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Abstract

Future vehicles will be equipped with increasing computational capabilities and var-
ious vehicular sensors, enabling intelligent vehicles to perceive their surroundings
in a better way. Vehicle-to-vehicle (V2V) communication is envisioned as a com-
plementary sensor with remarkable potential for safety-related applications. The
reliability of the wireless communication link is crucial and directly related to the
radio channel. Hence, a detailed understanding of the dynamic V2V propagation
process is fundamental for the development of a suitable communication system.
This thesis introduces insights related to the V2V radio channel and the communi-
cation performance in different vehicular scenarios. The work is based on an exten-
sive set of wideband (1 GHz) channel sounding measurement data at 5.7 GHz and
corresponding parameter estimation methods. The estimation results reveal statis-
tical distributions for relevant wideband multipath parameters of the dynamic V2V
propagation process in eight communication scenario. The intersection scenario is
of particular interest for safety-related applications and the propagation therefore
examined in detail. A categorization of urban intersections and three corresponding
communication models are provided. In addition, a measurement-based ray tracing
method is developed and applied, in order to estimate and model the locations of
the scattering objects at intersections. The derived results are beneficial to realis-
tic channel modeling approaches, in particular geometry-based stochastic channel
modeling, and enhance developments towards highly reliable V2V communication
systems.
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Zusammenfassung

Zukünftig werden intelligente Fahrzeuge durch umfangreiche Sensorik und entspre-
chender Computerkapazität in der Lage sein ihre Umgebung umfassend wahr-
zunehmen. Die Fahrzeug-zu-Fahrzeug-Kommunikation erweitert maßgeblich die-
se Wahrnehmung und birgt für sicherheitsrelevante Anwendungen enorme Poten-
ziale. Die hohe Zuverlässigkeit der drahtlosen Kommunikation ist dafür kritisch
und hängt unmittelbar mit den Eigenschaften des Funkkanals zusammen. Eine
sorgfältige Auseinandersetzung mit der dynamischen Funkausbreitung ist daher
fundamental wichtig für die Entwicklung geeigneter Kommunikationssysteme. Die-
se Dissertation stellt Erkenntnisse zum Funkkanals und zu Leistungspotentialen der
Fahrzeug-zu-Fahrzeug-Kommunikation in relevanten Verkehrssituationen vor. Die
Ergebnisse der Arbeit basieren auf breitbandigen (1 GHz) Funkkanalmessdaten
bei einer Trägerfrequenz von 5,7 GHz und geeigneten Parameterschätzverfahren.
Die extrahierten Ergebnisse beschreiben statistisch den breitbandigen und dyna-
mischen Mehrwegeausbreitungsprozesses in acht Kommunikationsszenarien. Das
Kreuzungsszenario ist für sicherheitsrelevante Anwendungen von besonderer Be-
deutung. Daher wird die entsprechende Mehrwegeausbreitung eingehend beleuch-
tet und drei Kreuzungskategorien mit entsprechenden Kommunikationsmodellen
vorgestellt. Schließlich wird durch Anwendung eines auf Messdaten basierenden
Raytracing-Verfahrens die Position der Streuer an Kreuzungen identifiziert und
modelliert. Diese Ergebnisse dienen der Parametrisierung geometriebasierter, sto-
chastischer Funkkanalmodelle und unterstützen damit die Entwicklung hochzu-
verlässiger Fahrzeug-zu-Fahrzeug-Kommunikationssysteme.
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Preface

After my M.Sc. degree in telecommunications engineering from the Technical Uni-
versity of Berlin, I joined Heinrich Hertz Institute and started my research in a
group working on the realization of advanced wireless communication systems and
channel measurement devices. By that time, the HHI channel sounder was in a
primary working stage and we started with first vehicle-to-vehicle channel mea-
surements. Due to a limited experience on vehicular channels, I reached out to find
experienced researchers in the field and was lucky enough to establish a collabora-
tion agreement with leading experts in Lund and Vienna. This external expertise
and the valuable data from the highly capable HHI channel sounder paved the way
of the doctoral research I followed. My main scientific contributions are:

Paper I

K. Mahler; W. Keusgen; F. Tufvesson; T. Zemen; G. Caire., Propagation Channel
in a Rural Overtaking Scenario with Large Obstructing Vehicles, Vehicular Tech-
nology Conference (VTC Spring), 2016 IEEE 83rd, Nanjing, China, 2016.

Paper I studies the propagation channel in a rural overtaking scenario with large
obstructing vehicles, a scenario of special interest for collision avoidance applica-
tions. Currently available vehicular sensors are unable to detect this potentially
hazardous situation, due to the fact that the opponent vehicle is hidden behind
the overtaken vehicle and therefore out of sight. V2V communication is envisioned
to cope with this problem by exchanging awareness messages and warn the driver
in case of an emergency. However, the superior capability of a vehicular sensor
is only achievable if the radio channel in this scarce scattering environment ex-
hibits favorable properties. Mainly, the channel gain has to be sufficiently high
for a faultless reception of the warning message. Radio waves in the 1 GHz fre-
quency band might possibly be able to travel through large vehicles, but waves
in the targeted 6 GHz band can only diffract or bounce around these obstacles.
Different antenna positions on the communicating vehicle might mitigate this dis-
advantageous fact. A comparison to antennas mounted inside the vehicle assesses
the communication potentials of aftermarket transceivers. The main contribution
of this paper is an analysis of channel measurements relevant to this scenario with
five different types of large obstructing vehicles. We investigate the difference of
these antenna positions in terms of channel gain and also emphasize the difference
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of the propagation condition between the so-called curved road scenario and the
straight road scenario. The results provide an indication on achievable channel
gains and connectivity ranges for a rural overtaking warning application under the
given conditions.

Paper II

K. Mahler; W. Keusgen; F. Tufvesson; T. Zemen; G. Caire, ”Propagation of Mul-
tipath Components at an Urban Intersection,” Vehicular Technology Conference
(VTC Fall), 2015 IEEE 82nd, Boston, MA, 2015.

A second highly relevant scenario for safety-related applications is the case where
two vehicles are driving on collision course at an urban intersection. Again, con-
ventional vehicular sensors fail to detect the approaching vehicle due to the fact
that buildings are obstructing the line-of-sight. Different from the rural scattering
environment, urban intersections provide a rich scattering environment and there-
fore possess a more complex multipath propagation with single-bounce or multiple-
bounce reflections. Walls, traffic signs and other scattering objects contribute to
the channel gain and enable the exchange of awareness messages under non-line-of-
sight condition. Paper II describes the results of a manually conducted propagation
analysis at a distance critical to a collision avoidance system. Based on this anal-
ysis, hypothesis of the corresponding scattering objects are estimated. The main
contribution of this paper is an association of MPCs to scattering objects at an
urban intersection. The high time resolution of our delay estimates in combination
with an exact positioning system and additional tools allow a reliable identifica-
tion and localization of scattering objects. Additionally, the number and lifetime
of multipath components (MPC) are characterized, based on a tracking method
described in Paper III.

Paper III

K. Mahler; W. Keusgen; F. Tufvesson; T. Zemen; G. Caire, ”Tracking of Wide-
band Multipath Components in a Vehicular Communication Scenario,” in IEEE
Transactions on Vehicular Technology, in press.

Accurate and automated estimation of temporal behavior of individual MPCs is
performed based on a wideband MPC tracking method. The non-stationarity of
the V2V channel poses a challenge to a suitable tracking method, in particular the
appearance and disappearance of MPCs within two adjacent measurement time
instances. The tracking algorithm has to cope with certain difficulties, but can
also take advantage of the wideband properties. One of the benefits from wideband
channel data is the fact that the recorded channel is sparse, which eases the require-
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ments on the tracking algorithm. In addition, highly resolved MPC experience only
negligible small-scale fading effects, due to the fact that they rarely consist of mul-
tiple so-called physical MPCs. Paper III presents a tracking method adapted to
the requirements and advantages of wideband V2V channel data. The algorithm
balances the trade-off between a needed accuracy and an acceptable complexity
level. The performance of the tracking method is extensively evaluated and set in
a comparison to the performance of a state-of-the-art tracking algorithm developed
for radar application. The main contribution of this paper is a demonstration that
MPCs from wideband V2V channel measurement with a bandwidth of 1 GHz can
be tracked with high estimation accuracy and low tracking losses.

Paper IV

K. Mahler; W. Keusgen; F. Tufvesson; T. Zemen; G. Caire, ”Measurement-Based
Analysis of Dynamic Multipath Propagation in Vehicular Communication Scenar-
ios,” submitted to IEEE Transactions on Vehicular Technology.

The wideband MPC tracking algorithm described in Paper III is a key instru-
ment for extracting valuable information from channel measurement data. The
application of this method to a large data set permits investigations of the tempo-
ral behavior of individual MPCs and a characterization of the most relevant MPC
parameters in the V2V channel. Insights on the number of received MPCs and
their delays are therefore essential for a statistical description of any wideband
multipath channel. Due to its time-variant nature, the V2V wideband multipath
channel has further distinctive characteristics. The movement of the Tx, Rx and
the scattering objects yield for each wideband MPC a different Doppler frequency
shift, due to different path angles with respect to the directions of the movement.
In addition, the rich scattering environment in V2V channels in combination with
the low antenna height lead to fast-shadowing phenomena. These dynamics lead to
the appearance and disappearance of MPCs and the endurance of this appearance,
the so-called MPC lifetime. Paper IV investigates the dynamic wideband MPC
characteristics in eight V2V communication scenarios, i.e. the number of, birth
rate and lifetime of individual MPCs. Statistical characterizations of MPC delay
and Doppler observations are also given. The analysis is based on 72 measurement
runs in eight different vehicular communication scenarios. The results of this paper
provide wide insights into the vehicular propagation channel and are beneficial for
various modeling approaches.

Paper V

K. Mahler; W. Keusgen; F. Tufvesson; T. Zemen; G. Caire, ”Scatterer at Urban
Intersections,” to be submitted to IEEE Transactions on Vehicular Technology.
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This paper investigates in detail the propagation process at urban intersections.
A long-term MPC tracking method is applied and various information is estimated
from the wideband MIMO MPC tracks. The delay characteristic of wideband MPC
tracks give a good indication on the properties of the corresponding scattering ob-
ject. In order to estimate the location of the scattering objects, a measurement-
based ray tracing method is applied. This method requires an exact representation
of the geometrical circumstances during the measurement run. The ray tracing re-
sults and the estimated MPC tracks allow for a semi-automated detection method,
which is based on a comparison of delay, Doppler, path angle and delay character-
istic. The main contribution of this paper is a parametrized model for the locations
of relevant scattering objects, as part of a V2V geometry-based stochastic channel
model at urban intersections.

Paper VI

K. Mahler; P. Paschalidis; A. Kortke; M. Peter; W. Keusgen, ”Realistic IEEE
802.11p Transmission Simulations Based on Channel Sounder Measurement Data,”
Vehicular Technology Conference (VTC Fall), 2013 IEEE 78th, Las Vegas, NV,
2013.

The final two papers leave the field of V2V channel characterization and focus in-
stead on the performance evaluation of IEEE 802.11p transceivers in selected V2V
communication scenarios. The evaluation method is based on an IEEE 802.11p
physical layer implementation in MATLAB and the replay of channel sounding
measurement runs. The respective outcomes of these studies are V2V commu-
nication models, i.e. packet delivery rates (PDRs) as a function of distance. The
derived results imply statistical validity, since the method rests upon different mea-
surement sites per scenario and repeated measurement runs. Paper VI focusses on
the highway oncoming traffic scenario, a situation where the radio channel experi-
ences a very large Doppler frequency shift for the line-of-sight path. This scenario
highlights the time-variant nature of V2V channel and is therefore suitable for inves-
tigations of the time-selective sensitivity of packet reception success. Particularly
larger packets suffer from these time-selective fading effects, due to the fact that
the channel estimation at the beginning of a packet becomes invalid for longer time
periods and the equalization consequently erroneous. This effect is clearly shown in
this paper and constitutes the main contribution of this publication. Paper VI also
reveals an interesting phenomenon at distances around 200 m, where the combina-
tion of large Doppler shifts and multipath propagation lead to significant drops of
the packet detection rate.
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Paper VII

K. Mahler; P. Paschalidis; M. Wisotzki; A. Kortke; W. Keusgen, ”Evaluation of
Vehicular Communication Performance at Street Intersections,” Vehicular Technol-
ogy Conference (VTC Fall), 2014 IEEE 80th, Vancouver, BC, 2014.

The evaluation method described in Paper VI is now used for investigations of
the V2V communication performance at urban intersections. As mentioned ear-
lier, this scenario is highly relevant for a collision avoidance applications and V2V
communication is the only vehicular sensor with the potential to cope with this
situation. The substantial assessment of the V2V capabilities in this scenario re-
quires a large sample of channel measurement data and an extensive study of the
communication performance under non-line-of-sight condition. The main contribu-
tion of this paper are empirical V2V communication models with a two-dimensional
distance dependency and three main categories of urban intersections. The estab-
lished categorization is based on the respective V2V communication performance
results. The developed models can be used for a realistic simulation of collision
avoidance applications relying on V2V communication.
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1 Introduction

Recent wireless communications advancements induced a strong impact on our
daily life. The omnipresent availability of information helps individuals to access
information, navigate and communicate with other persons. For the next generation
wireless network, the personal communication network will be enhanced with a com-
munication network of intelligent objects. This future communication system will
complement the infrastructure-based network and use direct machine-to-machine
communication instead. Latest vehicles are equipped with increasing computer ca-
pacities and numerous ways of perceiving its environment with vehicular sensors,
for instance radar, video or laser sensors. Vehicle-to-vehicle (V2V) communication
is foreseen as an additional vehicular sensor with the unique potential to detect
other vehicles or vulnerable road users, even without a line-of-sight (LOS) between
the road users. This capability enhances the perception of intelligent vehicles sig-
nificantly and enables remarkable possibilities for collision avoidance systems in
dangerous traffic scenarios.

Exchanging cooperative awareness messages (CAMs) with valuable information,
for instance with knowledge gathered from the various other vehicular sensors al-
lows informed decisions for safety-related applications in Intelligent Transport Sys-
tems (ITS). An effective safety-related V2V communication system is dependent on
highly reliable wireless communication links. The availability and performance of
these communication links are in turn directly related to the properties of the prop-
agation channel, which are essentially the received power and the fading effects of
the radio channel. Hence, a detailed understanding of the V2V propagation process
is fundamentally important for the development of a reliable V2V communication
system. Radio channel measurements are at the starting point of this understand-
ing, together with a subsequent analysis and characterization of unrevealed V2V
propagation phenomena. Based on this knowledge, appropriate channel models
and suitable communication performance evaluation methods can be developed.
My thesis contributes to this research field.
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2 Vehicular Communications

Motorola’s 1972 MODAT mobile data radio system allowed users in vehicles to
transmit data directly to and from dispatch computers, which could be used by
public safety officers to enter license plate information during traffic stops [1]. While
vehicular communications at that time referred to humans exchanging information,
modern vehicular communications refers to the automated exchange of information
between vehicles. The envisioned communication network will serve three main
purposes: comfort, efficiency and safety. Comfort refers to infotainment systems
and applications serving the personal needs of the passengers. Efficiency relates to
solutions for a better usage of the current road traffic systems, which are needed
due to the fact that we face a growing number of vehicles and a road network with
limited space for growth [2]. For example, future cooperative vehicular communi-
cation system could be able to control traffic lights dependent on current vehicle
densities. Finally, safety-related applications are envisioned to reduce the number
of traffic accidents. Vision Zero is a multi-national project that aims to achieve
a road traffic safety system with no fatalities or serious injuries [3]. The United
Nations called for a ”Decade of Action for Road Safety”, in order to significantly
reduce the road traffic fatalities by 2020 [4]. Since road traffic crashes are a leading
cause of death globally, and the main cause of death among those aged 15 to 29
years [5], we should hope that suitable countermeasure technologies will be devel-
oped and that the success of these systems in the industrial world will eventually
spread worldwide.

V2V communication will take a vital role in future collision avoidance systems,
due to its unique capability as a vehicular sensor. Currently available sensors al-
ready enable sensor fusion systems to establish a comprehensive perception of the
vehicles’ surrounding. However, V2V radio communication will allow the vehicle
to detect and communicate with other traffic participants, even if they are out of
sight. This means that the vehicle can perceive much more than the driver is able
to see, for instance during risky overtaking maneuvers on a rural road or for colli-
sion avoidance systems at urban intersections. Generally speaking, scenarios under
non-line-of-sight (NLOS) conditions are the most relevant vehicular communication
scenarios for safety-related applications and are therefore predominantly studied in
this thesis.

The envisioned collision avoidance systems are often based on CAMs that are
transmitted by each vehicle at a certain rate, for example 10 times per second [6].
These messages contain information about position, speed and traveling direction
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of the transmitting vehicle and inform all receiving vehicles of the same. If the
surrounding vehicles are able to decode the message correctly, possible collisions
can be predicted and prevented. Clearly, the key features of a suitable safety-
related V2V communication system are a high reliability of the communication
link and a low latency of the information exchange.

Developments towards the 5G wireless network are application-oriented and based
on diverse wireless technologies to better fulfill the user needs within specific appli-
cation scenarios. There are mainly two alternatives being discussed on what tech-
nology V2V communication should be based on. The first alternative, a derivative
of the 4G-LTE, is named LTE D2D (or LTE-V) and currently the most advanced
V2V technology with the possibility to be further amended by future improvements.
Despite these arguments, communication systems based on the second technology
alternative called IEEE 802.11p are closer to market launch. The US Department
of Transportation has stated in his 2016 report to US Congress that dedicated
short-range communications (DSRC) for connected vehicle technologies is ready
for deployment [7]. Many observers expect that the US administration will make
this technology mandatory, which would boost the V2V launch dramatically.

IEEE 802.11p was released in 2010 as the standard for wireless access in vehic-
ular communication [8] and is based on IEEE 802.11a, a standard also known as
WLAN or Wi-Fi [9]. Only minor modifications have been carried out compared
to the 11a standard and involve mainly the reduced channel spacing from 20 MHz
to 10 MHz. This adjustment accounts for the longer excess delays and higher
Doppler frequencies in a vehicular communication environments. IEEE 802.11p
packet frames consist of a preamble part of 40 µs duration and a data part that
lasts between 88-2016 µs (for a payload of 50-1500 Bytes respectively). The long
training symbols in the preamble part are used by the receiver signal processing to
estimate the current channel state and subsequently equalize the data part. IEEE
802.11 was originally developed for fixed or low mobility wireless communication,
hence a scenario with very slow channel changes. Vehicular communication on
the contrary is characterized by its time-variance and fast-changing channel states,
which can lead to an invalid channel estimation and erroneous equalization of the
data part. Channel tracking techniques are able to cope with this problem. Data-
aided channel estimation for an IEEE 802.11p standard conform receiver can lead
to a sensitivity difference of less than 1 dB in comparison to the sensitivity of a
hypothetical benchmark receiver with perfect channel knowledge, as simulations
show in [10]. Multiple-input multiple-output (MIMO) techniques are relevant in
vehicular communications, due to the fact that a vehicle is very large compared to
the wavelength of the carrier frequency and the consequence that different antenna
positions on the vehicle lead to a large space diversity, which can be exploited to
increase the reliability of the communication link. Promising techniques are the
simple selection-combining scheme and the well-established maximum ratio com-
bining scheme [11].
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3 V2V Propagation Channel

Knowledge on the radio channel is a key instrument for the design and the devel-
opment of a new wireless communication system. The term wireless ”propagation
channel” describes the physical propagation process of electromagnetic waves from
the transmitter (Tx) antenna to the receiver (Rx) antenna. The term ”radio chan-
nel” on the other hand is defined as the propagation channel in combination with
the characteristics of the antenna radiation patterns (see Fig. 6.1 in [12]). The
theoretical case of ideal isotropic antennas leads to equality between propagation
and radio channel. Due to the fact that the channel measurement data was col-
lected with the aim to have omni-directional antennas, we use the term ”channel”
synonymously to propagation channel.

Typically, the wireless propagation channel involves multipath and time-variance
effects, as depicted in Fig. 3.1. Each multipath component (MPC) undergoes free-
space attenuation and at least one of the multipath effects: transmission, reflection,
diffraction or scattering. Movements of the objects in the scattering environment
lead to continuous changes of the geometry and induce Doppler frequencies to each
MPC. The Doppler frequency shift reflects the temporal change of the path length
and depends on the relative speed of Tx, Rx and the (mobile or static) scatterers.
For a scattered MPC, the total Doppler frequency shift is a summation of multiple
Doppler shifts, due to multiple path changes. For instance, the Doppler frequency
of Scatterer 1 in Fig. 3.1 amounts to

fD =
fc
c0

(vTx cosαTx + vRx cosαRx), (3.1)

where fc is the carrier frequency, co is the speed of light, (vTx, vRx) and (αTx, αRx)
denote the speed and relative angle of Tx and Rx respectively.
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Figure 3.1: Schematic diagram of time-variant multipath propagation.

The power at the receiver antenna depends on the Tx-Rx-distance and addi-
tional fading effects, which are commonly separated into large-scale and small-scale.
Large-scale fading is often modeled with the pathloss equation

PL(d) = PL(d0) + 10n log

(
d

d0

)
+Xσ, (3.2)

where PL is the pathloss at distance do, n denotes the pathloss exponent depen-
dent on the propagation environment and Xσ a Gaussian distribution modeling the
(slow) shadowing effects from large objects [13].

