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Kurzfassung

Mit der Entwicklung von 5G sind eine Vielzahl von neuen Anwendungsfillen in den
drei groflen Kategorien massive machine type communications, enhanced mobile
broadband und ultra-reliable and low latency communication (URLLC) vorgesehen.
URLLC verspricht neue Technologien wie selbstfahrende Autos, Industrieautoma-
tion, Augmented Reality, taktiles Internet und viele mehr, zu erméglichen. An die
Latenz und Zuverlassigkeit von URLLC Links werden hohe Anforderungen gestellt,
welches es zu einem anspruchsvollen Forschungsfeld macht.

In dieser Dissertation werden zwei Aspekte betrachtet, um URLLC zu
ermoglichen. Im ersten Teil der Dissertation wird der wiederholbare Test und
die Validierung von drahtlosen Kommunikationssystemen in einer Laborumge-
bung unter Verwendung von geometie-basierter Echtzeitkanalemulation prasentiert.
Tests im Labor bieten den Vorteil der Wiederholbarkeit und Reproduzierbarkeit,
wahrend Tests auf der Strafle kostspielig und schwer zu wiederholen sind.
Fiir Fahrzeugszenarien weist die drahtlose Kommunikation zwischen Sender und
Empfianger Mehrwegeausbreitung auf, die zu einem nicht stationédren zeit- und fre-
quenzselektiven Schwundprozess am Empfianger fithrt. Der Schwundprozess bein-
haltet sich kontinuierlich andernde Pfadverzogerungen und Doppler-Verschiebungen
welche von der Position, Geschwindigkeit und der Umgebung des Kommunikation-
ssystems abhangen. Um URLLC Verbindungen zu ermoglichen, muss das Kom-
munikationssystem in einer solchen Umgebung auf wiederholbare Art und Weise
getestet werden, einschliellich der Moglichkeit von Echtzeit-Updates der Trajek-
toren welche durch Regelalgorithmen angepasst werden. Aktuelle Kanalemula-
tionslosungen basieren auf einem angezapften Laufzeitkettenmodell, welches nur
Pfadverzogerungen als ganzzahliges Vielfaches der Abtastzeit erlaubt. Um dieses
Problem zu l6sen, haben wir eine geometriebasierte Echtzeit Kanalemulation en-
twickelt. Der Emulator ist als eine Kombination aus einem Multicore-Computer
und einer frei programmierbaren Funkplatform implementiert. Auf dem Multicore-
Computer wird das geometriebasierte Kanalmodel in Echtzeit in Abhangigkeit der
Positionen, Geschwindigkeiten und Beschleunigungen der sich bewegenden Objekte
aktualisiert, wahrend die frei programmierbare Funkplatform fiir die zeitvariante
Faltung der Kanalimpulsantwort mit dem zu iibetragenend Signal verwendet wird.
Die Datenrate der Kanalimpulsantwort wachst quadratisch mit der emulierten Band-
breite und wird schnell zum Engpass, wenn die zeitvariante Kanalimpulsantwort

il
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zwischen den Geraten iibetragen werden muss. Um die Datenrate zu reduzieren, wird
ein Unterraumprojektionsalgorithmus mit reduziertem Rang basierend auf diskreten
abgeflachten sphéaroidalen Sequenzen verwendet, um die Kanalimpulsantwort mit
einer kleinen Anzahl von Basiskoeffizienten zu approximieren. Der Algorithmus
ermoglicht eine Echtzeit Implementierung des geometriebasierten Kanalmodells. Die
Funktionalitat des Emulators wird durch den RUSK Lund Channel Sounder vali-
diert, welcher die emulierte Kanalimpulsantwort misst. Schliellich wird der Echtzeit-
Kanalemulator bei Fahrzeug-in-der Schleife Tests verwendet.

Im zweiten Teil der Dissertation werden adaptive, iterative nicht-stationare
Kanalschatzer fiir nicht zusammenhangende, dquidistante Pilotmuster vorgestellt.
Konkret wird der Kanalschitzer auf den Downlink von long term evolution (LTE)
angewendet. Ein Hypothesentest wird verwendet, um die statistischen Eigenschaften
der aktuellen Kanalrealisierung auf Framebasis zu bestimmen. Dies ermoglicht eine
schnellere Konvergenz des iterativen Schatzalgorithmus. Die Anzahl der Hypothe-
sen fiir den Hypothesentest wird durch numerische Simulationen optimiert, was eine
Reduktion der Rechenkomplexitat im Empfanger ermoglicht. Schliellich wird eine
speziell ausgewahlte Hypothesenwahl vorgestellt, die einen guten Kompromiss zwis-
chen Rechenkomplexitat und Leistung bietet.
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Abstract

With the development of 5G, a variety of use-cases in three broad categories, massive
machine type communications, enhanced mobile broadband and ultra-reliable and
low latency communication (URLLC), are envisioned. URLLC promises to enable
new technologies such as self driving cars, industry automation, augmented reality,
the tactile internet and many more. Stringent requirements are placed on the latency
and the reliability of URLLC links which makes it a challenging research field. In
this thesis two aspects to enable URLLC are considered.

In the first part of the thesis, the repeatable test and validation of wireless commu-
nication systems in a laboratory environment using real-time geometry based chan-
nel emulation is presented. Tests in a laboratory environment offer the benefit of
repeatability and reproducibility, while testing on the road is costly and difficult to
repeat. In vehicular scenarios the wireless communication channel between trans-
mitter and receiver exhibits multi-path propagation, leading to a non-stationary
time- and frequency selective fading process at the receiver. The fading process is
the result of continuously changing path delays and Doppler shifts, depending on
the position, velocity and the environment of the communication system. To enable
URLLC links, the communication system has to be tested in such an environment
in a repeatable fashion including the possibility of real-time trajectory updates by
vehicular control algorithms (e.g. connected autonomous vehicles or advanced driver
assistance systems). Current channel emulator solutions are based on a tap delay line
model, which only allows for path delays as integer multiples of the sampling time.
To tackle this problem, we investigate real-time geometry-based channel emulation.
The emulator is implemented using a multi core computer in combination with a soft-
ware defined radio. On the multi-core computer, the geometry-based channel model
is updated in real-time dependent on the positions, velocities and acceleration of
moving objects, while the software defined radio is used to perform the time-variant
convolution of the channel impulse response with the transmitted signal. The data
rate needed for the streaming of the channel impulse response between devices grows
quadratically with the emulated bandwidth and quickly becomes a bottleneck. To
reduce the data rate, a reduced-rank subspace projection algorithm, based on dis-
crete prolate spheroidal sequences to approximate the channel impulse response with
a small amount of basis coefficients, is utilized. The algorithm allows for a real-time
implementation of the geometry-based channel model. The functionality of the emu-
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lator is validated by the RUSK Lund channel sounder, which measures the emulated
channel impulse response. Lastly, the real-time channel emulator is validated in a
vehicle-in-the-loop test on a proofing ground.

In the second part of the thesis, an adaptive iterative non-stationary channel
estimation algorithm for non-contiguous, equidistant pilot patterns is presented for
the LTE downlink. A hypothesis test is utilized to determine the characteristics
of the current channel realization on a per frame basis. This allows for a faster
convergence of the iterative channel estimation algorithm. The number of hypotheses
for the hypothesis test is optimized using numerical simulations, which enables a
computational complexity reduction at the receiver side. Finally, a specially chosen
hypothesis setup is presented, that offers a good trade-off between computational
complexity and performance.
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1 Introduction

1.1 Scope

5@, as the successor to 4G, aims to be a leap forward in terms of data rates, latency,
massive connectivity, network reliability and energy efficiency [4]. 5G is envisioned
to support a diverse variety of use cases in three broad categories [1,4-6] as shown
in Fig. 1.1.

Enhanced mobile broadband

Gigabytes in a second _I_.

3D video, UHD screens
;; ‘Work and play in the cloud

Smart home/building
Augmented reality
Industry automation
Voice . Mission critical application
Smart city Self driving car
Massive machine type Ultra-reliable and low latency
communications communications

Figure 1.1: 5G use case categories [1].

e Enhanced mobile broadband aims at provisioning high data rates with im-
proved performance.

e Massive machine type communications considers communication of a very
large number of devices with low data rate and non-delay-sensitive data.

e Ultra-reliable and low latency communication (URLLC) aims to provide com-
munication links that support stringent latency and reliability requirements of
(partly) mission-critical applications
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1 Introduction

1.1.1 Ultra-Reliable and Low Latency Communication

URLLC will play an essential role for time-sensitive applications for different verti-
cal industries such as connected autonomous vehicles, industrial automation, smart
grids, tactile internet and more [7-19]. The performance requirements on URLLC
depend on the scenario [7,11,20].

Consider for instance connected autonomous vehicles in intelligent transporta-
tion systems (ITSs) that exchange information over wireless communication links to
increase road safety, reduce traffic congestion, minimize fuel consumption and en-
hance the overall driving experience [7,15-19] In fully automated driving systems,
real-time control algorithms integrated in the automated vehicle’s control unit, will
use this information to adapt the driving route and velocity to the current traffic
situation. This will require information to be disseminated among vehicles reliably
within short time intervals. The authors of [7] expect links with end-to-end latency
of 5-10ms and a packet error rate (PER)< 107°.

In future industrial automation the replacement of cabled connections with wire-
less communication links will allow reduced manufacturing costs, higher long term
reliability and more flexibility [7]. Multiple sensors and actuators (e.g. robots) collab-
orate within closed-loop control networks utilizing control algorithms that require
communication links with latencies < 1ms and PER < 107 for the exchange of
information [7-10].

These stringent requirements make URLLC a challenging research field. To enable
URLLC, different aspects have to be investigated. While some aspects consider the
further development of the core network and mobile edge computing, others consider
advancements in the physical layer, like smaller transmission time intervals, different
sub-carrier spacing, robust modulation and coding schemes, diversity schemes, grant
free access and multi connectivity [10].

1.1.2 Wireless Communication Channel

The performance of wireless communication systems is fundamentally determined
by the wireless communication channel properties. In vehicular scenarios the wireless
communication channel between transmitter (TX) and receiver (RX) exhibits multi
path propagation leading to a non-stationary time- and frequency selective fading
process at the RX. The statistic of the fading process depends on the position and
velocity of TX and RX as well as the environment (i.e. its geometry and physical
properties). In industrial environments sensors and actuators move in a surround-
ing with many metallic reflectors creating a non-stationary time- and frequency-
selective fading channel with an increased number of diffuse components.

To validate URLLC, a repeatable test of the investigated aspects together with
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1.2 Outline and Contribution

real-time control algorithms in the considered scenarios is of utmost importance.
Tests in the laboratory have the benefit of easy repeatability and reproducibility,
while tests on the road, are typically costly, labor intensive and difficult to repeat.
For the test in the laboratory the wireless communication channel has to be emulated
in real-time dependent on the environment and the position of the TX and the RX.

Furthermore, advanced channel estimation techniques that adapt to the current
channel properties are required to allow for communication links with high reliability.

1.2 Outline and Contribution

This thesis is divided into two parts.

In Part I of the thesis we present geometry-based real-time wireless channel
emulation, which allows for the repeatable test of URLLC communication devices
in realistic wireless communication scenarios. A realistic validation requires to
update the wireless channel properties in real-time with continuous variations in
delay and Doppler shift of each propagation path, according to the change of the
position and velocity of TX and RX as well as a moving environment. Part I is
outlined as follows:

e Chapter 2 provides an overview of the theory of wireless channel models. A
system theoretic description of channel models by linear time-variant systems
is shown. We present single-input single-output (SISO) and multiple-input
multiple-output (MIMO) channel models based on a double-directional chan-
nel model and discuss the stochastic description of the wireless communication
channel. At the end of the chapter, the channel models are classified into de-
terministic, stochastic and geometry-based stochastic channel models.

e At the beginning of Chapter 3, state of the art wireless channel emulators
and their short comings to emulate wireless propagation channels with real
valued path delays and Doppler shifts are discussed. The mathematical the-
ory of channel emulation is presented and the implementation of a real-time
geometry-based channel emulator using a software defined radio (SDR) plat-
form is described. Our emulator can be parameterized by all known channel
models presented in Chapter 2. In this thesis we specifically focus on non-
stationary time-variant wireless vehicular communication channels. We discuss
the problem of streaming channel impulse responses (CIRs) with a large num-
ber of taps and high streaming bandwidth to the SDR. We show how discrete
prolate spheroidal (DPS) sequences can be utilized to find an approximated
representation of the CIR, which leads to a significant bandwidth reduction.
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1 Introduction

A detailed error analysis of the approximation errors is delivered. We show
measurements of the emulated CIR conducted with the RUSK Lund channel
sounder. Finally, a comparison between numerical simulation and measured
emulation is shown.

e In Chapter 4 real-time channel emulation is applied in a vehicle-in-the-loop
(ViL) test of a left turn scenario of a road crossing. We use common-off-the-
shelf modems to record the receive signal strength indicator (RSSI) and PER in
two scenarios: (a) on the proving round and (b) in a ViL test. The comparison
of the results shows that real-time channel emulation can reproduce the effect
of realistic wireless communication channels.

In Part II we present advanced channel estimation techniques to enable low latency
communication links. Especially in vehicular settings low latency communication
links require channel estimation techniques that are able to quickly adapt to non-
stationary channel statistics on a per frame basis.

e In Chapter 5 we describe adaptive iterative estimation for LTE downlink for
non-stationary channels. We utilize a hypothesis test to estimate the delay
and Doppler support of the current channel realization on a per frame basis.
We investigate a subspace design using DPS sequences for a non-contiguous,
equidistant pilot pattern as used in LTE. Finally, the optimum number of
hypotheses for the hypothesis test is investigated numerically and a special
hypothesis setup that allows for a good trade-off between computational com-
plexity and performance is presented.

The contributions described in this thesis are presented to a large extent in the
following papers:

[21] M. Hofer and T. Zemen, “Iterative Non-Stationary Channel Estimation
for LTE Downlink Communications,” in 2014 IEEE International Conference on
Communications Workshops (ICC). TEEE, Jun. 2014, pp. 26-31.

[22] M. Hofer, Z. Xu, and T. Zemen, “On the optimum number of hypothe-
ses for adaptive reduced-rank subspace selection,” in 2015 IEEE 82nd Vehicular
Technology Conference (VTC2015-Fall), Sep. 2015, pp. 1-5.

[23] M. Hofer, Z. Xu, and T. Zemen, “Real-time channel emulation of a geometry-
based stochastic channel model on a SDR platform,” in IFEE 18th Int. Works.
Signal Process. Adv. Wireless Commun. (SPAWC), Sapporo, pp. 1-5 Japan, Jul.
2017.


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

1.2 Outline and Contribution

[24] M. Hofer, Z. Xu, D. Vlastaras, B. Schrenk, D. Loeschbrand, F. Tufves-
son, and T. Zemen, “Validation of a real-time geometry-based stochastic channel
model for vehicular scenarios,” in IEEE 87th Veh. Technol. Conf. (VITC-Spring),
Jun. 2018, pp. 1-5

[25] M. Hofer, Z. Xu, D. Vlastaras, B. Schrenk, D. Loschenbrand, F. Tufves-
son, and T. Zemen, “Real-time geometry-based wireless channel emulation,” IEFE
Transactions on Vehicular Technology, 2019, pp. 1-15.

[26] M. Hofer, L. Bernadd, B. Rainer, Z. Xu, G. Temme, S. Khan, D. Beh-
necke, F. Utesch, M. Mahmod, and T. Zemen, ‘Evaluation of vehicle-in-the-loop
tests for wireless V2X communication,” in [IEEE 90th Vehicular Technology
Conference (VTC2019-Fall), Sep. 2019 to be presented, pp. 1-5.

[27]  Hofer and T. Zemen, “Method for Emulating a Radio Channel,” WO
2018/085769 A1, May 2018.
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1 Introduction

1.3 Notation

We use the notation presented in Table 1.1 throughout this thesis:

Symbol ‘

Description

f(t)
flml

function of a continuous variable
function of a discrete variable

column vector

i-th element of a

matrix

1,/ -th element of A

transpose of A

conjugate transpose of A

diagonal matrix with entries ali]

@ %X @ identity matrix

complex conjugate of a

largest integer, lower or equal than a € R
smallest integer, greater or equal than a € R
absolute value of a

{5 norm of vector a

expectation of {-} with respect to x

stacks all columns of matrix A in a single vector

V=1

Table 1.1: Notation used throughout this thesis.


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Part |
Real Time Wireless Channel
Emulation

“Jayloljqig UsIpn NL e uud ul sjgejreAe si sisay) [2Jo1oop Siyl Jo uoisian [eulblio panoidde ay | < any a8pajmoun Jnoa
“regBnyian 3ayloljqig UsIpn NL Jop ue Isi uoielnassiq Jasalp uoisianfeulbliO apponipab ausiqoidde aig v_w_._u.o__ﬂ__m


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

“Jayloljqig UsIpn NL e uud ul sjgejreAe si sisay) [2Jo1oop Siyl Jo uoisian [eulblio panoidde ay | < any a8pajmoun Jnoa
“regBnyian 3ayloljqig UsIpn NL Jop ue Isi uoirelassiq Jasalp uoisianeulblo apponipab ausiqoidde aig v_ﬂ_-_u.o__n__m


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

(]
I
rk

2 Wireless Channel Models

In this chapter we present methods to model wireless communication channels. Af-
ter a short introduction to channel fading effects in Section 2.1, Section 2.2 presents
the system theoretic linear time-variant (LTV) description of the wireless chan-
nel [2] and discusses the double-directional channel model in more detail. In this
thesis, we show SISO and MIMO channel models, however, we will focus on SISO
channel models for the implementation. In Section 2.3 the stochastic description of
the wireless channel by wide-sense-stationary uncorrelated-scattering (WSSUS) and
non-WSSUS processes is discussed. Finally, in Section 2.4 known channel models
are the categorized.

2.1 Fading Effects

The performance of wireless communication systems is fundamentally determined
by the wireless communication channel. The transmitted signal interacts with the
environment leading to multiple propagation paths due to line-of-sight (LOS), re-
flection, penetration, diffraction and diffuse scattering. These effects are depicted in
Fig. 2.1. At the receive antenna, multiple attenuated and delayed copies of the trans-
mitted signal add up. Hence, they interfere with each other either constructively or
destructively. The resulting random process is called fading and manifests itself as a
variation of the received signal power in time, frequency and space. Different fading
effects can be distinguished [2,28,29]:

e The received signal power decreases with increasing distance between TX and
RX. For free space propagation the received signal power decreases quadrati-
cally with the distance and is modeled by Friis law [2]

2

Prx = PrxGrxGrx (%) : (2.1)
wd

where Prx denotes the transmit power, Grx and Grx denote the gain of the

transmit and the receive antenna, respectively. The distance between RX and

TX is denoted by d and A denotes the wavelength. Friis law is valid in the

far field. In case of a different environment, i.e., foliage, terrain, objects in the
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2 Wireless Channel Models

10

surrounding, etc., the received power is proportional to d=" where n denotes
the path loss coefficient. Depending on the environment 2 < n < 6 have been
observed [2,28].

Shadowing due to hills, large objects or dense vegetation leads to a reduction of
the received signal power. Receivers in a shadowed area experience an almost
constant reduction of the received signal over a few hundred wavelengths. This
effect is called large-scale fading. For most environments it can be modeled by
a log-normal distribution [2].

