained by

Ψ̆
τ,ν

b = FH
N
Ψ̆
f,t

b FT
I
. (4.37)

A typical example of the estimated colored noise scattering function Ψ̆
τ,ν

b based

on measured signal is shown in Fig. 4.3b. The relative Blackman-window length

∆BM controls how much the scattering function P τ,ν
ψ,b is smoothed by the filtering.

The desired effect of the smoothing is to remove the peaks of the scattering function

P
τ,ν
ψ,b, i.e., specular MPCs, while maintaining the dense MPCs, e.g., clusters of MPCs.

We choose ∆BM heuristically such that the majority of the power of P f,t
ψ,b is con-

tained within the window. A typical value for the relative Blackman-window length

∆BM for the considered measured data is ∆BM = 1
8
.

4.5.4 Model Order Adjustments

As indicated in Fig. 4.2 (right side), MPCs may be added after the MPC parameter

and colored noise estimation step. The model order may be decreased after the

update step of the information filter. The algorithm allows the number of currently

tracked MPCs to change arbitrarily during the processing of one block b, e.g., several

MPCs may be added or removed.

For both removal and detection of MPCs we rely on a one sided statistical hy-

pothesis test in which we compare the MPC power against the colored noise power

at the respective MPC parameter pairs (τ, ν). The reason for comparing the power of

an MPC against colored noise (rather than white noise) is to avoid detecting MPCs

within clusters of MPCs. Such MPCs are usually not resolvable given the limited

bandwidth of the transmit sequence.

Path Detection

New MPCs are added one by one to the model. The loop of adding new MPCs, esti-

mating their parameters, and recalculating the colored noise is visualized in Fig. 4.2

(right side). The loop is continued until there are no undetected MPCs left.
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For the detection of new MPCs we calculate an interpolated version of the scat-

tering function P τ,ν
ψ,b as defined in (4.33). Previously undetected MPCs show up in

the residuum as illustrated in Fig. 4.3a.

We aim to detect only MPCs which have a significantly higher power than the

noise floor. In other words, they must have a significantly high signal-to-noise-ratio

(SNR), such that they are unlikely be the result of the colored noise. The criteria is to

add MPCs only if their power is outside the Qadd quantile of the underlying noise.

Let us assume that the colored noise ψb is zero-mean circularly-symmetric com-

plex normally distributed. Then individual elements P τ,ν
b (τ, ν) of the scattering

function P τ,ν
ψ,b are the squared amplitude of that distribution. Thus, P τ,ν

b (τ, ν) fol-

lows an exponential distribution P τ,ν
b (τ, ν)∼ 1

σ2
n(τ,ν)

exp(− x
σ2
n(τ,ν)

). The noise variance

σ2
n(τ, ν) depends on the colored noise power at the MPC parameter pair (τ, ν).

Normalizing the scattering functionP τ,ν
ψ,b by the colored noise scattering function

Ψ̆
τ,ν

b results in the detection matrixDτ,ν
b

D
τ,ν
b = P τ,ν

ψ,b⊘ Ψ̆
τ,ν

b . (4.38)

Due to the normalization, all elements in Dτ,ν
b follow an exponential distribution

Dτ,ν
b (τ, ν) ∼ exp(−x). The maximum value Dτ,ν

b,max of the detection matrix Dτ,ν
b is

distributed according to the Gumbel distribution shown in Fig. 4.4 [90]

Dτ,ν
b,max∼e

−x+log(NI)−e−x+log(NI)

. (4.39)

Using (4.39) we can setup a one-sided hypothesis test to check whether the cur-

rent maximum Dτ,ν
b,max is most likely caused by noise or may represent an MPC. The

threshold tadd (Qadd) for the Qadd-quantile of Dτ,ν
b,max is calculated as

tadd (Qadd) = log (NI)− log (− logQadd) . (4.40)

An example is given in Fig. 4.4: if Dτ,ν
b,max exceeds tadd (99%) the probability that the

maximum is caused by noise is 1% or smaller. We add new MPCs until there are no

MPC parameter pairs (τ, ν) left for which the maximum of the detection matrixDτ,ν
b

exceeds the threshold tadd (99%).

Fig. 4.3c shows the detection matrix Dτ,ν
b,max calculated from the data presented in

Fig. 4.3a and Sec. 4.3b. The interpolation (by oversampling) allows to obtain a better

initialization of the MPC parameter pair (τ, ν). In Fig. 4.3c no MPC exists exceeding

the threshold tadd (99%).

The above method also works for the first block of measured data, i.e., b = 1,

during the initialization where no previously tracked MPCs exist: starting with the

first detectable MPC, we add MPCs one by one.
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Figure 4.4. Hypothesis tests to detect new and remove existing MPCs.

Path Removal

MPCs are removed after the update-step of the information filter as visualized in

Fig. 4.2. We remove an MPC if its power is within the Qrm noise quantile of the

probability density function (PDF) of the scattering function P τ,ν
ψ,b.

Assuming the input signal is circularly-symmetric complex normal distributed,

the elements in the scattering function P τ,ν
ψ,b follow an exponential distribution. An

MPC is removed, if its estimated power |α̂l|
2, normalized by the estimated colored

noise power at the corresponding MPC parameter pair (τ, ν), is below the threshold

trm (Qrm), where

trm (Qrm) = − log (1−Qrm) . (4.41)

The hypothesis test for the removal of MPCs is visualized in Fig. 4.4.

4.5.5 Calculation of Fisher Information Matrix

To include the ML estimated MPC parameters Ĭb in the information filter as mea-

surement, the inverse of the covariance matrix needs to be characterized. Because

the MPC parameters Ĭb are estimated using ML, we use the Fisher information ma-

trix Ĭb in the information filter.
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Using the definitions above, the element (i, j) of the Fisher information matrix Ĭ

is calculated as [91]

[Ib]ij =2Re

{
∂αH

b C
H(τb,νb)

∂ξi,l
Σ

−1∂C(τb,νb)α

∂ξj,l

}

(4.42)

where ξi,l and ξj,l denote i-th and j-th MPC parameter, e.g., delay τ or Doppler

frequency ν, of MPC l. Thus, for the calculation of Fisher information matrix, Ib the

partial derivatives of the signal parameterization described in (4.7) have to be taken.

Note that the Fisher information matrix should be calculated using the true MPC

parameters ξb. Nevertheless, as those are not available, we use the output of the

ML estimator ξ̆b as best estimate. The resulting matrix is known as the stochastic

Fisher information matrix [92]. The stochastic Fisher information matrix calculated

in that way is denoted by Ĭb. For the covariance matrix Σ̆b we can either assume a

white noise or calculate it based on the colored noise component Ψ̆
τ,ν

b estimated in

Sec. 4.5.3.

4.6 Localization Algorithm

In this section we describe how the location of a physical reflector on the ground

can be estimated, given the output of the parameter estimation from Sec. 4.5.

The general idea behind the algorithm can be illustrated as follows. If we know

the aircraft location db and speed vector vb at the time corresponding to block index

b and only consider single-bounce reflections, points of equal delay τ lie on an ellip-

soid while points of constant Doppler frequency ν lie on a cone detailed in App. C.

Thus, for one snapshot, the estimated MPC delay τ and Doppler frequency ν define

an ellipsoid and cone, respectively. Intersecting these two surfaces with the ground

plane results in an ellipse and hyperbola, each defining points on the ground on

which a reflection would cause MPCs with delay τ and Doppler frequency ν, respec-

tively. Reflectors on the ground causing MPCs with delay τ and Doppler frequency

ν lie on the intersection points of those two curves4. Hereby, only one intersection is

the true location of the reflector. We term other intersections as ambiguities.

The above method, applied in the context of reflector localization, has been out-

lined in [26]. In our investigations, calculating “hard locations” in such a way has

4 According to Bezout’s theorem, two quadratic curves in general position can have up to Π = 4

intersections [93]. In the special case that two quadratic curves were identical, then there would be

an infinite number of intersections. As this case occurs with probability 0, we do not consider it in

the following.
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shown poor localization accuracy, as we are not able to average over multiple blocks

b, especially in the presence of ambiguities.

To increase the localization accuracy, in this contribution we extend the method

presented in [26] to calculate the PDF, i.e., a “soft location”, of the reflector location

for each block b and MPC. The PDFs of the same MPC can be averaged over the

full duration an MPC is visible. Due to averaging, the locations of reflectors may

be calculated with significantly higher accuracy. Additionally, averaging usually

mitigates problems arising from ambiguities. Usually, intersection points which do

not represent a real reflector location change the locations with a moving aircraft

while true reflector location remains fixed. Therefore, at the true location of the

reflector the PDF of each block b “adds up”, while at other location it averages out.

4.6.1 Fundmentals

The accuracy of the reflector localization depends on how well the MPC parameters

delay τ̂b,l and Doppler frequency ν̂b,l are estimated: their erroneous estimation may

significantly degrade the localization accuracy or render it completely non func-

tional.

Fig. 4.5 shows the principle of how the probability of an MPC being caused by a

single-bounce reflection at location g is calculated.

Although the methods described below can be generalized to higher dimensions,

for better readability in the following we limit ourselves to the two-dimensional

case; we assume that all reflectors are located on the ground plane at a height of

−hGS relative to the location of the ground antenna5. The vector g = [gE, gN,−hGS]
T

denotes the location in a local, ground station centered east-north-up (ENU) coordi-

nate system (i.e., the ground station is located at [0, 0, 0]T).

As shown in Fig. 4.5, we assume for a block b and MPC index l the parame-

ter measurements to be distributed as a two dimensional normal distribution, i.e.,

pPb,l (µ) ∼ N (µ̂b,l, Σ̂b,l) with µ = [τ, ν]T. The normal distribution has mean µ̂b,l =

[τ̂b,l, ν̂b,l]
T and covariance matrix Σ̂b,l. The smoothed delay and Doppler frequency

estimates provided by the information filter are denoted as τ̂b,l and ν̂b,l. The co-

variance matrix of both parameters is represented by Σ̂b,l. The goal is to transform

the PDF pPb,l(µ) from the parameter domain into a Cartesian domain and calculate

pCb,l(g). Hereby, pCb,l(g) denotes the probability that the current MPC with the pa-

5 Therefore, we assume a “flat earth model”. Although the method described above can easily

extended to a curved earth model, this extension is associated with a significantly higher computa-

tional complexity as calculations have to be conducted in three dimensions. As the results between

the curved and flat earth assumption are expected to be very similar we use the latter.
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Figure 4.5. Principle of the reflector localization. One point in the MPC domain can cause more

than one PDF in the Cartesian domain. The uncertainty is modeled as a bivariate distribution in

the MPC parameter domain which translates into a highly distorted distribution in the Cartesian

domain.

rameters µ̂b,l and Σ̂b,l is caused by a single bounce reflection of a reflector located at

location g.

The function µ(g) connecting the parameter with the Cartesian domain, i.e., re-

lating the probability at location g to the MPC parameter vector µ is

µ(g) =

[

τ (g)

ν (g)

]

. (4.43)

The delay τ given as a function of reflector location g is

τ (g) =
‖g‖+ ‖g − db‖

ca
. (4.44)

Similarly, the Doppler frequency ν as a function of reflector location g is calcu-

lated as

ν (g) =
(g − db)

T ·vb
‖g − db‖ca

fc, (4.45)

where ca denotes the speed of light in air.

Note that µ(g) is generally not a bijective function, i.e., one point in the parame-

ter domain µ may map to up to multiple points in the Cartesian domain, normally

one or two as visualized in Fig. 4.5.
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4.6.2 Reflector Location Probability Density Function (PDF)

The PDF pCb,l (g) in the Cartesian domain can be calculated as [36], [94]

pCb,l (g) =
1

Π
pPb,l (µ(g))Υ (g) . (4.46)

Hereby, Π denotes the number of intersections between the shapes defined by the

delay τ and Doppler frequency ν. Υ(g) denotes the Jacobian of µ(g) which normal-

izes pPb,l (µ(g))

Υ (g) = det

(
τ(g)
∂gE

τ(g)
∂gN

ν(g)
∂gE

ν(g)
∂gN

)

. (4.47)

It is important that Υ(g) is not a constant but rather a non-linear function changing

the probabilities for each point g differently. Normalized by Υ(g), the resulting PDF

pCb,l (g) integrates to one, i.e.,

∫ ∫

pCb,l (g) dgEdgN = 1. (4.48)

The derivation of the Jacobian is described in App. D.

AssumeUu = {(b1, l1) , . . . ,
(
b〈Uu〉, l〈Uu〉

)
} describes the set of block and MPC index

pairs of an MPC u tracked over 〈Uu〉 blocks. The averaged PDF is calculated as

pCu (g) =
∑

Uu

1

〈Uu〉
pCb,l (g) . (4.49)

We assume the maximum of the averaged PDF pCu (g) to be the true location of the

reflector causing the MPC u.

4.7 Summary

In this chapter we derive algorithms to estimate the information required to adapt

the channel model to an environment. The main contributions are twofold:

firstly, we propose an algorithm that allows detecting MPCs in a measured signal

and estimate their MPC parameters. To this end, we combine a super-resolution

parameter estimation with an information filter. The information filter allows to

improve the parameter estimation performance significantly. Thus, the presented

algorithm is specifically useful for measurements in a high noise environment or

scenarios where a very accurate parameter estimation performance is required.

Secondly, we propose a Bayesian localization algorithm for reflectors based on their

estimated MPC parameters. As the localization does not require (electronically)

steerable antennas, the algorithm can essentially be applied to any measurement
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were a sufficiently accurate ground truth is available.

While the algorithms presented in this chapter are designed for AG channel sound-

ing experiments, the applicability of the algorithms reaches beyond the AG related

application.
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5.1 Overview

Up to this point the contribution of this dissertation is of theoretical nature: in Chap-

ter 3 we proposed a new channel model architecture for the air-ground (AG) chan-

nel. The methods to estimate the information required to parameterize the channel

model are described in Chapter 4. These methods are intended to be applied on

flight trial measurement data.

Obtaining this measurement data is not a trivial task, both from a technical and

regulatory standpoint. In this chapter we present the channel sounding setup to

obtain this data by means of flight trials. In Sec. 5.2, we focus on the design of

the flight trials: we describe the key hardware components, the channel sounding

signal, and the procedures required to execute the measurements. The flight routes

flown in November 2013 are presented in Sec. 5.3.

We use the acquired measurement data to characterize the channel in Chapter 6.

The measurement data also builds the basis for the parameterization of the channel

model in Chapter 7.

Content of this chapter has been published in [11], [95].

5.2 Measurement System

In the following sections, we describe the system used for the measurement of the

AG radio channel. In Sec. 5.2.1 we focus on the employed hardware components.

The channel sounding signal is introduced in Sec. 5.2.2. In Sec. 5.2.3 procedures to

achieve time synchronization between ground station and aircraft are described. To

investigate the properties of the AG radio channel with respect to ranging, we re-

quire a precise reference for the distance between ground station and aircraft. The

calculation of this reference distance is explained in Sec. 5.2.4. In Sec. 5.2.5 we de-

scribe the factors which contribute errors to the measurements. In Sec. 5.2.6 we

discuss the different types of interference received during the measurements.

5.2.1 Hardware Setup

The setup for the measurement of the AG radio channel is composed of a ground

based transmitter, located in a van, and a receiver, installed in one of the research

aircraft of the DLR, namely the Falcon 20E (D-CMET) shown in Fig. 5.1.

The transmitter hardware is mostly setup in a van, with the only exception of

the high power amplifier (HPA) and ground antenna being located on the rooftop
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Figure 5.1. Aircraft carrying the receiver.

Figure 5.2. Transmitter surroundings as seen from the transmit antenna’s point of view. Each

image shows a 180◦ segment of the full 360◦ panorama shot.

of a neighboring building at 23m above ground level (AGL) (652m above mean sea

level (AMSL)). On the rooftop, the HPA is connected to the ground antenna by a

15m cable. During flight testing, the van is parked in front of the building on which

HPA and ground antenna are located. The HPA on the rooftop is connected to the

van in via a 75m cable. A mobile setup is necessary to position the transmitter near

the aircraft for pre-flight calibration of the measurement equipment - see Sec. 5.2.3.

The position of the transmit antenna is fixed and is precisely measured using Global

Positioning System (GPS) with centimeter accuracy via post-processing [96]. During

calibration, the transmit antenna is disconnected from the rest of the ground station

hardware. In Fig. 5.2, we show the area surrounding the transmit antenna in a 360◦

panorama view:

the runway of the neighboring Oberpfaffenhofen airport (EDMO) is clearly vis-

ible. The environment around the transmit antenna mimics well a regional airport

environment: it includes large and small hangar buildings, as well as civil infras-

tructure, such as office buildings, and large open spaces of either grassy or concrete
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Figure 5.3. Hardware setup for the transmitter, located on ground, and the airborne receiver. The

dotted blue lines denote the cable configuration during calibration and clock synchronization.

surface. As transmit antenna we employ an L-band aircraft communication blade

antenna, manufactured by Sensor Systems (S65-5366-715) with vertical polarization.

The block diagram of the transmitter hardware setup is depicted in Fig. 5.3 (left

side). The cesium (Cs) frequency normal (or frequency standard), an Agilent 5071A

acts as common oscillator for the ground station hardware that consists of the GPS

receiver, a signal generator and the high power amplifier as shown in Fig. 5.3. In

order to monitor the clock drift of the Cs frequency normal to GPS time during the

measurements, we employ a high precision multi-frequency global navigation satel-

lite system (GNSS) receiver (Septentrio PolaRx4TR PRO). The transmitted sounding

sequence is generated using an arbitrary waveform generator (AWG) from Rohde

& Schwarz (SMBV100A) and amplified by a custom built HPA.

The block diagram of the receiver components is also depicted in Fig. 5.3 (right

side). A rubidium (Rb) frequency normal (Spectratime SRO100) acts a the common

oscillator for all onboard devices. Due to its superior stability, a Cs frequency normal

would be also preferred in the airplane. Unfortunately, no Cs frequency normal was

available at the time when the receiver hardware was certified for the flight trials.

Therefore, due to legal restrictions it could not be used during the measurements.

However, the lower stability of the Rb frequency normal is not a problem as its drift

can be well monitored using GPS as described in Sec. 5.2.3. For receiving the signal,

we employ the same type of antenna as for transmitting: the vertically polarized
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aircraft L-band communication antenna from Sensor Systems (S65-5366-715) located

on the bottom of the fuselage facing downwards.

