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Abstract

The characterization of the wireless propagation channel provides the fundamental
basis for wireless communications, determining the performance of practical systems.
In last decades, the dramatically increasing demand for wireless system capabilities
makes the study of the propagation channel become indispensable. An accurate and
low-complexity channel model is of high importance for developing next generation
wireless systems. Until now, there are mainly three modeling methods: empirical,
statistical and deterministic models. The latter uses the geometric and electromag-
netic description for a site-specific environment to evaluate the propagation paths
based on geometrical optic techniques. Ray tracing (RT), a deterministic propa-
gation prediction tool, has been widely used to simulate channel characteristics in
indoor and outdoor environments. To date, RT tools include not only specular reflec-
tion, penetration through dielectric blocks and diffraction, but also diffuse scatter-
ing mechanisms. The accuracy, provided by a detailed modeling of the environment,
comes at the cost of a high computational complexity, which directly scales with the
number of considered propagation paths.

The goal of my thesis is to reduce the computational complexity of RT with no loss
in accuracy. There are three scenarios included: wideband indoor, ultra-wideband
(UWB) indoor and tunnel scenarios. A three-dimensional (3D) RT tool used in the
thesis is based on the pre-existent RT tool, which was implemented in C program-
ming language by Université catholique de Louvain, Belgium. Firstly, the RT tool is
re-implemented in MATLAB, which is named conventional RT in the thesis. For the
sake of accelerating the execution of the RT tool, the code is optimized through con-
verting time-consuming algorithms to Matlab executable (MEX) functions by using
MATLAB Coder. The speeding up efforts focus on reflection and diffuse scattering
calculations, because the number of reflection and diffuse scattering propagation
paths comprise a large proportion among all propagation paths. Compared with
conventional RT, the simulation time of the revised MATLAB code is significantly
reduced.

Moreover, the reduction of computational complexity of RT is considered not only
for one terminal position but also for multiple mobile terminal positions in this the-
sis. For one terminal position, an efficient approach to generate diffuse scattering
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tiles based on concentric circles is developed and evaluated for a wideband indoor
scenario. It is known that channel characteristics may vary significantly over the en-
tire bandwidth for an UWB indoor scenario. To cope with this, sub-band divided ray
tracing (SDRT) has been proposed for one terminal position. However, the compu-
tational complexity is directly proportional to the number of sub-bands. Therefore,
I propose a mathematical method by making SDRT almost independent of the num-
ber of sub-bands, which is named low-complexity SDRT. In addition, RT combining
with a higher-order reflection algorithm is developed for intelligent transport system
(ITS) in tunnel scenarios.

While simulating the radio propagation conditions for a mobile terminal, commu-
nicating in a frame based communication system indoors with several fixed nodes,
the correlated temporal and spatial evolution of the channel impulse response (CIR)
is of utmost concern. A RT algorithm and a low-complexity SDRT algorithm based
on two-dimensional discrete prolate spheroidal (DPS) sequences is proposed for wide-
band and UWB indoor scenarios, respectively. In tunnel scenarios, a non-stationary
vehicle-to-vehicle (V2V) channel model combining propagation graphs with RT is
proposed. I include the time evolution of relevant channel parameters in the pro-
posed model depending on the stationary time region, which are obtained based on
the local scattering function (LSF).

Furthermore, the accuracy of RT is strictly limited by the available description of
the environment. Based on the low-complexity SDRT implementation, I also propose
a calibration method for indoor UWB low-complexity SDRT. The method estimates
the optimal material parameters, including the dielectric parameters and the scatter-
ing parameters, using channel measurements and multiobjective simulated annealing
(MOSA).

Finally, the accuracy of all proposed algorithms is verified by numeric simulations
or measurement campaigns. The evaluation includes the power delay profile (PDP),
root mean square (RMS) delay spread, angular spread, and RMS Doppler spread.
Due to the complicated implementation of RT, it is hard to obtain a closed-form
expression for the computational complexity. Therefore, I evaluate the simulation
time of my proposed algorithms. In conclusion, all the proposed algorithms in this
thesis can help to reduce the computational complexity of RT significantly.
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1 Introduction

The fundamental problem of communication is that of reproducing at one point
either exactly or approximately a message transmitted at another point [3]. A
schematic diagram of a general communication system presenting this concept is
shown in Fig. 1.1. The communication channel is the transmission medium linking
the transmitter (Tx) and receiver (Rx). For wireless communications, the transmis-
sion medium is the radio channel between the Tx and the Rx. The Tx and the Rx
antennas may or may not be considered as a part of the radio channel depending
on the wireless system under consideration.

M Sienal Received

) essage igna N

Information g‘ . g signal . Messagti o
Source Transmitter Channel Receiver »| Destination

Noise
Source

y

Figure 1.1: Diagram of a general communication system.

The radio channel takes into account multiple effects which are generated by the
signal - an electromagnetic wave interacting with the surrounding environment of the
wireless communication system. These multiple effects are considered as multipath
propagation. In some cases, a line-of-sight (LOS) connection may exist between
the Tx and the Rx. Besides the LOS path, mechanisms behind electromagnetic
propagation are diverse, but can generally be attributed to reflection, diffraction,
and diffuse scattering [4]. A simple plot of multipath propagation is shown in Fig.
1.2. Each propagation path has its distinct amplitude, delay - the run time of the
electromagnetic wave, direction of departure (DoD) at the Tx, and direction of
arrival (DoA) at the Rx [1].

The channel properties play an important role in determining the information-
theoretic capacity and the specific wireless system behavior. In last decades, the
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Scattering

Figure 1.2: Simple plot of multipath propagation.

evolution of wireless communications has been accelerated at an extraordinary pace
to fulfill modern lifestyle requirements. In order to keep pace with this ever-increasing
demand, the study of new wireless communication standards is indispensable for
increasing data rate and maximizing the utilization of the limited spectrum. The
currently proposed 5G [5], the main technologies of which are massive multiple-input
multiple-output (MIMO) and millimeter wave (mmW) systems, aims at providing
unlimited access to information and sharing data anywhere, anytime by anyone and
anything for the benefit of people, businesses and society. The performance of these
technologies is highly determined by wireless propagation channels. Therefore, it is
essential to know and understand the behavior of wireless channels.

In order to characterize the property of wireless channels, there are two ap-
proaches: i) propagation channel measurements and ii) channel models. Propagation
channel measurements are usually applied for capturing the temporal and spatial
behavior of wireless channels. However, performing channel measurements is a com-
plicated process that requires huge data storage, significant financial resources, and
manpower efforts [6]. Therefore, for the design, simulation and planning of wire-
less communication systems, channel models reflecting the important properties of
wireless channels are widely needed.



1.1 Background

1.1 Background

In this section, I briefly present the channel characteristics, which are relevant for
designing wireless communication systems. Moreover, I give a general overview of
channel models.

1.1.1 Channel Characteristics

As the starting point, the simplest possible scenario is considered: one Tx and one
Rx antenna in free space. In this case, the received power Pr, by the Rx antenna
can be expressed as a function of the distance d between the Tx and the Rx in free
space, which is also known as Friis’s law, defined as [1]

PRx<d) - PTXGTXGRXLfS7 (11)

where Pr, is the transmitted power, G, and Ggy are the Tx and Rx antenna gains,
and L is the free space loss factor, respectively. Lg is expressed as

- (120’ 0

where ) is the wavelength. The validity of Friis’s law is restricted to the far field of
the antenna. In general, path loss is defined as the attenuation with distance of
an electromagnetic wave when it propagates in the environment. Usually, this law
is approximated with the following equation as [7]

d v
e (4) w9
where Ly is the path loss at the reference distance dy and + is the path loss exponent.
~ indicates how fast the path loss increases with distances. In general, this value can
be deduced from measurements [8], [9].

In fact, the path loss is a parameter to predict only the local mean behavior of
the channel [10]. Actually, the received power is not constant but varies for a fixed
distance in a given environment. A random variation of the received signal around
the mean path loss is called shadowing or large-scale fading. Shadow fading
is caused by big obstacles between the Tx and the Rx that attenuate the received
power [7]. The effects of shadowing on the received power occur on a large scale -
typically a few hundred wavelengths. Shadowing can be modeled as a log-normal
random variable both in outdoor [11] and indoor [8] scenarios.

On a short-distance scale, the received power still varies significantly. These fluc-
tuations happen on a scale that is comparable with wavelengths, so it is named
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small-scale fading. It is caused by constructive and destructive interference of
different propagation paths that contribute to the received power. Fading can be
modeled as a random process and, commonly, it can be described by two proba-
bility distribution: i) Rayleigh distribution, when all paths have the same average
energy, and ii) Rice distribution, when there is a dominant path, e.g. LOS [1]. There
is an example in Fig. 1.3 to illustrate the received power versus the distance due to
the effect of path loss, large-scale fading and small-scale fading.

Signal level (dB)

_60 L L L L L

20 40 60 80 100
Distance (m)

Figure 1.3: An example of path loss, large-scale fading and small-scale fading.

Each propagation path arriving at the Rx antenna travels along a different route
with a different path length, which results in a different delay 7. The power delay
profile (PDP) provides the information about how much power is received by the
Rx within a delay region [T, Tipax|, Where Ty is the maximum delay. A Rx with
bandwidth B cannot distinguish between echoes arriving at 7 and 7 + A7, where
A7 = 1/B is the delay resolution. The PDP can be obtained from the complex
channel impulse response (CIR) h(t,T) as [1]

B(1) = /oo \h(t,7)|?dt, (1.4)

oo

The root mean square (RMS) delay spread, a measure of delay dispersion
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of the channel, is defined as

b R, (1.5)

or = T2,
fO P h dT
where 7, is the mean delay defined as

fooo TPy ( )dT

- AN 1.6
n fO Ph dT ( )

If the Rx is moving, a shift of the received frequency occurs, called the Doppler
shift. The Doppler shift is determined by the speed of the movement in the direction
of wave propagation, v cos(f), where v is the speed of the moving Rx and f is the
angle between the Rx moving direction and the direction of the propagation wave.
The Doppler shift is given as [1]

v = —; cos(f) = —fcE co8(8) = —Vmax €08 f3, (1.7)
c
where f. is the carrier frequency, ¢ is the speed of light, and vy = —fov/c is the

maximum Doppler shift. The Doppler spectral density Ps(r) can be computed in
complete analog way calculating the PDP as

Palv) = [ 1B 1Pl (15)

where B(v, f) describes the spreading of the input signal in the Doppler and fre-
quency domain. The Doppler-variant transfer function is defined as

B, f) = / T, Peap(—j2mvt)dt, (1.9)
where H(t, f) is the channel transfer function (CTF)
Ht, f) = / bt Yeapl(—j2n fr)df. (1.10)

This function describes the spreading of the input signal in the time and frequency
domains. The RMS Doppler spread is defined as

v2Pg(v)dv
o, = ff Y b S (1.11)
—0 B(v)dv
where v, is the mean Doppler shift defined as
* vPs(v)dv
Jooo VPR ) (1.12)

Ym = = Pe(v)dv
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The coherence bandwidth B, and coherence time t., are related to the
RMS delay spread and RMS Doppler spread, respectively. B, is a measure of
the range of frequencies over which the channel can be considered as flat [4]. The
"uncertainty relationship” between B, and o, is given as [12]

1

Bcoh Z .
2mo,

(1.13)

If the bandwidth of the transmitted signal is B < B, fading across the signal
bandwidth can be considered constant and we can refer to it as flat fading. On the
other hand, if B > B, different frequency components of the signal are affected
by decorrelated fading resulting in frequency selective fading [7]. The definition
of teon is analogous to B, which also has a "uncertainty relationship” with the
RMS Doppler spread. In Fig. 1.4, relationships between system function, correlation
functions, and condensed parameters for ergodic CIR are summarized as described
in [1].
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Figure 1.4: Relationships between system function, correlation functions, and con-
densed parameters for ergodic CIR as described in [1].
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1.1.2 Channel Models

Channel models have two main applications [1]: i) we need simple channel models
reflecting the important properties of propagation channels for designing and testing
wireless systems, and ii) designers of wireless networks are interested in optimizing
a given system in a specific geographical region. Three main categories of channel
modeling approaches are used for both applications [1]: i) stored channel im-
pulse responses directly obtained by channel measurements in a certain area, ii)
stochastic channel models predicting the probability density function of the CIR
or equivalent functions over a large area, and iii) deterministic channel models,
also known as site-specific models, using geometric and electromagnetic information
from a database for a deterministic solution of Maxwell’s equations to predict the
CIR or equivalent functions in a certain location. In the following, I concentrate on
reviewing stochastic and deterministic channel models.

Stochastic models describe the channel through the specific statistical properties
of the fading process, without assuming an underlying geometry. For a narrow-
band channel, statistical channel models are used in outdoor scenarios to predict
channel characteristics, mainly path loss. The parameters involved in this case are
the distance between Tx and Rx, building height, antenna heights, carrier frequency
and type of measurements environment (e.g. urban, suburban, rural etc.). The most
popular model in this category is the Okumura-Hata model [13]. Path loss (in
dB) is written as

Lap = A+ Blog(d) — C, (1.14)

where A, B, and C are factors that depend on the frequency, antenna heights and
type of propagation environment. Statistical channel models are also available for
indoor scenarios, for example, the multi-wall COST231 model considers the num-
ber and type of walls and floors that a wave crosses [14]. The main advantage of
these models is their simplicity together with their low computation complexity.

The most commonly used wideband channel model is the tap-delay line
(TDL) model described as [1]

L

h(t,7) = agd(r — ) + Y _ a(t)d(r — ), (1.15)
=1

where qg is the LOS component which does not vary along time, d(-) denotes Dirac

function, 7 is the delay corresponding to the LOS path, [ is the index of the fading

tap, IV is the total number of fading taps, ¢;(t) is a zero-mean complex Gaussian ran-

dom process, whose autocorrelation function is determined by its associated Doppler

spectra and 7; is the delay of the [—th tap.
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The second classic wideband channel model is the Saleh- Valenzuela model for
indoor propagation [15], which assumes a priori existence of clusters. A cluster is
defined as a collection of objects that are similar to each other in some agreed-upon
sense [6]. In the radio channel sense, a cluster is defined as a group of multipath
components that have similar delay of arrival and angular parameters. The CIR
based on the Saleh-Valenzuela model is mathematically described as

L K
h(t) = el (T)O(T — T} — Thy), (1.16)
1=0 k=0
where [ is the index of the cluster, L is the total number of clusters, k is the path
index of the [—th cluster, K is the total number of paths of the [—th cluster, ¢, is
the gain of the k—th path of the [—th cluster, T; is the delay of arrival of the [—th
cluster and 7 is the delay of arrival of the k—th path measured from the beginning
of the [—th cluster. Within each cluster, the delay of arrival of each path inside the
cluster and the relative delay of the clusters themselves are assumed to be Poisson
distributed, while the power is assumed to have an exponential decay.

Another important family of stochastic models is the geometry-based stochas-
tic channel model (GSCM). The basic idea of GSCMs is to place an ensemble
of point scatterers according to a certain statistical distribution or at physically
realistic positions, assign them different channel properties, determine their respec-
tive signal contribution and finally sum up the total contribution at the Rx [16].
Consequently, each propagation path intrinsically includes amplitude, delay and an-
gular information [17]. The double-directional, time-variant, complex CIR as the
superposition of L paths (contributions from scatterers) is given as [16]

L
ht, 7, Qr, Q1) = e D657 —7)8(Qr — Qr, ) (Qr — 1) gr () gr (D), (L.17)
=1
where Qg and €1 are the angular information at the Rx and the Tx side, [ is the
index of the propagation path, ¢, 7, Qr;, and Qp; are the complex amplitude,
excess delay, DoA and DoD of the [—th path, ¢gr(£2r) and gr(Q2g) are the Tx and
the Rx antenna patterns, respectively, e/*%() is the corresponding distance-induced
phase shift and k£ = 27/ is the wave number. A subgroup of GSCMs is the cluster
based model, e.g., WINNER II [18] and COST2100 [19] etc. The aim of these
models is to directly characterize clusters, rather than single propagation paths.
Characterization of clusters includes the location of clusters in space and different
related parameters that each cluster yields.
In stochastic channel models, either for the deviation of the model or its parame-
terizations, measurements need to be carried out for specific scenarios. It is obvious
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that the critical step of such an approach is to establish a representative scenario
for carrying out measurements. However, using derived models or extracted param-
eters in scenarios which are different as the original one might have some risks. This
leads me to introduce deterministic channel models, because they are based on
the actual physical propagation of electromagnetic waves in a specific scenario. The
physical propagation of electromagnetic waves actually contains the geometric and
electromagnetic information in the specific-site under consideration. It is notewor-
thy that the accuracy is highly related to the description of the scenario. Moreover,
deterministic channel models suffer from a main problem - high computational com-
plexity.

The most accurate methods, based on a given scenario database, are the ones
that are directly derived from Maxwell’s equations, employing either integral or dif-
ferential equation formulations. Integral equations are most often variations of the
method of moments (MoM), while the differential equation formulations include the
finite difference time domain (FDTD) method [1]. Due to their complexity, their
application is impractical for large scenarios. The most commonly used family of
deterministic models is the ray-based approach, that approximates Maxwell’s equa-
tion following geometrical optics (GO) high-frequency criteria [10]. A ray presents
the propagation of an electromagnetic wave here.

There are two types of ray-based deterministic propagation models: i) ray
launching and ii) ray tracing (RT). The difference lies in the algorithm used to
find the rays between the source and the observation point [20]. For ray launching,
the Tx antenna launches rays in all possible directions depending on a pre-defined
angular resolution. In a considered point-to-point communication, this approach has
a drawback. It is necessary to define an area of a certain extension, normally a sphere
around the Rx, to collect rays. If the defined area is too large it may include rays
that are not actually seen by the Rx, while if this defined area is too small some
relevant rays might be omitted [21]. Ray launching might be a suitable tool for
wireless coverage prediction, where it provides channel characteristics in the whole
environment that has been subdivided into multiple tiles. RT determines all rays
that go from one Tx location to one Rx location. It relies on GO and the uniform
theory of diffraction (UTD) to evaluate all propagation paths as they interact with
the environment. Current RT tool not only considers LOS, reflection and diffraction
components, but also penetration and diffuse scattering components. The detailed
principles are depicted in Chapter 2.
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1.2 State of Art in Ray Tracing

In literature, we can find several contributions about RT both for outdoor [22-31]
and indoor scenarios [32-42]. For describing the basic element used in the RT
tool, e.g. buildings in outdoor scenarios or walls and furniture in indoor scenarios
and so on, there exist different methods. Facets are used in [33], [37], while polygons
are used in [27], [43]. In addition, a vector oriented pixel grid/database is applied
in [26], [35], [28], [41] and the Google Maps database is applied in [31]. The RT tool
used in this thesis describes each basic element as a rectangular parallelepiped
[30].

There are different methods to build the geometrical scenario in RT. Early
RT tools are two-dimensional (2D) [22], [34], which assume that the propagation
takes place in a 2D plane, either the horizontal or the azimuth plane. If both the Tx
and the Rx antennas are at the same height and only a rough analysis of channel
characteristics is needed, 2D RT provides a sufficient approximation [10]. Hybrid
techniques are also developed, where the three-dimensional (3D) rays are produced
by combining the results of a 2D RT tool, one in the horizontal and the other one in
the vertical plane [23], [32]. The most common implementation is full 3D RT, which
is a good candidate to estimate site-specific space-time channel characteristics. Based
on 3D RT, the whole environment is described by a 3D database, where interactions
occur in 3D space and 3D antenna radiation patterns are employed.

Regarding the type of propagation mechanisms, in addition to LOS, reflec-
tion and diffraction are usually considered based on GO and UTD algorithms.
Penetration or wall transmaission is also implemented in some RT tools in in-
door scenarios [44-47]. In an advanced RT tool, a diffuse scattering model is
included as well. Diffuse scattering proves to be an important factor in determining
time and angle dispersion of radio signals in indoor environments [37], [48]. It is
shown that diffuse scattering also plays a key role in urban propagation, with an
impact on both narrowband and wideband parameters in most cases [27]. In [40],
it is presented that the diffuse scattering accounts for 10% the total CTF energy
in mmW indoor scenario. Moreover, the importance of diffuse scattering in THz
communication channels is underlined in [49]. The most popular model of diffuse
scattering is presented in [2], which is based on the effective roughness (ER) ap-
proach. The model has been implemented in outdoor scenarios [27], [50], [51] and
indoor scenarios [52], [37], [53], [42].

As mentioned, the main drawback of deterministic channel models is their large
computational complexity. Until now, some techniques have been implemented
to accelerate the RT tool. In [23], [32], hybrid techniques enhance the concept of
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"illumination zones”, which is the area that an image can give a valid reflection
path. These techniques make the higher-order reflection images narrow and prevent
the number of images increasing dramatically. In [33], an angular Z-buffer (AZB)
algorithm is proposed to speed up the RT tool, which is an algorithm based on the
light buffer technique used in computer-aided graphic design. In [28], in order to
save the computation time, the described 3D urban RT model divides the coverage
area into a near-reception region, where all ray contributions are computed, and
a far-reception region, where only the dominant contributions that propagate over
rooftops are predicted. After integrating diffuse scattering into RT, the computation
time increases significantly. In [49], there are 400 scattering tiles with the same size
placed around each specular reflection interaction point. Currently, an approach,
which efficiently utilizes the potential and capabilities in the graphical processing
unitss (GPUs), is proposed to provide the high performance of computations for
RT [54-56].

The walidation of RT in a specific scenario is essential. I give a brief overview
over which kind of channel properties can be characterized depending on differ-
ent information. For instance, for wideband channel characteristics, the RMS delay
spread is a very common metric to be estimated by RT [27], [26], [32], [35]. The PDP
can also be evaluated to compare simulations and measurements [23], [24], [32]. For
determining the characteristics of a mobile channel, the Doppler shift and the RMS
Doppler spread can be predicted and validated [57], [58]. RT simulations can also be
used for evaluating the statistical performances of a communication channel. The
capacity of a MIMO wireless system is estimated based on RT [34]. Moreover, the
bit error rate (BER) of a MIMO multiband orthogonal frequency division multiplex-
ing (OFDM) system is computed from measurements and simulations in [59].

1.3 Outline and Contributions

The goal of my thesis is to reduce the computational complexity of RT with
no loss of accuracy. There are three scenarios included: wideband indoor, ultra-
wideband (UWB) indoor and tunnel scenarios. This thesis consists of four chapters,
as well as the introduction and the conclusions. The content of this document is to
a great extent also included in the following peer-reviewed publications:

[60] M. Gan, F. Mani, F. Kaltenberger, C. Oestges, and T. Zemen, ”"A ray

tracing algorithm using the discrete prolate spheroidal subspace,” in IEEE Interna-
tional Conference on Communications Workshops (ICC), June 2013, pp. 5710-5714.
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[61] P. Meissner, M. Gan, F. Mani, E. Leitinger, M. Frohle, C. Oestges, T.
Zemen, and K. Witrisal, 7On the use of ray tracing for performance prediction
of UWB indoor localization systems,” in IEEE International Conference on
Communications Workshops (ICC), June 2013, pp. 68-73.

[62] M. Gan, P. Meissner, F. Mani, E. Leitinger, M. Frohle, C. Oestges, K.
Witrisal, and T. Zemen, ”Low-complexity sub-band divided ray tracing for UWB
indoor channels,” in IEEE Wireless Communications and Networking Conference
(WCNC), April 2014, pp. 305-310.

[63] M. Gan, P. Meissner, F. Mani, E. Leitinger, M. Frohle, C. Oestges, K.
Witrisal, and T. Zemen, ”Calibration of indoor UWB sub-band divided ray tracing
using multiobjective simulated annealing,” in IEEE International Conference on
Communications (ICC), June 2014, pp. 4844-4849.

[64] M. Gan, X. Li, F. Tufvesson, and T. Zemen, "An effective subdivision
algorithm for diffuse scattering of ray tracing,” in XXXIth URSI General Assembly
and Scientific Symposium (URSI GASS), August 2014, pp. 1-4.

[65] M. Gan, Z. Xu, V. Shivaldova, A. Paier, F. Tufvesson, and T. Zemen,
”A ray tracing algorithm for intelligent transport systems in tunnels,” in [EEFE
6th International Symposium on Wireless Vehicular Communications (WiVeC),
September 2014, pp. 1-5.

[66] M. Gan, Z. Xu, M. Hofer, G. Steinbock, and T. Zemen, ”"A sub-band di-
vided ray tracing algorithm using the DPS subspace in UWB indoor scenarios,” in
IEEE 81st Vehicular Technology Conference (VTC-Spring), May 2015, pp. 1-5.

[67] G. Steinbock, M. Gan, P. Meissner, E. Leitinger, K. Witrisal, T. Zemen,
and T. Pedersen, "Hybrid model for reverberant indoor radio channels using rays
and graphs,” in IEEFE Transactions on Antennas and Propagations, 2015, submitted.

The chapters are organized as follows:

Chapter 2: Ray Tracing Channel Model

In this chapter, GO and UTD approaches evaluating all propagation paths as they
interact with the environment are outlined. The basic principle of conventional RT
is introduced and the involved propagation mechanisms are presented. This chapter
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gives the basic knowledge of the implementation of propagation mechanisms which
are used to simulate the interactions of rays with the environment. RT includes
three major wave propagation mechanisms: (i) LOS, (ii) specular mechanism as well
as (iii) diffuse scattering. The specular mechanism refers to reflection, penetration
and diffraction. The geometrical relationships between the incidence and the
reflected /penetrated /diffracted rays are based on optical principle. Complex dyadic
coefficients for reflection and penetration are obtained using Fresnel formulas [68],
while the diffraction coefficient is calculated by the UTD [69]. Furthermore, the
most popular model of diffuse scattering [2] is presented.

Chapter 3: Ray Tracing for Wideband Indoor Scenarios
For the sake of accelerating the execution of the RT tool, the Matlab code of RT is op-
timized through converting time-consuming algorithms to Matlab executable (MEX)
functions by using MATLAB Coder. The speeding up effort focuses on the reflection
and diffuse scattering calculations, because the number of reflection and diffuse scat-
tering propagation paths comprise a large proportion among all propagation paths.
Compared with conventional RT, the simulation time of the revised Matlab code is
significantly reduced.

Besides speeding up the code, an efficient approach to generate diffuse scattering
tiles based on concentric circles is developed and evaluated [64]. The proper tile size
is defined according to the system bandwidth. The method significantly reduces the
computational complexity of RT with no loss in accuracy. The method is verified by
evaluating the PDP, RMS delay spread and RMS angular spread.

Moreover, for a wideband indoor scenario, I am also interested in simulating radio
propagation conditions for a mobile terminal, communicating in a frame based
communication system indoors with several fixed nodes. The correlated temporal
and spatial evolution of the CIR is of utmost concern. A RT algorithm based
on two-dimensional discrete prolate spheroidal (DPS) sequences is proposed [60].
With this method the computational complexity can be reduced by more than one
order of magnitude for indoor scenarios. The accuracy of this low-complexity DPS
subspace based RT algorithm is verified by numeric simulations.

Chapter 4: Ray Tracing for UWB Indoor Scenarios:
For an UWB system, channel characteristics may vary significantly over the en-
tire bandwidth. To cope with this, sub-band divided ray tracing (SDRT) has been
proposed. However, the computational complexity is directly proportional to the
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number of sub-bands. In order to significantly reduce the computational complexity
of SDRT, I propose a mathematical method by making SDRT almost independent of
the number of sub-bands, which is named low-complexity SDRT [62]. The accuracy
of the low-complexity SDRT algorithm is verified through a measurement campaign.

It is known that the accuracy of SDRT is strictly limited by the available descrip-
tion of the environment [61]. Based on the low-complexity SDRT implementation, I
also propose a calibration method for indoor UWB low-complexity SDRT [63]. The
method estimates the optimal material parameters, including the dielectric parame-
ters and the scattering parameters, using channel measurements and multiobjective
simulated annealing (MOSA). This calibration can improve the accuracy of SDRT
in terms of the PDP and RMS delay spread for all test locations including those not
considered by the calibration.

Furthermore, although I have proposed the low-complexity SDRT algorithm
for one terminal position, the computational complexity is still extremely high
when involving multiple mobile terminal positions. To cope with this, I propose an
algorithm to reduce the computational complexity of SDRT for multiple mobile
terminal positions [66]. The algorithm uses a projection of all propagation paths
on a subspace spanned by two-dimensional DPS sequences at each sub-band. It
is important to note that, since the geometrical information of propagation paths
is the same in all sub-bands, the subspace dimension and basis coefficients in
frequency dimension do not need to be recalculated at different sub-bands. I justify
the simplifications of the proposed method by numerical simulations. The effect of
antenna characteristics on the proposed algorithm is evaluated as well.