The small-scale fading effect is due to constructive and destructive superposition
of MPCs at the receiver antenna and leads to fluctuations of the signal envelope.
The amplitude distribution of the superimposed signal is often modeled with a
Rayleigh distribution for NLOS condition or with a Rician distribution for LOS
conditions. These distributions are based on the central limit theorem and are
therefore predominantly relevant for narrowband channels, where a sufficiently high
number of MPCs can be found within a delay bin [14]. Larger bandwidths reduce
the number of MPC per delay bin and lead to a different behavior of the signal
envelope. A very high bandwidth can lead to a factual separation of the MPCs
in the delay domain and result in a negligible small-scale fading. In Fig. 3.1,
the width of the delay bin is represented by the ellipse width dτ . Sufficiently
large measurement bandwidths lead to slimmer ellipse widths and eventually to
the resolution of scatterer 2 and 4 into separate ellipses.
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When comparing V2V channels with the well-studied cellular channels, two main
differences can be identified. The first difference is due to the lower antenna position
of Tx and Rx antenna and the fact that both antennas are surrounded by scattering
objects, which leads to an increased number of relevant scatterers. One model
that accounts for this effect is the Double-Ring-Model [15]. Additionally, the low
antenna positions in combination with impermeable objects add to the complexity
of the multipath propagation with (short-term) MPC obstructions, which is often
called fast-shadowing effect or mesoscale fading [16]. The low antenna position
also leads to a stronger influence of ground reflection effects compared to cellular
channels. The superposition of the ground reflections with the LOS path often
leads to a power drop or a drop of the IEEE 802.11p packet success rate at distance
of 200-300 m.

The second main difference is due to the movement of Tx, Rx and the scattering
objects, which leads to a faster temporal fluctuation of the received signal. The
vehicular channel is frequently labeled doubly-selective, since it contains severe
frequency-selective fading due to the destructive superposition of strong MPCs
and time-selective fading due to the Doppler frequency differences of these MPCs.
These dynamics violate the wide-sense stationary (WSS) assumption and have to
be incorporated into V2V channel models appropriately, for instance with smaller
stationarity region of the channel statistics [17] [18].

The main principles of time-variant multipath propagation in vehicular scenarios
are shown in Fig. 3.2. In addition to the LOS path, the Rx antenna receives
reflections with two different time-variant effects. The first reflection at delay τ2

experiences a Doppler frequency shift, due to the movement of Tx, Rx and the
scattering vehicle (SV) driving in the opposite direction. Note that this Doppler
shift is the sum of the Doppler shifts from the paths Tx-SV and SV-Rx, which
explains why Doppler frequencies can be multiple times higher than one could
expect based on the speed of one vehicle. The Doppler shift arises from the change
of the path length over time and is therefore equivalent to the delay change over
time. Reversely, the Doppler frequency of an MPC can be estimated from the
delay change over time. Noteworthy, the assumption of a linear delay change as in
Fig. 3.3 is only valid for a very short time period or for larger distances between
the involved objects, where the negligible angle changes cause an approximately
constant Doppler shift. The situation displayed in Fig. 3.2, where the SV passes
by the Tx involves angle changes, hence a changing Doppler shift and yields a
parabolic delay change.

The second time-variant effect in Fig. 3.2 is due to the instant obstruction of
path 3 by the obstructing vehicle (OV), which leads to a path disappearance as
displayed in Fig. 3.3. Although the effect of MPC appearance and disappearance
is regularly called fast-shadowing, the real cause for the limited MPC lifetime is
often not shadowing. Instead, a favorable geometrical constellation of the scattering
environment typically determines the MPC lifetime, for instance a reflection on a
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Figure 3.2: Time-variant multipath propagation in a vehicular environment.

Figure 3.3: Change of delay over time and fast-shadowing of MPC.
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Figure 3.4: Superposition of time-variant multipath components at Rx antenna.

wall or a metallic surface.
Time-variant multipath propagation can also be regarded from the perspective of

complex-valued MPC amplitudes α1, where the received multipath signal at the Rx
antenna is a superposition of MPCs, as indicated in Fig. 3.4. In this perspective,
the Doppler shift of path 2 is translated into a (faster) rotation of α2 and leads to
a destructive superposition effect on the received signal. Furthermore, the instant
disappearance of α3 leads to an immediate change of the overall signal.

The effects of the time-variant multipath channel are described by

h(t, τ) =

P (t)∑
k=1

ak(t)e
jϕkw(τ − τk(t)), (3.3)

where ak is the amplitude, ϕk the phase, τk the delay of MPC k and w(τ) the
isolated channel sounder pulse. P (t) is the number of MPCs at time t.

Main properties of the channel are pathloss, shadowing, multipath propagation
and Doppler frequency shifts. The first three properties are determined by the
geometrical constellation of Tx, Rx and the surrounding environment, whereas the
latter depends on the movement of the involved objects. Cars usually drive on
streets and according to traffic rules within speed limits; geometry and movement
are therefore well defined. In order to statistically examine and characterize the
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vehicular channel, a categorization of the composite V2V communication into plau-
sible communication scenarios is needed. A reasonable categorization is based on
the different scattering environments, for example highway, intersection, urban or
tunnel. The second dimension of a separation depends on the movement constel-
lation and distinguishes for instance convoy traffic from oncoming traffic. In order
to understand in detail the nature of propagation channels in different vehicular
communication scenarios, appropriate wideband channel measurements have to be
recorded, analyzed and characterized.
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4 V2V Wideband Channel
Measurements

Channel sounder devices measure the response of a propagation environment to
a stimulating signal and are the sole method to quantify and eventually under-
stand the propagation channel. In this context, the word ”sounder” refers to the
stimulation and sensing of the propagation environment by the measurement de-
vice. The output of a channel measurement is either a transfer function H(f, t)
in the frequency domain or a channel impulse response h(τ, t) in the time domain.
Frequency-domain measurements are based on a multitone signal, for instance a
chirp sequence. Time-domain measurements are based on transmitting pulses or
pseudorandom sequences. This thesis is based on measurements conducted with the
HHI channel sounder [19], a measurement device that operates in the time-domain
with a pseudorandom sequence.

The principle functioning of the HHI channel sounder is depicted in Fig. 4.1.
The sequence is generated and pulse-shaped with a D/A-converter in an arbitrary
waveform generator (AWG) and then mixed with 5.7 GHz from the local oscillator
(LO) from baseband (BB) to the radio frequency (RF). After interaction with the
propagation environment and reception at the Rx antenna, the signal is filtered
with a bandpass (BP) and sampled with an A/D-converter to retrieve the digital
samples. Both parts of the system rely on highly accurate reference clocks (Clk),
which are implemented based on a rubidium atomic clock. More details on the
functioning of the HHI channel sounder can be found in [20].

Figure 4.1: Principle functioning of the HHI channel sounder.
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The pseudorandom transmit sequence has N elements and perfect periodic auto-
correlation properties. The transmission time of the sequence is designed to be
much smaller than the coherence time. The signal processing part of the Rx chan-
nel sounder correlates the received signal with the known sequence and obtains
the channel impulse response at a certain time instance, the so-called snapshot.
Recording of a time-variant channel requires an assumption on the largest occurring
Doppler frequency value νmax, in order to select the period between two adjacent
snapshots in accordance with the Nyquist rate

fsample ≥ 2 νmax. (4.1)

Also, the maximum excess delay has to assumed, in order to prevent an echo
overlap between adjacent snapshots. This leads to an upper bound of the snap-
shot period and, together with the lower bound from the Nyquist rate, has to be
considered when selecting an appropriate snapshot period.

Groups of adjacent snapshots are named recording sets and capture the time-
variant behavior of the channel. One measurement run with the HHI channel
sounder consists of approximately 10,000 snapshots. In this thesis, two types of
snapshot organizations are applied (see Table 4.1). The first kind of snapshot or-
ganization method called Type 1 is characterized by continuous recording up to
a maximum recording set time of 1 s. There is a gap of around 100 ms between
recording sets, which is needed for an adjustment of the automated gain control val-
ues. This snapshot organization allows for a full comprehension of the propagation
process, but limits for an urban environment the total measurement time to around
7 s. The second snapshot organization alternative named Type 2 in Table 4.1 is
a packet-oriented approach and is derived from the transmission timing of CAMs
and the IEEE 802.11p packet length. Here, the set recording time is selected to be
a little larger than the maximum packet on-air time and amounts to approximately
3 ms, with gaps of 10-100 ms between recording sets. This type of snapshot organi-
zation allows for longer measurement runs of up to 3 min and enables investigations
of the long-term evolution of the channel. The snapshot organization is visualized
in Fig. 4.2, containing the units: snapshot, set and recording.

Successful channel sounder campaigns for V2V communication scenarios require
a careful selection of suitable measurement sites (see Section 7.1, 8.1.1, 10.1 and
Chapter 11), an appropriate measurement timing setup (according to Table 4.1)
and a synchronized coordination during the measurement execution. This mea-
surement coordination is based on street maps and a detailed plan regarding the
starting and terminal point for the measurement vehicles. A constant voice link
between the drivers allows for the synchronization of the measurement run and
permits instant adaptations to the current traffic situation.
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Table 4.1: Organization of channel measurement into sets of snapshots.

Type 1 Type 2

Snapshot recording time 16.3 µs 16.3 µs
Snapshot period 716 µs 200-716 µs
Number of snapshot per recording set 1397 6-13
Set recording time 999.5 ms 2.4-3.6 ms
Set period 1100 ms 10-100 ms
Number of sets per measurement 7 768-1666
Measurement duration 7.6 s 19.1-166.5 s

Figure 4.2: Organization of snapshots into recording sets.
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Valuable measurement side information from video cameras and accurate posi-
tioning systems keep record of the environmental conditions during the run. We
mounted in each vehicle a video camera facing towards the driving direction, the
most relevant direction for V2V communication and its propagation channel. In
order to capture all surrounding circumstances during the run, we mounted a 360◦

video camera on the roof of each vehicle. The positions of the measurement vehicles
were recorded with a GeneSys ADMA-G device, a positioning system based on data
fusion of GNSS positioning and data from inertial sensors. This positioning system
is advantageous in tunnel scenarios or in deep street canyons, where coverage of
GNSS satellites is reduced or absent.

The transmitter unit and receiver unit of the HHI channel sounder are shown
in Fig. 4.3. The measurement device is installed in ordinary passenger vehicles
and used in real traffic situations (Fig. 4.4). Simultaneously measured channels
from antennas mounted at different positions on the roof of the vehicle permit
investigations of exploiting antenna diversity in the range of several wavelengths,
which is important for communication systems based on MIMO techniques. The
antenna positions investigated in this thesis are depicted in Fig. 4.5: roof antennas
and antennas inside the cabin. Channel investigations for antennas mounted inside
the vehicle give an indication of the advantages and disadvantages of aftermarket
transceivers, thus the installation of V2V communication systems in older vehicles.

Properties of the channel vary for different frequency bands and appropriate
channel measurement should therefore be conducted at or close to the targeted
communication frequency. The IEEE 802.11p standard operates at carrier frequen-
cies of around 5.9 GHz and the HHI channel sounder was designed at a carrier
frequency of 5.7 GHz. The corresponding measurement antennas are matched to
the desired frequency range from 5.2 to 6.2 GHz and feature an approximately om-
nidirectional radiation pattern in the azimuth plane. This antenna characteristic
probably differs slightly for the case that the antennas are mounted on a vehicle
roof, but due to fact that the total length of the antenna is multiple wavelengths
above the metallic roof surface, the deviation from the laboratory measurement is
probably low.

The HHI channel sounder bandwidth of 1 GHz is 4-15 times larger than other
V2V channel sounders [21] [22] and the most remarkable feature of this measure-
ment device. The HHI channel sounder bandwidth leads to a multipath delay
resolution of 1 ns and reveals reflections from scattering objects ranging in the size
of 30 cm. This allows wide insight into the temporal behavior of individual MPCs
and sets the fundamentals for a suitable wideband MPC tracking method. Further-
more, this feature enables the association of individual MPCs to physical objects
in the surrounding scattering environment.
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Figure 4.3: HHI channel sounder: receiver unit (left) and transmitter unit (right).

Figure 4.4: HHI channel sounder installed in measurement vehicles (left), placement
of antennas on roof and at different locations inside the vehicle (right).
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Figure 4.5: Position of antennas during measurement: two Tx and three Rx anten-
nas (Rx1Out is in a similar position as Tx2Out).
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5 From Wideband Channel Data
to Channel Modeling

The design and development of a suitable wireless communication system for a new
propagation environment or at a new frequency should be based on the fundamental
understanding of the underlying propagation channel. This requires preceding re-
search efforts, which can be partitioned into research steps as displayed in Fig. 5.1.
This thesis examines multiple steps of this research chain for V2V communication.
Extensive channel measurement data is collected and then processed with suitable
parameter estimation methods, namely with several wideband MPC tracking al-
gorithms and a measurement-based ray tracing method for localizing scattering
objects. The next step covered by this thesis involves the analysis and statistical
characterization of the estimation outcome, hence a modeling of individual chan-
nel parameters. Finally, numerous performance evaluation methods are discussed
within this thesis. A comprehensive channel model or a communication system
design are not scope of this thesis.

5.1 Tracking of Wideband MPC Behavior

In order to follow the temporal behavior of MPCs or extract other relevant chan-
nel parameters [18], complex estimation algorithms are required [23]. However,
a sufficiently large channel measurement bandwidth leads to lower complexity re-
quirements for a suitable MPC tracking algorithm. One of the reasons why a
simpler tracking method can be applied if the delay time resolution is sufficiently
fine, is due to the lower number of physical MPCs that make up a resolvable MPC
[14] [24]. This means that there are fewer superimposed MPCs and hence a less

Figure 5.1: Research chain for a new wireless communication system.
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severe amplitude fluctuation of the resolvable MPC. The absence of small-scale
fading makes it significantly easier to follow the temporal evolution of resolvable
MPCs. Furthermore, appropriate delay estimation techniques allow a sub-ns ac-
curacy and make tracking of individual MPCs even easier. Another consequence
from a large measurement bandwidth is the sparsity of the multipath channel. The
high resolution clearly separates the MPCs and leads to a reduced interaction be-
tween neighboring MPCs, which again leads for a tracking method to a reduced
likelihood of false positives. Another aspect that reduces the requirements for an
MPC tracking algorithm is particularly related to V2V communication scenarios:
vehicles drive predominantly in a very predictable manner, i.e. within clearly de-
finable limits regarding their change of speed and change of direction. This means
for the prediction of an MPC delay progression that a linear continuity assumption
of the instantaneous delay progression is valid.

A distinctive characteristic of V2V communication channels is their time-variant
behavior, due to the movement of transmitter, receiver and scattering objects.
These dynamics lead to a smaller stationarity region of the channel statistics [18]
and have to be incorporated in an appropriate manner. Our wideband channel data
reveals appearing and disappearing MPCs from one snapshot to the next snapshot,
hence non-stationary MPC behavior between adjacent snapshots. An appropriate
tracking method has to be able to cope with this behavior. This is the reason
why the tracking algorithm proposed in this thesis is not based on a local WSS
time window as done in [25], but instead takes every snapshot as an independent
processing step.

The outcome of comprehensive wideband MPC parameter estimation is the sta-
tistical characterization of number of, birth rate and lifetime of individual MPCs.
Also, distributions for delay and Doppler frequency per wideband MPC can be
obtained.

Although the proposed tracking algorithm performs well for short-term periods,
additional tracking algorithms are needed in order to track MPCs over a longer
period. Dependent on the organization of the snapshots and the corresponding
length of the recording set as described above, different tracking method need to
be applied.

5.2 Estimation of Scattering Objects

A benefit of wideband channel sounding measurements is the ability to detect in-
dividual MPCs and relate these to physical scattering objects. Information on
wideband MPC tracks lead to further valuable channel information. Since mea-
surements are recorded with two antennas mounted at the left and right edge of
the roof, the path angle estimation principle with a two elements antenna array can
be applied. The known distance between the roof antennas and the delay difference
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detected at the antennas allow for an angle estimation. The functioning of this ap-
proach could be verified with an appropriate measurement constellation and the
comparison of the delay difference in the measurement data to the expected delay
difference, based on the antenna distances. Due to the fact that all antennas and
RF-chains are essentially identical and the angle estimation involves the difference
in delay only (MPC phase is ignored), this approach does not require an antenna
array calibration.

A detailed understanding of wideband MPC dynamics facilitates also the po-
tential to associate measured paths to corresponding scattering objects. This can
be accomplished by applying the so-called measurement-based ray tracing method,
which relates measured MPC estimates to rays from a ray tracing simulation of
the real-world measurement run. The results from this scattering location method
reveal the geometrical causation of the V2V multipath propagation process and can
be used to enhance the development of geometry-based channel models.

5.3 Channel Modeling Approaches

Channel modeling pursuits the establishment of an efficient and accurate chan-
nel representation. An appropriate channel model enables realistic simulations of
the propagation process. The appropriateness of the model depends on the pur-
pose of the simulation and is a balanced trade-off between accuracy and simplicity.
The channel model should reflect the most relevant characteristics accurately and
be simple enough to make an implementation as software simulation or within a
channel emulator feasible. Physical channel modeling approaches can be roughly
separated into deterministic, stochastic and hybrids involving both approaches.

Deterministic channel models aim for the exact reproduction of all relevant MPC
and require demanding computational efforts. Ray tracing is a common determin-
istic modeling approach [26] [27], where transmitted rays interact with physical
objects in a geometrical model and are then superimposed at the Rx antenna. This
method can be useful for an evaluation of appropriate vehicle antenna positions
or for propagation simulations at sites of particular interest, for instance at an ur-
ban intersection. Another deterministic method is based on replaying previously
recorded channel data. The main advantage of this method is its high accuracy.
Drawbacks of this method are the large amount of data required for simulations
and a possibly narrow validity, if the focus remains on single measurement runs.
Nevertheless, this method is a reasonable complement to stochastic channel models,
since it covers particularly demanding channels not covered by the statistics.

Stochastic modeling approaches are based on the statistical distributions of chan-
nel parameters and usually more practicable. Stochastic models can be differenti-
ated into wideband and narrowband: wideband models regard each MPC individ-
ually, whereas narrowband approaches essentially model the superimposed MPCs
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within a delay bin. A common assumption in stochastic channel modeling is wide-
sense stationarity uncorrelated scattering (WSSUS), which is a precondition of the
simple and widely used tapped delay line (TDL) model. Wide-sense stationarity
means that the channel statistics do not change over time, which implies that the
Doppler frequencies remain constant. WSSUS does not hold in vehicular com-
munication scenarios [18] and V2V modeling approaches have to incorporate this
particular characteristic.

5.4 V2V Channel Modeling

Probably the two most distinctive characteristics of V2V channels are the low
mounting height of both (Tx and Rx) antennas and the time-variant behavior,
due to the movement of transmitter, receiver and scattering objects. These char-
acteristics lead to, among others, fast MPC shadowing effects and diverse Doppler
frequency distributions [18]. Hence, classical TDL models are enhanced with a
”persistence process” [28] or with varying Doppler spectra models [29]. Different
from these models, [25] proposes a dynamic wideband V2V channel model based
on a local WSS time window and MPC statistics related to this time window.

Alternatively to deterministic and stochastic modeling, the geometry-based stochas-
tic channel models (GSCM) follow a hybrid modeling approach based on statistical
distributions of scattering objects and a simplified deterministic propagation simu-
lation. The scatterers are distributed in a realistic and physically reasonable man-
ner, which can only be accomplished if the scattering geometry is not arbitrary but
predictable to some extent. This can be achieved in V2V communication scenar-
ios. An important advantage of the GSCM method is the fact that the directional
MPC information, i.e. angle-of-arrival (AOA) and angle-of-departure (AOD), are
included in the channel model. This makes it possible to separate the propagation
channel from the radio channel, which allows the inclusion of different antenna
characteristic and enables realistic studies on directional antennas or other MIMO
techniques (see [12] for details on directional channels). In general, the AOA and
AOD in V2V channels are time-variant, which lead to time-variant Doppler fre-
quencies and make the GSCM approach well-suited for non-stationary propagation
environments.

An overview of current V2V channel modeling can be found in [30] [31]. Basically
there are two major paths being followed: extensions and derivatives of the TDL
model and, the GSCM. An interesting comparison of these two approaches can be
found in [32]. Probably the most prominent TDL model was released by ETSI,
where each communication scenarios is represented by a channel impulse response
of 3-4 tap, with each tap being characterized by its power, delay and Doppler
frequency. In order to cope with the fast MPC shadowing effects, other approaches
enhance the classical TDL model with a so-called persistence process [28]. Different
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from these narrowband approaches, work in [25] proposes a dynamic wideband V2V
channel model, with a local WSS time window. Examples for work on V2V GSCM
can be found in [33] [34], related work also in [35] [36].
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6 Estimation and Tracking of
Wideband MPC

6.1 Detecting MPCs in a Channel Impulse

Response

Processing of channel sounder data is a multi-step process and starts with the
detection of MPCs in the channel impulse response at a certain time instance.
Superresolution channel parameter estimation schemes such as ESPRIT [37] and
MUSIC [38] require a covariance matrix, hence multiple observations of a stationary
process. Since the fading process of vehicular channels is non-stationary, [25] and
[18] suggest to use a local WSS time window. Instead, we decided to use the small-
est possible time window and take every measurement snapshot as an independent
process step. This approach is reasonable for our wideband channel measurement
data, since we observe non-stationary MPC behavior between snapshots, e.g. ap-
pearing/disappearing MPCs and a change of the MPC delay. Since our tracking
method does not depend on any statistics and we are not aiming at any statistical
channel parameters based on a local stationarity region, we disregard matters on
appropriate stationarity window lengths.