Small-scale fading is the result of constructive or destructive interference of
multi-path components (MPCs) at the RX antenna. If there exists no domi-
nant MPC, e.g. for non-line of sight (NLOS) conditions, the amplitude of the
received signal can be modeled by a Rayleigh distribution, if a sufficiently high
number of MPC within the same delay bin interfere with each other. This is
the consequence of the central limit theorem [2], where a superposition of many
statistically independent variables leads to a Gaussian distribution of the field
strength and, hence, to a Rayleigh distribution of the amplitude. In case of a
dominant MPC, e.g., for LOS conditions, the amplitude is often modeled by
a Rician distribution [2,29].
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Figure 2.1: Influence of the environment on wireless communication.
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2.2 System Theoretic Description of Wireless Channel

2.2 System Theoretic Description of Wireless
Channel

The effect of the wireless communication channel on a transmitted signal x(¢) can be
modeled by an LTV system [2,28-31]. Four equivalent representations of the system
function are linked by the Fourier transform as shown in Figure 2.2.

h(t,7)

B(w,f)

Figure 2.2: Relation between linear-time variant system functions [2].

We will start with the system description by the time-variant channel impulse
response (CIR) h(t, 7). The received signal y(t) is obtained by

y(t) = / h(t,T)z(t — T)dT, (2.2)
where ¢t denotes absolute time and 7 time delay, respectively. Alternatively, the
channel transfer function (CTF) describes the channel in time ¢ and frequency f. It
is obtained by the Fourier transform of the CIR with respect to 7

o)
g(t, f) :/ h(t,7)e 2™ dr. (2.3)
The Doppler-variant impulse response, also know as spreading function S(w, 7), is
obtained by a Fourier transform of h(t, ) with respect to ¢

S(w, ) = / h(t, T)e 2™ dt, (2.4)
where w denotes the Doppler shift. The function S(w, 7) describes how the transmit
signal is spread in the delay and the Doppler domain. Finally, the Doppler-variant
transfer function B(w, f) is obtained by a Fourier transform of S(w, 7) with respect
to 7.

B(w, f) = /00 S(w, T)e I dr, (2.5)

e}

11
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2 Wireless Channel Models

2.2.1 SISO Channel Models

Communication systems use filters at the transmitter and at the receiver to ensure
the limitation to a specified bandwidth B’. A schematic overview of a SISO com-
munication system is shown in Fig. 2.3.

GTX(¢) GRx(w)

TX x(t) hTX(T) J hPh(tﬂ—?(b;w) T th(T) y(t) RX

Figure 2.3: Example of a SISO communication system with the transmit filter
hrx(7) and the receive filter hrx (7).

The time variant CIR is obtained by
h(t,7) = hrx(T) * hpn(t, 7) * hax (1), (2.6)

where * denotes the time-variant convolution, hrx(7) and hrx(7) denote the trans-
mit and receiver filters and hpy(t,7) denotes the non-bandlimited physical com-
munication channel. In the frequency domain this can be equivalently formulated
as

9(t, f) = grx(f)gen(t, f)grx(f) (2.7)

where grx(f) and grx(f) denote the transmit and receive filter in the frequency
domain and gpy(t, f) denotes the non-bandlimited CTF of the physical channel.

In a time-variant environment, not taking polarization into account, the CIR of the
non band-limited physical propagation channel of a SISO system can be described
by a double-directional channel model [29, 32-35]

P(t)—1
hPh(rTX7 I'rx, ¢, T, Qb, ¢) = Z hp(rTX(t)’ rRX(t)v T(t)a ¢(t)7 @D(t)) (28)
p=0

Here, rrx(t) and rrx(t) denote the time-variant positions of the transmitter and the
receiver, P(t) denotes the time-variant number of propagation paths and the vari-
ables 7,(t), ¢,(t) and v, (t) denote the time-variant delay, the time-variant direction
of departure (DOD) and the time-variant direction of arrival (DOA), of the p-th
propagation path, respectively. For planar waves the contribution of the p-th MPC,
can be modeled by [35]

hp(rrx (£), Trx (1), 7(£), §(2), (1)) = m,(£)0(7 — 7(£))0(d — p(£))3 (v — (1)), (2.9)

12
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2.2 System Theoretic Description of Wireless Channel

where 7,(t) denotes the time-variant complex weighting factor of path p.
For brevity we will neglect the dependency on t of the MPC parameters in the
following equations and will only point it out for specific cases. We reformulate (2.8)

by

T

-1

hPh(rTxarRXat7T7¢a¢) = hp(rTX7rRX>ta7_7 ¢7 ¢)7 (210)

p

where h/p(rTXa Irx,t, T, ¢’ 1/}) = hp(rTX<t>7 rRX(t)a T<t)7 ¢(t)7 ¢(t>> denotes the time-
variant CIR of the p-th path. We obtain hpy(t, 7) from the double directional channel
model in (2.10) by

I
o

hpn(t, T) :/qb/whPh(rTxarTX7t77—7¢aw)GTX(¢)GRX<¢)d¢d¢ (2.11)

where Grx(¢) and Grx (1) represent the transmit and receive antenna patterns,
respectively.

2.2.2 MIMO Channel Model

For MIMO communication systems the transmitter and the receiver are equipped
with more than one antenna. Figure 2.4 shows a schematic presentation of a MIMO
system. The MIMO channel has to be described for all pairs of transmit and receive
antennas. For a system with m transit and n receive antennas we obtain [35]

hu(t, 7') hlg(t, T) C. hlm(t, 7')
hor(t,7)  hoo(t,T) ... hom(t,

H(t, 1) = 21(. ) 22(. ") o ( ") e Cmm, (2.12)
hot(t,7) huo(t,7) oo ham(t, T)

where h;;(t, 7) denotes the time-variant CIR between the j-th transmit antenna and
the i-th receive antenna defined according to (2.6). The channel matrix includes the
effect of the transmit and receive filters and the antenna patterns of the respectively
utilized antennas.

For the MIMO system the received signal vector y(t) = [y1(t), ya2(2), ..., ya(t)]" €
C™*! is obtained by

/H (t,7)x(t — 7)dT, (2.13)

with X(t) = [xl (t)7 xz(t)’ o 7xm( mel

13
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2 Wireless Channel Models

Gy onl) Go®)
15, o) hLTX(T)J Lhm(ﬂ u() RX,
Cynnl9) Conl¥)
x, 2 hme L%X(r) ) rx,
H,, (t,7,6,)
G, ox() G, ()

t
TX hm;fx('r)J Lhn,Rx(T) yn() RXn

Figure 2.4: Example of a MIMO communication system with m transmit antennas
and n receive antennas. Different transmit filters h;rx(7) and receive
filters h; rx(7) are utilized.

2.3 Stochastic Description of the Wireless Channel

An alternative system theoretic description of communication channels are stochas-
tic channel models, where the linear time-variant channel impulse response is treated
as a random process [2|. Considering the time-variant CTF, the auto correlation
function (ACF) [2,28,29,31]

Ry(t, 1 f, ') = E{g(t, Ng(t, )} (2.14)

provides a fully statistical description, if g(¢, f) is a 2D complex Gaussian random
process with zero mean.

2.3.1 Wide-Sense-Stationary Uncorrelated-Scattering (WSSUS)

Wide-Sense-Stationary
If the ACF does not depend on the times ¢ and t' separately, but on the time

14
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2.3 Stochastic Description of the Wireless Channel

difference At =t —t', it is called wide-sense-stationary (WSS) [2], i.e.,

Rg(tatlv fa f/) = Rg(t - tlafa f/) = Rg(Atv f7 f/> (215)

In other words, if the channel is WSS the statistic of the channel does not change
over time. The WSS assumption also implies that the MPCs with different Doppler
shifts are uncorrelated [2].

Uncorrelated-Scattering
If the ACF does not depend on the absolute frequency but on the difference
Af = f— [ it is called uncorrelated-scattering (US). In this case the ACF can be
written by

Rg(tw tlv f7 f/) = Rg(t7 t,7 f - f,) = Rg(t’ t/a Af) (216)

For US channels, MPCs with different delays are uncorrelated.

Wide-Sense-Sationary Uncorrelated-Scattering
If both assumptions apply, i.e., WSS and US, the process is called wide-sense-
stationary uncorrelated-scattering (WSSUS) and the ACF depends only on two
variables

Rg(tvtla fa f/) = Rg(t - t/7 f - .f/) = Rg(Ata Af) (217)
Using the two dimensional Fourier transform we obtain the two dimensional scat-
tering function C(7,w) > 0 [29] by

C(1,w) / / o (At Af)e I @ATAD GALIAf, (2.18)

which describes how the mean energy is distributed in the delay-Doppler domain.
This description allows for an easier physical interpretation of the dispersion effect
of the wireless communication channel.

2.3.2 Non-WSSUS

For practical communication channels, e.g., vehicular communication channels, the
WSSUS assumption is only satisfied for a limited region in time and frequency. In
this case the channel is characterized as a non-WSSUS channel. It can be described
by the local scattering function (LSF') [29,31,36-39]

C(t, f;7,w) / / J(t 1 At Af)e 2T @A =TAD gAGA f (2.19)

with
Ry(t, [; A, Af) = E{g(t, f + Af)g"(t — At, [)}. (2.20)

15
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2 Wireless Channel Models

The LSF is associated with a locally defined stationarity region which quantifies
the duration and bandwidth within which the communication channel can be ap-
proximated with good accuracy by a WSSUS channel [29]. The LSF describes the
power of MPCs with delay 7 and Doppler shift w at time ¢ and frequency f [37].
Due to the dependency on time and frequency the LSF can be used to describe non-
stationarities of the wireless communication channel over time and frequency. We
will use the assumption of local stationarity to emulate the wireless communication
channel. The LSF will be utilized for characterizing and validating the emulated
channel.

2.4 Channel Model Categorization

Channel models, that reflect the properties of the wireless propagation channel,
are of utmost importance, for the design, test and validation of communication
systems. Communication system designers need channel models that include the
most important properties of the communication channel in order to select the best
physical layer parameters such as, bandwidth, modulation and coding scheme, sub-
carrier spacing, pilot placement, etc.. Choosing the wrong physical layer for given
channel properties leads to reduced system performance. A particularly bad example
is IEEE 802.11p. It was derived of the, for indoor environments designed, IEEE
802.11a, for wireless vehicular communication. Especially in NLOS conditions with
high delay and Doppler spreads, IEEE 802.11p does not perform well due to its
pilot structure [40]. It was shown in [41] that enhanced pilot patterns, specifically a
postamble, allow for a better performance.

The test and validation of wireless communication systems in the field is cost
intensive and difficult to reproduce. An example is the test of vehicular communica-
tion systems at road intersection or in highway scenarios. Due to a fluent change of
traffic, the exact positions of the cars in the scenario can often not be reproduced.
Another example is the optimization of base station positions for a certain area.
Using a trial and error approach is costly and time intensive.

Numerical channel models allow to perform tests in a reproducible fashion in a
laboratory environment or via numerical link level simulation. There exist many
channel models, where a specific model usually serves one specific purpose [28].They
can be grouped into the following categories [2,31,35,40,42-46].

e Deterministic channel models: Deterministic channel models solve the
Maxewell equations for a specific environment to obtain the CIR [2]. The model
requires a detailed description of each object in the environment, which in-
cludes shape, position and electromagnetic (dielectric and conductivity) prop-
erties. The most accurate solution to the Maxwell equations are obtained by

16
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2.4 Channel Model Categorization

solving their integral or differential form numerically. For the integral form
the method of moments is utilized, while for the differential form the finite
element method or the finite difference time domain method is used [2]. Ap-
proximated solutions to the Maxwell equation are obtained by ray launching
or ray tracing (RT) methods [47-52], which apply the fundamental principles
of reflection, diffraction and scattering. In ray launching [53] different rays are
sent out from the TX into different directions. The ray launching algorithm
follows the rays until they hit the RX or they become too weak to become sig-
nificant [2]. In ray tracing the image method is utilized to determine the rays
transmitted from the TX that reach the RX position. The higher the order
of reflections, the higher the computational complexity. The CIR is obtained
by a (large) sum of received rays. If the model considers moving objects, the
non-stationary effects are inherently modeled. These methods can be highly
accurate but require high computational complexity.

Ray launching and ray tracing methods are extremely useful methods if an
accurate site specific description is available. Adapting to more general loca-
tions, however, is difficult. Ray tracing for vehicular environments was used
by Maurer et. al [47,48,50] and for tunnel scenarios by Gan et al. [52].

Stochastic channel models: Stochastic channel models are designed such,
that the CIR fulfills given statistical properties in terms of first and second
order moments [31,54-56]. Molisch et al. [2,43] distinguish between narrow-
band and wideband stochastic channel models. Narrowband stochastic channel
models focus on the characterization of the fading statistics together with the
Doppler spectrum. The channel is considered to be frequency flat for te uti-
lized bandwidth. Wideband stochastic models such as the tap delay line (TDL)
model are based on the WSSUS assumption (see also Section 2.3) [30] and cap-
ture statistical properties like the power delay profile and the Doppler spectral
density. The taps are modeled, e.g., with Rayleigh or Rician fading with a
Doppler spectral density that follows, e.g., a Clarke’s model [57]. Due to their
simple approach TDL models have been adapted by different standardization
bodies. The most well known standardized models are the COST 207 [58]
model for the global system for mobile communications (GSM) and the ITU-
R [59] model for the universal mobile telecommunications systems (UMTS).

Geometry-based stochastic channel models: Geometry-based stochas-
tic channel models (GSCMs) [33,60] are a combination of deterministic and
stochastic channel models. They allow for a good trade-off between complexity
and accuracy. In a GSCM scatterers (diffuse or discrete) are placed randomly
according to a certain distribution in a geometric environment of e.g. a high-
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way or a road intersection. The CIR is obtained by (simplified) ray tracing
methods. The higher the number of scatterers, the higher the computational
complexity and the accuracy of the model. Different GSCMs have been pro-
posed in [33,60-69]. The GSCM has a number of benefits [60]: It can model
non-WSSUS channels, it can model MIMO channel properties, it is possible
to easily change the antenna influence by simply including a different antenna
pattern, the environment can be easily changed and it is much faster than ray
tracing, since only simplified single (or double) reflections need to be calcu-
lated.

An extensive overview of different (standardized) channel models can be found
in literature, see e.g. [28,35,43]. In this thesis we consider geometry-based channel
models.
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3 Wireless Channel Emulation

Channel emulators are used to reproduce the effect of wireless communication chan-
nels in order to test wireless communication systems in a laboratory environment.
The huge benefit is the reproduceability and repeatability of test results. At the
present time most channel emulators are implemented in the digital domain with a
powerful base band processing unit that convolves the down-converted and digitized
radio frequency (RF) input signal with the sampled time-variant CIR (discussed in
Section 3.2.1). A schematic representation is shown in Fig. 3.1. The analog RF input

Channel Emulator

h[m,{]
a(t) ~ down a[m] time-variant ylm u y(%)
~ | 1 - | B | =
X w2 conv. ADC convolution DAC conv. . RX

Figure 3.1: Schematic representation of a channel emulator implemented in the dig-
ital domain to test communication systems. The transmitted signal is
convolved with the emulated time-variant channel impulse response.

signal z(t) is filtered and down-converted to base band and sampled by the analog-
to-digital converter (ADC) to obtain the sampled input signal z[m]. The input signal
is convolved with the (time-variant) CIR h[m,[] that is calculated according to the
underlying utilized channel model. The convolution is typically implemented on a
digital signal processor (DSP) or field programmable gate array (FPGA). Subse-
quently, the digital output signal y[m] is converted by the digital-to-analog con-
verter (DAC) to the analog domain and up-converted to RF to obtain the analog
output signal y(t).

For specific applications the delay introduced by digital signal processing, which
includes the ADC and DAC, RF up- and down-conversion, input- and output-filter,
convolution, etc., is a critical performance factor. For radar target channel emulation,
e.g., the signal processing delay limits the minimum distance of the emulated radar
target. Hence, for small distances extremely fast ADCs and DACs or even analog
emulation techniques, like simple delay chains, have to be used.

19


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

(]
I
rk

3 Wireless Channel Emulation

In this thesis we will focus on real-time channel emulation using a digital imple-
mentation targeting applications, where the processing delay of the emulator is of
minor importance. Firstly, a review of state of the art channel emulator solutions is
shown and their inability of emulating realistic communication channels with real
valued path delays and Doppler shifts, where the path delays and Doppler shifts are
updated in real-time is discussed. Our channel emulator will focus on geometry-based
channel emulation that can circumvent this problem. We show how geometry-based
channel emulation can be realized in real-time using a SDR platform based on the
work of Kaltenberger et. al. [28]. Finally, we will validate the implemented channel
emulator by channel sounding measurements with the RUSK Lund channel sounder.

3.1 State of the Art Channel Emulation

There are different approaches to channel emulation. Some channel emulators im-
plement only simple path-loss models (e.g. Friis law), others use more advanced
models like a TDL approach with stationary statistics. The most important param-
eters of a channel emulator is its frequency range, number of antennas, bandwidth
and which channel models it can emulate. Channel emulators can be classified into
commercially available channel emulators and SDR channel emulator solutions.

3.1.1 Commercially Available Channel Emulators

Commercially available channel emulator solutions are typically very expensive and
produced for testing communication systems against a variety of standardized chan-
nel models. As of 2019, there are emulator solutions e.g. of Keysight [70], Spirent [71]
and Anritsu [72] available, which we will discuss shortly.

3.1.1.1 Keysight

The company Propsim was acquired by Anite in 2013, which itself was acquired by
Keysight in 2015. Keysight offers a variety of channel emulator solutions. The latest
model, the Propsim F64, allows to emulate 64 x 64 bi-directional MIMO channels
with bandwidths from 5 to 400 MHz. Carrier aggregation of up to 1.2 GHz is possible.
The emulator supports MIMO over-the-air (OTA) testing and massive MIMO beam
forming. Frequency ranges of sub-6 GHz and mmWave, probably with frequency ex-
tensions, are supported. Unfortunately, the number of supported paths per channel
is not provided. A previous model, the Keysight F32, supports 48 paths per emu-
lated channel with a maximum delay of 3 ms. Furthermore, the emulator supports
channel models like the 3rd Generation Partnership Project (3GPP) TR138.901 [73],
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3.1 State of the Art Channel Emulation

TR36.873 [73], spatial channel model extended, IMT-Advanced [74], Winner [64],
and TGn/ac/ax.

3.1.1.2 Spirent

The latest emulator solution of Spirent is the Vertex® which supports frequencies
from 30 MHz to 6 GHz. Up to 32 communication channels with a bandwidth of
200 MHz are supported. The Vertex allows emulating SISO and MIMO channels
and can be used for MIMO OTA, MIMO beam forming and massive MIMO testing.
Similar to Keysight, a detailed manual is not available at this moment. A previous
model, the VR5, supports 24 paths per channel with a maximum delay of 4 ms and
a resolution in the delay domain of 0.1 ns.

3.1.1.3 Anritsu

The company Azimuth was acquired by Anritsu in 2017. Anritsu offers the Azimuth
ACE-RNX channel emulator which allows to emulate 24 taps per channel with a

bandwidth of 100 MHz. Different standard models like 3GPP/3GPP2 LTE/3G/2G
are supported. The emulator allows for 8x4 bi-directional MIMO emulation.