Chapter 5: Ray Tracing for Tunnel Scenarios:

In this chapter, I apply RT for tunnel scenarios, because this scenario has not been
studied adequately until now. Radio wave propagation mechanisms inside a tunnel
are different from typical outdoor and indoor situations. Since the tunnel represents a
significant type of vehicular environments, understanding the channel characteristics
for the in-tunnel scenario is crucial for intelligent transport system (ITS) design. In
this work, real-world in-tunnel vehicle-to-vehicle (V2V) radio channel measurements
are evaluated according to the local scattering function (LSF). The LSF is a useful
quantity for characterizing non-stationary time-variant channels, which is a short-
term representation of the power spectrum of the observed fading process. I suggest
to combine an approximate algorithm for higher-order reflection components with
conventional RT as the first step to reduce the computational complexity, where the
RT tool includes the moving objects in the scenario [65].
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In [67], we have proposed a hybrid model for reverberant indoor radio channels
using rays and graphs. As the second step, we propose a non-stationary V2V
channel model combining RT with propagation graphs in tunnels. The graph theory
is applied to predict reverberation effects of electromagnetic waves. A so-called
directed propagation graph can be set up according to the propagation scenario.
It is used to model the higher-order reflection tail and the contribution from
independent scatterers. To obtain the parameter settings for the propagation graph,
we use RT and the approximated higher-order reflection algorithm. The proposed
model allows me obtaining more accurate PDP, RMS delay and Doppler spreads.
The numerical simulations show good agreement with measurements.
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GO is an approximation that can be used to describe the propagation mechanisms
of high frequency electromagnetic waves. Based on GO, propagation is described in
terms of rays, where a ray is just a model for the path taken by the electromagnetic
radiation emitted by a source [10]. Rays are always perpendicular to the local wave-
front, so that they are collinear with the wave vector. The main properties of a ray
is i) that of being a straight line and ii) that of being mutual independent to other
rays. Besides the LOS, there are four basic mechanisms governing the propagation
of electromagnetic waves in a mobile communication systems, which are reflection,
penetration, diffraction and diffuse scattering. The implementation of the propaga-
tion mechanisms is used to simulate the interactions of rays with the environment.
The 3D RT tool used in this thesis is written in MATLAB based on a pre-existent
RT tool implemented in the C programming language by Université catholique de
Louvain, Belgium [10]. In order to distinguish with the further improved work, the
RT tool built up at the starting point is named conventional RT. The RT geometry
is described depending on a cartesian coordinate system and the simulation environ-
ment is generated using perpendicular parallelepiped. Any object is homogeneous
and represents a furniture or a slab of the structure in the indoor scenario. The
input parameters of 3D RT are

e frequency,

e positions of Tx and Rx antenna,

e 3D radiation patterns of Tx and Rx antenna,

e 3D coordinates of every object in the propagation environment,
e permittivity and conductivity of the object materials, and

e relevant parameters related to different propagation mechanisms, such as re-
flection order, scattering coefficient, and an indicator for the perfect electric
conductor (PEC).

Moreover, the output parameters of each propagation path are
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e 3D coordinates of all the relevant interacting points along the propagation
path,

e total path length, which can be used to calculate the delay,
e complex electric field based on the propagation mechanism,
e index indicating the type of the propagation path,

e corresponding propagation coefficients.

In this chapter, the basic concepts and the implementation of relevant propaga-
tion mechanisms are presented. The mechanisms are introduced in the order of the
development of the RT tool. The fundamental problem consists in the calculation
of the electric field received at the Rx side in amplitude, phase and polarization,
where the electric field is a complex vector. In the following, I take the single order
case as an example for each propagation mechanism to present how to calculate the
complex electric field. For the multiple order case, we can use the same way as the
single order case to calculate the complex electric field.

2.1 Line of Sight

For wireless communications, free space propagation is the simplest case in which
the signal propagates directly from the Tx antenna to the Rx antenna, which has
been explained in Section 1.1.2. The received complex electric field of the LOS path
Eros at an observation point P at center frequency f. can be expressed as

Brose(fe) = Alfers) - [gfos (o)l - [fos(f)] - Bo-e™ <™, (1)
where A(f.,s) = c¢/(4m f.s) is the free space path loss and s is the total path length
between Tx and Rx. Here s = s,0g, where sy,0g is the shortest distance between the
Tx and the Rx. g?}(fc) = g?}(fc; 9E> (bE) and g{R}(fc> = g?}(fc; 0R7 (bR) are complex
vectors accounting for the Tx/Rx antenna polarization and amplitude gains in the
direction of the propagation wave, 0, and ¢y, indicate the azimuth and elevation
directions of the transmitted/received wave, [-]* designates the complex conjugate,
and E| is the emitted field, which is a vector.

2.2 Reflection Mechanism

When a radio wave propagating in one medium impinges upon another medium
having different electrical properties, the wave is partially reflected and partially
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transmitted. If the plane wave is incident on a homogenous dielectric, part of the
energy is reflected back to the first medium and part of the energy is transmitted
into the second medium. If the second medium is a PEC, all incidence energy is
reflected back into the first medium without loss of energy [4]. In this section, the
mathematical calculation of the reflected field and the calculation for finding the
reflected path in RT are introduced.

2.2.1 Reflection

Reflection, or specular reflection occurs when an electromagnetic wave impinges
upon an object which has very large dimensions compared to the wavelength of the
propagating wave [4]. Moreover, if the standard deviation of the surface roughness
is significantly smaller than the wavelength, incidence waves can still be seen as
specularly reflected [70]. The surface acts as a flat mirror, on which the impinging
wave is reflected in a single direction. This is defined by the law of reflection. It
states that the incidence ray, the reflected ray, and the normal to the surface where
the reflection point lies are in the same plane and the angle of reflection ¥, is equal
to the angle of incidence ;.. Both angles are measured with respect to the normal
to the surface. The illustration of the reflection mechanism and the plane of the
incidence and reflected wave are depicted in Fig. 2.1.

Incidence Wave €in, || Reflected Wave

€inc, L

Smooth Surface

Figure 2.1: Illustration of the reflection mechanism and the plane of the incidence
and reflected wave.

In Fig. 2.1, there is a smooth surface with unit normal vector n. The incidence
wave is defined by a unit vector S, in its direction of propagation, while a unit
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vector S, indicates the direction of propagation of the reflected wave. The angle of
incidence and the angle of reflection are given by

Vine = — arccos(7 « Sinc) (2.2)
and
Uref = arccos(7 « Syef), (2.3)

respectively. Reflection can be described by adopting a ray-fixed coordinate system,
in which the electric field can be decomposed into two components: i) a parallel
component and ii) a perpendicular component to the plane of the incidence and
reflected wave [10]. The parallel unit vectors, €inc,| and € for the incidence and
reflected field respectively, can be evaluated as

ginc X (T_L X ginc)

Cinc| = — — 2.4
in| |$inc X (TL X Sinc)| ( )
and
_ Sref X (TL X Sref)
Cref)|| = 72 — — y (25)
|Sref X (n X Sref)|
where | - | indicates the vector norm. Consequently, the perpendicular unit vectors
€inc,1 and €. are evaluated as
éinc,J_ = Sinc X éinc,” (26)
and
éref,L = Sref X éref,”' (27)

According to the law of reflection, the reflected ray lies in the same plane of the
incidence ray, which results in €ipe | = €yef, 1. £z,

The first-order complex electric field of the reflected path E,.s at an observation
point P on a perfect dielectric at center frequency f. in RT can be expressed as

. /
7]27rfcsref

Eref,P(fC) = A(fm S) : [grfzf(f(:)]* . E(fc) : Einc,Qref * Sref €f7 (28)
where .
—J2mfesref
_ B _ e P
Einc,Qref = [gFef(fc)] . EOS—f’ (29)

S = Sref + Sher i A(fc, s) is the total path length, s, is the path length from the

!
ref

Tx to the reflection interaction point Q.. s is the path length from the reflection

interaction point Q,. to the Rx, and R is the Fresnel dyadic reflection coefficient.
R is a 3 x 3 matrix defined by the following expressions [70]

E = R||éinc,||éref,H + RJ_éinc,J_éref,J_ (210)
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where R and R, are parallel and perpendicular polarization coefficients, which are
denoted separately as

Ereff COS ﬁinc - \/&",eff - SiIl2 ﬁinc (211>

Ry =
] ?
Ereff COS lginc + \/5r,eff — Sin ﬁinc

and

RO oy .
coSs Vine + \/ Eroff — sin® ¥ipe

where €, o is the complex effective relative permittivity of a certain material, which

is defined as
o

27Tf(:507

oot = &0 — (2.13)
where gy = 8.854 - 1072 Farad/m is the vacuum dielectric constant, and &, and o
are the dielectric permittivity and conductivity for a specific material, respectively.
Although (2.13) is strictly valid for a single frequency, it can actually be used for a
system with bandwidth B.

If the reflecting object is a PEC, all incidence energy is reflected, since electro-
magnetic energy cannot pass through the PEC. Thus, the magnitude of the reflected
wave must be equal to the one of the incidence wave [4].

2.2.2 Reflection Path Calculation

Actually, GO is implemented in a RT tool based on the method of images. When
visible light is reflected on a mirror, it seems that the ray coming from the source
appears to originate from a point behind the mirror. This point is called the image
of the source. The principle is introduced in RT to find the relevant reflection inter-
action point. By using a line connecting the observation point and the image point,
the intersection point between the line and the surface can be found. An example
of the image principle is demonstrated in Fig. 2.2. When the coordinate of the Tx
is known, the 3D image points Ig,, Is,, and Ig, corresponding to surfaces S, Ss,
and S3 can be calculated based on the image principle. The image points are further
treated as the new sources for the next interaction, e.g., the image point Ig, g,. The
reflection paths are further obtained based on the image points. In Fig. 2.2, two
first-order reflection paths in black solid lines and one second-order reflection path
in blue solid line are shown. The implementation about how to build the image tree
and how to further find reflected paths will be introduced in Section 3.1.2.
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S

Rx

Figure 2.2: An example of the image principle.

2.3 Diffraction

Consider an impenetrable obstacle, GO in this situation only allows direct and
reflected rays [10]. As a result, there is a region marked by the obstacle, that cannot
be reached by any rays, and there is another region reachable with direct rays but not
with reflected rays. The boundaries of these regions are defined as incident shadow
boundary (ISB) and reflection shadow boundary (RSB), respectively. In Fig. 2.3, two
shadow boundaries are depicted. In total, three regions can be distinguished [70]:

e region I, where both the direct and the reflected field exist,
e region II, where only the direct field exists,
e region III, where no field exits.

This results in the conclusion that the GO field is strongly discontinuous at the
shadow boundaries. Moreover, the GO field is equal to zero inside the region III.
A basic electromagnetic rule declares that an electromagnetic field must be smooth
and continuous everywhere. In this sense, ordinary GO needs to be extended to
describe the propagation in the presence of an obstacle at the shadow boundaries
and in the shadow region. In addition, due to Huygens’ principle, secondary waves
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Figure 2.3: Shadow boundaries and geometry for wedge diffraction.

are formed even behind the obstructing wedge, which leads to the existence of a
diffracted field in all regions. Thus, a geometrical theory of diffraction (GTD) was
proposed when knowing that the diffraction is responsible for the field in the shadow
region in [71]. The GTD states that the diffraction can occur on edges, vertices and
curved surfaces. Following Fermat’s principle, the laws of diffraction are derived.

In a RT tool, the law of edge diffraction is the basis for calculating the received
complex electric field of the diffracted path. The law of edge diffraction has been
formulated as in [71] - a diffracted ray and the corresponding incidence ray make
equal angles with the edge at the diffraction point and they lie on opposite sides
of the plane normal to the edge at the diffraction point. Although the GTD is able
to predict the non-zero field in the region III, it is singular in this region [10]. A
solution, named as UTD, was firstly presented to compensate for the discontinuity
at the shadow boundaries [72]. A transition function was introduced to keep the
field continuous at the boundaries by multiplying it with the GTD coefficients.
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2 Ray Tracing Channel Model

The UTD solution is explained as follows: firstly, the faces of the wedge are de-
noted as 0—face and n—face. Actually, it is arbitrary to call which face is the 0—face.
However, it is conventional to consider the angles v, and J4g between the in-
cidence/diffrated ray and one of the faces measured from the 0—face. Thus, the
O0—face is located at ¥ = 0. Assume that the interior angle of the wedge is «, it can
be obtained that

nmw =271 — «, (2.14)

where nm represents the exterior angle of the wedge. Meanwhile, the n—face is
located at an angle ¥ = nz. In addition, it is assumed that the incidence ray is
impinging on an edge with angle S n.. Based on the law of edge diffraction, various
diffracted rays form a cone with half-angle ) qi¢ as shown in Fig. 2.4. Moreover, it
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Figure 2.4: Geometry of the diffraction point and cone of diffracted rays.

can be obtained that 5y air = 5o inc £ B,. The location of the diffraction point Quig
can be subsequently determined by

Sinﬁo = |§inc X t_’ = |§diff X fl, (215)

where S;,. and Sg;¢ are the unit vectors in the directions of the incidence and the
diffracted wave, and ¢ is a vector tangential to the edge, respectively. The 5j,., t and
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2.3 Diffraction

the location of the Rx are known, so that the unknown Sgg can be calculated. The
diffraction point Qg can be further obtained.

The first-order complex electric field of the edge-diffracted path Egg at an obser-
vation point P at center frequency f. in RT can be expressed as

= Y n saifr(Saift + Syg) 92 feasaim
Eagp(fo) = A(fe, ) G (fo)] 'D(fc)'Einc,QdiH\/ ( 7 ai) , , (2.16)
diff
where s
_ B 3 6+M
Einchdiff = [gdiff(fc)] ' EO—, (2.17)
Sdiff

s = Sait + Sl In A(fe, s) is the total path length, sqg is the path length from the Tx
to the diffraction interaction point Qgg, Shig is the path length from the diffraction
interaction point Qg to the Rx, and D is the UTD dyadic diffraction coefficient.
In order to simplify the equation, f. is ignored in the following equations. D is a
3 x 3 matrix given by

D= —D | BoincBoait — DUmcVaisr, (2.18)

where the edge-fixed coordinate systems (S, Bo,incﬂginc) and (Saif, B(Ldiﬂ»‘, Vaig) are
defined as

n ginc X t_
¢inc = m, (219)

- Sdiff X t
= =, 2.20
Gaift St < 1] (2.20)
BO,inc = Tginc X ginc; (221)
Bo.air = Dair X Sau, (2.22)

and
L et 1 L
Ol Gnansin gy P T P+ D]

_e—im/A (2.23)

= D1+ Dy + Ryit D3 + R,itDy],
4n7r\/fc_/csinﬂo[ ! ? o1 I i
where n = 2 — a/7 can be obtained from (2.14), and Roﬁ and Rnﬁ are the reflec-

tion coefficients for either perpendicular or parallel polarization for the 0—face and
n—face [69], and

T+ (i — ﬁinc)) ) F(ZW—fCLaJr(I(}diﬁf — Yine)), (2.24)

Dy = cot
! CO( 2n c

25



2 Ray Tracing Channel Model

- 19 iff — ﬁinc 2 ¢ —
Dy = cot(T I )y p 2T e ) (225)
19 i ﬁinc 2 c

Dy = cot(H dzfrff )y F(”TfLw(ﬂdiﬁwm)), (2.26)

— (O . 9
Dy = con(T X ne)y 2T im0 49,0)), (2.27)

where -
F(z) = 2jy/ze’” / e du, (2.28)

\/5

is the transition function, which involves a Fresnel integral and forces the GTD
diffracted field to remain bounded across the shadow boundaries, and

. /.
[ = A 2 g (2.29)

a®(§) = 2cos?(————=

where N* are the integers which most closely satisfy the equation 2n7t N* — & = £7.

), (2.30)

2.4 Penetration

As mentioned, when a plane wave is incident on a homogeneous dielectric, part of the
energy is reflected back to the first medium and part of the energy is transmitted into
the second medium. Penetration in RT is implemented based on the GO algorithm
on refraction. Due to the transition between two media with different refraction
indices my; and ns, penetration changes the direction of a ray. Snell’s law is used
to describe the relationship between the angles of incidence and penetration with
respect to the refraction indices as

sin¥ipe Mo

sinUpen M1 ( )
where ¥, is the angle of penetration. The refraction index is inverse proportional
to the phase velocity of the wave in the medium. If n; > ng, sin¥pe, may exceed
unity. Therefore, a critical incidence angle is defined for ¥y, = 7/2 as

Vine,eri = arcsin @. (2.32)
n

When ¥ > Vinceri, total internal reflection occurs, hence no propagation is pen-
etrating into the medium characterized by no. The illustration of the refraction
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Figure 2.5: Illustration of the refraction mechanism, the planes of incidence and
penetrated waves and the approximated penetrated wave.

mechanism and the planes of incidence and penetrated waves are depicted in Fig.
2.5.

In the RT tool, only the direct penetrated field is considered, while multiple reflec-
tions inside the dielectric medium are ignored. Moreover, in order not to affect the
generation of the image tree, a simple approximation is made that the direction of a
penetrated path is not modified by this interaction. It is shown as the red solid line
in Fig. 2.5. In the further explanation, the penetrated path length is evaluated by
the approximated red line, while the correct angles are calculated by the refraction
mechanism to evaluate the penetration coefficients.

The first-order complex electric field of the penetrated path E,., at an observation
point P on a perfect dielectric at center frequency f. in RT can be expressed as

Epenp(fo) =A(fer5) - (0% (f)]" - Tn(fe) - Tout (fo):

—J27 feSpen,out —J27 fcsin out
c [ Um

(2.33)

ElnC7Qpen,in Spen,in * € )
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where
_jQchspen,in
c

_ — €
EinC7Qpen,in = [ng):en(fC)] : EO—7 (234)

Spen,in

S = Spen,intSpen,out +Sin.out i A( fe, s) is the total path length, where Spep in is the path
length from the Tx to the incoming penetration interaction point Qpen’m, Spen,out 15
to the Rx,
and siy out 18 the path length from Q. i, 0 Qpep out> Um 18 the phase velocity of light

the path length from the outgoing reflection interaction point Q

pen,out

in the medium, and T, and Ty, are the Fresnel dyadic penetration coefficients. At
each interaction the dyadic is formed by the parallel and perpendicular polarization
coefficients, taking T, as an example, as following

T, = ||éinc,||épen,|| + TJ_éinc,J_épen,J_a (235)

where T} and 7', are parallel and perpendicular polarization coefficients, which are
denoted separately as

2 Elr,eH/SZT,eff COs ﬁinc
T = , (2.36)

COs ﬁinc + \/51T,eff/52r,eff(1 - <C:17“,eff/€2r,eﬂ” SiIlQ ﬁinc)

and ) p
T = €08 Vinc S— (2.37)
08 Vine + \/E2roft/E1rcft — SN Vine

where €1, ¢ is the effective permittivity of the medium before the interaction and
Eoref 18 the effective permittivity of the medium after the interaction.

2.5 Diffuse Scattering

Scattering on rough surface is very important for wireless communications [1]. A
flat wave is scattered into multiple (random) directions due to interaction with a
rough surface, which is opposed to specular reflection in a single direction on a
smooth surface, as shown in Fig. 2.6. Actually, the same surface may be rough or
smooth depending on the frequency of the impinging wave and the angle of incidence
Yine. A surface can be assumed smooth if the generated waves have a small phase
difference with each other. This leads to the well known Rayleigh criterion for a

rough surface [10]

A
Ah > ——— 2.38
- 8 cos Vipe (2.38)

where Ah is the height of the roughness.
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Incidence Wave Reflected Wave

Rough Surface

Figure 2.6: Scattering on rough surface.

In fact, it is very difficult to model the roughness of a building surface, even for
statistical description. Since the surface irregularities cannot be modeled as Gaus-
sian surface roughness, which is assumed in most theoretical models [2]. For a RT
implementation, not only the roughness but also all the other deviations from an
ideal smooth surface, such as irregularities, inhomogeneities and small objects, are
impossible to be modeled in the input database. A simple ER model for diffuse scat-
tering has been developed in [73], which takes into account all these characteristics.
In the ER model, the field scattered by the generic surface element d.S, shown in
Fig. 2.7, is modeled as a non-uniform spherical wave originating from the center of
each surface element and propagating in the upper half space.

Firstly, the rough surface needs to be divided into multiple tiles for the diffuse
scattering components calculation. The tile size is evaluated by recursively subdi-
viding the surface until the far-field condition is satisfied for each tile [50]. This
subdivision algorithm is implemented in conventional RT. The far-field condition is
expresses as

dsA
dmax < 9 dmax = maX<dla d2)7 (239)

where djax is the maximum dimension of a surface tile, d; and dy are the two di-
mensions of a rectangular surface tile, and dy is the distance between the center of
the tile and the terminal from which the wave is coming from. In the beginning,
the far-field condition is checked for the entire surface. If the condition is fulfilled,
a further subdivision is no longer needed. Otherwise, the surface is equally divided
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x

Figure 2.7: A generic surface element producing reflection and diffuse scattering as
in [2].

into four rectangular tiles having in common the center of the original rectangular
surface, or the surface is divided vertically or horizontally if the height of rectangular
tile is more than twice of its width [10]. For each new tile, the far-field condition is
further evaluated. Based on this subdivision algorithm, the distribution of tiles is
related to the location of the terminal. It is possible that this subdivision algorithm
leads to diffuse tiles with different sizes. The scattering coefficient S and the scat-
tering pattern model is related to each surface. In conventional RT, the scattering
coefficient is defined as

_ |Eds,
’Eref| dS’

where |Eg| and |E,| are the norms of the scattered and reflected fields on the

S

(2.40)

surface tile dS, respectively. Then the reflection reduction factor R, is set as the
amount of energy subtracted by scattering from the specular reflection, which is
expressed as

Rt = V1 — 52, (2.41)

Therefore, the complex reflected field (2.33) needs to be multiplied with R, when
considering diffuse scattering in RT.
The pattern models are used to calculate the amplitude of the scattered field. In
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2.5 Diffuse Scattering

addition, a random phase is assumed to be associated with each diffuse scattering
path with an uniform distribution in [0, 27]. In the following, three pattern models
associated with the ER approach presented in [2] are introduced. The three pattern
models include Lambertian, directive and backscattering models.

The Lambertian model assumes that the scattering radiation lobe has its max-
imum in the direction perpendicular to the surface tile. The amplitude of the scat-
tered field from a surface tile at an observation point P can be expressed as

Baupl = Afors) - G- () (45005 me COSVas 10w (11 By (2.42)

/
SdsSys T

where s = sqs + s}, in A(fe, s) is the total path length, sqs is the path length from
Tx to the center of the tile dS and s/ is the path length from the center of the tile
dS to the Rx, dS indicates the area of the tile, U = | Eyef| /| Finc|, and g is the angle
of the scattering direction, respectively.

The directive model assumes that the scattering lobe is steered towards the
direction of the specular reflection. The amplitude of the scattered field from a
surface tile can be calculated as

S-U dScost
Es =A c - [gh c . : —
Buurl = Al ) T (5

QR

)b g (1) B,

(2.43)
where Ug is the angle between the specular reflection direction and the scattering

direction, ap is an integer defined as the width of the scattering lobe, and F,, is a

1 = QR
For = o > ( z ) -, (2.44)

=0

function of ag as

where [; is defined as

1— (=1

=1 2
2 L (2w sin®" 9
I = ——- Vine - — . 2.45
= eos g%(w) - (2.45)

The backscattering model is similar as the directive model, but considering an
additional term accounting for the backscattering phenomenon. In several practical
situations within the presence of large irregularities, the diffuse scattering radiation
may arise even in the incidence direction. The expression of the amplitude of the
scattered field is

S-U  dScos?ie

p— . _R *. %.
| Eas.p| =A(fe, 5) - [Gas(f)] SaS T

(Y™ () e

(2.46)
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where «; is an integer defined as the width of the backscattering lobe, A € [0,1] is
the repartition factor between the amplitudes of two lobes, ¥; is the angle between
the incidence direction and the scattering direction and

Z (al) .Il] eSS, [Z (c;) .[l] e

where [; is defined as in (2.45).
In order to obtain the complex scattered field, a random phase is involved as

A

20m

FauaR =

Eds,P = |Eds,P|€_j6dsy (248)

where 64 is a random phase component with an uniform distribution over [0, 27].

2.6 Antenna Implementation

Channel measurements clearly need to be done with specific antennas. The inclusion
of the antenna radiation pattern is a great advantage of a 3D RT tool. Taking into
account that the DoD and DoA of a ray is intrinsically known by RT, any antenna
with known radiation pattern can be implemented. At the Tx side, a complex 3D
vector is generated according to the radiation and polarization properties of the
antenna in the DoD of the ray. Similarly, at the Rx side, a complex 3D vector
presenting the impinging wave is projected on the vector representing the radiation
and polarization properties of the antenna in the DoA of the ray [10]. Moreover, it
is flexible to consider or not consider the antenna radiation pattern by RT.

2.7 Channel Transfer Function Based on Ray Tracing

Based on the obtained complex electric field of each propagation path, the CTF of
conventional RT can be calculated as
L

H(f) =) me 7™, (2.49)

1=1
where f € [—B/2,B/2] is the sampled frequency, | € [1,L] is the index of the
propagation path, L is the total number of propagation paths, 7, = Ej, is the
complex-valued weighting coefficient of the [—th path, and 7; is the delay of the [—th
path. Please note that conventional RT is only calculated at the center frequency f.

for the narrowband or wideband scenario. Depending on the output parameters at
fe, the CTF in the entire bandwidth B can be calculated as (2.49).
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Scenarios

It is an important fundamental concept to define a wireless communication system as
narrowband or wideband system. The definition actually depends on the bandwidth
of the physical channel. The term "narrowband” is used to describe a system where
the system bandwidth does not exceed the coherence bandwidth of the physical
channel, while a system is wideband if its bandwidth is larger than the coherence
bandwidth of the physical channel. As explained in Chapter 1, narrowband systems
are affected by frequency flat fading, whereas wideband systems are affected by
frequency selective fading. In this thesis, wideband systems are considered.

In order to accelerate the execution of RT, the Matlab code is firstly optimized by
converting time-consuming algorithms to MEX functions using MATLAB Coder. In
addition, an efficient subdivision algorithm based on concentric circles is developed
and evaluated. Furthermore, for simulating the radio propagation conditions for
a mobile terminal, a RT algorithm based on two-dimensional DPS sequences is
proposed. In this chapter, these contents are included and presented.

3.1 MEX Function

It is possible to compile C/C++ code so that it is callable from Matlab. MEX
function is such an external interface function. MEX enables the high performance of
C/C++ code working within the Matlab environment. By replacing the Matlab code
with automatically generated MEX functions, computationally intensive simulations
can be accelerated significantly.

3.1.1 Matlab Coder

MATLAB Coder enables the automatic conversion of Matlab .m code to standalone
C/C++ code which is portable and readable. To generate MEX functions, the fol-
lowing products must be installed: Matlab, Matlab Coder and a C/C++ compiler.
One can use the 'mex - setup’ command to change the default compiler. The general
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Figure 3.1: Workflow overview of Matlab Coder.

workflow using Matlab Coder is shown in Fig. 3.1 [74]. The first step is to create a
Matlab Coder project for the relevant Matlab file in the current folder. MATLAB
Coder must determine the properties of all variables in the MATLAB file at compile
time, so it is significant to specify the properties of all function inputs. Using the
project user interface, the types of input parameters involved in the Matlab function
should be stated and the entry-point Matlab function file should be added. If global
variables are used in the Matlab function, not only global type definition but also the
initial value for such parameter should be stated before building the MEX function.
Moreover, in order to use the Code Analyzer to identify warnings and errors specific
to MATLAB for code generation, the %#codegen directive should be added to the
MATLAB file. In MATLAB R2012b, the next step is to click the 'Build” button,
then a MEX function can be generated. Meanwhile, MATLAB Coder produces a
report that diagnoses errors, which must be fixed to make the MATLAB function
compliant for code generation. An iterative process between fixing errors and regen-
erating a MEX function is needed until the MATLAB function is suitable for code
generation. While in MATLAB R2015a, the next step is to click the ’Check for Run-
Time Issues’ button, then a tested MEX function and a report are generated. By
default, the MEX function includes memory integrity checks. This step is optional,
but it can help to detect and fix run-time errors. Until all the errors are fixed, we
can click the ’Generate’ button to generate the final MEX function.

The speed of the generated MEX function should be checked. The original MAT-
LAB code can be replaced by the MEX function if the speed of the MEX function
is faster than the original MATLAB code. For generating efficient and standalone
C/C++ code, some key points are listed below for consideration [74]:

e Data types: Before using variables;, MATLAB Coder requires a complete as-

signment to each variable, including type, dimension and initial values. Please
note that one should not forget those variables used in child functions.
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e Array sizing: Variable-size arrays and matrices are supported for code genera-
tion. The size of such variable can be predefined, which should be large enough
to cover all its variation in size at run time.

e Memory: For generated code static or dynamic memory allocation can be
selected. Dynamic memory allocation potentially uses less memory at the ex-
pense of time to manage the memory. With static memory, better speed can
be achieved at the expense of higher memory usage.

e Speed: Loading large-size global variables is very time-consuming, which may
lead to no efficiency improvement or even lower efficiency by comparing with
the original MATLAB function. Choosing a suitable C/C++ compiler instead
of using the default compiler is helpful for improving the speed of the generated
code. Disabling run-time checks also can make faster simulations.