The signal received by the antenna is first pre-filtered and then amplified using

a custom built low noise amplifier (LNA) with 35 dB gain. Afterwards, the signal

can be attenuated using a step attenuator in order to use the full dynamic range

of the analogue-to-digital-converter (ADC). The resulting signal is recorded by a

data grabber that is realized on a National Instruments PXIe platform [97]. The

device downconverts the measured signal to the baseband, samples it, and stores

the samples on an array of solid state drives (SSDs). The entire PXIe system uses

the 10MHz output of the Rb frequency normal as reference frequency. The onboard

multi-frequency GNSS receiver (Septentrio PolaRx2e) serves two tasks. First, its

post-processed measurements are taken as reference or the aircraft position. Second,

similarly to the transmitter, the GNSS receiver monitors the drift of the Rb frequency

normal with respect to GPS time.

The ground and airborne crew stay in contact using satellite phone connection.

Before the installation of hardware in an aircraft a lengthy certification process is

required by German law.

5.2.2 Channel Sounding Signal

The channel sounding signal used in the measurements is a multitone signal [82]. In

its structure it is similar to an orthogonal frequency division multiplexing (OFDM)

signal with constant subcarrier amplitude, but pseudo-random, non-discrete phases

of each subcarrier, and no cyclic prefix. The inverse discrete Fourier transform

(IDFT) size is Nfft = 12800 with Nc = 5120 subcarriers being used by the channel

sounding signal1. The phases of the subcarriers are chosen as Newman phases ac-

cording to [98]. Thus, the frequency domain transmit signal Fs of one period of the

channel sounding signal can be expressed as a vector

Fs =




 0, .., 0
︸ ︷︷ ︸

length7680/2

, ejπ
([0,..,Nc−1])2

Nc , 0, .., 0
︸ ︷︷ ︸

length7680/2






T

(5.1)

where each element represents a sample and Nc defines the number of used subcar-

riers. The transmit signal Fs is then converted to the time domain using a Nfft point

IDFT resulting in s. The time domain signal s is stored on the AWG for transmis-

sion. Fig. 5.4 shows the time and frequency domain signal of the channel sounding

1 The oversampling of a factor of 2.5, i.e., using 7680 guard carriers, is necessary due to compati-

bility reasons.
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Figure 5.4. Oversampled time and frequency domain representation s and Fs of the channel

sounding signal.

signal. The resulting transmit signal s exhibits a low peak-to-average-power-ratio

(PAPR) of 2.6 dB. Therefore, the power amplifier can be used effectively with a

small required backoff (headroom) to prevent operation in the non-linear domain.

Tab. 5.1 summarizes the key parameters of the sounding signal. The time period

of the transmit signal is set to tsymb = 512µs, determining both the maximum re-

solvable Doppler frequency, fd,max = (2tsymb)
−1, as well as the maximum range,

dmax = tsymb ca, which can be resolved without ambiguities. The value for the the-

oretically resolvable Doppler frequency is well above 760Hz, the maximum value

experienced during the measurements. Similarly, the maximum resolvable range is

significantly higher than the corresponding experienced maximum multipath com-

ponent (MPC) delay.

To be able to measure the propagation characteristics of the channel up to the

radio horizon, we assume the signal must be detectable at a maximum distance of

400 km. With a transmit power of 37 dBm at the HPA output and 2 dBi gains for

the receive and transmit antennas, the signal is received at −110 dBm assuming free

space path loss (FSPL) for 400 km distance. Integrated over one transmit symbol

(tsymb = 512µs), the signal-to-noise-ratio (SNR) after correlation over the thermal
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Table 5.1. Channel sounding signal key parameters

Parameter Value

Carrier frequency (fc) 970MHz

Signal bandwidth (∆fBW) 10MHz

Transmit power (@ HPA output) 37 dBm

Used subcarriers (Nc) 5120

AWG IDFT size (Nfft) 12800

Symbol duration (tsymb) 512µs

Range resolution (dres) 30m

Max. resolvable range (dmax) 153 km

Max. resolvable freq. (fd,max) 977Hz

noise floor is 31 dB using the realistic assumption of a system noise temperature of

300K.

5.2.3 Measurement Procedures

The characterization of the AG radio channel is based on the channel transfer func-

tion. In this section, we explain how we calibrate the measurement system to be

able to estimate the transfer function. The calibration allows us to compensate time-

invariant contributions caused by the measurement hardware, e.g., distortions by

the analog hardware. We further describe the time synchronization between ground

station and aircraft, which is mandatory to investigate the impact of the propagation

channel on ranging.

Calibration

In order to compensate the influence of the hardware components on the recorded

signal, a calibration is performed prior to the actual channel sounding measure-

ment. We define calibration to be the estimation of the transfer function of the entire

hardware setup, including receiver and transmitter hardware except the antennas.

Hereby, the impact of both the transmitter and receiver hardware, as well as the

clock offset at the moment of calibration, are inherently taken into account. The

calibration signal is measured like a regular channel measurement, with the only
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difference that the receiver and transmitter clocks are synchronized by cable and

the transmitter is directly connected to the receiver by their antenna cables using a

110 dB attenuator, as depicted in Fig. 5.3.

At the receiver side, after downconversion and ADC, the baseband transfer func-

tion of the hardware setup (including the attenuator) can be expressed as

hHW,f = cf ⊘Fs, (5.2)

where cf is the discrete Fourier transform (DFT) of the recorded calibration signal

c. The element-wise division is denoted by ⊘.

Measurement Principle

The channel transfer function hf between the transmitter and receiver can be esti-

mated as [82]

hf = yf ⊘ cf , (5.3)

where yf denotes the DFT of the received time domain signal y. Hereby, the DFT of

the previously measured calibration signal cf accounts for all imperfections of the

hardware setup, e.g distortions by the analog hardware. Note that the calibration

measurement does not take the characteristics of the antennas into account. As the

antennas cause only a very minor additional propagation delay due to their size,

we neglect their influence on the measured signal in terms of ranging. In terms of

received power, we treat the antennas as part of the channel.

Time Synchronization

To measure the absolute propagation delay of the individual MPCs, the ground sta-

tion and aircraft have to rely on a common time reference. If a time drift between the

ground station and aircraft clocks occurs, the measured channel impulse response

will exhibit a propagation independent time variant shift in terms of the delay. Dur-

ing the calibration, i.e., before the start of the measurement, the frequency normals

are synchronized as described in Sec. 5.2.3 and visualized in Fig. 5.3. Additionally, to

verify the employed time synchronization method, the frequency normals are com-

pared immediately after each measurement flight. To synchronize the ground and

airborne frequency normals during the calibration, we connect the pulse per second

(PPS) output signal of the Cs frequency normal to the PPS input of the Rb normal

located in the aircraft. This connection allows the Rb frequency normal to adjust

to the more stable Cs oscillator. The synchronization of the frequency normals is

visually verified using an oscilloscope.
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During the measurement, both frequency normals drift apart from each other.

Hereby, the main contributor is a random walk of the frequency normals, especially

for the less stable Rb frequency normal. Additionally, the flight dynamics and cabin

environment, i.e., change of gravitational field, magnetic field, acceleration, vibra-

tions, and temperature are responsible for an additional change of the frequency

as described in [99]. These effects are mostly random and cannot be deterministi-

cally predicted. The changes in frequency of the two frequency normals integrate

over flight time, thus resulting in time-variant additive delay, common for all prop-

agation paths. However, this delay can be monitored by relating the output of the

frequency normals against a common time reference which is observable at both the

ground station and aircraft. In our campaign we use GPS time for this purpose.

More specifically, the GPS receivers are not only used for positioning but addition-

ally as timing reference, as for a position solution also the receivers clock offset to

the GPS time is estimated. As the GPS receivers make use of the 10MHz output

of the frequency normals, the change in the estimated receiver clock offset of each

position solution allows monitoring the frequencies of both, the ground based Cs

and airborne Rb frequency normal. Therefore, the drift caused by the changes in

frequency of the two frequency normals can be estimated. In order to increase the

precision, the GPS measurements are post-processed. The post-processed real time

kinematic (RTK) solution, calculated using the software Novatel GrafNav [99], has

an estimated accuracy for the clock offset calculation of 230 ps (7 cm/ca) for both

ground and airborne frequency normals.

The clock corrections are always related to the time of calibration tcal, at which

we define the frequency normals as synchronized. Therefore, the clock offset τRT(t)

between the ground station and aircraft can be expressed as

τRT(t) = (τR(t)− τR(tcal))− (τT(t)− τT(tcal)). (5.4)

The knowledge of the clock offset allows a post-processing based synchronization

of the measurement setup for the entire duration of the measurement.

In Fig. 5.5, we show the offset of the ground station and aircraft clocks to GPS

time for the flight conducted on November 14th 2013 - see Sec. 5.3. The x-axis shows

time relative to the takeoff time tcal as reference. From Fig. 5.5 the higher stability of

the ground station’s Cs frequency normal, compared to the Rb frequency normal at

the receiver site becomes obvious. This may be explained by, first of all, the higher

stability of the Cs over the Rb frequency normal, and second, the less severe vibra-

tion and acceleration the Cs frequency normal on ground is exposed to, compared

to the Rb frequency normal located in the flying aircraft. Note that over the duration
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Figure 5.5. Clock offset to GPS time of the ground station and aircraft clock referenced to the

calibration time instant tcal for the flight conducted on November 14th 2013.

of the flight, an offset of approximately 100 ns, corresponding to a distance of 30m, is

observed at the receiver side. The Cs frequency normal exhibits no significant drift

compared to GPS time. Additionally, a strong correlation between the flight pattern

and the clock offset of the airborne Rb frequency normal can be observed. Due to

the aircraft altitude information in Fig. 5.5, we are able to identify significant flight

events, such as takeoff, and landing - see Fig. 5.10 for comparison. All events have

an impact on the clock drift of the airborne frequency normal. While the aircraft is

on ground, the drift is relatively linear, yet after takeoff the linearity is lost. This

behavior can be explained by the physical influences on the frequency normal [99].

A detailed investigation of these effects on the frequency normal is left outside the

scope of the paper.

With the employed measurement setup, we are not able to determine the accu-

racy of the GPS solution exactly. Nevertheless, it is possible to check the plausibility

of the estimated accuracy of the GPS solution of 7 cm/ca and provide some degree

of verification for synchronization between ground station and aircraft.

As described above, we perform a calibration before the flight. Additionally,

there is another measurement immediately after landing. Both times the receiver

is directly connected to the transmitter via cable as shown in Fig. 5.3. Comparing

the calibration measurement with the measurement after the flight exhibits a time
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shift due to the relative frequency offset of the ground station and aircraft frequency

normals. Therefore, using the clock corrections, allows a check of the accuracy of

the system’s time synchronization. A qualitative evaluation for all scenarios shows

a maximum time synchronization error of about 0.6 ns, relating to a maximum dis-

tance of approximately 0.2m. Note, however, that this value includes only the errors

due to time synchronization and no other influences, e.g., imperfect determination

of the transmit and receive antenna position for the range measurement as described

in Sec. 5.2.5.

5.2.4 Reference Range Calculation

The range is defined as the geometrical distance between the antennas of the aircraft

and the ground station. As we discussed in Chapter 2 for terrestrial radionavigation

systems the ranging error, i.e., the difference between the estimated and true range,

is of great interest. For the calculation of the ranging error a reference range is re-

quired. This reference range is based on GPS position measurements. For the calcu-

lation of the aircraft position, two effects have to be compensated for: the difference

in position of the GPS antenna and the L-band measurement antenna onboard the

aircraft, and the effect of the troposphere on the signal propagation.

Antenna Position Correction

The post-processed GPS solution provides only the position of the GPS antenna.

Therefore, the relative position of the GPS antenna on the aircraft to the L-band

receive antenna needs to be considered. Fig. 5.6 shows the locations of the two

antennas on the aircraft. Due to the different positions of the antennas, the path

length ‖dGPS‖ calculated based on the GPS positions differs from the propagation

path length ‖dANT‖ between the receive and transmit antenna. Hereby, ‖ · ‖ de-

notes the Euclidean norm. The corresponding bias ‖dANT‖ − ‖dGPS‖ depends on

the position and attitude of the aircraft, i.e., yaw, pitch, and roll angles. This bias

can be corrected using the data recorded by the aircraft inertial navigation system

(INS). Therefore, we determine the vector dAC pointing from the GPS antenna to the

measurement antenna in the aircraft’s local coordinate system on ground before the

measurement flight. Rotating this vector by yaw ϕY, pitch ϕP, and roll angle ϕR,



82 Chapter 5. Flight Trial Setup

Transmit
Antenna

Receive
Antenna

GPS
Antenna

dAC

dNED

dGPS

dANT

ϕP

Figure 5.6. Visualization of the antenna position correction. For simplicity we show the 2D case

for a significant pitch angle ϕP.

given by the INS measurements, allows conversion of the vector dAC into a local

north-east-down (NED) coordinate system, resulting in dNED

dNED =






cosϕY − sinϕY 0

sinϕY cosϕY 0

0 0 1




×






cosϕP 0 sinϕP

0 1 0

− sinϕP 0 cosϕP






×






1 0 0

0 cosϕR − sinϕR

0 sinϕR cosϕR




dAC.

(5.5)

Converting dNED, with respect to the reference point dGPS, to a global metric coordi-

nate system, such as earth-centered earth-fixed (ECEF) [100], allows a calculation of

dANT.

Compensation of the Tropospheric Delay

Another error source that has a significant impact on ranging is the troposphere.

The troposphere introduces a bias on the estimation of the line-of-sight (LoS) path

length, depending on the link distance and the elevation angle, at which the aircraft

is seen from the ground station site.

With increasing altitude, the thinning air leads to a change of the air’s refrac-

tive index: the speed of propagation increases compared to the speed of light near

ground which is usually slightly smaller than the speed of light in vacuum. The

increase of the speed of light has two major consequences which can lead to signif-

icant errors in the path length estimation. First, assume a constant speed of light at

the value valid at ground level. The path length estimation error is as large as 35m
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Figure 5.7. Millman model of the troposphere. The number of layers used for the correction of

the troposphere is significantly higher as the depicted three layers (about 100 layers).

for an aircraft traveling at 10 km AMSL at a distance of 350 km to the ground sta-

tion at 652m AMSL. Second, the decreasing refractivity of consecutive layers in the

troposphere bends the electromagnetic wave. Therefore the path length increases

leading to a positive bias compared to the geometrical LoS distance. For an aircraft

at 10 km AMSL at a distance of 350 km the resulting bias is about 2m.

Both effects can be corrected by applying a model for the troposphere. For the

correction we use the model and formulas derived in [16]. Hereby, the troposphere

is divided into layers as visualized in Fig. 5.7. We observe, that the length of the bent

path d̃ is longer than the direct path length d. This is due to the refraction occurring

at the layer boundaries, i.e., the angle of incidence ιi is different to the refraction an-

gle ιr. The relation between the two angles is described by Snell’s law and depends

on the refractivity of each layer. The refractivity of each layer depends on the air

pressure and the relative humidity. We use meteorological data collected by the air-
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Figure 5.8. Tropsphere correction for the flight conducted on November 20th 2013 (part 2).

During the time between 25 and 45min a correction cannot be calculated as the aircraft is behind

the radio horizon.

craft’s measurement system to take the relative humidity at different altitudes into

account. Due to the refraction of the signal the geometrical elevation angle θ the

aircraft is seen under is different to the angle the signal leaves the ground antenna θ̃

to reach the aircraft.

We define the additional delay due to the troposphere as

τTropo = τbent − τstraight (5.6)

where τbent defines the propagation time for the bent path assuming a variable prop-

agation speed calculated using [16] and the propagation time for the direct path

τstraight where we assume a speed of propagation in vacuum.

Fig. 5.8 shows the troposphere correction for the flight conducted on November

20th 2013 (part 2) - see Sec. 5.3. The correction mitigates the error caused by assum-

ing a constant speed of light for the range calculation (speed of light at sea level).

The different correction values for the outward and return flight are due to the lower

altitude on the way back (compare Fig. 5.14).
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Table 5.2. Error contributions degrading the measurement system’s performance (A: aircraft, G:

ground station)

Error description Loc. Error (std)

Random errors

GPS time A 7 cm/ca

GPS time G 7 cm/ca

GPS pos. A 10 cm

L-band ant. pos. A 50 cm

Systematic errors

Tx ant. pos. G 10 cm

Calibration A/G 10 cm

5.2.5 Approximation of the Overall Measurement Error

In the following, we identify the major error contributions which degrade the

setup’s accuracy with respect to range measurements. Tab. 5.2 gives an estimate

of the errors expected from each contribution. Please note that each number should

be seen as an educated guess rather than an exactly measurable figure. Neverthe-

less, the list allows us to check the plausibility of the results presented in Chapter 6.

The accuracy of the GPS position and time solution in the measurement influ-

ences the monitoring of both the ground and airborne frequency standard as well as

the ground truth for the aircraft position. It therefore contributes to three different

error sources. The GPS raw data is processed using NovAtel GrafNav [96]. As part

of the processing the standard deviation of the three dimensional position and time

solution solution is estimated. The average standard deviation of the three error

sources is given in Tab. 5.2.

For the estimation of the L-band antenna position based on the GPS antenna

onboard the aircraft, we measured the vector connecting both antennas dAC. The

vector dAC contains a systematic error that is randomized by possibly erroneous

INS measurements for the yaw, pitch and roll angles.

As the location of the transmit antenna is fixed, its position can be very precisely

measured over a long time down to millimeter accuracy using a post processed GPS

solution. However, it is impossible to setup the L-band antenna in a way that its

phase center is at exactly the same position as the phase center of the GPS antenna.

Thus, a bias is introduced. Another systematic error is caused by the calibration

process. Several cable connectors have to be disconnected and reconnected during
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the calibration process. Possibly imperfect connections may introduce a systematic

error here. An error introduced by receiver noise during the calibration is negligible

due to the high SNR.