3.1.2 Software Defined Radio Based Channel Emulators

Besides commercially available channel emulation solutions also SDR based chan-
nel emulators [62,75-84] have been developed. While the channel emulator solution
developed by National Instruments (NI) [75] utilizes a vector signal transceiver to
emulate a 2 x 2 MIMO channel that is based on a TDL model, Vlastaras et al. [76]
implement a TDL with two active taps and equal power for stress testing IEEE
802.11p modems. Ghiaasi et al. [77] use a TDL in connection with a clustering algo-
rithm [85,86] to reduce the number of propagation paths that have to be simultane-
ously emulated. In [77] the maximum number of simultaneously active delay taps is
ten. Blazek et al. [81] extend the emulator of [77] by utilizing a sum-of-sinusoid model
in connection with a discrete-time Hilbert transform to obtain bathtub, respectively
half-bathtub Doppler spectra [87] for the delay taps. In [82] the work of [77] was
extended using a sparse fit to extract the most important channel coefficients for a
TDL model of a road intersection scenario. The emulated channel is used for modem
tests. The authors of [62] present a non-stationary wireless MIMO channel model.
However, the authors only consider fractional path delays and stationarity region
lengths of 9 to 20 ms where the velocity is assumed to be constant. The maximum
number of emulated paths is thirty-two. The channel emulator shown by MKG sys-
tems [78] allows for a maximum number of twelve delay taps. The authors of [83,84]
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3 Wireless Channel Emulation

use a TDL for OTA testing. The emulator in [88] utilizes a TDL and assumes for
simplicity constant delay of the taps for the generation of small scale fading effects.

3.1.3 Shortcomings of current Channel Emulator Solutions

Due to the underlying TDL model, the emulators described above share the main
drawback that path delays can only be set in integer multiples of the sampling rate.
However, real world, non-stationary communication scenarios are characterized by
continuously changing real valued path delays and Doppler shifts. The testing of real-
time control algorithms requires updating the position and speed of the TX and RX
according to the laws of kinematics, and correspondingly, the wireless propagation
characteristics in real-time with continuous variations in delay and Doppler. With
this approach, real-time wireless data communication between the controller and the
sensors, as well as between the controller and the actuators reflects the properties of
a realistic environment and enables repeatable tests. Use cases are, e.g., (a) testing
of connected autonomous vehicles, and (b) industrial production environments with
mobile robots.

3.2 System Model

For channel emulation we consider a SISO communication system with omni-
directional antennas at TX and RX. As described in Section 2.2.1 the non-stationary,
time-variant CTF [29,32-34]

9(t, f) = grx(f)gen(t, f)grx(f)
9(t, f) = grx(f) Z (e PO gox (f). (3.1)

is described by the superposition of P individual propagation paths with time-
variant path delay 7,(t). Each path is characterized by the complex time-variant
weighting coefficient 7/,(t) = a,(t)e*™® with amplitude a,(t) and initial phase ¢,.
The initial phase is determined by the distance between transmitter and receiver.
The different MPCs originate from LOS, static discrete (e.g. road signs), mobile
discrete (other vehicles) and diffuse (vegetation, walls of houses) scatterers.

The non-stationary fading process (see Section 2.3.2) can be approximated as
WSSUS for the stationary time Ty, and stationarity bandwidth By [39,89]. We
assume that the path amplitudes are constant within such a stationarity region,
i.e., without loss of generality, n;(t) ~ 1, for 1o <t <ty + Titar- Furthermore, the
relative velocity between transmitter and receiver is assumed constant during this
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3.2 System Model

interval (in Section 3.3 we will analyze the error if a linear acceleration is assumed
within the stationarity region). Thus, the time-variant path delay is described by a

linear model

(1) =7(0) = 2t (32)

where 7,(0) denotes the initial path delay, v, denotes the relative velocity between
transmitter and receiver per propagation path, which is determined by the geometry
of the scenario (see e.g. [33,60,90,91] for more information), and ¢y denotes the speed
of light. Defining the Doppler shift as

Up
= fcaa (33)

where f. denotes the carrier frequency of the system, an equivalent notation of (3.2)
can be found as

7p(t) = 7(0) — 775 (3-4)
Inserting (3.4) in (3.1) we can rewrite (3.1) as
P-1 )
g(t, f) = grx(f Je T O=ED g (f)
p=0
P—1 }
= grx(f) U;(t)e_ﬂwf (02 e e 1 ferp () gi2ment g (), (3.5)
p=0

where we consider the frequency f = f’+ f. as composition of the carrier frequency
fe and the frequency offset f' € [-B/2, B/2| (see also [33, Sec. II-A]). Assuming
that the system bandwidth is much smaller than the carrier frequency, i.e., f’ < f.,
which is true for most communication systems [29, Ch. 1], we obtain the approximate
time-variant CTF as

P-1

gPh t f Z,’,’peﬂmupte J27r7'p(0)f (36)

p=0

where we neglected the term /2™ 7% ¢ and defined np = e 20

3.2.1 Non-Stationary Fading Process as Concatenation of
Stationarity Regions

Due to the band limiting filters at transmitter and receiver the actually non-band-
limited physical CTF gpy(t, f) can also be considered as band-limited to the specified
bandwidth B’. For an ideal filter gpy(t, f) = 0 for |f| > B’, which allows to sample
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3 Wireless Channel Emulation

and implement a digital representation of the CTF. Realistic filters, however, are
not ideal, that means, the filter transfer function has a finite slope from passband to
stopband. Hence, to allow for realistic input/output filters we oversample gpy(t, f) by
a factor fosr, i.e., B = fospB. We sample with T = 1/B’ in time and F; = B’/N in
frequency, where N is the number of frequency bins. Considering the band-limiting
filters grx (f) and grx(f) at the transmitter and receiver side, respectively, and using
(3.6) we obtain the sampled non-stationary CTF as the concatenation of stationarity
regions of length Ty.¢. Defining M = [Ty.i/Tc| as the length of the stationarity
region in samples, we obtain the concatenated CTF according to

glm, q] = grx(qFy)grx (¢Fs)gen(((s — 1)M +m')T¢, qF)

P-1
= grx[qlgrx|q Zn (&2ps @ =2m0p.5q (3.7)
p=0

where 7,5, Vps = wpsTc and 6,5 = 7,,(0)/(NTc) denote the path weight, the
normalized Doppler shift, and the normalized path delay of stationarity region s
respectively. It holds that |v,,| < 1 and 0 < 6, < 1. Discrete time is denoted
by m = (s — )M + m’ with m’ € {0,..., M — 1} and discrete frequency by ¢q €
{0,...,N —1}.

The velocities, and correspondingly the Doppler shifts, are assumed to be constant
during a stationarity region. A schematic representation of the stationarity assump-
tion is shown in Fig. 3.2. It leads to a linear change of delay within a stationarity
region as modelled in (3.4) and shown in Fig. 3.3.

To allow for a continuous phase transition between stationarity regions, we in-
corporate the final delay of path p in region s into the starting phase of the next
stationarity region s+ 1. The delay at the end of the stationarity region is obtained
by

Tos[M — 1] = 7,,[0] — %(M — 1T, (3.8)

leading to a starting phase incorporated in 7, .1 = n,e 327»s[M=1fe Correspond-
ingly, the normalized path delay is defined as 6, ;11 = 7, s[M — 1]/NT¢.

To emulate the effects of a wireless propagation channel, the emulator convolves
the input signal x[m| with the time-variant CIR h[m, (], obtaining the output signal

ylm] =Y him —1,lx[m — 1], (3.9)

with [ denoting the index in the delay domain and L the number of delay taps.
Due to the bandlimiting effect of the input filter, the support of h[m, (] is actually
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3.2 System Model

p,1 p,2 p.3

stat stat stat stat
Figure 3.2: Piecewise constant Doppler shift approximation of the instantaneous
Doppler shift w, for different stationarity regions.

T, 0
P P

A

stat stat stat stat

Figure 3.3: Linear change of delay within stationarity regions.

infinite [92]. However, the contributions for large [ will be very small, so they can be
neglected. For a causal implementation of the CIR we allow for pre- and post-cursor
samples, i.e. L = L' 4+ Lye + Lpost, With L' = [Tyax/Tc] and Tipax the maximum
path delay of the CIR. The values of L. and L. depend on the required dynamic
range of the system.

The CIR is obtained from the inverse discrete Fourier transform (IDFT) of the
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3 Wireless Channel Emulation

time-variant CTF g[m,q|. For a better dynamic range of the CIR we implement
a windowing function fyin[g] (see Section 3.6.2) that reduces the side lobes of the
sinc-Kernel due to the finite bandwidth B’,

N—
1
=N Z fwinlglg[m, ™V (3.10)
=0

3.2.2 Channel Impulse Response Data Rate

For the time-variant convolution in (3.9), a new CIR has to be available every T¢ =
1/B. The number of delay taps is proportional to T,.x of the wireless propagation

channel
L' = Bryx. (3.11)

Hence, the resulting data rate of the CIR D¢r increases quadratic with B
Dcir = 2BL' Ny = 2B Toax Vot (3.12)

where 2 originates from the real and imaginary part of the CIR and Ny is the
number of bits to represent the real and imaginary part, respectively. Table 3.1 shows
an example of the data rate of a CIR with 7,,, = 1.6 us for different bandwidths
using 16 bits to represent real and imaginary part, respectively.

Table 3.1: Data rate of CIR versus communication system bandwidth.

Bandwidth B [MIZ] 1 | 10 | 100
Data Rate Dcr [GBit/s] | 0.0512 | 5.12 | 512

The CIR is generated according to the considered channel model. Simplistic chan-
nel models allow a direct implementation in hardware, using, e.g., an FPGA or a
DSP. More sophisticated models, like the GSCM, however, have higher computa-
tional complexity. An implementation of the model in hardware is either technically
or economically infeasible or the channel model has to be implemented with a lower
amount of detail. An alternative approach is to implement the channel model in
software, e.g., in C, Matlab or Python, using a powerful processor to calculate the
CIR in real-time and to stream it to a device that implements the convolution with
the transmitted signal.

However, from the discussion above, it is obvious that, streaming the CIR be-
tween devices can quickly become a bottleneck and other ways for transmitting the
CIR have to be investigated. Kaltenberger et al. [28,92,93] introduced a novel chan-
nel emulation method utilizing a low-complexity, reduced-rank subspace model for
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3.2 System Model

scenario

. Propagation Module
arameters
P channel model Large scale geomtry
update
l My Vy Hn
Host PC subsp. proj.
module
T
FPGA . Convolution Module
basis exp. Small scale fading
module update
§ hm
(1) 2m)| timevari y[m] t
% N down | ADC time varlgnt DAC b up | | % y(t)
conv. convolution conv.
Software Defined Radio (SDR) USRP 2954R

Figure 3.4: Geometry-based channel emulator structure

geometry-based channel emulation allowing for real-valued path delays and Doppler
shifts. In the next Section we will show how to utilize this technique to obtain a
real-time geometry-based channel emualator.

3.2.3 Geometry-Based Channel Emulation Architecture

Calculating (3.7) is of high computational complexity, since for each time instant
and for each frequency index g a sum of P complex exponentials (CEs) has to be cal-
culated. In this section we present a geometry-based channel emulator architecture,
shown in Fig. 3.4, that enables a real-time implementation. The geometry-based
channel emulator consists of a propagation module that is implemented on a gen-
eral purpose multi-core personal computer (PC) and a convolution module that is
implemented on an SDR equipped with an FPGA.

The propagation module is parametrized by the channel model, which periodically
updates the geometry and calculates the propagation path parameters n,,, v, s and
0,5 for each stationarity region s. To reduce the computational complexity of the sum
of complex exponentials (SOCE) in (3.7), we exploit (i) the bandlimited properties
of the fading process, and (ii) the limited accuracy of the ADC and DAC at the
input and and output. We approximate the SoCE in (3.7) by a reduced rank basis-
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Basis Coefficients

Emulated Cham‘liél\

o

Frame 0 ~ Frame 1 ~ Frame 2

M

Figure 3.5: Frame structure of periodic transmission of basis coefficients for station-
arity regions s

expansion model (BEM) [23,28,92,93]. The BEM uses DPS sequences [94] and the
propagation parameters to calculate the basis coefficient matrix Y, using a subspace
projection. The basis coefficient matrix describes the evolution of the channel in the
time and the frequency domain in a compressed form. A schematic representation
of the transmission protocol of the basis coefficients Y, from the PC to the SDR
unit is shown in Fig. 3.5.

The SDR consists of a RF frontend in connection with an FPGA. In the RF
frontend, the input signal is filtered and converted from passband to baseband by
mixing with a local oscillator (LO). It is sampled by the ADC to obtain the digital
baseband signal z[m]. In the basis-expansion module on the FPGA, we utilize Y
and stored DPS sequences to obtain the time-variant CIR h[m, ]. In the time-variant
convolution module, the input signal x[m] is convolved with h[m, ], to obtain the
output signal y[m]. Subsequently, y[m] is converted to an analog signal, by the DAC
and shifted to the passband by mixing with the LO. The geometry-based channel
emulator structure has two major advantages:

e The reconstruction complexity to obtain the time-variant CIR is independent
of the number of propagation paths, which makes the model very suitable for
an implementation on an FPGA.

e The streaming bandwidth between the general purpose PC and the SDR can
be significantly reduced, since we transmit compressed CIRs in form of the
basis coefficients Y instead of full CIRs.

We will explain the approximation steps of the model in the next subsections in
more detail. The approximation error is analyzed in Section 3.3. For the discussion
below we consider a single stationarity region s, without loss of generality.
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3.2 System Model

3.2.4 Basis Expansion Model

Our reduced-rank BEM is based on two assumptions. Firstly, we assume that the
channel is reconstructed block-wise for limited time-frequency snapshots, defined by
the Cartesian index set

I=I'xI'=[0,...,M —1] x[0,...,N —1]. (3.13)

The size of the index set is smaller than, or equal to, the size of the local stationarity
region. Secondly, we assume that v, and 0, are limited to a band-limiting region that
is defined by the Cartesian product

W= Wt X Wf = [_VDma)u VDmax] X [07 epmax] . (314)

Here, vpmax = 1¢ feVmax/Co Where vy, denotes the maximum relative velocity be-
tween transmitter and receiver, and Opmax = Tmax/(NTc) where Ty« is the maximum
path delay of the channel. The maximum velocity and delay are determined by the
considered scenario.

The index-limiting region Z in (3.13) and the band-limiting region W in (3.14)
are represented as Cartesian products. Hence, the subspace of the time-variant CTF
for the duration of a stationarity region can be represented by two-dimensional
DPS sequences [23,32,92,94,95]. DPS sequences are band-limited to a support W
and simultaneously most energy concentrated in an interval I, which makes them
ideally suited for reconstructing the wireless time-variant channel within a band-
and index-limited region.

The two-dimensional reconstruction shown by Kaltenberger et al. [92,95] has the
disadvantage, that either the two-dimensional DPS sequences have to be stored on
the FPGA, which requires a lot of memory, or the two-dimensional DPS sequences
have to be calculated at run-time which is computationally expensive. Hence, for an
implementation on the FPGA, we approximate (3.7) by a separate one-dimensional
reconstruction approach shown in (3.15) (see next page), with the two-dimensional
basis coefficients

-1
wi,k = Z TpYi,p€k,p- (316)
p=0
The DPS sequences u;[l; W, I] are the solution to the eigenvalue problem [94,96]
M-1
Cll —my W, Iu;[l; W, I = N;(W, uj[m; W, I] (3.17)
1=0
with m € 1,
: 1 . .
kW. Il = _]271‘ka - - j2mkvy e]27rk1/1 1
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3 Wireless Channel Emulation

pP-1 Df-1 Dt—1
glm', g = glm’ gl =Y my Y wlgs W ey Y wi[ms W Iy,
p=0 k=0 i=0
Df—-1 Dt—1 P-1
= wilg; W '] Z ui[m's W, T an%,pﬁk,p
k=0 i=0 p=0
—_——
Vi k
Dt—1Df-1
U [m’; Wt, It]uk [QS Wf, IfWi,k (3-15)
i=0 k=0

and W = [y, 1].

The variables v; , and €, denote the basis coefficients of path p in the time domain
and the frequency domain, respectively. The dimensions D' and D' represent the
number of utilized DPS sequences in the time and the frequency domain, respectively
and determine the accuracy of the model. The time-variant transfer function can
be efficiently compressed by a few subspace dimensions [94,97]. That is because the
eigenvalues \;(W,I) of the vectorized DPS sequences u;(W, I) are clustered near
1 for D' < [(vo2 — 11)|I|] and decay exponentially to 0 for D" > [(vo — 11)|I]],
with || denoting the size of the set I. Specifically, the eigenvalues \;(W* I*) of
the vectorized DPS sequences u;(W*, I*) are clustered near 1 for DY < [2vpmacM]
and decay exponentially to 0 for DY > [2upmaM]. The same holds true for the
eigenvalues \; (W1, 7).

The computational complexity for the evaluation of the reduced-rank BEM in
(3.15) is independent of the number of propagation paths. This makes it suitable
for an implementation on the FPGA. The separate one-dimensional structure in the
time and the frequency domain allows an efficient implementation on the FPGA
with a reconstruction accuracy that is equivalent to the two-dimensional approach.

3.2.5 Approximate Basis Projection

The basis coefficients 7;, and ¢;, have to be calculated for each path by the
projection of the CEs onto the DPS sequences. The projection of a single CE
e,(vy) = [e ,e2mv»(M=D]T with normalized Doppler shift v, onto the ba-
sis functions ug(W,I) = [ugl0; W, I], ug[1l; W, 1], ..., ug[M — 1; W, I]]* with band-
limiting regions W and index set I,

2mjvp0
S

M-—1
a(vp; W, ) ug[m'; W, I)el?mvem (3.19)
0

I —

3
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3.2 System Model

does not lead to a reduction in computational complexity, because each CE has to
be evaluated for the projection and the numerical calculation complexity persists.

In [28,92] it is shown that for the projection of a CE onto DPS sequences discrete
prolate spheroidal wave functions (DPSWFs) can be utilized. There exists a close
relation between DPSWF's and DPS sequences. The amplitude spectrum of a DPS
sequence ug|m’; W, I| index limited to a set I = [0,..., M — 1] and band-limited
to W = [Wo — Whnax, Wo + Whiax], with Wiax being the symmetric support and
Wy = *5* the center point, is a scaled version of the associated wave function
(cf. [94, equation (26)] [28,92])

M-1

Ug(v; W, 1) = B4 Z ugm'; W, I]e7imM=1=2m")v (3.20)

m/=0

where 4 = 1 if d is even and B4 = j if d is odd. Comparing (3.19) with (3.20), one
can see that the basis coefficients in (3.19) can be calculated by [28,92]

1 .

Ya(vp; W, T) = /B—eﬂf(M—% Ua(vp; W, I). (3.21)
d

For v, € W approximate DPSWFs can be defined according to [28,92]

AaM

2Wmax

Ua(vp; W, ) = 2™ (M =14m:)Wo ug[my,| (W, I), (3.22)

with \g(W, I) the corresponding eigenvalues and

m, = {1 + (V”W_—WWO) %J . (3.23)

The sign in (3.22) is taken such that the normalization

- dU(vy: W, T
Ua(Wo: W, I) > 0, Wa(vy; W, T) > 0 (3.24)
dv,
vp=Wp
d=0,....D—1

holds. With (3.22)-(3.24) it can be shown that (3.21) can be approximately calcu-
lated by [28,92]

~ 1 jT(M—1)vpT7

Ya(vp; W, I) = /B—e‘] PUa(vp; W, ). (3.25)

d

We implement (3.25) using a table lookup with a table consisting of DPS sequences
that can be pre-calculated and stored. We obtain the table index by inserting v, and
0, into (3.23) and using the support W*' and W' respectively.
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3 Wireless Channel Emulation

Hence, the basis coefficients 7, , and ¢;, of each path can be approximately cal-
culated by scaled and shifted approximate DPS wave functions with a complexity
of O(1). Equation (3.25) allows for a strong computational complexity reduction
compared to (3.19). This enables a real-time calculation of the approximate two
dimensional basis coefficients ); ;. similar to (3.16).