We use a MPC detection algorithm that is based on work from [39], which has
some similarities to the CLEAN [40] or UWB-SAGE [41] algorithms and can be
summarized as follows: Find the strongest peak in the channel impulse response,
subtract this dominant peak in the frequency domain and continue searching and
subtracting strongest peaks respectively in the remaining impulse response. A
detailed description of this search and subtract algorithm can be found in [42], an
experimental verification of this algorithm is given in [39]. Here, we start with the
time-variant channel impulse response as

h(t, τ) =
L∑
l=1

αl(t)δ(τ − τl(t)), (6.1)

where L denotes the number of scatterers, αl the complex gain and τl the delay
of MPC l. The channel impulse response provided from a channel sounder with
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measurement bandwidth B can be expressed as

h(t, τ) =
L∑
l=1

αl(t)w(τ − τl(t)), (6.2)

where w(τ) is the isolated pulse with duration Tp. The sampled channel data
depends on the snapshot sampling period Ts and the delay resolution period Tb =
1/B. We therefore express the discretized form of the channel impulse response as

h(nTs, uTb) =
L∑
l=1

αl(nTs) w(uTb − τl(nTs)), (6.3)

for n = {1, ...,M} and u = {1, ..., U}, where M is the maximum number of available
snapshots and U is the selected sounding sequence length (denoted N in [19]). As
previously stated, we want to detect the MPCs at each single snapshot n and
therefore define a channel impulse response as vector h ∈ CU with elements

hu = h(uTb) =
L∑
l=1

αl w(uTb − τl). (6.4)

We furthermore define vector

w(τ) = [0Dτ , w0, 0U−Z−Dτ ]
T ∈ RU , (6.5)

with Dτ being the discretized version of time delay τ , such that τ ' Dτ ·Tb and with
w0 ∈ RZ of elements wu = w(uTb), u = {1, ..., Z} such that Tp = Z · Tb. The zero
series 0Dτ and 0U−Z−Dτ consist of Dτ and U − Z −Dτ zero elements respectively
and are used to shift w0 in w(τ). Since we are using sparse wideband channel data,
we assume that the delay components τl are separable, that is,

|τi − τj| ≥ Tb ∀i 6= j (6.6)

and can therefore apply the maximum likelihood method to obtain the delay and
complex amplitude estimates of the strongest peak [42]:

τ̂l = argmax
τ

∣∣w(τ)Thl
∣∣ , (6.7)

α̂l =
w(τ̂l)

Thl
wTw

, (6.8)

where hl is the channel impulse response after l strongest peak detections. The
strongest MPC is subtracted from the channel impulse response in the following
way

hl =

{
h , l = 1

hl−1 − α̂l−1w
∗(τ̂l−1) , l > 1,

(6.9)
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the detected MPC θl = {al, τl} is saved for further processing and the algorithm
searches for the next strongest peak.

We augment the algorithm by windowing the measured transfer function before
applying the detection algorithm. The windowing reduces the side lobes of the
pulses in the channel impulse response and improves the overall detection perfor-
mance. In order to select the best windowing method, the performance evaluation
was executed for a Raised-Cosine roll-off window and a Kaiser window [43] with
different corresponding window parameters. The shape of the Kaiser window in
the frequency domain

z[u] =

{
I0(πa
√

1−( 2u
U−1
−1)2)

I0(πa)
, 0 ≤ u ≤ U − 1

0 otherwise,
(6.10)

and therefore the trade-off between the width and the side lobes of the pulse is
determined only by one parameter a. In (6.10), I0 is the zeroth order of the modified
Bessel function of the first kind, U is the window length (equal to the sounding
sequence length) and a a non-negative real number. The best results showed the
Kaiser window with a parameter value of a = 6.

After the subtraction of a peak, a delay range around the identified peak location
is blocked for the following peak searches, with the purpose to prevent a re-detection
at neighboring delay values. We set the width of this blocked delay range equal
to the channel sounder pulse width at 10 dB below its peak magnitude, which is
in our case 2.47 ns. The entire detection process for a channel impulse response
involves the following steps:

1. Estimate the noise floor by estimating the power of a channel impulse response
part where no MPCs occur (usually at larger delays), add 6 dB to obtain a
noise floor threshold and set all values in the impulse response below this
threshold to zero.

2. Apply windowing in the frequency domain using a Kaiser window with a
parameter value of 6 (see (6.10) for the corresponding equation and [43] for
more details).

3. Find the strongest peak outside blocked delay range(s) and save as a detected
MPC.

4. Block the delay range surrounding the newly detected MPC.

5. Subtract the channel sounder pulse at the detected MPC delay position from
the measured transfer function, as done in (6.9).

6. Repeat points 3 to 5 until no additional MPCs are detected.
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Table 6.1: Parameters of the GM-PHD filter implementation used for tracking per-
formance comparison

Symbol Value Explanation

σν 3 · 10−1 Standard deviation of process noise in m
s2

σε 3 · 10−3 Standard deviation of measurement noise in m
pS 0.99 Probability of target survival, see (19) in [44]
pD 0.95 Probability of target detection, see (20) in [44]
T 1 · 10−2 Truncation threshold, see Table II in [44]
U 1 · 10−1 Merge threshold, see Table II in [44]
− 2 · 10−1 Minimum weight threshold, see Table III in [44]

6.2 Tracking of MPCs over Time

The large measurement bandwidth of 1 GHz makes MPC tracking of individual
MPCs feasible. The goal of our MPC tracking method is to keep the algorithm
complexity as low as possible and yet establish an effective tool with a good track-
ing performance. In order to evaluate our algorithm, we compare performance
indicators with a state-of-the-art tracking algorithm called Gaussian mixture prob-
ability hypothesis density (GM-PHD) filter [44], which incorporates the widely
used extended Kalman filter [45]. The GM-PHD filter is a recursive algorithm that
models targets as random finite sets and propagates the posterior intensity in time.
The implementation of this tracking approach is elaborate, requires substantial
computational efforts and an adaption of least 10 algorithm parameters to the cor-
responding tracking problem. This includes seven core algorithm parameters and
additional parameters with lower effect on the tracking results. In our implementa-
tion, we use three additional parameters for creating the so-called birth processes
and four additional parameters to filter out tracks with unlikely delay/magnitude
changes (similar to our maximum delay/magnitude change thresholds in (6.15)). In
Table I we list the most relevant algorithm parameters matched to our measurement
data.

Our proposed algorithm works with little computational effort and is based on
the continuity of the delay and magnitude changes. Although proposed as a method
for MPC tracking in [46], the phase change estimates are not used for tracking due
to their high measurement noise and their 2π-ambiguity. Our algorithm is based
on four parameters, which are estimated depending on the measurement data set-
up and quality as for (6.23) or directly from the underlying physical model as for
(6.15).

The developed MPC tracking algorithm is based on the following assumptions:
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1. The same MPC is detected in three consecutive snapshots.

2. Splitting or combining of MPC tracks does not occur.

3. The second derivatives of delay and magnitude are below the estimated max-
imum search tolerances in (6.23).

The main idea behind our MPC tracking approach is similar to the tracking
approach described in [33], but in addition to delay estimates we also use magnitude
estimates as a measure for tracking. The MPC tracking steps are depicted in Fig.
6.1 and can be summarized as follows:

1. Start in the first snapshot with the strongest peak and search in the second
snapshot for neighboring peaks in terms of delay and magnitude distance to
the starting peak.

2. Use the observed delay change and magnitude change (dotted lines in step
1 in Fig. 6.1) to predict the peak location in the third snapshot, as shown
in step 2 in Fig. 6.1. Based on the predicted location and the pre-defined
search tolerances, define a two-dimensional search range (brackets in step 2
in Fig. 6.1). If a peak is found within the search ranges, a MPC track has
been identified.

3. In case more than one peak is found within the defined search ranges, choose
the peak with smallest distance to the predicted delay location.

4. Use the latest delay change and magnitude change to get the next search
ranges accordingly (step 3 in Fig. 6.1). Continue searching peaks along the
MPC track, until no peak within the current search ranges is found.

5. Start with the second strongest peak in the first snapshot until the MPC
track ends. Only consider peaks that are not yet linked to a MPC track.

6. Continue searching tracks for all other peaks in the first snapshot and then
continue searching for tracks in later snapshots that are not yet linked to a
MPC track.

Stating the MPC tracking algorithm with mathematical expressions, we have
to keep in mind that h(nTs, uTb) = h[n, u], with Ts being the channel acquisition
period and Tb being the delay resolution. The output from the detection algorithm
at time instance n are the MPC gain al, the delay τl and the phase φl

θl = {al, τl, φl} (6.11)
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Figure 6.1: Schematic diagram of the MPC tracking steps.

with l ∈ {1...Ln} and Ln being the number of detected MPCs at time n. For the
MPC tracking algorithm, we use a subset of the estimated parameters

sl[n] =

(
al[n]
τl[n]

)
. (6.12)

We start in n = nstartk = 1 searching for MPC track k = 1 with the strongest MPC
ŝ[n] and its neighbors in the next time instance

xcl =

{
1, if d

(
ŝ[n], {sl[n+ 1]}Ln+1

l=1

)
≤ ξs

0 otherwise,
(6.13)

where d(·, ·) is the distance defined as

d
(
ŝ[n], {sl[n+ 1]}Ln+1

l=1

)
=

∣∣∣∣( â[n]− {al[n+ 1]}Ln+1

l=1

τ̂l[n]− {τl[n+ 1]}Ln+1

l=1

)∣∣∣∣ , (6.14)

and

ξs =

(
ξa
ξτ

)
(6.15)

is the maximum magnitude change and delay change, based on considerations on
the physical limits of the moving objects. The resulting C initial track direction
candidates

xcl{sc[n+ 1]}Cc=1 = {s1
l [n+ 1], s2

l [n+ 1], ..., sCl [n+ 1]} (6.16)

are used for an identification of track k by predicting s̃k[n + 1] with the linear
prediction model H. We start with the first initial direction candidate and set

28



sl[m] = s1
l [n+ 1] in

s̃k[m+ 1] = H (sl[m]) =

(
al[m] + ∆al[m]
τl[m] + ∆τl[m]

)
, (6.17)

with
∆al[m] = al[m]− al[m− 1] (6.18)

∆τl[m] = τl[m]− τl[m− 1]. (6.19)

Based on the prediction s̃1
k[n+ 2] = s̃k[m+ 1], we can look for MPCs in the defined

search ranges rmin and rmax

xmkl =

{
1, if rmin ≤ {sl[m+ 1]}Lm+1

l=1 ≤ rmax
0 otherwise,

(6.20)

where
rmin = s̃k[m+ 1]− εs (6.21)

rmax = s̃k[m+ 1] + εs. (6.22)

The values of the maximum allowed search tolerances

εs =

(
εa
ετ

)
(6.23)

depend on the time interval between two snapshots, the dynamics of the propa-
gation channel and the quality of the measurement device. An evaluation of the
algorithm results has to be performed in order to estimate appropriate search tol-
erance values.

Then, we check the outcome of the binary variable xmkl with

Lm∑
l=1

xmkl = X. (6.24)

In case X = 0, no track is found and the algorithm continues with the next initial
candidates {scl [n + 1]}. In case X = 1, only one track candidate is found and con-
sequently a track is identified; while in case X > 1, more than one track candidate
is found. In order to select from multiple track candidates, we use

argmin
xkl

Lm+1∑
l=1

d(τ̃k[m+ 1], τl[m+ 1])xkl (6.25)

so that X = 1 holds in (6.24). Now, as an MPC track is identified by three adjacent
MPCs, we save

xnkl = xn+1
kl = xn+2

kl = 1 (6.26)
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and continue searching along track k = 1 with the linear prediction model in (6.17),
for m = {nstartk + 3, ..., N} or until the end of track k at Nk is found. We save the
estimated MPC parameters of track k in

sk[n] = sl[n]xnkl. (6.27)

Next, we continue in n = nstartk = 1 with the next strongest MPC ŝ[n] not yet part
of a track

ŝ[n] /∈ {sk[n]}Knk=1, (6.28)

where Kn is the number of tracked MPCs at time n. Based on ŝ[n], we start again
identifying initial track direction candidates in (6.13). After Ln starting MPCs
ŝ[n] are considered, we continue with n = nstartk = 2 and look for MPCs that fulfill
(6.28) to start again from (6.13). The result of the tracking algorithm is the set

Sk = {sk[n]}Nk
n=nstartk

. (6.29)

The lifetime of track k is ψk = Nk − nstartk . In order to obtain a Doppler frequency
estimate per track k, we first retrieve mk with linear regression

y +mkx =
∆{τk[n]}Nk

n=nstartk

∆nTs
(6.30)

and calculate the Doppler frequency

νk = −mkfc (6.31)

where fc is the carrier frequency. The final outcome of the short-term MPC tracking
are the following estimates

θk = {ak[n], τk[n], ψk, νk}Nkn=nstartk
. (6.32)

6.3 Evaluation Based on an Artificial Channel

In order to evaluate the performance of the detection algorithm and both tracking
algorithms, two different kinds of evaluation methods are applied. The first eval-
uation method is based on an artificial channel, which is created using a channel
sounder pulse. This pulse is extracted from a channel sounder measurement via
an RF cable and reflects the characteristics of the measurement device. The ar-
tificial channel used for the performance evaluation consists of two MPCs tracks
with identical power levels, decreasing delay distances and an added noise floor
with a power level at -140 dB, as shown in Fig. 6.2. This artificial channel can
be regarded as a worst-case tracking scenario when considering two MPCs, since

30



Figure 6.2: Result from proposed MPC tracking algorithm for an artificial channel
created with a measured channel sounder pulse.

a greater power difference between the MPCs would lead to the dominance of one
MPC and a better overall result. Since we are mainly interested in the separation
of two MPC tracks that are close in terms of delay distance, we use this simple
artificial channel to assess the tracking performance.

The example in Fig. 6.2 shows an artificial channel with MPC powers of -116 dB.
We found that up to a delay distance of around 2.5 ns, the mean delay estimation
error is below 0.03 ns with flawless tracking results, as shown for large MPC powers
in Fig. 6.3 and Fig. 6.4. The malfunction of the detection algorithm at delay
distances below 2.5 ns can be explained with the width of the channel sounder
pulse and the effects of two superimposing pulses [47]. The decreasing distance
of two complex pulses with finite bandwidth leads to constructive or destructive
superposition and consequently to fluctuations of the resulting pulse, as shown in
Fig. 6.2. In order to find the limits of the applied algorithms, the power level of
the MPCs is reduced and the tracking results up to a distance of 2.5 ns between
the approaching MPC tracks are compared to ground truth.

We compare the tracking performance of the proposed algorithm and the GM-
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Figure 6.3: Number of detected tracks as a MPC tracking performance indicator,
based on an artificial channel and delay distances above 2.5 ns.

PHD filter in Fig. 6.3 and Fig. 6.4, both with and without prior windowing.
As we can observe in Fig. 6.3 and Fig. 6.4, prior Kaiser windowing results in
more accurate number of tracks and lower mean delay estimation errors. The third
appearing ”track” without Kaiser windowing in Fig. 6.3 is due to the fact that the
superimposing pulses generate a third pulse in some successive snapshots, which are
misinterpreted as a track. Also, we find in Fig. 6.3 that the detected MPC tracks
start to split into more than the actual two tracks at a MPC power of -124 dB for
the GM-PHD filter and at a MPC power of -126 dB for the proposed algorithm.
As can be found in Fig. 6.4, the mean delay estimation error at these power values
is below 0.07 ns and in terms of delay estimation, the proposed tracking algorithm
has a better performance than the GM-PHD filter.
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Figure 6.4: Mean delay estimation error as a MPC tracking performance indicator,
based on an artificial channel and delay distances above 2.5 ns.

6.4 Evaluation Based on Channel Measurement

Data

The second performance evaluation is based on visual inspection of tracking results
from actual channel measurement data. The goal of this evaluation is to identify
false positives and false negatives, i.e. tracking mistakes and missed tracks.

The tracking algorithms are applied to channel data from a measurement run
in the so-called Tiergartentunnel in Berlin. The measurement vehicles are driving
southbound in a convoy with speeds between 42 km/h and 52 km/h at distances
between 75 m and 110 m, with the above mentioned uncertainty of around 20 m.
The shape of the tunnel is curved and the traffic density during measurement was
low, as can be seen in Fig. 11.7. One measurement run of the HHI channel sounder
contains 10,000 snapshots, which are organized into sets of snapshots. In this
measurement run, a set consists of six snapshots with a time interval of 0.717 ms
between the snapshots, which results in a set recording time of around 3.6 ms. The
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Figure 6.5: MPC tracking results for a recorded channel measurement set in a tun-
nel convoy traffic communication scenario. The dashed lines result from
the GM-PHD filter with EKF, whereas the dotted lines result from the
proposed tracking algorithm.

time interval between the starting of two sets is 10 ms. We recorded 1666 sets, which
amounts to a total measurement time of around 16.7 s. This measurement set-up
enables longer measurement runs compared to continuous recording and in addition
reflects the packet on-air times of CAMs based on IEEE 802.11p. One of the most
relevant challenges in vehicular communication is a reliable frame detection, which
corresponds to the time-variant behavior of the channel while a transmission packet
is on the air. Therefore, we selected the length of the set recording time to account
for the maximum IEEE 802.11p frame duration of 2 ms, considering the maximum
allowed payload of 1500 Bytes.

In order to evaluate the tracking algorithms on demanding MPC tracks, we use
the described measurement run from a convoy traffic tunnel scenario with dense
multipath inter-arrival times. Based on the results, we tuned the parameters of
the tracking algorithm empirically and found that with a snapshot time interval
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Figure 6.6: Standard deviation of tracked wideband multipath components power
for entire measurement run.

of Ts = 0.7 ms, a delay search tolerance value of ετ = 0.5 ns and a magnitude
search tolerance value of εa = 10 dB is suitable. These high search tolerance values
have been selected since they leave enough space for deviations from the instan-
taneously observed delay/magnitude change without, due to the sparsity of the
channel, leading to additional false positives. In particular weak MPCs undergo
significant fluctuations and require larger search tolerances. These search toler-
ance values are most likely also adequate for other V2V scenarios, if applied on
measurement data with similar snapshot time intervals and similar measurement
bandwidth. This assumption is based on the fact that these values were also ap-
propriate for a highway measurement run we processed and analyzed.

Fig. 6.5 shows the time-variant channel impulse response of a tunnel scenario
measurement, where circles indicate the detected MPC peaks, the dotted lines
show the outcome of the proposed tracking algorithm and the dashed lines show
the results from the GM-PHD filter. In Fig. 6.5, we can observe that, compared
to the GM-PHD filter tracks, the tracks from the proposed algorithm are more
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Figure 6.7: Comparision between the original channel gain after Kaiser windowing
and the captured channel gain after the detection, the proposed tracking
algorithm and the GM-PHD filter with EKF.

reactive to the dynamic MPC behavior. Also, we can observe that some diffuse
multipath components (DMC) peaks are not linked to any MPC track and result
in a loss of the captured channel gain. Fig. 6.7 shows for a part of our measurement
run the original channel gain after the mentioned Kaiser windowing, the detected
channel gain and the tracked channel gain of both tracking approaches, which are
defined at time instance n by

∑J
j=1 |aj|2,

∑Ln
l=1 |al|2 and

∑Kn
k=1 |ak|2 respectively. It

can be observed that all processed channel gain curves, the detected and the two
tracked curves, are below the original channel gain curve and follow the original
curve progression very well with a certain distance.

Fig. 6.8 displays the power losses due to the applied algorithms, where it becomes
clear that the main loss is due to the detection algorithm. Also, we can observe in
Fig. 6.8 that the loss decreases for a larger channel gain, which can be explained
with DMCs being beyond the limited dynamic range of the channel sounder when
receiving stronger MPCs. When comparing the two tracking approaches in Fig. 6.8,
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Figure 6.8: Power losses due to the detection, the proposed tracking algorithm and
the GM-PHD filter with EKF.

we can observe that each algorithm has tracking difficulties at different parts of the
measurement run (the proposed algorithm at 6.25 s and the GM-PHD filter at
6.85 s). Furthermore, we can observe that the energy loss of the GM-PHD filter
is sometimes below zero. This can be explained with the set-up of this algorithm
and the ”survival” of a track, even without any measurement data supporting this
track. In contrast, the proposed algorithm simply connects detected MPCs and
therefore never results in a negative loss. The mean square error of the energy loss
compared to the detected channel gain is 0.0065 dB for the proposed algorithm
and 0.005 dB for the GM-PHD filter. For the entire measurement run, we observed
an average total energy loss of around 2 dB for both tracking approaches, with a
standard deviation of around 0.4 dB.

The main advantage of our proposed algorithm is its comparatively low com-
putational effort. The performance of our tracking method is comparable to the
GM-PHD filter, but its numerical complexity is strongly reduced. The proposed
algorithm has a linear time complexity, due to the fact that it processes on a snap-
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Figure 6.9: Video snapshot of conducted measurement run in a tunnel scenario,
taken from the rear measurement vehicle.

shot basis every MPC track separately. In contrast, the GM-PHD filter predicts
and processes multiple targets simultaneously, which leads to a linear complexity in
the number of targets and a cubic complexity in the number of snapshots [48]. In
order to limit the computational effort of a corresponding implementation, several
thresholds are used to reduce the number of targets (e.g. the last three variables
in Table 6.1). However, strongly “optimized” threshold values come at the expense
of a reduced tracking accuracy.

We estimate a time complexity reduction factor of up to 10, based on the fact
that processing 100 measurement snapshots with our algorithm take around 95 s on
a standard computer, whereas processing with our GM-PHD filter implementation
requires 911 s.

In addition, our algorithm leads to more accurate delay estimates if applied on
measurement data with low measurement noise, as can be found in Fig. 6.4. This is
due to the fact that our approach interrelates detected peaks instead of generating
processes that approximate tracks, as done in the GM-PHD filter. In other words,
the GM-PHD filter usually lags a little behind the measured dynamics. Further-
more, since the resulting track is not directly linked to the detected peaks, a track
might be found where there is actually no track. Finally, due to the high number of
algorithm parameters, finding the proper parameter value set is a challenging task.
We do not claim that our algorithm is applicable for any tracking problem, but it
showed that this approach is a better solution for our measurement data compared
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to the GM-PHD filter. One disadvantage of our proposed algorithm is that it fails
to track if multiple peaks in adjacent snapshots are missing. This shortage could
be overcome by continuously searching for peaks along the observed delay (and
magnitude) change, as done in [33]. On the other hand, bridging a track across
multiple snapshots might result in less reliable tracking results and furthermore
does not reflect what has been measured.