From the very rough approximation in Tab. 5.2 we conclude that a ranging typ-

ical error due to the setup is expected to be below 60 cm. Note however, that this

value does not include model errors for the correction of the troposphere. The tro-

pospheric error depends on the composition of the different air layers in the tropo-

sphere and their properties, e.g., pressure, temperature, and water content. As the

exact modeling of this highly complex system is beyond the scope of the paper, we

treat the remaining error after application of the troposphere correction as part of

the range estimation error that is part of the channel.

5.2.6 Interference

The channel sounding is performed in the lower L-band between frequencies of

965MHz and 975MHz. Although, no other civil users are assigned to the band, inter-

fering signals were experienced during the measurements. The interference sources

can be divided into two categories:

The first category consists of onboard equipment which can act as an interferer.

Despite operating in a different frequency range, these systems introduce electro-

magnetic wideband interference. The most critical example is the onboard distance

measuring equipment (DME) transponder. It operates in the frequency band from

1025 to 1150MHz and has a typical maximum transmit power of up to 60 dBm (1 kW)

[22]. The channel sounding signal is received with a power level between −60 to

−105 dBm. Despite the large frequency separation, the high transmit power of the

onboard DME usually saturates the receiver’s LNA as the input low noise bandpass

filter cannot completely suppress the out of band radiation caused by the DME.

Fig. 5.9 shows a typical example for the DME wideband interference on the channel

sounding signal. The DME signal has a very low duty cycle of about 3% leading to

a corruption of only a small part of the measured data that can be easily detected as

described in Sec. 4.3.

The second category of interferers is the same frequency for transmissions as the

measurements. These interferers might be of military origin, e.g., Joint Tactical Infor-

mation Distribution System (JTIDS) [22]. A closer investigation of such interferers is

difficult as their origin is normally unknown. Nevertheless, a basic characterization

of the in-band interferers can be done using data collected during all flights. Most of

the observed interfering signals occupy a bandwidth smaller than 15 kHz and their

total power is typically more than 10 dB below the channel sounding signal’s receive
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Figure 5.9. Typical DME wideband interference. The power is normalized to the channel sound-

ing signal power. The spacing between the two pulses is 12µs which matches the DME pulse

spacing for in the X channel.

power. Due to the low power and the high correlation gain of the channel sounding

sequence, we deem their influence on the channel measurements as negligible.

5.3 Flight Routes

In this section we describe the different flight routes used for measuring the AG

channel in November 2013. Hereby, we focus on flights during which a 10MHz

channel sounding sequence was emitted from the ground station. During the mea-

surements two flights were conducted on November 14th and 20th. The total flight

time is 3:31 h. The flight tracks and range-altitude plots of the flights are shown in

Fig. 5.11 through Fig. 5.11. The position of the ground station is marked by a cyan

cross.

Apart from 10MHz measurements, six other flights were conducted using differ-

ent variations of an L-band Digital Aeronautical Communication System (LDACS)

communication signal. Those flights took place in November of 2012 and 2013 and

are described in [101]–[104]. Parts of the LDACS measurement data is used in Chap-

ter 7 for the validation of the channel model proposed in this dissertation.
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Flight 1: November 14th 2013

The aircraft flies around the ground station at a link distance of up to 50 km. Each

orbit is done at altitude levels from 3 km to 9 km AMSL. The altitude transitions be-

tween the orbits are executed on circular trajectories in the north-west of the ground

station.

Flight 2: November 20th 2013 - Part 1

Three missed approaches are flown at very low altitudes of 30m to 330m AGL.

Hereby, we experience very strong banking angles of up to 45◦.

Flight 2: November 20th 2013 - Part 2

The aircraft ascends to cruising altitude and accelerates to cruising speed flying on

a straight northward course. The course is held until the ground station disappears

behind the radio horizon. At a distance as of 450 km the aircraft turns around and

returns to the ground station. During the first half of the cruise the aircraft’s altitude

is 11 km, whereas on the way back it travels at 9 km AMSL. At at distance of 200 km

the aircraft begins its final descend towards the airport. Due to the large distance,

the aircraft is usually seen at a very low elevation angle from the ground station.
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5.3.1 Flight 1: November 14th 2013
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Figure 5.10. Flight route on the November 14th 2013. c©Google
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Figure 5.11. Flight route on the November 14th 2013.
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5.3.2 Flight 2: November 20th 2013 - Part 1
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Figure 5.12. Flight route on the November 20th 2013 (1st part). c©Google
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Figure 5.13. Flight route on the November 20th 2013 (1st part).
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5.3.3 Flight 2: November 20th 2013 - Part 2
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Figure 5.14. Flight route on the November 20th 2013 (2nd part). The radio horizon (aircraft

altitude of 10 km) is marked in black. c©Google
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Figure 5.15. Flight route on the November 20th 2013 (2nd part).
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5.4 Summary

In this chapter we present details on the channel sounding flight experiments con-

ducted as part of this dissertation. We discuss the employed hardware setup, syn-

chronization concept, calibration procedures, and investigated flight patterns.

The main challenge when designing the setup is to guarantee time synchroniza-

tion between ground station and aircraft. This synchronization is required as we

aim to investigate also navigation systems where absolute path lengths matter (in

communication systems taking the MPC parameters relative to the LoS signal pa-

rameters is usually sufficient). The synchronization is achieved by relating both

atomic clocks to an absolute time basis, in our case GPS time. The method is able

to provide sub-nanosecond accuracy when using a post-processed GPS solution.

As we can relate each recorded sample to GPS time, we are able to determine the

exact time offset between each sample of the calibration and measurement. This

allows the calculation of absolute propagation path lengths. Note that using high-

end GNSS receivers, i.e., multi-frequency, multi-constellation, the same method can

essentially be used to provide real-time synchronization between a geographically

separated stations down to a few nanoseconds.

Another challenge is the determination of a precise ground truth: using an INS

the exact position of the antenna used for channel sounding can be calculated. The

effects of the troposphere can be well mitigated using a model from literature.

A regulatory challenge is the hardware certification process of the setup into the

aircraft. This process has to be finished weeks before the flight trials. After the

certification is completed the setup cannot be altered anymore. Conservative and

stringent time planning is mandatory for the success of flight trials.

Overall we can conclude that the setup is suitable for investigating both multi-

path structure and absolute propagation time of the radio signals in the AG chan-

nel. The presented measurement system allows to setup to be used also for other

frequency bands with only minor modifications in all kind of different environ-

ments. The achieved accuracy of the synchronization and the ground truth also

is well suited for measurements with higher bandwidths.
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6.1 Overview

In Chapter 4 we described algorithms to analyze the propagation characteristics of

the air-ground (AG) channel. In this chapter we apply these algorithms to the chan-

nel sounding data collected as described in Chapter 5. We start by providing using

results on the line-of-sight (LoS) signal power in Sec. 6.3. We then present results on

the statistical properties of the channel in Sec. 6.4, the estimation of the multipath

component (MPC) parameters in Sec. 6.5, and the localization of the reflectors caus-

ing MPCs in Sec. 6.6. Results presented in this chapter are then used in Chapter 7

for the parameterization of the channel model to an regional airport environment.

In the following we use a block size of I = 125. Hence, the channel and MPC

parameters are estimated with a rate of 15.625Hz. During one block the link distance

changes on average by 7.3m or 24 multiples of the wavelength. The estimation rate

also defines the physical Doppler frequency resolution of 15.625Hz. We assume the

channel to be stationary over the duration of the block.

Parts of the results in this chapter have been published in [11], [20] and submitted

for publication to [10].

6.2 Definition of Flight Scenarios

The propagation characteristics of the AG channel strongly depend on the underly-

ing geometry, i.e., aircraft altitude, speed, and distance to the ground station. From

the total measurement duration of 3:31 h we select three scenarios to be represen-

tative for the different phases of the flight shown in Fig. 6.1. The selection of those

three scenarios allows the analysis of the AG channel in the dependence of the un-

derlying geometry:

The three scenarios are:

1 43 52 6 7 8
Takeoff

TaxiParked Climb Cruise Descent Approach
Landing 

(EC)(TL) (CD) (TL)(CD) (TL)

Departure Taxi

Figure 6.1. Phases of flight according to [105].
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Table 6.1. Parameters of the investigated flight scenarios

Scenario TL CD EC

Duration [min] 15 44 16

Rx-Tx dist. [km] 0.5− 7.3 20− 80 80− 250

mean 4 37 186

Speed [m/s] 63− 106 127− 222 192− 235

mean 88 171 214

Altitude [m/km] 30− 315 3− 9 8− 10.4

mean 186 6.4 9.7

[m] AGL [km] AMSL [km] AMSL

• Takeoff & landing (TL): We simulate takeoff, approach, and landing by flying three

missed approaches at low altitudes of 30m to 330m above ground level (AGL).

Each missed approach is followed two steep 180◦ turns (banking angles of up to

45◦) - see flight 2 (part 1) Sec. 5.12. We additionally consider the take takeoff and

landing from flight 1 into account - see Sec. 5.10.

• Climb & descent (CD): The aircraft ascends and descends at distances of up to 50 km

at altitude levels from 3 km to 9 km above mean sea level (AMSL). The flight seg-

ments for this scenario are mainly taken from flight 1 - see Sec. 5.10. Two shorter

segments from flight 2 (part 2) are also considered.

• Enroute cruise (EC): The aircraft travels at a large distance from the ground station

at normal cruising speed. During the first half of the trip the aircraft’s altitude is

10.4 km, whereas on the way back it travels at 8.9 km AMSL. The flight segments

of the EC scenario are taken from flight 2 (part 2) described in Sec. 5.14.

The key flight parameters for each scenario are summarized in Tab. 6.1.

6.3 Line-of-Sight Signal Power

In the following we provide results on the LoS signal power. By the LoS signal

power we understand the power received in the first delay bin: in most situations

the signal in the first delay bin does not only consist of the LoS signal, but also,

due to its short excess delay relative to the reciprocal of the signal bandwidth, the

ground MPC.
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Figure 6.2. Distribution of the LoS signal power for the three scenarios.

We start by analyzing the statistical distribution of the LoS signal power in

Sec. 6.3.1. The non-stationarity of the AG becomes apparent when we inspect the

LoS signal power as a function of the aircraft position in Sec. 6.3.2.

6.3.1 Statistical Distribution

In Fig. 6.2 we show the distribution of the LoS power for the three scenarios.

Although being normalized to free space path loss (FSPL), the LoS signal power

experiences variations which are mainly caused by two effects.

First, due to the ground reflection described in Sec. 3.3.4: depending on the

power of the MPC, the LoS signal can be amplified by 6 dB or strongly attenuated:

maximum fades exceeding an attenuation of 20 dB are observed, which matches re-

sults from other flight trials [59], [67].

Second, the variation of the LoS signal power may be caused by the involved

antennas as well as effects due to the airframe as discussed in Sec. 3.3.6 and Sec. B.

The antennas themselves are monopoles mounted on a ground plane and have max-

imum gains of about 4 dBi - see Fig. 3.5. When the aircraft is banking, the combined

gain of both antennas may significantly vary, e.g., more than 10 dB. The airframe

may influence the received power due to shadowing, e.g., by a wing during turns,

or reflections off parts of the fuselage. As the influence by the airframe and antenna
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patterns are usually hard to separate, they are often considered jointly as a so called

aircraft pattern [106], [107]. Analyzing the locations at which a strong attenuation

of the LoS signal appears, show that both effects mentioned above can individually

cause attenuation of the LoS signal exceeding 20 dB.

The maximum LoS signal power of 8.8 dB (relative to FSPL), 6.4 dB, and 4.2 dB

for the scenarios is reasonable considering the maximum antenna gains and a 6 dB

amplification due to ground multipath propagation.

Comparing the results for the three scenarios shows that during the TL the high-

est variation of the LoS signal power of 23 dB (90% percentile) is observed. A large

part of this variation is attributed to the aircraft pattern: in the TL scenario the air-

craft experiences large banking angles; therefore, the elevation angle under which

the airborne antenna sees the ground station changes. The result is a strongly vary-

ing LoS signal power, as the antenna gain is very sensitive to changes in the angle

of arrival. Additionally, the large banking angles introduce shadowing by the air-

frame.

The CD scenario shows also a high variability of the LoS signal power of about

20 dB (90% percentile). Hereby, the fading of the LoS signal path can be attributed,

mainly to ground multipath and the aircraft patterns.

The LoS signal power variation of 10 dB (90% percentile) in the EC scenario can

be attributed to two effects: firstly, ground multipath propagation leads to variations

in the power of the LoS signal. Compared to the other scenarios, due the larger link

distance, the resulting geometry leads to fades which last significantly longer in the

EC scenario1. Secondly, we observe that the LoS signal is received at two distinct

power levels. As the aircraft antenna has a different gain in the aircraft’s forward

and backward movement direction, the two power levels represent the aircraft fly-

ing away and towards the ground station.

6.3.2 Non-Stationarity

In the following we analyze the LoS signal power as a function of the aircraft posi-

tion. The presented results allow us to investigate the effects of ground multipath

propagation. The aircraft position is first expressed geographically. Additionally,

we investigate the LoS signal power against the angle the aircraft is seen from the

ground station.

1This fact is important to note, as it is not visible from the statistical distributions shown in Fig. 6.2.
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Geographical Position

In Fig. 6.3 we plot the LoS signal power against the aircraft position [20]. To mini-

mize the effects of the airborne antenna we exclude flight situations where the air-

craft is turning steeply.

From Fig. 6.3 we notice that the ground MPC is not always present: when the

aircraft is flying on a trajectory straight north a periodic variation of the LoS signal

power can be observed. This variation is a clear indicator of the presence of one

ground MPC and the resulting the 2-ray effect. However, on a similar straight tra-

jectory in the northeast of the ground station no variation of the power is observed.

No ground MPC is present: the ground MPC may either be shadowed, e.g., by a

building, or is of very weak power, e.g., due to a poorly reflecting ground surface.

Apart from the periodic variation of the LoS signal power, a second effect can

be observed: when the aircraft is flying on an orbit around the ground station fades

may last for a long duration. A part of the LoS signal attenuation can most likely be

attributed to ground multipath propagation - see Sec. 2.3.1. However, as we show

in App. B, the aircraft pattern adds another significant contribution to the fading.

Unfortunately, an approximation of the degree each of the two effects contribute to

the fading is not possible with the available data.

Angular Position

In Fig. 6.4 we show LoS power against the aircraft position in the angular domain2

(as seen from the ground station). The LoS signal power is color coded using the

same coding as in Fig. 6.3.

Similarly to Fig. 6.3, Fig. 6.4 visualizes the non-stationarity of the channel: fades

of the LoS power may last for a long duration. Periodic fades of the LoS signal power

due to ground multipath propagation or aircraft pattern can be observed. Due to

the ground antenna being located on top of a high building no ground shadowing

appears (except for the aircraft disappearing behind the radio horizon - marked

using an ‘H’).

6.4 Multipath Channel Statistics

In this section we present statistical results describing the multipath structure of the

AG channel: results on the distribution of the power delay profile (PDP) in Sec. 6.4.1,

2 For details on the generation of the calibrated panorama image refer to App. E.
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Figure 6.3. LoS signal power against the geographical aircraft position. c©Google

Figure 6.4. LoS signal power versus aircraft position in the angular domain (as seen from the

ground station antenna). The top shows the northern, the bottom the southern hemisphere.



100 Chapter 6. Measurement Results

of the Doppler power profile (DPP) in Sec. 6.4.2, and of the root-mean-square (rms)

delay spread in Sec. 6.4.3.

6.4.1 Power Delay Profile

In Fig. 6.5 we show the distribution of the power over the excess delay (relative to

the LoS signal delay τLoS), i.e., the distribution of the PDPs, for the three scenarios.

The plots are generated by using all PDPs measured during one scenario: based on

the selected PDPs we estimate the distribution of the power in each delay bin using

a Gaussian kernel smoother [108]. The probability in Fig. 6.5 is color coded using a

logarithmic scale. The received power is normalized to FSPL.

We can make the following observations: with an increasing link distance, a de-

creasing number of different MPCs is received. However, the remaining individual

MPCs become more distinct and have a higher probability. With increasing distance

the variation of the elevation angle, under which the aircraft is seen by the ground

station, becomes smaller. The result is a smaller variation of the geometry, i.e., re-

flectors causing MPC stay in view for a longer time. As the Doppler frequency is

proportional to the derivative of the delay, a large distance results in MPCs with

small excess Doppler frequencies as shown in Sec. 6.4.2.

In the TL scenario the signal power distribution indicates the existence of nu-

merous propagation paths, both distinct and diffuse. The most likely explanation

is the small link distance causing the continuously changing geometrical relations

under which the ground antenna and its surroundings are seen. Compared to the

other scenarios, the power decays the slowest: at an excess delay of 4µs the power

is still significantly above the noise floor which might result from a higher signal-to-

noise-ratio (SNR) due to the smaller distance.

In the CD scenario we observe more MPCs but fewer distinct ones. Compared

to the EC scenario the distribution is more spread. A larger spread means that the

channel’s multipath structure exhibits larger variations which may be explained by

the more rapid changes of the geometry compared to the EC scenario.

In the EC scenario, only distinct peaks can be seen. The sharp peaks indicate that

each path is visible for a long time period. However, it is important to note that the

higher noise level may shadow weaker MPCs.

6.4.2 Doppler Power Profile

In Fig. 6.6 we show the distribution of the power over the excess Doppler frequency

(relative to the Doppler frequency of the LoS signal νLoS), i.e., the distribution of the
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(b) Climb & descent (CD)

0 5 10 15 20

Excess delay [µs]

-50

-40

-30

-20

-10

0

10

P
ow

er
[d
B

re
l.

F
S
P
L
]

0.001

0.01

0.1

P
ro
b
a
b
il
it
y

(c) Enroute cruise (EC)

Figure 6.5. PDP for the investigated scenarios.
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Table 6.2. rms delay spreads for the investigated scenarios.

Scenario EC CD TL

Mean [ns] 613 413 315

Median [ns] 526 322 242

Max [ns] 3198 3508 1517

Std. dev. [ns] 348 290 243

DPPs, for three scenarios. The Doppler frequency of a MPC describes the angle from

which the MPC is received (relative to the aircraft movement direction and speed).

As for Fig. 6.5, the probability is color coded using a logarithmic scale. The received

power is normalized to FSPL.