The two-dimensional basis coefficients 1/~)zk represent an efficiently compressed
version of the time-variant CTF in the time and the frequency domain for one
stationarity region. They are utilized to reconstruct the CIR on the FPGA as shown
in the next Section.

3.2.6 Time-Variant Channel Impulse Response

First we define the vector
glm'] = [g[m’,0],...,glm',N —1]]" e C¥**, (3.26)

collecting all samples of the frequency response at time index m/, where g[m’, ¢q| is
obtained from (3.15) using v, instead of ¢; ;. The time-variant CIR vector

~ ~ ~ T
B/} = [Afm', 0, ... k', L—1]| € €2 (3.27)
is obtained by B
h[m'] = D"PFg[m/], (3.28)
where
F = diag(fyi,) € CV*V (3.29)

with fuin = [fuwin[0], fwin[l]s- - - fwin[N — 1]]7 € CN*1 being the windowing func-
tion. The permutation matrix P € R¥*V rearranges the elements of a vector
x = [z[0], z[1], ..., [N —1]]" € CV*! according to

X = Px = [2[N/2],...,2[N —1],2[0],...2[N/2 — 1]|" (3.30)

to fit with the subsequent IDFT. Matrix D € C¥*F is a N x L submatrix of the
Fourier matrix [W]; ; = \/Lﬁeﬂ?\;m € CVN and Vi, j € {0,...,N —1}.
Defining

f'lm'] = [uo[m/; W I', ... upe_q [m'; W, ItHT e RP™! (3.31)
and the matrix of generalized basis coefficients

o0 W

U= e CPxP! (3.32)

Ypi-10 .- Ypri_1piy
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3.3 Error Analysis

we can rewrite the subspace model in (3.15) in matrix-vector notation as
glm'] = VTt m/], (3.33)

where V = [uo(Wf, N, a (WETY, .. ape_ (W, If)} € CNxD' g
the basis vector matrix in the frequency domain and wy(W*, If)
[, [0; WE I, g [N — 1, W, If]]T. Inserting (3.33) in (3.28) we obtain

h[m'] = DYPFV & f'[m/]. (3.34)
—_—
V/
Since the matrices D, P, F and V are constant they can be pre-calculated as V' =
DYPFV with V/ € CL*P" and stored.
The basis expansion coefficients ¥ do not change within one stationarity region.
Thus we can pre-calculate the multiplication with the matrix V’

Y=V TecH (3.35)

and reformulate (3.34) as
h[m'] = Yf'[m’]. (3.36)

The basis vectors ff[m/] are stored on the FPGA memory and are used for the
reconstruction of the CIR.

3.3 Error Analysis

In this Section we analyze the error of the geometry-based channel emulator that
is based on the reduced-rank BEM. Without loss of generality, we model the error
within one stationarity region s. The error has to be smaller than the numerical
precision, determined by the fixed-point precision of the analog/digital converter. It
is defined by

By, = 2~ Mo 1), (3.37)

where N, is the number of bits of the analog-to-digital converter. We analyze the
following error sources:

e Basis expansion model bias
e Approximate basis projection error
e Error due to piecewise constant Doppler assumption

e Narrowband approximation error
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3 Wireless Channel Emulation

3.3.1 Basis Expansion Model Bias

The reduced-rank BEM in (3.15) leads to an approximation bias that depends on the
number of DPS sequences D' and D! that are utilized in the time and the frequency
domain, respectively. Let’s define the vectorized CTF g similar to (3.26).

g =[9[0,0],9[0,1],...,9[M — 1,N —1]]" € MV, (3.38)

For an uniform distribution of v, and 6, on W' and W', respectively, it can be
shown [23,92,95] that

M—1
1
: t E t o7t
blaS (D ) m ard )\Z(LL ,I ), and (339)
f f gf
bias?(D") eraX kEDf A (WH T (3.40)

where \;(W?t I*) and A\ (W?, If) are the sorted eigenvalues of the one dimensional
DPS sequences in time and frequency direction respectively. In [23,28,92] the calcu-
lation of the optimum number of dimensions for the two-dimensional fading process
described by (3.13) and (3.14) is shown.

3.3.2 Approximate Basis Projection Bias

The accuracy of the approximate projection (3.25) increases with reduced bandwidth
Winax and increased number of samples M [92]. This fact is utilized by defining a
resolution factor r and using DPS sequences that are oversampled for the calculation
n (3.25). Specifically, for positive integers r we define DPS sequences with

L=1[0,...,rM—1], (3.41)

and W W
max’ WO + max

W, = [Wo — ! (3.42)

We use Uq(“2; W, I.) and uq(*2, W,., I,.) for calculating the approximated coefficients.
The square bias of the approximate subspace projection is defined as [92]

. 1 D
biasip, = E {WHg —gP HQ} ; (3.43)

with gP" (cf. [23,92]) being the approximate DPS subspace representation. No
analytical results are available for the square bias, however, for the minimum square
bias achievable it was numerically conjectured in [92] that

2 Wmax ?
r Y

bias?, , = mli)n biasgD,r R~ ( (3.44)

min T
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3.3 Error Analysis

with 2W .y representing the maximum two sided support. We use this as a guideline
to calculate the resolution factors in time direction 7t and in frequency direction r!
separately. The resolution factors have to be chosen such that the bias is smaller than
E2,. We refer the reader to [23,92,93] for additional information on the resolution
factor. For the parameters in Table 3.2 and E3, from Table 3.3 we obtain r* = 4 and
rf = 4096.

3.3.3 Error Analysis of the Piecewise Constant Doppler
Assumption

We investigate the error of the CTF due to the piecewise constant velocity (and
Doppler shift) assumption within one stationarity region. For the analysis we con-
sider the comparison with a scenario with constant acceleration a, which causes a
linear changing velocity (Doppler shift). We model the error of a single propagation
path with zero path delay. The linear changing velocity is modelled by

vp[m'; al = vg + am/Tg, (3.45)
with the relative velocity vy between TX and RX. Thus,

vp[m'; al

vl Ay fa, £2)] = P LT

/
T
_ (vo + am C)chc

Co
S (- ) (3.46)
Co Co
—— ~—
v Awplafe)

where Aw,(a, f.) denotes the Doppler shift change of propagation path p. With a
slight misuse of notion we obtain for the CTF

. 2,/ ’ . 1 2,72
g[m'; Awp] — 2Tt Awp TEm )ym! _ j2mvpm’ +j2m Awy TEm'™ (3'47)

The mean square error (MSE) is calculated by

M-1

> " lglm';0] = glm'; Aw,)|?

G%D(Awp) =

ej27rypm’ (1 . ej27rApr(23m’2) |2

==

(1 . ej27rAprgm’2>|2' (348)
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3 Wireless Channel Emulation

The implementation of the approximated geometry-based channel emulator requires
etp(Aw,) < EZ. An example evaluation of the error with the parameters of Table
3.2 is shown in Fig. 3.6.

%107

/s

stat

0.8

0.6 2 2
eFD(A wp)<Eth L

0.4

I
-300 -200 -100 0 100 200 300
A w [(Hzls)

Figure 3.6: Indicator function e (Aw,) < E3 for piecewise constant Doppler shift
vs. Doppler shift change and statiority region length Ti.;. The white
region shows the area where the condition is satisfied.

We consider a maximum acceleration of +20m/s”, which leads to Aw, €
{—380.3Hz/s,...,380.3 Hz/s}. We evaluate the stationarity region lengths . €
{256 us, 512 us, . .., 2.56 ms}. We consider E2 = —60dB for the error threshold (cf.
Table 3.3).

The white region in Fig. 3.6 represents the area where ef,(Aw,) < E3 . We observe
that there is a trade-off between Aw, and Tg,;. Considering a fixed error threshold a
large Aw, requires small T, and vice versa. Please note that Aw, depends on the
carrier frequency f. and on the acceleration a (cf. (3.46)). Hence, considering Aw,
fixed, to meet a fixed error threshold, an increase of the center frequency requires
the reduction of the maximum acceleration. The maximum length of the stationarity
region is ultimately limited by the complexity and storage of the used FPGA and
the required accuracy of the channel model. We choose Ty, = 256 us such that
eip(Avp(a)) < E2 for the example implementation with E% defined in Table 3.3.
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3.3 Error Analysis

The parameters of Table 3.2 are utilized for numerical evaluation and to calculate
the DPS sequences as described in Section 3.2.4 (cf. (3.13) and (3.14)). We select
the velocity vpmax = 400km/h (111 m/s) in Table 3.2 such that a large variety of
scenarios can be emulated, i.e., also highway scenarios with high relative velocities.
All scenarios with a velocity smaller than vy, can be emulated by this setup.

Table 3.2: Channel parameters

Parameter Value
fe 5.7 GHz
Trnaz 1.6 us
Umax 400 km/h (111.1m/s)
B 10 MHz
JosF 2
Tc 50 ns
Wpmax 2.11kHz
Titat 256 us
a —20...20m/s?
N 128
M 5120

Table 3.3: Emulation Parameters

Parameter Value

Lprey Lpost 4
EZ —60dB
Dt 6
Df 47

Tt 4
ry 4096

3.3.4 Narrow Band Approximation Error

w

In this Section we investigate the error caused by neglecting %" in the CTF in
(3.5). We sample (3.5) with T = 1/B’ in time direction and F; = B’/N in frequency
direction and use the definition of 7, in (3.6). Using the definition of g[m, ¢| in (3.7),
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3 Wireless Channel Emulation

considering one stationarity region and neglecting the band-limiting filter grx[g] and
grx[q] we obtain

wp m'Teq

g/[m/’ q] = g[m/, q]eﬂﬂ— fe NT¢ (349)
= glm', g7 5", (3.50)

We define the normalized error per time and frequency index
2 2
ex(wpim',q) = lglm’,q] — g'[m’, d]l” / lglm’, ]|

LN |2
iorep mgq 2
_ \g[m',q] (1 o ) / lglm

2
jome mia
= 1 — e fe N

An exemplary representation of the error edp(wy;m’,q) using the parameters of
Table 3.2 is shown in Fig. 3.7. We observe that the error grows with time and
frequency index and increasing Doppler shift. For Doppler shifts small compared
to the carrier frequency and small stationarity regions the error can essentially be
neglected. For the emulation of larger Doppler shifts, the error may leads to a small
phase discontinuity at the stationarity region boundaries.

For the design of the geometry-based channel emulator we choose the parameters
such that

(3.51)

ein(Awy) + eXp + bias? (DY) + bias*(D') < Ej. (3.52)

3.4 Data Rate and Complexity Analysis

3.4.1 Data Rate Analysis for PC-SDR Link

The compression of the CIR in terms of basis expansion coefficients leads to an
effective bandwidth reduction for the communication link between PC and SDR.
Streaming the full CIR h|lm, ] at each time instant m requires

2L Npity

C

Rfull -

bits/s, (3.53)

while streaming the compressed CIR using Y, requires

2 LD' Ny
22 T hits /s, (3.54)
T‘stat

Rcomp -
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3.4 Data Rate and Complexity Analysis

e? ,/dB
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-100

-120 W

-140

-160

5000

Figure 3.7: Exemplary narrowband approximation error vs. time and frequency in-
dex for wpmax = 2.11kHz, Tgae = 256 s, fo = 5.7GHz and Te = 50ns
(cf. Table 3.2).

Npie1 and Npye correspond to the used fixed-point precision for streaming h[m, (]
and [Y]; to the SDR unit, respectively. Comparing the two data rates we obtain
the data rate reduction factor

r _ Rfull _ Tstathitl (3 55)
red Rcomp DtTC Nbit2 ‘ .

Since T < Tyay We have r..q > 1, i.e. we obtain a significant data reduction. The
overall bandwidth reduction depends on Ty, since D' is ultimately determined by
the time-bandwidth product [2wpmaxTstar| and the required accuracy (see (3.39)).
For a typical scenario with the parameters shown in Table 3.2 and Table 3.3, we
obtain D' = 6. With Ny = 16 and Npie = 32 req =~ 427, ie., we obtain a
bandwidth reduction by a factor of 427 for the PC-SDR link.

3.4.2 Complexity Reduction Analysis

Calculating the SoCE in (3.7) requires O(PM N) operations per stationarity re-
gion. The utilization of the BEM with the approximate subspace projection enables
an efficient implementation of the geometry-based channel emulator with reduced
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3 Wireless Channel Emulation

computational complexity. The calculation of the basis coefficients on the host com-
puter requires only a table look-up and a scaling of P propagation graphs, i.e., it
can be calculated in O(P) operations. The computational complexity on the FPGA
is constant and independent from the number of propagation paths and requires
O(DYLM) operations. Since D' <« M and L < N the computational complexity of
the approximate BEM is significantly smaller than the SoCE. With the parameters
of Table 3.2 with L = 40 and P = 500 the complexity reduction amounts to

PNM
- N 26T .
Creat = pipiar ~ 207 (3:56)

3.5 Hardware Implementation Aspects

3.5.1 Software Defined Radio

A SDR is a radio system that consists of hardware and software. A RF frontend in
connection with a digital DSP or FPGA, whose functionality can be programmed in
software, allows for a highly flexible application of SDRs in different fields. A typical
example is the rapid prototyping of test systems, such as, the implementation of TX
and RX of a communication system, channel sounders to measure the effects of the
wireless communication channel on the transmitted signal as well as massive MIMO
test systems. For the implementation of code and for programming the FPGA the
NI software Labview Communications 2.0 was utilized.

In this thesis the NI universal software radio peripheral (USRP) 2954R [98] has
been used as SDR. It is equipped with a Xilinx Kintex 7 K7410T as FPGA, has a
frequency range of 10 MHz to 6 GHz and supports a bandwidth of up to 160 MHz.
The up-and down-conversion from RF to baseband and vice versa is performed by
UBX-160 daughter boards.

3.5.2 Channel Impulse Response Reconstruction on FPGA

To implement the reconstruction of the CIR shown in (3.36) on an FPGA, different
approaches are possible. The matrix-vector multiplication can be implemented in a
parallel fashion, where fl[m’ | is calculated at each sample point m’ instantaneously.
To do so, each row of Y is multiplied with £*[m’] and summed up in parallel. Hence,
D, L multiplications and additions have to be implemented in parallel.

If the resources on the FPGA are limited, an alternative solution, that uses less
resources, is to serialize the multiplication of (3.36). In this case only a part of
the multiplication is implemented in parallel, but executed with higher frequency.
If % row multiplications are implemented in parallel, where a is divider of L, the
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3.6 Measurement and Validation Setup

multiplication has to executed a times faster compared to the full parallel imple-
mentation to obtain one sample of h{m']. Obviously, there is a limit on parallel-serial
implementation in terms of maximum specified execution frequency of the FPGA.

3.5.3 Local Oscillator Leakage

The USRP 2954R uses direct up/down-conversion to transform from/to basedband
to/from RF baseband. Due to I/Q impairments in the conversion stage, LO leakage
occurs, which results in an additional component in the intended signal. In the signal
that is down-converted from RF to baseband, LO leakage leads to an additional com-
ponent at 0 Hz (DC component). In the signal that is up-converted from baseband
to RF, LO leakage leads to an additional component at the LO center frequency.
Two techniques can be applied to omit LO leakage in the emulated signal:

e The first option is to apply I/Q impairment correction. This can be done
digitally on the FPGA of the USRP, where the amplitude and the phase of
the I and Q part can be changed separately.

e A second possibility is to artificially introduce digital heterodyne down/up
-conversion and to filter the introduced LO leakage term. For digital hetero-
dyne down-conversion, the RF signal is converted to an intermediate frequency
which is within the bandwidth of the USRP. A band-limiting filter eliminates
all LO leakage components outside the intended bandwidth of operation.

In this thesis both techniques were utilized. To correct the 1/Q) impairments, the
emulator was firstly used in a feedthrough mode, where the transmit signal is simply
fed through the SDR without an emulated CIR. The LO leakge was measured with
a vector network analyzer (VNA) and the I/Q impairments were digitally corrected
in such a way that the LO leakage was minimized. This can be done manually or
automatically. In this thesis a manual approach was chosen. For digital heterodyne
reception we choose an intermediate frequency (IF) frequency of 40 MHz.

3.6 Measurement and Validation Setup

In this Section we describe the measurement procedure and the metrics that we
use for the validation of our geometry-based channel emulator. The measurement
setup is shown in Fig. 3.8. The RUSK Lund channel sounder provides the emulated
CIR measurements. The TX and RX of the channel sounder are connected via
appropriate attenuators to the channel emulator.
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3 Wireless Channel Emulation

We analyze the accuracy of our channel emulator by comparing the time-variant
statistics of the emulated CIR with the simulated CIR [23,24]. For this com-
parison we use the time-variant power delay profile (PDP) and the time-variant
Doppler spectral density (DSD), which are obtained as marginals of the LSF
[36,37,39,99-101] (see Section 3.6.3). Please note that there is no synchronization
between the measurement start of the channel sounder and the emulation start. The
synchronization is performed manually in post processing.

3.6.1 Numerical Simulation

We implement a floating point simulation of (3.7) in MATLAB. On the host com-
puter the channel model is updated periodically for each stationarity region s to
provide 7,5, 0, s and v, ;. We obtain the simulated CIR using (3.10). For a fair com-
parison we limit the simulated CIR to the first L taps.

3.6.2 Emulation Parameters

For emulation, we use the channel parameters shown in Table 3.2 and the emulation
parameters shown in Table 3.3. The update rate of the coefficients is 1/Ty. ~
3.907kHz. We set Lpre = Lpost = 4. We use a Hann window as windowing function
fwin (cf. (3.10)). We implement the model for an error of Eyy, < —60dB. Using (3.39)
and (3.40) we obtain D' = 6 and D' = 47. For an approximate subspace projection
error smaller than FEy, we set the resolution factor in time-direction r* = 4 and
in the frequency direction to rf = 4096. The overall system delay 7., ~ 5.22 us
was measured and includes the delay introduced by the ADC and DAC, fractional
decimation and first-input first-output (FIFO) register.

3.6.3 Measurement Description

The RUSK channel sounder periodically samples the time-variant frequency response
g(t, f) of a channel to obtain the discrete time-variant frequency response g|x, ] =
g(xts, £ fs). The discrete time index y € {0,..., X — 1} is sampled with t5, with X
being the total number of snapshots. The discrete frequency index is denoted by
£ €{0,...,Z — 1} with Z the number of frequency bins. The frequency resolution
is defined by fs = Bu/Z=.

For the measurement, the length of the sounding sequence is set to T = 12.8 us,
which corresponds to the maximum measurable excess delay. The snapshot repeti-
tion rate is set to ty = 102.4 ps, which results in a maximum resolvable Doppler shift
Vemax = 1/(2ts) = 4.883kHz. We record X = 10° snapshots for the measurement,
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3.6 Measurement and Validation Setup

Geometry-Based Channel Emulator

geometry-based
channel model

Host computer¢

Tx — FPGA — Rx

SDR

RUSK Channel Sounder

Figure 3.8: Measurement setup for the validation.

which is equal to a measurement time of T},..s = 10.24s. To be able to manually syn-
chronize the channel sounder measurement with the geometry-based channel emula-
tor, we emulate 8s, although the emulation time is in general unlimited. We set the
measurement bandwidth of the channel sounder to By = 100 MHz. The bandwidth
is separated in = = 1281 frequency bins which results in f; = By/Z = 78.06 kHz.