3.1.2 Acceleration of Reflection Algorithm

An efficient algorithm to find propagation paths is the key point for a successful
implementation of RT. Conventional RT implemented in MATLAB contains more
than thirty MATLAB function files. Utilizing MATLAB Coder to generate MEX
functions of time-consuming MATLAB algorithms can speedup the simulation time
of RT. By evaluating the simulation time of all Matlab functions in the conventional
RT tool, ten MATLAB functions are selected and replaced by their corresponding
MEX functions. It is known that the computational complexity of RT scales directly
with the number of propagation paths, of which the reflection and diffuse scattering
paths comprise a large proportion. In this section, the original implementation of
finding reflection paths is firstly introduced. In order to make the MATLAB function
compliant for code generation and to save the memory when building the image tree
of the reflection algorithm, an efficient implementation is presented. The acceleration
of the implementation of the diffuse scattering algorithm can be found in [75].

3.1.2.1 Original Implementation of Finding Reflection Paths

The RT algorithm uses two main steps for the calculation of reflection paths: i) the
visibility procedure and ii) the backtracking procedure. The visibility procedure is
used to build up the image tree and the backtracking procedure helps to determine
the real reflection paths. For the visibility procedure, the image principle is the
foundation. The image principle is performed from Tx to Rx. For the backtracking
procedure, the valid reflection paths are found. It is performed from Rx to Tx.
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Figure 3.2: Structure of image tree in original implementation.

The implementation of the image tree construction in RT is shown in Fig. 3.2,
where a tree structure containing all images is created and the images at different
reflection orders are marked with distinct colors. The root node of the structure is
the position of the Tx. The depth of the tree is set by the maximum reflection order
N,. The image tree is recursively built by applying the image principle, see Fig. 2.2.
In the first step, the images of the Tx are generated according to each visible block
surface, where the visibility is confirmed by the normal unit vector facing towards
the Tx. These nodes, marked as black solid circles, indicate the images at the first
order. At order n, > 1, the images at the n, — 1 order are generated in the similar
way. Moreover, three pointers are used for building the image tree. The first pointer
is used to connect each node at any order n, > 1 with the mother node at the order
n, — 1. The second pointer is used to connect each node at any order n, > 1 with the
following node at the same order. The third pointer connects the node at any order
n, excluding the maximum order with the relevant nodes at the order n, + 1. Each
node stores the coordinate of the image point, the relevant surface for calculating
this image point, and the relevant pointers for the previous and next levels. The
visibility procedure is repeated until the maximum reflection order MV, is reached.

Once the tree is completely built, for each reflection order 1 < n, < N,, the rays
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Figure 3.3: An example of the definitions: (a) an effective image and (b) a noneffec-
tive image.

are traced backwards starting from the Rx along each node at reflection order n,
of the tree and stops when the root node Tx is reached. Then these traced paths
are seen as valid reflection paths. An effective or a noneffective image is defined as
whether there is a crossover point on the surface when drawing a line between the
Rx and the image. An example based on a first order image point is shown in Fig.
3.3. The backtracking procedure strongly depends on the structure of the image
tree. It can be seen from the image tree structure that the node number at each
layer increases exponentially with the reflection order. It is also evident that not all
the data saved in the image tree can provide a valid contribution as shown in Fig.
3.3 (b). However, the construction of the image tree may require a great amount of
central processing unit (CPU) time and saving all the information for every node in
the image tree requires a large amount of memory. This leads to the efforts presented
in next section.

3.1.2.2 Efficient Implementation of Reflection Paths Identification

The key point of the reflection algorithm is to build the image tree and to use
the backtracking procedure to find all valid reflection paths. It has been mentioned
that three pointers are used for building the image tree. The involved pointers are
saved in a cell array in conventional RT. This is because a cell array is an indexed
list of data with symbolic names, which makes it more readable and much easier
for a user to understand the structure of image tree. However, a cell array is not
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supported by MATLAB Coder in MATLAB R2012b. Therefore, in order to generate
MEX functions to accelerate the simulation, the data format needs to be updated.
Combined with the memory issue, an efficient and improved implementation of the
image tree construction and reflection path calculation is required.

Similarly, the image tree is also built from the Tx in the efficient implementation.
However, the image tree is no longer recursively built. The effective implementation
of building the image tree in RT is shown in Fig. 3.4. Firstly, the images of the
Tx are generated according to each visible block surface. Secondly, for reflection
order n, > 1, the image points of the first node at each reflection order n, are
calculated and stored in the next reflection order, until the maximum reflection
order NN, is achieved. This initial image tree is marked with orange solid circles in
Fig. 3.4. Meanwhile, effective images are selected based on the definition mentioned
in Section 3.1.2.1. It works from the reflection order n, = 1 to NN,, where the nodes
at previous reflection orders along with the first nodes at the current reflection
order are ready for being checked. During this process, the noneffective images are
discarded. The next step is that the processed nodes at the reflection order N, and
the first nodes at the reflection order N, — 1 are deleted from the image tree. Then
the second node at the reflection order N, — 1 is seen as first node, and its relevant
image points are calculated and stored as the first nodes at the reflection order N;.
Then the effective images are selected again based on this updated initial image
tree. Until the process of the last node at the reflection order N, — 1 has been done,
it returns to the second node at the reflection order N, — 2. This initial image tree
is continuously updated during the whole process until the last node at the first
reflection order is checked. The obvious feature of this efficient implementation is
that i) we do not need to build the completed image tree, only the initial image
tree is enough for finding the reflection paths, and ii) it combines the visibility with
the backtracking procedures. Based on the proposed efficient implementation, the
storage issue is completely solved.

In this efficient implementation, two pointer are needed for building the initial
image tree. One pointer is used to connect each node at any order n, > 1 with the
mother node at order n, — 1. The other pointer is used to connect each node at
any order n, > 1 with the following node at the same order. Coming back to the
data format issue in generating the MEX function, the cell array format is changed
to a 3D matrix. According to the maximum reflection order N, and the number
of blocks Ny, in the considered scenario, its size is defined as N, x Ny x 5. The
new implementation needs less information for each node. For the dimension ’5’; it
contains

e 1 ~ 2: indexes of the block and its surface,
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Figure 3.4: Structure of image tree in effective implementation.

e 3 ~ 5: coordinates of the image point.

It is noteworthy that the proposed efficient implementation aims at improving the
simulation efficiency of conventional RT, which does not change the accuracy of the
final prediction result compared with the original implementation.

3.1.3 Simulation Time Comparison

A simulated indoor scenario is given in Fig. 3.5 to compare the simulation time of
the original MATLAB implementation with the one based on the updated MEX
functions. The dimension of the room is about 29m x 13.25m X 4.6 m. There are
10 blocks including the ceiling and the floor in the scenario. The materials sketched
with grey, yellow and red represent concrete, brick and wood walls, respectively. In
Fig. 3.5, some visualized propagation paths are also presented.

We take into account LOS, up to fourth-order reflection, single-order diffraction,
single-bounce scattering, reflection-scattering and scattering-reflection cases in RT.
Note that the penetration case is embedded into these contributions. To show the
efficiency improvement intuitively, the simulation time based on the original and
the updated code is shown in Fig. 3.6. The blue bar represents the simulation time
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Figure 3.5: An indoor scenario for testing the simulation time.

needed for the original MATLAB code, while the orange bar indicates the time
consumption of the update code. According to the efficient implementation of the
reflection algorithm mentioned in Section 3.1.2.2, the simulation time is extremely
reduced from 154 s to 3s. Considering all generated MEX functions, about 90% total
simulation time of the original code is saved.

3.2 Effective Subdivision Algorithm

It is known that the accuracy of RT comes at the cost of a high computational
complexity, which directly scales with the number of propagation paths considered.
The diffuse scattering components constitute a high proportion of all the propagation
paths, which is closely related to the diffuse scattering tile size. There exist different
subdivision algorithms. The surfaces are divided into 2272 diffuse scattering tiles
within the size 0.5x 0.5 m? in [76], while there are 400 scattering tiles within the same
size placed around each specular reflection interaction point in [49]. In [50], the size
of each diffuse scattering tile is evaluated by recursively dividing the surface until the
far-field condition is fulfilled. It is obvious that the obtained diffuse scattering tiles
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Figure 3.6: Simulation time comparison based on the original and the updated code.

of all these mentioned subdivision methods are related to the specific scenarios. For
conventional RT in this thesis, the latter subdivision algorithm is applied. However,
in case the terminal is very close to the surface of an object, the subdivision algorithm
of [50] would lead to a large amount of tiles with small sizes, which in turn results
in an extremely high computational complexity.

In this section, a novel and efficient subdivision algorithm based on concentric
circles for diffuse scattering is proposed. This algorithm can be used as a general
procedure to subdivide rough surfaces. It consists of two main parts: i) the gener-
ation of diffuse scattering tiles, which fully demonstrates the random characteristic
of diffuse scattering, and ii) the proper tile size calculation, which is related to the
system bandwidth and is scenario independent. Moreover, the accuracy of the pro-
posed algorithm is tested by comparing with the proven subdivision algorithm of
diffuse scattering [50]. The numeric simulations include the PDP, RMS delay and
angular spreads. Furthermore, the computational complexity of diffuse scattering in
RT is tested.

3.2.1 New Subdivision Algorithm

A new subdivision algorithm, based on concentric circles, is developed in the present
work. It is assumed that the diffuse scattering tiles are equally sized circular segments
within the same radius Ad on a certain surface and the diffuse scattering path
originates from the center of each tile. The algorithm includes two main parts: i)
the generation of diffuse scattering tiles and ii) the proper tile size calculation.
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3.2.1.1 Generation of Diffuse Scattering Tiles

The principle of the generation algorithm is shown in Fig. 3.7, whose procedure
is as following: Firstly, a random point ¢, is placed on the rough surface as the

Figure 3.7: The principle of the generation of diffuse scattering tiles.

center point of the concentric circles, whose coordinate is indicated as (x.,yc, zc)-
The radius r,, of these concentric circles is defined as

Tn_{ Ad if n =0, (3.1)

2n-Ad ifn=1,... N,

where n is the index of the concentric circle and N is the number of concentric circles.
The distance ry., between the center ¢ and the furthest vertex of the rectangular
surface can be obtained, which helps to determine

7“I‘Ila.X
N = Lmj, (3.2)
where | -] takes the next smallest integer toward minus infinity.

Secondly, starting from n = 1, circular scattering tiles are generated on each
concentric circle separately. The first diffuse scattering tile at each concentric circle,
whose center is denoted as ¢, , is located at a random angle 6, o within the region
[0,27). Based on the triangular relationship, the angle resolution 6,,, which is the
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angle difference between two adjacent tile centers on the same concentric circle, can
be calculated as

1
6, = 2arcsin(——), n=1,...,N. .
arcsm(z'n) n (3.3)

Furthermore, the corresponding coordinate of the tile center (s, Yns, 2ns) can
be obtained. For example, if the surface is horizontal, the coordinate is calculated

as
Tps = Tc+ Ty - COSO,
Yns = Ye + Tn - SinG, (3.4)
Zn,s = Zcy

where 6 = 6,0+ lcn, - 0, and I, € [1, N.,] is the index of the circular tile on each
concentric circle, where N, is the number of circular tiles, defined as

2
Ncn = L_ﬂ

=l (35

The procedure described above is repeated until reaching the last concentric circle.
The random angle 8, o is chosen independently for each concentric circle. It should
be noticed that some circular tiles are too close to the edge and the portions out-
side the surface are cut off. However, we still assume the size of those incomplete
circular tiles as dS. The unused areas among all obtained circular tiles can make
this compensation, which guarantees that the surface is not over occupied.

3.2.1.2 Proper Tile Size Calculation

The remaining problem is how to determine a proper tile size dS. We propose an
approach, which depends on the system bandwidth B. Strictly speaking, it should
be the bandwidth used in the RT simulation . The tile size is expressed as

2 c \?
dS = - Ad _w-(2_B> . (3.6)
It is known that the delay resolution is defined as 1/B. Therefore, this calculation
means that the distance between any two circular tile centers on one surface is
not shorter than the distance which is corresponding to the delay resolution. This
condition serves to ensure that any diffuse scattering paths on one surface would
not be overlapped in the same delay bin.

!The bandwidth of the sub-band B; is applied in the sub-band divided RT for an UWB case [62].
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Table 3.1: Simulation Parameters

Parameter ‘ Value
Carrier frequency f. 2.45 GHz
Bandwidth B 480 MHz
Rx velocity |v,, | 3km/h
Sampling rate in distance |zg| 0.02m
Number of Rx positions Ngy 10
Number of frequency samples Ny 480

3.2.2 Simulation Configuration

In order to show the performance of the proposed subdivision algorithm, an indoor
scenario is generated. The indoor scenario used in this work is the same as in Fig.
3.5. The dielectric properties of the materials are included in the input database.
The values of the relative permittivity and conductivity of the materials are: €, = 6
and o = 0.08 S/m for concrete blocks, €, = 4 and ¢ = 0.005S/m for brick blocks,
and ¢, = 2.1 and ¢ = 0.05 S/m for wood blocks, respectively [60]. The Tx and
the Rx antennas used in the present work are dipole antennas. The Rx antenna is
linearly moving with a constant speed along a constant direction for a short distance.
Simulation parameters are summarized in Table 3.1.

We take into account single-bounce scattering, reflection-scattering and
scattering-reflection cases in all simulations here. Each diffuse scattering process
is associated with a uniformly distributed random phase. In order to overcome the
randomness, the channel simulation at each time sample is averaged over five re-
alizations [53]. Therefore, there are 50 channel realizations obtained in total at
the simulated Rx positions Ng, = 10. According to the simulation parameters,
dS = 0.3068 m? for the proposed subdivision algorithm based on (3.6).

3.2.3 Numerical Results

The CIR h(7) at one Rx location in conventional RT can be obtained by using the
inverse Fourier transform of the CTF described in (2.49). The time-variant CIR is
expressed as h(T,nry), where ngy is the index of the Rx position. The comparison
between the proposed and the original subdivision algorithms is presented in this
section. Meanwhile, we also consider using different tile sizes dS to check the relevant
results.
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Figure 3.8: (a) Normalized PDPpg comparison between the subdivision based on
the far-field condition and concentric circles within dS = 0.3068m?, respectively;
(b) Correlation coefficients between the subdivision based on the far-field condition
and concentric circles within different dS.

3.2.3.1 PDP Comparison

Based on our numerical implementation, we compare the normalized PDP of dif-
fuse scattering paths PDPpg with different subdivision algorithms. The normalized
PDPpg is obtained by averaging absolute square values of the CIRs over Rx positions
as (1.4), where RT simulations consider diffuse scattering components only. The re-
sults are shown in Fig. 3.8 (a), from which it can be observed that the PDPpg based
on concentric circles with dS = 0.3068 m? is similar to the one based on the far-field
condition. The similarity between the PDPs of RT models with different subdivision
algorithms is further investigated by calculating the correlation coefficients. The re-
sults are shown in Fig. 3.8 (b). The correlation coefficient of the proposed and the
original PDPpg is 0.986, while all correlation coefficients between the subdivision
based on the far-field condition and concentric circles within dS € [0.2,8m? are
larger than 0.965 .
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Figure 3.9: (a) Delay spread o, comparison according to different Rx positions ngy
between the subdivision based on the far-field condition and concentric circles within
dS = 0.3068m?, respectively; (b) MREs err, between the subdivision based on the
far-field condition and concentric circles within different dS.

3.2.3.2 Delay Spread Comparison

Delay spread o, at one Rx position, a measure for the time dispersion of the channel,
is defined as in (1.7). The difference between the subdivision based on the far-field
condition and the concentric circles is presented by the mean relative error (MRE)

as
Nrx

Z |O'7—far nRx O‘TCiI‘(nRX)|, (3.7)

Or far (nRx)

err, =

NRX

where o0, ¢, and o, ¢, are the delay spreads corresponding to the subdivision algo-
rithm based on the far-filed condition and concentric circles, respectively.

The delay spread o, comparison according to different Rx positions ng, between
the subdivision based on the far-field condition and concentric circles within dS =
0.3068m? is shown in Fig. 3.9 (a). It can be seen that the delay spread difference
between these two algorithms is always smaller than 0.1ns. Moreover, the MREs
err, between the subdivision based on the far-field condition and concentric circles
for different dS are shown in Fig. 3.9 (b). The MRE err, is about —25dB between
the proposed and the original subdivision algorithms. All the MREs change in the
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3.2 Effective Subdivision Algorithm

region (—25,—17)dB within dS € [0.2,8m?. There is about 3dB deviation from
0.2m? to 4m?.

3.2.3.3 Angular Spread Comparison

For the angular spread comparison, the method is defined similarly as the delay
spread comparison. The angular spread at one Rx position is defined as [77]

L L
> hg3 > B
=1 =1

> b > B

=1 =1

where ¢; is either the azimuth or the elevation of arrival of the [—th diffuse scattering
path, which are defined as azimuth of arrival (AoA) and elevation of arrival (EoA)
in the analysis. The MRE of two different subdivision algorithms is defined as

1 O |U¢ far(nRx) — 0y cir(nRx)‘
erry = — Z ’ ’ . (3.9)

Rx F—— 0 ¢, far (nRX)

where 04 1.y is the angular spread corresponding to the subdivision algorithm based
on the far-field condition and o, is the angular spread corresponding to the sub-
division algorithm based on concentric circles.

Fig. 3.10 (a) gives the AoA spread o044 comparison results according to different
Rx positions ngy between the subdivision algorithm based on the far-field condition
and concentric circles within dS = 0.3068m?. The AoA spread variance based on two
subdivision algorithms is always smaller than 0.2°. Fig. 3.10 (b) shows the variation
of erraon,¢ with dS. It can be observed that the MREs are changed in the region
(=35, —17)dB within dS € [0.2,8m?. Moreover, the minimum MRE is achieved
when dS = 0.3068m? is obtained.

The relevant EoA spread comparison results is shown in Fig. 3.11. The ogoa ¢
difference according to ng, between the subdivision based on the far-field condition
and the concentric circles within dS = 0.3068m? is always smaller than 0.05°. More-
over, errgoa ¢ values are changed in the region (—30, —15) dB within dS € [0.2, 8m?,
in which errgos ¢ = —27.5dB when dS = 0.3068m?. Both eITAoA,¢ aNd €ITgop ¢ are
about 10dB deviation from 0.2m? to 4m?. Compared to the PDP and the delay
spread comparison, the tile size dS influences the angular spread significantly.
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Figure 3.10: (a) AoA spread oaoa,4 comparison according to different Rx positions
nryx; (b) MRES erraoa 4 of the AoAs between the subdivision based on the far-field
condition and concentric circles within different d.S.

3.2.3.4 Computational Complexity

The numerical complexity is significantly reduced for the proposed subdivision al-
gorithm. Considering one Rx position, there are 37889 and 21026 diffuse scattering
paths obtained by the subdivision algorithms based on the far-field condition and
concentric circles within dS = 0.3068m?, respectively. The corresponding simulation
time is 81s and 41s (2.4GHz Intel Core i5 CPU with 4GB RAM). Compared with
the subdivision algorithm based on the far-field condition, it can be analyzed that
about 45% simulation time is saved based on the proposed subdivision algorithm.

3.3 RT Algorithm Using the DPS Subspace

We are also interested in simulating the radio propagation conditions for a mobile
terminal, communicating in a frame based communication system indoors with sev-
eral fixed nodes. This communication shall be used to obtain the position of the
mobile terminal in indoor scenario. It is known that diffuse scattering components
can be assumed spatially uncorrelated in indoor environments for different Tx and
Rx coordinates separated by many multiple wavelength [50,52,53]. However, the cor-
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Figure 3.11: (a) EoA spread ogoa s comparison according to different Rx positions
nrx; (b) MRESs errgoa ¢ of the EoAs between the subdivision based on the far-field
condition and concentric circles within different dS.

relation of diffuse scattering components needs to be considered in the time-variant
case where the Rx is moving only a short distance. As it is known for frame based
communication systems, the moving distance of the Rx during the transmission of
a single frame is typically smaller than one wavelength. Therefore, the correlated
temporal and spatial evolution of the channel impulse response is of utmost concern.

Moreover, for the test and development of indoor localization algorithms accurate
indoor channel modeling is extremely important. It is well known that non-line-of-
sight (NLOS) propagation paths introduce large errors for determining the mobile
position. The reason is that localization algorithms often heavily rely on the in-
formation extracted from the LOS path such as the received signal strength, time
of arrival, or time difference of arrival [78]. The diffuse scattering components take
up a fairly large number of NLOS propagation paths in an indoor scenario. There-
fore, diffuse scattering components are significant for indoor mobile localization and
tracking algorithms. Recently, new localization methods have been proposed that
can even take advantage of multipath propagation [79,80].
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Therefore, we propose a method in such time-variant indoor scenario to signif-
icantly reduce the computational complexity of RT by using a projection of all
propagation paths on a subspace spanned by two-dimensional DPS sequences. In
this scenario, we consider that (i) all objects and the Tx are static, and (ii) the
Rx is moving with a constant speed along a linear trajectory. With our method
the computational complexity can be reduced by more than one order of magnitude
for indoor scenarios. The accuracy of the low-complexity DPS subspace based RT
algorithm is verified by numeric simulations.

In this section, we firstly review general knowledge about multidimensional DPS
sequences. Secondly, the implemented time-variant RT channel model is described.
Then the low-complexity approximation algorithm to significantly reduce the com-
putational complexity is introduced. Furthermore, we numerically evaluate the ac-
curacy of the proposed RT algorithm.

3.3.1 Multidimensional DPS Sequences

In [81], Slepian raised the question which sequences are bandlimited to the frequency
range [—Upmax, Upmax] and simultaneously most concentrated in a certain time inter-
val of length M. For both continuous and discrete time cases, Slepian found that the
desired set of orthogonal sequences is the eigenfunctions of an integral operator and
simultaneously of a commuting differential operator [82]. The discrete sequences v,,,
we are looking for, shall have their maximum energy concentration on the index set
I C 7., where Z is the Euclidean space, i.e.

Zmel |Um’2

A== 3.10
ZmEZ |V |2 ( )
When v,, is bandlimited to W,
Un, :/ V(f)eX™imaf, m e 7, (3.11)
w
where
V()= vme ™™ feR. (3.12)
meZ

Solutions of this constrained maximization problem are given by DPS sequences,
which are a fundamental tool for understanding the extent to which sequences and
their spectra can be simultaneously concentrated [81]. One-dimensional DPS se-
quences are introduced in [81], whose application includes spectrum estimation,
approximation, and prediction of band-limited signals as well as channel estimation
in wireless communication systems [83].
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The one-dimensional DPS sequences Vr(,il)(I/V, I) with band-limit region W =
[—UDmax; UDmax), Where vpmax < 1/2, and concentration region I = {M,,..., My +
M — 1} are defined as the real solutions of [84]

Mo+M-1 .
3 SN UDma (1 = 1)y 1y = 5 (W 1 (W ). (3.13)

S w(m —n)

They are sorted such that their eigenvalues A\y(W, I) are in descending order as

The DPS vector v¢(W,I) € CM is defined as the DPS sequence Uq(ff)(VV, I) index-
limited to I. Moreover, the DPS vectors v?(W, I) are also eigenvectors of the M x M
matrix K with the element K, ,, = sin(2mvpmax(m —n))/m(m — n). Some proper-
ties of DPS sequences are listed as follows [84]

e The sequences vfg)(I/V, I) are band-limited to W = [—Upmax, UDmax) -

e The eigenvalues \;(W, I) of the DPS sequence Uﬁ,f)(W, I) denotes the energy
concentration of the sequence within 7,

Ser [o (W, DI
ez [0 (W, DI
e The eigenvalues \g(W, I) satisfy 0 < \g(W, I) < 1. They are clustered around 1

for d < D’ —1, and decay exponentially for d > D', where D' = [|W]|I|] +1 =
[QUDmaXM—I + 1

AW, T) = (3.15)

e The DPS sequences vfﬁl)(VV, I) are orthogonal not only on the Euclidean space
7., but also on the index set I.

e Every band-limited sequence g,, can be decomposed uniquely as ¢, = ¢.,, +gr.,
where ¢/ is a linear combination of DPS sequences vfﬁl)(VV, I) for some I and
gn =0forallme I.

Multidimensional DPS sequences are a generalization of the original one-
dimensional DPS sequences to many dimensions [85]. This generalization is straight-
forward. The discrete sequences v,,, defined on the Euclidean space Z" of N di-
mensions, we are looking for, shall have their maximum energy concentration on the
index set I C Z", i.e.,

2 omer |Vm/?

ZmeZN |Um|2.

A= (3.16)
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When v,,, is bandlimited to W, where W C R¥, so that

um:/ V(f)er i Emaf me 7z, (3.17)
w
where
V(f)= D vme ™™ feRN. (3.18)
mezZN

Define I C Z" as a N—dimensional finite index set with L = |I| elements, and
W C (=1/2,1/2)" as a N—dimensional band-limit region. The multidimensional
DPS sequences v (W, I) are defined as the solutions of the eigenvalue problem [84]

ST G W DKM (m —m) = A(W, Dol (W, 1), (3.19)
m’el
where
KO (' —m) = [ ot mmigge (3:20
w

They are sorted such that their eigenvalues Ay(W, I) are in descending order as

The DPS vector v4(W,I) € CF is defined as the multidimensional DPS sequence
vfﬁl)(W, I) index-limited to I. Let index every element m € [ lexicographically as
I={m;,l=0,1,...,L —1}, then

v (W, 1) = [ (W, 1),0l (W, I),...,0%) (W, )], (3.22)
where []T denotes the transpose function. We define a matrix K™ with elements

KM = KW (my —my), k=01, L—1, (3.23)

where the kernel KM) is given by (3.20). The multidimensional DPS vectors
v@ (W, I) and their corresponding eigenvalues \g(W, I) can be denoted as the eigen-
vectors and eigenvalues of K| so that [84]

KWy D, 1) = A\g(W, Do D (W, ). (3.24)
Lets write W and I as a Cartesian product of one-dimensional intervals as [84]
W = W() X+ X WN—I; (325)

and
I:I()X"'X]N,h (326)
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where VVZ = [Woﬂ' - Wmax,i7WO,i —+ Wmax,i] and IZ = {MO,ia RN ,MO,i + MZ — 1},
respectively. Then the kernel K") can be written as [84]

KW (u) = ﬁ KW (yy), (3.27)

where u = [ug, ..., ux_1]T € I. Due to (3.25) and (3.26), K" is separable and the
covariance matrix can be expressed as Kronecker product

KW = KW @ ... @ KWN-1) (3.28)

where KW is the kernel matrix corresponding to the one-dimensional DPS vector
and ® denotes the Kronecker product. The eigenvalues and eigenvectors of K¢
are denoted by Mg (Wi, I;) and v(®) | respectively, where d; = 0,...,M; — 1 and
i=0,...,N — 1. The eigenvalues of K") are given by [84]

AW 1) = Xag(Wo, Ip) - Aay_, (W1, In—1). (3.29)
and the corresponding eigenvectors are given by
v D (W, I) = o' (W, Ih) @ - - @ v 9D (Wy_y, Iy_1), (3.30)

where d = [dy,...,dy_1]T € I. The multidimensional DPS vectors v@ (W, I) are
obtained by reordering eigenvectors v# (W, I) according to the descending order of
the eigenvalues Aq)(W, I).

All the properties for one-dimensional DPS sequences are also applicable to mul-
tidimensional DPS sequences [84]. The only difference is that m € Z should be
replaced by m € Z".

3.3.2 Channel Frequency Response of RT

For a static Tx and a mobile Rx, the CIR becomes time-variant. More precisely, the
channel is dependent on the Rx position x, whose relation with time ¢ can be given as
x(t) = xo+VRyl, where xg is the initial position of the Rx when it starts moving, and
URx 18 the velocity vector of the Rx. Therefore, we use H(f, (t)) to express the time-
variant channel frequency response. In wireless communications, the signal arriving
at the Rx usually consists of several multipath components, each of which is arising
from the interaction of the transmitted signal with the surrounding environment.
Thus, the time-variant frequency response of RT Hgr(f,x(t)) can be seen as a
superposition of all propagation paths contributions, which can be calculated as

Hyr(f,2(t) =Y m(@(t)e 7> /=0, (3.31)
=1
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where [ is the propagation path index, n(x(t)) is the complex-valued weighting
coefficient of the [—th path, 7(x(t)) is the delay, and L is the total number of
paths. Both 7,(x(t)) and 7(x(t)) depend on the Rx position x(t). Based on the
sampling rate in time 1/Tg, the sampled position vector of the Rx can be expressed
as ¢[m] = xy + vrTsm, where m € {0,...,M — 1} denotes the discrete time
index and M is the number of samples in the time domain, respectively. With the
sampling rate in distance xg = wr,Ts we can express the sampled time-variant
frequency response as

L
Hyrlg,m] = Hyr(qfs, To + mas) = Y m[m]e 7270, (3.32)
=1

where ¢ € {—[%],...,|¢] — 1} is the discrete frequency index, fs = B/Q denotes
the width of a frequency bin, B denotes bandwidth, @) is the number of samples in
the frequency domain, and 6;[m] = 7j[m] fs is the normalized delay of the [—th path
at time m.