From Fig. 6.6 the following observations are made:

For an aircraft flying in close proximity of the ground station, as in the TL sce-

nario, a significant contribution of power on Doppler frequencies other than the

one of the LoS signal is observed, and therefore, components are received from

all directions. This result is intuitive, as the aircraft flies at very close distance to

the ground station’s scattering environment. Thus, the aircraft observes the reflec-

tors under a variety of different angles of arrival. The maximum excess Doppler

of 580Hz matches well to the largest possible excess Doppler frequency of 660Hz,

determined by the maximum speed of the aircraft of 105m/s.

In the CD scenario, the power is mostly received at the same Doppler frequency

as the LoS signal.

In the EC scenario, all propagation paths arrive with the same Doppler frequency

as the LoS signal. Equivalently, we can conclude that MPCs are seen under the same

angle of arrival as the LoS path as they originate most probably from objects in the

direct surrounding of the ground antenna. This conclusion can be later verified in

Sec. 6.6 using the reflector localization algorithm.

6.4.3 Mean Delay and Delay Spread

The rms delay spread is a standard measure to describe the dispersiveness of a chan-

nel. In Fig. 6.7 we show the distribution of the rms delay spread for each scenario.

The mean, median, maximum, and standard deviation of the rms delay spread is

summarized in Tab. 6.2. For the calculation of the results we only consider signal

components exceeding the 99% noise quantile as described in Sec. 4.4.3

The presented results confirm the observations from the PDP results in Fig. 6.5:
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(a) Takeoff & landing (TL)
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(b) Climb & descent (CD)
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(c) Enroute cruise (EC)

Figure 6.6. DPP for the investigated scenarios.
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Figure 6.7. PDF (solid line) and CDF (dashed line) of rms delay spread for the investigated

scenarios.
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Figure 6.8. Flight segments analyzed to generate the results in Fig. 6.9 and Fig. 6.10 (map

dimensions 250 km× 250 km). c©Google
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for a increasing link distance the power of the MPC decreases. Thus, also the rms

delay spread decreases. Nevertheless, part of the decrease of the rms delay spread

may also be attributed to the decreasing SNR: MPCs may be shadowed by the rising

noise floor

6.5 Multipath Component Parameter Estimation Algo-

rithm

In the last section, we described the key statistical properties of the AG channel.

These statistical properties allow a quantitative characterization of the channel. In

this section, we proceed to a qualitative characterization, analyzing the variations of

the AG channel over a shorter duration. To this end we show the results of the pa-

rameter estimation for the three scenarios: the results demonstrate the performance

of the MPC parameter estimation algorithm described in Sec. 4.5.

For the parameter estimation, the noise quantile thresholds for adding and re-

moving MPCs are set to Qadd = Qrm = 0.99. State variances in Q are chosen heuris-

tically according to the flight dynamics experienced during the flight.

For the generation of the results presented in the following the flight segments

shown in Fig. 6.8 are used. Each 15 s segment is chosen as a representative example

of the three scenarios defined Sec. 6.2. We mark the ground station location by a

cyan cross.

In Fig. 6.9 and Fig. 6.10 we present results of the MPC parameter estimation

algorithm (output of the information filter). The power relative to FSPL is color

coded.

From both Fig. 6.9 and Fig. 6.10 we observe the time variant behavior of the

channel becomes apparent: the parameters of the existing MPCs exhibit a strong

correlation over time. Each of the MPCs, visible as a horizontal line can be associated

with a reflecting object, e.g., a building, using the reflector localization algorithm.

6.5.1 Power

In all scenarios the LoS signal, i.e., the signal in the LoS delay bin, is clearly the most

powerful signal. This result is in line with the results presented in Sec. 6.4.

Comparing the results for the scenarios in Fig. 6.9 the increasing speed of channel

variations for an increasing link distance become apparent: in the EC scenario the

propagation conditions remain very stable: the power |α|2 of the MPCs are almost

constant. However, with a decreasing link distance these power variations occur
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(c) Enroute cruise (EC)

Figure 6.9. Estimated excess delay of the detected MPC.
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(c) Enroute cruise (EC)

Figure 6.10. Estimated excess Doppler frequency of the detected MPC.
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more rapidly: in both the CD and TL scenario the power |α|2 of an MPC may change

by more than 20 dB within a second.

This increasing variation of the power |α|2 can be explained as follows: as we

will later show in Sec. 6.6, reflectors causing MPCs are almost exclusively located

in the near surrounding of the ground station, i.e., less than 5 km away from the

ground station. If the aircraft is traveling at a large distance, the reflection point

on the reflecting object moves slowly: thus, the power variations associated with

the unevenness of an object also occur slowly. When the aircraft gets closer to the

ground station the reflection point moves faster on the reflecting surface resulting

in a faster power variation.

6.5.2 Delay Estimation

The excess delay also experiences faster variations for a decreasing link distance.

While in the EC scenario the excess delay of each MPC remains almost constant, in

the TL scenario the excess delay changes rapidly: changes of the excess delay in the

order of 50 ns s−1 are not unusual.

The more rapid variations of the excess delay are again a result of the geometry:

as shown later in Sec. 6.6 the reflectors causing MPCs are located in the close sur-

rounding of the ground station. If the aircraft is far away, both the distance to the

reflector and to the ground station change in an almost identical fashion. Thus, the

excess delay of an MPC (relative to the LoS signal delay τLoS) only changes slowly.

However, for an aircraft traveling in the close surrounding of the ground station, as

in the TL scenario, the geometry is very different: one reflector might be located be-

hind the aircraft while the ground station is located in front of the aircraft. While the

distance to the reflector is increasing, the distance to the ground station decreases.

Thus, also the excess delay of the MPC changes completely differently.

6.5.3 Doppler Frequency Estimation

The differences for the three scenarios in terms of the MPCs’ excess Doppler fre-

quencies become apparent when observing the scaling of the y-axis. In the TL sce-

nario the maximum excess Doppler frequency is 520Hz. In comparison, in the EC

all MPCs have essentially the same excess Doppler frequency. These results are in

line with the results presented in Sec. 6.4.2. However, due to the super-resolution

property of the parameter estimation algorithm we are able to analyze Doppler fre-

quencies much more accurately: we are able to resolve the Doppler frequency down
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to a fraction of a Hertz. This resolution is far more accurate than the physical reso-

lution of the signal of 15.6Hz used for the generation of Sec. 6.4.2.

The increasing similarity in terms of the MPC excess Doppler frequencies for

an increasing distance can be explained similarly as above in Sec. 6.4.2: seen from

far away, reflectors causing MPCs are seen under almost the identical angle as the

ground station. Thus, the MPCs’ Doppler frequencies is also very similar to the LoS

signal Doppler frequency νLoS.

6.6 Localization Algorithm

We now use those estimated MPC parameters in the reflector localization algorithm

described in Sec. 4.6.

For every MPC u we calculate one reflector location PDF pCu (g). We first use a

coarse grid of 25m to calculate the support of the reflector location PDF pCu (g). The

actual reflector location PDF pCu (g) is then calculated on a finer grid using a grid

size of roughly 50 cm. The result is then re-integrated back to a larger grid.

During the analyzed measurements, due to its altitude, the ground antenna is

higher than all possible reflectors. Thus, the majority of MPCs is most likely caused

by double-bounce reflections with one of the reflections being a reflection off the

ground plane. However, due to the underlying geometry (usually small height of

the ground station over the ground plane compared to the distance between reflec-

tor and ground station), the first reflection only adds a very small delay to the total

MPC delay. Thus, in the vast majority of cases, the assumption of a single bounce

reflection only leads to insignificant errors.

In following we only show lateral MPCs. The ground MPCs, due to their short

delay τ relative to the reciprocal of the signal bandwidth can generally not be de-

tected by the MPC parameter estimation. Thus, the origin of ground MPCs cannot

be localized.

Results on single reflector PDFs are presented in Sec. 7.2.3; for a statistical de-

scription of the reflector locations refer to Sec. 7.2.3.

6.6.1 Single Reflector Probability Density Function

In Fig. 6.11 we show results on the localization of typical reflectors.

For each reflector we show both the satellite image as well as a photograph taken

from the ground antenna location. The PDF indicating the location of the reflector

is color coded covering a range of 20 dB. We normalize the color coding to the max-
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(a) Office building (b) Hangar building

(c) Fence (d) Metal container

(e) Trees (f) Power line

Figure 6.11. Exemplary results of the reflector localization algorithm. c©Google
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Figure 6.12. Aircraft location from which the reflectors shown in Fig. 6.11 are seen (Map size

250 km× 250 km). c©Google

imum of each PDF. The black line indicates the direction from the reflector to the

ground station, the green line the direction from the reflector to the aircraft. The air-

craft locations from which the reflectors are seen are shown in Fig. 6.12. In Fig. 6.12

we mark the ground station locationby a cyan cross.

Overall we observe that the localization algorithm proposed in Sec. 4.6 is able

to accurately estimate the location of the reflector causing an MPC: for the shown

reflectors the law of reflection is obeyed: the angle of incidence equals the reflection

angle.

Most MPCs are caused by nearby office buildings around the ground station,

e.g., such as the one shown in Fig. 6.11a. While the MPC is received the aircraft

is flying at an altitude of 250m. The power of these close-by reflectors is usually

higher than for reflector located at larger distances to the ground station. Fig. 6.11a

demonstrates the benefits of averaging the estimated reflector location PDFs: some

of the individual reflector location PDFs are slightly off the building. Nevertheless,

the averaged reflector location PDF shows the correct location of the reflector.

Reflections are also often received from the large hangar buildings in the east of

the ground station at a distance of 1.5 to 2 km, e.g., as shown in Fig. 6.11b. Due to
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the large dimensions of the hangars the corresponding MPCs are visible for a long

time.

The existence of fences in the ground station environment manifests itself by

long lasting MPCs: the MPC caused by the fence shown in Fig. 6.11c is visible for

over 30 s. The PDF is spread over the lower half of the fence due to the movement

of the reflection point along the fence.

A different type of reflector is shown in Fig. 6.11d: a small metal container causes

an MPC received at the aircraft for more than 10min while the aircraft is traveling

on a straight trajectory towards the ground station. The result in Fig. 6.11d shows

that even small objects, if placed at the right location and the right angle towards

the ground station, can have a long lasting effect on the channel.

Another effect often observed is the scattering of the transmit signal by trees as

shown in Fig. 6.11e. The relevant flight segment is not shown in Fig. 6.12 as it is

50 km further north. MPCs from forest edges often exist but are generally of a very

low power > −45 dB (relative to FSPL).

Rarely reflectors may also be far away from the ground station: the high-voltage

transmission tower depicted in Fig. 6.11f is located 3.7 km away from the ground

station. However, such reflections from far away objects are not observed often - see

Sec. 7.2.3.

6.6.2 Distribution of Reflectors

In the following, we present results on the distribution of reflectors. Fig. 6.13 visu-

alizes the probability of an MPC being received from a certain reflector location for

the three scenarios defined in Sec. 6.2.

The ground station location is marked by a cyan cross. For the generation of

Fig. 6.13, we use a Gaussian kernel smoother to estimate the distribution of the max-

ima of pCu (g), calculated for all MPCs detected during the corresponding scenario

[108].

From the results shown in Fig. 6.13 some general remarks can be made: in the

vast majority of cases, the estimated reflector locations fall on or very close to build-

ings, fences, or terrain features, such as smaller hills or clusters of trees. Occasions

where MPCs are estimated to originate from open areas, i.e., areas without obstacles,

are very rare - see Sec. 7.2.3. It can therefore be concluded that the presented algo-

rithm is able to identify the locations of relevant reflectors with a high fidelity. The

few cases where the algorithm does not provide a physically meaningful output can

most likely be attributed to multi-bounce reflections, a poor parameter estimation

performance, or the ambiguous reflector location PDF.
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Figure 6.13. Distribution of the reflectors for the three scenarios (Map size 8 km × 8 km).
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For all scenarios the majority of MPCs is received from the direct surrounding

of the ground station. We also observe that the aircraft trajectories in the scenarios

have a strong influence on the origin of the received MPCs.

In the TL scenario the aircraft is flying in the direct surrounding of the ground

station at a low altitude. The locations of the reflectors are spread over the entire

map.

In large parts of the CD scenario the aircraft flies westwards of the ground sta-

tion. Apart from reflectors in the direct surrounding of the ground station, the dom-

inant reflectors originate from the hangar buildings east of the ground station. Ad-

ditionally, we observe also the effect of the two fences 1 km south of the ground

station.

In the EC scenario the aircraft travels in the northward direction of the ground

station at cruising altitude. Apart reflectors in the direct surrounding, reflectors

causing MPCs are almost exclusively located south of the ground station. This con-

centration is, as we will show in Sec. 7.2.3, a result of the fact that during the mea-

surements mostly backscattering is observed: reflectors mostly reflect signals back

into the direction of the ground station. Thus, if the aircraft flies in the north of

the ground station it will mostly receive MPCs caused by reflectors from the south

of the ground station. The typical reflectors in this scenario are trees and isolated

buildings.

6.7 Summary

In this chapter we present results characterizing the AG channel. The results are

obtained by applying the algorithms described in Chapter 4 to the measured data

collected during the flight trials described in Chapter 5.

The first result is that the developed algorithms are well adapted to the mea-

sured data collected during the flight trials: the effects of interference - especially

the strong interference by the onboard distance measuring equipment (DME) - can

be well mitigated.

The acquired results offer a deep insight on the properties of the AG channel: we

learn about both the statistical characteristics of the channel and its non-stationarity.

We observe that certain propagation characteristics may persist for seconds or even

minutes - a behavior very unusual for most other prominent channels, e.g., cell

phone communication channels. The non-stationarity is caused by the fact that the

propagation characteristics of the channel are almost exclusively defined by the di-

rect surrounding of the ground station: for an aircraft traveling at a large link dis-
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tance the angles under which the ground station and its surroundings are seen do

not change significantly over time; therefore, also the propagation characteristics

experience only minor changes.

The ability to localize the reflectors causing MPCs provides a deep understand-

ing of the channel: we are able to investigate how the measured channel is connected

to the underlying environment. Therefore, we are now able to not only model the

channel more accurately but also identify specifics about an airport environment

able to cause challenges for a terrestrial communication, navigation, and surveil-

lance (CNS) system.
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7.1 Overview

In Sec. 7.2, we use the channel model architecture presented in Chapter 3 to de-

rive an L-band channel model parameterization for a regional airport environment.

This parameterization includes all model element property distributions defined in

Chapter 3. The channel model parameterization is based on the measured data col-

lected at Oberpfaffenhofen Airport (EDMO) in 2013 - see Chapter 5.

The validation is performed using three methods: first, in a quantitative, statis-

tical manner in Sec. 7.3.1. Second, in Sec. 7.3.2 we present a qualitative validation

using time-series of the measured signal and the signal generated using the model.

Third, we validate the channel model against flight trial ranging experiments in

Sec. 7.3.3.

7.2 Derivation of the Parameterization

In the following we derive a regional airport parameterization for the channel

model. To this end, we go through all model elements defined in Chapter 3 and

derive the associated distributions. We base each of the distributions on results

from the channel sounding experiments described in Chapter 5. The regional air-

port channel model parameterization is summarized in App. A.

7.2.1 Line of Sight Signal

We propose modeling the line-of-sight (LoS) signal power to follow free space path

loss (FSPL). The phase of the LoS signal depends on the propagation path length

and the signal wavelength. Additionally, if complex antenna radiation patterns are

available, the LoS signal phase is a function of both angle of departure and arrival.

If the absolute length of the LoS path is of interest, as it may be for the analysis

of navigation systems, we have to consider the bending of electromagnetic waves

due to the troposphere described in Sec. 5.2.4. We propose modeling effects due to

the troposphere using an established method from literature [16].

In Fig. 7.1 we show the range estimation error (ranging error), i.e., the esti-

mated model range minus the range based on Global Positioning System (GPS) -

see Sec. 5.2.4, with and without compensation of the troposphere for the three sce-

narios.

We observe that for the takeoff & landing (TL) scenario (due to the short link dis-

tance) a correction of the tropospheric effects is not required: both the compensated
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Figure 7.1. Residual delay estimation error with and without tropospheric correction.

and uncompensated delay estimation errors are identical. However, for an increas-

ing link distance the effects of the troposphere become more visible: in the climb

& descent (CD) scenario (average link distance: 37 km) a bias of 3m remains if the

tropospheric effects are not compensated for. For the enroute cruise (EC) scenario

(average link distance: 180 km) the bias grows to 25m.

If the tropospheric effects are compensated the remaining bias is 1m or less for

all three scenarios. This error is within the inaccuracy of the measurement setup

described in Sec. 5.2.5. The most likely explanation for the high remaining bias in

the TL scenario is the blockage of the LoS path by the aircraft fuselage during steep

turns. This attenuation of the LoS signal increases the relative power of multipath

components (MPCs) and thus their impact on the range estimation.

Note that in the channel model the effect of the troposphere is modeled not only

for the LoS path, but also for all other MPCs using the method described in [16].

7.2.2 Ground Multipath Component

We propose modeling ground multipath propagation by characterization of reflect-

ing areas on the ground. A ground MPC is received if the ground reflection point lies

in such a reflecting area. We calculate the location of the ground reflection point as

the specular reflection point on the ground surface [14]. The location of the ground
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reflection point depends on both ground antenna height and aircraft position. We

assume horizontally aligned reflecting areas. Thus, once the reflecting areas are

defined, the interaction of the ground MPC with the LoS signal, and the resulting

attenuation or amplification of the latter, follows directly from the underlying ge-

ometry.

We define the coverage ratio rG,cov as the ratio between the sum of all reflecting

area sizes and the overall area size around the ground station. For the regional

airport environment, based on the measured data, we approximate that rG,cov = 50%

of the ground station surrounding is covered by reflecting areas.

We characterize the reflecting areas using different properties. We derive the

distribution of the area properties based on ground surface information of the envi-

ronment to be modeled. In our case we use land usage data, satellite imagery, and a

digital elevation model (DEM) of the ground station surroundings.

Shape

The reflecting areas (such as a runway, a parking area, a taxiing area) are of different

shape. For simplicity we model all reflecting areas as rectangles of size lG,1× lG,2. We

use a normal distribution to describe the logarithmic aspect ratio of each rectangle

p

(

log
lG,1
lG,2

)

∼ N (0, ζG,AR = 0.1) . (7.1)

Thus, reflecting areas are all of rectangular shape each with a different aspect ratio.