From Fig. 6.5, we can observe that the power of strong MPCs stay nearly con-
stant within a measurement set, whereas smaller MPC tracks show larger power
fluctuations and shorter lifetimes. The large measurement bandwidth decreases
the number of physical MPC in a superimposed MPC and consequently decreases
the amplitude fluctuations. A CDF of the MPC power standard deviation over
the entire measurement run is shown in Fig. 6.6, based on the proposed tracking
results of 34,000 MPC tracks and 23,000 full-lifetime MPC tracks respectively. We
can observe in Fig. 6.6 that 90% the MPCs have a power standard deviation of less
than 1.5 dB. The long-term MPC tracking algorithm described in the next section
only takes full-lifetime MPCs into consideration, where 85% of the MPCs show a
power standard deviation of less than 1 dB over the set recording period of around
3.6 ms.

6.5 Interconnecting MPC Tracks (Type 2)

In order to investigate the large-scale evolution of MPC tracks measured with a
snapshot organization Type 2 according to Table 4.1, the so-called inter-tracking
algorithm is applied. This additional tracking method is needed to interrelate MPC
tracks across adjacent recording sets, which are separated by gaps of around 6.4 ms.
For this algorithm, only full-lifetime MPCs are considered, i.e. MPC tracks with
a lifetime equal to the duration of the recording set. Excluding non-full-lifetime
MPC tracks is based on the observation that tracks appearing or disappearing
within the set recording time of 3.6 ms rarely lead to a MPC survival of 10 ms or
more. Disregarding these MPC tracks results in an additional power loss of around
5%, but increases the reliability of the long-term tracking.

Our inter-tracking approach is similar to the tracking approaches described in [25]
and [49]. However, other than in these publications, our approach is not applied on
direction-resolved measurement data, but calculates the multipath distance based
on delay, power and Doppler frequencies estimates of individual MPCs. The main
idea behind the algorithm is simple and can be best explained with Fig. 6.10,
where the circles indicate the averaged powers and delays of time-variant MPCs
of the current set, and the crosses indicate the corresponding MPCs of the next
recording set. As the channel is quite sparse, it is straightforward to relate the
MPCs of different sets. The algorithm starts with the strongest MPC track in the
current set, defines a two-dimensional search range and searches in the next set for
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possible candidates. In the next step of the algorithm, the delay change (Doppler
frequency) of the current MPC track is used to predict the delay location of the
MPC track in the next set. The same is done in the opposite direction; the delay
change of the MPC track in the next set is used to predict the delay location of the
MPC track in the current set. This additional prediction in the opposite direction
increases the reliability of the tracking outcomes and is similar to the ”two-way-
matching” described in [25]. The deviation between the actual delay value and
the predicted delay value is compared to different threshold values, again for both
directions. Two MPC tracks are found to be related, if both deviations are below
this threshold.

For the mathematical description of the inter-tracking algorithm, we have to
note that h(nTr, uTb) = h[n, u], where Tr is the recording set period. We take the
average MPC gain āk and τ̄k from (6.31) and define the estimation parameters for
the inter-tracking algorithm

Θk = {āk, τ̄k, ψk, νk} (6.33)

with k ∈ {1...Ki} and Ki being the number of tracks at time instance i. Long-term
time instances are denoted as i, in order to be clearly distinguishable from short-

term time n. We only consider full-lifetime MPCs ψk
!

= nsnap, with nsnap being the
number of snapshots per set and define a subset

qk[i] =

 āk[i]
τ̄k[i]
νk[i]

 . (6.34)

We start again with the strongest MPC q̂[i] in i = istartk = 1 and search for candi-
dates using

xck =

{
1, if d

(
q̂[i], {qk[i+ 1]}Ki+1

k=1

)
≤ ξq

0 otherwise,
(6.35)

where d(·, ·) is defined as in (6.14) and ξq is set empirically to a maximum delay
change value of ξτ = 1 ns and a maximum magnitude change value ξa = 5 dB. The
identified candidates

xcr{qc[i+ 1]}Cc=1 = {q1
r[i+ 1], q2

r[i+ 1], ..., qCr [i+ 1]} (6.36)

are used together with the linear prediction τ̃r[i+ 1] from model G in

τ̃r[i+ 1] = G(τ̄k[i], νk[i]) = τ̄k[i]− νk[i]fcTr (6.37)

to find the closest candidate in terms of delay change prediction

η = argmin
c

d
(
τ̃r[i+ 1], xcr{τ̄c[i+ 1]}Cc=1

)
. (6.38)
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Now, we use the selected candidate η to predict the delay in the opposite direction

τ̃k[i] = τ̄ ηr [i+ 1] + νηr [i+ 1]fcTr (6.39)

and check the condition

xirk =

{
1, if dr ≤ χ ∧ dk ≤ χ

0 otherwise,
(6.40)

where
dr = d (τ̃r[i+ 1], τ ηr [i+ 1]) (6.41)

dk = d (τ̃k[i], τk[i]) (6.42)

The final output of the long-term tracking is

qr[i+ 1] = qk[i]x
i
rk. (6.43)

The different threshold values for χ are coded in Fig. 6.10 and Fig. 6.11, where the
solid red line indicates a delay prediction error below 0.1 ns, the dashed magenta
line an error below 0.2 ns, the dash-dotted blue line below 0.5 ns and the dotted
black line below 1.0 ns. The developed algorithm also makes it feasible to relate
MPC tracks across different MIMO channels. In the following, we analyze the
results from the antennas mounted on the left edge of the vehicle roofs.

The MPC inter-tracking result for a small part of the measurement run is shown
in Fig. 6.11, where each time instance represents the mean MPC powers of a time-
variant channel impulse response as shown Fig. 6.5. Likewise, the MPCs in Fig.
6.5 can be related to the MPC powers at 250 ms and 260 ms in Fig. 6.11. As
previously mentioned, only full-lifetime MPC tracks are considered for the long-
term tracking algorithm. The example in Fig. 6.11 shows that most of the full
lifetime MPC tracks can be related to adjacent MPC tracks, yet with different
levels of trustworthiness as indicated by the different colors and line styles. Strong
MPC tracks can be connected with higher reliability (solid red line), whereas weaker
MPC tracks can only be related with higher tolerances. For this measurement run,
only 5% of the power of all (full lifetime) MPCs could not be related to adjacent
MPC tracks. The lowest delay prediction error below 0.1 ns holds still for 72% of
the power of all connected MPC tracks.

From Fig. 6.11, several observations regarding the long-term evolution of MPCs
can be made. The strongest 2-3 MPC tracks show a parallel and wave-like power
fluctuation behavior. Another MPC track at around -90 dB is comparatively con-
stant and shows also a (reversed) wave-like power fluctuation after 400 ms. Starting
at 200 ms, a MPC track at -97.5 dB gains power and becomes the strongest MPC
at 320 ms. Several weaker MPC tracks appear, reach a small power level and dis-
appear within a short period, for instance the track between 350 and 400 ms. Very
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Figure 6.10: Relating MPCs of current set (circles, 250 ms in Fig. 6.11) to MPCs
of next set (crosses, 260 ms in Fig. 6.11).

rarely (full-lifetime) MPC tracks appear in one set only, i.e. circles without any
connecting line.

Summing up the power losses of all processing steps, 2 dB power loss due to
DMCs in the short-term MPC tracking, around 5% power loss due to the neglect of
non-full-lifetime MPCs and again 5% power loss due to losses in the inter-tracking,
the total tracking power loss is 2.4 dB. This means that the final long-term results
and the drawn statistical conclusions reflect around 57% of the measured channel
power. The remaining power can be assigned to diffuse or other non-trackable
MPCs, which have a minor impact on fading effects compared to specular MPCs.
We therefore consider the temporal behavior of MPCs in the measured propagation
channel well represented with our tracking results.

The wideband measurement data and the applied algorithms allow an extraction
of all relevant MPC parameters. Here, we focus on the long-term MPC statistic
results for the number of MPCs and the birth/death rate of MPCs. The tunnel
measurement run with 1666 sets results in a distribution of the number of MPCs
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Figure 6.11: Long-term tracking of MPC powers in the tunnel scenario. At the be-
ginning two strong MPC tracks can be observed, whereas three dom-
inant tracks can be found at the end of the diagram. The two-way
delay prediction errors obtained from (6.37) and (6.17) are displayed
as solid red line with errors χ ≤ 0.1 ns, dashed magenta χ ≤ 0.2 ns,
dash-dotted blue line χ ≤ 0.5 ns and dotted black line χ ≤ 1.0 ns.

as depicted in Fig. 6.12. The smooth shape of the CDF indicates a sufficiently
large sample. Fig. 6.13 shows the CDF of the birth and death rate of MPCs per
meter travelled, i.e. the number of MPCs appearing or disappearing per cumulative
distance of both vehicles.

One conclusion from this chapter is the observation that channel sounder mea-
surements at 5.7 GHz with a bandwidth of 1 GHz lead to a sparse channel impulse
response with favorable properties. The wide bandwidth makes highly accurate
MPCs estimation and tracking of individual MPCs feasible. Our proposed detec-
tion and tracking algorithms follow very well the progression of the channel gain
fluctuations, with a power loss of only 2.5 dB. Compared to the GM-PHD filter,
the proposed tracking algorithm has a comparable or better tracking performance
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Figure 6.12: Statistical distribution of number of MPCs in tunnel scenario.

Figure 6.13: Statistical distribution of birth/death rate of MPCs in tunnel scenario.

and a significantly lower complexity. The proposed tracking method works flawless
down to an SNR of 14 dB with a delay estimation error of 0.07 ns. In order to
track the long-term evolution of MPC and relate tracks across measurement gaps
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Figure 6.14: Discontinued MPC tracks and results from a track-joining method.

of 6.4 ms, an inter-tracking method is applied. Based on these results, statistical
distributions on the number of MPCs and the birth/death rate are drawn.

6.6 Joining Discontinued MPC Tracks (Type 1)

The previous section covers an interconnection method across adjacent recording
sets for short-term MPC tracks, which were recorded according to the snapshot
organization Type 2 in Table 4.1. The tracking method in Section 6.2 performs well
for short-term periods, but measurement data recorded with longer recording sets
according to Type 1 (Table 4.1) can lead to discontinuous MPC tracks, as can be
seen in Fig. 6.14. This is often due to fast shadowing effects and the disappearance
of the MPC power. Therefore, the long-term analysis of MPC tracks recorded with
Type 1 requires an adequate method. The purpose of this so-called track-joining
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method is the identification of MPC tracks that are related to the same scattering
object and a subsequent joining of these tracks.

The outcome from the tracking method described in Section 6.2 outputs in 6.32
a set of K tracks

Θ = {θk}Kk=1, (6.44)

with its elements
θk = {ak[n], τk[n], ψk, νk}Nkn=nstartk

, (6.45)

where ak[n] is the power, τk[n] the delay, ψk the lifetime and νk the Doppler of
MPC k at time instance n.

The MPC lifetime ψk gives a good indication on the dependability of the ini-
tial track estimates. Hence, we start our track-joining algorithm with the longest
track. We apply a linear regression to its delay values to obtain the initial so-called
reference line

τ rw[n] = yrw +mr
wn. (6.46)

The parameters yrw and mr
w describe the initial (r = 1) line estimates of the first

(w = 1) joined track. In order to relate the remaining tracks to this reference line,
we introduce a simplification of the tracks and let tracks be represented by its core
coordinates. We define the track core as the center of its lifetime

n̄k = nstartk +
Nk − nstartk

2
, (6.47)

and the average delay τ̄k during its lifetime. Based on the reference line estimates
and the time instances n̄k of the track cores, we compute the corresponding delay
values of the reference line

τ̂ rw[k] = yrw +mr
wn̄k. (6.48)

Now, we can identify the track cores and therefore the tracks, that are close to
the reference line by checking the following condition for all tracks k ∈ K = {1...K}

urw =

{
k, if |τ̂ rw[k]− τ̄k| < ετ

∅ otherwise,
(6.49)

where the maximum delay difference ετ is set to be 1 ns. We obtain a set Ur
w =

{ur1} j K of U r
w tracks. The current tracks related to joint-track w is

Θr
w = {θk | k ∈ Ur

w} j Θ. (6.50)

We use all available delay values of subset Θr
w to obtain a new (r = 2) refer-

ence line with updated line estimates in (6.46), the corresponding track core delay
values τ̂ rw[k] in (6.48) and finally a new subset Ur

w by applying (6.49). The algo-
rithm terminates, if no additional tracks close to the reference line are found, i.e.
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U r
w = U r−1

w = Uw. The final set Uw of joint-track w is subtracted from the data,
leaving K − Uw remaining tracks for the further processing and the corresponding
joint-tracks.

The final reference line of joint-track w

τw[n] = yw +mwn (6.51)

not only joins tracks related to the same scattering object, but also allows the
inclusion of the MPC power not tracked by the preceding short-term tracking, as
indicated in Fig. 6.14.

The MPCs of a channel sounder data set, the colored dots in Fig. 6.14, can
be described with O = {ov}Vv=1 and its elements ov = {av, τv, nv}, where V is the
number of all detected MPCs, with v ∈ V = {1, ..., V }. We identify MPCs that are
close to the final reference line in (6.51) by checking the condition

zw =

{
v, if |τv − τw[nv]| < ετ

∅ otherwise,
. (6.52)

The obtained set Zw = {zw} j V yields the Zw MPCs related to joint-track w

Ow = {ov | v ∈ Zw} j O. (6.53)

Since the reference line τw[n] is unbounded, we have to define the starting point
and the terminal point of the joint-track. In order to do so, we regard the MPC
density in set Ow per time interval ∆n. Let z̃w[i] be the number of MPCs within
the interval [(i− 1)∆n+ 1, i∆n), then the sliding window average density is

dw[i] =
z̃w[i]

∆n
. (6.54)

The mean density of MPCs detected in Ow is d̄w = Zw
N

. We define the starting
point and terminal point of the joint-track w to be the first and the last time
instance where dw[i] > d̄w holds respectively.

Finally, the delay values of ov are changed to the values of the reference line

ôv = {av, τw[nv], nv} (6.55)

and we obtain the final (linear) joint-track

Ôw = {ôv | v ∈ Zw} j O. (6.56)

In addition, we apply a polynomial curve fitting of second order to the MPC set
Ow, where the delay values a forced to the parabolic reference line (red line in Fig.
6.14).
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Due to the longer lifetime of a joint-track compared to individual short-term
tracks, the track-joining method allows better estimation of the delay slope, i.e.
the Doppler estimate. The accuracy of this estimate is critical for a reliable asso-
ciation of the MPC track to the scattering objects as described in Section 8.2.2.
Furthermore, the track-joining method enables the true lifetime estimation of a
long-term MPC with short-term discontinuities.
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7 Statistical Characterization of
Wideband MPC in V2V
Channels

Realistic propagation modeling requires a detailed understanding and character-
ization of the radio channel properties. This chapter presents statistical models
for the number of, birth rate, lifetime, excess delay and relative Doppler frequency
of individual MPCs. Our findings are concluded from 72 measurement runs in
eight relevant vehicular communication scenarios and reveal wide insights into the
dynamic propagation process in vehicular communication scenarios.

For our measurements we use an Audi A4 Avant as transmitter and a Renault
Scenic as receiver vehicle. The transmitter vehicle is equipped with two omnidirec-
tional and vertically polarized antennas mounted on the roof at the left and right
edges of the vehicle (Tx1Out and Tx2Out in Fig. 4.5). The receiver vehicle is also
equipped with the same kind of antenna on the roof at the left edge of the vehicle
(Rx1Out). In addition to this outside antenna, we installed two vertically polarized
antennas at different locations inside the receiver vehicle as shown in Fig. 4.5.

Each vehicular communication scenario requires a suitable and beneficial setup
of measurement timing (see Type 2 in Table 4.1). One measurement run of the
HHI channel sounder contains 10,000 snapshots. Instead of using all snapshots
consecutively for a single continuous recording, we organize the available snapshots
into sets of 6-13 snapshots. The time interval between the snapshots is 0.2-0.7 ms,
which results in a set recording time of 2.4-3.6 ms. The time interval between
the first snapshot of two consecutive sets is 10-100 ms. We recorded 769-1666 sets,
which amounts to a total measurement time of 16-124 s per run. This measurement
setup with gaps between recording sets permits longer measurement runs and in
addition reflects the packet on-air time of CAMs based on IEEE 802.11p. The
length of the set recording time accounts for the maximum IEEE 802.11p frame
duration of 2 ms for the maximum allowed payload of 1500 Bytes.

Summing up all 72 measurement runs, the performed analysis is based on 108 min
of total measurement time. The total pure recoding time without gaps between sets
amounts to 240 s. Since we conducted measurements with two Tx antennas and
three Rx antennas, the effective total measurement time increases by a factor six
(antenna pairs) and adds up to a total of almost 11 h of measurement time or to a
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total of 24 min of pure recording time.

7.1 Measurement Environments and Setup

We investigate eight relevant vehicular communication scenarios and selected cor-
responding measurement sites in or around Berlin, accordingly. During measure-
ments, each vehicle was equipped with a video camera and a highly accurate GNSS
system for positioning. The histograms in Fig. 7.1 give an overview of the distances
between Tx and Rx during the measurement runs, whereas Fig. 7.2 displays the
corresponding relative (Tx+Rx) speed. The measured scenarios and corresponding
sites are:

H2I - Highway-to-Infrastructure: 12 measurement runs. The stationary infras-
tructure antenna was located near a former custom office called Zollamt Dreilinden.
The antenna was mounted at 3.50 m height on the west side of highway, around
5 m away from the highway guardrail and 6 m from the custom office building.
During the measurements, we observed a medium-range traffic density and several
large vehicles. The distance between the Tx and Rx antennas is evenly distributed
up to 500 m, with relative speeds between 80 and 120 km/h as indicated in Fig.
7.1 and 7.2.

HCT - Highway Convoy Traffic: 12 measurement runs. One measurement run
was conducted northbound on the highway A100 between Spandauer Damm and
Siemensdamm, with dense traffic and several large vehicles. The remaining 11 mea-
surement runs were conducted clockwise on the highway A10, starting from the
highway junction Kreuz Oranienburg to the junction Dreieck Spreeau. Some parts
of the highway were under construction and therefore had a speed limit of 60 km/h.
The traffic density was low to high range and included large vehicles. The distance
between the measurement vehicles reached 500 m, but was mostly around 50 m
or around 230 m, with relative (Tx+Rx) speeds between 100 and 400 km/h as
indicated in Fig. 7.1 and 7.2.

HOT - Highway Oncoming Traffic: 10 measurement runs. The measurement
vehicles drove in a medium range traffic density with many large vehicles on the
highway A10 between the exit Birkenwerder and the exit Muehlenbeck. The dis-
tance between vehicles was evenly distributed up to 570 m, with relative speeds
between 250 and 330 km/h, as indicated in Fig. 7.1 and 7.2.

RCT - Rural Convoy Traffic: 7 measurement runs. The measurement vehicles
drove on several roads west of Berlin: westbound on the road B5 between Staaken
and Elstal (2 runs), southbound on the road L863 between Nauen and Ketzin
(3 runs) and eastbound on the road L92/B273 between Paretz and Marquardt (2
runs). The traffic density was medium-range dense and during 4 of the measured
runs, a large vehicle drove between the measurement vehicles and blocked the line-
of-sight. The distance between the vehicles was mostly in the range 50-200 m, with
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speeds between 80 and 200 km/h, as indicated in Fig. 7.1 and 7.2.
ROT - Rural Oncoming Traffic: 7 measurement runs. The measurement vehi-

cles drove in a low range traffic density on the road L20 between Gross Glienicke
and Seeburg. One of the measurement vehicles was driving at a distance of 5-20 m
behind one of these large obstructing vehicles: large goods vehicle, coaches, large
caravan, site vehicles of type Mercedes-Benz Actros 4146 and a van of type Volk-
swagen Type 2. The distance between vehicles was evenly distributed up to 550 m,
with relative speeds mostly between 150 and 180 km/h, as indicated in Fig. 7.1
and 7.2. A detailed description of this scenario can be found in Chapter 11.

TCT - Tunnel Convoy Traffic: 4 runs in 3 different tunnels. Two of the mea-
surement runs took place southbound in the so-called Tiergartentunnel, one mea-
surement run took place northbound on the highway A111 below Gorkistr. and one
measurement run northbound on the highway A111 next to the crossing Ruppiner
Chaussee / Im Waldwinkel. We observed a medium to high range traffic density
with several large vehicles. The measurements were conducted at several distances
with emphasis on the ranges below 50 m, 150-250 m and around 420 m with relative
speeds between 80 and 150 km/h, as indicated in Fig. 7.1 and 7.2.

UCT - Urban Convoy Traffic: 8 runs at 5 different measurement sites. One run
took place eastbound on Skalitzerstr. between Kottbusser Tor and Wrangelstr. with
a high traffic density and few large vehicles, one run northbound on Warschauerstr.
between Oberbaumbruecke and Gruenbergerstr. with high traffic density and few
large vehicles, one run westbound on Otto-Braun-Str. between Alexanderstr. and
Niederwallstr. with low to high range traffic density and few large vehicles, two
runs westbound on Leipzigerstr. between Axel-Springer-Str. and Mauerstr. with
low to high range traffic density in driving direction and high traffic density in op-
posite driving direction and three runs westbound Buelowstr./Kleiststr. between
Zietenstr. and Passauerstr. with medium to high range traffic including numerous
large buses. Note that some runs were conducted next to elevated railways with
numerous large metallic pillars at the height of the measurement antennas, which
result in a rich and dynamic propagation environment. The distance between vehi-
cles was usually 50 and 200 m, with relative speeds mostly between 60 and 80 km/h,
as indicated in Fig. 7.1 and 7.2.