3.6.3.1 Local Scattering Function

To analyze the accuracy of the geometry-based channel emulator we compare the
statistics of the CIRs using the LSF [36,37,39,99-101]. The LSF assumes that
the fading process is locally stationary within a region of M’ samples in time and
N’ samples in frequency. We estimate the LSF for consecutive stationary regions
in time indexed by s’. We use a multi-taper based estimator in order to obtain
multiple independent spectral estimates from the same measurement [99,102]. Since
we emulate a small bandwidth, we assume only one stationarity region in frequency.
The estimate of the LSF is defined by [24,39,89,101, 103]

- | JED o )
w=0
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3 Wireless Channel Emulation

We denote by n € {0, ..., N'—1} the delay index and by p € {—M'/2,..., M'/2—1}
the Doppler index, respectively. The index of each stationarity region in time is
denoted by s € {0, ..., |X/M’'—1|} and corresponds to the center of the stationarity
regions. The windowed frequency response

M'/2-1  N'j2-1
H(Gw)[sl; n’p] — Z Z g[m// o 8/, q/]
m''=—M'/2 q'=—N'/2
. Gw [mﬂa q’]e—j27r(pm”—nq/)’ (358)

where the tapers Gy, [m”, ¢'] = u;[m"; WY, I"|u;[¢; W 1] are two-dimensional DPS
sequences [39,94]. Here w = (i — )] +j, ¢ € {1,...,I}, 7 € {1,...,J}, and
W = [—I/M', I/M"), I¥ = M' and W' = [-J/N',J/N'] and I = N’. The
number of tapers in the time and frequency domain is set to I = 3 and J = 3,
respectively [39,101].

The delay and Doppler shift resolutions are given by 7, = 1/(N'fs) and wg =
1/(M'ts). Please note that for an accurate implementation of the geometry-based
channel emulator the stationarity region length has to be chosen to be small enough
to meet the required error threshold (cf. Section 3.3). For the computation of the
LSF, however, we choose the stationarity region to be larger, to obtain a higher
Doppler resolution. We set M’ = 400, which corresponds to a stationarity region
length of T7,,, ~ 41 ms in the time domain or equivalently ws ~ 24.4 Hz. Furthermore,
we set N/ = 128, corresponding to an evaluation bandwidth of Beyy =~ 10 MHz in
frequency domain or equivalently 74 & 100 ns.

The PDP and DSD are calculated as marginals of the LSF over the Doppler or
delay domain, respectively [39,89,103], i.e

M'j2—1

P.ls';n] = E, {é[s n p} Z Cls'sn,p|, (3.59)
p——M//Q
) ) 1 N
P,[s';p] = E,Cls'sin,p|lt = — Cls'sm,p]. (3.60)
(e~ &3

We calculate the simulated CIR with the snapshot rate of the channel sounder as
described above. We obtain the CTF of the simulated CIR by means of a Fourier
transform. We use (3.57) to calculate the LSF and (3.59) and (3.60) to calculate the
PDP and DSD, respectively.
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3.7 Measurement Results

3.6.3.2 Emulation Error

We define the mean error between the normalized PDPs of simulation and emulation
by

N'—1
1 R R
erls'] = — D IPPNs ] — PPN ], (3.61)
N
n=0

and the error between the normalized DSDs by

M'/2-1
1 A .
els) =<5 D PN ip] = PPNl (3.62)
p=—M'/2

The normalized PDP PS™MN[¢:n] is obtained by PSMN[g.p] =
PEM[s; ] fmax(PP™[s';n]). We apply the same normalization to the other

PDP and to the DSDs. For the calculation of the error we manually synchronize
the simulation and the emulation.

3.7 Measurement Results

We validate our geometry-based channel emulator with two different scenarios: (a)
the emulation of a single path with continuously changing path delay, and (b) a
GSCM of a road intersection. We compare the measured CIR of the geometry-based
channel emulator with its numerical simulation by means of the time-variant PDP
and DSD, see (3.61) and (3.62). Finally, the backward compatibility of the geometry-
based channel emulator is shown by the emulation of European Telecommunications
Standards Institute (ETSI) channel models.

3.7.1 One-Path Channel Model

First, we validate the fundamental capability of our geometry-based channel emula-
tor to emulate continuously changing path delays. We emulate a single propagation
path with a Doppler shift that changes from —2 kHz to 2 kHz. This leads to a contin-
uously changing path delay that increases and decreases, according to the current
Doppler shift. In Fig. 3.9, we show from top to bottom (a) the normalized PDP
from the simulated CIR, (b) the normalized PDP from the emulated CIR, and (c)
the error between the normalized PDPs. We show the same plots for the DSDs in
Fig. 3.10.

The results show a mean error of &~ —40dB between the DSDs and ~ —35dB be-
tween the PDPs. We obtain an error above the intended error threshold of —60dB
due to additive measurement noise during the measurement, shown, e.g., in the
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Figure 3.9: Comparison of the normalized PDPs for one propagation path with
changing Doppler shift from —2kHz to 2kHz.
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Figure 3.10: Comparison of the normalized DSDs for one propagation path with
changing Doppler shift from —2kHz to 2 kHz.
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3 Wireless Channel Emulation

DSD of the geometry-based channel emulator measurement in Fig. 3.10(b). With
M’ =400 and N’ = 128 we obtain a 10log;,(400/128) ~ 5dB smaller mean error of
the DSDs compared to the mean error of the PDPs, which is reflected in the mea-
surement results. The small change of the mean error over time is due to imperfect
synchronization in post processing.

3.7.2 Geometry-Based Stochastic Channel Model

We show the capability of our geometry-based channel emulator to emulate realistic
propagation scenarios, by the emulation of a GSCM of a road intersection scenario
in real-time. The selected intersection with the trajectories of the TX and the RX
is shown in Fig. 3.11. Empirical channel measurement data of the intersection was
obtained by channel measurements performed in the city of Lund, Sweden in 2009
[39,104].

Figure 3.11: Top view of the investigated intersection (N55°42'38”, E13°11'14”) in
the city of Lund with the trajectories of TX and RX respectively [3]

In [3] a GSCM for this intersection crossing scenario is developed. The model
comprises up to 617 active propagation paths, each path having a time-variant
Doppler shift, delay and attenuation. We determine the number of active paths
by a visibility check between TX and RX. The GSCM includes randomly placed
scatterers that are subject to a statistical distribution [60]. The geometry and one
random realization of the point scatterer distribution are shown in Fig. 3.12. In [3]
the delay-spread and path-loss versus distance is compared with the measurement
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3.7 Measurement Results
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Figure 3.12: Scatterer distribution of the channel model for a road intersection [3]

data and a good match is demonstrated. We added a diffraction model for the corners
of the buildings to further improve the NLOS to LOS transition [105]'.

In Fig. 3.13, we show from top to bottom the normalized PDP of (a) the numerical
geometry-based channel emulator simulation of the GSCM, (b) the measured CIR
of the geometry-based channel emulator, and (c) the road intersection measurement.
In Fig. 3.14, we show the same comparison for the DSD.

The mean error between the normalized PDPs and DSDs of emulation and numer-
ical simulation are shown in Fig. 3.15. The mean error shows a good match between
the numerical simulation and the measurement of the geometry-based channel em-
ulator. The error above the intended threshold of —60dB is due to measurement
noise (see Section 3.7.1).

We analyze the non-stationary fading process of the GSCM using statistical quan-
tities, i.e., the time-variant root mean square (RMS) delay spread and the time-
variant RMS Doppler spread. The RMS spreads are calculated according to [39].

Tt is based on the assumption that diffraction can take place at a street corner when LOS is
unavailable. The attenuation of the diffraction path is calculated by the free space path loss
expression and a fictitious distance, which is given by Berg’s recursive expression [106]. The
detailed calculation of the fictitious distance can be found in [105].
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Figure 3.13: Comparison of the normalized PDPs for the road intersection scenario.
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3.7 Measurement Results
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Figure 3.14: Comparison of the normalized DSDs for the road intersection scenario.
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3 Wireless Channel Emulation
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Figure 3.15: Comparison of PDP and DSD error for a road intersection scenario.

We apply a noise-power threshold to the emulated results to eliminate noise com-
ponents that could be mistaken as MPCs. The noise-power threshold is chosen 5dB
above the noise floor. The sensitivity-threshold is chosen 30dB from the highest
peak (cf. [39,107]). For the evaluation of the intersection measurements the high
Doppler components are excluded.?.

In Fig. 3.16, the gray region represents the 99 % quantiles of (a) the time-variant
RMS delay spread and (b) the time-variant RMS Doppler spread, obtained from 100
random realizations of the GSCM scatterer placement. We plot the same second or-
der statistics for the simulation of the GSCM (Simulation), the emulation of the
GSCM (Emulation) and the road intersection measurement (Measurement). From
Fig. 3.16 we observe that the RMS delay and RMS Doppler spread curves of numer-
ical simulation and emulation match closely, infact they lay on top of each other.
For the GSCM a random realization of the scatterer placement is utilized. The road
intersection measurement corresponds to another scatterer placement. Hence, the
RMS delay and RMS Doppler spread of simulation and emulation differ from the
RMS delay and the RMS Doppler spread of the measurement. However, the mea-
sured RMS delay and RMS Doppler spread are well within the gray region, showing
that our GSCM parameterization can model the road intersection scenario. Further

2In our channel measurement data of the road intersection shown in Fig. 3.14(c), there are Doppler
components visible at £1500 Hz starting from second nine onwards. We attribute the compo-
nents to interference and did not include them in our GSCM model. The reason for this is,
that the car during the measurement was traveling at max. 60km/h (16.7m/s). The visible
Doppler components would be caused by a velocity of 79m/s, which is not realistic, even if
multiple reflections were considered. Hence, we are sure that these components are caused by
interference.
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3.7 Measurement Results
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Figure 3.16: Comparison of the second order statistics of the road intersection sce-
nario.

statistical evaluations of the measured RMS delay and RMS Doppler spreads in other
scenarios can be found in [39]. Our geometry-based channel emulator measurement
results demonstrate the capability to emulate a large number of propagation paths
with continuously changing path delays and Doppler shifts that are determined by
the environment geometry. Hence, we showed that the geometry-based channel em-
ulator is able to emulate non-stationary wireless communication channels.

3.7.3 ETSI TDL Channel Models

To demonstrate the backward compatibility of the geometry-based channel emulator
to emulate TDL models, we emulate the ETSI channel models for testing vehicular
communication systems [81,87]. The models are TDL based and consider channel
statistics that do not change over time. The DSD of the delay taps is modeled as
a half-bathtub spectrum or as a full-bathtub spectrum, depending on the scenario
considered. There exist five scenarios, each defining different path delays and Doppler
spectra for the corresponding paths. We emulated and measured all scenarios. We
only show the rural LOS scenario, the other scenarios are equivalent. We implement
the positive (negative) half bathtub spectrum by summing 40 propagation paths
for each delay tap and adjusting the impinging angle of the paths to the right
(left) hemisphere corresponding to positive (negative) Doppler shifts. The impinging
angles are randomly distributed on the respective hemisphere. The normalized PDPs
and DSDs, and the error are shown in Fig. 3.17 and Fig. 3.18, respectively. Also here
we see a close match between simulation and emulation.
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Figure 3.17: Comparison of the normalized PDPs of ETSI channel model rural LOS
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3.7 Measurement Results
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Figure 3.18: Comparison of the normalized DSDs of ETSI channel model rural LOS
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4 Channel Emulation in
Vehicle-in-the-Loop Tests

Connected autonomous vehicles exchange information using wireless vehicle-to-
everything (V2X) communication to improve road safety and travelling convenience,
reducing traffic congestion, minimizing fuel consumption and enhancing the over-
all driving experience [7,15]. In fully automated driving systems real-time control
algorithms integrated in the automated vehicle’s control unit, will use this infor-
mation to adapt the driving route and velocity to the current traffic situation. As
already discussed in the previous sections, the performance of wireless communi-
cation systems is fundamentally determined by the properties of the underlying
wireless communication channel. Vehicular communication channels exhibit time-
variant multi-path propagation with non-stationary channel statistics, which makes
wireless communication challenging. In safety relevant scenarios URLLC links are
of paramount importance. For developing and validating URLLC links, the wire-
less communication system together with the real-time control algorithm has to be
tested in a repeatable fashion in vehicular environments.

In this part of the thesis, we validate the vehicle-in-the-loop (ViL) test of V2X
communication links by means of time-variant channel emulation [26]. ViL tests [108]
have the benefit of being repeatable, while tests on the road are labor intensive and
hard to repeat due to the influence of variables that cannot be controlled. A ViL
test combines a real vehicle with a virtual environment, where all relevant stimuli for
sensors are simulated. To reproduce the wireless communication effects, a wireless
channel emulator is used. In most ViL tests only very simple channel models are
utilized, such as basic path-loss (e.g., Friis law) or delay models and stationary
statistics [109,110]. A realistic validation of wireless communication systems in Vil
tests requires the update of wireless propagation characteristics in real-time with
continuous variations in delay and Doppler according to the change of the position
and velocity of the TX and RX.

We perform the validation of wireless V2X communication in Vil tests by com-
paring the RSSI and PER of measurements on a proving ground with the RSSI and
PER obtained from ViL tests. For the ViL tests, the wireless communication channel
is emulated using the geometry-based channel emulator introduced in the previous
section, that allows to emulate continuously changing path delays and Doppler shifts.
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4 Channel Emulation in Vehicle-in-the-Loop Tests

The channel emulator is parameterized by a GSCM, which is updated in real-time,
dependent on the position and velocity of the vehicles to emulate. The position and
velocity of the vehicles are updated in real-time by Virtual Test Drive ® by VIRES
Simulationstechnik GmbH.

4.1 Scenario Description

We selected driving routes and traffic scenarios, to measure and emulate the wireless
channel statistics for a left turning vehicle, as illustrated in Figure 4.1.

The vehicle of interest is a Volkswagen (VW) E-Golf and henceforth denoted
as test vehicle, which is confronted with different traffic situations such as (a) another
vehicle (VW T5; length: 5292 mm, height: 2476 mm, width: 1959 mm) crossing before
turning left, (b) another vehicle (VW T5) blocking the line of sight to the base station
while a vehicle (VW Passat; length: 4767 mm, height: 1516 mm, width: 1832 mm) is
approaching the intersection from the opposite direction, and (c) two vehicles (VW
T5 and VW Passat) approaching the intersection where the VW T5 is blocking the
line of sight to the VW Passat. In each scenario there is at least one incoming vehicle
approaching from the opposite side of the intersection. Since both vehicles (the test
vehicle and another vehicle) meet at the center of the intersection, the driver of the
test vehicle has to decide to turn before or after the incoming vehicle. Thus, each
of the scenarios bear different challenges for the driver of the test vehicle where
additional information received via V2X communication proves beneficial.

The incoming vehicle follows an s-curve with trees blocking the line of sight to the
test vehicle. We assume that the incoming vehicles are legacy vehicles with no means
of wireless communication. To compensate for the blocked view, a traffic tower is
placed at the end of the s-curve, observing the vehicles approaching the intersection.
The position of the visually detected vehicles is transmitted using wireless vehicle-
to-infrastructure (V2I) communication based on IEEE 802.11p [111] towards the
test vehicle, allowing it to compensate for the lack of sight and communicate a turn
decision recommendation for the driver. The TX modem is mounted on the traffic
tower at a height of 4.2m, the RX modem is mounted in the test vehicle. At TX
the antenna ECO12-5800-WHT of MobileMark with 12 dBi gain was utilized, at the
RX the antenna SMW-404 also of MobileMark with a gain of 5 dBi was used. Both
antennas are omni-directional.
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Figure 4.1: Ilustration of the basic scenarios.

4.2 Vehicle-in-the-Loop Tests

4.2.1 Description of the ViL Test

For the ViL test, the system-under test (SUT) (in our case the test vehicle) is con-
nected to a simulation environment where everything except the SUT is simulated.
In our experiments, this includes, besides the visual representation, the physical
properties of the environment, a virtual representation of the SUT and every mov-
ing object in the scene that modifies the measured variable(s). In order to reproduce
the experiment on the test track as close as possible, the Vil tests are conducted at
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4 Channel Emulation in Vehicle-in-the-Loop Tests

Vehicle Track Layout Intersection Layout

Test Track

Simulator

Figure 4.2: Test track recreated in simulation.

the Virtual Reality Laboratory (VRLab) at the German Aerospace Center (DLR).
The VRLab is a 360° projection dome [112] with enough space to accommodate the
complete test vehicle. The front tires of vehicle are positioned on a special designed
force injection system that is able to simulate the forces a driver or an automation
system would feel / measure on the real track. The experiment is conducted as
a co-simulation, using Virtual Test Drive (VID) ® by VIRES Simulationstechnik
GmbH as environment simulation and the DLR in-house framework Dominion [113].
A custom built highly accurate map of the test course is used for the simulator de-
picted in Figure 4.2. In the ViL test three different scenarios were reproduced (cf.
Figure 4.1). The test driver drives the same route as on the actual test site.

4.2.2 Wireless Channel Emulation

The wireless V21 communication channel is emulated using the real-time geometry-
based wireless channel emulator [25] presented in the previous section. A schematic
representation is shown in Figure 4.3. The propagation module is parameterized
by the channel model, which periodically updates the geometry (position, velocity
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4.2 Vehicle-in-the-Loop Tests

real-time geometry-based
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Figure 4.3: Schematics of wireless channel emulation in VilL.

and acceleration) and calculates the attenuation, delay and Doppler shift of each
propagation path. The convolution module convolves the input signal with the time-
variant channel impulse response to obtain the output signal. For the ViL tests a
multi-core x64 machine with 16 cores is available, as SDR we use an NI USRP-
2954R [98]. The SDR is connected to TX and RX via attenuators.

We parameterize the propagation module by a GSCM [60]. The model takes the
traffic lights as static discrete, the vehicles as mobile discrete and the vegetation as
diffuse scatterers into account. The vegetation is modeled by octagons of different
sizes where the diffuse scatterers are placed randomly inside the octagons according
to a certain distribution. For each test drive in each scenario a random scatterer
realization of the vegetation is utilized. A schematic representation of the second
traffic scenario (sight blocked) with different scatterers including the trajectories
of all involved vehicles is depicted in Figure 4.4. The start position of the test
vehicle (RX), is shown by a pink square, the position of the TX is shown by a pink
circle. The path loss coefficients of the model are adapted from the road intersection
scenario with buildings [3]. The attenuation of the vegetation is modeled according
to [114, (2)]. For each position of the test vehicle the LOS condition is checked and in
case of an obstructed LOS due to the vegetation the signal is attenuated according
to the selected vegetation model.

The wireless propagation coefficients, i.e., path delay, Doppler shift and attenua-
tion, are updated in real-time every 256 us [25] ensuring a phase continuous transi-
tion for the parameter update. The positions, velocity and acceleration of the vehicles
are updated by Vires VTID every 16.6 ms. We linearly extrapolate the position and
velocity until the GSCM receives a position/velocity/acceleration update.
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4.3 Measurement and Validation
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Figure 4.4: Trajectories of the vehicles for the “sight blocked” scenario and the ge-
ometry considered for real-time channel emulation with the GSCM. The
white trajectory corresponds to the test vehicle, the yellow trajectory
to the sight blocking VW T5 and the black trajectory to the crossing
vehicle (VW Passat)

For TX and RX, common-off-the-shelf NEC Linkbird-MX 802.11p modems are
used. The center frequency is set to 5.9 GHz (CH 180) and the frame repetition rate
is set to 100 frames per second. We set the transmit power in both tests to 15dBm.
The data collection is split into two parts: In the first part, the measurement data
on the proving ground/test site is collected at a non-public drivers testing course,
north to the research airport in Braunschweig (Germany). In the second part, the
ViL test is conducted using the 360° DLR driving simulator. The RSSI and PER are
recorded at the RX using the NEC Linkbird-MX 802.11p modem. We calculate the
PER over 100 transmitted frames. On the proving ground we additionally collect
global positioning system (GPS) data for obtaining a nearest fit to the trajectory
used in the ViL tests. We compare the results of the “sight blocked” scenario between
the ViL tests and the measurements on the proving ground.