3.3.2.1 Specular Components

The specular components refer to reflection, penetration and diffraction con-
tributions. The geometrical relationships between the incidence and the re-
flected /penetrated /diffracted rays are based on optical principle described in Chap-
ter 2. Therefore, the complex-valued weighting coefficient 7;[m| of the {—th single
specular contribution at time m can be calculated.

3.3.2.2 Diffuse Scattering with Correlation in Space

We are extending the presented diffuse scattering algorithm to allow for correlated
diffuse scattering which is relevant to simulate the movement of the Rx during the
transmission of a single data frame |x[M — 1] — x¢| < kA, where k£ < 1, and A
is the wavelength. The diffuse scattering components can be assumed correlated in
time/space for this short distance [16]. It should be mentioned that we set xk = 1
at first and the value of x will be finally defined by the mean square error (MSE)
threshold described in Section 3.3.4.

We define the Rx moving distance kA as one simulation set, then RT should redraw
the diffuse scattering components independently for another set. In the following we
present the extended diffuse scattering algorithm for RT that enables the calculation
of correlated realizations in one simulation set:

e The original subdivision algorithm based on the far-field condition is applied
to obtain multiple diffuse tiles. A diffuse scattering path is supposed to arise
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3.3 RT Algorithm Using the DPS Subspace

from the center of each tile. The size of each tile is evaluated by recursively
dividing the surface until the far-field condition

ds ¢[0] A
2 Y

raxe < (3.33)
is fulfilled, where ¢ is the surface tile index, dpmaxs is the maximum size of
the {—th surface tile and d; o) is the distance between the center of the {—th
surface tile and the Tx for the single bounce scattering case. Since the Tx is
static, the tiling of the surface for the duration m € {0,..., M — 1} is fixed.

The directive pattern model is used to evaluate the amplitude of each diffuse
scattering path, which assumes that the scattering lobe is steered towards the
direction of the specular reflection, as described in Section 2.5. According to
(2.43), the amplitude of a diffuse scattering path |n,[m]| at time m can be
computed as

(3.34)

1 4 cos(Ug o[m])\or
)

where |1y, [m]| is the maximum amplitude related to the /—th scattering lobe,

melml? = ey [ - (
and Wy ¢[m] is the angle between the /—th scattering wave and the reflection
wave directions.

The complex-valued scattered weighting coefficient can be written as
nelm] = |ne[m]|e™7%e, (3.35)

where 0q4s, is the random phase associated with the /—th diffuse scattering
path with an uniform distribution in [0, 27]. The random phase 645, is chosen
at m = 0 and kept fixed for the duration m € {0,..., M — 1}.

3.3.3 Complexity Reduction

Indoor environments with diffuse scattering require the calculation of a high number

of propagation paths for RT. Hence there is a strong need to reduce the complexity

of RT in order to enable its application to time and frequency selective channels. A

two step approach is used to achieve this goal in my thesis.

3.3.3.1 First Step: Sum of Complex Exponentials Channel Model

The geometrical calculation of all propagation paths have a significant impact on the

complexity of RT in a time-variant indoor environment for a moving Rx. In the case
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3 Ray Tracing for Wideband Indoor Scenarios

of k < 1, it is sufficient to perform RT at the starting position @, of the Rx. For the
remaining linear movement distance x[m] = xg + mas, during the transmission in
the simulated time m € {0, ..., M —1} and frequency range f € [f.—B/2, f.+ B/2],
the channel is assumed to be wide sense stationary. Therefore, we can utilize the
sum of complex exponentials (SoOCE) channel model [86] to reduce the numerical
complexity. The sampled time-variant frequency response can be expressed as

L
HSOCE[Q7 m] — Z m [0]6—j27rq9z [0] 6j27rml/z [0]7 (336)
=1

where 7,[0], 6,[0] and 14[0] = w;[0]Ts are the complex-valued weighting coefficient,
normalized delay and normalized Doppler shift of the [—th path at the Rx po-
sition xg. The Doppler shift w; at the center frequency f. is given as w[0] =
fe(|vrx| cos(¢]0]))/c, where ¢ is the speed of light and ¢;[0] is the angle of arrival of
the [—th path.

3.3.3.2 Second Step: DPS Subspace Channel Model

We exploit the band-limited property of the channel frequency response projecting
each path [ € {1,..., L} on a subspace spanned by two-dimensional DPS sequences
[81]. To design the DPS subspace we need two key parameters:

e the maximum normalized Doppler shift vppax = Wmaxls, Wwhere wpay is the
maximum Doppler shift, and

e the maximum normalized delay Opmax = Tmaxfs, Where 7. is the maximum
delay:.

The band-limit region is defined by the Cartesian product W = W, x W; =
[—VDmaxs VDmax) X [0, Opmax]. It is our interest to compute the channel response for
a certain number of time stamps and frequency bins. We denote this index set as
I=IxI;={0,...,M—1} x {-%],...,|¢] - 1}.

The two-dimensional DPS subspace representation H ](3[;,)8 with the essential sub-
space dimension D, can be expressed as [84]

HD = va, (3.37)

where the matrix

V =W, I),... oP (W, 1)), (3.38)
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3.3 RT Algorithm Using the DPS Subspace

in which v@ (W, I) are the multidimensional DPS vectors for the multidimensional
band-limit region W and the multidimensional index set I. And basis coefficients
vector a is the projection of the vector Hppg onto the column of V' as

a=VRHppg, (3.39)

where [-]! denotes the conjugate transpose function.
The square bias of the multidimensional DPS subspace representation is defined

as
|7]—1
1 Z

According to the requirement that the bias of the subspace representation is small
compared to the machine precision E,,. of the underlying simulation hardware, the
subspace dimension D should be chosen as

D = arg m[i)n biasi{]g@s <E:,.. (3.41)
An estimate D can be obtained by estimating the subspace dimension D; of the
corresponding one-dimensional DPS subspace representation. Please note that D <
Dqy...Dyn_1, where N = 2 for our case.

In order to reduce the complexity of calculating (3.39), approximated basis coef-
ficients & are used. The approximate two-dimensional DPS subspace representation

H ](3[;)5 with the subspace dimension D, whose element can be expressed as [84]

HPklg.m] =~ Va, (3.42)
where the two-dimensional DPS basis vectors are
V=VW,I)=V(W,L)oV(W; ). (3.43)

The matrices V(W,, ;) and V (W, 1) contain the one-dimensional DPS vectors
v @) (W, 1) and v (W, I;) in their columns, respectively. The operator o is
the Tracy-Singh product of column-wise partitioned matrices [87]. V (W, I;) and
V (Wy,1y) have the essential subspace dimensions Dy and D; in space/time and
frequency, respectively. The approximated basis coefficients are represented as

a =) mOl((VWe, I)x, () @ (V(Wy, Ir)x;(61))), (3.44)

=0 h v d ~~ -

At .
'YZO,Z'N'YdO,l(VletvIt) —yél l:z:ygl l(@z;Wf,If)
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3 Ray Tracing for Wideband Indoor Scenarios

where the complex exponential functions x;(v) and x;(6;) are given as
x:() = [0, 9, 0T, (3.45)

and

_|1Q 19141 Q1
x;(0) = 1D gty (3.46)

where 9, = e/*™1% and ¥y = e 20 5, (v; Wy, 1) and ’yéhl(ﬁl; Wy, If) are the
one-dimensional approximated projections of the complex exponential functions on
the DPS basis vectors in time and frequency dimensions, which can be calculated
by the scaled and shifted approximated DPS wave functions Ud0<Vl;Wt7It) and
Ua, (61; Wy, I5), respectively [84]. Take Yaoa (i Wi, 1) as an example

1

Aoy (s Wi, 1) = E—eﬂ‘ﬂ@MﬁM—l)W Ugo (vi; Wi, 1), (3.47)
do

where €4, = 1 if dy is even, €4, = j if dj is odd, and

- ‘ Mg M
Ud()(Vl; ijt) — ieQﬂ'j(Mo+M—1+mz)Wo \/#U$?)<Wt7jt)- (348)
Define vﬁﬁlO) as DPS sequences with band-limit region W, and index set I;, and Ay,

is the corresponding eigenvalues, then the index m; is defined as

v, — WO M
= (1 —]. 3.49
= |1+ 2T (3.49)
The sign in (3.48) is taken such that the following normalization holds:
- dUq, (vi; Wy, 1
Udo(Wo; Wy, I) > 0, oo (3 Wi, t)\yl:WO >0, (3.50)

dVl

where dy = 0,..., Dy — 1. In our case, My = 0, Wy = 0 and Wyax = Vbmax here.
Using a similar method, Uy, (6;; W7, I5) can be also obtained.

The computation time of the DPS subspace channel model needs to consider
the simulation time Tkt of an initial RT result. The runtime of RT at each m €
{1,..., M — 1} is almost the same as the runtime at m = 0, the approximated
computation effort of the DPS subspace channel model can be given as

MTgrr
Trr + Tpps
where Tppg is the runtime of the DPS algorithm without the computation of an
initial RT result. The details about Tppg are described in [84]. The computational

complexity reduction factor of the DPS method is bounded by the number of time
samples M.

< M, (3.51)
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3.3 RT Algorithm Using the DPS Subspace

3.3.4 Simulation Procedure

RT depends on a full description of the scenario to be simulated. In order to show
the performance of the proposed RT channel model, a time-variant indoor scenario
is generated. The simulated indoor scenario is shown in Fig. 3.12. Compared with
the scenario shown in Fig. 3.5, the only difference is that one block at the far left side
is missing. The values of relative permittivity and the conductivity of the materials
involved in the simulated scenario are the same as in Section 3.2.2. The Tx and the
Rx antennas used for the simulation are dipole antennas with length A/2. The Rx
antenna is linearly moving with a constant speed and along a constant direction.

Concrete
m— Brick
Wood
— LOS
[ > » Diffraction
- U —-— Reflection
| ——— Diffuse Scattering

«—w9p—>

Figure 3.12: Indoor time-variant scenario with a static Tx and a mobile Rx. Each
block is indexed by a number here.

We take into account LOS, reflection up to the third-order, single-order diffraction
and single bounce scattering. Note that the penetration case is embedded into all
other contributions. The visualization of some propagation paths is also shown in
Fig. 3.12. There are more than L = 3.4 x 103 paths to be calculated at one time
m. Firstly, we set kK = 1, hence the Rx moves one wavelength. Initial simulation
parameters are summarized in Table 3.2.
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3 Ray Tracing for Wideband Indoor Scenarios

Table 3.2: Initial Simulation Parameters

Parameter ‘ Value
Carrier frequency f. 2.45 GHz
Bandwidth B 240 MHz
Rx velocity |vg, | 3km/h
Sampling rate in distance |xg| | 0.0012m
Number of time samples M 100
Width of frequency bin fg 500 KHz
Number of frequency bin @) 480

The MSE between RT and the SoCE channel model can be calculated as (3.52) [88]
_ S Hrr(f 2 (1) — Hsocr(f, (1)) df
J [ He(f, 2 (t))2df

The associated result is shown in Fig. 3.13. By setting the error threshold erry, =
—20dB, the corresponding moving distance of the Rx is |@y,| = 0.25\, which is

err(xz(t))

(3.52)

equivalent to 0.03m. Therefore, we finally define x = 0.25. Furthermore, keeping
|zs| fixed, the number of time samples M = 25 for the remaining of this section.

-5 T T T
| ‘‘‘‘‘ MSE between RT and SoCE channel model‘
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Figure 3.13: MSE between RT and SoCE channel model. The moving distance of
Rx is one wavelength. The error threshold is set as —20dB.

Within the threshold region, the Rx moving distance is finally clarified as one-
quarter wavelength. The approximation errors among RT, SoCE and DPS subspace
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3.3 RT Algorithm Using the DPS Subspace

channel models, which can be calculated similarly to (3.52), are shown in Fig. 3.14.
It can be noticed that the maximum MSE of the low-complexity DPS subspace
channel model is more than 40 dB below the power of the SoCE channel response.
Meanwhile the MSE between RT and DPS subspace channel model is smaller than
the error threshold erry,.

-20

-25 Y

-30F L

MSE between RT and DPS subspace channel model

err(x(t)) [dB]
5

—45 S MSE between SoCE and DPS subspace channel models |

(-3 @
sl e 9]

50 5 o
O o)
(<] ® @ @
551 ° o
Geoe 2]

~60 s s s s

0 0.05 0.1 0.15 0.2 0.25

XA

Figure 3.14: MSE among RT, SoCE and DPS subspace channel models. The moving
distance of Rx is one-quarter wavelength.

The numerical complexity for the simulated channels is significantly reduced with
a negligible approximation error. Considering the same time-variant indoor scenario,
where the Rx moves about one-quarter wavelength within M = 25 time samples,
the RT runs about 555.10 s, while the DPS subspace channel model requires roughly
9.30s plus the simulation time of the initial RT result of 24.46s. Fig. 3.15 presents
the simulation time comparison between the RT and DPS subspace channel model
within different number of blocks N, in the indoor scenario. It is obvious that a
scenario with more objects, modeled as rectangular blocks, leads to an increase in
the number of propagation paths and the simulation time of RT. According to (3.51),
the computational complexity reduction factor of the DPS method is bound by the
number of time samples M = 25. When there are 4 and 8 blocks in the scenario,
the complexity reduction factors achieved by the DPS subspace channel model are 2
and 16, respectively. The computational complexity reduction achieved by the DPS
method increases with the number of propagation paths when the number of time
samples M is fixed. It can be seen that the simulation time of the DPS method
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Figure 3.15: Simulation time comparison according to different number of blocks in
the scenario: RT and DPS. N, is corresponding to the first indexed /N, blocks in
Fig. 3.12. Rx moves about one-quarter wavelength within M = 25 time samples.

Table 3.3: DPS Parameters

DPS Parameter ‘ Value
Maximum norm. Doppler vpmax | 0.01
Subspace dimension Dy 4
Maximum norm. delay 0pmax 0.13
Subspace dimension D, 131

without the computation of an initial RT result does not change much with the
increasing number of propagation paths. The runtime comparison shown in Fig.
3.15 also correlates nicely with exact result presented in [84]. The parameters of the
DPS sequences with N, = 8 blocks in the scenario are summarized in Table 3.3.
It is evident that the subspace dimensions are much smaller than the number of
propagation paths.
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4 Ray Tracing for UWB Indoor
Scenarios

UWB technology has attracted a lot of interest in recent years as an candidate for
short-range and broadband indoor wireless communication systems. It offers ma-
jor enhancement specially for the localization and tracking in indoor environments.
UWRB systems enable a fine delay resolution of the multipath components of the
received signal [89,90]. The achieved accuracy of localization methods based on the
radio signal is strongly affected by the propagation channel. Therefore, it is crucial
to understand the UWB channel properties. Two main categories of channel model-
ing techniques for UWB channels exist [91]: one is the statistical modeling based on
frequency or time domain measurements, the other is deterministic modeling based
on a scenario map. So far, SDRT has been frequently employed as the typical de-
terministic channel modeling tool for UWB indoor channels by the superposition of
RT results implemented at the individual center frequency of each sub-band [92,93].

However, the computational complexity is directly proportional to the number of
sub-bands. In order to significantly reduce the computational complexity of SDRT,
a low-complexity SDRT is firstly proposed in this chapter. Our proposed RT is
independent of the number of sub-bands. Based on the low-complexity SDRT im-
plementation, a multiobjective calibration approach is introduced to estimate the
optimal material parameters. The approach can improve the accuracy of SDRT in
terms of the PDP and RMS delay spread. In addition, for simulating the radio
propagation conditions for a mobile terminal in UWB indoor scenarios, a SDRT
algorithm based on two-dimensional DPS sequences is proposed.

4.1 Conventional Sub-band Divided RT

A 3D RT tool to calculate all propagation paths connecting the Tx and the Rx is
based on geometric and electromagnetic computations. The geometric computations
determine the propagation paths interacting with the environment. The electromag-
netic computations provide the electric field of the propagation paths in amplitude,
phase and polarization according to the considered propagation mechanisms. For
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an UWB system, the channel characteristics may vary significantly over the entire
bandwidth. To cope with this, the SDRT algorithm applied to UWB radio channels
has been introduced in [92,93]. The basic steps of the method can be summarized
as follow:

e The entire UWB bandwidth B is divided into multiple sub-bands B; <
Buiax MHz, where ¢ is the index of the sub-band with ¢ € {1,--- I}, T is
the total number of the sub-bands, and B,,., is the maximum sub-band band-
width. B is defined as 500 MHz in our work due to the definition of the
UWRB system.

e Conventional RT is implemented to obtain the corresponding CIR h;(7) at the
center frequency f.; of each sub-band ¢, where 7 is the propagation path delay.

e The CTF at each sub-band i is obtained by the Fourier transform. Then CTF's
of all sub-bands are combined together for the entire bandwidth.

e An inverse Fourier transform yields the overall CIR h(7) for the entire band-
width.

To make this description more clear, we give an example in Fig. 4.1. It is obvious
that conventional RT needs to be performed 3 times at the center frequencies of 3
sub-bands, respectively. Thus, the computational complexity of conventional SDRT
is directly proportional to the number of sub-bands. It is evident that the compu-
tational complexity of RT depends on the number of considered propagation paths.
Moreover, it has been experimentally shown that diffuse scattering components are
an important factor in determining time and angle dispersion of radio signals in
indoor environments [2]. The inclusion of the diffuse scattering mechanism in RT
introduces a large number of propagation paths in an indoor environment, which
makes the calculation of electromagnetic characteristics extremely time-consuming.

Conventional SDRT simulation obviously makes the computation procedure more
complicated. Its computation time is directly proportional to the number of fre-
quency points. Although some simplifications have been made for SDRT by deter-
mining the relevant propagation paths once at the beginning of the procedure, the
electromagnetic calculation of the received signal still needs to be performed re-
peatedly at different individual frequency points [88]. Furthermore, extracting the
statistics of the channel requires that SDRT simulations must be performed for a
large number of positions, which would result in unacceptable long simulation time.
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Figure 4.1: Flowchart of the SDRT algorithm, where Z = 3.

4.2 Low-Complexity Sub-band Divided RT

In order to significantly improve the computational efficiency of conventional SDRT
for UWB indoor systems, we propose a low-complexity SDRT algorithm. The low-
complexity SDRT algorithm is derived based on the electromagnetic propagation
mechanisms. As a major enhancement, not only the geometric calculation, but also
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the electromagnetic calculation needs to be performed only once for all sub-bands.
For the diffuse scattering case, we show numerical simulation results to verify that
the subdivision of rough surfaces at the center frequency of the entire bandwidth
is valid for all sub-bands. Moreover, the accuracy of the proposed low-complexity
algorithm is justified by comparing with conventional SDRT. In addition, it can be
seen that increasing the number of sub-bands can obtain a slightly higher correlation
with the measurement but without noticeable simulation time increase.

To describe the concept more intuitively, the flowchart of the low-complexity
SDRT algorithm is given in Fig. 4.2. As in Fig. 4.1, we also select 3 sub-bands here.
However, low-complexity RT only needs to be performed once at one sub-band. Then
the results at other sub-bands can be derived directly based on the derived math-
ematical formulas. It is important to note that, based on our approach, both the
geometric computation and the electromagnetic calculation need to be performed
only once.

4.2.1 Derivation of Low-Complexity SDRT

The CIR at each sub-band i is directly determined by the propagation mechanisms.
The LOS component is only affected by the free-space loss, while the specular com-
ponents are calculated referring to relevant complex dyadic coefficients and the to-
tal length of the path. The reflection and penetration coefficients are calculated by
the Fresnel formulas [68], whereas the diffraction coefficient is obtained using the
UTD [69]. It is assumed that the path direction is not modified by the penetration
mechanism in the RT tool. Moreover, it is known that a flat wave is scattered into
multiple random directions when it is interacting with a rough surface. A directive
scattering pattern model is used in RT to evaluate the amplitude of each diffuse
scattering path, which assumes the scattering lobe is steered towards the direction
of the specular reflection [2,50]. The detailed formulas of the propagation mecha-
nisms have been introduced in Chapter 2, from which it is apparent to see which
parameters are varying with frequency. Therefore, the electromagnetic calculations
E¢y(fe,#) at other sub-bands f.,, where i € {1,---,T}, for one Rx position can
be derived from the electromagnetic results Ey,(f.;) of one sub-band f.;. In order
to make the formula brief, we ignore the index P in the expression E;; comparing
with the formulas in Chapter 2.

e For the LOS component, the electric field at a different sub-band ' can be
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Figure 4.2: Flowchart of the low-complexity SDRT algorithm, where Z = 3.

obtained directly

Y

_R * —E s A
Jros(feir) fei | Oros(feir) 21U, it ~Je,i)*LOS

ELOS(fC,i’) = ELOS(fc,i) : { 1 : i € e
ggos(fc,i) Je QILEos(fc,z‘) (4.1)

where g?}(fc,{}) = g%}(fc,{}aeEu(bE) and g?}(fc,{}) = g?.}(fc,{-},eR,QbR) are

67



4 Ray Tracing for UWB Indoor Scenarios

68

complex vectors accounting for the Tx/Rx antenna polarization and ampli-
tude gains within one sub-band in the direction of the propagation wave, and
0¢, and ¢y indicate the azimuth and the elevation directions of the trans-
mitted /received wave. It is worth mentioning that the geometrical calculation
of each propagation path is identical at different sub-bands, so that the cor-
responding 0y and ¢y of the wave is constant for all sub-bands. In order to
simplify the expressions, we omit the arguments 6y and ¢ in the related
formulas.

In [61,88], it is assumed that the dielectric permittivity &, and conductivity o
for one material are independent of the frequencies within the entire bandwidth
of interest, because it is difficult to estimate how these values vary with the
frequency. However, the effective permittivity of the material

o

— 4.2
.] 27ch72'€0’ ( )

5r,eff(fc,i) =&y

where ¢, ¢ is still varying with frequency. Here we fix the effective per-
mittivity €,.¢ for the entire UWB bandwidth. Therefore, the Fresnel reflec-
tion/penetration coefficients are independent of frequency, which is justified
in the numerical results. As a consequence, the electric field of the reflec-
tion/penetration contribution at a different sub-band i’ can be computed as

R *
Gref en(fC,i’) fc,i
Eref/pen(fcﬂ‘/) :Eref/pen(fc,i) . [—R/p . f vl )

gref/pen (fcv’i)
7j277(fc71‘/ 7fC,i)<Sref/pen+S;ef/pen)
[ c

(4.3)

ggf/pen<f0,i/>
gféf/pen(f(?,l)

)

where Sief/pen is the path length from Tx to the reflection/penetration point

and s’

ref /pen 1S the path length from the reflection/penetration point to the Rx.

For the diffracted contribution, it can be seen in Chapter 2 that the dyadic
diffraction coefficients Dﬁ are influenced by the frequency. Actually, the dyadic
diffraction coefficients can be simplified by ignoring the involved transition
functions effect. The reason is that only one of the arguments in the four
transition functions is smaller than 10 for one diffraction point, so that
only one of the transition values is different from unity [72]. According to
(2.24,2.25,2.26,2.27) in Chapter 2, it is acceptable to assume that the value of

each transition function in D, Dy, D3 or D, is the same for one diffraction
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point at different sub-bands. Therefore, the electric field of the diffraction path
at a different sub-band ¢’ can be obtained as

g(%ﬁ(fc,i’)] *‘ fc,i )% ) |:g(]i:iff<fc,i/>:| e7j27r<fc,i’7fccyi)(sdiff+5:iiff)
gc%ﬁ(fC,z) fc,i’ gglff(fm)

Egig(feir) = Eag(feq)- [
(4.4)

e A surface appears rougher with increasing frequency, which should result in
a denser subdivision of the surface for sub-bands with higher center frequen-
cies. However, this significantly increases the computational effort. In [61], the
subdivision of each surface for a specific Rx position at the center frequency
of the entire bandwidth is assumed to be valid for all sub-bands. Here it is
shown that this assumption is reasonable according to the comparison given
in Fig. 4.4 in Section 4.2.2. Thus, the electric field for the scattering path at a
different sub-band i’ can be calculated as

gé’;(fc,i/)r_ Jei | [gi(fc,y)] il
| T G €T W)

where 6, is the random phase with an uniform distribution in [0, 27].

Eds(fc,i’) = Eds(fc,i) : |:

It should be noted that the above formulas can also be extended for the multi-
order propagation path case by combining the results of corresponding propagation
mechanisms.

4.2.2 Measurement Campaign and RT Setup

The accuracy of the proposed low-complexity algorithm is justified by comparing
with conventional SDRT and measurements. The scenario used for both SDRT and
the measurement campaign is illustrated in Fig. 4.3, which includes both a 3D and
a 2D view.

4.2.2.1 Measurement Campaign

Frequency-domain UWB channel measurements were carried out by the Signal
Processing and Speech Communication laboratory at Graz University of Technol-
ogy [94]. The size of the scenario is about 29m x 7.1 m x 10.5 m. It consists primarily
of concrete walls, glass windows and metal pillars. The locations of the Tx antenna
was fixed, while the Rx antenna positions formed a grid with 22 x 22 points with
5cm spacing resulting in a total area of 1m x 1m. A Rhode & Schwarz ZVA-24
vector network analyzer (VNA) was used to measure the CTF at 7501 frequency
points over a frequency range from 3.1 to 10.6 GHz.
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Figure 4.3: Pictorial view of the RT scenario considering one Rx position from the
grid. (a) 3D view. (b) 2D view, including a close-up view of the grid Rx positions
together with the positions marked by the blue line where RT simulations are im-
plemented.

4.2.2.2 RT Setup

The different materials are sketched with different colors in Fig. 4.3. The dielectric
properties are also included in the input database of RT, where a metallic block is
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considered as a PEC. The values for other materials are: €, = 6 and ¢ = 0.08 S/m for
concrete blocks, and ¢, = 5.5 and ¢ = 0S/m for glass blocks, respectively. The Tx
and the Rx antennas used for the RT simulation are dipole antennas corresponding
to the antennas used in measurements. RT simulations are implemented at the
middle horizontal line of the grid marked in blue in Fig. 4.3 (b). Moreover, the
entire bandwidth B of 7.5 GHz is divided into Z = 15 sub-bands with B; = 500 MHz
each in our simulation.

The involved propagation mechanisms are LOS, reflection up to the third order,
penetration, single order diffraction, diffuse scattering, while the penetration contri-
bution has been embedded into all other mechanisms. The diffuse scattering compo-
nents include single bounce scattering, scattering-reflection and reflection-scattering
cases. Some propagation paths are visualized in Fig. 4.3, some of which are indexed
by the corresponding number, where r indicates the reflection component, d means
the diffraction component and s implies the diffuse scattering component.

Based on our numerical implementation, we compare the PDP of diffuse scattering
paths PDPpg, with different and fixed subdivision of tiles at different sub-bands
relying on conventional SDRT. The PDPpg is obtained by averaging the normalized
CIRs at the selected 22 Rx locations, taking only the diffuse scattering components
into account. Note that i) the conventional subdivision algorithm is used here, and
ii) PDPpg is defined over the excess delay 7.x. The result is shown in Fig. 4.4, from
which it can be seen that the PDPpg based on the fixed subdivision at 6.85 GHz over
the whole bandwidth is similar as the one where the subdivision is changed according
to the center frequency of each sub-band. Therefore, (4.5) is a valid approximation
for the diffuse scattering case of low-complexity SDRT.

4.2.3 Numerical Results
4.2.3.1 Amplitude and Phase Comparison

The comparison of amplitude and phase of propagation paths based on the conven-
tional SDRT and low-complexity SDRT is shown in Fig. 4.5, where the corresponding
results at the center point of the simulated Rx positions is taken as an example. The
selected paths correspond to the indexed paths indicated in Fig. 4.3. It can be seen
that the amplitude of each path is decreasing with the increasing sub-band cen-
ter frequency f.;. For LOS and specular components, the amplitude and phase of
each path based on conventional RT match well with the results calculated by the
low-complexity SDRT algorithm. For diffuse scattering components, the amplitude
matches well while the phase does not match as a result of the random phases of
the rough surfaces.
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Figure 4.4: PDP of the diffuse scattering paths PDPpg with different and the sub-
divisions at different sub-bands relying on conventional SDRT.