UOT - Urban Oncoming Traffic: 12 runs at 7 different measurement sites. One
run took place on Strasse des 17. Juni between Ernst-Reuter-Platz and Kloppstr.
with low to medium range traffic density and very few large vehicles, two runs
on Knobelsdorffstr. between Sophie-Charlotte-Str. and Schlossstr. with low to
medium range traffic density, two runs on Danckelmannstr. between Seelingstr. and
Kaiserdamm with low traffic density and few large vehicles standing, two runs on
Wilmersdorferstr. between Otto-Suhr-Allee and Bismarckstr. with low to medium
range traffic density and several large vehicles standing, two runs on Schillerstr.
between Leibnizstr. and Wilmersdorferstr. with low to medium range traffic den-
sity and few large vehicles, one run on Bleibtreustr. between Mommsenstr. and
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Figure 7.1: Histogram of distance between measurement vehicles during channel
recording sets.

Pestalozzistr. with medium range traffic density and two runs on Hardenbergstr.
between Joachimsthalerstr. and Ernst-Reuter-Platz with medium range traffic den-
sity and few large vehicles. The distance between vehicles was evenly distributed
up to 500 m, with relative speeds between 5-100 km/h but mostly around 50 km/h,
as indicated in Fig. 7.1 and 7.2.

7.2 MPC Parameter Extraction Methods

Processing of channel sounder data is a multi-step process and starts with an MPC
detection, followed by a short-term MPC tracking and finally a long-term MPC
tracking method. Here, the inter-tracking method (Section 6.5) is applied, due to
the fact that the channel data is recorded according to the Type 2 in Table 4.1.
This long-term tracking method interrelates MPC tracks across adjacent recording
sets and gaps of 10-100 ms, as described in Section 6.5. For this algorithm, only
full-lifetime MPCs are considered, i.e. MPC tracks with a lifetime equal to the
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Figure 7.2: Histogram of relative vehicle speed during channel recording sets.

duration of the recording set. Excluding non-full-lifetime MPC tracks is based on
the observation that tracks appearing or disappearing within the set recording time
of 2.4-3.6 ms rarely lead to a MPC survival of 10 ms or more. Disregarding non-
full-lifetime MPC tracks results in a power loss, but increases the reliability of the
inter-tracking method.

The tracking parameters in Section 6.2 are matched to channel data from a
TCT scenario with dense multipath inter-arrival times and a gap of 10 ms between
adjacent recording sets. Here, we analyze channel data from various scenarios,
where usually less dense multipath inter-arrival times occur and the set period
intervals are in the range 10-100 ms. In order to apply the tracking algorithms on
diverse scenarios, we doubled the delay threshold to χ = 2 ns.

The applied short-term tracking method does not capture diffuse parts of the
propagation channel, which leads to a certain power loss, as explained in Section
6.2. In addition, disregarding non-full-lifetime MPCs leads to a further power loss.
For the channel data analyzed in this chapter we observe an average power loss
of 2.2 dB due to the detection method and the short-term tracking, with values
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ranging from 2.1 dB for ROT to 2.5 dB for UCT. The power loss due to the long-
term tracking is on average 1.3 dB, ranging from 0.8 dB for TCT to 1.8 dB for
RCT. The total power loss due to all processing steps is on average 3.5 dB, ranging
from 2.9 dB for TCT to 3.9 dB for RCT.

7.3 Extracted Parameters

For a description of the five extracted and analyzed channel parameters, we start
with the time-variant channel impulse response obtained from a wideband channel
sounder

h(t, τ) =

P (t)∑
k=1

ak(t)e
jϕkw(τ − τk(t)), (7.1)

where ak is the amplitude, ϕk the phase, τk the delay of MPC k and w(τ) the isolated
channel sounder pulse. P (t) is the number of MPCs at time t. Our channel data is
discretized and we therefore translate the continuous form h(t, τ) to h(iTr, uTb) =
h[i, u], where Tr is the recording set period, Tb = 1/B is the delay resolution period
and B the measurement bandwidth of the channel sounder. More explanations on
this discretization can be found in Section 6.1.

Now, similar to definitions in [25], we define three sets of MPCs:

� Li is the set of all MPCs that exist at time instance i and P [i] is the number
of MPCs at time instance i.

� Li→i is the set of MPCs that are firstly observed at time instance i, whose
index of path is ki→i = 1, 2, ..., Pb[i]. Hence, Pb[i] is the number of newly
observed MPCs at time instance i.

� L∆i is the set of MPCs that are firstly observed during the time period
∆ i = b − i and we designate R[i] to be the total number of newly ob-
served MPCs within this time period.

In order to obtain R[i], we define

∆i ' ∆s

Tr(vTx + vRx)
, (7.2)

where vTx + vRx is the current relative speed of the measurement vehicles and ∆s
is the traveled distance, set to be 1 m. Note that in order to maintain consistency
among the scenarios, we exclude all data where the speed of one the measurement
vehicles is below 5 km/h. Without this exclusion, we would obtain very high
counts of newborn MPCs (newly observed MPCs) in case the vehicles are very slow
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or standing. The total number of newborn MPCs within 1 m distance traveled is
then found by

R[i] = Pb[i− b] + Pb[i− b+ 1] + ...+ Pb[i] =
i∑

c=i−b

Pb[c]. (7.3)

The inter-tracking method in Section 6.5 yields

qk[i] =

 āk[i]
τ̄k[i]
νk[i]

 , (7.4)

where āk[i] is the mean amplitude, τ̄k[i] the mean delay and νk[i] the Doppler
frequency of path k during the recording set at time instance i. Based on this
result we define the set

Qk = {qk[i]}
Ik
i=istartk

, (7.5)

with istartk as the time instance where path k appears for the first time and Ik being
the last time instance of this path. The lifetime of path k is Ψk = Ik − istartk . For a
better geometrical relevancy, we translate the lifetime to distance with

Yk = ΨkTr(vTx + vRx). (7.6)

The mean delay of a newborn MPC is τ̄b[i] with b = 1, 2, ..., Pb[i] and the excess
delay of newborn MPCs therefore

τxb [i] = τ̄b[i]− τLOS[i], (7.7)

where τLOS[i] is the delay of the line-of-sight path at time i.

The Doppler frequency νk is based on the delay change and estimated for each
MPC track, as done in 6.30 and 6.31. Based on the Doppler frequency of newborn
MPCs νb[i] with b = {1, 2, ..., Pb[i]}, we define

νnb [i] =
νb[i]

fc
co

(vTx + vRx)
(7.8)

as the relative Doppler frequency of newborn MPCs, where fc is the carrier fre-
quency and co is the speed of light. The relativization accounts for different speeds
of the measurement vehicles and makes it feasible to merge measurement data with
different speeds for an ensemble characterization per scenario. Again, we exclude
data where the speed of any measurement vehicle drops below 5 km/h.
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7.4 Number of MPCs

The number of MPCs P [i] is an essential channel parameter and often modeled
with the Poisson distribution

f(x|λ) =
λx

x!
e−λ, x = 0, 1, 2, ...,∞, (7.9)

where the single parameter λ influences both the mean and the variance of the
distribution curve. We fit the cumulative density function (CDF) of the Poisson
distribution to the measured data, together with a discretized Normal distribution
fit for comparison. Both plots in Fig. 7.3 are from the same measurement run in an
UOT scenario. The plot on the left-hand side was measured at a Tx-Rx distance
of 450 m, whereas the plot on the right-hand side was measured at a distance of
80 m. In order to grasp this apparent distance dependency, we grouped the data
into distance bins of 10 m width, computed the mean and the variance per bin and
fitted a polynomial function

λ(d) = p0 + p1d+ p2d
2, (7.10)

with d being the distance between Tx and Rx in meters. Note that λ(d) becomes a
line if p2 is set to zero. As can be found in the left plot in Fig. 7.4, the UOT scenario
exhibits a strong distance dependency. The mean standard deviation (STDEV) for
this scenario is 1.82 and the mean square error (MSE) of the fitted line to the mean
values is on average 0.604, as listed in Table 7.1. Most other scenarios show the
same behavior with similar values and can be modeled with a linear characteristic
of λ(d). The strongest parabolic characteristics was found in the H2I scenario with
a p2 value of around 4. A rather exceptional behavior is found for scenario TCT
on the right-hand side of Fig. 7.4, where the waveguiding effect of tunnels lead to
a distance-independent Poisson parameter. The exceptionally high MSE values of
the UCT scenario are due to high variances at distances below 200 m.

We conducted the goodness-of-fit χ2-test and an MSE estimation for both distri-
bution functions. Due to the distance dependency, this was done per 10 m distance
bin. The χ2-tests result in a null hypothesis rejection rate of 13.74% for the Poisson
distribution and a rejection rate of 20.60% for the Normal distribution (5% signif-
icance level) . The average MSEN of the Poisson distribution fitting is 9.8 · 10−3,
ranging from 2.9 ·10−3 for TCT to 13.9 ·10−3 for HOT (see Table 7.4). The average
MSE of the Normal distribution fit per distance bin is 1.41 · 10−2, ranging from
0.31 · 10−2 for TCT to 2.86 · 10−2 for HOT. Hence, the Poisson distribution is a
better choice both in terms of goodness-of-fit and accuracy.
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Figure 7.3: Comparison of number of MPCs distributions for an UOT measurement
run at Tx-Rx distances of 450 m (left) and 80 m (right).

Figure 7.4: Distance dependence of the Poisson parameter λ for the number of
MPCs in the UOT (left) and TCT (right) scenarios.

7.5 MPC Birth Rate

The birth rate R[i] defined in (7.3) is the number of newborn MPCs per meter
traveled and was found to have a similar distance dependency as P [i]. Consequently,
we model R[i] also with (7.9) and (7.10) and most scenarios exhibit a linear λ(d)
progression (see Table 7.2). Exceptional behavior is found again for the H2I scenario
with a parabolic progression. The data for the TCT scenario is limited and the
corresponding plot therefore sparse. Based on visual inspection, a constant value of
approximately λ = 7.5 could also be appropriate for the TCT scenario, i.e. p0 = 7.5
and p1 = p2 = 0.

The discretized Gamma distribution yields a good fit and was therefore included
for comparison. The results from an UOT measurement run in Fig. 7.5 display
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Table 7.1: Number of MPCs parameters.

Scenario STDEV p0 p1 p2 MSE

H2I 2.08 18.9 -5.37·10−2 3.99 1.101
HCT 1.63 10.2 -1.62·10−2 0 0.587
HOT 0.92 7.97 -2.14·10−2 1.54·10−5 0.197
RCT 1.38 9.73 -1.70·10−2 0 0.443
ROT 1.62 7.11 -0.95·10−2 0 0.196
TCT 0.87 12.2 0 0 1.612
UCT 1.69 14.5 -2.61·10−2 0 6.281
UOT 1.82 16.9 -3.05·10−2 0 0.604

a significant difference between the two empirical CDFs, which were recorded at
distances of 290 m and 270 m. The example shows that the birth rate behavior in
this scenario has a large variance and can change rapidly. We merge data from 12
runs at seven different measurement sites and see in the right-hand plot in Fig. 7.6
that the birth rate in the UOT scenario has a two-fold behavior. Similar to other
scenarios, the progression above 300 m decreases with increased distance. However,
the behavior is reversed for distances below 300 m. We compared each single UOT
measurement run and observe this increasing-decreasing nature in all runs, however
with varying widths and location of the maximum value.

The χ2-tests and MSE estimations were again performed per 10 m distance bin.
The χ2-tests result in a null hypothesis rejection rate of 8.82% for the Poisson
distribution and a rejection rate of 16.15% for the Gamma distribution. The average
MSEB of the Poisson distribution fitting is 7.2·10−3, ranging from 1.4·10−3 for TCT
to 13.5 · 10−3 for H2I (see Table 7.4). The average MSE of the Gamma distribution
fitting per distance bin is 2.94 ·10−2, ranging from 0.24 ·10−2 for TCT to 11.9 ·10−2

for HOT. Hence, the Poisson distribution is again a better choice both in terms of
goodness-of-fit and accuracy.

7.6 MPC Lifetime

Finding a suitable distribution function for the MPC lifetime Yk defined in (7.6)
appears to be problematic. We did not observe a distance dependency or any
significant indications on a mixture distribution, i.e. a separation of shorter lifetime
from longer lifetime MPCs with different thresholds did not improve the results.
We fitted the Gamma, log-normal, Weibull and Inverse Gaussian distribution, but

58



Table 7.2: Birth rate parameters.

Scenario STDEV p0 p1 p2 MSE

H2I 1.59 15.8 -5.45·10−2 5.21 0.579
HCT 1.18 7.26 -1.25·10−2 0 0.344
HOT 0.58 5.26 -1.77·10−2 1.58·10−5 0.0745
RCT 1.06 6.90 -1.25·10−2 0 0.231
ROT 1.22 3.49 -0.34·10−2 0 0.258
TCT 0.61 9.82 -0.61·10−2 0 2.54
UCT 2.40 13.8 -2.86·10−2 0 12.78
UOTA 4.90 41.1 -6.93·10−2 0 2.004
UOTB 8.24 9.01·10−1 6.13·10−2 0 2.878

Figure 7.5: Comparison of birth rate distributions for an UOT measurement run at
Tx-Rx distances of 290 m (left) and 270 m (right).

finally selected the Birnbaum-Saunders distribution

f(x|η, γ) =
1√
2π


(√

x/η −
√

η/x

)
2γx


· exp

−
(√

x/η −
√

η/x

)2

2γ2

 , x > 0

(7.11)

as the best choice, where η affects the scale and γ the shape of the curve. We
identify the log-normal distribution as the best alternative and compare the fitting
results. The left plot in Fig. 7.7 shows the worst encountered fitting results for
an HCT measurement run, where the fitting errors are predominantly found for
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Figure 7.6: Distance dependent progression of Poisson parameter λ for birth rate
distributions in UCT (left) and UOT (right) scenarios.

larger values. The fitting result improves if applied on an entire scenario data set,
as shown for the HOT in the right-hand plot in Fig. 7.7. Nevertheless, the fitted
distribution still deviates significantly from the empirical curve, whereas it captures
the essential behavior. Consequently, the χ2-tests yield a rejection rate of 99.31% for
the Birnbaum-Saunders distribution and a rejection rate of 100% for the log-normal
distribution. The average MSEL of the Birnbaum-Saunders distribution fitting per
measurement is 2.0 ·10−3, ranging from 0.95 ·10−3 for TCT to 2.7 ·10−3 for H2I (see
Table 7.4). The average MSE of the Lognormal distribution fitting per measurement
is 1.5 ·10−3, ranging from 0.5 ·10−3 for TCT to 2.8 ·10−3 for HOT. The average MSE
of the Birnbaum-Saunders distribution fitting per scenario is 0.87 · 10−3, ranging
from 0.40 · 10−3 for TCT to 1.4 · 10−3 for HCT. The average MSE of the Lognormal
distribution fitting per scenario is 5.96 · 10−4, ranging from 0.77 · 10−4 for TCT to
16 ·10−4 for HCT. The distribution of all estimated Birnbaum-Saunders parameters
is displayed in Fig. 7.8, where large markers indicate the parameters of the overall
fit per scenario. We observe the shortest lifetime in urban or tunnel scenarios and
the longest lifetime convoy traffic scenarios, in particular the HCT scenario. The
parameter values for all scenarios can be found in Table 7.3.

7.7 Excess Delay of Newborn MPCs

The excess delay τxb [i], defined in (7.7), was found to be non-distance-dependent
and is modeled with the log-normal distribution

f(x|ψ, ρ) =
1

xρ
√

2π
exp

{
(ln x− ψ)2

2ρ2

}
, x > 0. (7.12)
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Figure 7.7: Comparison of lifetime distributions based on a single HCT measure-
ment run (left) and all data within HOT scenario (right).

Figure 7.8: Distribution of Birnbaum-Saunders parameters for lifetime occurrences
per measurement (small marker) and per scenario (large marker).
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The parameter ψ defines the peak location, whereas the parameter ρ scales the
curve. This distribution function yields a comparatively good fit, except for the
scenario H2I. The large MSE value of 32·10−4 in Table 7.4 is due to the fact that
most runs in this scenario revealed two cores of excess delay occurrences. While
most observed delay values are close to 0 ns, 5-30% of the delays occurred at values
of 300-350 ns. This is probably due to scattering at the buildings surrounding the
infrastructure antenna and could be modeled with a mixture distribution. Since
this issue of near and distant delay occurrences was only observed in the H2I sce-
nario and a few urban measurement runs, we decided for simpler two-parameter
distribution functions for the modeling.

In addition to the log-normal distribution, we fitted an exponential distribution
and found that the χ2-tests per measurement run result in a null hypothesis rejec-
tion rate of 80.56% for the log-normal distribution and a rejection rate of 79.17% for
the exponential distribution. We also conducted a Kolmogorov-Smirnov test (KS)
and found that the rejection rates of the log-normal and exponential distributions
are 87.27% and 98.38%, respectively. The average MSEE of the log-normal distri-
bution fitting per measurement is 1.1 · 10−3, ranging from 0.36 · 10−3 for UOT to
32 · 10−3 for H2I (see Table 7.4). The average MSE of the exponential distribution
fitting per measurement is 5.3 · 10−3, ranging from 2.2 · 10−3 for UCT to 10.7 · 10−2

for H2I. The average MSE of the log-normal distribution fitting per scenario is
7.05 · 10−4, ranging from 0.73 · 10−4 for UCT to 32 · 10−4 for H2I. The average
MSE of the exponential distribution fitting per scenario is 4.2 · 10−3, ranging from
1.0 · 10−3 for UCT to 10.4 · 10−3 for H2I.

The goodness-of-fit test rates suggest slightly an advantage for the log-normal
distribution, but essentially suggest a rejection of both distribution hypothesis. The
exponential distribution is better in terms of convergence of the CDF towards 1
within the observed value range, which prevents the model from generating unde-
sired very long excess delays. The fitting per measurement is more accurate with
log-normal distributions, whereas the fitting per scenario is a little more accurate
with exponential distributions, mainly due to better fits in the H2I scenario. The
selection of log-normal is based on a better overall accuracy and slightly better
goodness-of-fit test results. The distribution of the observed log-normal parame-
ters in Fig. 7.9 indicate larger excess delays in the urban scenarios and smaller
excess delays in rural scenarios (see also Table 7.3).

7.8 Relative Doppler frequency of Newborn

MPCs

The relative Doppler frequency of newborn MPCs νnb [i] defined in (7.8) is modeled
with the Weibull distribution
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Figure 7.9: Distribution of log-normal parameters for excess delay occurrences per
measurement (small marker) and per scenario (large marker).

f(x|ζ, κ) =
κ

ζ

(
x

ζ

)κ−1

exp

{
−
(
x

ζ

)κ}
, x > 0. (7.13)

The parameter ζ determines the scale and the parameter κ the shape of the curve.
For the HOT measurement run in the left plot in Fig. 7.10, the Weibull distribution
has a slightly better fit than the alternative Gamma distribution. Both distributions
fit very well in an UOT scenario, as can be seen in the right plot in Fig. 7.10. The
measurement runs in Fig. 7.10 were selected as examples for fitting results, because
they show that the Weibull distribution is suitable even for extreme values found
within the parameter distribution in Fig. 7.11, i.e. the HOT run is fitted with
ζ = 1.01 and κ = 5.42, whereas UOT is fitted with ζ = 1.55 and κ = 1.31.

The χ2-tests result in a null hypothesis rejection rate of 91.67% for the Weibull
distribution and a rejection rate of 86.34% for the Gamma distribution. The KS-
tests revealed rejection rates of 62.50% and 76.62% for the Weibull and Gamma
distributions respectively. The average Weibull MSED is 8.2 · 10−4, ranging from

63



Table 7.3: Parameters of lifetime, excess delay and relative Doppler.

Scenario η γ ψ ρ ζ κ

H2I 13.62 1.867 3.110 2.096 1.041 2.679
HCT 52.07 1.355 2.071 1.718 0.152 0.910
HOT 22.01 2.319 2.160 1.534 0.993 3.517
RCT 19.52 2.031 2.041 1.600 0.289 0.862
ROT 10.87 2.169 1.955 1.399 1.061 2.650
TCT 4.554 2.011 3.021 1.435 0.414 1.013
UCT 2.248 2.789 3.288 1.385 1.134 1.051
UOT 3.999 2.539 2.709 1.435 1.317 1.306

0.95 ·10−4 for UCT to 20 ·10−4 for HOT (see Table 7.4). The average Gamma MSE
is 2.1 · 10−3, ranging from 0.12 · 10−3 for UCT to 7.2 · 10−3 for HOT. The Weibull
MSE per scenario is 5.80 · 10−4, ranging from 0.03 · 10−3 for UCT to 1.6 · 10−3 for
HOT. The Gamma MSE per scenario is 1.6 ·10−3, ranging from 0.03 ·10−3 for UCT
and 6.2 · 10−3 for HOT.