Figure 4.4 shows the trajectories of the different involved vehicles in the sight
blocked scenario. The white trajectory corresponds to the test vehicle, the yellow
trajectory to the sight blocking VW T5 and the black trajectory to the crossing vehi-
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4.3 Measurement and Validation
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Figure 4.5: Average RSSI with (dashed line) 95 % confidence intervals (filled area)
of the ViL test and the measurement on the proving ground versus the
travel distance for the “sight blocked” scenario

cle (VW Passat). For the measurement on the proving ground the same trajectories
are driven using real vehicles. Please note, that due to the utilized measurement
method on the proving ground in the ”sight blocked” scenario, the measurement on
the proving ground is stopped in the middle of the road intersection.

We compare the measurement on the proving ground with the ViL test using the
recorded GPS- and xy-positions obtained by the simulation. We use a common zero
coordinate to transform (sphere to Cartesian, which induces a neglectable error due
to the rather small area) the GPS positions to Cartesian positions in R3. In order to
provide a meaningful comparison of the RSSI and PER between the measurement
on the proving ground and the ViL test, we pair those ViL test positions (V' C R?)
and proving ground positions (G C R?), which have the smallest error with respect
to the Euclidean distance

M={(v,g9):veV,g= ar;g;gin{Hv —ul|2}}- (4.1)
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4 Channel Emulation in Vehicle-in-the-Loop Tests
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Figure 4.6: PER of the ViL test and the measurement on the proving versus the
travel distance for the “sight blocked” scenario.

From the obtained data points we calculate the RSSI of the ViL test and the mea-
surement on the proving ground as an average of 30 subsequent positions in space.
With an average speed of 20km/h and 10 ms between samples, the 30 subsequent
positions result in an averaging distance of 1.67 m (=~ 33 A for 5.9 GHz). We eval-
uate the RSSI and the PER versus the traveled distance of the RX. The traveled
distance is calculated as the Euclidean distance between the current position of the
test vehicle (in the ViL test or the measurement on the proving ground) and its start
position. For the utilized transmit power (15dBm) no signal was received within the
first 30 m of the travel distance. Hence, we omitted this part in the following plots.

Figure 4.5 shows the average RSSI (dashed lines) versus the traveled distance for
the ViL test and the measurement on the proving ground, respectively. We addition-
ally plot the 95% confidence intervals of the averaged RSSI, which are calculated
from 30 subsequent positions in space. As expected, the average RSSI increases with
the traveled distance, since the RX moves closer to the TX. Comparing the average
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4.4 Discussion

RSSI of the ViL test and with corresponding measurement on the proving ground it
can be observed that the GSCM is able to capture the changing path loss due to the
changing distance over time. The, on average, higher received RSSI of the ViL test
is due to the too small assumed path loss coefficients in the GSCM. Furthermore,
it can be observed that the variance of the short term average RSSI of the ViL test
is higher than the variance of the short term average RSSI of the measurement on
the proving ground. This can be explained by the utilized large-scale fading model
of the path loss coefficients, which assumes a too high variance of the large-scale
fading coefficient. Lastly, due to the available computing hardware for the ViL test,
the geometry of the proving ground has not been modelled to its full extent in the
GSCM, which also influences the accuracy of the obtained results. Thus, for future
measurements, calibrating the parameterization of the GSCM, i.e., path loss and
large-scale coefficients and increasing the level of detail for the geometry used in the
ViLL test will lead to a further improved match between the results from proving
ground and ViL test.

Figure 4.6 shows the PER versus the traveled distance for the Vil test and the
measurement, on the proving ground, respectively. The PER curves show similar
behavior. From 40 m to approximately 60 m traveled distance the PER of the Vil
test is smaller compared to the measurement on the proving ground. This can be
explained by the higher RSSI in the ViL test. After around 70 m traveled distance
the PER of the Vil test and the measurement on the proving ground match ap-
proximately. In this case the RSSI of both measurements is high enough such that
the sensitivity of the modems does not have a significant influence on the PER.

4.4 Discussion

In this section we showed the validation of a V2X communication system test using
a ViL setup. We introduced the scenario and the measurement setup in detail. In the
ViL test the wireless communication channel is updated in real time using a GSCM
that obtains the positions of the vehicles via Virtual Test Drive. The results show
that the ViL test can reproduce the PER and RSSI values which were obtained by
measurements on a proving ground with some systematic deviations. We conclude
that for future tests the paramterization of the utilized GSCM for this scenario,
especially the large-scale fading and the path loss coefficients, has to be calibrated
by measurement data to obtain a closer match. To the best of our knowledge this is
the first time a real-time updated GSCM was used for Vil. communication system
tests.
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5 Adaptive lterative Non-Stationary
Channel Estimation for LTE
Communications

5.1 Introduction

Many latency critical mobile applications such as autonomous driving, real-time
online gaming and virtual reality require tactile speed with latency approaching the
millisecond range [4,7,115]. Matching this services with cloud-computing requires the
transmission of data from the end users to nodes in the core networks or data centers
often tens of kilometers away or across continents [115], which is unacceptable for
latency sensitive services. To tackle this problem mobile edge computing (MEC) [116]
was introduced, which is a new network architecture concept that provides cloud-
computing capabilities at the edge of the mobile network [115-117] in close proximity
(tens to hundreds of meters) of mobile devices. Emerging applications will benefit
from MEC by offloading their computation intensive task to MEC servers for cloud
execution.

The latency of mobile services depends mainly on the propagation, computation
and communication delay, which in turn depends on propagation distance, com-
putation speeds and data rate. Advanced channel estimation techniques reduce la-
tency, since, e.g., re-transmissions of data packets due to wrong detection can be
avoided. For low latency communication in vehicular scenarios, channel estimation
methods are required that can deal with high delay- and Doppler spreads in non-
stationary propagation conditions where the delay and Doppler spread changes over
time [2,39,40].

A robust reduced-rank iterative channel estimator that relies on a correlation
matrix assuming a flat delay-Doppler scattering function, was presented in [32,118].
The support region of the scattering function is defined by the maximum delay-
spread and the maximum Doppler-spread of the channel. The eigenvectors of the
channels autocorrelation matrix can be approximated by a two dimensional subspace
model using DPS sequences [94,96]. Such an approach is mismatched to the actual
support of the scattering function.
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5 Adaptive Iterative Non-Stationary Channel Estimation for LTE Communications

To improve the performance an adaptive subspace selection algorithm that esti-
mates the actual delay and Doppler support of the current channel realization is
presented in [32] for the specific pilot pattern of the IEEE 802.11p [111] standard.
This pilot pattern provides a contiguous pilot grid in time and frequency which is a
crucial requirement for the subspace selection algorithm [119].

For our investigation we consider an LTE downlink pilot pattern and modulation
format. This pilot pattern is not contiguous, which means the subspace selection
algorithm presented in [119] cannot be directly utilized. We present an iterative
reduced-rank channel estimator for the LTE downlink utilizing a subspace rep-
resentation based on discrete prolate spheroidal sequences for a non-contiguous,
equidistant pilot grid, and provide a performance evaluation based on numerical
simulation results for doubly-selective channels [21]. The subspace is adapted to the
time-varying delay and Doppler-spread for each received frame with a hypothesis
test. We extend the iterative reduced rank channel estimation algorithm of [32,97]
to higher order modulation alphabets. With this setup we can achieve a two fold
reduction in the number of required iterations to achieve a PER below 107! for a
relative velocity range of 0 to 400 km/h, and a delay spread of 0 to 4.7 pus at a
signal-to-noise ratio (SNR) of 13dB. Since the estimator adapts to the statistics
of the channel the number of iterations can be reduced, which allows for shorter
processing delay.

For the hypothesis test, the optimum number of hypotheses is not known, which
influences the channel estimation performance as well as the PER. We investigate
the number of hypotheses by numerical simulations and find a method to choose the
hypotheses with a good trade-off between mean-squared channel estimation error
and the complexity of the hypothesis test [22].

5.2 System Model

We assume a modulation scheme based on a SISO LTE downlink as shwon in Fig 5.1.
An information bit stream e[m”] with discrete time m” is turbo encoded, interleaved
and rate matched, resulting in the coded bit stream c[m’]. Subsequently, c[m/'] is
partitioned into vectors t = (t1,%s,...,tx) of length K, which are converted to
complex data symbols b utilizing a symbol alphabet B [120, Sec. 7.1], which is either
4-, 16- or 64-QAM. The data symbols are mapped to the orthogonal frequency
division multiple access (OFDM) time-frequency grid of an LTE subframe. Each
subframe has a duration of 1 ms in the time domain and, depending on the overall
system bandwidth, consists of 6 up to 100 resource block pairs (RBPs) Ngpp in the
frequency domain. The RBP is the minimum scheduling unit in LTE. For a normal
cyclic prefix (CP) length a RBP entails 14 OFDM symbols in the time direction and
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5.2 System Model
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Figure 5.1: SISO LTE downlink system model

12 subcarries in the frequency direction. The time-frequency grid for a subframe
with normal CP length is shown in Fig. 5.2 on page 78.

Pilot symbols p[m, g] are inserted in the time-frequency grid to estimate the chan-
nels time-frequency response, where m € {0,..., M — 1} denotes discrete time and
q € {0,..., N —1} discrete frequency. The size of M and N depends on the number
of considered subframes and the number of RBPs within one subframe. The pilot
symbols are element of a 4-QAM symbol alphabet and assumed to be known to the
receiver.

The multiplexing operation of data and pilot symbols can be described as

d[m, q] = blm, q] + p[m, q], (5.1)

where b[m, q] denotes the coded data symbols. The data symbol positions are defined

71


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

(]
I
rk

5 Adaptive Iterative Non-Stationary Channel Estimation for LTE Communications

by the two dimensional index set &, while the pilot symbol positions are defined
by the two dimensional index set P. The two index sets are complementary, i.e.,
SNP =0,orbm,q =0Y(m,q) ¢ S and vice versa. After inverse fast Fourier
transform (IFFT) and CP insertion the signal is transmitted over a time-variant
frequency-selective channel h(t, 7). The discretized channel impulse response can be
represented by

him" 1] := h(m""Tc, lT¢). (5.2)

Here, m"” denotes the discrete time index, [ the discrete delay index, 1/Tc = N' - Af
the sampling rate, N’ the FFT size and Af = 15kHz the subcarrier spacing. We
assume that the time-variant channel impulse response has a maximum support
of 0 <1 < L'—1 with L' = [1ax/Tc], where 7. denotes the maximum path
delay of the communication channel. To avoid inter-symbol interference (ISI) the
maximum path delay is restricted to be shorter than or equal to the CP length of
the OFDM symbols. We assume that for the considered scenario the inter-carrier
interference (ICI) has only a minor impact on the receiver performance [32]. In this
case, after fast Fourier transform (FFT) and CP removal, the received signal y[m, ¢|
can be modeled as

ylm, q = glm, qld[m, q] + z[m, q], (5.3)

where the channel coefficient g[m, ¢ is the FFT of hlm”, 1] sampled at h[m(N' +
L)+ L+ N'/2,1] and z[m,q] ~ CN(0,02) the symmetric complex additive white
2 respectively.

The received signal is input to a max-log soft sphere decoder (SSD) [121] that uses
the estimated channel coefficients g[m, ¢] to generate the log-likelihood ratios (LLRs)
of the encoded data bits ¢[m/]. After rate-dematching and deinterleaving the LLRs
are fed to the turbo decoder. The turbo decoder generates the a posteriori LLRs of
the information bit stream. After hard decision this results in the received informa-
tion bit stream €é[m”]. The a posteriori LLRs of the information bit stream bits are

utilized as soft information feedback to improve the channel estimator performance.

Gaussian noise with zero mean and covariance o

5.3 Iterative Channel Estimation

To obtain the estimated channel coefficients g[m, ¢] we use an iterative channel esti-
mator. The LLRs obtained by the turbo decoder are utilized as a priori information
to generate soft symbol feedback that is used to improve the estimator performance
in each iteration step. Defining the received vector y € CMN*! by

y = [y[0,0],4[0,1],...,y[0,N —1],...,y[M — 1,0],y[M — 1,1],...,y[M — 1, N — 1]]T
(5.4)
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5.3 Iterative Channel Estimation

we can rewrite (5.3) in matrix-vector notation according to
y = Dg + z. (5.5)

The channel vector g € CMV*! symbol vector d € CM¥*! and noise vector z €
CMNXL are similarly defined to (5.4) and D = diag(d) € CMV*MN ig a diagonal
matrix. To incorporate the soft symbol feedback we substitute D in (5.5) by D=
diag(d). The M N x 1 sized vector d has elements

dm, q] = blm, q] + p[m, g, (5.6)

and b[m, g are the soft data symbols on the index set S that are obtained from the
rate-matched, interleaved LLRs of the turbo decoder.

5.3.1 Wiener Filter

To estimate the channel vector g we use a linear minimum mean squared error
(LMMSE) estimator. Following the derivation in [122, (36)-(39)] we obtain the well
known Wiener-Filter

~ ~ ~ —1
g = RgD" (DRgD + A+ o*Tyy) . (5.7)

that provides the channel estimate g. Here, ()" is the conjugate transpose, R, =
FE{gg'} € CMN*MN g the channel autocorrelation matrix (see also Section 5.3.3),
I,/ is the identity matrix, and A is a diagonal matrix that incorporates the vari-
ances of the symbols d[m, ¢]. All matrices are of size MN x MN. The elements of
A are calculated by

(Al Mgmirtg = [Rg]m-i-Mq,m—l—Mqag[m,qy (5.8)

with Ufi[m g denoting the variance of J[m, q]. The entries on the diagonal of A are

zero for pilot positions (m,q) € P since opjm g = 0 for known pilot symbols. In the
first iteration loop no LLR information is available and only the pilot symbols are

used for channel estimation, i.e., d[m,q] = 0 and sz[m q= 1V (m,q) € S. From the

second iteration on, we utilize the pilot symbols p[m, q] and the soft data symbols

b[m, q| for channel estimation.

5.3.2 Soft Symbol Calculation

To calculate the soft data symbols B[m, q] and variances crl%[m o0 the data symbol po-

sitions (m, q) € S we partition the LLR stream ¢&[m/] into vectors ¢ = (¢1, ¢a, . .., Ck)
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5 Adaptive Iterative Non-Stationary Channel Estimation for LTE Communications

of size K which contain the LLRs of the corresponding bit vector t = (t1,ta, ..., k).
Neglecting for sake of simplicity the mapping indices (m, q), the soft data symbols
and variances are calculated according to [123]

b=b=> bi-P(b=1b), (5.9)

b;eB

of = (Z il P(b = b») — oP, (510)

b;eB

where b; is the i-th symbol within the utilized symbol alphabet B (4-,16- or 64-QAM)
and each b; € B corresponds to K bits t; = (t;1,...,ti k), with K = log,(|B|) and
|B| is the cardinality of the symbol alphabet 5.

If we assume that due to interleaving the data bits of t are independent, the
symbol probabilities P(b = b;) are calculated according to [123]

K ~
1+1¢
P =b) =] # (5.11)
k=1

Here t;, is the k-th data bit of the symbol b; and

g +]-7 Lik = Oa
R ’ A2
tl,k { _17 tiyk- -1 (5 )

The variable u, = tanh(c;/2) is obtained by the hyperbolic tangent of the LLR of
the corresponding data bit t;.

Taking the bit-symbol mapping of [124, Sec 7.1.2 - 7.1.4] into account we can
simplify the calculation of the symbol statistics and obtain [21]

4-QAM
b= &\@J“Q (5.13)
of =1—|b? (5.14)
16-QAM
- (2uy — i(2uy — upud
p— 2 “1“3)\71_*]0( tz — Uytd) (5.15)
2 ~
ol =1-— g(ug + uy) — |b)? (5.16)
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5.3 Iterative Channel Estimation

64-QAM

VA2

2
o =1+ ﬁ(u6(2u4 — 1) +us(2uz — 1))

8 .
- ﬁ(uza +ug) — [0 (5.18)

These calculations are also performed in [125], however there is an sign error in the
calculation of the variances of the 64-QAM alphabet.

5.3.3 Robust Reduced Rank Approximation

The channel autocorrelation matrix Rg is in general not known to the receiver. To
circumvent this problem we approximate the autocorrelation matrix Rg in (5.7) by
a robust autocorrelation matrix ﬁg that assumes a flat delay-Doppler scattering
function within a two dimensional support region

W =W"'x W'= [~vp,vp] x [0, 05]. (5.19)

For the one sided normalized Doppler bandwidth vp of the DSD support region W*
we assume 0 < vp < Vpmax With vp = wpTs, wp the Doppler frequency and Tg the
OFDM symbol duration. The Doppler frequency is obtained by wp = f.v/co, with
v the relative velocity between transmitter and receiver, ¢y the speed of light and f,.
the carrier frequency of the system. Likewise, we assume for the normalized delay 0,
of the PDP support region W' that 0 < 6, < Oppax with 6, = 7,/(N'T¢) and 7, the
path delay of path p. The parameters vp and 6p to calculate Ry can be obtained
by a hypothesis test that is presented in Section 5.4. If the number of hypotheses
is finite all relevant matrices can be precalculated and stored, which significantly
reduces the complexity.
For an autocorrelation matrix with flat delay-Doppler support the eigenvectors
UW,I) of
Ry = UW,I)S(W,Z)UW,T)", (5.20)

are also spanned by the two dimensional subspace of DPS sequences where (W, 7)
is the diagonal matrix of eigenvalues and Z = ' x I' = [0,...,M — 1] x
[—=N/2,...,N/2 — 1] is the finite index set where the fading process is observed
on. Specifically, we can factorize

R, = RW', ') @ R(W', I'), (5.21)
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5 Adaptive Iterative Non-Stationary Channel Estimation for LTE Communications

with ® denoting the Kronecker product. The eigenvectors U(W, I) of the autocor-
relation matrix R(W,I) are generalized DPS sequences [97] allowing to calculate
UW.,Z) by

U=UW,T) =TI(UW" I o« UW" IT)), (5.22)

where the operator ¢ is the Tracy-Singh product of column-wise partitioned matrices
[97]. The diagonal matrix ¥ is obtained by

Y =YW, T) = O(diag(e(W*, I') @ o(W', I')), (5.23)

and o (W, I) are the eigenvalues of R(W, I). The permutation operator I1(-) ensures
that the columns of 3 (and U) are sorted from biggest to smallest eigenvalue, i.e.,
AW, I) > MW, Z) > ... > \g=1(W,|Z]). The eigenvalue matrix ¥ has only D
dominant eigenvalues which allows us to approximate f{g by a robust reduced-rank
matrix f{g ~ f{g =UpX DUg where Up and ¥ p contain the first D columns of U
and X, respectively. The dimension D is obtained by a bias-variance trade-off [97]

7|1
1 D
D = argmin | —— AW, T) + =02 | . (5.24)
per,...izy \ IWIIZ] ; |Z]

Inserting f{g in (5.7) allows for further significant complexity reduction.

