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Abstract
This dissertation presents complete parameterizations for a three-dimensional (3-D) geometrybased stochastic radio channel model (GSCM) at 10 GHz based on measurement campaigns. The
thesis is divided into the following main parts: radio channel measurements, the characterization
of model parameters, and model validation.
Experimental multiple-input multiple-output (MIMO) channel measurements carried out in
two-story lobby and urban small cell scenarios are first described. The measurements were
performed with a vector network analyzer and dual polarized virtual antenna arrays with a
bandwidth over 500 MHz. The measurement data was post-processed using the ESPRIT algorithm
and the post-processed data was verified using a semi-deterministic map-based model. The results
showed a good match between estimated and modeled multipath components (MPCs). In addition,
single-input single-output outdoor-to-indoor measurements were executed through a standard
multi-pane glass window and concrete wall.
A statistical analysis was carried out for defining full 3-D characterization of the propagation
channel in both line-of-sight (LOS) and non-line-of-sight (NLOS) propagation conditions. The
delay and angular dispersions of MPCs are smaller in comparison to lower frequency bands due
to the higher attenuation of the delayed MPCs. Moreover, specular reflection is observed to be the
more dominant propagation mechanism in comparison to diffuse scattering, leading to smaller
cluster angle spreads in comparison to lower frequency bands. The penetration loss caused by a
standard multi-pane glass window is on the same level as in the lower frequency bands, whereas
the loss caused by the concrete wall is a few dBs higher than at lower frequency bands.
Finally, the GSCM with determined parameters is validated. A MIMO channel was
reconstructed by embedding 3-D radiation patterns of the antennas into the propagation path
estimates. Equivalently the channel simulations were performed with a quasi deterministic radio
channel generator (QuaDRiGa) using the defined parameters. The channel capacity, Demmel
condition number, and relative condition numbers are used as the comparison metrics between
reconstructed and modeled channels. The results show that the reconstructed MIMO channel
matches the simulated MIMO channel well.

Keywords: GSCM, MIMO, model validation, multipath component, outdoor-to-indoor,
statistical parameters, vector network analyzer, virtual antenna array

Roivainen, Antti, Roivainen, Antti, Kolmiulotteinen geometriaan perustuva
stokastinen radiokanavamalli: parametrointi ja validointi 10 GHz:n taajuusalueella.
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Tiivistelmä
Tämä väitöskirja esittää parametroinnit kolmiulotteiselle geometriaan perustuvalle stokastiselle
radiokanavamallille 10 GHz:n taajuusalueella perustuen mitattuun radiokanavaan. Väitöskirja
koostuu kolmesta pääalueesta: radiokanavamittaukset, radiokanavamallin parametrien määrittäminen ja mallin validointi.
Aluksi kuvataan kaksikerroksisessa aula ja kaupunkipiensolu ympäristöissä monilähetin
monivastaanotin (MIMO) järjestelmällä tehdyt kanavamittaukset. Mittaukset tehtiin vektoripiirianalysaattorilla ja kaksoispolaroiduilla virtuaaliantenniryhmillä 500 MHz kaistanleveydellä.
Mittausdata jälkikäsiteltiin käyttämällä ESPRIT-algoritmia ja jälkikäsitelty data varmennettiin
osittain deterministisellä mittausympäristön karttaan pohjautuvalla radiokanavamallilla. Tulokset osoittivat hyvän yhteensopivuuden mitattujen ja mallinnettujen moniteiden välillä. Lisäksi
toteuttiin yksi-lähetin yksi-vastaanotin mittaukset ulko-sisä etenemisympäristössä monikerroksisen lasin ja betoniseinän läpi.
Tilastollinen analyysin avulla määritettiin täysi kolmiulotteinen kuvaus radioaallon etenemiskanavasta näköyhteys ja näköyhteydettömässä tilanteissa. Moniteiden suuremmista vaimennuksista johtuen viive ja kulmahajonnat ovat pienemmät verrattaessa matalempiin taajuuksiin. Peiliheijastus on diffuusisirontaa merkittävämpi radioaallon etenemismekanismi johtaen pienempiin
klustereiden kulmahajeisiin matalempiin taajuuksiin verrattuna. Monikerroksisen lasin läpäisyvaimennus on samankaltainen kuin alemmilla taajuuksilla, kun sitä vastoin betoniseinän vaimennus on muutaman desibelin suurempi kuin alemmilla taajuuksilla.
Lopulta geometriaan perustava stokastinen radiokanavamalli validoidaan määritellyillä parametreilla. MIMO kanava uudelleen rakennetaan lisäämällä kolmiulotteiset antennien säteilykuviot estimoituihin radioaallon etenemisteihin. Vastaavasti radiokanava simuloidaan näennäisesti
deterministisellä radiokanavageneraattorilla (QuaDRiGa) käyttäen määriteltyjä mallin parametreja. Kanavakapasiteettia, Demmel ehtolukua ja suhteellista ehtolukua käytetään vertailumittareina uudelleen rakennetun ja simuloidun kanavan välillä. Tulosten perusteella uudelleen rakennettu MIMO kanava on yhteensopiva simuloidun radiokanavan kanssa.