The distribution of the Weibull parameters in Fig. 7.11 reveals a distinctive
characteristic and encourages the definition of three groups (see Table 7.3):

1. the urban traffic group (UCT, UOT) in the lower right corner in Fig. 7.11 is
characterized by a curved CDF-shape and relative Doppler frequency values
of up to 5 (right plot in Fig. 7.10)

2. the convoy traffic group (HCT, RCT, TCT) in the lower left corner in Fig.
7.11 is also characterized by a curved CDF-shape, however with lower values
up to 2

3. the oncoming traffic group (H2I, HOT, ROT) in the upper part in Fig. 7.11
is characterized by a s-shaped CDF curve around the value 1 (left plot in Fig.
7.10)

For accurate modeling of channel properties in vehicular communication scenarios it
is important to understand the behavior of MPCs. In this chapter, we have modeled
the number of MPCs and the birth rate of MPCs with a distant-dependent Poisson
distribution and we found exceptional behavior for the tunnel and urban scenarios.
The statistical characterization of MPC lifetime appears still unclear, while the
distribution of excess delay and relative Doppler frequency of individual MPCs
are modeled accurately. The obtained statistical distributions can be used for a
parametrization of suitable channel models and lead ultimately to a more accurate
reproduction in V2V channel simulations.
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Figure 7.10: Comparison of relative Doppler distributions for measurement runs in
scenarios HOT (left) and UOT (right).

Figure 7.11: Distribution of Weibull parameters for relative Doppler occurrences
per measurement (small marker) and per scenario (large marker).
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Table 7.4: Mean square error of distribution fits.

Scenario MSEN MSEB MSEL MSEE MSED

H2I 1.84·10−2 1.35·10−2 2.7·10−3 34·10−4 14·10−4

HCT 0.96·10−2 0.61·10−2 1.9·10−3 7.3·10−4 8.6·10−4

HOT 1.39·10−2 0.70·10−2 1.6·10−3 6.2·10−4 20·10−4

RCT 0.51·10−2 0.34·10−2 1.7·10−3 5.7·10−4 3.1·10−4

ROT 1.61·10−2 0.89·10−2 2.4·10−3 7.5·10−4 11·10−4

TCT 0.29·10−2 0.14·10−2 0.9·10−3 17·10−4 5.5·10−4

UCT 0.41·10−2 1.08·10−2 2.3·10−3 4.5·10−4 0.9·10−4

UOT 0.82·10−2 0.61·10−2 2.7·10−3 3.6·10−4 1.8·10−4

Mean 0.98·10−2 0.72·10−2 2.0·10−3 11·10−4 8.1·10−4
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8 Scatterers at Urban
Intersections

Urban intersections constitute an important safety-critical scenario for vehicle-to-
vehicle communication. Since vehicular communication systems are predominantly
envisioned in the 6 GHz band, propagation through massive obstructing objects is
not possible and radio communication solely depends on scattering objects at and
around intersections. In order to enhance vehicular communication at intersec-
tions, researchers focus on a better understanding of the communication at urban
intersections and its underlying radio propagation process.

Related work was done in [22], where radio channels at street intersections were
measured and channel properties characterized, whereas [50] compared radio chan-
nel properties between merging lanes and urban intersections. Both [22] and [50]
showed that scattering objects in and around an intersection can account for a
considerable part of the total received power. An analysis of building position-
ing at street intersection and corresponding clusters of representative intersection
scenarios were presented in [51]. NLOS path-loss and fading model at street inter-
sections were presented in [52] and [53]; the validity of the model in [52] was studied
in [54]. Channel measurements at different intersection types with typical power
delay profiles, pathloss and delay spreads are presented in [22]. It is shown that
communication under NLOS conditions is problematic, but that roadside buildings
can create important propagation paths. The scattering objects of the discrete
MPCs were determined by drawing a scattering ellipse corresponding to the MPC
delay at several time instances. A directional analysis of MPC in different scenar-
ios, including an urban intersection, is introduced in [55]. It is found that in the
absence of LOS, first-order reflections from a small number of scattering objects
can account for a large part of the received power. Radio channel measurements are
also being used for a validation of propagation models and simulations. Channel
sounder data in [56] are aligned with results from a ray tracer by comparing channel
gain and power delays profiles. Further, channel measurement results in [54] are
compared with a propagation model derived in [52]. For a further improvement of
the model, the authors of [54] suggest to include the number of and properties of
the available scatterers at the specific intersection into the model.
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8.1 Manual Localization of Scatterers

8.1.1 Measurement Setup and Data

This section presents detailed investigations of the radio wave propagation processes
in a typical urban intersection. We focus on one time instance of the propagation
process and set up hypothesis for locations of the scattering objects.

The position of the measurement vehicles is recorded with the GeneSys ADMA-G
positioning system, which works reliably even in deep street canyons, where cover-
age of GNSS satellites is limited. The measurements were conducted in Berlin at
the crossing of Pestalozzistr. and Schlueterstr.; more details and GNSS coordinates
can be found in Table 10.1. This crossing is a 4-leg intersection with street widths
of 21 m on the east-west street and 33 m on the north-south street. All four corners
have buildings relatively close to the intersection center, a communication scenario
that accounts for about 50% of German urban intersections according to [51]. The
two corners on the east-side of the intersection have a regular rectangular shape,
while the two corners on the west-side are truncated with a 45◦-wall of around 4
m length. On the sidewalk in front of each building corner, there are on average
three traffic signs that could act as scattering objects.

Naturally, two vehicles on collision course will at some point see each other and
change from NLOS to the LOS. Since communication under LOS conditions yields
a very high PDR and also the operability of other complementary vehicular sensors,
we only consider the NLOS phase and take the NLOS/LOS transition line as our
reference point. In Fig. 8.1 the transition line for each vehicle trajectory is marked
as 0 m, while -30 m marks the distance to this reference point. The distance between
the NLOS/LOS transition line and the crossing center is 32-38 m for the north-
south road and 22-27 m for the east-west road. In order to validate the accuracy
of the positioning system, we extract the strongest path under LOS condition (the
measurement phase we disregarded for our results), translated the path delay into
meters and compared the results to the ADMA positioning system results. A
maximum difference of 2 m could be observed between the two independent systems,
which gave us confidence in the accuracy of the positioning results. In order to avoid
a complicated analysis w.r.t. the two-dimensional distance, as done in Chapter 10,
to the NLOS/LOS transition line, we select measurement runs with similar speeds
and similar distances to the center of the intersection for both vehicles and use the
mean distance of both vehicles for further analysis. Fig. 8.1 shows an overview of
the two investigated measurement runs: run A with the transmitter driving from
the north towards the intersection and measurement run B with the transmitter
coming from the south. The average vehicle speed was 30-38 km/h, i.e. around
10 m/s.
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8.1.2 Results for Manual Localization of Scatterer

For the analysis of scattering points we focus on the propagation process at 30 m
distance, a phase which can be viewed as a region where communication starts
with a PDR level of around 50% for 802.11p systems (see Fig. 10.5). We take
the delay time of the MPCs for both measurement runs (A1-A4 in Fig. 8.2 and
B1-B4 in Fig. 8.3), computed the corresponding MPC travel distance and use
a GoogleEarth� tool called Path Ruler to test propagation hypothesis (lower left
corner in Fig. 8.1). This method is basically equivalent to drawing a scattering
ellipse. The visibility limitations for single-bounce reflections (dashed line in Fig.
8.1) led to the hypothesis of scatterer position A1, A3 and B1-B3 in Fig. 8.1. The
possible scatterer positions of B1-B3 are straightforward and it can be observed that
an MPC with a delay time larger than B3 has to be a double-bounce reflection path.
The most likely path for B4 is a reflection at the north-west truncated corner and
a second reflection at an object on the eastern part of the intersection as indicated
with the continuous arrow in Fig. 8.1. The travel distance of A1 fits very well
with the position of the south-west corner of the intersection. The most likely path
for A2 is a double bounce reflection with incident angles equal to emergent angles
at the eastern wall of the north-south road and the southern wall of the east-west
road. This hypothesis is also supported by the delay dispersion in Fig. 8.2. The
travel distance of A4 leads to a similar propagation path hypothesis as for B4, but
mirrored on the east-west axis: a first reflection at point A1 and a second reflection
at a scattering object in the eastern part of the intersection.

8.2 Semi-automated Localization of Scatterers

8.2.1 Wideband Delay Characteristics and Scatterer
Properties

The sparsity of wideband channel data makes it feasible to distinguish individ-
ual MPC tracks, which is the prerequisite for a association of measured MPCs
to their corresponding scattering sources. In addition to this essential property,
the wideband channel data reveals unique MPC delay profile characteristics. The
characteristic of a delay progression depends on the properties of a corresponding
scattering object. Hence, a detailed understanding of the MPC delay character-
istics can be highly beneficial, since it allows the verification or falsification of an
association made between an MPC track and a scattering source. The combined
delay progressions of the four MIMO channels (11, 12, 21 and 22) in Fig. 8.4 show
several interesting insights. The groups of MPC tracks at the upper and lower part
of the plot exhibit a fairly disordered behavior, whereas the two track groups in
the center of the plot are better defined. For clearly defined MPC tracks, the delay
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Figure 8.1: Overview of measurement runs and hypothesis of scatterer positions.
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Figure 8.2: Delay of MPCs vs. distance of MIMO channel Tx1Rx1 in measurement
run A (ATx1 to Rx1 in Fig. 8.1).

Figure 8.3: Delay of MPCs vs. distance of MIMO channel Tx2Rx1 in measurement
run B (BTx2 to Rx1 in Fig. 8.1).
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Figure 8.4: Delay characteristics of MPC tracks for different MIMO channels.

Figure 8.5: Scattering objects at investigated urban intersection.
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differences from different MIMO channels give a good indication of the path angle
(AOA or AOD). For example, the MPC tracks associated to the street lamp exhibit
a delay difference of approximately 4 ns between MIMO channel 11 and 21. This
delay difference in combination with a distance of 1.3 m between the Tx vehicle
roof antennas leads to a path angle of approximately 65◦ left of the Tx direction of
movement. This is in well accordance with the geometry at this time instance, as
can be seen in Fig. 8.6. Furthermore, we can see in Fig. 8.4 that the slope of the
tracks associated to the van or the solar panel are steeper compared to the slope of
street lamp or wall. This relates also very well to the geometry in Fig. 8.6, where
the steeper slopes (the higher Doppler shifts) coincide with a smaller angle between
the scattering objects and the direction of movement. Based on estimates of delay,
Doppler, path angle and the delay characteristic, MPC tracks can be associated
to corresponding scattering sources with high trustworthiness. For instance, the
flat surface of a delivery van (see Fig. 8.5 and Fig. 8.6) fits very well with an
approximately linear MPC delay progression and the lifetime of more than 1 s in
Fig. 8.4. Similarly, a street lamp pole leads to a linear MPC delay evolution, but
with a significantly shorter lifetime. These types of delay characteristics can be
described as linear MPC track. Quite differently, reflections on house walls result
in a turbulent delay characteristic, due to the fact that the wall interaction involves
numerous parts of the house wall, including doors, windows and different types of
metallic objects. The 6 GHz wave perceives the wall as a rough surface, causing
a dispersion of the MPC track. Moreover, the waves travel through windows into
the house, causing additional interactions with other walls or objects inside the
room. These types of delay characteristics can be described as dispersed MPC
track. Apart from the distinction between linear and dispersed MPC tracks, the
wideband channel data reveals further unique characteristics, which can be related
to specific properties of the scattering objects. For instance, the delay distances of
the three parallel short MPC tracks from the MIMO channel 11 in the lower part
of Fig. 8.4 can be related to three metallic bars at the back of a solar panel in Fig.
8.5.

8.2.2 Measurement-based Ray Tracing

The manual identification of scatterers described in Section 8.1 is time-consuming
and limits the scatterer estimation results, due to the fact that higher order reflec-
tions cannot be considered to their full extent through visual inspection. Compared
to the manual identification of scatterers, the so-called measurement-based ray trac-
ing method [57] is far more effective and efficient. This method aims essentially
at the reconstruction of the channel measurement run in a computer simulation
and the subsequent comparison of the ray tracing results with measured MPCs.
In order to reflect the real-world conditions of the propagation process, the ray
tracing simulation has to include all relevant geometrical circumstances of the con-
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Figure 8.6: Overview of multipath geometry at intersection.
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ducted measurement run. The reconstruction for our intersection geometry model
is automatically derived from a data set provided by the city of Berlin, which in-
cludes the exact position of house walls, sidewalks and trees. In order to complete
this geometrical model, all remaining relevant objects, for instance traffic signs or
street lamps, have to be measured accurately with a laser distance meter on-site
and included in the geometry model manually. The GNSS trajectories of the mea-
surement vehicles are transformed from the geographic coordinate system (lat,lon)
to the Cartesian coordinate system (x,y), where the origin of the Cartesian sys-
tem is the crossing center. In order to accurately simulate the MIMO propagation
channel, the positions of the simulated antennas are shifted accordingly.

In order to ensure the modeling accuracy and a high estimation reliability of
the applied methods, we validate the consistency of the underlying data sets in
two steps. First, we compare the delay of the LOS path with the Tx-Rx-distance
estimates computed from the GNSS data. The difference between these distances
after applied alignment measures is mostly below 1 m. In the second step, we
superimpose a birds eye view picture of the real-world measurement run with the
geometrical model including the transformed trajectories of the Tx and Rx vehicles.
Fig. 8.6 shows that all elements of the geometrical model are well aligned with the
real-world geometry. This can be observed when comparing the scattering locations
(yellow dots) with the shadows of large objects, for instance the street lamp poles.

The ray tracing simulations are performed with the polarimetric 3D electromag-
netical wave propagation simulator using the NVIDIA OptiX GPU ray tracing
engine, an implementation developed at Fraunhofer HHI [58]. The association of
MPC tracks and scatterer locations is based on a comparison of delay, Doppler,
path angle estimates and the delay characteristic. It has been shown that the
best approach for a dependable association is a so-called semi-automated reasoning
method, which involves a limited number of automated suggestions and a subse-
quent human reasoning and decision. This means that for each measured MPC
the automated algorithm part presents the human editor the closest ray tracing
candidates in terms of the delay and Doppler distance. The geometrical positions
of these scattering candidates are then compared with the estimated path angles
(AOA and AOD). The lifetime of the measured MPC is compared with possible
obstruction effects, due to the geometrical circumstances of the scattering candi-
dates. Finally, the measured MPC and the simulated ray tracing candidates are
compared in terms of their change of Doppler over time, which is directly related
to the change of the path angles over time. Further details can be considered when
comparing the delay characteristics and the properties of the possible scattering
objects, as mentioned above. After each measured MPC was associated with a
scattering object, concluding consistency checks can be applied. These verifica-
tion tests involves a consistency check across the entire measurement run, across
different MIMO channels and also across different measurement runs with similar
Tx-Rx-coordinates.
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The developed methods for a semi-automated localization of scatterers are suc-
cessfully applied to data from intersection measurement runs, as the example above
shows. The ultimate goal of the work described in Section 8.2.2 is a comprehensive
analysis and the statistical description of relevant scatterers at urban intersections.
The empirical result from this work will then be integrated in a GSCM of the V2V
intersection scenario. Together with Lund University, approaches for an appro-
priate GSCM are initiated, in particular a geometrical power model of individual
scatterers. In order to achieve the goal of a solid statistical foundation for the
parametrization of a V2V intersection GSCM, more channel data from relevant
intersections have to be analyzed (listed in Table 10.1). This work is not finalized
yet and results are therefore not included in this thesis.
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9 Evaluation of V2V
Communications Performance

An ultimate goal of channel modeling is a communication performance evalua-
tion based on a realistic representation of the channel. An alternative method
for performance evaluation is the use of measured channel data, which implies a
direct replay of the measurement run. This method can be used complementary
to stochastic channel models and is beneficial for particularly demanding channel
conditions not covered by the stochastic channel model. An advantage of commu-
nication performance evaluations based on replay channel data is the potential to
investigate causes of packet losses in de facto occurring channels. A disadvantage
of this type of communication performance evaluation is a narrow validity, if the
available data set is not sufficiently large. In order to benchmark advanced receiver
physical layer solutions, channel models or replay channel data can be used either
in pure software simulations or in combination with channel emulator hardware.
Section 9.2 and Chapter 10 introduce replay channel simulations using software
only, with transmission simulations based on time-variant channel measurement
data and an IEEE 802.11p physical layer transceiver implementation in MATLAB.
The various communication models derived in these two chapters are beneficial for
realistic simulations of basic V2V transceivers and were utilized in a commercial
V2V plugin for a simulation platform that is used in the automotive industry for
developments of advanced driver assistance systems.

9.1 Performance Evaluation based on Channel

Emulator

An interesting application for industrial purposes is the performance evaluation
of communication hardware implementations using a channel emulator (Fig. 9.1).
This performance evaluation method involves the replay of a single measurement
and the exact reproduction of particularly demanding channel properties. In order
to ensure the fulfillment of these high demands on V2V communication reliability, a
suitable testing method is required. A major event for testing V2V communication
hardware is the annual ITS Plugtest hosted by the European Telecommunications
Standards Institute (ETSI). The Heinrich Hertz Institute (HHI) took part in the

77



Figure 9.1: Performance evaluation of communication hardware using a channel
emulator.

2015 event and provided two kinds of performance evaluation methods. The first
evaluation is based on the ETSI ITS channel models, which are basically TDL
models with 3-4 taps and corresponding power, delay and Doppler frequency values
per tap. These models are defined for five communication scenarios, where the
most demanding channel properties are found in the highway NLOS scenario. The
outcome of this type of performance is a so-called waterfall curve, which expresses
the response of the PDR to an increasing SNR or decreasing background noise.

The second kind of performance evaluation method conducted by HHI involves
the replay of measured channel data. As mentioned earlier, a disadvantage of this
method is a narrow validity. Nevertheless, the method permits a direct comparison
of communication performance under challenging and de facto occurring channel
circumstances. In addition, the potentials of implemented antenna diversity tech-
niques can be evaluated based on entirely realistic MIMO channels. The results of
this evaluation method for a highway oncoming traffic (HOT) measurement run are
displayed in Fig. 9.2. It can be observed that the communication hardware from
different vendors at the ETSI ITS Plugtest yield different average PDRs. These
differences are slightly changed if receiver diversity techniques are applied, as the
light-colored bars in Fig. 9.2 show.
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Figure 9.2: Communication performance of hardware implementations based on re-
play channel emulation.
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9.2 Performance Evaluation based on Matlab

Software

In this section, we introduce an IEEE 802.11p performance evaluation method based
on realistic transmission simulations in Matlab. The vehicular propagation channel
was measured beforehand using the wideband HHI Channel Sounder. We con-
ducted channel sounder measurements of oncoming traffic at two different highway
sections. The proposed method allows the execution of sample-based transmission
simulations with full access to the receiver signal processing and all insights of
wideband channel impulse responses. We compute mean PDRs for different packet
sizes and discuss the effect of the time-variance in a vehicular propagation channel
on the transmission success.

Several approaches are published for an 802.11p performance evaluation in ve-
hicular communication scenarios, with packet error rate (PER) or PDR being the
most common metrics. Some publications are based directly on measurements with
802.11p transceiver. Performance evaluations were conducted for an infrastructure-
to-vehicle link in [55]. Studies in [56] showed that the major factors on the per-
formance are the distance between transmitter and receiver and the availability
of line-of-sight (LOS). Other publications follow a more theoretical approach. An
analytical approach to retrieve the PDR is introduced in [54], with a channel model
derived from Nakagami propagation model and with input variables: distance be-
tween transmitter and receiver, transmission power, transmission rate and vehicular
traffic density. In [52], the communication distance is calculated using a two ray
channel model. A third approach for a performance evaluation is the implementa-
tion of vehicular channel models. In [33] an 802.11p physical layer (PHY) perfor-
mance evaluation was done based on TDL models from [34]. Simulation results are
here expressed as PER over SNR for a highway (convoy) scenario. In this section,
we introduce realistic sample-based transmission simulations with the potential to
examine all possible causes of a packet loss.

9.2.1 IEEE 802.11p PHY in Matlab

We developed an object-oriented implementation of the IEEE 802.11p PHY in
Matlab that involves all signal processing parts and is fully standard conform.
Thereby, we can conduct extensive simulations and investigate in detail the behavior
of the communication system on the physical layer level. Of special interest are the
causes for packet reception failures. Reasons for a packet reception error can be
found either in the radio channel or in the signal processing chain of the receiver
physical layer. In fact, the reason for a packet reception error is the combination
of both error sources, a demanding propagation channel in combination with a
mismatched signal processing on the receiver side.
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Figure 9.3: IEEE 802.11p Frame Structure.

For our simulation we use a QPSK modulation with coding rate 1/2, resulting
in a data rate of 6 Mbit/s. This data rate is comparatively low, but in return,
reasonably robust and therefore a frequently chosen data rate (see [55]). In order
to establish a realistic transmission simulation, a few more assumptions have to be
made. We implemented a frequency offset of 1 ppm to account for transceivers with
imperfect local oscillators. We choose a power class C (see page 31 in [22]) with a
transmit power of 20 dBm. At both transmitter and receiver an antenna gain of 2
dBi is assumed. After the 802.11p signal passes the radio channel, white Gaussian
noise is added to the signal with a power level of -94 dBm. The magnitude of the
noise power is made up of the thermal noise power of -104 dBm for a bandwidth of 10
MHz and an estimated noise figure of 10 dB to account for the noise from the signal
processing chain at the receiver. Finally, we choose a minimum SNR of 12 dB for the
receiver to start detecting an OFDM frame, which yields a received signal sensitivity
of -82 dBm. Since the signal power as indicator for reliable frame start detection is
not sufficient, we implemented a frame-start detector that includes the detection of
a sudden power rise and the detection of signal correlation, taking into account the
structure of the IEEE 802.11p preamble. We checked the correct functionality of
the frame-start detector and showed in numerous tests that the detection error rate
at 12 dB SNR under NLOS conditions is below 10−3. Downstream signal processing
is according to the standard, including a Viterbi decoder with trellis termination
and hard-decision.