4.2.3.2 Normalized CIR Comparison

For comparison, the normalized CIRs h(7) at the selected 22 Rx locations, indicated
by Rxjqx, are shown in Fig. 4.6 based on conventional SDRT and low-complexity
SDRT, respectively. It can be seen that the specular components are mainly located
between Ons and 45ns, and 102ns and 112ns for our scenario. In general, the ob-
tained CIRs based on conventional SDRT and low-complexity SDRT are comparable
to each other even though small deviations exist, some of which are highlighted in
Fig. 4.6. The main reason that causes the small deviations is evaluated as follow: for
the reflection/penertration case, the error is introduced by the assumption that the
effective permittivity €, .¢ is assumed to be independent of the frequency; for the
diffraction case, the reason is the presumable same value of each transition function
in Dy, Do, D3 or D, for one diffraction point at different sub-bands. For the diffuse
scattering case, the error results from the parameter U in (4.5), which further shows
that the error is also related to the effective permittivity €, ¢¢. It is worth mentioning
that the random phase components are set identical in these two SDRT simulations
for the same Rx position. Therefore, the deviation caused by the random phases has
been removed.
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Figure 4.5: Amplitude and phase comparison results of propagation paths based on

conventional SDRT and low-complexity SDRT. The results shown here correspond
to the indexed propagation paths indicated in Fig. 4.3.
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Figure 4.6: Comparison of normalized CIRs at the selected 22 Rx locations based

on conventional SDRT and low-complexity SDRT. Some small deviations are high-
lighted by ellipses.
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4.2.3.3 Simulation Time and PDP Comparison

The simulation time of low-complexity SDRT for one Rx location is about 222s
(2.4 GHz Intel Core i7 CPU with 8 GB RAM), while conventional SDRT takes
about 3284 s, which means that the simulation time can be reduced by a factor
of 15. In [95], it is mentioned that the more sub-bands the better is the accuracy of
RT for the mmW indoor communication channels, but at the cost of computation
time. Based on our proposed low-complexity algorithm for UWB indoor scenarios,
the effect of computation time can be ignored when choosing the number of sub-
bands. In Fig. 4.7, the normalized PDPs are compared by averaging the absolute
square values of the normalized CIRs over the positions where RT simulations are
available. The reason for the gap between the measurements and RT simulations is
that (i) priori approximation of the input material parameters got from literature
are used, (ii) some small objects are not considered in this large environment, and
(iii) higher-order propagation mechanisms are not considered by the RT algorithm.
The correlation coefficients of different PDPs are also calculated: it is 0.9830 be-
tween the low-complexity SDRT within 15 sub-bands and the measurements, while
it is 0.9833 between the low-complexity SDRT within 50 sub-bands and the mea-
surements. Therefore, we conclude that the PDPs calculated though conventional
SDRT and low-complexity SDRT within 15 sub-bands are almost the same, while
further increasing the number of sub-bands does not increase the simulation time
much.

4.3 Calibration of RT Parameters

It is known that the accuracy of RT is related to the exact knowledge of all material
parameters describing the environment. Although the reflection and transmission
properties of building materials can be measured at UWB frequencies, the mea-
sured dielectric values can be inhomogeneous even in the same environment because
of changing temperature and humidity conditions. Therefore, it is impossible to
accurately define these dielectric parameters for each building. The situation is fur-
ther exacerbated when the materials are made of a mixture of unknown components.
Moreover, our RT tool involves not only the specular paths but also the diffuse scat-
tering paths. The parameters used for the scattering mechanism cannot be directly
measured. Hence, the parameters involved in the diffuse scattering model must be
fitted by comparing to empirical measurement data for different materials [2].

For all these reasons the approximation of input material parameters lead to a
mismatch between the simulation results of RT and empiric measurements, espe-
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Figure 4.7: Normalized PDP comparison based on measurements, conventional
SDRT, low-complexity SDRT with 15 sub-bands, low-complexity SDRT with 50
sub-bands.

cially for an excess delay greater than 35ns in [61]. Therefore, it is necessary to
implement a calibration algorithm for these RT parameters to improve the predic-
tion accuracy of RT. To date, the calibration of RT based on the single objective
optimization has been presented, but diffuse scattering components are not consid-
ered in [95,96]. Due to the nonlinear combinatorial relationship between the power
taps and material dielectric parameters, a simulated annealing approach is used in
these works. This method provides a general optimal solution by simultaneously
tuning the permittivity and conductivity of all materials to optimize the defined
objective function.

In order to significantly improve the accuracy of SDRT for UWB indoor channels,
the proposed low-complexity SDRT algorithm is used here. Then the MOSA algo-
rithm and channel measurements at one Rx location need to be used to optimize the
input material parameters within a given range, which refers to the dielectric and
scattering parameters. The weighted sum approach is used for the proposed MOSA
by projecting the multidimensional objective space into a single space. This calibra-
tion can improve the accuracy of SDRT in terms of the PDP and the RMS delay
spread for all test Rx locations including those not considered by the calibration.

1)



4 Ray Tracing for UWB Indoor Scenarios

4.3.1 Channel Model for Calibration

Simulated annealing for single objective optimization has already been employed for
RT calibration without taking diffuse scattering components into account [93,96].
Based on our RT tool, we propose to optimize not only e, and ¢ but also S and
a for each material, which play an important role for the propagation mechanisms.
It has been mentioned that the reflection component and the scattering component
intimately interact with each other as in (2.41), so that multiobjective optimization
has to be considered. Therefore, we need to distinguish deterministic and diffuse
scattering components in measurement firstly.

The search and subtract approach is a maximum likelihood method for separat-
ing the deterministic and diffuse scattering paths of CIR measurements [97]. The
measurement data is available in the frequency domain, so the CTF at Ny frequency
points for one Rx location is expressed as

HMeas = [HMeas,O T HMeas,fol]Ta (46)
where []T is the transpose operator. Then the corresponding CIR is obtained as
hMeas(T) = pT(T)HMeasa (47)

where p(7) is the inverse Fourier transform coefficients as

p(7) = [T ... ei2n(ft (N DAHT T (4.8)

where f1, denotes the lowest measured frequency and Af is the measured frequency
step.

In order to improve the calibration accuracy greatly, the temporal deviation in
the delay domain should be removed. As a reference to the deterministic part of the
channel, only the deterministic propagation paths, including reflection, penetration,
diffraction components, are taken into account in RT. The propagation path delay
TR,k and the complex amplitude ngr,,, » of the k—th deterministic path can be
calculated directly by RT. Then the CIR hgr,,, (7) at one Rx location is represented
as

K
DT (T) = ) T k0 (T — T k), (4.9)
k=1

where K is the total number of deterministic paths. According to the k—th propa-
gation path delay gt k, the corresponding CIRs interval for the k—th path of RT
and the measurement is set as gy, 4 € [TRTgk — O * AT, TRk + 5 - AT], Where
AT is the delay resolution. Furthermore, the cross-correlation is obtained by

Rar) = [ Wit () st + 7 (2120
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where | - | denotes the absolute value. Then the k—th propagation path delay of the
measurement Thfeas,., r 15 obtained by

ThMeasqe b = ATE mTzllX{Rk(T’)}. (4.11)
In addition, the complex amplitude Myeas,., x Of the k—th propagation path in the
measurement can be obtained as
pT(TMeasdet,k)HMeasds,k
p'p
where Hyeas,, x 18 the remaining CTF after subtracting the effect of the (k — 1)th
deterministic peak as [97]

TMeasge,k — 3 (412)

HMeas k= 1,

4.13
HMeasds,kfl - nMeasdet,kflp* (TMeasdet,kfl) k> 1. ( )

HMeasds,k - {
Then the CIRS hajeas,,, (T) and hyjeas,, (7) of the deterministic and diffuse scattering
components can be obtained. In addition, the CIR of diffuse scattering components
based on RT hgr, (7) can be calculated directly by considering only the diffuse
scattering components in RT.

4.3.2 MOSA Algorithm

Simulated annealing is derived from the physical heating of a material, where the ma-
terial is critically heated and then gradually cooled until reaching a steady state [96].
It is an iterative optimization algorithm which is able to provide a sub-optimal so-
lution for arbitrary degrees of nonlinearity [95]. In the following, Tj is a control
parameter that corresponds to the initial temperature in analogy with the physi-
cal annealing process and x is the parameter vector which needs to be optimized.
The MOSA algorithm in this work uses the weighted sum approach to project the
multidimensional parameter space into a one-dimensional space [98]. Only prior
measurements at one Rx location is selected in the current calibration work. The
sum-weighted objective function for our case is described as

f(X, )\dety /\ds> = )\detfdet (X) + )\dsfds (X)a (414)

where the weighting factors should satisfy Ay € (0,1) and Agey + Ags = 1, and the
objective function fget(x), defined as the RMS error between the measured and RT
simulated tap powers of the deterministic paths, is calculated as

K

1 |77Meas K> = |77RT k|2
f L (x) 1 dot s det > 2’ 415
d t( ) K ;( nMeanctzk|2 ) ( )
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where |yeasy, k| and |nrr,., x| are the amplitudes of the propagation paths nor-
malized by the LOS component, while the objective function f4s(x), defined as the
MRE between the measured and RT simulated instantaneous powers of the diffuse
scattering components, is computed as

h " h ex
fds N /,l Measgs,k Te )| | RT g5,k (T )| |d Toxs (416)

|hMeasds,k(7_ex) |2

where N is the number of delay points, |Aneasy, k(Tex)| and |hArry, x(Tex)| are normal-
ized CIRs defined over the excess delay 7ec. In order to get the optimal parameter
vector x, both objection functions need to be minimized.

The basic steps involved in the MOSA algorithm for RT calibration are illustrated
as following:

1. We use the normalized objective functions (4.15) and (4.16) that are in the
same numerical range, which allow us to fix Aget = 0.5 and Aqs = 0.5 and avoid
another time-consuming optimization step for these two parameters.

2. Starting with an initial parameter vector x’, which is selected from the litera-
ture, at an initial temperature Tj, the solutions of objective functions fe(x')
and fqs(x’) are evaluated. The corresponding results are put into a Pareto set
of solutions. The Pareto set, which is a subset of feasible points of solutions,
contains all points in which at least one objective function is minimized.

3. In order to get the realistic results, the ranges of each elements are defined.
A new random parameter vector x” is taken from the neighborhood of x’
within the given ranges, and the solutions of related objective functions are
re-valuated.

4. Comparing the new solutions with all other solutions in the Pareto set, x” is
made as the current parameter vector and the Pareto set is updated if both
objective functions are minimized as fgei(X”) < faer(x') and fas(x”) < f45(x).
Then the process restarts from step 6. If x” is not the optimal parameter vector
for both objection functions, then

Af = f(X”a )\det7 Ads) - f(X/7 Adeta )\ds) (417)
is evaluated.

5. In order to avoid being trapped into a local minimum, the parameter vector
x” is accepted as the current parameter vector with the probability

{e%f if Af >0,
p:

4.1
1 it Af<O. (4.18)
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If x” is accepted, x” is made the current parameter vector. If x” is not accepted,
x’ is retained as the current parameter vector.

6. The algorithm restarts running by selecting the referenced solutions of the
objective functions corresponding to the minimum f(x, Aget, Ags) in the Pareto
set.

7. The mentioned steps repeatedly run L times at the same temperature 7. Then
the algorithm restarts with an updated temperature, which is obtained by
reducing the current temperature by a temperature factor N, where Nt < 1.

8. The aforementioned steps run iteratively until the predefined number of iter-
ations M is achieved.

To make this description more clear, the flowchart of the MOSA algorithm is given
in Fig. 4.8. It is mainly divided into three steps: initialization, judging conditions
and search for Pareto Front. These three steps are indicated by three different colors
in Fig. 4.8.

4.3.3 Numerical Results

The indoor scenario used for both the measurement campaign and SDRT is the same
as the illustration in Fig. 4.3 in Section 4.2.2. Low-complexity SDRT simulations
are computed for the middle horizontal line of the grid highlighted in blue in Fig.
4.3 (b). The measurements at the middle point of the horizontal line is used for the
calibration. The entire UWB bandwidth B = 7.5 GHz, which is divided into Z = 15
sub-bands with B; = 500 MHz each. The optimized material parameters are the
elements of the parameter vector x

X = [EC,Tuo-Ca507a07€g,7'75g7ag]7 (419>

where c indicates concrete and g glass. The metallic block is considered as a PEC.
The conductivity of glass is 0. = 0S/m. The involved propagation mechanisms for
the calibration are LOS, reflection up to the third order, penetration, single-order
diffraction, single bounce scattering, and scattering-reflection cases.

4.3.3.1 Paths Separation from Measurements

Firstly, we need to separate the deterministic and the diffuse scattering paths from
channel measurements at the selected Rx position. Based on (4.10), the deterministic
paths in the measurements are identified such that slight time of arrival deviations
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Figure 4.8: Flowchart of the MOSA algorithm, which is mainly divided into three
steps: initialization, judging conditions and search for Pareto Front.

of the deterministic paths can be tolerated. In Fig. 4.9(b), slight time of arrival de-
viations of the deterministic paths around 2.7 ns and 4.4 ns can be clearly observed.
The precise mapping of the measured and RT simulated propagation paths can help
to improve the calibration accuracy. Fig. 4.9 shows the normalized amplitude |9get]
of the deterministic paths in measurements and low-complexity SDRT before the
calibration. In order to avoid a large deviation of the power of detected paths, a
threshold of the difference between |Nyeasy., x| and |nrr,,, x| of the k—th determin-
istic propagation path is set to 20dB. If the difference exceeds 20dB, the k—th
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Figure 4.9: Normalized amplitude |nqe| of the deterministic paths in measurements
and low-complexity SDRT before the calibration.

Removing the deterministic components from the measurements based on the
search and subtract approach, the remaining diffuse scattering components are cal-
culated as the inverse Fourier transform of Hyjeas, k. The CIRS |hpfeasy, (Tex)| and

81



4 Ray Tracing for UWB Indoor Scenarios

|hrr,, (Tex)| are shown in Fig. 4.10.

0 T T T T T T T T T

Measurements removing the deterministic paths

---------- RT within diffuse scattering paths only

Ih ()l [dB]

-80

-100

-120
0 20 40 60 80 100 120 140 160 180 200

Ty [ns]

Figure 4.10: Normalized CIRS |hqs(7ex)| of the measurements and low-complexity
SDRT before the calibration considering the diffuse scattering paths only.

4.3.3.2 Calibration Results

In order to avoid the random phases of the scattering components in RT influencing
f4s(x), a matrix with Z x N random elements is given at the beginning of the
optimization process, where the number of scattering paths calculated from RT
is Ny = 26614. Balancing the number of parameter vectors and the simulation
time, the control factors in the calibration algorithm are set as [T, Nt, L, M| =
[2,0.95, 20, 5000].

The initial parameter vector is picked up from [61] as
x' =16,0.08,0.4,4,5.5,0.4, 4]. (4.20)

Each element of x has its individual range, which are summarized from [2], [99-102],
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as
(4<ec, <9,

0.023 < 0 < 0.5,

0<Se <1,

{ 1< <4, (4.21)
2 < gg, <8,

0<Sg <1,

(| 1 < ag <4

In Fig. 4.11, the solutions of the objective functions related to the feasible param-
eter vectors are shown, and the Pareto front is given. In order to make the optimized

021 X o) XX
X
X Solutions of the feasible parameter vectors X
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X
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Figure 4.11: Solutions of objective functions related to the feasible parameter vectors
within the Pareto front.

results clear, the obtained fqe(x) and f4s(x) are normalized by the respective mini-
mum values. Taking the solutions in the Pareto set into consideration, one parameter
vector Xpg is selected

Xopt = [8.92,0.046,0.74, 3,3.7,0.32, 3). (4.22)

It can be seen that S; becomes larger, while Sg becomes smaller, which is confirmed
by reality that the surface of the concrete is relatively rougher and of the glass is
relatively smoother. Moreover, the smaller a, and ag indicate a widening of the
scattering lobe.
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4.3.3.3 PDP and RMS Delay Spread Comparison

Using the parameter vector X, in low-complexity SDRT for all Rx locations includ-
ing those not considered by the calibration, the normalized PDP and the RMS delay
spread Ty,s are compared by averaging the normalized CIRs over the 22 horizontal
positions, Rxiqx. The results are shown in Fig. 4.12. It is worth mentioning that the
reflection-scattering case is also considered by RT. Based on the optimized material
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Figure 4.12: Normalized PDP and RMS delay spread comparison based on the mea-
surements, low-complexity SDRT before calibration, and low-complexity SDRT after
calibration.

parameters, the differences of the normalized PDP and the RMS delay spread be-
tween measurements and low-complexity SDRT simulation results are minimized.
The difference of normalized PDPs between measurements and RT simulation is
reduced by 10dB and the RMS delay spread is improved about 5ns despite only
one prior measurement is used for the calibration. Moreover, it can be seen that the
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power of the diffuse components is increased, while the power of the deterministic
components are not influenced. The reasons for the remaining gap are the large di-
mensions of the environment which cannot be modeled absolutely accurate and the
higher-order propagation mechanisms that are not considered by our RT algorithm.

4.4 Sub-band Divided RT Algorithm Using DPS
Sequences

As in Section 3.3, we are also interested in modeling the channel characteristics
at multiple mobile terminal positions in UWB indoor scenarios. Although we have
proposed a low-complexity SDRT algorithm for one terminal position, the compu-
tational complexity is still extremely high when involving multiple mobile terminal
positions. Moreover, some indoor positioning techniques require for high positioning
accuracy data from measurements/simulations with a very fine spatial resolution.
To cope with this, a parallel ray approximation (PRA) algorithm is proposed in [88]
to reduce the computation time in this situation. However, the computation time is
still proportional to the number of terminal positions. For band-limited fading pro-
cesses, it is known that a projection on a subspace spanned by two-dimensional DPS
sequences [81] allows for a substantial complexity reduction of GSCMs [84, 86]. In
Section 3.3, this insight has been applied to obtain a low-complexity DPS subspace
based RT algorithm for a wideband communication system in an indoor scenario.
We extend the wideband RT in Section 3.3 to the UWB case by expanding the
DPS sequences to each sub-band. Due to the same geometrical information of the
propagation paths for all sub-bands, the subspace dimension and basis coefficients
in the frequency domain do not need to be recalculated at different sub-bands. The
accuracy of the proposed algorithm is evaluated by comparing it to low-complexity
SDRT without the DPS subspace projection. Moreover, the effect of antenna char-
acteristics on the proposed algorithm is analyzed.

4.4.1 CTF of Low-complexity SDRT Algorithm

RT calculates all propagation paths connecting the Tx and the Rx based on ge-
ometric and electromagnetic computations. In [88], a first simplification has been
proposed by performing the geometric computation once at the beginning of the
procedure, while the electromagnetic calculation are performed at each individual
frequency f.;. In the low-complexity SDRT algorithm, see Section 4.2, both the
geometric computation and the electromagnetic computation need to be performed
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only once for all sub-bands. The corresponding calculation of propagation paths at
other sub-bands can be derived based on the results at one sub-band.

For a static Tx and multiple Rx positions, the CTF depends on the Rx positions
u,,. We are interested in the case that u, = ug + dgn, where n € {0,..., N — 1} is
the discrete Rx position index and N is the number of samples in the space domain,
U is the initial Rx position, and dg is the spatial resolution vector. The CTF based
on low-complexity SDRT at one sub-band can be obtained as

L
Hpgrlai; un) = Hiprr (i fs, uo + dsn) = Z mlfei, u, e /2matinl, (4.23)
=1

where fs denotes the width of a frequency bin, [ € {1,..., L} is the index of the
propagation path, L is the total number of propagation paths, 6;(u,] = 7[u,]fs is
the normalized delay of the [—th path with 7; denoting the excess delay of the [-th
path, where the delay of the first arriving path is defined as 71 = 0s, [ fei, U, is
the complex electric field of the I-th path at the center frequency f.; of the i-th
sub-band, ¢; € {— L%J, e L%j — 1} is the discrete frequency index vector at the
i-th sub-band, @; is the number of samples in the frequency domain at the i-th sub-
band, and || indicates the floor function. Both 7; and 7; depend on the Rx position
u,. Finally, the relevant Hsprr in the entire frequency range can be obtained by
combining all CTFs Hprr at different sub-bands as

T
Hsprrg, u,] = [HéDRT[QMHH]T HgDRT[CDaun]T T HSIDRT[anun]T} ) (4.24)

where [-]T denotes the transpose function.

4.4.2 Computational Complexity Reduction

In the following we present our method for reducing the computational complexity
by means of a projection on a subspace spanned by DPS sequences. To reduce
the computational complexity of low-complexity SDRT for multiple Rx positions,
we propose a low-complexity DPS subspace based RT algorithm. The prerequisite
of the proposed algorithm is to fulfill the same conditions as the PRA algorithm.
Therefore, we introduce first the PRA algorithm and thereafter the extensions with
the DPS sequences. Note that RT needs to be performed only once at one sub-band
at the initial Rx position ugy for these two algorithms.

4.4.2.1 PRA Algorithm Based on Low-Complexity SDRT

PRA is an efficient RT algorithm for modeling UWB indoor propagation channels
at multiple terminal positions [88]. The basic concept is that the gain coefficients
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of propagation paths reaching the nearby targets are assumed to have the same

magnitude but different phases. This approximation is valid when the following far-
field conditions are fulfilled [88]:

[ur — | > A, (4.25)

[urx — | > |u, — uo| = |donl, (4.26)

where )| is the wavelength at the lowest center frequency, ur, is the Tx position
coordinate, and dg,, is the vector pointing to the Rx position u,, from the initial Rx
position ug. The CTF at the Rx position u,, relying on the results of the initial Rx
position ug, at the i-th sub-band is approximated as

”dO n "l

HPRA qi, un Z m fc 2 uO —J2maif; [HO] T s (427)

A is the wavelength corresponding to f.;, and v; is the unit vector of the [-th path
reaching uy. Furthermore, the relevant Hpra in the entire frequency range can be
obtained in the same manner as in (4.24).

4.4.2.2 DPS Subspace Algorithm Based on Low-Complexity SDRT

We exploit the band-limited property of the CTF by projecting each path [ €
{1,..., L} to a subspace spanned by two-dimensional DPS sequences. The detailed
information of DPS sequences has been presented in Section 3.3. The two-dimensions
refer to the frequency and space dimension here. The two key parameters for the
setup of the i-th sub-band are

e the maximum normalized excess delay Opmax,i = Tmax,ifs, Where Tyax; is the
maximum excess delay among all paths at the initial Rx position ug for the
1-th sub-band, and

e the normalized minimum and maximum DoA &pmin; = cos(l/Jmm) - and
EDmaxi = cos(wmam)”;\is”, where ||dg|| is the distance between antenna posi-
tions, || - || denotes Euclidean norm, the DoA 1 is defined as the angle between

do, and vy, Ymin,; and Yy, are the minimum and maximum DoAs among all
paths at the initial Rx position ug for the i-th sub-band.

As mentioned previously the geometric computation of propagation paths is the
same for all sub-bands, SO Tmax,i; ¥min,i a1d Y¥max,; are independent of the sub-band.
Thus, Opmax is also independent of the sub-band. We drop the index ¢ from Oppax i
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and write Oppax in the rest of the paper. However, {pmin; and Epmax,; are related to
the sub-band because of their dependency on A.;. The band-limited region at the
i-th sub-band is defined by the Cartesian product as [84]

Wi = Wi X Wa; = [0, o] X [gDmin;i ‘|2— fDmax,z" EDmax,i ; SDmin,i]. (4.28)
The relevant index set is denoted by
I =1y x Iy = {—L%J,.‘., L% -1} x{0,...,N —1}. (4.29)

The approximate DPS subspace representation H I()DPis), with the subspace dimension

D; for the i-th sub-band can be expressed as
HyRlgi, w,] = Vid, (4.30)
where the two-dimensional DPS basis vector at the i-th sub-band is
Vi = Vi(W;, I;) = Vi(Wi, Iy;) © Vi(Way;, 1a). (4.31)

«; are the approximate basis coeflicients at the i-th sub-band. It can be observed that
the basis vectors V;(W4, Iy;) and V;(Wy,, I4) change along different sub-bands. The
approximate basis coefficients at the i-th sub-band can be expressed by a Kronecker

product
L
a; = Z Ml feq wo] (Va(We, I ) X¢;(01)) @ (Vi(Way, 1a)xai(€10)) (4.32)
=1 ¥ o~ (W I i~ (bisWaisla)

where 1), is the DoA of the [-th path, while & ; is the normalized DoA at the i-th
sub-band, and
X0 = [ o gy (1.33)
and
Xai63) = [0a], 0l Daf” V)" (4.34)
are the complex exponential functions, in which ¥y = e™2™% and ¥4; = e/¥™¢i, re-
spectively. Then the approximated projections of the complex exponential functions
on the DPS basis vectors ’ﬁ’i(n; Wr, I;) and 5/?71»(7,&[; Wi, 1q) can be used to simplify
the calculation of the complex exponential functions by the scaled and shifted ap-
proximated DPS wave functions as in (3.47). It can be seen that the approximated
projection ’yfﬂ-(n; W, Iy;) and ’Y?i(?ﬂl; Wai, 1q) are related to the sub-band. However,
if we have the same number of sampled frequencies @); for all sub-bands, only the
approximated projection ’NY?,z‘(wl; Was, 1q) in space is related to the sub-band. Finally,

the relevant H]()g)s [¢,u,] in the entire frequency range can be obtained
D D D T
Hopslg, wa] = [HppS g wa " Hppdlaa wal™ -+ Hipglarwa]'] . (4.35)
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4.4.3 Simulation Procedure

In order to show the performance of the proposed algorithm, a typical indoor scenario
is generated according to the measurement description in [88]. Moreover, we consider
two antennas with different radiation patterns in the evaluation: i) a discone antenna
[103] and ii) an omnidirectional antenna at both the Tx and the Rx side, respectively.

4.4.3.1 Simulation Configuration

A 3-D view of the scenario is shown in Fig. 4.13, whose dimensions are 5.7m x 5m X
2.6 m. It consists of a concrete floor and ceiling, concrete walls, a wooden door, glass
windows, as well as metallic and wooden furniture. Different materials are sketched
with different colors in Fig. 4.13. The dielectric parameters can be found in [88]:
g, =9 and 0 = 0.01 S/m for concrete blocks, €, = 13 and ¢ = 107° S/m for wood
blocks, and &, = 7.6 and 0 = 107'2S/m for glass blocks, respectively. Moreover,
we treat the metallic cabinet as a PEC. The location of the Tx antenna is fixed,
whose coordinate is ur, = [0.775 2.755 1.35]T m. The Rx antenna is placed linearly
at N = 200 positions seen from the lower right corner of Fig. 4.13. The initial
coordinate of the Rx is ug = [3.08 2.73 1.35]T m. We consider a fixed Rx antenna
height, so that the spatial resolution vector is set as dg = [‘/75 \/75 0]" mm, resulting
in Rx antenna separation of ||dg|| = 1mm. A close-up view of the Rx positions
is included in Fig. 4.13 (b). A few exemplary propagation paths are visualized in
Fig. 4.13 for the Rx position ug. In the simulation, we consider the propagation
mechanisms including LOS, up to the fourth-order reflections, penetration, single-
order diffraction and diffuse scattering. Note that penetration is embedded in all
other mechanisms.

The frequency range is from 3.1 GHz to 10.6 GHz with a frequency resolution of
fs = 4.6875 MHz. We divide the entire bandwidth of 7.5 GHz into Z = 16 sub-bands
with a bandwidth B; = 468.75 MHz. Note that (); = 100 for all sub-bands. Thus,
the corresponding calculation of the subspace dimension V;(Wr, If;) and its relevant
basis coefficients ’y?i(n; Wh, I;) in frequency need to be performed only once. In the
following analysis, the low-complexity SDRT algorithm is used as reference. There
are L. = 60945 propagation paths obtained based on low-complexity SDRT at the
first sub-band B; of the initial position ug.
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Figure 4.13: Pictorial view of the RT scenario considering one Rx position from the
grid. (a) 3D view. (b) 2D view, including a close-up view of the Rx positions.
4.4.3.2 MSE Comparison

The MSE of the CTFs between low-complexity SDRT and the DPS subspace algo-
rithm can be calculated as (4.36)

MSE[u,] = > [Hsprrlg, u,] — Hpps[q, u,][?
" >, [ Hsprr[q; u,][?

(4.36)
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The MSE between the remaining algorithms can be calculated in the same way. Note
that the low-complexity SDRT assumes that the random phases of diffuse scattering
paths are drawn independently for each Rx position, while the PRA and DPS algo-
rithms initialize the relevant phases from Rx position ug. Thus, in order to avoid the
influences from the random phases of diffuse scattering paths, we only consider the
deterministic paths to obtain the associated MSE[u,] results. The relevant results
are shown in Fig. 4.14, which includes two different antenna cases. It can be noticed
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(b) Omnidirectional antenna

Figure 4.14: MSE of CTFs based on three algorithms, which only consider the de-
terministic paths, at the same Rx positions.

that the MSE values between the PRA and DPS algorithms are always smaller than
—45dB for both antenna cases. This confirms that the approximation of the DPS
subspace algorithm is as good as the PRA algorithm.

We can observe a jump in the MSE values at the Rx position usg for both antenna
cases. We find at the Rx position uzg in comparison to the Rx positions uy,<35) two
additional deterministic components in the low-complexity SDRT algorithm. These
components are obviously not included in the PRA and DPS algorithms, which leads
to the jump in the MSE.

We set the acceptable error threshold to MSEy,, = —20dB, which indicates how
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accurate the proposed DPS algorithm is expected to be. With both antenna cases,
the MSE between the RT and DPS subspace algorithm increases steadily along all
Rx positions. For the discone antenna case, the MSE keeps smaller than —20 dB until
the Rx position ugy. While for the omnidirectional antenna case, the MSE starts to
exceed —20dB from the Rx position uji6. It can be concluded that the antenna
radiation pattern can influence the accuracy of the proposed DPS algorithm. In
order to make the relevant results comparable, the considered maximum number of
Rx positions is set to N = 81 for the remainder of this paper, which is equal to
S8cmt.