Size

The airport environment we are modeling consists predominantly of large open ar-

eas of either grassy or concrete surface. Thus, also the reflecting areas in the channel

model are large: We model the size lG,1 × lG,2 as an exponential distribution

p (lG,1lG,1) ∼ E
(
ζG,s = 0.01 km2

)
. (7.2)

That means, the average size of p (lG,2lG,1) corresponds to a square of 30m× 30m.

Material

The ground station environment is usually composed of a mix of different types

of surfaces. Their electromagnetic properties such as conductivity and permittivity

have been extensively investigated in the past [15], [19] and are modeled by statis-

tical distributions. The ground station environment consists mainly of grassy areas,
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Figure 7.2. Example for a ground reflecting area realization in the channel model.

fields, forests, and concrete. Therefore, we assume that the reflecting areas consists

of equal parts of medium dry ground, dry ground, and concrete as defined in [15].

Roughness

The roughness of an area has an influence on how much power is scattered in all

directions rather than reflected in the direction defined by the law of reflection [14].

We describe the roughness by the standard deviation σG,r of the surface height about

the local surface mean. Given σG,r the reflected power can be approximated [19]. We

model the standard deviation of the surface height using an exponential distribution

p (σG,r) ∼ E (ζG,r = 0.1m) . (7.3)

The mean of 0.1 has been found to provide a good approximation in similar scenar-

ios [67].

Fig. 7.2 shows one realization of the ground reflecting areas for the above prop-

erty distributions. The different colors in Fig. 7.2 represent different ground surface

materials. The lightness of the areas indicates the standard deviation σG,r of the

surface height about the local surface mean: with increasing roughness surfaces be-

come lighter. The black line indicates the track of the ground reflection point for the
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conducted channel sounding flights. The green line shows the track of a hypotheti-

cal flying a circle around the ground station at 5 km above ground level (AGL) at a

distance of 50 km.

7.2.3 Lateral Multipath Component

In this section, we derive the statistical distributions describing the lateral MPCs.

For the derivation of the statistical distributions we use information from approxi-

mately 130.000 individual reflectors.

Throughout this section we use the following notation:

• The estimated position of reflector k in an east-north-up (ENU) coordinate system

is denoted by the vector rk = [rk,E, rk,N, rk,U]
T ∈ R3×1.

• Mk ∈ N denotes the number of channel sounding blocks in which the MPC caused

by reflector k is detected. Thus, Mk is equal to the duration the MPC is received

divided by the block duration Tsym - see Sec. 4.2.

• The vector α̂k = [α̂k,1, .., α̂k,Mk
]T ∈ RMk×1 denotes the estimated complex weights

associated with reflector k.

• The vectors φ̂k =
[

φ̂k,1, .., φ̂k,Mk

]T

∈ RMk×1 and θ̂k =
[

θ̂k,1, .., θ̂k,Mk

]T

∈ RMk×1

denote the azimuth and elevation the aircraft is seen from the reflector k while an

MPC from the reflector k is received.

• The elevation the aircraft is seen from the ground station while an MPC from

reflector k is received is denoted as θ̂GS,k =
[

θ̂GS,k,1, .., θ̂GS,k,Mk

]T

∈ RMk×1.

Number of Reflectors

The number of reflectors ζNref
we distribute in the channel model is a key property

of the channel model parameterization: ζNref
defines how many MPCs are received.

As described in Sec. 7.3.2, we adjust the ζNref
such that the average number of re-

flectors detected during the measurements matches the number of reflectors seen

during channel model simulations. An analysis of different flight segments show

that ζNref
= 3.8 · 104 provides a good match.

Opening Direction

The opening direction is the axis of symmetry of the cone used to model a reflector.

We divide the opening direction in an azimuthal and elevational direction, φ̂d,k and

θ̂d,k, respectively.
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Figure 7.3. Visualization of the relative opening direction φ̂rd,k.

Azimuth For the purpose of modeling we calculate the azimuthal opening direc-

tion relative to the direction the ground station is seen under as visualized in Fig. 7.3

as

φrd,k = φ̂d,k − tan−1
2 (−rk,N,−rk,E) . (7.4)

Thus, φ̂rd,k = 0 means that aircraft, ground station, and reflector lie on a line while

an MPC is received from the reflector.

In Fig. 7.4 we show the distribution of the relative azimuthal opening direction

p
(

φ̂rd

)

. The estimated distribution of p
(

φ̂rd

)

is symmetrical around 0◦, i.e., most

MPCs are reflected back towards the ground station. This effect, in literature re-

ferred to as backscattering, was also observed in previous measurements and sim-

ulations [109], [110]. Simple ray-tracing simulations indicate that the narrow distri-

bution shown in Fig. 7.4 are most likely caused by the underlying geometry - see

App. F.

The distribution of p (φrd) is modeled using a exponential distribution L centered

at 0◦, i.e., two exponential distributions mirrored around the y-axis,

p (φrd) ∼ E (0, ζφrd,b = 0.57) . (7.5)

Note that due to the 2π periodicity of the angle φrd, we wrap the tails of the distri-

bution around in order to make the distribution cyclic.

Elevation The derivation of the distribution for the elevational opening direction

p (θd) is more cumbersome as for the azimuthal direction p (φd). The complication is

caused by the fact that during the measurements the aircraft is only seen under very

specific elevation angles from the ground station: the estimated distribution of ele-

vation angles is strongly dependent on the measured flight trajectory T . The aircraft
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Figure 7.4. Distribution of the relative azimuthal opening angle φrd,k.

is mainly flying at positions where it is seen under very low elevation angles from

both ground station and reflectors. In contrast, the azimuth angles φ the aircraft is

seen from the ground station is approximately uniformly distributed from 0 to 2π.

Fig. 7.5 (left y-axis) shows two estimated distributions: first, the distribution of

the elevation angle the aircraft is seen from the ground station p
(

θ̂GS|T
)

during the

entire flight. Second, the distribution of the elevation angle the aircraft is seen from

all detected reflectors p
(

θ̂|T
)

. We use the notation of a conditional distribution

to underline the dependence on the flight track T . For the calculation of the first

distribution p
(

θ̂GS|T
)

every location of the aircraft flight track is only considered

once. In contrast, for the second distribution p
(

θ̂|T
)

every location is weighted by

the number of MPCs received while the aircraft is at said location.

We now aim to investigate the distribution of the elevational opening direction

p (θ) independently from the flight track T . By applying Bayes law we write

p
(

T |θ̂
)

p
(

θ̂
)

p
(

T |θ̂GS

)

p
(

θ̂GS

) =
p
(

θ̂|T
)

p (T )

p
(

θ̂GS|T
)

p (T )
. (7.6)

Let us assume that all reflectors are located in the close surroundings of the ground

station: the distance between ground station and reflector is in most cases small
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Figure 7.6. Illustration of the opening width calculation: the figure illustrates different flight

tracks as seen from the reflector position.
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relative to the link distance: the elevation angles the aircraft is seen from the ground

station, θGS, and reflector, θ, are almost identical: it follows that

p
(

T |θ̂
)

≈ p
(

T |θ̂GS

)

. (7.7)

Using the simplification from (7.7), we are able to rewrite (7.6) as

r
(

θ̂
)

:=
p
(

θ̂
)

p
(

θ̂GS

) =
p
(

θ̂|T
)

p
(

θ̂GS|T
) . (7.8)

The ratio r
(

θ̂
)

is proportional to the number of reflectors seen by the aircraft under

a certain elevation angle θ: if a dominant elevation angle θ′ exist under which the

aircraft is seen from a large number of reflectors, there is a peak in the ratio r (θ) at

that angle θ′. Consequently, reflectors with an elevational opening direction θ′d are

more likely than reflectors with other opening directions.

Analyzing the measured ratio r
(

θ̂
)

in Fig. 7.5 we observe that the ratio r
(

θ̂
)

is

approximately constant 1. If the ratio r (θ) is constant, we can model the distribution

of elevational opening directions p (θd) as uniform distribution U between ζθd,l = 0

and ζθd,u = π
2

p (θd) ∼ U
(

ζθd,l = 0, ζθd,u =
π

2

)

. (7.9)

Opening Width

In this section, we describe how the distribution of the opening widths p (ω) can be

derived from the measured data. Seen from the reflector position the opening width

defines a circle centered at [φd,k, θd,k]
T as visualized in Fig. 7.6. The radius of the

circle equals the opening width ωk. If the aircraft traverses on a straight path through

the circle and its center as shown by the green track in Fig. 7.6, the estimation of the

opening width ω̂k is straightforward: it is the Euclidean distance between the first

and last two-dimensional angle the aircraft is seen under

ω̂k =

√
(

φ̂k,1 − φ̂k,Mk

)2

+
(

θ̂k,1 − θ̂k,Mk

)2

. (7.10)

In reality the aircraft will most likely traverse through the circle neither on a straight

path nor through the center, e.g., blue or grey tracks. We will thus underestimate

the opening width ω̂k in most cases if we use (7.10).

1Although the true ratio r (θ) may not be perfectly constant, with the available measurement it

is unfeasible to determine the exact shape of r (θ). Thus, the assumption of a constant ratio r (θ) is

reasonable. For more exact determination ratio r (θ) more flight trials, especially with trajectories

where the aircraft is seen at higher elevation angles from the ground station, would be required.
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Figure 7.7. Measured and modeled distributions of the opening width ω.

Nevertheless, we are able to estimate the opening width ω̂k based on the mea-

sured data as described below: as visualized in Fig. 7.6, each aircraft trajectory

“through the circle” defines a chord crd (ϕω) (orange line). The length of the chord

is given as

crd (ϕω) = 2ω sin
ϕω
2
. (7.11)

Assume that the angle ϕω describing the chord is uniformly distributed, i.e., p (ϕω) ∼

U (0, 2π): the average chord length can be calculated as

E {crd (ϕω)} =

∫ 2π

0

1

2π
2ωk sin

ϕω
2

dϕω

=
4ωk
π
. (7.12)

Using (7.12) we are able to translate a chord length crd (ϕω)k estimated from the

measurements data into an opening width ωk.

The opening width ωk is thus calculated as

ω̂k =
π

4
max
i,j

√
(

φ̂k,i − φ̂k,j

)2

+
(

θ̂k,i − θ̂k,j

)2

, i, j = 1, ..,Mk. (7.13)

The estimated distribution of the opening width p (ω̂) is shown in Fig. 7.7. We

observe that most reflectors have a narrow opening width ω < 0.1◦. Nevertheless,

due to a small number of reflectors with large opening widths ω, the mean opening
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width is 0.7◦. These reflectors have a significant influence on the channel, as due to

their large opening width ω, they cause MPC visible for a long duration. To model

the distribution p (ω) we chose a log-normal distribution

p (ω) ∼ logN (ζω,µ = −7.15, ζω,σ = 1.77) . (7.14)

The log-normal distribution logN is chosen over other distributions as it provides

also a good match for the tails of the estimated distribution p (ω̂), i.e., reflectors with

large opening widths ω. The drawback is a slight mismatch between the modeled

and estimated distribution at smaller opening widths ω around 0.1◦.

Location

This section deals with modeling the reflector location distribution p (r). The goal

is to model the distribution of positions p (r) as simple as possible while still main-

taining a good match to the measured distribution p (r̂).

In the following we assume that all reflectors are located in the same plane,

e.g., their altitude relative the ground station antenna is constant. Furthermore, we

model the originally then two-dimensional location using by an one-dimensional

distribution p (r), i.e., the distribution of the distance between ground station and

reflector. We refer to the distance between ground station and reflector k as the one-

dimensional reflector location rk. Later we show how the one-dimensional reflector

location can be transformed back into the two-dimensional location required in the

channel model.

In Fig. 7.8 we show the estimated distribution of the one-dimensional reflector

location p (r̂). Fig. 7.8 demonstrates that most reflectors are located within a short

distance to the ground station. This result is intuitive as the closer a building is, the

more “angular space” it occupies: For example, if a 100m wide building is located

at a distance of 10m to the ground station, it occupies roughly 160◦. If the same

building is located at a distance of 1 km, it occupies only in 5◦.

Nevertheless, as both the results in Sec. 6.6 and Fig. 7.8 show, additional clusters

of reflectors exist at larger distances to the ground station. Each cluster is usually

caused by a group of buildings or trees. Furthermore, there exist isolated reflectors

caused by small isolated single objects, e.g., a metal container on an open field.

We thus propose modeling the one-dimensional reflector location distribution

p (r) using three groups of reflectors. Each reflector group is associated with a dif-

ferent distribution:
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Figure 7.8. Distribution of the one-dimensional reflector location, i.e., the distance between

ground station and reflector.

Close reflectors: The distribution of reflectors in the direct surrounding of the

ground station is modeled using a half normal distribution

p1 (r) ∼ |N |
(
ζ2r,1,σ = (213m)2

)
. (7.15)

Cluster reflectors: We model the distribution of reflectors appearing in clusters us-

ing a Gaussian mixture model as

p2 (r) ∼
1

ζr,2,N

ζr,2,N∑

i=1

N
(
ζr,2,µi , ζ

2
r,2,σi

)
. (7.16)

Mean and standard deviation are distributed as p (ζr,2,µ) ∼ U (500m, 2 km) and

p (ζr,2,σ) ∼ U (1m, 50m). The number of clusters is ζr,2,N = 6.

Isolated reflectors: An uniform distribution is used to model the distribution of iso-

lated reflectors

p3 (r) ∼ U (ζr,3,l = 0km, ζr,3,u = 4km) . (7.17)

Each distribution is weighted by the factors ζr,w1 = 0.65, ζr,w2 = 0.25, and ζr,w3 = 0.1.
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Figure 7.9. Four channel model realizations of the distribution of the one-dimensional reflector

location.

These factors can be derived from the distribution shown in Fig. 7.8. The distribu-

tion for the one-dimensional reflector location is

p (r) = ζr,w1p1 (r) + ζr,w2p2 (r) + ζr,w3p3 (r) with
3∑

i=1

ζr,wi = 1. (7.18)

In Fig. 7.9 we show four realizations of the one-dimensional location distribution

p (r) using the distributions presented above.

Two Dimensional Reflector Location The two-dimensional reflector location r′

is calculated from the one-dimensional reflector location r′ (drawn from p (r)) as

follows:

• Close and isolated reflectors, described by p1 (r) and p3 (r), are uniformly dis-

tributed around the ground station on the circle defined by r′, i.e.,

r′ = r′ [cosϕ′, sinϕ′]
T

with ϕ ∼ U (0, 2π) . (7.19)
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Figure 7.10. Impact of the three processes used for modeling the complex weight of a reflector.

• The cluster reflectors are distributed as follows: for each cluster we first calculate

the cluster mean ζ ′r,2,µ from ζr,2,µ as

ζ ′r,2,µ = ζ ′r,2,µ [cosϕ
′, sinϕ′]

T
with ϕ ∼ U (0, 2π) . (7.20)

The reflectors belonging to each cluster are distributed around the cluster mean

ζ ′r,2,µ by a two-dimensional normal distribution

r′ = ζ ′r,2,µ +
(
r′ − ζ ′r,2,µ

)
[cosϕ′, sinϕ′]

T
with ϕ ∼ U (0, 2π) . (7.21)

Complex Weight

We model the complex weight αk (ǫ) relative to FSPL to be a function of the angle

ǫ: the angle ǫ is calculated as the Euclidean distance between the elevation and az-

imuth the aircraft is currently seen under and the cones opening direction

ǫ =

√

(φd,k − φk)
2 + (θd,k − θk)

2. (7.22)

Thus, the complex weight is rotationally symmetrical around the center of the cone.

The complex weight αk (ǫ, r) is calculated as the product of the three processes

depicted in Fig. 7.10

αk (ǫ) = αA,kαV,k (ǫ)αW (ǫ|ω) . (7.23)

• The average amplitude term αA,k defines the mean amplitude of the MPC associ-

ated with reflector k.
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• The variable complex weight term αV,k (ǫ) characterizes the complex weight of

the MPC as a function of the angle ǫ.

• The window term αW (ǫ, ω) defines the drop of the MPC amplitude at the edges

of the cone of width ω.

Average Amplitude We propose modeling the distribution p (αA|r) of the average

MPC amplitude as the product of two terms

p (αA|r) ∼ p (αAn) ᾱA (r) . (7.24)

• The distance dependent mean of the average MPC amplitude is described by

ᾱA (r). Thus, ᾱA (r) describes how the mean amplitude of a large number of reflec-

tors at distance r′ differs from the mean amplitude of a large number of reflectors

at distance r′′.

• The distribution around the distance dependent mean is characterized by the dis-

tribution p (αAn)., Thus, p (αAn) describes how the amplitude of a large number of

reflectors all located at a fixed distance r′ varies.

Distance Dependent Mean of Average Amplitude To investigate the distance

dependent mean of the average amplitude ᾱA (r) we calculate the average MPC

amplitude α̂A,k associated with each reflector as

α̂A,k =
1

Mk

Mk∑

m=1

|α̂k,m|. (7.25)

Fig. 7.11 shows the mean and standard deviation of the average amplitude α̂A

against the distance between reflector and ground station r. We observe a strong

dependence of both mean and standard deviation of the average MPC amplitude

on the distance between ground station and reflector: for an increasing distance

between ground station and reflector, the standard deviation of the mean decreases.

We model the mean of the average MPC amplitude ᾱA (r) using an exponential

function

ᾱA (r) = cαA,1 + ζᾱA,2 exp

{

−
r

ζᾱA,3

}

. (7.26)

The coefficients in (7.26) are least squares (LS) estimated based on the measured data

as ζᾱA,1 = 0.017, ζᾱA,2 = 0.148, and ζᾱA,3 = 61.1m. The result of the fitted function is

shown Fig. 7.11.
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Figure 7.11. Mean of average reflector amplitude ¯̂αA as a function of the distance r.

Average Amplitude Distribution As illustrated by the error bars in Fig. 7.11,

for a given distance between ground station and reflector r′, the average MPC am-

plitude varies around the distance dependent mean ᾱA (r′). We are now concerned

with that variation of the average MPC amplitude around the mean ᾱA (r). To char-

acterize the distribution of that variation we normalize the average MPC amplitudes

by the mean ᾱA (r)

α̂An,k =
α̂A,k

ᾱA (rk)
. (7.27)

Fig. 7.11 shows distribution of the normalized average MPC amplitude p (α̂An).