The structure of an IEEE 802.11p packet frame can be roughly divided into a
first preamble part, that lasts 40 µs and includes two training symbols and a header
symbol called SIGNAL, and a second data part that lasts between 88 µs (for 50
Bytes) and 2016 µs (for 1500 Bytes). The long training symbols in the second part of
the preamble are used to estimate the current radio channel state. This information
is required for channel equalization of the data part before the final decoding. IEEE
802.11 was originally developed for fixed wireless communication, where only slow
changes of the channel states are expected. However, a particular attribute of
vehicular communication is the time variance of the propagation channel, which
means that the channel state can change over time. If the channel estimation
becomes invalid during the duration of a frame reception, not all parts of the frame
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can be equalized correctly and therefore the frame not decoded without errors.

9.2.2 Preprocessing of Channel Sounder Measurement
Data

In order to use the collected channel sounder measurement data for sample-based
802.11p transmission simulations, some preprocessing steps have to be performed.
The output of the HHI Channel Sounder is a time-variant channel impulse response
(CIR) that includes a noise floor at around 135 dB attenuation. This noise floor has
to be determined and discarded from the CIR before further processing. If this step
was skipped, the noise peaks would be misinterpreted as many weak MPCs and if
summed up, mislead to a substantial channel gain. In order to prevent this, we first
set a noise threshold by adding a noise floor distance to the determined noise floor
level. We empirically choose a noise floor distance of 6.5 dB. The CIR h is low-pass
filtered and used to determine the beginning and the end of the signal part with
MPCs. The beginning is set where the filtered h passes the noise threshold for the
first time and the end is set where it passes the threshold for the last time. Finally,
the identified noise part is set to zero. Fig. 9.4 illustrates the described operation.

During a channel sounder measurement, the radio channel is sampled with a
snapshot rate according to the largest expected Doppler frequency. In the highway
scenario, Doppler frequencies could rise up to 2500 Hz and therefore a snapshot
period of 200 µs was set. However, for sample-based transmission simulations the
collected measurement data has to be interpolated in the time domain to a 10 MHz
sample frequency, according to the IEEE 802.11p signal bandwidth. In order to save
memory and speed up the processing, we interpolated the measurement data to a 1
MHz sample frequency, thus assuming that the radio channel stays constant during
1 µs, and implemented the downstream processing accordingly. The interpolation
was done with a one-dimensional FFT interpolation method. A prerequisite for
this interpolation method is a periodic input signal. Therefore, a cosine roll-off
windowing was applied to the CIRs in the direction of the time axis beforehand.
The bandwidth limiting from the measured wideband channel of 1 GHz to the
communication channel of 10 MHz (3 dB cutoff frequency) was carried out with a
Kaiser window and a parameter value of 8.

9.2.3 Communication Models for Highway Oncoming
Traffic Scenario

The highway oncoming traffic scenario is relevant for applications that use a store-
carry scheme, where a message is transmitted to an oncoming vehicle, which stores
and carries the message until a transmission is possible to a vehicle that drives in
the same direction as the initial transmitter [19]. This scheme allows vehicles to
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Figure 9.4: Identification of noise in a channel impulse response.
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Figure 9.5: Typical highway A115 near Dreilinden/Berlin (upper part: 360◦ camera
view during measurement, lower part: satellite view).

communicate with following vehicles, even if they are out of the wireless commu-
nication range. It is expected that for the highway oncoming traffic scenario, high
relative velocity paired with a multipath channel can cause a demanding propaga-
tion channel for the 802.11p PHY. We conducted measurements at two different
highway sections. The first section is a typical German highway called A115 east of
Dreilinden/Berlin, with a speed limit of 120 km/h and a surrounding that is made
up of dense vegetation and a few distant buildings. During measurements, the traf-
fic density was fairly low. The measurement vehicles met with relative speeds of
200-240 km/h at various spots on the highway section, as indicated with a frame in
the lower part of Fig. 9.5. The upper part of Fig. 9.5 shows a screenshot from the
360◦ video camera that was placed on the roof during measurements. The second
highway section is the city highway A100 near Bundesplatz/Berlin, with a speed
limit of 80 km/h and an urban surrounding. During measurement, the traffic was
comparatively dense and included several trucks. The measurement vehicles met
with relative speeds of 150-170 km/h at various spots on the highway section, as
indicated with a frame in the lower part of Fig. 9.6. As in Fig. 9.5, the upper part
shows a picture of the traffic situation during a measurement.

Both highway sections have 3 lanes in each direction and only a guardrail in the
middle. Hence, a line-of-sight between two passing vehicles exists, if both vehicles
drive on the left lane. During measurements, we used all lanes to achieve a realistic
data set with larger diversity. We conducted a total of 11 measurements on each
highway section, with a total recording time of 20 seconds per measurement. Each
measurement was portioned into 20 parts, with a recording time of 100 ms for each
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Figure 9.6: City highway A100 near Bundesplatz/Berlin (upper part: 360◦ camera
view during measurement, lower part: satellite view).

part and a time interval of 1 s between these parts.
The PDR on the physical layer level is critical for every vehicular communication

application. A packet reception failure on this layer level results inevitably in failure
of adjacent higher OSI-layers. Here, we define a packet to be lost, if at least one bit
is erroneous. As described above, a distinct attribute of the vehicular propagation
channel is its highly time-variant behavior. In order to distinguish this influence
from other influences of the propagation channel, we also conducted simulations
with time-invariant channels. This was done by keeping the first channel sample of
the CIR constant over the period of an 802.11p frame. In a time-invariant channel,
the only relevant channel influences left are path loss and fading due to multipath
propagation. We executed transmission simulations with several packet lengths be-
tween 50 bytes and 1500 bytes. The total number of simulated packet transmission
per highway section varied between roughly 31,000 (1500 bytes) and 629,000 (50
bytes). The reason for this are the varying frame time durations (dependent on the
number of transmitted bytes) that are ”transmitted” over the constant time of the
recorded radio channels. No remarkable differences could be observed between the
four MIMO channels and so, the results of all MIMO channels were merged. The
results of the transmission simulations can be found in Fig. 9.7 and in Fig. 9.8,
where a negative distance was set in case of two approaching vehicles.
The first noticeable aspects in these diagrams are the remarkable valleys of the
PDR curve at distances around 200 m. When comparing time-variant channels
with time-invariant channels (marked with a ”ti” in the legend of the diagrams),
one can observe that the cause of this drop must lie within the time-variant behav-
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Figure 9.7: Transmission simulation results from a regular highway section (A115 -
Dreilinden/Berlin).

ior of the propagation channel. The deviations between the two PDR graphs with
time-invariant channels (50 bytes and 1500 bytes) are insignificant. In contrast,
when comparing different packet sizes for time-variant channels, one can observe
that the longer the frame duration, the steeper the valley. This can be explained
by erroneous channel equalization. As mentioned earlier, the channel state is esti-
mated at the beginning of a frame for subsequent channel equalization. The longer
the frame transmission takes, the more likely this estimation becomes invalid and
the channel equalization therefore insufficient for proper decoding.

At larger distances, the PDR of the highway section A115 Dreilinden (Fig. 9.7)
rises again with a local maximum at around 400 m. In order to find out the reason
for this behavior, we compared CIRs at distance around 200 m with CIRs at dis-
tance around 400 m. The apparent difference between these CIRs was the number
of MPCs. Whereas most CIR at higher distances only indicated one path, most
likely the LOS path, CIR at shorter distances exhibited multiple paths. Thus, the
drop in the PDR graph at around 200 m is due to the time-variant behavior of the
channel in combination with a multipath channel. Whereas the Doppler frequency
of a single path can be corrected by the receiver signal processing, multiple paths
with multiple Doppler frequencies lead to the so-called Doppler spread and a very
challenging propagation channel.

Comparing the PDR graphs of the two highway sections, some similarities and
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Figure 9.8: Transmission simulation results from a city highway section (A100 -
Bundesplatz/Berlin).

some differences can be observed. In both graphs, the PDR dropped to zero at
distances around 600 m. Apparently, the channel gain at these distances is too low
for the 802.11p transceiver settings we choose. As described before, both graphs
exhibit a drop at around 200 m. For both highway sections, these valleys are
deeper at positive distances (vehicles driving away from each other) compared to
valleys at negative distances (vehicles approaching each other). Unfortunately, no
definite explanation for this behavior could be found. Some differences can be
observed when comparing the graphs of the two measured highway sections. All
PDR graphs around 400 m are noticeably higher in Fig. 9.7 compared to Fig. 9.8.
In Fig. 9.7, even larger packets sizes achieve a high PDR. This can be explained with
the lower traffic density during measurements for this highway section, therefore
less shadowing and a higher probability of a LOS path. On the other hand in Fig.
9.8, the high traffic density during measurements combined with the slight bending
of this highway section caused more shadowing, fewer LOS paths and a lower PDR
at these distances. Although the average vehicle speed during measurements on
the regular highway was approximately 30% higher, no severe effect on the PDR
could be observed. Similarly, a clear effect of dense urban surrounding on the city
highway and the resulting higher number of MPCs could not be identified. We
computed the average PDR for different packet sizes for distances below 600 m and
both highway sections (Table 9.1). These numbers can give a hint what packet
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Table 9.1: Mean Packet Delivery Rates for HOT scenario.

Number of bytes 50 100 200 400 800 1500

Regular highway, low traffic density 82% 78% 72% 66% 61% 56%
City highway, high traffic density 71% 68% 60% 53% 48% 42%

sizes are suitable, when designing an application that transmits 802.11p messages
under the described circumstances.

The results showed PDRs for different packet sizes and revealed the influence of
the time-variant behavior of multipath channels on the packet reception success.
This simulation framework opens the possibility for further statistical in-depth
analysis of vehicular communication scenarios with demanding propagation channel
and a performance evaluation of advanced signal processing methods.
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10 V2V Communication Models
at Urban Intersections

Future cross-traffic collision avoidance systems will depend on a reliable vehicle-to-
vehicle communication link. Consequently, understanding inter-vehicle communica-
tion performance and the relationship to the corresponding intersection properties
is vital for designing such a system. This chapter presents three intersection cate-
gories for non-line-of-sight communication performances, based on a large measure-
ment data set. For each category, PDRs with respect to a two-dimensional distance
are provided. These results can be used for network simulations or evaluation of
collision avoidance systems.

Based on literature research, three categories for vehicular communication at ur-
ban intersections were developed and used to identify corresponding intersections
on satellite images in the wider area of Berlin. In turned out that, after an evalua-
tion of the simulation results, some exceptional intersections had to be included in
Category 2. We defined the categories as follows:

Category 1 is characterized by an obstructing building between the two vehicles
on collision course, without any large surfaces available for reflections from trans-
mitter vehicle to receiver vehicle (see upper schematic in Fig. 10.5). This category
also includes intersections where one of the vehicles drives in a street canyon, as
long as there is no possibility for the waves to travel into the street canyon. Ac-
cording to [51], this category accounts for 4-12% of intersections with 4 legs. The
Intersection-1 in [54] and the intersection called single building in [22] would be
part of this category.

Category 2 is also characterized by a massive obstruction between the vehicles.
Different to the previous category, both vehicles drive in street canyons allowing
scattered waves to travel from transmitter to receiver (see middle schematic in Fig.
10.5). This category includes all intersections with buildings on four corners, which
account for 70-90% of all 4 leg intersections according to [51]. Although it is shown
in [59] that very large inter-building distances (streets widths) result in a higher
received power and a higher reception rate, results in [54] show that the received
power at smaller intersections can also be lower, depending on the scattering envi-
ronment. Similarly, results in [60] showed a worse communication performance at
a wide street intersection compared to a narrow intersection. Based on our analy-
sis, no direct and clear relationship between intersection width and communication
performance could be observed. Instead, we found 3 intersections which, accord-
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ing to the definitions, should be in Category 1 but, due to the PDR results, were
included in Category 2. These exceptional intersections require additional expla-
nations, based on analyses of the corresponding wideband channel data and the
intersections properties and are subject of the Results section.

Category 3 is best described with the absence of a massive object between
the two vehicles (see lower schematic in Fig. 10.5). Instead, the optical LOS
between the vehicles is obstructed by vegetation, parking vehicles, low walls and
similar objects. This type of intersection is relevant for a collision avoidance system,
due to the combination of an optical obstruction and permeable properties for
electromagnetic waves. The influence of reflecting buildings or other scattering
objects, as in Category 2, was found to be irrelevant for this category.

In total, we identified and measured 20 intersections. Each intersection was on
average measured 8 times with distances to the crossing center of up to 200 m. The
speed of the vehicles approaching the intersection varied between 30-60 km/h, de-
pending on traffic circumstances. A continuous telephone link between the drivers
ensured a collision course of the vehicles during measurement. A list of all measured
intersections can be found in Table I, with coordinates of the crossing center, co-
ordinates of the so called visibility vertex as depicted in Fig. 10.1 and the distance
between these two points.

10.1 Transmission Simulation based on Channel

Sounder Data

During measurement, a new channel impulse response was recorded every 716 µs.
However, for a sample-based transmission simulation, a higher channel update rate
is required. We choose a sample frequency of 1 MHz and interpolated using a one-
dimensional FFT interpolation. Then, the bandwidth of the channel was limited
from the measured 1GHz bandwidth to the communication bandwidth of 10 MHz
at 5.9 GHz, using a Kaiser window.

For realistic transmission simulation, we generated IEEE 802.11p communication
frames (see Table 10.2 for details) and convoluted them with the preprocessed
time-variant radio channels. The output of the transmission simulation is a PDR,
where a packet was defined as delivered if all bits were decoded correctly. The time
duration of one channel measurement run of 7 s and the transmitting time of 312 µs
for an IEEE 802.11p packet with 200 Bytes lead to more than 22,000 transmission
simulation packets per measurement. This yields to a total number of 660 000
transmission simulations for Category 1, 720 000 transmissions for Category 2 and
1 800 000 transmission for Category 3.

Different from vehicular communication scenarios like oncoming traffic or convoy
traffic, the inter-vehicle communication at street intersections is dependent on two
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Table 10.1: Overview of investigated intersections.

Category
Name of
Intersection

# of
Meas

Crossing
Center

Visibility
Vertex

Distance
(CC,VV)

1
Cauerstr/
Einsteinufer

12
52◦31.152’
13◦19.136’

52◦31.142’
13◦19.131’

19 m

1
Levetzowstr/
Hansa-Ufer

7
52◦31.185’
13◦20.257’

52◦31.181’
13◦20.240’

21 m

1
Rohrdamm/
Dihlmannstr

7
52◦32.580’
13◦15.696’

52◦32.593’
13◦15.709’

28 m

1
Nonnendamm-
allee/Reisstr

7
52◦32.188’
13◦16.313’

52◦32.183’
13◦16.300’

17 m

2
Pestalozzistr/
Schlueterstr

2
52◦30.455’
13◦19.067’

52◦30.451’
13◦19.049’

22 m

2
Pestalozzistr/
Schlueterstr

2
52◦30.456’
13◦19.064’

52◦30.463’
13◦19.053’

18 m

2
Wilmersdorferstr/
Bismarckstr

5
52◦30.697’
13◦18.310’

52◦30.704’
13◦18.321’

18 m

2
Schlossstr/
Bismarckstr

3
52◦30.664’
13◦17.838’

52◦30.676’
13◦17.863’

36 m

2
Pestalozzistr/
Wielandstr

10
52◦30.462’
13◦18.963’

52◦30.457’
13◦18.953’

15 m

2
Augsburgerstr/
Rankestr

5
52◦30.135’
13◦20.008’

52◦30.146’
13◦20.004’

21 m

2
Luebeckerstr/
Turmstr

9
52◦31.578’
13◦20.721’

52◦31.585’
13◦20.731’

17 m

3
Fraunhoferstr/
Marchstr

11
52◦30.872’
13◦19.339’

52◦30.880’
13◦19.335’

16 m

3
Rohrdamm/
Dihlmannstr

7
52◦32.581’
13◦15.699’

52◦32.579’
13◦15.707’

10 m

3
Gierkezeile/
Zillestr

10
52◦30.807’
13◦18.187’

52◦30.813’
13◦18.195’

14 m

3
Fritschestr/
Pestalozzistr

9
52◦30.477’
13◦18.025’

52◦30.472’
13◦18.036’

17 m

3
Isoldestr/
Dreilindenstr

10
52◦25.252’
13◦11.321’

52◦25.249’
13◦11.328’

10 m

3
Wannseebadweg/
Kronprinzenweg

8
52◦26.032’
13◦11.363’

52◦26.040’
13◦11.365’

15 m

3
Augsburgerstr/
Rankestr

9
52◦30.136’
13◦20.010’

52◦30.134’
13◦20.034’

27 m

3
Levetzowstr/
Jagowstr

12
52◦31.276’
13◦20.021’

52◦31.274’
13◦20.005’

18 m

3
Turmstr/
Wilsnackerstr

14
52◦31.583’
13◦21.106’

52◦31.577’
13◦21.092’

19 m
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Table 10.2: IEEE 802.11p transmission simulation parameters.

Packet size 200 Bytes
Data rate 6 Mbit/s
Transmit power 20 dBm
Antenna gain (each Tx and Rx) 2 dBi
Frequency offset 1 ppm
AWGN power -94 dBm
Received signal sensitivity -82 dBm

Figure 10.1: Vehicles on collision course (left) and transmission simulation results
(right).
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Figure 10.2: Vehicles on collision course (left) and transmission simulation results
(right).
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Figure 10.3: Superposition of Category 3 results (left) and a comparison between
results and the estimated model (right).

Figure 10.4: Superposition of Category 3 results (left) and a comparison between
results and the estimated model (right).
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Figure 10.5: Schematics of intersection categories (left) and corresponding two-
dimensional PDR model (right).
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distances. Hence, our simulation results were evaluated with respect to a two-
dimensional distance, as shown in Fig. 10.2. Here, each colored box represents the
averaged PDR within a two-dimensional bin of 2 m x 2 m. This diagram shows
the transmission simulation result of two measurements, with a low PDR (blue) at
larger distances and a higher PDR (red) towards the end of the measurement. The
dashed line represents the transition from NLOS condition to LOS condition. The
shape of this transition line arises from the geometry of an intersection, while the
position of the parabolic line depends on the size of the corresponding intersection.
In fact, it depends on the distance between the crossing center and the visibility
vertex, which is in this case the corner of the obstructing house. For measurements
of Category 3, the visibility vertex was estimated using the recorded video sequences
and Google StreetView�.

In our investigations, we focused on the NLOS case only, due to its relevance
for cross-traffic assistance systems and the fact that results under LOS condition
are virtually independent of location or category and always clearly above a PDR
of 90%. One advantage of introducing a NLOS/LOS transition line is the ability
to compare and merge street intersections with different sizes. In order to make
all results within an intersection category comparable, we performed a coordinate
transformation. This means a transfer of the reference point in Fig. 10.2 to the
point of origin and a transformation of all other points from coordinates with dis-
tances to crossing center to coordinates with distances to LOS.

At this stage, the results were ready for a verification (or falsification) of the
initially developed categories. To do so, we compared all intersection results and
grouped similar results, disregarding the intended category. The criterion for this
visual analysis was the location of the transition from blue to red, thus the change
from no reception to packet reception. The analysis showed that, based only on
communication performances at intersections under NLOS condition, three groups
could be identified. These groups were used to derive corresponding PDR models,
starting with a superposition of all simulation results within a category and an
averaging of the PDR per two-dimensional bin. In order to obtain more support-
ing points, we filled empty bins with, if existent, its mirror-inverted counterpart
result (see Fig. 10.3), which is based on the assumption that statistically, vehicular
communication at intersection is symmetrical. Then, the PDR model was gener-
ated using a modified ridge estimator (a Matlab function called gridfit), where the
bias is towards smoothness. An adequate smoothness parameter value was chosen,
balancing between a questionable communication behavior (value too low) and an
oversimplified model (value too high). We decided that a smoothness parameter
value of 120 appears to be reasonable. Fig. 10.4 shows the 3-dimensional side-face
of both the supporting points from the simulation results and the estimated model.
Although substantial deviations of the PDR for a certain distance can be observed,
the estimation result seems reasonable. The estimated results were finally averaged
to bins of 10 m x 10 m width.
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Intersection Schlossstr/Bismarckstr has no buildings on the north-western part,
a cut building vertex on the north-eastern part and an east-west street with a very
large width of almost 50 m. Due to the intersection geometry, transmitted waves
from a vehicle in the northern leg of the intersection can travel far to a vehicle in
the eastern leg, with single or double bounce reflections. This can be concluded
from the course of the MPC. Summed up, the very wide street and the cut vertex
result in the exceptional communication performance at this intersection. Inter-
section Augsburgerstr/Rankestr has no building on the eastern part, but instead
two metallic fences with vertical bars (vertical polarized antennas!) up to a height
of around 2 m. In addition, the ground floor of the northern vertex is a shop-
window and the western vertex has larger metallic elements. This corresponds to
the CIRs, where a mixture of diffuse MPCs and a few specular MPCs could be ob-
served. Intersection Luebeckerstr/Turmstr has no buildings on the southern part,
but instead a park with numerous trees. However, the CIRs indicate that specular
MPCs play a greater role, in particular a MPC with an excess distance of around
15 m. This can be explained with a comparatively large distance between a vehicle
approaching from the west and the visibility vertex, a slight displacement of the
2 northern vertexes and many metallic elements at the north-eastern vertex (the
opponent vehicle approaching from the north). The explanations for these 3 ex-
ceptional intersections exhibit the difficulty to derive general category definitions
based on communication performances.