4.4.3.3 RMS Delay Spread Comparison

In Fig. 4.15, the RMS delay spread mgrys is shown for the three SDRT implemen-
tations and the two antenna configurations. It can be observed from Fig. 4.15 that

10 : ‘
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(b) Omnidirectional antenna

Figure 4.15: Comparison of RMS delay spread mrys based on three algorithms at
the same Rx positions.

'Tf the environment is larger, resulting in interactions to be further away and the plane wave
assumptions to be better fulfilled, the MSE would increase slower and the maximum possible
"N’ under the threshold would be larger.
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Table 4.1: Computation Time
Algorithms | SDRT [h] | PRA [b] | DPS [h]
Computation time |  6.78 | 0.078 | 0.012

the Trvs values based on low-complexity SDRT fluctuate. The mryg values do not
fluctuate for the PRA and DPS cases, but evolve rather smoothly. This is related
to the random phases of the diffuse scattering paths, please refer to Section 4.4.3.2
for the detailed explanation. It also can be seen that the Tyumg values for the PRA
and DPS algorithm are practically identical. For the discone antenna case, the s
differences between low-complexity SDRT and the DPS algorithm is always smaller
than 1ns along all Rx positions, while for the omnidirectional antenna case, it is al-
ways smaller than 0.5 ns along all Rx positions. This is mainly caused by the antenna
elevation pattern. It can be concluded that the antenna radiation pattern influences
the RMS delay spread as well, however to a smaller degree.

4.4.3.4 Computation Time Comparison

11

D, ()

5 1 1 1 1 1 1 1
2 4 6 8 10 12 14 16
Sub-band index i

Figure 4.16: Subspace dimension Dq(i) in space.

The computation time comparison (2.4 GHz Intel Core i7 CPU with 8 GB RAM)
based on the three considered low-complexity algorithms are presented in Table
4.1. The common simulation time of 0.086h of RT for all three algorithms per-
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formed at one sub-band at the initial Rx position ug is not included. Note that
the computation time is the same for both antenna configurations. Compared
to low-complexity SDRT, the computation time can be reduced by a factor of
(6.78 + 0.086)/(0.012 + 0.086) = 70.06 when using the DPS algorithm. While com-
pared to the PRA algorithm, without considering the simulation time of RT per-
formed at one sub-band at the initial Rx position ugy, the corresponding reduction
factor is about 6.5.

The essential subspace dimensions in frequency and space are the same for both
antennas, respectively. The essential subspace dimension in frequency is Dy = 74 for
all sub-bands, while in space Dy(i) varies for different sub-bands. Dy(4) is shown in
Fig. 4.16. It is evident that the subspace dimension in frequency is always smaller
than the number of frequency samples in each sub-band. In addition, the dimension
in space at different sub-bands is always smaller than the number of Rx positions.
Therefore, we reduce the computation time with the DPS subspace algorithm. The
proposed DPS subspace algorithm reduces the computation time by more than one
order of magnitude compared to low-complexity SDRT.
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It is well-known that the radio wave propagation mechanisms inside tunnels are dif-
ferent from the typical outdoor and indoor situations. Since the tunnels represent a
significant type of vehicular environments, understanding the channel characteristics
for the in-tunnel scenario is crucial for ITS design. A widely used tool for simulating
channel characteristics for outdoor and indoor scenarios is a deterministic propaga-
tion prediction tool, known as RT. However, RT applied for tunnel scenarios has
not been studied adequately.

In this chapter, we firstly introduce in-tunnel measurements and their relevant
time-varying analysis. Moreover, we present a low-complexity RT algorithm for tun-
nel scenarios by combining an approximated RT with higher-order reflection algo-
rithm as the first step. Furthermore, a hybrid ray and graph method to simulate the
in-tunnel time-variant V2V propagation channel is proposed as the second step.

5.1 Background

The performance and efficiency of ITS depend strongly on wireless communica-
tion systems. V2V wireless communications have received a lot of interest from
both academia and vehicle industry. The development of suitable communication
standards requires an adequate understanding of the V2V propagation channel.
Due to fast changing propagation conditions, including geometries, variable vehi-
cle speeds and a relatively low height of the Tx and the Rx antennas, the V2V
propagation channel differs significantly from typical channels observed in cellular
networks [58,104]. Moreover, the semi-enclosed in-tunnel scenario leads to V2V radio
propagation characteristics that are different from typical situations. Full compre-
hension of the channel behavior in-tunnel is of great importance for I'TS to improve
the safety in tunnel scenarios, for instance by lane change assistance, cooperative
forward collision warning, or slow vehicle warning, among others [105]. Furthermore,
it is obvious that the reliability of the radio-link depends strongly on propagation
mechanisms. Therefore, effective channel prediction tools and models are required
for the development of suitable communication systems and standards.

Several theoretical and experimental studies for analyzing propagation of VHF
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and UHF radio signals in tunnels have been summarized in [106, 107]. Channel
models describing the propagation characteristics in tunnels are divided into de-
terministic and empirical channel models: (i) deterministic channel models include
ray-based approaches [108-112], waveguide models [113-115] and numerical meth-
ods for solving Maxwell equations [116,117], and (ii) typical representatives of an
empirical channel model is the two-slope channel model [114,118]. We are interested
in modeling the in-tunnel time-variant V2V propagation channel by RT. However,
the accuracy of RT depends on a precise description of the propagation environ-
ment, which leads to high computational complexity. Due to this reason, a simpli-
fied RT tool is used in most of the published work to study the behavior of radio
wave propagation in empty tunnels. Furthermore, due to the fast changing propa-
gation conditions, vehicular communication channels are always characterized by a
non-stationary time- and frequency-selective fading process. This requires a more
efficient channel model to describe the V2V propagation channel.

In addition, it is important to validate the channel model by comparing the
relevant results with measurements. However, there are only few published stud-
ies of in-tunnel V2V channel measurements [111,119-122], most of which consider
only infrastructure-to-vehicle communications and do not use the carrier frequency
dedicated for ITS. Few in-tunnel channel measurements for 5.8 GHz can be found
in [105,120,123], where a significant contribution from the dense multipath compo-
nent along with a strong LOS component can be observed. In fact, these dense mul-
tipath components are mainly caused by high-order reflection paths [108]. Therefore,
we propose a low-complexity RT algorithm for tunnel scenarios by combining RT
with an approximated higher-order reflection algorithm. The approximated higher-
order reflection algorithm only depends on the width and height of the tunnel, and
the Tx and Rx positions. Therefore, the obtained propagation paths are the same
at any time snapshot when the environment keeps constant.

It can be seen that the power of the dense multipath component drops off expo-
nentially with increasing delay in the early part of the CIR. We denote the dense
multipath component as the "reflection tail”. Therefore, we introduce the concept of
reverberant radio channels by propagation graphs [124] in our work. The recursive
structure of the graph allows for a computationally efficient simulation of an infinite
number of bounces and represents the reflection tail well. In addition, small or irreg-
ular shaped objects, such as traffic signs and the ventilation system, are difficult to
be modeled by RT. These kind of objects are always approximated as perpendicular
parallelepiped in our RT tool. Thus, we generate discrete scatterers on those small
or irregular shaped objects based on the geometrical information of the scenario.
This resembles the concept of a GSCM. The proposed propagation graph can easily
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integrate these scatterer contributions. The aforementioned considerations motivate
our interest in designing a hybrid ray and graph method to simulate the in-tunnel
time-variant V2V propagation channel.

5.2 In-Tunnel Measurements and Time-Varying
Analysis

The measurements used in the present work were collected in the DRIVEWAY’09
measurement campaign [119] in the Oresund tunnel connecting Denmark and Swe-
den. The observed fading process of the V2V channel is non-stationary [119]. The
LSF is a useful quantity for characterizing non-stationary time-variant channels,
which is a short-term representation of the power spectrum of the observed fading
process [105].

5.2.1 In-Tunnel Measurements

The measurement starts when the Tx driving in front of the Rx enters the tunnel.
At t = 2s enters the Rx the tunnel, see Fig. 5.2. The picture in Fig. 5.1 is taken
from the video of the measurements when both, the Tx- and the Rx-vehicle, are
inside the tunnel. The distance between both vehicles is about d = 120m and

View from the Rx

Figure 5.1: Video snapshot representing measurement environment.

their speed is kept constant at vgy = vy = 105km/h for the whole measurement
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time interval. Both the Tx- and the Rx-vehicle are equipped with an antenna array
consisting of 4 elements that is placed on the roof-top of the vehicle. Moreover, each
element is mainly radiating in one of four directions: left, right, back and front, thus
the antenna array covers 360° in the azimuth plane. The CTF H(¢, f) is measured
over a time interval of T" = 10s, with a time resolution of t; = 307.2 us. In total,
there are S = 32000 time snapshots. There are () = 769 total frequency bins in the
measurement bandwidth of B = 240 MHz, where the carrier frequency f. = 5.6 GHz.
This results in a resolution in frequency domain of f; = B/Q. We denote the sampled
time-varying CTF as

H,[m,q| £ H,(t, [) = H,(mts, qf5), (5.1)
where ¢ € {1,---, L} is the link index, £ = 16 for our case, m € {0,---,S—1} is the
snapshot index and ¢ € {— L%J, e L%j — 1} is the sampled frequency index. Note

that qfs € [-B/2, B/2]. In order to resemble an omnidirectional antenna radiation
pattern, the CTF can be expressed as

Z (5.2)

5.2.2 LSF Based Measurements Analysis

l\: |

The observed fading process of the V2V channel is non-stationary [119]. The LSF,
a short-term representation of the power spectrum of the observed fading pro-
cess, is a useful tool for characterizing non-stationary time-variant channels [105].
We assume the fading process is locally stationary within a stationary region
with size M x N samples in time and frequency, respectively. In order to calcu-
late the LSF for consecutive stationary regions, the time index of each station-
ary region ky € {1,---,|S/M]} and the frequency index of each stationary re-
gion ks € {1,--- ,|Q/N|} are defined. The estimate of the discrete LSF is denoted

as [125], [126]
-1

1
Clky, ke n,p) = Z |1 Gk, s m, pH , (5.3)

where n € {0,---, N — 1} denotes the delay index, p € {—M/2,---M/2 — 1} the
Doppler index, I is the number of orthogonal time-domain tapers, J is the number
of orthogonal frequency-domain tapers, and w is the parameter of the windowed
frequency response HG«)[k;, kg; n, p]. The windowed frequency response reads [104]

M/2—1 N/2-1

HOk kn,pl = >0 > H = kg = k]Gufm', ¢le 720, (5.4)

m'=—M/2 ¢=—N/2
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where the window functions G, [m/, ¢'] shall be well localized within the support
region [—M /2, M/2 — 1] x [-N/2,N/2 —1].

The parameters selected for analyzing the measurements are M = 128 and N =
769, which results in a stationary region of 40 ms x 240 MHz. Note that we assume
the channel is stationary over the total measured bandwidth. These parameters are
the same as the ones used in [127]. Thus, the obtained resolutions are ¢, = 307.2 us in
time domain, f; = 312.09kHz in frequency domain, 7, = Q/(BN) =1/B = 4.17ns
in delay domain, and vs = 1/(t,M) = 25.43 Hz in Doppler domain, respectively.

Based on the LSF C [kt, ke; n, p], the time-varying PDP and time-varying Doppler
power spectral density (DSD) can be calculated by projecting the LSF in the delay
and Doppler domain, respectively. They are defined as

pT[kta kf, n] == Ep{é[kh kf) n7p]}

M/2-1

5.5
Z Clky, kr; m, pl )
p— M/2
and
pu[ktakf; ] = {A[k‘ihk‘if;n p]}
(5.6)

Z [k, ke; m, pl,

where E,{-} denotes expectation over the variable z.

The time-varying PDP and DSD, shown in Fig. 5.2(a) and Fig. 5.2(b), are cal-
culated according to (5.5) and (5.6). There are Ky = S/M = 250 stationary time
regions over a time interval of T'= 10s and K; = Q/N = 1 stationary frequency
region over the bandwidth B = 240 MHz. Multiple signal components parallel to
the direct LOS component are presented in Fig. 5.2, which are mainly caused by
the higher-order reflections from the tunnel walls, ceiling and floor. Besides these
significant contributions in the PDP, the components from objects inside the tunnel
are also visible.

5.3 Tunnel RT Algorithm

RT in this work has been accelerated by using MEX functions. Moreover, the reflec-
tion algorithm has been improved by efficient implementation of finding reflection
paths as described in Section 3.1.2. Despite of this, the computational complexity,
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Figure 5.2: Normalized time-varying PDP and DSD measured over interval of T' =
10s.

involved in the backtracking procedure, is tremendously increased due to the higher-
order reflection case. Therefore, we combine an approximate higher-order reflection
algorithm with the RT algorithm.

5.3.1 Approximate Higher-order Reflection Algorithm

This algorithm does not consider the objects inside the tunnel, so that the tunnel
is treated as an equivalent rectangle [128]. The input for the algorithm includes the
positions of Tx and Rx, the width 2a and the height 2b of the tunnel, as well as
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the permittivity and conductivity of the vertical and horizontal walls. An example
of the set of reflection images of the Tx on the excitation plane are shown in Fig.
5.3. The origin of the coordinate system is located at the center of the rectangular
tunnel. The propagation paths related to image I, , experiences |p| times vertical
reflections and |¢| times horizontal reflections. Regardless of the reflection order, the
incidence angles on the vertical and horizontal walls, £, and «y,, remain the same
for a certain path.
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Figure 5.3: An example of the set of images within the tunnel.

For a Tx positioned at (x¢, yo, 20), the coordinate (x;, y;, z) of the image point 1, ,

can be calculated as
T = 2a - px xg,

Yy = 2b- q £ yo, (5.7)
= 2o,
where the positive sign is selected if p or ¢ is even while the negative sign is selected
if p or ¢ is odd. The Tx and Rx antennas used for the RT simulation are vertical
half-wave dipole antennas in the present work. The electric field for a single order
reflection component, can be expressed as

—Jj27 ferp,q/c _

_ I g €
Fivet = [080)" R fe) - g ——— B, 63
P.q
where f:{href = thl -le‘ is the reflection coefficient, R and R, are the perpendicular
and parallel polarization coefficients, which can be calculated according to (2.11)
and (2.12), and r,, is the distance between the image point I, , and the Rx, which
is equal to the total length of the propagation path between the Tx and the Rx.
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Compared to the reflection algorithm in RT, the approximate higher-order reflec-
tion algorithm requires no backtracking procedure. Based on the visibility procedure,
all relevant information for the path calculation can be easily obtained. Therefore,
we propose a hybrid approach by combining this higher-order reflection algorithm
with RT to predict the propagation channel in real tunnels. Note that the effec-
tive subdivision algorithm has been applied for the diffuse scattering algorithm as
introduced in Section 3.2.1. Due to the high computational complexity of RT, we
limit the simulation of the CIR to 1s, corresponding to ¢t = 7.5s,...,8.5s in the
measurements, in the following analysis.

5.3.2 Analysis of Time-Varying PDP

The 3D and 2D view of the tunnel scenario used for RT is illustrated in Fig. 5.4,
where the different materials are sketched with different colors. It should be noted
that we do not have the detailed description of the tunnel. The dimensions of the
tunnel and the objects inside are found in [129] and in the video of the measurements.
Each block is modeled as a perpendicular parallelepiped and the moving object
is also included by our RT tool. The width is 2a = 11.65m and the height is
2b = 6.93m, while the considered length is 586 m. It should be noted that the
length of the tunnel is longer than the considered length. The reason is that the
propagation paths from the deeper inside of the tunnel, most likely coming from
diffuse scattering, would contain very low power, but would result in extremely
high computational complexity. The dielectric properties are included in the input
database of RT, in which the metallic block is assumed as a PEC. The values of
relative permittivity e, and the conductivity o of the materials are: €., = 8.92
and o, = 0.046 S/m for concrete blocks, and €, = 3.7 and o, = 0S/m for glass
blocks [63]. According to the simulation parameters, dS is 1.23m? for the proposed
subdivision algorithm based on (3.6). The Tx and the Rx antennas used for the RT
simulation are half-wave dipole antennas.

RT takes into account the following propagation mechanisms: LOS, reflection up
to the fourth order, single-order diffraction, single bounce scattering, scattering-
reflection and reflection scattering cases. Penetration has been embedded into all
other mechanisms. Some propagation paths are visualized in Fig. 5.4. For the ap-
proximate higher-order reflection paths, the vertical reflection order |p| and hori-
zontal reflection order |¢| satisfy the relationship as 4 < |p| + |¢| < 40. We assume
that components with reflection order larger than 40 can be neglected as shown
in [130]. In order to make the simulation results comparable to the measurements,
RT is performed at N = 3200 time snapshots in a time interval of 7' = 1s. The

102



5.3 Tunnel RT Algorithm

Concrete
Glass
Metal

car

Metal 400

Metal
ver
LOS
+weeees Reflection
————— Diffraction
= = = Diffuse Scattering

ilat

y [m]
7

0 100
X [m] z[m]
(a) 3D view
8-
Concrete
Glass
Metal
car
I I Metal -
Me(alvenmation
I LOS
seeeeeeees Reflection
————— Diffraction
= I — — - Diffuse Scattering
x
l I
T T TSs=s=sol_
|
8 1 1 1 1 1 1
0 100 200 300 400 500 600
z[m]
(b) 2D view

Figure 5.4: Pictorial view of the RT tunnel scenario. (a) 3D view. (b) 2D view.

simulation time of the tunnel RT for one snapshot is about 407 s (2.4GHz Intel Core
i7 CPU with 8GB RAM). Furthermore, K; = 25 stationary time regions over the
time interval T' = 1s are used for the time-varying PDP analysis.

It is noteworthy that we do not involve the LSF in the following time-varying
PDP. We average all obtained CIRs within each time stationary region directly.
The normalized time-varying PDP P[kt;n] of the tunnel RT algorithm is shown
in Fig. 5.5. The contributions from the objects inside the tunnel can be observed
clearly. To clarify, we focus here at one time snapshot and compare the time-varying
PDPs at stationary time region ky = 20, where kg € {0,..., K; — 1} denotes the
stationary time region index. The results are shown in Fig. 5.6. From Fig. 5.6 (a),
it can be seen that the normalized PDPs based on measurements and the tunnel
RT algorithm are comparable to each other. Note that the normalized PDP based
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Figure 5.5: Time-varying PDP simulated with the tunnel RT algorithm for time
interval of T'= 1s.

on the measurement here is different with the one shown in Fig. 5.2: i) In Fig. 5.6
(a), the PDP is calculated by averaging all CIRs within the stationary time region
ky = 20, and ii) in Fig. 5.2, the PDPs is obtained based on the LSF. The peaks
appearing between 1 pus and 1.5 us, marked by the red arrows, are mainly caused
by the moving object and the ventilation system. The shifts in the delay domain
and the imprecision of the power between the measurements and the tunnel RT
are unavoidable in the present work, because the environmental information to the
input of RT is not accurate enough. In the lower plots Fig. 5.6 (b)-(d), we analyze
the composition of the PDP of the tunnel RT algorithm. Due to the dimension of the
tunnel, the considered fourth-order reflection contributions are not enough, shown
in Fig. 5.6 (b), which is usually used for typical outdoor and indoor scenarios. In Fig.
5.6 (c), it can be observed that the higher-order reflection components play a more
important role in the delay interval 0.45 us — 0.75 us, while the diffuse scattering
components are more significant after 0.75 us, shown in Fig. 5.6 (d). Moreover, it
can be concluded that the diffuse scattering components contain more power when
they are close to the specular components.

5.4 Hybrid Model for Tunnel Scenarios

In Fig. 5.5, it can be seen that the obtained higher-order reflection paths are the
same at any time stamp when the environment is kept constant. In Fig. 5.6 (c), it can
be seen that the power of the higher-order reflection paths drops off exponentially
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Figure 5.6: Time-varying PDP based on the tunnel RT algorithm at time stamp
kt - 20

with delay in the early part of the PDP. We denote the contribution of the higher-
order reflection paths as the "reflection tail”. This reflection tail is difficult to be
included in RT due to its computational complexity requirements. Moreover, objects
with small size or irregular shape are difficult to be described by a RT tool. Fur-
thermore, modeling the time-variant V2V channel by RT requires extremely high
computational complexity. Therefore, we propose a hybrid model in this section,
which combines RT with the propagation graph. Based on the tunnel measurements
analyzed by LSF, we include the time evolution of relevant channel parameters in
the proposed model depending on the obtained stationary time region.
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5.4.1 Propagation Graphs

The so-called propagation graph is a directed graph, that can be set up according to
the propagation scenario. The directed graph G is defined as a pair (V, £) of disjoint
sets of vertices V and edges £. The vertex set V = Vr, U Vg, U Vs represents a union
of the set of Txs (in Vry), the set of Rxs (in Vgy) and the set of scatterers (in Vs).
The edge set £ can be partitioned into four subsets as Ergr the set of Tx-Rx edges,
Ers Tx-scatterer edges, Esg scatterer-Rx edges, and Egg scatterer-scatterer edges.
The signals propagate via the edges of the directed graph. Each Tx vertex emits a
signal via the outgoing edges, while a Rx vertex sums up the signals arriving via
the ingoing edges. A scatterer vertex sums up the signals on its ingoing edges and
re-emits this on its outgoing edges. Fig. 5.7 shows an example propagation graph
with four Tx vertices, three Rx vertices and seven scatterer vertices.

Err = {(Tx1,Rx1), (Tx2, Rx1)}

Ers = {(Tx2,87), (Tx3,53), (Tx3,S7), (Tx4,S1), (Tx4, S6)}
Esr = {(S1,Rx3), (36, Rx2), (S7, Rx3)}

Ess = {(S1,82), (S2,51), (S3,51), (S2,S4), (S4,S3), (S4,55)}

Figure 5.7: An example propagation graph with four Tx vertices, three Rx vertices
and seven scatterer vertices.

The weighted adjacency matrix A[qg] € CVtx+NrxtNs) X (Nt NextNs) - where Ny,

106



5.4 Hybrid Model for Tunnel Scenarios

Nrgyx and Ng are the number of Txs, Rxs and scatterers involved into the propagation
graph G, respectively, takes the form [124]

0 0 O
Algl=| D[g] 0 R[q] |, (5.9)
Tl[q] 0 Blq]

where 0 denotes the all-zero matrix of the appropriate dimension and the transfer
matrices

D[q] € CVrx*N1x connecting Vry to Vs,
R[g] € CVrxXNs connecting Vs to Vg,
T[q] € CNs*N1x connecting Vry to Vs,
Blg] € CYs*¥s interconnecting Vs.

Furthermore, the transfer function Hpg[g|, considering infinite interactions of the
propagation path, can be calculated in a closed form as [124]

Hpgg] = Dlg] + R[q][I - Blg]] " T]q], (5.10)

An expression for the partial transfer function is also derived in [124]. When account-
ing for K —th or more interactions, the partial transfer function can be obtained as

Hpq, k.0 [a] = Rlg/B* " [g][T — B[q]]~"T]q]. (5.11)

Comparing both expressions, it can be observed that the full transfer function (5.10)
is recovered from K = 1 to an unbounded number of interactions and by adding
DJq]. This is typical for the case when the reverberation effect occurs. Each element
A.[q] of Alg|, where e € &, is associated to an edge transfer function. The edge
transfer function is defined in Section 5.4.2.

5.4.2 Hybrid Channel Model

We consider a hybrid model, which is a linear system summing up the time-varying
CTF obtained from RT and the propagation graph as

HHY[m, C]] = HRT,O:nRT [m, q] + HPG,anzoo[m7 Q], (5-12)

where m = (ky — 1)M +m/, k, € {1,--- , K} and m' € {0,--- , M — 1} is the time
snapshot index for each stationary time region. The CTF Hgr g.npr[m, ¢] computed
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by RT contains specular reflections up to the order ngr, penetration, diffraction, and
diffuse scattering. The CTF Hpg npg:0o[™M, q] computed by the propagation graph
includes the partial response from the order npg to infinity for calculating the re-
flection tail and the response related to the contribution from discrete scatterers.
This consideration provides a clear contributions from both models. We set ngr = 4
and npg = 2 in the proposed hybrid model based on a certain path length thresh-
old. Note that this setting does not cause any overlapped paths based on RT and
the propagation graph. The detail is discussed in Section 5.4.3. In the following,
we use Hgr[m, q] and Hpg[m, q] to express the time-varying CTF based on RT and
the propagation graph, respectively. In order to save computational complexity, the
time evolution of relevant parameters is considered in the proposed model based on
the stationary time region. In the following, we describe how to set the parameters
for RT and the propagation graph.

5.4.2.1 Settings for Ray Tracing

In general, the geometric and electromagnetic parameters for RT are given by the
considered environment. In theory, we could set the order of interactions of the
propagation path as any positive integer. However, the computational complexity
of RT limits the order of interactions occurring for each path. For the considered
tunnel scenario, the maximum order of a reflection path is ngr. Moreover, we con-
sider single-order diffraction and single-order diffuse scattering contributions. For
the time-variant CTF of RT Hgr[m,q|, we firstly calculate the RT results at the
initial time snapshot m’ = 0 for each stationary time region k. Then we use the
SoCE algorithm (3.36) to calculate the time-varying CTF Hgr[m/, q| for stationary
time region k; as

Lyt k,

HRT[m/>Q] _ Z m [0]€_j27TQfsTl[0] ,ej277m/tsl’l[0]’ (5.13)
=1

where [ is the propagation path index, Lgry, is the total number of propagation
paths at stationary time region k, 7;[0], 7;[0] and 1;[0] are the complex-valued weight-
ing coefficient, delay and Doppler shift of the [—th path at m’ = 0 at stationary
time region ki, respectively. The Doppler shift at the center frequency f. is given
as [131]

[0] = (Jvrx| cos(#[0]) + |vrx| cos(Bi[0])) fe/c, (5.14)

where ¢ is the speed of light, ¢;[0] is the angle between the moving direction of the Rx
and the line connecting the {—th interaction point with the Rx and 5;[0] is the angle
between the moving direction of the Tx and the line connecting the [—th interaction
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point with the Tx at m’ = 0 at stationary time region ki, respectively. Note that
we also can use the DPS subspace instead of the SoCE algorithm here. However, we
cannot save the computational complexity for the considered scenario due to the time
resolution and the frequency resolution in measurements. If the radio propagation
occurs in a frame based communication system, the DPS subspace would be a better
solution than the SoCE algorithm considering the computational complexity [60].

In order to save simulation time for diffuse scattering paths, a subdivision algo-
rithm based on concentric circles is applied, which significantly reduces the computa-
tional complexity of RT with no loss in accuracy [64], see Section 3.2. The proper tile
size can be calculated based on (3.6). The diffuse scattering tiles are kept constant
for one stationary time region. The complex-valued scattering weighting coefficient
n¢[0], where ¢ is the diffuse scattering tile index, can be calculated by (3.34) and
(3.35) as

0] = ot - (S s, (5.15)

where 7,..[0] is the maximum amplitude related to the ¢—th scattering lobe at
m' =0, p.[0] is the angle between the /—th scattering wave and the /—th reflection
wave directions at m’ = 0, «a, is an integer defined as the width of the scattering
lobe and 6,[0] is the random phase associated with the /—th path at m’ = 0 with
an uniform distribution in [0, 27]. Note that 6,[0] is constant within one stationary
time region.