5.4 Adaptive Subspace Selection for a
Non-Contiguous Equidistant Pilot Grid

Approximating the autocorrelation matrix Rg with a robust autocorrelation matrix
f{g that assumes maximum Doppler support vpmax and delay support Op. would
obviously lead to a mismatch to the current channel realization. Direct estimation
of the autocorrelation matrix from a single observation would lead to high estima-
tion errors due to the short frame length and the low duty cycle of URLLC data
traffic [32,96]. Advanced estimators like in [126] do not consider the case when
the number of observed realizations of a statistical process is smaller than the ob-
servation dimension. Therefore a hypothesis test is utilized. The hypothesis test is
based on the subspace selection algorithm of Beheshti et al. [119] and was applied
in [32,96,97] for frame based hypothesis testing on a contiguous, equidistant pilot
grid. For the non-contiguous, equidistant pilot grid of the LTE downlink the hy-
pothesis test has to be adapted. We use the observations at the pilot positions P to
estimate the support of the DSD W* = [—vp, p] C [—VDmax; VDmax] and the support
of the PDP W= [0,60,] C [0, Opmax]-
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5.4 Adaptive Subspace Selection for a Non-Contiguous Equidistant Pilot Grid

The signal model for channel estimation at the pilot positions P is given by
Yo = Dp8p + 2y, (5.25)

with D, = diag(d,,), where y,,d,, g, and z, contain the respective elements for
(m,q) € P sorted in the same order as y in (5.4). The correlated 2-D observations
at the pilot positions P are obtained according to

wp, = Dgyp =g, + Dgzp =gy +12, (5.26)

where z,, ~ CN(0,021p|) has the same statistics as z,. The fading process observed
on the pilot symbols P can also be described by the eigenvectors U}, of the autocor-
relation matrix

R,, = U, 2, Ul (5.27)

with
R, = E{g.g"}. (5.28)

For f{gp we assume a flat delay-Doppler scattering function. We use the eigenvectors
U, to perform the hypothesis test, which selects the support in the delay- and
Dopplerdomain that fits for the current channel realization best. In the next Section
we show how to obtain the eigenvectors of the autocorrelation f{gp for the specific
pilot grid of the LTE downlink and utilize them in the hypothesis test.

5.4.1 Non-Contiguous, Equidistant Pilot Pattern Partitioning

Since the condition number of f{gp is high and the pilot pattern P for the LTE
downlink cannot directly be factorized in a Cartesian product (see Fig. 5.2), we
cannot use the eigenvectors obtained by regular decomposition methods to setup
the subspaces for the hypothesis test. Furthermore, we cannot use DPS sequences
directly for the subspace setup of U, since they are originally defined on a contiguous
pilot pattern. Our novel solution to this problem is as follows [21]: We partition P
into two two-dimensional index sets Z. and Z4 as shown in Fig. 5.2. Each of these
index sets can be defined as a Cartesian product of an index set in the time and the
frequency domain according to

T.=I'xI' and Zg=1TI%x I (5.29)
The time index sets are defined by

I'=Adke+1 and I8 =1I' + Az, (5.30)
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Figure 5.2: OFDM time-frequency grid of one LTE subframe with normal CP length
and partitioned index sets Z. and Zy

where A; = 7 is the distance between the pilot symbols in time, ki €
{0,1,...,2Nsupr — 1}, Az = 4 is the shift of I} against I' and Ngypr is the number
of considered subframes. The frequency index sets are defined by

If=Agke+1 and If = If 4+ Ay, (5.31)

with A = 6 the distance between the pilot symbols in frequency direction,
ki € {0,1,...,2Ngpp — 1}, Ay = 3 the shift of I' against If and Ngpp the number of
RBPs that depends on the bandwidth. Due to the definitions (5.30) and (5.31) the
index sets It(I}) and If(I}) now contain equidistant elements in time and frequency
direction, where A; and A are the pilot distance in time and in frequency, respec-
tively. We now define the two dimensional support region of the fading process Rgp
on the index set Z.

W, = Wi x W= [—vf,, 5] x [0,0p], (5.32)
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5.4 Adaptive Subspace Selection for a Non-Contiguous Equidistant Pilot Grid

where we set 1, = Awp and 0p = Afp. Because of the equidistant structure of
the index set the eigenvector matrices U, (W, It) and Uy (W, If) can be obtained
from generalized DPS sequences by using [97, Eq. (20)-(25)]. We then use (5.22) to

obtain the eigenvector matrix of the index set

U = (U, (W, 1) 0 U (W, 1)), (5.33)
Similarly, we obtain the diagonal eigenvalue matrix on the index set by
To) _ . t 7t £ rf
EI() ) = [(diag(a (W, I) @ (W', 1))). (5.34)
Hence, the autocorrelation matrix can be calculated by
RE) — UE)SE @, (5.35)

The dimension D™ is obtained by (see (5.24))

|Ze| -1

1 D
W Z )\pﬂ-(Wp, IC) + |Ip| O'z s (536)
P C i—D, c

DI()ZC) = argmin
DS E{1,...,| T}

where A, ;(W,,Z.) are the sorted eigenvalues of the fading process f{g;) and |Z|
is the cardinality of the index set Z.. Obviously, the autocorrelation matrix of Zy
and Z. are equal, since Zy is only a shift of Z. by (Az, Ay), i.e., Ugd) = UI(DI“). For
brevity we will use U, = UI()IC) = Uézd) for the next Sections.

5.4.2 Hypothesis Design
For the hypothesis test we define a finite set of A hypotheses for the DSD support [97]

a a
Wt(a) - (_ZVDmaxa ZVDmaX> 5 (537)

with a € {1,..., A}. Similarly, we define a finite set of A’ hypotheses on the PDP
support /

Wid) = (0, %epmax) , (5.38)
witha’ € {1,..., A’}. Each hypothesis represents a subspace spanned by the columns
of U (Wt(a),I*) and U(W(a'), I"). The subspaces correspond to the subspaces
U,(Wi(a), 1) and Uy(Wi(a'), If) at the pilot symbols. These matrices can be pre-
calculated and stored. The hypothesis test provides a hypothesis set combination
(a;a") € {1,...,A;1,..., A’} for each frame that fits the normalized Doppler support
vp and normalized delay support fp of the current channel realization best. This
requires to test AA’ different hypotheses. In the next Section we describe how the
hypothesis test is performed and how the computational complexity can be reduced.
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5 Adaptive Iterative Non-Stationary Channel Estimation for LTE Communications

5.4.3 Hypothesis Test

To simplify the hypothesis test we utilize the same methodology as shown in [97, Eq.
(43)-(48)] and test only A + A’ hypothesis. We firstly assume that the PDP has
maximum support W(A’) and calculate the channel estimates on the pilot positions.
We calculate the channel estimates for the index sets Z. and Zy for each of the A
hypothesis for the DSD separately, according to

gl) = Uy(a, A)Up(a, A" Wi, (5.39)
g = U, (a, A)Up(a, A)Twi), (5.40)

where w'Z) are the pilot symbols on the index set Z. and where U (a, A’) is obtained
according to (5.33). The data errors for hypothesis a can be expressed by [22,97]

(L) — —||wlde) — glle 5.41
'ra W g ‘a 9 ( * )
|I | p;
i = HW(Id — g%, (5.42)
Zd]
which are averaged, i.e.,
(Ze) (Za)
To = % (5.43)

The metric that we want to minimize is not the data error but the reconstruction
error

1 .
Za = ml!gp = &(a)ll, (5.44)

which cannot be directly observed at the receiver side since the the actual channel g,
is not known to the receiver. Knowing x,, we are interested to obtain a probabilistic
upper bound on z, as

Za < Za(Ta, D1, P2) (5.45)

that only depends on x, and some constant p; and ps. This bounds enable us to
select the best hypothesis W}(a), i.e

a = argmin Z,(Zq, p1, p2) (5.46)
ae{l,..., A}
which minimizes the reconstruction error. The detailed algorithm to calculate the
bounds as well as how to choose p; and ps can be found in [97].
After we have obtained a we proceed with the same procedure to test for the
support of the PDP. For the support of the DSD we use Wg(&) and we test for
a € {l,..., A’} with the matrix U,(a, a’). Following (5.39)-(5.45) we obtain

a' = argmin Zg (Za, p1,P2)- (5.47)
a’e{1,..., A’}
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5.5 Simulation Results

With the obtained hypotheses set (a,a’) and with (5.20)-(5.23) we can calculate
R, for the Wiener filter in (5.7). Performing rank-reduction using (5.24) we can save
substantial computational complexity.

In the next Section the performance of the hypothesis test is evaluated by numer-
ical simulations.

5.5 Simulation Results

For the numerical simulations we employ a Rayleigh fading channel model with
exponentially decaying PDP within the normalized delay support [0,0p| and nor-
malized RMS delay spread 0p/5 [41,97]. Time selective fading is calculated per
channel tap according to a Clarke’s model giving a normalized Doppler bandwidth
vp. For the system bandwidth we choose B = 1.4 MHz which is equal to Nggp = 6
or N = 12Ngpp = 72 data subcarriers. We simulate frames with Ngygr = 1 or 2
subframes and M = 14 - Ngygp. For the simulations we assume that the user occu-
pies the whole available transmission bandwidth B. We set the carrier frequency to
fe = 2.6 GHz and the FFT size to N’ = 128. The OFDM symbol duration includ-
ing CP is Ts =~ 71.4 us. The maximum relative velocity between transmitter and
receiver is Uy = 400km/h = 111.11m/s and the maximum path delay is assumed
with Tppax = 4.7 us. For simplicity we assume that every OFDM symbol has the
same CP length of 4.7 us. This results in a maximum normalized one sided Doppler
bandwidth of vp., = 0.0688 and maximum normalized path delay 0p.x = 0.0703.

To evaluate the performance of the time domain subspace selection algorithm,
we generate a time-frequency selective fading process. We set the PDP support to
Op = Opmax and vary the Doppler bandwidth vp within 0 < vp < vppax. This re-
lates to a velocity range v € (0,111.1) m/s = (0,400) km /h. For the simulations we
simulate 500 frames for each vp value. Figure 5.3 depicts the channel estimation
MSE on the pilot index set P for different Doppler bandwidths vp and fixed SNR
€ {0,10} dB. We show the MSE obtained by the adaptive subspace selection al-
gorithm. Furthermore, we present the MSE if we use the subspace with maximum
Doppler support and the MSE if we assume vp and the corresponding subspace as
perfectly known. The solid lines refer to the results obtained if the user is scheduled
for only one subframe in time. The gain in MSE of the subspace selection compared
to utilizing the subspace with maximum Doppler support is around 3 dB for low
velocities and the performance of subspace selection follows closely the performance
for known vp. For higher SNRs we observe that the adaptive subspace selection al-
gorithm quickly reaches the performance of using the subspace with fixed maximum
support if we increase vp. The reason is the too small number of observations in the
time direction, which results in a too small granularity of the number of selectable
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Figure 5.3: MSE vs. Doppler bandwidth vp for SNR € {0, 10} dB for adaptive sub-
space selection in the time domain with Nsypr € {1, 2}

subspaces in time for the dimension selection in (5.24). The dotted lines in Fig. 5.3
show the simulation results if the user is scheduled for two consecutive subframes in
time. Clearly, the adaptive subspace selection algorithm is able to gain over a wider
range of the Doppler bandwidth compared to utilizing the subspace with maximum
support, if more subframes can be observed.

The results in Fig. 5.4 present the MSE performance on the pilot positions P of
the adaptive subspace selection algorithm in the frequency domain. We set the DSD
support to vp = Vpmax and vary the PDP support range within 0 < 0p < Oppax.
This relates to a maximum excess delay of 7p € (0,4.7) us. We assume that the user
occupies the whole system bandwidth which means all pilot symbols are available for
the subspace selection algorithm. The figure presents the MSE that is obtained with
adaptive subspace selection, the MSE if the subspace with maximum delay support
is used and the MSE if 0p is perfectly known. For small normalized delays 0p the
selection algorithm is able to gain up to 7 dB compared to utilizing the subspace
with fixed maximum delay support.

Finally, Fig. 5.5 shows the PER versus the number of iterations for a fixed SNR =
13dB. We utilize a 16-QAM symbol alphabet and a coding rate of R = 0.479. We
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Figure 5.4: MSE vs. normalized PDP support fp for SNR € {0, 10} dB for adaptive
subspace selection in the frequency domain

compare the PER obtained by adaptive subspace selection with the PER obtained
for the fixed maximum subspace for relative velocities v € {50, 200,400} km/h. For
the simulations we assume that the user is scheduled for two consecutive subframes
and uses the whole system bandwidth B. We simulate 1000 frames. The results show
that with the adaptive subspace selection algorithm the number of iterations re-
quired to achieve a certain PER can be reduced. For a velocity of {50, 200,400} km/h
we need {—, 2,2} iterations to obtain a PER lower than 10~!. The symbol '—’ means
that the target PER cannot be achieved for the corresponding velocity. For a fixed
subspace {—, 4,3} iterations are required.
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Figure 5.5: PER vs. number of iterations for SNR = 13dB and relative velocities
v € {50,200,400} km/h; R = 0.479, 16-QAM symbol alphabet

84


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

(]
I
rk

5.6 Determining the Optimum Number of Hypotheses

5.6 Determining the Optimum Number of
Hypotheses

The optimum number of hypotheses for the hypothesis test described in the previous
section is not known. In this section we determine the optimum number of hypotheses
numerically [22]. For the optimization we consider a frequency flat channel, i.e., a
single subcarrier of the OFDM grid. Furthermore, we show a hypothesis design that
allows for a good trade-off between performance and computational complexity. In
the next section we re-introduce the system model for a single subcarrier.

5.6.1 System Model for a Frequency Flat Channel

We consider the transmission of a symbol sequence d[m] of length M over a time-
variant frequency-flat fading channel h[m|. The received signal sequence y[m] can
be modeled by

y[m] = d[m]h[m] + z[m], (5.48)

with m € {0,..., M —1} where z[m] ~ CN(0,02) is the symmetric complex additive
white Gaussian noise with zero mean and variance o2, respectively. The symbol
sequence d[m| consists of M — N, data symbols b[m] interleaved with N, pilot
symbols p[m]

d[m] = b[m] + p[m]. (5.49)
The data and pilot symbols are drawn from a QPSK symbol alphabet and b[m] = 0
for m € P. We assume that the pilot placement is defined by the index set

P={Ak :k €{0,1,... N, —1}}, (5.50)

where A represents the pilot symbol distance. Defining the length M received col-
umn vector y = [y[0], y[1],...,y[M —1]]" € CM*! we can rewrite (5.48) in matrix-

vector form according to
y = Dh +z. (5.51)

The length M vectors d € CM*! h € CM*! and z € CM*! are defined similarly
to y and contain the transmitted symbols, the channel coefficients and the noise
samples, respectively. The matrix D = diag(d) is a diagonal matrix of size M x M
with the elements of d on its diagonal.

To estimate the unknown channel vector h we use an LMMSE estimator

hrase = Rpn, D} (DyRi, D] + UiINp)_1 Yp (5.52)

that provides the channel estimate ﬁLMMSE. Here I, represents the identity matrix
of size N, x N, and (-)¥ denotes the conjugate transpose. The vectors y, € CVo*1,
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5 Adaptive Iterative Non-Stationary Channel Estimation for LTE Communications

h, € C"*! and z, € C"*! contain the noisy observations, the channel, and the
noise samples, respectively, at pilot positions only. The elements of the vectors are
given by y, k] = y[Acke, hplk] = h[Acke], and z,[k] = 2[Agky) for ky =0,..., N, — 1,
respectively. The matrix D, = diag(d,,) is of size N, x N, and d, € CM*! is the
vector of pilot symbols. Furthermore, Ry,, = E {hphg} is the autocorrelation matrix
of the channel at pilot positions and Rpn, = E {hhg} is the cross correlation matrix
between the channel at all positions and the channel at pilot positions. They can be
obtained as sub-matrices of the channel autocorrelation matrix Ry, = E {hhH} by
extracting A¢-spaced rows and/or columns. See [127] for further details.

For the hypothesis test we use the same methodology as explained in Section 5.4.
We define the observations on pilot symbols for the frequency flat channel like in
(5.25). We consider only a one dimensional test, i.e., a hypothesis test to find the
support of the DSD. The obtained hypothesis a is used to obtain the estimated
channel hé, o A more detailed description is shown in Appendix A and in [22].

5.6.2 Numerical Optimization of the Number of Hypotheses

The optimum number of hypotheses Ay is not known. We present a framework
to determine A, by numerical optimization. As optimization criterion we use the
mean square channel estimation error (MSE). For the optimization process we vary
the number of hypotheses A; € {1,..., Anax} and determine the number of hy-
potheses A, that provides the minimum overall MSE. The variable A, denotes
the maximum number of hypotheses to be tested against and will be defined in
Section 5.6.4.

For each A; € {1,..., Amax} we define A; hypotheses according to Eq. (A.4) and
simulate F' frames of length M. For every frame f € {1,...,F} the normalized
one-sided Doppler support I/IJ; of the current channel realization is drawn randomly
from the uniform distribution U[0, Vpmax], i-€-, V]J; ~ U[0, Vpmax]- The hypothesis test

)

provides a hypothesis EL’; € {1,..., A;} that is used to calculate ]::{;ZIA" of the current
N
channel realization. With (A.10) we obtain h;yiysz- The MSE of one frame f is

calculated by
2

: (5.53)

~af,

1 .
MSEfi M th —hyjivse

where h/ denotes the current channel realization for frame f.
For the evaluation of the overall MSE performance we calculate the average MSE
over all frames F' for each hypothesis size A; by

F
S 1
MSE4, = — > MSE] . (5.54)
f=1
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5.6 Determining the Optimum Number of Hypotheses

The optimum number of hypotheses A,y is the number of hypotheses that minimizes
M—SEAZ., i.e.,
Aoy = argmin  MSEy,. (5.55)
Ai€{l,...; Amax}
To assess the performance of the adaptive subspace selection algorithm for differ-
ent Doppler bandwidths we introduce a second evaluation method. The frames are
grouped into B equidistant bins. Each bin b € {1,..., B} corresponds to a Doppler

support W (b) = (—ﬁquax, %VDmax). For a channel realization f to belong to the

B
bin b the Doppler support 1/]’; must fulfill %VDMX < y{; < %VDmax. The average

MSE of a bin b is then calculated by
1
MSE, = — Y MSE/ .
SE, Fb; SE, (5.56)

where Fj is the number of frames belonging to bin b and MSE,J: is the MSE of the
f-th frame that belongs to bin b.

5.6.3 Specifically Chosen Hypotheses Setup

Besides optimizing the number of hypotheses, we also tested the performance of
specifically chosen hypotheses setups. Both hypotheses setups depend on the eigen-
value distribution of the autocorrelation process f{hp. For the setup we divide vppax
into Ay, = 400 hypotheses and calculate for each hypothesis the dimension DELZ),
agn € {1,..., A} according to (A.3). Depending on the eigenvalue distribution
of the current hypothesis, different hypotheses may have the same dimension, i.e.,
DZ(P) = D§P), i #j,1,7 € {l,..., Aw}. Hypotheses with the same dimensions are
grouped. For the hypotheses set of 'Dim. max’ we take the hypothesis with maxi-
mum support within a group of the same dimension. For the hypothesis setup "Dim.
mid’ the Doppler support of the hypotheses is set to the middle of the support of
the hypotheses of 'Dim. max’. A graphical representation of this setup is shown in

Fig. 5.6.

5.6.4 Simulation Results

For the simulations we consider Monte Carlo (MC) simulations with F' = 10000
frames for each hypothesis size A;. The time-variant flat-fading channel is assumed
to have a DSD with flat support. The maximum relative velocity between transmitter
and receiver is Upax = 200 km/h.