We model the distribution of the normalized average amplitude p (αAn) using a log-

normal distribution

p (αAn) ∼ logN (ζαAn,µ = −0.23, ζαAn,σ = 0.69) . (7.28)

Therefore, the distribution of the average MPC amplitude p (αA|r) is given as

p (αA|r) ∼ logN (ζαAn,µ, ζαAn,σ) ᾱA (r) . (7.29)

Complex Weight Variation In the following we investigate the variation of the

complex weight of the MPC associated with a reflector. Modeling the variation as a

function of the angle ǫ accounts for the physical observation that, apart from thermal
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Figure 7.12. Distribution of the normalized average reflector amplitude p (α̂An).

noise, the channel does not change if the aircraft is not moving, e.g., as possible for

an airship or a helicopter.

For the analysis of the MPC’s complex weight variation we normalize the com-

plex weight of each MPC by its average amplitude

α̂V,k =
α̂k

α̂A,k

. (7.30)

In Fig. 7.13 we show the amplitude and phase of an MPC’s complex weight α̂V,k (ǫ).

We observe a correlation of amplitude and phase over the angle ǫ.

As illustrated in Fig. 7.14 we propose modeling the MPC’s complex weight αV (ǫ)

as the sum of two random variables [33]

αV,k (ǫ) = αV,c,k + αV,ar,k (ǫ) . (7.31)

The variable αV,c,k describes the mean of αV,k (ǫ) and αV,ar (ǫ) the variation over the

angle ǫ. The amplitude of αV,c is ‘1’ and its phase is uniformly distributed

αV,c = ejarg(αV,c) with arg (αV,c) ∼ U (0, 2π) . (7.32)

The random variable αV,ar (ǫ) is drawn from an autoregressive (AR) process.

For the modeling of αV,k (ǫ) we require the following information from the mea-

sured data:
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136 Chapter 7. Channel Model Parameterization for a Regional Airport

0 5 10 15 20 25 30 35

K-Factor

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16
P
ro
b
a
b
il
it
y

Log-Normal Fit
Measurements

Figure 7.15. Distribution of the K-factor used to model the complex weight variation.

• The K-factor, i.e., the inverse power α−2
V,ar,k of the AR process2.

• The model order and pole(s) of the AR process describing αV,ar,k.

K-factor The K-factor is calculated as the inverse variance of the normalized

complex weight α̂V,k, i.e.

K̂α,k =
1

var{α̂V,k}

= ‖α̂V,k −
Mk∑

m=1

α̂V,k,m‖
−2.

(7.33)

The distribution of the K-factor p
(

K̂α

)

is shown in Fig. 7.15. We model the distribu-

tion of the K-factor p
(

K̂α

)

using a log-normal distribution

p
(

K̂α

)

= logN
(
ζαV,K ,µ = 1.83, ζαV,K ,σ = 0.68

)
. (7.34)

2 The K-factor is defined as the ratio between the power of αV,c,k and the power of the AR process

αV,ar,k. As the power of αV,c,k is equal to ‘1’ we only need to consider the inverse power of the AR

process αV,ar,k.
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Figure 7.16. Distribution of the PACF.

AR Process Order and Poles To select the model order of the AR process we

inspect the distribuation of the partial autocorrelation function (PACF) shown in

Fig. 7.16 [111]: for every reflector we calculate the PACF and use a Gaussian kernel

smoother to estimate the distribution over the reflectors. We observe that for most

reflectors the majority of the power is expressed by the first AR coefficient. There-

fore, in order to limit the complexity of the channel model, we use an order of ‘1’ for

the AR process.

We calculate variable α̂V,ar,k to be modeled by the AR process as

α̂V,ar,k = α̂V,k −
Mk∑

m=1

α̂V,k,m. (7.35)

Note however that the vector α̂V,ar,k describes measurements of a time series.

As we want to model the correlation between two elements in αV,ar,k as a function

of one-dimensional angle ǫ, rather than the time, we resample α̂V,ar,k to an angular

grid. The resampled vector of complex weights is denoted as α̂V,arǫ,k. Resampling

all complex weights to a grid with the same grid spacing ǫ∆ allows the comparison

of the AR parameters between the detected MPCs. The pole of the AR process γ̂ark
is estimated based on α̂V,arǫ,k using the Vieira-Morf algorithm [112].

Fig. 7.17 shows the distribution of the absolute value of pole p (|γ̂ar|). For the

generation of Fig. 7.17 we use a grid spacing ǫ∆ = 0.05◦. As the imaginary part of
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Figure 7.17. Distribution of the pole p (|γ̂ar|) of the AR process used to model the complex weight

variation.

the pole Im {|γ̂ar|} is typically negligible we assume the pole to be only real. We

model the distribution of p (1− γar) using an log-normal distribution

p (1− γar) = logN
(
ζαV,ϕ,µ = −2.07, ζαV,ϕ,σ = 0.86

)
. (7.36)

Note that distribution of the pole p (1− γar) has to be truncated at 2 to avoid non-

stable AR processes.

Window Function The window function takes into account the physical require-

ment that the MPC amplitudes are time-continuous. In Fig. 7.18 we show the MPC

amplitude distribution at the edges of the cone representing a reflector. We observe

a decrease of the amplitude of α̂A before the signal vanishes. The window function

is modeled as

αW (ǫ|ω) =







1− exp {−ζαW,1 ((ω − ǫ)− ζαW,2)} for ωk − ǫ > 0,

0 else.
(7.37)

The coefficients in (7.37) are LS estimated based on the measured data as ζαW,1 =

3 · 103 and ζαW,2 = 0.89.
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Figure 7.18. Distribution of the MPC amplitude close to the edges of the cone representing a

reflector.

7.2.4 Ground Shadowing

In this section, we investigate the effect of ground shadowing. To this end, we ana-

lyze Fig. 6.4 from the previous section: the figure shows the LoS signal power versus

the aircraft position as seen from the ground station. If ground shadowing occurs

during the flight the effects of ground shadowing would visible in Fig. 6.4: first, by

a drop of the LoS signal power and second by a “disappearing” of the aircraft, e.g.,

behind a building.

We observe that due to the antenna being located on a high building, ground

shadowing generally does not arise for the investigated flight trajectories: ground

shadowing would only be observed for an extremely low flying aircraft. The chan-

nel model parameterization presented in this dissertation is aimed at normal aircraft

flying typical trajectories, i.e., it does not cover aircraft on the ground. Thus, we do

not consider ground shadowing by buildings in the following. Note however that

if the antenna height was lower ground shadowing would become relevant.

The only instance where the signal is shadowed is when the aircraft disappears

behind the radio horizon (marked with an ’H’ in Fig. 6.4). However, the channel

model parameterization proposed in this dissertation does not consider the aircraft

flying behind the radio horizon.
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Figure 7.19. Influence of the airframe on the LoS signal power as a function of the roll angle.

7.2.5 Antennas

In this section we investigate the effects of the ground and airborne antennas on the

channel. For the inclusion of the antennas we rely on the antenna radiation patterns

measured in an anechoic chamber (the antenna is mounted on a ground plane of

30 cm diameter).

In the following, we analyze how well the antenna radiation patterns are able to

predict the measured LoS signal power. To this end, we normalize the measured LoS

signal power by the gain of ground and aircraft antennas given aircraft position and

attitude. We term the resulting power as the antenna corrected LoS signal power.

Fig. 7.19 shows the distribution of the antenna corrected LoS signal power for

different (absolute) aircraft roll angles |ϕR|.

For small roll angles, i.e., |ϕR| < 5◦, the antenna corrected LoS signal power is

distributed equally around 0 dB (relative to FSPL): the mean is 0.1 dB. Therefore, for

|ϕR| < 5◦ we are able to successfully compensate the gain introduced by the ground

and airborne antennas. The wide distribution of the antenna corrected LoS signal

power around 0 dB is attributed to ground multipath propagation. Note that ground

multipath propagation on average does not change the mean LoS signal power but

only causes a spreading of the LoS signal power distribution.

For increasing roll angles |ϕR| we observe the increasing influence of the air-
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frame. Less power is received than expected as the LoS is shadowed, e.g., by the

wings or the tail. We conclude that the proposed modeling approach is very precise

for roll angles below 5◦.

For larger roll angles an error is introduced. This error could be compensated if

the aircraft pattern, i.e., airborne antenna plus airframe, was available: the aircraft

pattern could either be measured in an anechoic chamber or estimated based on

simulations [107]. However, both techniques require a large amount of resources.

Therefore, modeling the influence of the airframe is beyond the scope of this disser-

tation: we treat the effects of the airframe as part of the channel.

7.2.6 Diffuse Multipath Components

The diffuse MPCs represent both clusters of reflectors and the effect of scattering.

Due to the limited resolution of the MPC parameter estimation objects causing these

diffuse MPCs can generally not be located. Diffuse MPCs manifest themselves as a

colored noise component in the measured signal. Note however that the influence

of the diffuse MPCs on an application system is very minor as its typical power

is usually below −20 dB (relative to FSPL). Thus, for most applications the diffuse

MPCs may be omitted to save simulation time.

In order to model the diffuse MPCs we propose a geometry-based stochastic

approach: we describe the decay of the power over the delay, i.e., the power delay

profile (PDP), by an exponential function [84], [86]. The spread of the power over

the Doppler frequency is a function of aircraft position and speed vector.

Modeling of the PDP

We model the decay of the diffuse MPCs’ PDP (relative to FSPL) using an exponen-

tial function

σ2
CN (τ) = ζCN,ye

−τζCN,s . (7.38)

The exponential function is defined by the y-intersection point ζCN,y and slope ζCN,s.

We estimate the two parameters describing the diffuse MPCs for every channel

sounding block based on the residual signal, i.e., the signal minus the detected

MPCs. An analysis of the measured data shows that the y-intersection point ζCN,y

can be modeled as an exponential function of the link distance d

ζCN,y (d) = eζCN,y,1+dζCN,y,2 (7.39)

with ζCN,y,1 = −6.21 and ζCN,y,2 = −0.06 km−1. The slope is modeled constant as

ζCN,s = 1.07 /µs.
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Modeling of the Scattering Function

To model the spread of the diffuse MPCs power over the Doppler frequency we

make the following assumption: the colored noise is caused by a cloud of ζCN,N =

200 scatterers located around the ground station. All scatterers are located in the

ground plane. Their east and north coordinates follow a normal distribution, i.e.,

p
(

[dCN,E, dCN,N]
T
)

∼ N
(
0, I2ζ

2
CN,σ

)
. (7.40)

We adopt the power of each scatterer as described in [113]: given the aircraft position

and speed vector we calculate the delay associated which each scatterer. The power

at delay τ ′ bin of the target PDP shown in Fig. 7.20 is equally distributed to all

scatterers with a delay falling into the bin τ ′. Each of the scatterers with the same

delay τ ′ has a different Doppler frequency based on its location: thus, the power

at the delay τ ′ is spread over the Doppler frequency as shown in Fig. 7.21. From

Fig. 7.20 we observe that the target PDP is almost exactly replicated by the modeling

approach.



7.2. Derivation of the Parameterization 143

-1 0 1 2 3 4 5 6 7 8

Delay [µs]

-50

-45

-40

-35

-30

-25
P
ow

er
[d
B

re
l.

F
S
P
L
]

Realized PDP

Target PDP

Figure 7.20. Target PDP and realized PDP of the diffuse MPCs.
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Figure 7.21. Scattering function of the diffuse MPCs in a highly dynamic flight situation (TL

scenario).
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7.3 Validation of the Parameterization

In the following, we validate the regional airport channel model parameterization

presented in Sec. 7.2. The channel model parameterization is validated against the

measured results presented in Chapter 6.

For the validation we use the simulation chain as described in Sec. 3.3.2: the

channel model realization is first initialized, e.g., reflector locations and ground re-

flecting areas are drawn from the associated distributions. Given the aircraft tra-

jectory and attitude we use the channel model to calculate the channel impulse re-

sponse (CIR) for each aircraft position. Each CIR is then convoluted with the desired

transmit signal. The resulting signal, in the following referred to as the modeled sig-

nal, is compared with the measured signal.

Note that it is not the goal of the validation to exactly reproduce the measured

signal with the channel model - the proposed geometry-based stochastic channel

model (GBSCM) is not a ray tracer. Rather, we aim to generate a signal with the same

properties relevant for a typical communication, navigation, and surveillance (CNS)

system: as measurements using different aircraft trajectories lead to different results,

also different channel model realizations of the channel model lead to a different

signal. This effect is desired as it allows to simulate the behavior of CNS systems for

different propagation conditions likely to exist in a regional airport environment.

For the validation we rely on three methods:

Quantitative validation: In Sec. 7.3.1 we compare the statistical characteristics, e.g.,

PDP and Doppler power profile (DPP), of the measured and modeled channel.

Qualitative validation: We investigate how well the channel can represent the non-

stationarity of the channel. To this end, we first analyze the LoS signal power

against the aircraft position. Furthermore, we apply the MPC parameter esti-

mation algorithm presented in Sec. 4.5 to both measured and modeled channel

sounding data.

Application: We use the channel model to investigate the ranging performance of

the L-band Digital Aeronautical Communication System (LDACS). In Sec. 7.3.3

these ranging results are compared with the results from the flight trial rang-

ing experiments described in [101].

For the validation we often refer to the three scenarios described in Sec. 6.4: we use

the same flight trajectories, i.e., aircraft position and attitude, as conducted during

the 2013 flight trials as input to the channel model.
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7.3.1 Quantitative Validation

The quantitative validation consists of comparison of the measured and modeled

channel’s key statistical parameters: the evaluated parameters are the distribution of

the LoS signal power, the distribution of the PDP and DPP and, and the distribution

of the delay spread.
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Line of Sight Signal Power

The most important channel characteristic defining the coverage of a terrestrial CNS

system is the LoS signal power3.

In Fig. 7.22 we compare the distributions of the measured and the modeled LoS

signal power for the three scenarios. To this end, we show the 90% quantile of the

LoS signal power distribution based on 50 channel model realizations.

Overall we can conclude that in all scenarios the measured distribution fits well

between the model’s LoS signal power quantiles: apart from the tails, the measured

distribution could very well originate from a realization of the channel model. The

difference of mean LoS signal power between channel model and measurements is

relatively small: in the TL scenario 0.6 dB, in the CD scenario 1.9 dB, and in the EC

scenario 1.1 dB.

One reason for the slightly lower measured LoS signal power becomes apparent

when analyzing the distributions’ tails: especially in the TL and CD scenarios the

measured distribution has wider tails at low power levels. Further analysis shows

that the low LoS signal power levels are mostly associated with the aircraft either

performing steep turns or flying on an orbit around the ground station. Thus, the

attenuation is most likely caused by the aircraft pattern. As effects caused by the

airframe are not modeled a slight mismatch between measurements and channel

model remains.

Another noticeable effect is the peak of the measured distribution in the EC sce-

nario at −4 dB relative to FSPL: a further analysis shows that the corresponding LoS

signal fade is most likely caused by airframe shadowing. Due to the slight pitch

of the aircraft during flight and the low elevation angle to the ground station, the

rear part of the fuselage is likely to shadow the signal. This assumption is very rea-

sonable when visually inspecting the aircraft. Furthermore, the attenuation appears

only while the aircraft is flying north. When returning a similar effect cannot be

observed.

3By the LoS signal power we understand the power contained in the first delay bin.
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Figure 7.22. Measured and modeled LoS signal power distributions for the investigated scenar-

ios.
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Power Delay Profile

The PDP describes the received power over the delay.

In Fig. 7.23 we show the distribution of the measured and modeled (one realiza-

tion) PDPs for the three scenarios. The delay is taken relative to the LoS signal delay,

i.e., we show the excess delay. The mean power is visualized by the dashed black

line.

The most evident observation is that for each scenario the measured and mod-

eled PDPs distribution look similar in shape: the overall decay of power over the

delay is approximately the same: in both the measured and modeled PDP clusters

of MPC are visible.

When comparing the two PDPs’ distributions of each scenario we observe that

the dominant MPCs appear at different delays. However, this behavior is both ex-

pected and desired: as we statistically distribute the reflector locations in each chan-

nel model realization the MPCs caused by those reflectors have different delays.

Nevertheless, the channel model realizations all exhibit the same characteristics rel-

evant for a terrestrial CNS system: the power decays in an almost identical fashion

and we observe approximately the same number of MPC clusters.
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Figure 7.23. Measured (left) and modeled (right) PDP distribution.
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Doppler Power Profile

The DPP describes the received power over the Doppler frequency.

The distribution of the measured and modeled DPP is shown in Fig. 7.24. The

Doppler frequency is taken relative to the LoS signal Doppler frequency, i.e., we

show the excess Doppler frequency. The mean power is visualized by the dashed

black line.

We observe that for all three scenarios the measured and modeled DPP distribu-

tions are approximately the same.

In the TL scenario the spread of the power over the Doppler frequencies from

approximately −150Hz to 150Hz directly around the maximum is well reproduced

by the channel model. The wider spread of the power from −600Hz to 600Hz -

defined by the maximum aircraft speed - is also represented.

The slight spread of the power over the Doppler frequencies from −30Hz to 30Hz

in the CD scenario is also well reproduced by the channel model.

For an increasing link distance all power is exclusively received on the LoS

Doppler frequency νLoS. This effect is well represented in the channel model.
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Figure 7.24. Measured (left) and modeled (right) DPP distribution.
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Rms Delay Spread

The root-mean-square (rms) delay spread describes the dispersiveness of the chan-

nel. For the calculation of the rms delay spread we only consider signal components

whose power is at least above the 99%-quantile of the noise power - see Sec. 4.4

In Fig. 7.25 we show the distribution of the rms delay spreads for the three sce-

narios. The x-axis represents the delay and uses a logarithmic scaling. We compare

the measured rms delay spread with the 90% quantile based on 50 channel model

realizations. Additionally, for each scenario as an example we show a distribution

based on one realization.

We observe that the rms delay spread distributions from measurements usually

fall well within 90% quantile from the channel model. The example distributions

are generally very similar to the measured distributions.