5.4.2.2 Settings for Propagation Graph

For the propagation graph, we consider the Tx and the Rx positions within each
stationary time region ky as the set of Txs Vp, = {Txq, -+, Txp_1} and the set of
Rxs Vrx = {Rxo, -+, Rxas_1}, respectively. The positions of scatterer vertices Vs in
the graph are obtained from geometric RT results and the geometrical description
of the scenario. The set of scatterers can be split as Vs = Vip UVsp U Vup, where the
"interaction points (IPs)” Vip are directly obtained by the RT reflection points. The
"static discrete (SD) scatterers” Vsp are located on significant static objects in the
tunnel, and "mobile discrete (MD) scatterers” Vyp are located on moving objects
in the tunnel. The significant static objects involved in the propagation graph are
the ones made of metal or glass and hard to describe by RT. We update Vip and
Vsp positions for each stationary time region k. It is further explained as we keep
using the same Vip and Vsp positions at each stationary time region k;. While for
the V\ip, we need to update their positions at each time snapshot according to their
speeds.
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The edges of the graph are defined by considering the specific geometry of the
tunnel scenario. We further define that the Txs have edges to all three scatterer
types based on different probability of visibility Prr, Prs and Pry. Similarly, all
three scatterer types have edges to the Rxs based on different probability of visibility
Pr, Psg and Pygr. We assume that the probability of visibility between the three
scatterer types is zero. The reason is that we consider the contribution either from
a SD or from a MD scatterer to be a single path, similar as the contributions from
single objects in the tunnel shown in Fig. 5.2(a). Furthermore, due to the plane
surface, it is reasonable to assume that there are no edges between scatterers on the
same surface [132]. In addition, due to the semi-enclosed tunnel scenario, where the
length is much larger than the width and the height of the tunnel, we cannot allow
that any two scatterers can see each other without considering the distance. This
requires to set a distance threshold d;, for which a visibility between scatterers is
possible.The particular form of the edge transfer functions T|g], R[g] and B[q] are

given as
TIP[Q]
Tlg] = | Tsplq] |, (5.16)
T |q]
Rlg] = [ Rir[g] Rsplg] Ramlq] | (5.17)
and
BII[q] 0 0
Blgj=| 0 Bglg O (5.18)

with submatrices according to
Tip[q] € CM**M connecting Vry to Vip,
Tsplq] € CVsp*M  connecting Vry to Vsp,
Twyp[q] € CYXM - connecting Vr, to Vi,
Riplg] € CM*Ne - connecting Vip to Vgy,
Rsplq] € CM**Nsp connecting Vsp to Vry,
Ramp[g] € CM*Mio connecting Vyp to Vi,
Bi[g] € CMir*Nieinterconnecting Vip,

Bss[g] € CVsp*Nsp - interconnecting Vsp,
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Table 5.1: Edge Definitions at Each Stationary Time Region k;

Edge type ‘ Ple € &) ‘ Edge gain Je ‘ Submatrix
TX—R,X, e e VTX X VRX PTR (47rf[q ) D[Q]
Tx-IP, e € Vrx X Vip Pry \/47rf[Q]T(vT XVip X VRy) T [CI]
Tx-SD, e € Vy X Vsp Prs \/47Tf[(1]T<vTe :\S;SvaR ) Tsp [q]
Tx-MD, e € Vrx X Vup Pry \/ 47rf[q]T<vTe I\N;II\IDWR ) Taild]
IP-IP, e € Vip X Vip Py \/%(8)67911 Bii[q]
IP_RX’ €< VIP X VRX HP \/47rf[(I]T(VT XVIp X VRx) RIP [Q]
SI)—I%X7 e € VSD X VRX PSR \/4 Y (VTS ir\i}SDXVR : RSD [q]
MD-Rx, e € Vup X Vrx Pur \/47rf[(J]T(vTe T\levaR ) R [C]]
Other edges types 0 -

Bau[g] € CMpxNup - interconnecting Vup,

where Nip, Ngp and Nyp are the number of IPs, SD and MD scatterers involved
into the propagation graph, and Ng = Nip + Nsp + Nup-

The LOS contribution is included in RT, so that we set D[g] = O/« for one
stationary time region in the propagation graph. The time-varying transfer function
Hpg[m/, q] of the propagation graph at one stationary time region k, accounting for
interactions from npg to infinity in the proposed hybrid model, can be expressed in

closed form as
Hpgm/, q) = r[m/, q|B™ [k, q][I — Blky, q]] ~'t[m’, g, (5.19)

where r[m/, ¢] is the m/—th row vector of Rlg|, t[m/, ¢| is the m'—th column vector
of T[q], and Blk, q] € CVs*Ns is constant for each stationary time region k.

In the propagation graph, the edge definitions at each stationary time region k;
are listed in Table 5.1.

e We introduce different edge probabilities of visibility P(e € &) and different
edge gains g, for different edge types in Table 5.1. As the LOS contribution is
included in RT, we set Prg = 0. It also can be seen that the edge probability
of visibility P(e € &) is set to 0 for the edge types Vsp X Vsp and Vyip X Vup.
We further treat the contribution from a SD or from a MD scatterer to be
a single path. Therefore, we further set Prg = Pry = Psg = Pyr = 1.
In addition, for Pr;, P; and PR, it is noteworthy that the available edges
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112

are deterministically obtained via edge distances. Therefore, we calculate the
relevant logical matrices based on the edge distance. For the corresponding
logical matrices Lty or Lig, its element Ly j is defined as

1, dyy >= dihmin,
Lyy = . o (5.20)
0, otherwise.
While for logical matrix Ly, its element Ly j» is defined as
17 d min <= di” i <=d max;
Ly = . : o (5.21)
0, otherwise.

dih min aNd din max are two distance thresholds. When the element Ly = 1 or
L ;» = 1, we define that the edge is available. Based on (5.20) and (5.21), the
number of available edges in each matrix Ly, Lig or Ly can be calculated.
Furthermore, we can obtain the probability of visibility Pr;, Pir and Fjr.

The defined edge gains g, in Table 5.1 are used for calculating the edge transfer
function A.[g|. It is an element of the matrices T[q], R[¢] and BJ[q¢] taking into
account different edges. In order to use the propagation graph, specifying the
edge transfer function A.[q] is required. For a vertex position r,, associated to
each vertex v € V, the edge transfer function is defined as
Al = {ge[Q] exp(—j2nreflq]), e€&, (5.22)

0, egé.

where 7, = ||r, —r,||/c is the propagation delay between the vertex r, and the
vertex ry, and flq] = f.+qfs. Please distinguish 7, with 7y, «vsxyp,) in Table
5.1, which is the propagation delay of the edges from the Tx to the scatterer
and from the scatterer to the Rx. odi(e) denotes the number of outgoing edges
of the initial vertex of edge e, and 0y € [0, 27] is the random phase set only once
for each stationary time region k. The defined edge gain related to scatterers
resembles Friis equation considering the first order interaction. It can be seen
that this definition is different to [124]. For the edge gain related to IPs, the
distance threshold has weighted the edge. For the edge gain related to SD
and MD scatterers, S, is used to weight the edge according to the scatterer
material, which is defined as

S, = (1—a.)? (5.23)
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where the average absorption coefficient a, is related to the scatterer material
[67]. Referring to the edge gain gy, it depends on the slope p of the delay-power
spectrum of higher-order reflection paths as

g ~ 10™50" (5.24)
where p(&n) = ﬁ > ece, T(e € &) is the average delay among all edges
e € &y. For our study, we predict the slope p based on applying the ap-
proximate higher-order reflection algorithm at only one time snapshot. After
obtaining the CIR of the higher-order reflection algorithm, a least-squares lin-
ear regression line is superimposed on the delay-power spectrum plot to obtain
the slope p.

5.4.3 Numerical Results
5.4.3.1 Simulation Setup

A pictorial view of the scenario considering one Tx and one Rx position at one
time snapshot is illustrated in Fig. 5.8, where different materials are sketched with
different colors. Note that the coordinate system in Fig. 5.8 is different with the one
used in Fig. 5.4. Modeling the tunnel scenario in RT is the same as in Section 5.3.2.
RT takes into account the following propagation mechanisms: LOS, reflections up
to the fourth order (ngrr = 4), single-order diffraction and single bounce scattering.
Penetration has been embedded into all other mechanisms. Some propagation paths
are visualized in Fig. 5.8(a). It is noteworthy that we do not consider the ventilation
systems, EXIT signs, metallic structure and the moving vehicle in the RT simulation.
The contributions from these objects are considered by the propagation graph. In the
following, we introduce the settings for propagation graph, including the positions
of scatterers, edge probability of visibility and edge gain.

e Positions of Scatterers: The scatterers in the propagation graph at one time
snapshot are shown in Fig. 5.8(b), where different scatterer types are marked
with different colors. The IPs are directly obtained from all reflection points
obtained by RT. The number of IPs Nip is different for different stationary
time regions. Ngp = 12 is defined in the propagation graph, in which 3 SD
scatterers on ventilation systems, 8 SD scatterers on the EXIT signs and 1
SD scatterer on the big metallic structure at the entrance. We define these
SD scatterers according to i) blocks are made of metal or glass, which are
important reflectors in the scenario, ii) the ventilation system and the big
metallic structure are hard to be accurately described by RT due to their
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Figure 5.8: Pictorial view of the scenario built by RT considering the Tx and the
Rx positions at one time snapshot. (a) 3D view. (b) 2D view.
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irregular shapes, and iii) the EXIT signs are small in size. Moreover, there is
Nyp = 1 MD scatterer on the moving vehicle, which is in front of the Tx
vehicle during the simulation period. In Fig. 5.8(a), it can be seen that the
blocks, including ventilation systems, EXIT signs, big metallic structure and
the moving vehicle, have been roughly described in RT. Then both SD and
MD scatterers positions r, are located on the described blocks in Fig. 5.8(b).

Edge Probability of Visibility: There are some examples of edges shown in Fig.
5.8(b). The edges in solid lines are considered within P(e € £) = 1, while the
dotted lines indicate edges within Pr;, Pir and Pjp in the propagation graph.
According to (5.20) and (5.21), we need to set the distance thresholds diy min
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Table 5.2: Setting of Average Absorption Coefficient and Edge Weights

Scatterer location ‘ Material ‘ ae | Se
Metallic structure | Metal (PEC) | 0 1
EXIT sign Glass 0.4 | 0.36
Ventilation system Metal 0.4 |0.36
Moving vehicle Metal (PEC) | 0 1

and dip max. The distance threshold dip min limits the visibility between the
Txs and the IPs, the visibility between the IPs and the Rxs, and the visibility
between IPs. As described in Section 5.2.1, the LOS path length is 120 m.
The longest reflection path length calculated by RT is 126.15 m. Therefore, we
approximately set di min = (126.15—120)/2 = 3.075 m, which makes sure that
propagation paths calculated based on RT and the propagation graph cannot
overlap with each other. This is also the reason that we can set npg = 2 in the
propagation graph. The distance threshold dij, max limits the interconnection
among all IPs. We approximately set dinmax = 36 m, which is determined by
the average distance between any two IP v € Vip among all stationary time
regions.

FEdge Gain: For the edge gain, the average absorption coefficient a. and the
slope p need to be determined. We select a. as in [67]. The relevant values are
listed in Table 5.2. Due to the irregular shape of the ventilation system, shown
in Fig. 5.8(b), we do not set its edge weight to 1.

For obtaining the slope p, the approximate higher-order reflection algorithm is
performed at one time snapshot to obtain the CIR firstly. Then a least-squares

linear regression line is superimposed on the delay-power spectrum plot in Fig.
5.9, where p = —72.20dB/ us.

We aim to compare the simulation results with the measurements for the time

interval T = 5s, corresponding to [4,9]s in Fig. 5.2, which contains K; = 125

stationary time regions in the following analysis. RT and the propagation graph

are performed once for each stationary region k. The relevant CTFs Hgr[m, ¢] and
Hpg[m,q] at S = 16000 snapshots can be obtained by using (5.13) and (5.19) for
each stationary time region, respectively.

5.4.3.2 Simulation Time

Due to the complicated implementation of RT, it is hard to calculate the compu-

tational complexity. Therefore, we evaluate the simulation time here (2.4 GHz Intel
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Figure 5.9: Delay-power spectrum plot based on the approximate higher-order re-
flection algorithm at one time snapshot and a corresponding least-squares linear
regression line.

Core i7 CPU with 8 GB RAM). The simulation time of obtaining the time-varying
CTF Hgr[m, q] at one stationary time region is about 51 s, in which calculating deter-
ministic paths and diffuse scattering paths takes 6 s and 45 s, respectively. Moreover,
the simulation time for obtaining the time-varying CTF Hpg[m, ] at one stationary
time region is about 21s. In total, the proposed hybrid model takes about 72s to
get the time-varying CTF Hyy|m, ¢] for one stationary time region k;. Comparing
the simulation time based on the tunnel RT algorithm in Section 5.3.2, where the
algorithm takes about 407s at one time snapshot. The proposed hybrid channel
model in this section reduces the computational complexity significantly.

5.4.3.3 Analysis of Time-Varying PDP and DSD

The normalized time-varying PDP ]ADHY,T[k:t; n] and time-varying DSD PHY,I,[kt; p| of
the proposed hybrid channel model are calculated based on (5.5) and (5.6), respec-
tively. The obtained results are shown in Fig. 5.10. In order to make a reasonable

comparison with the measurement data, we add white Gaussian noise n|m, ¢| with

variance 02 = g with SNR = —40dB.
The contribution from the objects inside the tunnel are clearly distinguishable. It

can be seen that the simulation results predict well the time-varying PDP and DSD
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Figure 5.10: Normalized time-varying PDP and DSD obtained based on the proposed
hybrid channel model over interval of 7' = 55, where t =4s,...,9s.

when comparing to the measurement data in Fig. 5.2. The following propagation
phenomena are analyzed: (i) higher-order reflection components which are mainly
caused by the tunnel walls, ceiling and ground, (ii) multipath components from
the ventilation system and from traffic signs in front of the Rx, (iii) multipath
components caused by the car driving approximately 10 km/h faster than the Tx
and Rx, and (iv) strong multipath components caused by a big metallic structure
at the entrance ceiling and traffic signs which are behind the Rx.

In Fig. 5.11, we focus on one stationary time region k; = 45 and compare the PDP
and DSD of our proposed hybrid model with measurements. From Fig. 5.11 (a), it
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Figure 5.11: Normalized time-varying PDP and DSD based on the tunnel RT algo-
rithm at stationary time region ky = 45.

can be seen that the normalized PDP based on measurements and the proposed
hybrid channel model are comparable to each other. The peaks appearing at 1 us,
1.2 pus, 1.4 us and 1.8 ps, marked by the blue indexed ellipses, are mainly caused by
the big metallic structure, the ventilation system, the moving vehicle, and the traffic
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signs, respectively. The imprecision of the power of the path marked as ’iii’ in Fig.
5.11 (a) is 6 dB higher than the measurement. This is mainly caused by assuming
the vehicle as a PEC in our simulation. However, the same path seen in Fig. 5.11
(b) is similar with the measurement, because the diffuse scattering also contributes
to the path ’iii’. Moreover, it can be seen that diffuse scattering components contain
more power when they are close to the LOS path in Fig. 5.11 (a). In addition, it can
be observed from Fig. 5.11 (b) that diffuse scattering components play an important
role in the DSD evaluation, whose power is higher than the noise power.

5.4.4 Analysis of Time-Varying Delay Spread and Doppler
Spread

The time-varying RMS delay spread at stationary time region k; is defined as [104]

oilk] = | 2=

— Tkt )?, (5.25)

with

) = 2= : (5.26)

and the time-varying RMS Doppler spread at stationary time region k; is defined as

M/2—-1 .

:_XAIM(WS)QPV [ke; p]

M/2-1

>, Bkl
\

p=—M/2

o, k] =

— ok, (5.27)

with
M/2—1 .
Z/ (pVS>P1/[kt;p]
B ——M/2
V] == M/2-1
Z Pu[kt;p]

p=—M/2

(5.28)

Note that in the following comparison, we do not involve the noise in simulation. We
compare the RMS delay spreads based on the measurements and different algorithms
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Figure 5.12: Time-varying RMS delay and Doppler spreads comparison.

in Fig. 5.12 (a). The RMS delay spread o, of the measurements oscillates around
0.1 ps. The proposed hybrid channel model provides a similar trend and mean value
as the measurements. RT with only deterministic paths provides a smaller constant
o, value around 0.004 us, and RT with deterministic and diffuse scattering paths
provides the similar o, value around 0.004 pus. When considering deterministic paths
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in RT and the paths generated by the propagation graph, the o, value is similar as
the proposed hybrid channel model. Thus, we conclude that the RMS delay spread
0, is dominantly determined by the contribution from the deterministic paths in
RT and the paths obtained by the propagation graph. The diffuse scattering paths,
containing low power, would not influent the RMS delay spread o, significantly.
Moreover, we compare the RMS Doppler spreads in Fig. 5.12 (b). The RMS
Doppler spread o, of the measurement oscillates around 170 Hz. The proposed hy-
brid channel model provides a similar mean value as the measurement. RT with
only deterministic paths provides a smaller constant o, value around 70 Hz, while
RT with deterministic and diffuse scattering paths provides the similar o, value
as the proposed hybrid channel model. When deterministic paths in RT and the
paths generated by the propagation graph, the o, value is a slightly lower than the
proposed hybrid channel model. Therefore, we can see that the contribution from
diffuse scattering paths plays an important role in the RMS Doppler spread analysis.
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6 Conclusion

6.1 Summary

In this thesis, we investigated methods to reduce the computational complexity of RT
with no loss of accuracy in three scenarios: wideband indoor, UWB indoor and tunnel
scenarios. We started by briefly describing the RT tool used throughout the thesis
and the propagation mechanisms were presented. Three major wave propagation
mechanisms are: (i) LOS, (ii) specular and (iii) diffuse scattering. The specular
mechanism refers to reflection, penetration and diffraction.

In order to accelerate the execution of the RT tool, the implemented MATLAB
code was firstly optimized by converting time-consuming algorithms to MEX func-
tions by using MATLAB Coder. Moreover, we focused on speeding up the reflection
algorithm, because the construction of the image tree required a great amount of
CPU time and saving all the information for every node in the image tree required a
huge memory. Thus, we devised an efficient implementation for building the image
tree and for calculating reflection paths to solve the memory issue.

We were interested in reducing the computational complexity of RT not only for
one terminal position but also for multiple mobile terminal positions in this the-
sis. This is important for modeling the performance of moving nodes, e.g. vehicles,
people, planes etc. For one terminal position, an efficient subdivision algorithm of dif-
fuse scattering based on concentric circles was proposed and evaluated in a wideband
indoor scenario. While simulating the radio propagation conditions for a mobile ter-
minal, we presented a low-complexity RT algorithm based on two-dimensional DPS
sequences for wideband indoor scenarios.

In UWB indoor scenarios, we firstly devised a SDRT algorithm for one terminal
position. The reason is the computational complexity of the conventional SDRT is
directly proportional to the number of sub-bands. Our new proposed SDRT algo-
rithm is almost independent of the number of sub-bands. Furthermore, we presented
a low-complexity SDRT algorithm based on two-dimensional DPS sequences for mul-
tiple mobile terminal positions, where we extended the wideband case to the UWB
case by expanding the DPS sequences to each sub-band. In addition, the accuracy
of RT is strictly limited by the available description of the environment. We pro-
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posed a calibration method for indoor UWB low-complexity SDRT. The method
estimates the optimal material parameters, including the dielectric parameters and
the scattering parameters, using channel measurements and MOSA.

We also considered to apply RT in tunnel scenarios. As the first step, we combined
an approximated higher-order reflection algorithm with RT for I'TS in tunnel scenar-
ios. The approximated higher-order reflection algorithm only depends on the width
and height of the tunnel, and the Tx and the Rx position. Therefore, the obtained
propagation paths are the same at any time snapshot when the environment keeps
constant. This motivated our interest in designing a hybrid ray and graph method
to simulate the in-tunnel time-variant V2V propagation channel. The concerned
propagation graph models not only the higher-order reflection paths, but also the
significant contribution from discrete scatterers on those small or irregular shaped
objects.

6.2 Key Results

In this section, we list the main results of the thesis topic-wise.

Ray Tracing for Wideband Indoor Scenarios
A simulated indoor scenario with 10 blocks was used to test the simulation time of
RT based on the original MATLAB implementation and the one with updated MEX
functions. According to the efficient implementation of the reflection algorithm, the
simulation time was strongly reduced from 154 s to 3s. Considering all generated
MEX functions, about 90% total simulation time of the original code was saved.

An effective subdivision algorithm for diffuse scattering of RT in indoor scenarios
was presented. The algorithm is based on concentric circles and the system band-
width. The random characteristic of the diffuse scattering was demonstrated and
the tile size is independent of the scenario. The new algorithm based on concentric
circles was verified by comparing its results with the one based on the far-field condi-
tion through evaluating: (i) the normalized PDPs of both methods had a correlation
of 0.968, (ii) the MRE of the delay spread was about —25dB between these two
subdivision algorithms and (iii) the MREs of the AoA and the EoA spread were
about —35dB and —27.5dB between the mentioned two subdivision algorithms,
respectively. Furthermore, the computational complexity was significantly reduced
because of the smaller number of diffuse scattering paths.

Moreover, we presented a low-complexity RT algorithm to reduce the computa-
tion time of RT in time-variant indoor environments. The temporal correlation of
diffuse scattering components was considered for a short moving distance of the Rx.
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In the first step, the SoCE channel model was applied to reduce the RT complexity.
The accuracy of the SoOCE channel model with respect to RT was verified using an
error threshold. In order to further reduce the simulation time, the two-dimensional
DPS subspace channel model was implemented to approximate the SoCE model.
The computational complexity reduction factor of the proposed RT algorithm using
the DPS subspace is bound by the number of time samples. Furthermore, the
computational complexity reduction achieved by the DPS subspace channel model
increases with the number of propagation paths when the number of time samples
is fixed.

Ray Tracing for UWB Indoor Scenarios

For UWB indoor scenarios, we presented a low-complexity SDRT firstly. The
algorithm was derived from the electromagnetic illumination of the propagation
paths base on two important assumptions: (i) the effective permittivity of each
material and (ii) the transfer function in the dyadic diffraction coefficient are both
independent of frequency. According to our approach, not only the geometrical
calculation, but also the electromagnetic calculation of the propagation paths
at one specific location needs to be performed only once. Therefore, a reduction
of the computational complexity by a factor equal to the number of sub-bands,
can be achieved. Furthermore, the normalized PDPs of the conventional SDRT
and low-complexity SDRT are comparable to each other. Based on the proposed
implementation, we can increase the number of sub-bands without increasing
simulation time.

Based on this developed low-complexity algorithm, we calibrated the SDRT algo-
rithm for UWB indoor channels using the MOSA algorithm to optimize the dielectric
material parameters and the scattering parameters. Our method allowed the joint
tuning of these parameters to reduce the mismatch between measurements and RT
simulations. Firstly, the deterministic and diffuse scattering paths were distinguished
in the measurement data relying upon cross correlation and a search and subtract
algorithm. The MOSA algorithm is based on the weighted sum approach, in which
two objective functions are used. From the finally determined Pareto set, an optimal
set of material parameters can be obtained. Based on the optimal material param-
eters, the differences of the normalized PDP and the RMS delay spread between
measurements and low-complexity SDRT simulation results were minimized.

For multiple mobile terminal positions, we presented a SDRT algorithm using a
projection on DPS subspaces to reduce the computational complexity for multiple
Rx positions in UWB indoor scenarios. The proposed DPS subspace algorithm
requires RT results only for one sub-band at the initial Rx position in order to
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obtain CTF's for the remaining Rx positions. Because the geometrical information
of the propagation paths is the same for all sub-bands, the subspace dimension
and the basis coefficients in the frequency domain need to be calculated only once
for all sub-bands. Moreover, we evaluated the accuracy of the proposed algorithm,
opposed to low-complexity SDRT. The accuracy evaluation includes the MSE of
CTFs and the RMS delay spread. In addition, we considered the effect of antenna
characteristics on the proposed algorithm. We found that the antenna radiation
pattern influences the MSE of CTFs and the RMS delay spread. Furthermore, the
computation time of these algorithms was analyzed. The proposed DPS subspace
algorithm reduced the computation time by more than one order of magnitude
compared to low-complexity SDRT.

Ray Tracing for Tunnel Scenarios

We presented a RT algorithm for modeling V2V communication links in-tunnel
channels by combining conventional RT enhanced with an effective subdivision
algorithm for diffuse scattering and the approximate higher-order reflection
algorithm. The accuracy of the proposed algorithm was verified by comparing
its time-varying PDP to the ones obtained from the real-world measurements.
Moreover, we have shown that by implementing solely the higher-order reflection
algorithm the important contributions from the objects inside the tunnel can not
be distinguished.

Due the limitation of the higher-order reflection algorithm, a hybrid non-
stationary V2V channel model was proposed. The hybrid model combines RT, en-
hanced with an effective subdivision algorithm for diffuse scattering, with the prop-
agation graph, to yield a novel channel model for the in-tunnel environments. We
included the time evolution of the relevant parameters in the proposed model based
on the LSF. In order to reduce the computational complexity of RT, the time evo-
lution of the propagation paths is considered by using the SoCE algorithm for each
stationary time region. The propagation graph generates not only the reflection tail,
but also the contributions from other important SD and MD scatterers in the tunnel.
All parameter settings for the propagation graph were obtained from the RT tool.
The SD scatterers locations were updated for every stationary time region based
on the RT results, while the MD scatterers locations were updated for every time
snapshot based on their speed. The accuracy of the proposed algorithm was verified
by comparing with channel measurements. The proposed hybrid model allowed us
to obtain PDP, DSD, RMS delay and Doppler spreads that are very similar to the
measured ones. We also showed that the contribution from the diffuse scattering
paths play an important role in the DSD and RMS Doppler spread evaluation.
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6.3 Outlook

Recently, extensive research is on-going to understand the specific radio propagation
characteristics for 5G mobile communications systems. Two obvious aspects are
concerned: i) the radically higher carrier frequencies in the mmW range and ii) the
use of substantially larger antenna arrays, e.g., massive MIMO. These requires better
channel models for 5G, where RT is considered as a potential channel modeling tool.
However, as explained in this thesis, the computational complexity and the accuracy
needs to be balanced. How to reduce the computational complexity with no loss of
accuracy of RT always needs to be considered when applying it in a specific scenario.

127



6 Conclusion

128



Bibliography

1]
2]

[10]

A. F. Molisch, Wireless Communications, ser. Wiley - IEEE. Wiley, 2005.

V. Degli-Esposti, F. Fuschini, E. M. Vitucci, and G. Falciasecca, “Measure-
ment and modelling of scattering from buildings,” in IEEE Transactions on
Antennas and Propagation, vol. 55, no. 1, January 2007, pp. 143 — 153.

C. Shannon, “A mathematical theory of communication,” in Bell System Tech-
nical Journal, vol. 27, 1948, pp. 379-423.

T. S. Rappaport, Wireless Communications: Principles and Practice, 1st ed.
Piscataway, NJ, USA: IEEE Press, 1996.

J. G. Andrews, S. Buzzi, W. Choi, S. V. Hanly, A. Lozano, A. C. K. Soong,
and J. C. Zhang, “What will 5G be?” in IEEE Journal on Selected Areas in
Communications, vol. 32, no. 6, June 2014, pp. 1065—-1082.

M. Zhu, “Geometry-based radio channel charaterization and modeling: Pa-

rameterization, implementation and validation,” in PHD dissertation, Aug.
2014.

A. Goldsmith, Wireless Communications. Cambridge University Press, 2005.

S. S. Ghassemzadeh, L. J. Greenstein, A. Kavcic, T. Sveinsson, and V. Tarokh,
“UWB indoor path loss model for residential and commercial buildings,” in
IEEE 58th Vehicular Technology Conference (VTC Fall), vol. 5, October 2003,
pp. 3115-3119.

S. Deng, M. K. Samimi, and T. S. Rappaport, “28 GHz and 73 GHz millimeter-
wave indoor propagation measurements and path loss models,” in IEEE In-

ternational Conference on Communication Workshop (ICCW), June 2015, pp.
1244-1250.

F. Mani, “Improved ray-tracing for advanced radio propagation channel mod-
eling,” in PHD dissertation, June 2012.

129



Bibliography

[11]

[12]

[13]

[17]

130

V. Erceg, L. J. Greenstein, S. Y. Tjandra, S. R. Parkoff, A. Gupta, B. Kulic,
A. A. Julius, and R. Bianchi, “An empirically based path loss model for wire-
less channels in suburban environments,” in IEEE Journal on Selected Areas
in Communications, vol. 17, no. 7, July 1999, pp. 1205-1211.

B. H. Fleury, “An uncertainty relation for WSS processes and its application to
WSSUS systems,” in IEEE Transactions on Communications, vol. 44, no. 12,
December 1996, pp. 1632-1634.

M. Hatay, “Empirical formula for propagation loss in land mobile radio ser-

vices,” in IEEE Transactions on Vehicular Technology, vol. 29, no. 3, August
1980, pp. 317-325.

COST231, “Digital mobile radio: COST231 view on the evolution towards
third generation systems,” in Furopean Commision/COST Telecommunica-
tions, Tech. Rep., 1998.

A. A. M. Saleh and R. A. Valenzuela, “A statistical model for indoor multipath
propagation,” in IEEE Journal on Selected Areas in Communications, vol. 5,
no. 2, February 1987, pp. 128-137.

J. Karedal, F. Tufvesson, N. Czink, A. Paier, C. Dumard, T. Zemen, C. Meck-
lenbrauker, and A. F. Molisch, “A geometry-based stochastic MIMO model for
vehicle-to-vehicle communications,” in IEFE Transactions on Wireless Com-
munications, vol. 8, no. 7, July 2009, pp. 3646 — 3657.

P. Almers, E. Bonek, A. Burr, N. Czink, M. Debbah, V. Degli-esposti, H. Hof-
stetter, P. Kyosti, D. Laurenson, G. Matz, A. F. Molisch, C. Oestges, and
H. Ozcelik, “Survey of channel and radio propagation models for wireless
MIMO systems,” in FURASIP Journal on Wireless Communications and Net-
working, 2007.

“IST-4-027756 WINNER II D1.1.2 V1.2,)” in WINNER II channel models,
2008. [Online]. Available: Available:http://www.ist-winner.org

R. Verdone and A. Zanella, Pervasive mobile and ambient wireless communi-
cations : COST Action 2100 (Signals and Communication Technology), 1st ed.
London: Springer, 2012.

B. E. Gschwendtner, G. Wélfle, B. Burk, and F. M. Landstorfer, “Ray tracing
vs. ray launching in 3-D microcell modelling,” in 1st Furopean Personal and
Mobile Communications Conference (EPMCC), November 1995.



Bibliography

[21]

[22]

23]

[24]

[25]

[26]

M. C. Lawton and J. P. McGeehan, “The application of a deterministic ray
launching algorithm for the prediction of radio channel characteristics in small-
cell environments,” in IEEE Transactions on Vehicular Technology, vol. 43,
no. 4, November 1994, pp. 955-969.