10.2 Communication Models

The final communication performance models are presented in Fig. 10.5. Since
these results are shown with respect to the distance to LOS, an additional distance,
or equivalent time, has to be added for a comparison of the so called time-to-
collision. For our measurements, the median distance between the visibility vertex
and the crossing center was found to be 18 m. This is in good accordance with 17.8
m distance from center to building vertex in the most prominent cluster (50% of all
intersections), as reported in [51]. In case of both vehicles driving on collision course
with the same speed, an additional (average) distance of about 13 m (= 18m/

√
2),

equivalent to 1 s at a speed of 50 km/h can be estimated. This matches with
the statement in [51] that for 90% of the intersections LOS is available 1 s before
the crash. If one vehicle approaches the crossing center with a lower speed, the
additional time reaches values above 1 s, due to an increased distance between
NLOS/LOS transition and crossing center. The results show that the intersection
characteristics of Category 1 allow NLOS communication at low distances only.
Around 50% of the packets are delivered at distances of 20 m with both vehicles
driving at the same speed, while there is no communication feasible at distances of
40 m. However, if one vehicle is near the intersection, communication availability
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starts at around 70 m distance-to-LOS. Roadside units (RSU) installed at the
intersection can support communication by re-broadcasting messages, However, it
is likely that only selected intersections will be equipped, due to installation and
maintenance costs.

The bended shape of the communication availability can also be observed in Cat-
egory 2. With one vehicle close to the intersection, around 50% of the packets can
be delivered up to distances of 100 m. This can be explained with scattering objects
around the vehicle close to the center and scattered waves travelling into the street
canyon of the distant vehicle. If both vehicles drive at equal speed, communication
availability starts in Category 2 at around 50 m distance, while the PDR reaches
50% at around 30 m. The lack of a massive obstructing object in Category 3 leads
to an almost parallel shape of the PDR levels and therefore to a PDR dependency
of the cumulative distance of both vehicles. A conclusion from our results is that
a combined distance to collision is reasonable only for Category 3. The bending
of the PDR lines and the minor asymmetrical behavior can be attributed to the
asymmetry of the collected data. In this category, communication availability starts
at 70 m and rises to a PDR of 50% at distances of around 50 m. Also remark-
able is the high PDR above 80% starting a distances of 30 m. The obtained PDR
under LOS condition were averaged and resulted in 92% for Category 1, 98% for
Category 2 and 95% for Category 3. The deviations between the categories could
not be explained with the scattering environment and seem to be arbitrary; an
average PDR of 95% for all categories could be reasonable. The PDR results are
comparable to the reception rates reported in [59], where 4 types of intersections
were measured: suburban, urban, urban wide and a worst case with buildings only
at two corners. The reception rates in Fig. 6 in [59] show that at a distance of 60
m (equivalent to 47 m distance to LOS, if both vehicles approach with same speed)
results within the intersection type urban and urban wide deviate between 55% and
95% reception rate, which is fairly higher compared to our results in Category 2.
Intersection type suburban results at a distance-to-center of 60 m for both vehicles
yield to reception rates between 10% and 20%, which is in good accordance to our
Category 2 results. The exceptional results of intersection No. 9 in [59] fit well
in our Category 3 results, both results show a PDR of less than 10% at 60 m dis-
tance to center and a PDR of around 70% at distances of 30 m. The investigations
done on communication performances with vegetation between vehicles in [61] are
only to some extent comparable to our Category 3 results, because here on of the
vehicles was standing at a constant distance instead of driving on collision course.
Distances of 30 m or 50 m resulted in PDR values between 80-100%, which is in
accordance to our results.

This section presented PDR results for 3 intersection categories for non-line-of-
sight communication performances. The derived models can be used to for network
simulations and application evaluations. Considering the bended shapes of the PDR
results, it becomes clear that a model based on a two-dimensional distance is more
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comprehensive compared to a (cumulative) one-dimensional distance. The PDR
results show that the communication performance mainly depends on the type of
obstruction between the vehicles on collision course and availability of the large
surfaces for reflections from transmitter to receiver. The validity of this categoriza-
tion could be shown with the results from the transmission simulations. However,
3 out of 20 intersections exhibited unexpected communication performances. This
shows that a categorization based on obvious intersection properties is not always
valid. A closer look at the intersection properties including its vertexes and the
corresponding wideband channel sounder data is needed.
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11 V2V Communication in a
Rural Overtaking Scenario

Reliable connectivity between vehicles is a requirement for efficient V2V warning
systems, which is of particular relevance for collision avoidance systems during
overtaking maneuvers on a rural roads. An example for the latter application
could be a video-based overtaking assistant, where the overtaken vehicle transmits
video-messages to the overtaking vehicle [62] [63] [64]. Alternatively, the vehicle to
be overtaken exchanges CAMs with the vehicles driving in the opposite direction
[65]. If vehicles in both directions are queueing, the vehicles leading these queues
have the best opportunities to achieve LOS communication and should warn the
vehicles following them. However, if the leading vehicle is not equipped with radio
communication sensors, an apparent overtaking application alternative is simply
the exchange of CAMs between the overtaking vehicle and the vehicles driving in
the opposite direction. In each of the above mentioned application scenarios, the
influence of large obstructing vehicles are most relevant since they block the view
of the driver and possibly also radio waves.

There is related literature on V2V communication in rural environments. Work in
[66] covers connectivity ranges based on measurements with an 802.11p transceiver,
where one of the transceivers is kept stationary. The LOS obstruction in these
measured rural environment scenarios is either due to a steep crest between the
communicating vehicles or the vegetation in a curved road scenario. The power
delay profile and the Doppler spectral density of an overtaking scenario is described
in [67], where both Tx and Rx drive in the same direction with an obstructing truck
between the measurement vehicles. The same setup is measured in [68], where the
authors indicate power losses of 5-10 dB if the LOS is obstructed by a truck. Similar
measurements are conducted by [69], where some of the antennas are also placed
at different locations within the vehicle. Compared to the antenna mounted on the
roof center, the inside-antennas yield to a gain of up to 20 dB for the obstructing
truck scenario. To the knowledge of the author, no paper has been published on the
propagation channel of a rural overtaking scenario with the communicating vehicles
driving in opposite directions.
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11.1 Measurement Setup and Environment

For this measurement campaign, we use an Audi Avant as a Tx vehicle and a
Renault Scenic as Rx vehicle. Both vehicles are equipped with omnidirectional and
vertically polarized antennas mounted on the roof at the left and right edges of the
vehicle. In addition to the antennas mounted on the roof, we installed two vertically
polarized antennas at different locations inside the receiver vehicle as shown in
Fig. 4.5. The purpose of this experiment was to find out whether aftermarket
transceivers with an in-cabin antenna serve their purpose and to evaluate which
antenna location is more suitable in terms of a reliable connectivity.

In order to evaluate a worst case scenario, we searched for rural roads with a poor
scattering environment. The rural road we selected is named Potsdamer Chaussee
and located south of the village Seeburg near Berlin (N52.504, E13.123). Buildings
of the close-by village are too distant for relevant scattering and the surrounding
vegetation is expected to result in diffuse MPCs only. The selected road can be
separated into two parts: a section with a straight road and a section with road
bending of approximately 25 ◦ (see Fig. 11.1 and Fig. 11.6). We conducted mea-
surement runs for these two kind of scenarios: a curved road scenario and a straight
road scenario. In total we executed 7 runs with different obstructing large vehicles:
1 large goods vehicle, 2 coaches, 1 large caravan, 2 site vehicles of type Mercedes-
Benz Actros 4146 and 1 van of type Volkswagen Type 2 (T3). The distance between
the obstructing vehicle and the following measurement vehicle was in the range of
5-20 m. Depending on the traffic situation, the average speed of the measurement
vehicles ranged between 60-100 km/h.

11.2 Curved road scenario

An overview of the curved road scenario is depicted in Fig. 11.1. The Rx vehicle
is driving at an average speed of 82 km/h behind a site vehicle of type Mercedes
Actros 4146 at distances of around 10-20 m, while the Tx vehicle is driving at an
average speed of 83 km/h in the opposite direction. Visual inspection of multipath
tracking results revealed that no significant specular MPCs could be observed, i.e.
paths are either LOS or diffuse. Apparently, the path of the antenna mounted on
the roof of the Rx vehicle (Rx1Out) bypasses or diffracts around the obstructing
vehicle and establishes a specular path from both antennas of the Tx vehicle. In
this measurement run, we observe that for distances between 450 m and 150 m
the antennas mounted inside the vehicle yield to a higher channel gain1, as can be
seen in Fig. 11.2. In addition to this, the outside antennas experience a significant
energy drop at distances around 300 m. Hence, we can conclude that antennas

1Here, channel gain includes the antenna gains but not the cable loss
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Figure 11.1: Overview of the measurement conducted on a curved road section.

mounted inside the vehicle would perform better with gains of up to 10 dB at most
relevant distances in terms of a corresponding warning application .

Antennas mounted on the roof are probably in most V2V propagation environ-
ments beneficial compared to antennas inside the vehicle. However, if the radio
channel is dominated by the LOS path and the ground-reflections, the inside-
antennas might experience fewer ground-reflections and can overturn the advan-
tage.

Although the channel sounder has a temporal resolution of 1 ns, multipath caused
by two-ray ground-reflection with antenna heights of 1.5 m can only be resolved
at distances below 15 m. For each measured time-variant channel of around 3 ms
duration, we computed the Rician K-factor K = 10 log10(Ps/Pr), where Ps is the
power of the strongest path and Pr is the sum of the power of all paths except for the
strongest path. The results in Fig. 11.3 indicate that the energy drop at a distance
of 300 m is indeed due to the destructive ground-reflection. The antenna at the
rear-mirror yields a progression similar to the roof antenna, yet with a smoother
change of the K-factor and a less severe energy drop. The antenna mounted on
the dashboard is apparently not affected by the ground-reflection and also has the
highest channel gain.
Additional examples where inside-antennas should be favored are observed in two

measurement runs conducted at this curved road section. As in the previously
described run, the Rx vehicle is driving behind the obstructing vehicles - in this
case a large truck and a large coach. Different to the previously described scenario,
the driving direction of both measurement vehicles changed, i.e. the Tx vehicle
is driving northbound at an average speed of 60 km/h (90 km/h in the second
measurement) and Rx vehicle is driving southbound at an average speed of 65
km/h. Since the results of these two measurements are very alike, we computed
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Figure 11.2: Channel gain of different antenna combinations on a curved road.

the average channel gain over distance of both measurements. As can be seen in
Fig. 11.4, at distances of around 500 m the channel gain of all antennas is above
-105 dB and reaches values of around -100 dB at distances of 350 m, with a slight
gain of the inside-antennas. After a minor energy drop for all antennas at distances
around 300 m, the differences between the antennas become apparent. At distances
of 200-250 m, the channel gain of the antennas mounted inside the vehicle rise to
values of around -90 dB, whereas the energy of the roof antenna stays at roughly
the same level and then even falls again below -100 dB. One might assume that
this effect is due to the transition from a right-curved road to a straight road and
that a stronger obstruction of the Rx1Out antenna occurs because it is placed on
the left hand side of the vehicle. Indeed, the starting point of the severe K-factor
drop in Fig. 11.5 corresponds well to the position of the antennas in terms of left
and right position: first the drop of the Rx1Out antenna mounted on the left edge
of the roof starts at 250 m, then the drop of the Rx2In antenna mounted at the
rear-mirror starts at 200 m and finally the drop of the Rx3In antenna mounted on
the right hand side of the dashboard starts at 150 m. Moreover, we notice that the
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Figure 11.3: Rician K-factor for different antenna combinations on a curved road.

K-factor curves of the inside-antennas raise just before they decline, which might
be due to the obstructing vehicle acting as a specular scatterer at the transition
from a curved road to a straight road. This also explains the significant energy
gain of the inside-antennas at a distance of 200-250 m. At a distance of 150 m, the
higher channel gain of the Rx3In antenna is clearly due to its position on the right
hand side, which can be concluded from the higher K-factor values at this distance.
The obstruction is at its peak at distances of around 100 m, where the values of all
antennas become more alike. We can conclude that the channel gain on the curved
road section is often above -100 dB and that the inside-antennas usually yield a
higher channel gain at distances relevant for an overtaking warning application.

11.3 Straight road scenario

Now, we study the scenario on a straight road section as depicted in Fig. 11.6.
The obstructing vehicle drives at an average speed of 96 km/h and a distance of
around 10 m in front of the Tx vehicle, while the Rx vehicle drives at an average
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Figure 11.4: Averaged channel gain of two measurements on a curved road.

speed of 71 km/h in the opposite direction. Although the obstructing vehicle, a
van of type Volkswagen Type 2 (T3) (see Fig. 11.7), is clearly not as large as the
obstructing vehicle in the previously described results in Fig. 11.2, the obstruction
effect in this case is far more severe. Results in Fig. 11.8 demonstrate that at a
distance of 300 m the channel gain reaches values of around -110 dB only. On the
other hand, we can observe that the antenna mounted on the left edge of the Tx
provides a channel gain of nearly -100 dB at distances of 500 m. This is due to
the fact that the measurement run starts as a curved road scenario and becomes a
straight road scenario at a distance of around 300 m. This transition from LOS to
obstructed LOS can be verified by corresponding K-factor curves and is the cause
for the 10 dB channel gain drop of the Tx1Out antenna, as shown in Fig. 11.8.
The large truck next to the van in Fig. 11.7 drove around 350 m ahead of the Rx
vehicle and appears to have nearly no effect on the channel gain. We can conclude
that a channel gain of -100 dB can only be reached at distances around 200 m and
that inside-antennas usually experience a slightly higher channel gain.

106



Figure 11.5: Averaged Rician K-facto of two measurements on a curved road.

Four measurement runs on this straight road section with different obstructing
vehicles showed very similar channel gain progressions. In order to make a more
general statement on achievable channel gains in this scenario, we computed the
average of these runs, where the obstructing vehicle drove twice in front of the
Tx vehicle and twice in front of the Rx vehicle. The obstructing vehicles were a
large caravan, a large coach, a site vehicle of type Mercedes Actros 4146 and the
Volkswagen Type 2 (T3) in Fig. 11.7. The distance between the obstructing vehicle
and the following measurement vehicle is the range 5-15 m, whereas the average
speed of the measurement vehicles ranges 70-95 km/h. As we clearly can observe
in Fig. 11.10, the channel gain reaches a level of -100 dB not until a distance of
100 m. After the vehicles passed by each other, the channel gain differences can be
explained with the fact that the antenna Rx1Out on the roof does not experience
any obstruction, whereas the antenna Rx2In mounted at the rear-view mirror and
even more the Rx3In antenna mounted on the dashboard (see Fig. 4.5) experience
obstruction from various objects within the Rx vehicle.
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Figure 11.6: Overview of the measurement conducted on a straight road.

Figure 11.7: Video capture of the measurement conducted on a straight road.

11.4 Delay and Doppler spread

In order to examine the frequency and time dispersion of the measured channels, we
extracted the RMS delay spread and the RMS Doppler spread for all 7 measurement
runs and found that the delay spread is low with maximum values of around 20
ns. The only exception to this observation is the measurement run pictured in Fig.
11.7, where the delay spread is significantly higher than shown in Fig. 11.9. This
can only be explained with MPCs from other present vehicles, e.g. the site vehicle
behind the van in Fig. 11.7. The delay spread of the channel at antenna Tx1Out
reaches its peak at a distance of 150 m, whereas for antenna Tx2Out the maximum
value is found at a distance of 100 m. Also, it can be observed in Fig. 11.9 that the
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Figure 11.8: Channel gain of different antenna combinations on the straight road
scenario depicted in Fig. 11.6 and 11.7.

delay spread values for inside-antennas are significantly higher compared to outside
antennas with values up to 90 ns. The values of the RMS Doppler at distances
above 400 m are usually below 100 Hz, while they can reach values of up to 400 Hz
at smaller distances.

11.5 Potentials for V2V Communication

Before drawing conclusions, we give some preliminary considerations to an over-
taking warning application. If we assume a reaction time of 2 s required for an
overtaking warning system to work (see [65]) combined with a relative speed of
180 km/h of two vehicles heading in opposite directions, we can estimate a min-
imum distance of around 100 m for a V2V communication link. If we also take
into account that the maximum transmit power of an IEEE 802.11p transmitter
is 23 dBm (see page 31 in [8]) and that the minimum sensitivity is -82 dBm for a
modulation and coding scheme of 6 Mbit/s with 10 MHz channel spacing (see page
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Figure 11.9: RMS delay spread of different antenna combinations on the straight
road scenario as depicted in Fig. 11.6 and 11.7.

1612 in [9]), we can conclude that communication can only be established if the
channel gain is above around -100 dB. Based on these considerations and the re-
sults presented in this chapter, we can draw several conclusions on the connectivity
range for different measurements and antenna positions.

The channel gain of the inside-antennas in Fig. 11.2 achieve the required thresh-
old of -100 dB at a distance of 400 m, whereas the antennas mounted on the roof
cross this threshold only at a distance of 150 m. The gained distance of 250 m is
remarkable and makes an advantage of antennas mounted within the vehicle ap-
parent. Similarly, the results in Fig. 11.4 demonstrate that the channel gain of
inside-antennas is above the threshold of -100 dB at a distances between 400 m
and 150 m, whereas the channel gain of the roof antennas at these distances barely
touches this threshold. We can conclude that for a curved road scenario in a rural
environment, antennas mounted at the rear mirror or on the dashboard can sig-
nificantly increase the connectivity distance and hence fulfill the prerequisites of a
rural overtaking warning application.
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Figure 11.10: Averaged channel gain of four measurements on a straight road.

For the measurement results in Fig. 11.8, where the vehicles change from a
curved road scenario to a straight road scenario, we could observe the advantage of
antennas mounted on the edge of the roof. However, the channel gain of the Tx1Out
antenna does not reach the threshold of -100 dB. We therefore conclude that in
this case connectivity would start at distances between 200 m and 100 m. When
looking at the averaged results from four straight road scenario measurements, we
can clearly observe that on average and under the given measurement conditions
none of the antenna position reaches the channel gain threshold of -100 dB at a
distance of 150 m. This distance is very close to the previously estimated minimum
distance of 100 m and leaves little time for a corresponding warning system.

Our results show that in the 6 GHz band only very little energy can be exchanged
between obstructed vehicles on a straight road and that it is not recommended to
count on the connectivity under the given conditions. This weakness should be
significantly eased for frequencies of 700 MHz, as published work in [70] indicates.
Also, different antenna positions can mitigate the obstruction effects. If the road is
not perfectly straight, signals from antennas mounted on the edge of the roof can
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diffract around the obstructing vehicle and increase the channel gain by around 10
dB. Furthermore, antennas mounted inside the vehicle appear to suffer less from
the destructive effect of two-ray ground-reflections and can therefore increase the
connectivity range significantly. Also noteworthy, in our experiments the inside-
antennas never experience a disadvantage in terms of channel gain compared to
antennas mounted on the roof. Therefore, aftermarket solutions with an antenna
mounted on the rear-mirror or the dashboard can be serious complements to inte-
grated installations.
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12 Conclusions

This thesis illuminates various aspects of the V2V channel and the communication
performance in several safety-related scenarios. It focusses on demanding propaga-
tion channels and highlights the potentials and limitations of V2V communication
as vehicular sensor. Wide insights into the propagation process are revealed and
statistical descriptions of channel aspects are established.

Wideband channel data is exceptionally beneficial for a detailed understanding
of the propagation process in dynamic V2V channels. An efficient wideband MPC
tracking algorithm with good tracking performance for short-term tracks is pro-
posed and applied. In order to enable MPC tracking in longer measurement runs,
two additional algorithms are developed. Based on these MPC estimation meth-
ods and 72 measurement runs in eight different vehicular communication scenarios,
valuable information on the temporal behavior of individual MPCs is extracted
and statistically characterized. Empirical distributions and stochastic models are
presented for the number of, birth rate, lifetime, delay and Doppler of individual
MPCs. A linear distance dependency of the Poisson parameter could be observed
for the number of MPCs and the birth rate. For the Doppler distributions, three
main groups are identified: the urban, the convoy and the oncoming traffic group.
These findings are beneficial for a detailed modeling of the V2V propagation pro-
cess, for instance in a V2V GSCM.

A geometry-based ray tracing method is developed and applied for a further
parametrization of a V2V GSCM at urban intersections. This method enables
detailed investigations on the geometrical propagation, including the localization
of the relevant scattering objects. The wide measurement bandwidth reveals several
unique MPC delay characteristics, for instance the distinction between linear and
dispersed delay progressions, which can be used to improve the association of the
MPC to the corresponding scattering object.

This thesis also introduces communication performance evaluation methods based
on channel data, either using software or hardware equipment. V2V communication
is essential for collision avoidance systems in NLOS scenarios. Work in this thesis
show that the propagation channel at 5.9 GHz in the investigated rural overtaking
scenario has limited potential for a timely V2V communication link. Differently,
a reliable V2V communication link at urban intersection is possible at adequate
distances. Dependent on the geometrical circumstances at the intersection, the
communication performance can be categorized into three main V2V intersection
NLOS communication models. The categorization shows that the communication
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performance depends mainly on the presence of an obstructing building between
the vehicles on collision course and on the availability of large surfaces for reflections
from transmitter to receiver.

Future work in this research field could start with the application of the de-
veloped geometry-based ray tracing method on additional relevant communication
scenarios, in order to achieve a complete parametrization of the V2V GSCM. A
systematical analysis of more V2V channel data will reveal further insights into
the V2V propagation process and the corresponding scattering objects. For a bet-
ter estimation of the location of scattering objects, wideband channel data with
direction-resolved MPCs would be beneficial.

The ultimate V2V communication system will be heterogeneous and operate at
different frequencies, dependent on the particular application and communication
scenario. For instance, a collision avoidance system for the rural overtaking scenario
described in Chapter 11 could operate a frequencies below 1 GHz, while vehicles
driving autonomously as a group on a highway could operate at frequencies above
10 GHz. Hence, V2V channel measurements and detailed investigations should be
extended to other frequencies and additional scenarios, in order to initiate work
towards the desired high dependability of a future V2V communication system.
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