For the EC we discover that the measured distribution has a tail at rms delay

spreads below 70 ns. This tail is not reproduced by the channel model. We attribute

this effect to shadowing of all signals by the rear part of the fuselage during one seg-

ment of the flight. The shadowing decreases the signal-to-noise-ratio (SNR): weaker

signal components vanish in the noise floor and are not considered for the calcula-

tion of the rms delay spread.

In the EC scenario the channel model realizations differ from each other the most,

visible by the larger quantiles. This effect is expected and desired in the model. The

variation is attributed to the large link distance: MPCs are received from a smaller

number of reflectors: the channel becomes less “statistical” and the rms delay spread

distributions less “smooth”.
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Figure 7.25. RMS Delay Spread.
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7.3.2 Qualitative Validation

In this section we show qualitative results to validate the channel model parameter-

ization. We choose two approaches: first, we analyze the LoS signal power against

the aircraft position. Second, we present results of the parameter estimation and

tracking algorithm applied to the channel model data.

LoS Signal Power

In the following, we validate that the effect of the ground MPC is accurately repro-

duced by the channel model. We are especially interested in how well the chosen

approach is able to represent the non-stationarity of the air-ground (AG) channel.

Analogously to Fig. 6.3, in Fig. 7.26 we plot the LoS signal power against the aircraft

position for two channel model realizations. The results in Fig. 7.26a are generated

using the same ground reflecting areas as in Fig. 7.2. To exclude effects by the aircraft

pattern we only consider regions where die aircraft is banking less than 5◦.

We observe that both the periodic variation as well as the long fades of the LoS

signal power are well reproduced by the channel model. However, we observe that

the fades are generally not as deep when the aircraft is flying on an orbit around the

ground station: an effect we attribute to the aircraft pattern which not considered in

the model.

Due to the random distribution of reflecting areas on the ground, fades of the LoS

signal appear at different locations as in Fig. 6.3. Nevertheless, this effect is desired:

each realization of the channel model produces a different channel. However, the

statistics and non-stationarity of the different channel model realizations are very

similar.

The frequency of LoS signal fades in the model may also be slightly different

compared to Fig. 6.3 as we assume a flat area surrounding the ground station: this

constant ground altitude is clearly a simplification as the terrain height around the

ground station strongly varies, e.g., due to buildings or hills. Although a non-

constant ground plane altitude could be incorporated in the model, the consequence

would be a significantly higher complexity. The slightly differing occurrences of the

LoS signal fades are not expected to alter the performance of a CNS system.
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Figure 7.26. LoS signal power against aircraft position for two channel model realizations.
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Multipath Component Parameters

In the following, we apply the MPC parameter estimation algorithm proposed in

Sec. 4.5 to the modeled signal. In Fig. 7.27 we show the MPC parameter estimation

results for the same flight segment investigated in Sec. 6.5 (Fig. 6.9 and Fig. 6.10)

based on the modeled signal. The power of the MPCs is color coded. We plot both

delay and Doppler frequency relative to the corresponding LoS signal parameter.

We observe that the detected MPCs in the modeled signal are distributed in a

similar fashion over delay and Doppler frequency as for the measurements. The

non-stationarity of the AG channel perceptible in the measured signal is reproduced

by the channel model: the evolution of the individual MPCs over the time is well

observable from Fig. 7.27. We also discover a similar Doppler frequency estimation

variance as in the measured results shown in Fig. 6.10.

In Fig. 7.27c we compare the number of detected MPCs in the measured and

modeled signal. We observe that both the average number of MPCs as well as the

variation over time is approximately similar. The number of MPCs in the channel

model is controlled by the number of reflectors ζNref
we distribute around the ground

station in the channel model. Comparing measurements and channel model for

other flight segments also shows a approximately similar numbers of MPC.
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Figure 7.27. Result of the MPC parameter estimation based on the modeled signal. The same

flight segment is used as in Sec. 6.5 - see Fig. 6.8.
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7.3.3 Validation by Application

In the previous sections we validate the key channel parameters of the channel

model against measurements. This validation is important as it verifies the sim-

ilarity with respect to those key channel parameters. Nevertheless, the key per-

formance indicator for a channel model is that the channel model can predict the

performance of the systems it is intended for. Thus, in the following we validate the

channel model using LDACS range measurements. We use data from the LDACS

flight trials conducted the same year as the channel measurements [101].

For the validation by application we rely on two methods: first, an analysis of

the statistical error distribution. Second, we analyze how well the model is able to

reproduce the effects of the channel’s non-stationarity on the ranging.

Statistical Analysis

In Fig. 7.28 we show both probability density function (PDF) and cumulative distri-

bution function (CDF) of the LDACS ranging error. For the channel model we plot

mean and 90% quantiles of the distributions based on 50 channel model realizations.

We also present an example distribution based on one channel model realization.

From Fig. 7.28a we observe that the ranging error PDF from measurements and

channel model approximately follow a normal distribution: compare the mean

ranging error of 2.6m from measurements with a mean of 1.1m over all model

realizations 4. The RMSE of the measurements is 24m and 22m for the averaged

channel model realizations.

In App. 7.28b we compare the absolute ranging error CDF based on measure-

ments and channel model. A verification using the CDF is important as a mismatch

of the two distributions tails becomes far more apparent as in the PDF. We again

observe that the ranging error distributions based on measurements and channel

model are almost identical.

For both PDF and CDF the measured distributions are well within the 90% quan-

tile of the model; the example and measured distributions are almost identical. We

conclude that the channel model is very well able to replicate the measured ranging

error distributions. The ranging errors are not only very similar for the measure-

ment flight shown in this dissertation but also for other flights.

4For both mean and root-mean-squared error (RMSE) we use the 99% quantile of the errors. This

is done as a small number of errors in the measurements is caused by undetected distance measuring

equipment (DME) interference - an effect we do not model in the channel model.



7.3. Validation of the Parameterization 159

-100 -50 0 50 100

Ranging error [m]

0

0.005

0.01

0.015

0.02

0.025

0.03
P
ro
b
a
b
il
it
y

Measurements

Model: mean

Model: 90%-quantile

Model: example

(a) LDACS ranging error probability density function (PDF).

0 50 100 150

Absolute ranging error [m]

0

0.2

0.4

0.6

0.8

1

P
ro
b
a
b
il
it
y

Measurements

Model: mean

Model: 90%-quantile

Model: example

(b) LDACS ranging error cumulative distribution function (CDF).

Figure 7.28. LDACS ranging errors based on measurements and channel model. The measured

data was collected during the measurement flight conducted at 12th of November 2013 [101].
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Non-Stationarity

To this point we have only evaluated the statistical properties of the ranging errors.

We have shown that the error statistics between measurements and model are al-

most identical. Nevertheless, this statistical validation gives no indication how well

the effects of the channel’s non-stationarity on the ranging performance is repre-

sented. This issue is investigated in the following.

As a qualitative analysis in Fig. 7.29a we plot the time series of the ranging error

based on measurements and channel model. We observe that both in the measure-

ments and channel model the ranging error for consecutive time instances is highly

correlated. This correlation is caused by the fact that also the CIRs are also highly

correlated. Due to the geometrical nature of the channel model these correlations

can be well reproduced.

We now look at an characteristic of the ranging error of utmost importance in the

context of navigation: the existence of slowly varying errors, e.g., an error exceeding

30m and existing for a few seconds - an example is visible in Fig. 7.29a at a time of

1 s. Such slowly varying errors cannot be mitigated by averaging, e.g., using a delay-

locked loop (DLL). Thus the errors cause a severe integrity threat [24]. Note that a

stationary statistical channel model is not able to reproduce these kind of errors.

Fig. 7.29b and Fig. 7.29c demonstrate the channel model’s ability to reproduce

slowly varying errors. The figures show how often such slowly varying errors of a

given duration exceeding 10m and 30m, respectively, occur during a 1 h flight. We

observe that the channel model accurately reproduces the effect of slowly varying

errors.
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Figure 7.29. Number of events exceeding errors
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7.4 Summary

In this chapter we combine the findings from the previous chapters to derive a re-

gional airport parameterization for the AG channel model architecture. The model

uses a geometry-based stochastic modeling approach and is therefore able to accu-

rately represent the non-stationarity of the AG channel.

The statistical distributions describing the different model element properties are

derived from the flight measurement data collected for this dissertation. We suc-

cessfully validate the channel model against measured data using three methods:

a quantitative validation, a qualitative validation, and a validation by application.

In the quantitative validation we show a good match between the statistical prop-

erties of the measured and the modeled channel. For the qualitative validation we

compare time series of the channel model against measurements: thus, it is veri-

fied that the channel model is also able to capture the non-stationarity of the AG

channel. Furthermore, we compare the ranging performance of LDACS using the

channel model with results from the 2012/2013 LDACS flight trial ranging experi-

ments. This validation by application is especially important as it verifies that - seen

from the standpoint of the application system - both flight trial measurements and

channel model lead to the same results.

The successful validation shows that, using the channel model presented in this

chapter, we are able to assess the performance of different kinds of terrestrial CNS

systems in the L-band. This ability is a significant improvement to the state of the

art: previous channel models were usually only partly suitable to test the full range

of terrestrial CNS systems in the L-band.

The main task for the future is to parameterize the channel model architecture

to both additional environments and frequency bands. Apart from measurements,

methods to to derive new parameterizations from publicly available data could turn

out very useful: for example, the distributions of reflectors causing lateral MPCs

could be derived from satellite imagery or building maps. This approach would also

be advantageous in the context of ground multipath propagation as the extraction

of ground surface information from channel sounding experiments is very complex.

The inclusion of the aircraft patterns, i.e., the radiation pattern of the antenna on the

aircraft, may further improve the channel model.



CHAPTER 8

CONCLUDING REMARKS

Past analyses of terrestrial communication, navigation, and surveillance (CNS) sys-

tems showed that the air-ground (AG) channel can have a strong negative impact

on the quality of service. Two main factors for this effect can be identified: first, the

AG channel features strong multipath components (MPCs); second, the AG channel

is highly non-stationary.

Previously, the testing of terrestrial CNS systems using computer simulations

was only possible to a limited extent: in fact most past channel models use a station-

ary statistical approach and thus do not sufficiently address the non-stationarity

of the AG channel. Capturing the channel’s non-stationarity with a fully statisti-

cal channel model is hardly feasible, especially under the constraint of keeping an

acceptable model complexity. This dissertation proposes a realistic and comprehen-

sive model of the AG channel by employing a general geometry-based stochastic

channel model (GBSCM) architecture. This architecture comprises several model el-

ements covering all relevant propagation effects. The geometrical-based stochastic

approach is chosen as it allows to model non-stationary propagation effects accu-

rately. Nevertheless, using a GBSCM we are able to maintain both an acceptable

model complexity as well as an appropriate degree of randomness.

A major challenge when designing a GBSCM is the derivation of the statistical

distributions describing the model elements: the required geometrical information,

e.g., locations of reflectors, is generally not trivial to derive from measured data. To

estimate this information we propose two algorithms. The first algorithm allows the

robust detection of MPCs in the measured signal as well as the accurate estimation

and tracking of the MPC parameters. The second algorithm provides an accurate

estimate of the reflector location for each MPC using a Bayesian method.

We demonstrate the correctness and applicability of both algorithms based on

the measured data collected during flight trials. Localizing reflectors causing MPCs

provides previously unavailable understanding of the propagation effects in the AG

channel. The scope of the proposed algorithms goes even far beyond the application

163
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of AG channel measurements: the algorithms may be used in any scenario were a

precise MPC parameter estimation and reflector localization is required.

Using the GBSCM architecture and the measured data this dissertation presents

a parameterization for a regional airport environment: this parameterization is suc-

cessfully validated against measured data from channel sounding and ranging ex-

periments; we demonstrate a very good match between channel model and mea-

sured channel.

With the proposed channel model it is now possible to perform realistic, rapid,

and cost effective evaluations of the effect of the channel on the full range of terres-

trial CNS systems. Such system evaluations are mandatory for the transition of the

CNS infrastructure to new or improved systems.



APPENDIX A

REGIONAL AIRPORT CHANNEL

MODEL SUMMARY

In the following we provide an overview of the regional airport channel model pa-

rameterization:

Tab. A.1 summarizes the distributions describing three model elements for the

L-band regional airport environment:

• ground multipath component (MPC),

• lateral MPCs, and

• diffuse MPCs.

All parameters for the angular distributions are expressed in radians.

For the ground and airborne antenna we use the radiation patterns measured in

an anechoic chamber - see Fig. 3.5.

We assume that - due to the elevated ground antenna - the effect of ground shad-

owing does not appear at the regional airport environment.
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166 Appendix A. Regional Airport Channel Model Summary

Parameter Symbol Distribution Symbol Parameter

Ground MPC

Coverage ratio rG,cov Constant 0.5

Aspect ratio p
(

log
lG,1

lG,2

)

Normal N (0, ζG,AR) ζG,AR = 0.1

Size p (lG,1lG,1) Exponential E (ζG,s) ζG,s = 0.01 km2

Roughness p (σG,r) Exponential E (ζG,r) ζG,r = 0.1m

Lateral MPCs

# reflectors ζNref
Constant 3.8 · 105

Open dir. (az) p (φrd) Exponential E (0, ζφrd,b) ζφrd,b = 0.57

Open dir. (el) p (θd) Uniform U (ζθd,l, ζθd,u) ζθd,l = 0

ζθd,u = π
2

Open width p (ω) Log-normal logN (ζω,µ, ζω,σ) ζω,µ = −7.15

ζω,σ = 1.77

Position (1D) p (|r|) Mixed - ζr,w1 = 0.65

ζr,w2 = 0.25

ζr,w3 = 0.1

p1 (|r|) Half-norm. |N | (ζr,1,σ) ζr,1,σ = 213m

p2 (|r|) Gaussian-
∑

N (ζr,2,µ, ζr,2,σ) ζr,2,N = 6

mixture ζr,2,µ ∼ U (500, 2 km)

ζr,2,σ ∼ U (1, 50m)

p3 (|r|) Uniform U (ζr,3,l, ζr,3,u) ζr,3,l = 0m

ζr,3,u = 4km

Average amp. p (αA|r)

Mean ᾱA (r) function - ζᾱA,1 = 0.017

ζᾱA,2 = 0.148

ζᾱA,3 = 61.1m

Distr. p (αAn) Log-normal logN (ζαAn,µ, ζαAn,µ = −0.23

(.ζαAn,σ) ζαAn,σ = 0.69

Compl. weight p (αV)

variation

K-Factor p
(

K̂α

)

Log-normal logN
(
ζαV,K ,µ, ζαV,K ,µ = 1.83

ζαV,K ,σ

)
ζαV,K ,σ = 0.68

AR Pole p (1− γar) Log-normal logN
(
ζαV,ϕ,µ, ζαV,ϕ,µ = −2.07

(
ζαV,ϕ,σ

)
ζαV,ϕ,σ = 0.86

Window αW (ǫ, ω) function - ζαW,1 = 3 · 103

function ζαW,2 = 0.89
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Diffuse MPCs

PDP σ2
CN (d, τ) function. - ζCN,y,1 = −6.21

ζCN,y,2 = −0.06 km−1

ζCN,s = 1.07µs−1

Scatterer p (rCN) Normal N
(

0, I2ζ
2
CN,σ

)

ζCN,σ = 700m

location ζCN,N = 200

Table A.1. Summary of the distributions describing the model element properties for the regional

airport parameterization.





APPENDIX B

INFLUENCE OF THE AIRCRAFT

PATTERN

In Sec. 7.26 we show the measured line-of-sight (LoS) signal power against the air-

craft position: the results shown in Fig. 7.26 suggest a significant drop of the power

when the ground station is seen at ±90◦, i.e., at either side of the aircraft. In the

following we investigate this effect in more detail.

In Fig. B.1 we show the distribution of the LoS signal power against the angle

the LoS signal is received from relative to the aircraft. The power is corrected using

the antenna radiation patterns measured in an anechoic chamber for the ground and

airborne antennas: neglecting effects by the airframe, we would expect on average

a mean of 0 dB (rel. to FSPL).

From Fig. B.1 we observe that significantly less power is received if the ground

station is seen at either side of the aircraft. One explanation is the existence of a

ground multipath component (MPC) causing a long fade of the LoS signal: if the

ground station is seen at ±90◦ the aircraft is usually traveling on a circular trajectory

around the ground station. Fades of the LoS signal power may last for a significant

duration - see Sec. 2.3.1. Nevertheless, on average a ground MPC does not change

the LoS signal power. Thus, it is unlikely that all fades can be attributed to ground

multipath propagation.

Instead the accumulation of low LoS signal power levels at ±90◦ suggests some

influence of the aircraft fuselage on the overall aircraft radiation pattern. A likely

explanation can be found when analyzing the attachment of the antenna on the

aircraft. As shown in Fig. B.2 the antenna is mounted in a compartment under the

fuselage: the antenna itself is recessed by roughly 6 cm between two guide rails

(these guide rails allow for an closing the compartment if no antenna is attached).

Thus, looking at the aircraft from one side only the lower half of the antenna is

visible; the upper half is shadowed by the guide rails. Although part of signal may

diffracted over the guide rails we expect that a part of the signal is shadowed. The

shadowing intuitively explains the phenomena visible in Fig. B.1.
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170 Appendix B. Influence of the Aircraft Pattern

Figure B.1. Mean LoS signal power (in dB FSPL) against the direction ground station is seen

from the aircraft. The dashed lines represent the 90% quantile. The antenna position on the

aircraft is marked by a cross.

Guide Rails

Figure B.2. Mounting of the airborne antenna on the aircraft.
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Nevertheless, a more thorough investigation of the topic is required to separate

the effects of ground multipath propagation and aircraft pattern on the LoS signal

power. Such an investigation requires further measurements as well and/or simula-

tions. Due to the involved complexity, such an investigation is left as an open topic

for future work.





APPENDIX C

POINTS OF IDENTICAL DELAY AND

DOPPLER FREQUENCY

To understand the propagation characteristics of the channel in more detail, we are

interested in the reflector points causing a multipath component (MPC). In the fol-

lowing we assume an local east-north-up (ENU) coordinate system centered at the

transmit antenna position. Hereby, the transmit antenna has the location [0, 0, 0]T

and the aircraft the position d with a speed vector v.