K. Rizk, J.-F. Wagen, and F. Gardiol, “Ray tracing based path loss prediction
in two microcellular environments,” in IEEE 5th International Symposium on

Personal, Indoor and Mobile Radio Communications, 199/4. Wireless Networks
- Catching the Mobile Future., vol. 2, September 1994, pp. 384-388.

G. E. Athanasiadou, A. R. Nix, and J. P. McGeehan, “A microcellular ray-
tracing propagation model and evaluation of its narrow-band and wide-band
predictions,” in IEEFE Journal on Selected Areas in Communications, vol. 18,
no. 3, March 2000, pp. 322-335.

H. Li, C. Chen, T. Liu, and H. Lin, “Applicability of ray-tracing technique for
the prediction of outdoor channel characteristics,” in IEEE Transactions on
Vehicular Technology, vol. 49, no. 6, November 2000, pp. 2336-2349.

C. Oestges, B. Clerckx, L. Raynaud, and D. Vanhoenacker-Janvier, “Deter-
ministic channel modeling and performance simulation of microcellular wide-
band communication systems,” in IEEE Transactions on Vehicular Technol-
ogy, vol. 51, no. 6, November 2002, pp. 1422 — 1430.

T. Rautiainen, G. Wolfle, and R. Hoppe, “Verifying path loss and delay spread
predictions of a 3D ray tracing propagation model in urban environment,” in
IEEE 56th Vehicular Technology Conference (VTC Fall), vol. 4, 2002, pp.
2470-2474.

F. Fuschini, H. El-Sallabi, V. Degli-Esposti, L. Vuokko, D. Guiducci, and
P. Vainikainen, “Analysis of multipath propagation in urban environment
through multidimensional measurements and advanced ray tracing simula-
tion,” in IEEFE Transactions on Antennas and Propagation, vol. 56, no. 3,
March 2008, pp. 848-857.

Y. Corre and Y. Lostanlen, “Three-dimensional urban EM wave propagation
model for radio network planning and optimization over large areas,” in IEFE
Transactions on Vehicular Technology, vol. 58, no. 7, September 2009, pp.
3112-3123.

131



Bibliography

[29]

[30]

[33]

[34]

[35]

[36]

132

H. Nguyen, G. R. MacCartney, T. Thomas, T. S. Rappaport, B. Vejlgaard, and
P. Mogensen, “Evaluation of empirical ray-tracing model for an urban outdoor
scenario at 73 GHz E-band,” in IEEFE 80th Vehicular Technology Conference
(VTC Fall), September 2014, pp. 1-6.

S. Baek, Y. Chang, H. Kim, and A. Agiwal, “Comparison analysis of outdoor
channel characteristics at 28 GHz and 2 GHz using 3D ray-tracing technique,”
in IEEE 80th Vehicular Technology Conference (VTC Fall), September 2014,

pp- 1-5.

M. K. Samimi, T. Rappaport, and G. R. MacCartney, “Probabilistic omnidi-
rectional path loss models for millimeter-wave outdoor communications,” in
IEEE Wireless Communications Letters, vol. PP, no. 99, March 2015, pp. 1-1.

G. E. Athanasiadou and A. R. Nix, “A novel 3-D indoor ray-tracing propaga-
tion model: the path generator and evaluation of narrow-band and wide-band
predictions,” in IEEE Transactions on Vehicular Technology, vol. 49, no. 4,
Jul. 2000, pp. 1152-1168.

F. S. de Adana, O. Gutierrez Blanco, I. G. Diego, J. Perez Arriaga, and M. F.
Catedra, “Propagation model based on ray tracing for the design of personal
communication systems in indoor environments,” in IEEFE Transactions on
Vehicular Technology, vol. 49, no. 6, November 2000, pp. 2105-2112.

A. Burr, “Evaluation of capacity of indoor wireless MIMO channel using ray
tracing,” in International Zurich Seminar on Broadband Communications Ac-
cess, Transmission, Networking., February. 2002, pp. 28—1-28-6.

T. Rautiainen, R. Hoppe, and G. Wolfle, “Measurements and 3D ray tracing
propagation predictions of channel characteristics in indoor environments,” in
IEEFE 18th International Symposium on Personal, Indoor and Mobile Radio
Communications (PIMRC), September 2007, pp. 1-5.

S. Priebe, M. Jacob, C. Jastrow, T. Kleine-Ostmann, T. Schrader, and
T. Kiirner, “A comparison of indoor channel measurements and ray tracing
simulations at 300 GHz,” in International 35th Conference on Infrared Mil-
limeter and Terahertz Waves (IRMMW-THz), September 2010, pp. 1-2.

E. Haddad, N. Malhouroux, P. Pajusco, and M. Ney, “Optimization of 3D ray
tracing for MIMO indoor channel,” in XXXth URSI General Assembly and
Scientific Symposium, August 2011, pp. 1-4.



Bibliography

[38]

[39]

[40]

[41]

[42]

[43]

F. Mani, F. Quitin, and C. Oestges, “Directional spreads of dense multipath
components in indoor environments: Experimental validation of a ray-tracing
approach,” in IEEFE Transactions on Antennas and Propagation, vol. 60, no. 7,
July 2012, pp. 3389-3396.

S. Priebe, M. Kannicht, M. Jacob, and T. Kiirner, “Ultra broadband indoor
channel measurements and calibrated ray tracing propagation modeling at
THz frequencies,” in Journal of Communications and Networks, vol. 15, no. 6,
December 2013, pp. 547-558.

M.-T. Martinez-Ingles, D. P. Gaillot, J. Pascual-Garcia, J.-M. Molina-Garcia-
Pardo, M. Lienard, and J.-V. Rodriguez, “Deterministic and experimental
indoor mmW channel modeling,” in IEEE Antennas and Wireless Propagation
Letters, vol. 13, May 2014, pp. 1047-1050.

S. Sun, T. S. Rappaport, T. A. Thomas, and A. Ghosh, “A preliminary 3D mm
wave indoor office channel model,” in International Conference on Computing,
Networking and Communications (ICNC), February 2015, pp. 26-31.

V. Degli-Esposti, F. Fuschini, E. Vitucci, M. Barbiroli, M. Zoli, L. Tian,
X. Yin, D. Dupleich, R. Muller, C. Schneider, and R. Thomé, “Ray-tracing-
based mm-Wave beamforming assessment,” in IEFEE Access, vol. 2, October
2014, pp. 1314-1325.

C. Sturm, W. Sorgel, T. Kayser, and W. Wiesbeck, “Deterministic UWB wave
propagation modeling for localization applications based on 3D ray tracing,”
in IEEE MTT-S International Microwave Symposium Digest, June 2006, pp.
2003-2006.

C.-F. Yang, B.-C. Wu, and C.-J. Ko, “A ray-tracing method for modeling
indoor wave propagation and penetration,” in IEEFE Transactions on Antennas
and Propagation, vol. 46, no. 6, June 1998, pp. 907-919.

Y. Wang, S. K. Chaudhuri, and S. Safavi-Naeini, “An FDTD /ray-tracing anal-
ysis method for wave penetration through inhomogeneous walls,” in IEFE
Transactions on Antennas and Propagation, vol. 50, no. 11, November 2002,
pp- 1598-1604.

H. Suzuki, “Accurate and efficient prediction of coverage map in an office
environment using frustum ray tracing and in-situ penetration loss measure-
ment,” in IEEE 57th Vehicular Technology Conference (VTC Spring), vol. 1,
April 2003, pp. 236-240.

133



Bibliography

[47]

[48]

[49]

[50]

[51]

[52]

[53]

134

F. Mani and C. Oestges, “A ray based indoor propagation model including
depolarizing penetration,” in Proceedings of the 3rd European Conference on
Antennas and Propagation (EuCAP), March 2009, pp. 3835-3838.

A. Kausar, A. Reza, K. Noordin, M. Islam, and H. Ramiah, “Nearest object
priority based integrated rough surface scattering algorithm for 3D indoor
propagation prediction,” in China Communications, vol. 11, no. 10, October
2014, pp. 147-158.

C. Jansen, S. Priebe, C. Moller, M. Jacob, H. Dierke, M. Koch, and T. Kiirner,
“Diffuse scattering from rough surfaces in THz communication channels,” in
IEEFE Transactions on Terahertz Science and Technology, vol. 1, no. 2, Novem-
ber 2011, pp. 462-472.

F. Mani, F. Quitin, and C. Oestges, “Accuracy of depolarization and delay
spread predictions using advanced ray-based modeling in indoor scenarios,” in
EURASIP Journal on Wireless Communications and Networking, vol. 2011,
2011, p. 11.

E. M. Vitucci, F. Mani, C. Oestges, and V. Degli-Esposti, “Analysis and mod-
eling of the polarization characteristics of diffuse scattering in indoor and
outdoor radio propagation,” in International 21st Conference on Applied Elec-
tromagnetics and Communications (ICECom), October 2013, pp. 1-5.

F. Mani and C. Oestges, “Evaluation of diffuse scattering contribution for
delay spread and crosspolarization ratio prediction in an indoor scenario,”

in Proceedings of the 4th European Conference on Antennas and Propagation
(EuCAP), April 2010, pp. 1 — 4.

F. Mani, F. Quitin, and C. Oestges, “Directional spreads of dense multipath
components in indoor environments: Experimental validation of a ray-tracing
approach,” in IEEFE Transactions on Antennas and Propagation, vol. 60, no. 7,
July 2012, pp. 3389 — 3396.

A. S. Abdellatif and S. Safavi-Naeini, “GPU accelerated channel modeling ray
tracing tool,” in IEEE Radio and Wireless Symposium (RWS), January 2014,
pp. 238-240.

A. Navarro, D. Guevara, and N. Cardona, “Using game engines and graphic
technologies for ray-tracing in future wireless,” in Proceedings of the 8th Eu-
ropean Conference on Antennas and Propagation (EuCAP), April 2014, pp.
1780-1784.



Bibliography

[56]

[58]

[59]

[61]

[63]

[64]

J. Tan, Z. Su, and Y. Long, “A full 3-D GPU-based beam-tracing method for
complex indoor environments propagation modeling,” in IFEE Transactions
on Antennas and Propagation, vol. 63, no. 6, June 2015, pp. 2705-2718.

T. Fugen, J. Maurer, T. Kayser, and W. Wiesbeck, “Capability of 3-D ray
tracing for defining parameter sets for the specification of future mobile com-

munications systems,” in IFEE Transactions on Antennas and Propagation,
vol. 54, no. 11, November 2006, pp. 3125-3137.

T. Abbas, J. Nuckelt, T. Krner, T. Zemen, C. Mecklenbrauker, and F. Tufves-
son, “Simulation and measurement based vehicle-to-vehicle channel character-
ization: Accuracy and constraint analysis,” in IEEE Transactions on Antennas
and Propagation, vol. 63, no. 7, July 2015, pp. 3208-3218.

M. Janson, J. Pontes, C. Sturm, and T. Zwick, “BER simulations of a UWB
spatial multiplexing system using an extended ray-tracing approach,” in IEFE

Antennas and Wireless Propagation Letters,, vol. 9, December 2010, pp. 1096—
1098.

M. Gan, F. Mani, F. Kaltenberger, C. Oestges, and T. Zemen, “A ray tracing
algorithm using the discrete prolate spheroidal subspace,” in IEFEFE Interna-
tional Conference on Communications (ICC), June 2013, pp. 5710-5714.

P. Meissner, M. Gan, F. Mani, E. Leitinger, M. Froéhle, C. Oestges, T. Ze-
men, and K. Witrisal, “On the use of ray tracing for performance prediction
of UWB indoor localization systems,” in IEEE International Conference on
Communications Workshops (ICC), June 2013, pp. 68-73.

M. Gan, P. Meissner, F. Mani, E. Leitinger, M. Frohle, C. Oestges, K. Witrisal,
and T. Zemen, “Low-complexity sub-band divided ray tracing for UWB in-
door channels,” in IEEE Wireless Communications and Networking Confer-
ence (WCNC), April 2014, pp. 305-310.

——, “Calibration of indoor UWB sub-band divided ray tracing using mul-
tiobjective simulated annealing,” in IEEFE International Conference on Com-
munications (ICC), June 2014, pp. 4844-4849.

M. Gan, X. Li, F. Tufvesson, and T. Zemen, “An effective subdivision algo-
rithm for diffuse scattering of ray tracing,” in XXXIth URSI General Assembly
and Scientific Symposium (URSI GASS), August 2014, pp. 1-4.

135



Bibliography

[65]

[66]

136

M. Gan, Z. Xu, V. Shivaldova, A. Paier, F. Tufvesson, and T. Zemen, “A ray
tracing algorithm for intelligent transport systems in tunnels,” in IEEFE 6th
International Symposium on Wireless Vehicular Communications (WiVeC),
September 2014, pp. 1-5.

M. Gan, Z. Xu, M. Hofer, G. Steinbock, and T. Zemen, “A sub-band divided
ray tracing algorithm using the DPS subspace in UWB indoor scenarios,” in
IEEE 81st Vehicular Technology Conference (VTC-Spring), May 2015, pp.
1-5.

G. Steinbock, M. Gan, P. Meissner, E. Leitinger, K. Witrisal, T. Zemen, and
T. Pedersen, “Hybrid model for reverberant indoor radio channels using rays
and graphs,” in IEEE Transactions on Antennas and Propagations, 2015, sub-
mitted.

S. U. Inan and S. A. Inan, Electromagnetic Waves. Prentice, 2000.

R. Luebbers, “Finite conductivity uniform GTD versus knife edge diffraction
in prediction of propagation path loss,” in IEFEE Transactions on Antennas
and Propagation, vol. 32, no. 1, January 1984, pp. 70 — 76.

C. Oestges, “Propagation modelling of low earh-orbit satellite personal com-
munication systems,” in PHD dissertation, December 2000.

J. Keller, “Geometrical theory of diffraction,” in Journal of the optical society

of America, vol. 52, no. 2, February 1962, pp. 116-130.

R. G. Kouyoumjian and P. H. Pathak, “A uniform geometrical theory of
diffraction for an edge in a perfectly conducting surface,” in Proceedings of
the IEEFE, vol. 62, no. 11, 1974, pp. 1448 — 1461.

V. Degli-Esposti and H. L. Bertoni, “Evaluation of the role of diffuse scatter-
ing in urban microcellular propagation,” in IEEE 50th Vehicular Technology
Conference (VTC Fall), vol. 3, September 1999, pp. 1392-1396.

MathWorks, MATLAB® Coder™ Getting Started Guide R2015a. The Math-
Works Inc., 2015.

X. Li, “Efficient ray tracing simulation,” in Master dissertation, April 2014.

O. Franek, J. B. Andersen, and G. F. Pedersen, “Diffuse scattering model
of indoor wideband propagation,” in IEEFE Transactions on Antennas and
Propagation, vol. 59, no. 8, August 2011, pp. 3006-3012.



Bibliography

[77]

[78]

[79]

[30]

[81]

P. Petrus, J. H. Reed, and T. S. Rappaport, “Geometrical-based statistical
macrocell channel model for mobile environments,” in IEEE Transactions on

Communications, vol. 50, no. 3, March 2002, pp. 495-502.

H. Chen, G. Wang, Z. Wang, H. C. So, and H. V. Poor, “Non-line-of-sight node
localization based on semi-definite programming in wireless sensor networks,”
in IEEFE Transactions on Wireless Communications, vol. 11, no. 1, January
2012, pp. 108 — 116.

T. Oktem and D. Slock, “Power delay doppler profile fingerprinting for mobile
localization in NLOS,” in IEEFE 21st International Symposium on Personal
Indoor and Mobile Radio Communications (PIMRC), September 2010, pp.
876 — 881.

T. Callaghan, N. Czink, F. Mani, A. Paulraj, and G. Papanicolaou,
“Correlation-based radio localization in an indoor environment,” in EURASIP
Journal in Wireless Commmunications and Networking, 2011.

D. Slepian, “Prolate spheroidal wave functions, fourier analysis, and uncer-
tainty - V:the discrete case,” in The Bell System Technical Journal, vol. 57,
no. 5, 1978, pp. 1371 — 1430.

T. Zemen, “OFDM multi-user communication over time-variant channels,” in
PHD dissertation, July 2004.

T. Zemen and C. Mecklenbrauker, “Time-variant channel estimation using
discrete prolate spheroidal sequences,” in IEEE Transactions on Signal Pro-
cessing, vol. 53, no. 9, September 2005, pp. 3597-3607.

F. Kaltenberger, T. Zemen, and C. W. Ueberhuber, “Low-complexity
geometry-based MIMO channel simulation,” in EURASIP Journal on Ad-
vanced Signal Processing, vol. 2007, 2007.

F. Kaltenberger, “Low-complexity real-time signal processing for wireless com-
munications,” in PHD dissertation, May 2007.

N. Czink, F. Kaltenberger, Y. Zhou, L. Bernado, T. Zemen, and X. Yin, “Low-
complexity geometry-based modeling of diffuse scattering,” in Proceedings of
the 4th European Conference on Antennas and Propagation (EuCAP), April
2010, pp. 1 — 4.

137



Bibliography

[87]

[88]

[93]

[94]

[95]

138

T. Zemen and A. F. Molisch, “Adaptive reduced-rank estimation of nonsta-
tionary time-variant channels using subspace selection,” in IEEE Transactions
on Vehicular Technology, vol. 61, no. 9, November 2012, pp. 4042 — 4056.

G. Tiberi, S. Bertini, W. Q. Malik, A. Monorchio, D. J. Edwards, and G. Ma-
nara, “Analysis of realistic ultrawideband indoor communication channels by
using an efficient ray-tracing based method,” in IEEE Transactions on Anten-
nas and Propagation, vol. 57, no. 3, March 2009, pp. 777 — 785.

P. Meissner and K. Witrisal, “Analysis of position-related information in mea-
sured UWB indoor channels,” in Proceedings of the 6th Furopean Conference
on Antennas and Propagation (EuCAP), 2012, pp. 6-10.

B. Alavi, N. Alsindi, and K. Pahlavan, “UWB channel measurements for accu-
rate indoor localization,” in IEEE Military Commaunications Conference (MIL-
COM), 2006, pp. 1-T7.

A. Molisch, “Ultrawideband propagation channels-theory, measurement, and
modeling,” in IEEFE Transactions on Vehicular Technology, vol. 54, no. 5, 2005,
pp. 1528-1545.

H. Sugahara, Y. Watanabe, T. Ono, K. Okanoue, and S. Yarnazaki, “Develop-
ment and experimental evaluations of ”RS-2000” - a propagation simulator for
UWRB systems,” in International Workshop on Ultra Wideband Systems, Joint
with Conference on Ultrawideband Systems and Technologies (Joint UWBST
IWUWBS), May 2004, pp. 76 — 80.

J. Jemai, P. Eggers, G. F. Pedersen, and T. Kiirner, “On the applicability of
deterministic modelling to indoor UWB channels,” in Proceedings of the 3rd
Workshop on Positioning, Navigation and Communication (WPNC), 2006.

P. Meissner, E. Leitinger, M. Frohle, and K. Witrisal. (2013) MeasureMINT.
[Online]. Available: http://www.spsc.tugraz.at/tools/UWBmeasurements

S. Priebe, M. Jacob, and T. Kiirner, “Calibrated broadband ray tracing for
the simulation of wave propagation in mm and sub-mm wave indoor commu-

nication channels,” in 18th European Wireless Conference, April 2012, pp. 1 —
10.

J. Jemai, P. C. F. Eggers, G. F. Pedersen, and T. Kiirner, “Calibration of a
UWB sub-band channel model using simulated annealing,” in IEEE Transac-
tions on Antennas and Propagation, vol. 57, no. 10, 2009, pp. 3439-3443.



Bibliography

[97]

[99]

[100]

[101]

[102]

103]

[104]

[105]

T. Santos, J. Karedal, P. Almers, F. Tufvesson, and A. F. Molisch, “Modeling
the ultra-wideband outdoor channel: Measurements and parameter extraction

method,” in IEEE Transactions on Wireless Communications, vol. 9, no. 1,
2010, pp. 282-290.

B. Suman and P. Kumar, “A survey of simulated annealing as a tool
for single and multiobjective optimization,” in Journal of the Operational
Research Society, vol. 57, no. 10, 2005, pp. 1143-1160. [Online|. Available:
http://dx.doi.org/10.1057 /palgrave.jors.2602068

A. Muqaibel, A. Safaai-Jazi, A. Bayram, A. M. Attiya, and S. M. Riad, “Ultra-
wideband through-the-wall propagation,” in IEE Proceedings on Microwaves,
Antennas and Propagation, 2005, pp. 581-588.

B. De Backer, H. Borjeson, D. De Zutter, and F. Olyslager, “Propagation
mechanisms for UHF wave transmission through walls and windows,” in IEEE
Transactions on Vehicular Technology, vol. 52, no. 5, 2003, pp. 1297-1307.

H. Suzuki and A. S. Mohan, “Measurement and prediction of high spatial

resolution indoor radio channel characteristic map,” in IEEE Transactions on
Vehicular Technology, vol. 49, no. 4, 2000, pp. 1321-1333.

J. Jemai, T. Kiirner, A. Varone, and J.-F. Wagen, “Determination of the
permittivity of building materials through WLAN measurements at 2.4 GHz,”
in IEEFE 16th International Symposium on Personal, Indoor and Mobile Radio
Communications (PIMRC), vol. 1, 2005, pp. 589-593.

W. Q. Malik, D. J. Edwards, and C. J. Stevens, “Angular-spectral antenna ef-
fects in ultra-wideband communications links,” in IEEFE Proceedings on Com-
munications, vol. 153, no. 1, February 2006, pp. 99-106.

L. Bernadé, T. Zemen, F. Tufvesson, A. F. Molisch, and C. Mecklenbrauker,
“Delay and Doppler spreads of nonstationary vehicular channels for safety-

relevant scenarios,” in IEEE Transactions on Vehicular Technology, vol. 63,
no. 1, January 2014, pp. 82-93.

L. Bernadd, A. Roma, A. Paier, T. Zemen, N. Czink, J. Karedal, A. Thiel,
F. Tufvesson, A. F. Molisch, and C. F. Mecklenbrauker, “In-tunnel vehicular

radio channel characterization,” in IEEE 73rd Vehicular Technology Confer-
ence (VIT'C Spring), May 2011, pp. 1-5.

139



Bibliography

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

140

A. E. Forooshani, S. Bashir, D. G. Michelson, and S. Noghanian, “A survey of
wireless communications and propagation modeling in underground mines,”
in IEEE Communications Surveys Tutorials, vol. 15, no. 4, Fourth Quarter
2013, pp. 1524-1545.

A. Hrovat, G. Kandus, and T. Javornik, “A survey of radio propagation mod-
eling for tunnels,” in IEEE Communications Surveys Tutorials, vol. 16, no. 2,
Second Quarter 2014, pp. 658-669.

S.-H. Chen and S.-K. Jeng, “SBR image approach for radio wave propaga-
tion in tunnels with and without traffic,” in IEEE Transactions on Vehicular
Technology, vol. 45, no. 3, August 1996, pp. 570-578.

M. H. Kermani and M. Kamarei, “A ray-tracing method for predicting delay
spread in tunnel environments,” in IEEE International Conference on Per-
sonal Wireless Communication, December 2000, pp. 538-542.

D. Didascalou, T. M. Schafer, F. Weinmann, and W. Wiesbeck, “Ray-density
normalization for ray-optical wave propagation modeling in arbitrarily shaped
tunnels,” in IEEE Transactions on Antennas and Propagation, vol. 48, no. 9,
September 2000, pp. 1316-1325.

F. M. Pallares, F. J. P. Juan, and L. Juan-Llacer, “Analysis of path loss
and delay spread at 900 MHz and 2.1 GHz while entering tunnels,” in IEEFE
Transactions on Vehicular Technology, vol. 50, no. 3, May 2001, pp. 767-776.

J. Molina-Garcia-Pardo, J.-V. Rodriguez, and L. Juan-Llacer, “Wide-band
measurements and characterization at 2.1 GHz while entering in a small tun-
nel,” in IEEE Transactions on Vehicular Technology, vol. 53, no. 6, November
2004, pp. 1794-1799.

Y. P. Zhang and Y. Hwang, “Characterization of UHF radio propagation chan-
nels in tunnel environments for microcellular and personal communications,”
in IEEE Transactions on Vehicular Technology, vol. 47, no. 1, February 1998,
pp- 283-296.

Y. P. Zhang, “Novel model for propagation loss prediction in tunnels,” in
IEEE Transactions on Vehicular Technology, vol. 52, no. 5, September 2003,
pp. 1308-1314.



Bibliography

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

S. F. Mahmoud, “On modal propagation of high frequency electromagnetic
waves in straight and curved tunnels,” in IEEE Antennas and Propagation
Society International Symposium, vol. 3, June 2004, pp. 2963-2966.

M. M. Rana and A. S. Mohan, “Segmented-locally-one-dimensional-FDTD
method for EM propagation inside large complex tunnel environments,” in
IEEFE Transactions on Magnetics, vol. 48, no. 2, February 2012, pp. 223-226.

P. Bernardi, D. Caratelli, R. Cicchetti, V. Schena, and O. Testa, “A numer-
ical scheme for the solution of the vector parabolic equation governing the
radio wave propagation in straight and curved rectangular tunnels,” in IEFEFE
Transactions on Antennas and Propagation, vol. 57, no. 10, October 2009, pp.
3249-3257.

A. Hrovat, G. Kandus, and T. Javornik, “Four-slope channel model for path
loss prediction in tunnels at 400 MHz,” in IET Microwaves, Antennas and
Propagation, vol. 4, no. 5, May 2010, pp. 571-582.

A. Paier, L. Bernadé, J. Karedal, O. Klemp, and A. Kwoczek, “Overview of
vehicle-to-vehicle radio channel measurements for collision avoidance applica-
tions,” in IEEE 71st Vehicular Technology Conference (VTC Spring), May
2010, pp. 1-5.

A. V. B. da Silva and M. Nakagawa, “Radio wave propagation measurements
in tunnel entrance environment for intelligent transportation systems applica-
tions,” in IEEE Intelligent Transportation Systems Proceedings, August 2001,
pp. 883-888.

I

D. G. Dudley, M. Lienard, S. F. Mahmoud, and P. Degauque, “Wireless prop-
agation in tunnels,” in IEEE Antennas and Propagation Magazine, vol. 49,
no. 2, April 2007, pp. 11-26.

G. S. Ching, M. Ghoraishi, M. Landmann, N. Lertsirisopon, J.-I. Takada,
T. Imai, I. Sameda, and H. Sakamoto, “Wideband polarimetric directional
propagation channel analysis inside an arched tunnel,” in IEEE Transactions
on Antennas and Propagation, vol. 57, no. 3, March 2009, pp. 760-767.

J. Alonso, S. Capdevila, B. Izquierdo, and J. Romeu, “Propagation measure-
ments and simulations in tunnel environment at 5.8 GHz,” in IEEE Antennas
and Propagation Society International Symposium, July 2008, pp. 1-4.

141



Bibliography

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

142

T. Pedersen, G. Steinbock, and B. H. Fleury, “Modeling of reverberant radio
channels using propagation graphs,” in IEEE Transactions on Antennas and
Propagation, vol. 60, no. 12, December 2012, pp. 5978-5988.

G. Matz, “Doubly underspread non-WSSUS channels: analysis and estimation
of channel statistics,” in IEEE 4th Workshop on Signal Processing Advances
in Wireless Communications, June 2003, pp. 190-194.

A. Paier, T. Zemen, L. Bernad6, G. Matz, J. Karedal, N. Czink, C. Dumard,
F. Tufvesson, A. F. Molisch, and C. F. Mecklenbrauker, “Non-WSSUS ve-
hicular channel characterization in highway and urban scenarios at 5.2 GHz

using the local scattering function,” in International ITG Workshop on Smart
Antennas (WSA ), February 2008, pp. 9-15.

L. Bernado, T. Zemen, A. Paier, J. Karedal, and B. Fleury, “Parametrization
of the local scattering function estimator for vehicular-to-vehicular channels,”
in IEEE 70th Vehicular Technology Conference Fall (VTC Fall), September
2009, pp. 1-5.

Z. Sun and I. F. Akyildiz, “Channel modeling and analysis for wireless net-
works in underground mines and road tunnels,” in IEEE Transactions on
Communications, vol. 58, no. 6, June 2010, pp. 1758-1768.

C. Marshall, “The @resund tunnel - making a success of design and build,”
in Tunneling and Underground Space Technolody, vol. 58, no. 3, 1999, pp.
355-365.

C. Zhou, J. Waynert, T. Plass, and R. Jacksha, “Modeling RF propagation in
tunnels,” in IEEE Antennas and Propagation Society International Symposium
(APSURSI), July 2013, pp. 1916-1917.

M. Walter, D. Shutin, and U.-C. Fiebig, “Delay-dependent doppler probability
density functions for vehicle-to-vehicle scatter channels,” in IEFEE Transac-
tions on Antennas and Propagation, vol. 62, no. 4, April 2014, pp. 2238-2249.

T. Pedersen, G. Steinbock, and B. H. Fleury, “Modeling of outdoor-to-indoor
radio channels via propagation graphs,” in XXXIth URSI General Assembly
and Scientific Symposium (URSI GASS), August 2014, pp. 1-4.