For the carrier frequency and the symbol duration we assume parameters similar
to the LTE downlink. We set the carrier frequency f. = 2.6 GHz and the symbol
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Figure 5.6: One sided normalized Doppler support and dimension for the hypothesis
setup 'Dim. max’ (green) and 'Dim. mid’ (magenta); Ay = 1, M = 42,
Umax = 200 km/h, SNR = 10 dB

duration Ty = 71.43 pus. We simulate frames with M = 42 symbols per frame which
corresponds to three LTE consecutive subframes. This leads to vpmax = 0.0344 and
a time-bandwidth product (TBWP) Mvppax = 1.444. The SNR was set to 10 dB.
To gain an intuitive insight on the optimal number of hypotheses the pilot distance
is set to Ay = 1, i.e., only pilot symbols are transmitted. This pilot pattern is e.g.
relevant in the case of iterative channel estimation explained in Section 5.3 where
after one iteration the fed back soft data symbols are utilized as pilot symbols for
channel estimation, or for the pilot subcarriers in 802.11p. The maximum number
of hypotheses tested is Apax = 100 and the number of bins is set to B = 20 which
corresponds to a bin size of 10 km/h.

In Fig. 5.7 we plot the overall average MSE 4, dependent on the hypothesis size A;.
We observe that the MSE has a minimum for a hypothesis size of 10. The minimum
corresponds to the optimum number of hypotheses Agpi. A lower number A; < Agp
leads to performance degradation, whereas a higher number A; > A,y leads to a

88


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

w 3ibliothek,
Your knowledge hu

5.6 Determining the Optimum Number of Hypotheses

-19.4 T T T T T T T T T
) S e —o— MSE,
195F .| ==-Maxsupport ||
‘ : : ‘ : - | == Dim. max
@
-19.7 ‘ | 1
E o 6 "‘ ' ) \\A
o -19.8 ' 4 O O v‘ <>
I_._ ‘ A (" & A D
I.IJQ: ‘% . & Q O
2 —199*’0 of N < PP PR
64" '/ ‘.;.Aﬂ /,/ "v vV 3 d &
-20F A 1Y : O O O XN i
v, o
g)_‘_‘ ‘?vv (",“;"V ___________________________
=201 [Py o T T T ey
4»‘
: O
-20.2 | @ Q 4
V 0‘ 2
_203 e Vv 1 1 1 1 1

10 20 30 40 50 60 70 80 90 100
Number of Hypotheses Al,

Figure 5.7: MSE,4, vs. hypothesis size A; for a time-variant frequency-flat channel;
Ay =1, M =42, vpa = 200km/h, SNR = 10 dB

performance degradation and an increase of the computational complexity of the
receiver. This is an important insight for the design of adaptive receiver structures
of this kind to save complexity. The zigzag behavior of the curve is a result of the
hypotheses design and of the properties of the hypothesis test.

The performance of the specifically chosen hypotheses setup are presented
schematically by horizontal lines in Fig. 5.7. The number of utilized hypotheses
is marked by circles of the corresponding color. For the setup 'Max support’ (black
line) we only consider one hypothesis with maximum Doppler support vppax. Obvi-
ously, as already discussed in previous sections, assuming only the maximum Doppler
support for channel estimation leads to a suboptimal estimation performance. From
Fig. 5.7 we see that 'Dim. mid’ (magenta line) obtains good performance results. For
a pilot spacing of Ay = 1 it performs similar to the optimum number of hypotheses.
The performance of 'Dim. mid’ depends on A, the TBWP and SNR. The setup
does not always perform better than the optimum number of hypotheses, however,
simulations show that it obtains good performance for different TBWP. Consider-
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5 Adaptive Iterative Non-Stationary Channel Estimation for LTE Communications

ing Fig. 5.6, we observe that the number of required hypotheses is only 5 which
is less than Ag,p;. Thus the hypothesis setup 'Dim. mid’ provides a good trade-off
between estimation performance and complexity. For the setup only the parameters
Ubmax, M and the SNR are required. Finally, we observe that the setup ’'Dim. max’
(green curve) with the same number of hypotheses as 'Dim. mid’ results in a worse
performance compared to 'Dim. mid’.

In Fig. 5.8 we show MSE, versus the normalized one sided Doppler bandwidth
vp for different hypothesis setups. We observe that the setup 'Dim. mid’ performs
similar to the setup with the optimum number of hypotheses. For small vp adaptive
subspace selection gains up to 4 dB compared to a hypothesis setup that only as-
SUmMes Vppax. Lhis results are similar to [32]. The gain decreases with increasing vp.
For larger Doppler bandwidths a performance loss compared to the maximum sup-
port can be observed. This performance loss originates from the hypothesis design
for 'Dim. mid’. The last hypothesis of 'Dim. mid’ is not designed for the maximum
Doppler support. If channel realizations with a higher Doppler support are esti-
mated with DPS sequences designed for a lower Doppler support, a performance
degradation occurs, which can be seen in the figure. For performance comparison
the Wiener filter (WF) bound with exact knowledge of Ry, is shown, which can be
calculated according to [127, Eq. (6)-(7)].

Finally, Fig. 5.9 shows MSE,, versus A; for different bins b. We observe that bins
that correspond to lower speeds obtain a large performance gain when the number
of hypotheses is increased. On the other hand, bins that correspond to higher speeds
obtain a performance loss. Furthermore we see that depending on the bin the perfor-
mance does not change significantly after passing a certain hypothesis size. This also
underlines that increasing the number of hypotheses does not necessarily provide a
better estimation performance.
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Figure 5.8: MSE, vs. vp; Ay =1, M = 42, v = 200km/h, SNR = 10 dB
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6 Conclusion

6.1 Summary

URLLC will play an essential role for time-sensitive applications for different verti-
cal industries such as connected autonomous vehicles, industrial automation, smart
grids, tactile internet and more. As a challenging research field, URLLC requires
advancements in different technological areas. In this thesis two areas that enable
the development of URLLC were investigated.

In the first part of the thesis, real-time wireless geometry-based channel emu-
lation was presented. It allows for the repeatable and reproducible test of com-
munication devices with realistic wireless communication channels in a laboratory
environment. Wireless communication channels exhibit time- and frequency selec-
tive, non-stationary channel characteristics that depend on the position, velocity
and on the environment of the communication devices. This includes the continuous
change of path delay and Doppler shift dependent on the position and velocity of
the communication devices. State of the art channel emulators cannot emulate such
wireless propagation channels due to the underlying TDL model that only allows
delays to be integer multiples of the sampling time. Geometry-based channel models
use a path based modeling approach and can inherently model continuously chang-
ing path delays and Doppler shifts and the non-stationary properties of the channels.
The high computational complexity of geometry-based channel models makes a di-
rect implementation on FPGAs or DSPs difficult. To circumvent this problem, a
channel emulation architecture that consists of a multi-core computer in connection
with a SDR was shown. On the multi-core computer the geometry-based channel
model is updated in real-time dependent on the positions, velocities and acceleration
of the moving objects, while the SDR is used to perform the time-variant convolution
of the CIR with the transmitted signal. The data rate of the CIR grows quadratic
with the emulated bandwidth and becomes quickly a bottleneck, if the time-variant
CIR has to be streamed between devices. To reduce the data rate of the CIR, a sub-
space projection algorithm based on DPS sequences to approximate the CIR with a
small amount of basis coefficients is utilized. The basis coefficients can efficiently be
obtained using a table look-up which allows for a real-time implementation of the
algorithm. These basis coefficients are transmitted to the FPGA and utilized by a
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6 Conclusion

basis expansion module to reconstruct the CIR. The computational complexity of
the table look-up grows linearly with the number propagation paths, while the com-
putational complexity of reconstructing the CIR on the FPGA is independent of the
number of propagation paths. A comprehensive error analysis of the approximation
was also provided.

To validate the channel emulator, the CIR was measured using the RUSK Lund
channel sounder and compared with numerical simulations. As metric the second
order moments, PDP and DSD, as well as the RMS delay spread and the RMS
Doppler spread were utilized. To validate the fundamental capability of emulat-
ing continuously changing delays a single propagation path with changing Doppler
shift was emulated. The measurement results showed an error of -35dB between
numerical simulation and emulation, which can be explained by thermal noise. Fur-
thermore, a GSCM of a road-intersection scenario with more than 600 propagation
paths was emulated and compared with numerical simulations and measurements of
a measurement campaign in 2007. The results showed that the real-time geometry
based channel emulator can emulate non-stationary channels with a large amount of
propagation paths. Furthermore, the utilized GSCM can capture the statistics, espe-
cially the RMS delay- and RMS Doppler-spread of the considered road intersection.
Finally, the backward compatibility of the emulator to emulate simple scenarios was
shown by emulating ETSI ITS-G5 channel models.

The channel emulator was utilized to validate ViL tests for wireless communica-
tions. As scenario a left turn on a proving ground in Germany was considered. For
validation, the PER and the RSSI of the measurement on the proving ground was
compared with the PER and the RSSI of the measurement of the ViL test. The
wireless communication channel for the Vil test was generated by the real-time
geometry based channel emulator that was parameterized by a GSCM of an urban
road-intersection. The GSCM was adapted to the road intersection scenario of the
proving ground. Road signs, vegetation as well as moving objects were modeled. The
position, velocity and acceleration were updated in real-time by virtual test drive.
The results showed a good qualitative match of PER and RSSI. For an even closer
match the large-scale fading as well path loss have to be calibrated.

To enable low latency links between transmitter and receiver, channel estima-
tion algorithms have to be able to adapt to the current channel properties. In the
second part of the thesis adaptive iterative channel estimation for non-stationary
channels was investigated. A hypothesis test was utilized to adapt to the channel
statistics of the current channel realization. The advanced channel estimation tech-
nique allows low latency communication links since, e.g., the number of iterations
of the iterative channel estimator can be reduced and due to the better estimation
performance retransmissions can be avoided. It was shown how to separate the non-
contiguous pilot grid of LTE downlink to a contiguous, equidistant pilot grid. The
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6.2 Key Findings

autocorrelation matrix of the contiguous, equidistant grid can be described by DPS
sequences that are set up with a larger Doppler support. Using numerical simula-
tion the performance of the hypothesis test was investigated. It was observed that
compared to no subspace selection a gain of the MSE performance can be achieved.
The results indicated that the longer the observation period, the higher the gain in
MSE performance. Furthermore, the number of hypotheses for the hypothesis test
was optimized numerically. Finally, a method of how to design the hypotheses that
allows for a good trade-off between performance and computational complexity was
presented and evaluated numerically.

6.2 Key Findings

In the following, the key findings of the thesis are summarized

Wireless Channel Emulation

e The concept of geometry-based channel emulation was introduced replacing
the TDL as basic building block for channel emulation. The emulator consists
of a propagation module that is implemented on a general purpose multi-core
PC and a convolution module that is implemented on an SDR equipped with
an FPGA. The GSCM concept was extended by adding visibility conditions
and diffraction at corners of larger objects as well as the effect of vegetation
to obtain a real-time channel model, providing the path parameters for the
geometry-based channel emulator.

e The partition of the non-stationary fading process in a sequence of local sta-
tionarity regions with a continuous phase transition at the boundaries of the
stationarity regions was illustrated. Each local stationarity region is fully
described by a set of propagation paths with given attenuation, delay and
Doppler shift. Within the stationarity region a constant Doppler shift and
correspondingly a linear increase of the delay is assumed.

e The utilization of a reduced-rank basis expansion model based on DPS se-
quences to approximate the GSCM was shown. The basis coefficients can be
efficiently calculated by a table lookup in O(1) which enables a real-time im-
plementation of the GSCM. With the utilized model the computational com-
plexity on the FPGA becomes independent of the number of propagation path.

e A comprehensive error analysis of the approximated GSCM was presented.
This can be utilized for the parameterization of the channel emulator if, e.g.,
other bandwidths are required.
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6 Conclusion

e Finally, the real-time emulator was utilized to emulate a V2X communication
channel of a left turn scenario in a ViL test. A GSCM was utilized to model
the communication channel, where for the first time the propagation properties
were updated in real-time dependent on the position, velocity and acceleration
obtained from the environment simulation of Virtual Test Drive. The GSCM
was adapted from a GSCM developed for a road intersection scenario, where
the effect of vegetation was modeled by diffuse scatterers. For the validation the
PER and RSSI of the test on the proving ground were recorded and compared
with the PER and RSSI of the ViL simulation. A quantitative match of the
measurement results of the proving ground and the Vil test was observed. A
further key finding was, that for a closer match between measurement on the
proving ground and VilL test, the paramterization of the utilized GSCM for
this scenario, especially the large-scale fading and the path loss coefficients,
has to be calibrated by measurement data.

Iterative Channel Estimation

e In this section it was shown how to apply an adaptive iterative channel estima-
tion technique developed for a contiguous pilot pattern to a non-contiguous,
equidistant pilot pattern. The auto-correlation matrix on the pilot grid can
be obtained from modified DPS sequences. A hypothesis test was utilized to
obtain the delay and Doppler support of the current channel realization on a
per frame basis.

e A numerical optimization of the number of hypotheses for the hypothesis test
was provided. An optimum number of hypotheses that provides the smallest
channel estimation MSE was found.

e Finally, a simplified hypothesis setup was provided, that offers a good trade-off
between MSE performance and computational complexity. For the setup only
the maximum TBWP of the setup and the SNR are required.

6.3 Outlook

The developed concepts of this thesis build a starting point for further future devel-
opments.

A natural step forward is the extension to MIMO channel emulation. For MIMO
emulation the GSCM can straight forwardly be extended by the position as well as
the antenna pattern of the other considered TXs and RXs. For real-time emulation,
either each channel is emulated separately, or the utilization of multi dimensional
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6.3 Outlook

DPS sequences can be considered [92]. For a correct emulation it has to be ensured
that the starting point of the emulation of the different channels is synchronized.
Furthermore, the phases of the different MIMO RF chains of the emulator have to
be calibrated against each other, to ensure that the phase relations between channels
can be emulated correctly.

Another step forward is multi node channel emulation that is required for devel-
oping and testing of, e.g., relaying applications in a laboratory environment. Con-
sidering as an example a relaying scenario with TX, RX and one relay node, in the
first time slot the channel between TX and RX and TX and relay is emulated, while
in the second time slot the channel between relay and RX is emulated. Similar to the
MIMO emulation case the start point of emulation and the phases of the different
RF chains have to be calibrated.

Furthermore, the extension to higher bandwidths and higher carrier frequencies
(mmWave) for testing future communication technologies is a viable step forward.
Finally, the emulation of radar targets is a possible future research field. For radar
emulation extremely fast digital components like ADCs and DACs are required, that
allow the emulation of targets with small distances.
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A Hypothesis Test for the Frequency
Flat Channel

The signal model at pilot positions is given by
yp = Dphy, + 2. (A1)
The channel observations at the pilot positions P are obtained by
w, =Dy, =h, + D))z, = h, + z, (A.2)

where z), ~ CN(0,01y,) has the same statistics as z,. The fading process observed
at the pilot positions is described by the eigenvectors of the autocorrelation matrix
Ry,. For an equidistant pilot grid the eigenvectors U, (W;, P) of a fading process
Ry, that assumes a flat DSD are also spanned by sampled DPS sequences [21]. For
the setup of UP) we use [32, Eq. (20)-(25)] and set v}, = Awp [21]. From this setup
we obtain X(7). To determine the dimension D, we use a slight variation of (5.24)

1 Np—1 P D(P)
DP = argmin | — Y AP, P)+ ——0? ], (A-3)
D(P)e{1,...,Np} P . pP) Ny

where )\EP)(Wt, P) are the eigenvalues of the fading process f{hp.

For the hypothesis test we define a finite set of A hypotheses
{W:(1),...,Wi(a),...,Wi(A)} on the DSD support where each hypothesis
has a different support

a a

Wi(a) = <_ZVDmaX> ZVDmax) ; (A.4)

a € {1,..., A}. Each hypothesis represents a subspace spanned by the columns of
U(W,(a), M) which corresponds to the subspace U™ (W, (a),P) at pilot positions.
The hypothesis test provides the hypothesis a € {1,..., A} that, according to the
test, fits best to the current channel realization. For the sake of simplicity of notation
we substitute UP) (W, (a), P) by U in the following. We calculate the channel
estimates on the pilot positions for each hypothesis according to [32,119]

hy(a) = UPUP "w,. (A.5)
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A Hypothesis Test for the Frequency Flat Channel

The data error for hypothesis a can be expressed by

1 R 2
%:N-%—m@‘ (A.6)
P
We want to minimize the reconstruction error
1 R 2
%= R h, —h,(a) (A7)
p

which cannot be directly observed at the receiver side since the actual channel hy, is
not known to the receiver. Knowing x,, we are interested to obtain a probabilistic
upper bound on z, as

Zq < Z_a(l‘ayphpZ) (A8)

that only depends on z, and some constants p; and p,. This bound enables us to
select the best hypothesis Wi (a), i.e.,

a = argmin z,(z,, p1, p2). (A.9)
ac{l,..., A}

With the hypothesis W;(a) and (5.20) we obtain R% ~ RZ of the current channel
realization that is used to obtain the channel estimate hé,, «p according to

. . . -1
hi\ivse = ﬁ;hng (DpRﬁpDE + UEINP> Yp- (A.10)

The matrices Rﬁ;hp and f{ﬁp are defined similarly as in Section 5.6.1. More detailed
information on the hypothesis test can be found in [21,32,96].
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B List of Acronyms

We list all acronyms used in this thesis as follows

3GPP
ACF
ADC
BEM
CE
CIR
CcpP
CTF
D2D
DAC
DC
DOD
DOA
DPS
DPSWF
DSD
DSP
ETSI
FIFO
FFT
FP
FPGA
GSCM
GSM
GPS
ICI
IDFT
IF

3rd Generation Partnership Project

auto correlation function
analog-to-digital converter
basis-expansion model

complex exponential

channel impulse response

cyclic prefix

channel transfer function
device-to-device

digital-to-analog converter

direct current

direction of departure

direction of arrival

discrete prolate spheroidal

discrete prolate spheroidal wave function
Doppler spectral density

digital signal processor

European Telecommunications Standards Institute
first-input first-output

fast Fourier transform

fixed-point

field programmable gate array
geometry-based stochastic channel model
global system for mobile communications
global positioning system

inter-carrier interference

inverse discrete Fourier transform

intermediate frequency
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IFFT
ISI
ITS
MEC
MSE
LLR
LO
LOS
LMMSE
LSF
LTE
LUT
LTV
MIMO
MPC
MC
NI
NLOS
OFDM
OTA
PC
PDP
PER
QAM
QPSK
RB
RBP
RF
RMS
RSSI
RT
RX
SCME
SDR
SISO
SoCE
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inverse fast Fourier transform
inter-symbol interference
intelligent transportation system
mobile edge computing

mean square error

log-likelihood ratio

local oscillator

line-of-sight

linear minimum mean squared error
local scattering function

long term evolution

look-up table

linear time-variant
multiple-input multiple-output
multi-path component

Monte Carlo

National Instruments

non-line of sight

orthogonal frequency division multiple access

over-the-air

personal computer

power delay profile

packet error rate

quadrature ampltiude modulation
quadrature phase shift keying
resource block

resource block pair

radio frequency

root mean square

receive signal strength indicator
ray tracing

receiver

spatial channel model extended
software defined radio
single-input single-output

sum of complex exponentials
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SNR
SUT
SSD
TBWP
TDL
TX
UMTS
UDP
URLLC
US
USRP
VNA
ViL
V22X
VST
VTD
WF
WSS
WSSUS

signal-to-noise ratio

system-under test

soft sphere decoder

time-bandwidth product

tap delay line

transmitter

universal mobile telecommunications systems
user datagram protocol

ultra-reliable and low latency communication
uncorrelated-scattering

universal software radio peripheral

vector network analyzer

vehicle-in-the-loop

vehicle-to-everything

vector signal transceiver

Virtual Test Drive

Wiener filter

wide-sense-stationary

wide-sense-stationary uncorrelated-scattering
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