Definition of the Three Dimensional Shapes

Delay

Under the assumption of a single bounce reflection, points with constant delay τ

lie on an ellipsoid with the transmit and receive antenna as focal points as depicted

in Fig. C.1. The ellipse is rotation symmetric towards its longest axis, its general

equation is given as

x2

e2τ,a
+

y2

e2τ,b
+

z2

e2τ,b
= 1 (C.1)

(C.2)

The parameters eτ,a and eτ,b of the ellipse can be directly calculated using the prop-

agation delay of the line-of-sight (LoS) τL and the MPC τM as well as the speed of

light in air ca as

eτ,a =
τM

2
ca and (C.3)

eτ,b =

√
(τM

2

)2

−
(τL

2

)2

ca. (C.4)

The center of the ellipsoid is given as d
2
.

However, due the second focal point lying arbitrarily in space, the ellipsoid has

to be rotated around the N and U axis in order to align with the local ENU coordinate
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174 Appendix C. Points of Identical Delay and Doppler Frequency

Figure C.1. Illustration of ellipsoid defining points with equivalent delay τ .

Figure C.2. Illustration of cone defining points with equivalent Doppler frequency ν.

system. Additionally, its center has to be shifted to d
2
. The equation for a point on

the surface g = [x, y, z]T on the surface of the ellipse has to satisfy

(

RU,τRN,τ (g −
d

2
)

)T







1
e2τ,a

0 0

0 1
e2
τ,b

0

0 0 1
e2
τ,b






RU,τRτ,N(g −

d

2
) = 1 (C.5)

The rotation angles around the axis can be calculated as

ϕN,τ = arg (dE + jdN) and (C.6)

ϕU,τ = arg
(√

dE
2 + dN

2 + jdU

)

. (C.7)

Doppler Frequency

Under the assumption of a single bounce reflection, points with constant Doppler

frequency ν lie on an cone centered on the aircraft position d and opening in the di-

rection of the aircraft movement vector v. The resulting cone is illustrated in Fig. C.2.

The cone is rotation symmetric towards its z-axis, its general equation is given as

x2

e2ν,h
+

y2

e2ν,h
− z2 = 0 (C.8)

(C.9)
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The parameter eν,h depends on the Doppler frequency ν, the carrier frequency fc,

and the absolute speed of the aircraft ‖v‖ and is given as

eν,h = tan

(

cos−1 νca
‖v‖fc

)

. (C.10)

To align the cone with the local ENU coordinate system, has to be rotated around

the N and U axis and its center has to be shifted. In vector notation, the general

equation can be written as

(
RU,νRN,ν(g − d)

)T







1
e2
ν,h

0 0

0 1
e2
ν,h

0

0 0 1






RU,νRN,ν(g − d) = 0 (C.11)

The rotation angles around the axis can be calculated as

ϕN,ν = arg (vE + jvN) and (C.12)

ϕU,ν = arg
(√

vE2 + vN2 + jvU

)

. (C.13)

Reflector Locations on the Ground

To obtain the locations of the reflector points on the ground, we intersect the ellip-

soid or cone, defined by (C.5) and (C.11) with the ground surface, i.e., set z = 0. Us-

ing simple but tedious math, in both cases the result can be converted into the gen-

eral scalar form of a quadric curve [114], [115]. It can then be simply parametrized

by the coefficient vector q

q1x
2 + 2q2xy + q3y

2 + 2q4x+ 2q5y + q6 = 0 (C.14)

The intersection of an ellipsoid with the ground plane always results in an el-

lipse. In contrast to that, intersecting a the cone plane can result in either a hyperbola

or an ellipsoid1. Using the definition

q = det

(

q1 q2

q2 q3

)

(C.15)

the shape of the intersecting line can be determined. For q > 0 the intersection

results in an ellipse and for q < 0 in a hyperbola.

The intersection of the two lines on the ground defined by the delay τ and

Doppler frequency ν is the estimated position of the reflector. A closed solution for

the intersection point can be found using computer algebra programs, e.g., Mathe-

matica.
1In theory, a hyperbola can also be viewed as an ellipse with one focal point in infinity.





APPENDIX D

NORMALIZATION OF PROBABILITY

DENSITY FUNCTION

The Jacobian Υ(g) which normalizes (4.46) to be a true probability density function

(PDF) is calculated as

Υ(g) = jac (µ(g))

=

∣
∣
∣
∣
∣

∂τ(g)
∂gE

∂τ(g)
∂gN

∂ν(g)
∂gE

∂ν(g)
∂gN

∣
∣
∣
∣
∣
. (D.1)

The partial derivatives of τ (g) are calculated as

∂τ (g)

∂gE
=

1

ca

(
gE
‖g‖

+
gE − dE
‖g − d‖

)

(D.2)

and

∂τ (g)

∂gN
=

1

ca

(
gN
‖g‖

+
gN − dN
‖g − d‖

)

. (D.3)

The partial derivatives of ν (g) can be expressed as

∂ν (g)

∂gE
=

fc
ca

(
vE

‖g − d‖
−

(g − d) ·v (gE − dE)

‖g − d‖3

)

(D.4)

and

∂ν (g)

∂gN
=

fc
ca

(
vN

‖g − d‖
−

(g − d) ·v (gN − dN)

‖g − d‖3

)

. (D.5)

After some simplifications, the closed form solution for the Jacobian can be found

as

Υ(g) = |
fc

c2a‖g‖‖g − d‖
3

{
‖g − d‖2 (gEvN − gNvE)

+ ‖g‖‖g − d‖ ((gE − dE) vN − (gN − dN) vE)

+ (g − d) ·v (gEdN − gNdE)} |

(D.6)
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APPENDIX E

CALIBRATION OF THE 360
◦

PANORAMA

In the following we describe how we generate and calibrate a panoramic image of

the area surrounding the ground station: by calibration we understand the ability to

map an aircraft position to a pixel in the image. We first take multiple images from

the position of the transmit antenna and combine them into a single 360◦ panorama.

The images are taken using a tripod.

For the calibration of the image, a set of reference points is required. We choose

optically prominent reference points, e.g., the top of a church tower, and mea-

sure their azimuth angle φ and elevation angle θ using a Leica TPS1200 surveying

Tachymeter. The pixel positions of the reference points are taken from the panorama

image. Using the reference points the image is calibrated. Let [pxpy] define the posi-

tion of a pixel in the panorama image. We assume a linear mapping between a pixel

location px and azimuth angle φ:

px = axφ+ bx. (E.1)

As the camera can not be setup in a way such that it always points at the same

elevation angle, for the mapping between px and the elevation angle θ we assume

the model

py = ayθ + by + cysin(dyφ+ ey). (E.2)

The coefficients of the mapping function are least squares (LS) estimated using the

reference points. A qualitative analysis using highly precise Global Positioning Sys-

tem (GPS) reference points to test the mapping shows, that a location at the relevant

elevation angles can usually be mapped to a pixel with an accuracy of around 15

pixels.
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180 Appendix E. Calibration of the 360◦ Panorama

Figure E.1. Measurement of the reference points at the transmit antenna position.



APPENDIX F

AZIMUTHAL OPENING DIRECTION OF

REFLECTORS

In the following we use simple ray-tracing simulations to briefly analyze the nar-

rowness of the distribution of the azimuthal relative opening direction (arod) - see

Fig. 7.4.

In Fig. F.2 we illustrate the setup of the simulations: we assume reflectors (mod-

eled as lines of length lr = 10m) are located around the ground station. The distance

between reflectors and ground station r is distributed according to the measure-

ments shown in Fig. 7.8. The reflectors are randomly rotated around their center.

For each reflector we calculate whether an multipath component (MPC) would be

received at the aircraft. The distance d between aircraft and ground station is dis-

tributed according to the trajectory during the flight trials.

The resulting distribution of the reflector’s arod is shown in Fig. F.2. We observe

that in both the simulations and measurements the distribution of the arod is nar-

rowly centered around zero degrees. The simulations also show that more MPCs

originating from reflectors associated with small (absolute) arods are received at the

aircraft.

Nevertheless, we observe that the distribution derived from measurements is

narrower compared to the distribution derived from simulations. Two reasons for

that effect may be identified:

Specific ground station geometry: The aircraft often flies west of the ground sta-

tion. This position favors the large hangar buildings directly east of the ground sta-

tion to act as reflectors: due to the geometry, the arod associated with those hangar

buildings is small.

To investigate the assumption we group the estimated arods into segments ac-

cording to the angular position of the aircraft - see Fig. F.3 for an illustration. The

marginal distributions of the arod for the eight angular segments are shown in

Fig. F.2 (dotted lines): we observe that, depending on the angular segment, the dis-

tributions significantly differ. For example if an aircraft flies in the segment associ-

181



182 Appendix F. Azimuthal Opening Direction of Reflectors
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Figure F.1. Illustration of the simulation scenario.
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Figure F.3. Illustration of the angular segments the aircraft is seen under from the ground station.
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ated with the green distribution it would experience reflectors with very different

arods than in a different segment: the distribution of the arod strongly depends on

the underlying geometry.

The second reason for the narrow distribution may be attributed to the param-

eter estimation: due to the diffuse MPCs usually observed at low delays the MPC

parameter estimation may detect fewer MPC with short delays. Therefore, fewer

reflectors associated with a large arod may be detected.





Acronyms

ADC analogue-to-digital-converter

ADS-B automatic dependent surveillance - broadcast

AG air-ground

AGL above ground level

AMSL above mean sea level

APNT alternative positioning, navigation, and timing

AR autoregressive

arod azimuthal relative opening direction

ATM air traffic management

AWG arbitrary waveform generator

BER bit error ratio

BOBYQA bound optimization by quadratic approximation

CD climb & descent

CDF cumulative distribution function

CIR channel impulse response

CNS communication, navigation, and surveillance

Cs cesium

CW continuous wave
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186 Acronyms

DEM digital elevation model

DFT discrete Fourier transform

DLL delay-locked loop

DMC dense multipath component

DME distance measuring equipment

DPP Doppler power profile

EC enroute cruise

ECEF earth-centered earth-fixed

ENU east-north-up

FSPL free space path loss

GBSCM geometry-based stochastic channel model

GNSS global navigation satellite system

GPS Global Positioning System

GTD geometrical theory of diffraction

HPA high power amplifier

IDFT inverse discrete Fourier transform

INS inertial navigation system

LDACS L-band Digital Aeronautical Communication System

LNA low noise amplifier

LoS line-of-sight

LS least squares

MIMO multiple input multiple output

ML maximum likelihood

MPC multipath component
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MSE mean squared error

NED north-east-down

NextGen Next Generation Air Transportation System

OFDM orthogonal frequency division multiplexing

PACF partial autocorrelation function

PAPR peak-to-average-power-ratio

PDF probability density function

PDP power delay profile

PPM pulse position modulation

PPS pulse per second

PSR primary surveillance radar

RAIM receiver autonomous integrity monitoring

Rb rubidium

rms root-mean-square

RMSE root-mean-squared error

RTK real time kinematic

SESAR Single European Sky ATM Research

SIMO single input multiple output

SISO single input single output

SNR signal-to-noise-ratio

SSD solid state drive

SSR secondary surveillance radar

TL takeoff & landing

UAV unmanned aerial vehicle



188 Acronyms

US uncorrelated scattering

VHF very high frequency

VOR VHF omnidirectional range

WSS wide-sense stationary

WSSUS wide-sense stationary uncorrelated scattering



List of Symbols

Scalars are denoted by Roman, vectors by bold, and matrices by underlined upper-

case bold symbols, e.g., x, x, andX .

Symbols
(·)∗ Complex conjugate

(·)H Hermitian of a matrix

(·)T Transpose of a matrix

|·| Absolute value of a complex number

‖ · ‖ L2 (Eucledian) norm

〈·〉 Cardinality of a set

⌈·⌉ Ceiling function

⊙ Element-wise multiplication (Hadamard product)

⊘ Element-wise division

⊗ Kronecker product

· scalar product

∗ Circular convolution

1(·) Vector of ones of length (·)

Greek letters
α,α Complex weight(s) of MPC(s)

γar Pole of AR process

Γτ Set of interference free channel sounding sequence instances

Γn Set of delay indices for noise power calculation

∆BM Blackman Window badwidth

ǫ Angle the aircraft is seen from the reflector

ζNref
Lat. MPCs: number of refl.
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190 List of Symbols

ζθd,l, ζθd,u Lat. MPCs (el. opening dir.): upper and lower limit of uniform

distr.

ζφrd,b Lat. MPCs (az. opening dir.): scale param. of Laplacian distr.

ζω,µ, ζω,σ Lat. MPCs (opening width): mean and std. dev. of log-normal

distr.

ζᾱA,1, ζᾱA,2, ζᾱA,3 Lat. MPCs (weight - avg.): coefficients of of distance dep. mean

of avg. amplitude

ζαAn,µ, ζαAn,σ Lat. MPCs (weight - avg.): mean and std. dev. of log-normal

distr.

ζαV,ϕ,µ, ζαV,ϕ,σ Lat. MPCs (weight - variation): mean and std. dev. of log-normal

distr. describing AR-pole

ζαV,K ,µ, ζαV,K ,σ Lat. MPCs (weight - variation): mean and std. dev. of log-normal

distr. describing K-factor

ζαW,1, ζαW,2 Lat. MPCs (weight - window): coefficients of window function

ζr,w1 , ζr,w2 , ζr,w3 Lat. MPCs (pos.): weights of different reflectors classes

ζr,1,σ Lat. MPCs (pos. - close refl.): scale parameter of half-normal

distr.

ζr,2,N Lat. MPCs (pos. - cluster refl.): number of components in Gaus-

sian mixture

ζr,2,µ, ζr,2,σ Lat. MPCs (pos. - cluster refl.): mean and std. dev. of compo-

nents in Gaussian mixture

ζr,3,l, ζr,3,u Lat. MPCs (pos. - isolated refl.): lower and upper bound of uni-

form distr.

ζCN,y, ζCN,s Diffuse MPCs: y-intersection and slope of exponential function

ζCN,σ Diffuse MPCs: std. dev. of normal distribution describing scat-

terer location

ζG,AR Ground refl. area (aspect ratio): std. dev. of normal distr.

ζG,r Ground refl. area (roughtness): mean of exponential distr.

ζG,s Ground refl. area (size): mean of exponential distr.

θ Elevation angle (as seen from reflector)

κ, κ̃ Impulse response of a propagation path

µ = [τ, ν]T MPC parameter vector

ν,ν Doppler frequency(ies) of MPC(s)

νLoS Doppler frequency of the LoS signal

ξ = [τ, ν, .. MPC parameter vector

log|α|, arg (α)]T



List of Symbols 191

Π Number of intersections between the shapes defined by delay

and Doppler frequency

σ2
ν Doppler frequency spread

σ2
τ Delay spread

σ2
CN Diffuse MPCs: power as function of delay

σG,r Std. dev. of surface height about the local mean value (surface

roughness)

σn Noise std. dev.

Σ Noise covariance

τ, τ Delay(s) of MPC(s)

τLoS Delay of the LoS signal

Υ Normalization factor of the reflector location PDF

φ Azimuth angle (as seen from reflector)

ϕω Angle defining chord of a circle

ϕN,, ϕU, Rotation angle around N/U-axis

ϕY, ϕP, ϕR Yaw, pitch, and roll angle

χ2 Chi-squared distribution (param.: degrees of freedom)

ψ,ψ,Ψ Colored noise at receiver

ω Opening width (of reflector)

Latin letters
arg (·) Phase of complex number

b Block identifier

ca Speeed of light in air

c Calibration signal (includes hardware non-linearities)

crd (·) Chord of a circle defined by angle (·)

CN Complex normal distribution (param.: mean and covariance)

d Link distance ‖d‖ (distance between aircraft and ground station)

d = [dE, dN, dU]
T Position of aircraft in ENU

det (·) Determinant of matrix

D Path detection matrix

eν,h Cone parameter h

eτ,a, eτ,b Ellipse parameters

E Expectation operator

E Exponential distribution (param.: mean)

f Continuous frequency

fc Carrier frequency



192 List of Symbols

F Transition matrix(information filter)

F
·

DFT Matrix of dimension (·)

FH
·

IDFT Matrix of dimension (·)

g = [gE, gN, gU]
T Point on the ground in ENU

h,H Channel description function

hAC Altitude of aircraft

hGS Height of ground antenna over ground

i ∈ [0, .., I − 1] Index of a channel sounding sequence instance in a block

Im {·} Imaginary part of a complex number

I(·) Identity matrix of size (·)

I Fisher information matrix

j Imaginary unit

jac (·) Jacobian of matrix

k Reflector index

K Kalman gain (information filter)

K K-Factor

l ∈ [0, .., L− 1] MPC index

lG,1, lG,2 Dimension of a ground reflecting area

logN Log-normal distribution (param.: mean and std. dev.)

L Laplace distribution (param: scale)

m ∈ [0, ..,M − 1] Measurement index associated with reflector / MPC

mτ Mean delay

mν Mean Doppler frequency for block b

M Measurement matrix (information filter)

n ∈ [0, .., N − 1] Index of channel sounding sequence sample

nBM Blackman Window length

N Normal distribution (param.: mean and std. dev.)

|N | Half-normal distribution (param.: scale)

pC Probability in Cartesian space

pP Probability in MPC parameter space

px, py Location of a pixel in an image

P Channel correlation function

q,q Coefficients of quadric curve

Qadd Noise quantile for adding an MPC

Qrm Noise quantile for removing an MPC

Q System / state noise (information filter)

r Distance between reflector location and ground station ‖r‖



List of Symbols 193

r = [rE, rN, rU]
T Reflector location in ENU

rG,cov coverage ratio of round refl. area

rCN = [dCN,E, .. Location of scatterer

dCN,N]
T

R(·) Rotation matrix around axis (·)

Re {·} Real part of a complex number

s Transmitted signal

t Continuous time

tcal Time of calibration

tan−1
2 (·, ·) Four-quadrant inverse tangent

tadd, trm Threshold to add/remove a path

Tsym Duration of the channel sounding sequence

Ts Sampling period

U Uniform distribution (param.: lower and upper limit)

v = [vE, vN, vU]
T Speed vector of aircraft in ENU

vec−1
· {·} Inverse Vector operator

V State covariance (information filter)

W Weibull distribution (param.: scale and shape)

wBM, w̃BM Blackman window (with/without padded zeros)

x(·) Indicator vector of set (·)

y Receive signal
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