Asiasanat: GSCM, mallin validation, MIMO, monitiekomponentti, tilastolliset
parametrit,
ulko-sisä
etenimisympäristö,
vektoripiirianalysaattori,
virtuaaliantenniryhmä
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Abbreviations
aHH
l,m

modeled complex channel amplitude between horizontal received polarization and horizontal transmitted polarization

aHV
l,m

modeled complex channel amplitude between horizontal received polarization and vertical transmitted polarization

aVH
l,m

modeled complex channel amplitude between vertical received polarization and horizontal transmitted polarization

aVV
l,m

modeled complex channel amplitude between vertical received polarization and vertical transmitted polarization

a++
m

estimated complex channel amplitude between +45◦ received polariza-

a+−
m

tion and +45◦ transmitted polarization
estimated complex channel amplitude between +45◦ received polarization and −45◦ transmitted polarization

a−+
m

estimated complex channel amplitude between −45◦ received polarization and +45◦ transmitted polarization

a−−
m

estimated complex channel amplitude between −45◦ received polarization and −45◦ transmitted polarization

aHH
m

estimated complex channel amplitude between horizontal received
polarization and horizontal transmitted polarization

aHV
m

estimated complex channel amplitude between horizontal received
polarization and vertical transmitted polarization

aVH
m

estimated complex channel amplitude between vertical received polarization and horizontal transmitted polarization

aVV
m

estimated complex channel amplitude between vertical received polarization and vertical transmitted polarization
bandwidth

B

time constant

b
C(t, n f

)[1]

instantaneous channel capacity with fixed SNR

C(t, n f

)[2]

instantaneous channel capacity with fixed transmission power

c

speed of light

cφ

cluster azimuth angle spread

cθ

cluster elevation angle spread
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D

K-S test statistic

d
d⊥

distance between the transmitter and receiver
perpendicular distance from the outdoor transmitter to the external wall

d0

reference distance

din

distance from the external wall to the indoor receiver

dout

distance from outdoor transmitter to the wall penetration point

dRx,nr

three-dimensional position vector of the receiver antenna element

dTx,nt

three-dimensional position vector of the transmitter antenna element

e

Napier’s constant

Fθ ,Rx,nr

vertical radiation field pattern of nr th antenna element of receiver antenna

Fθ ,Tx,nt

vertical radiation field pattern of nt th antenna element of transmitter
antenna

Fφ ,Rx,nr

horizontal radiation field pattern of nr th antenna element of receiver
antenna

Fφ ,Tx,nt

horizontal radiation field pattern of nt th antenna element of transmitter
antenna

f

carrier frequency

GR

gain of the receiver antenna

GT

gain of the transmitter antenna

H

time-variant time domain MIMO channel

H0

null hypothesis

HF

time-variant frequency domain MIMO channel

J(ϑ )

Jones rotation matrix

KD

Demmel condition number

Kn

relative condition number

KF1

Ricean K-factor at the initial position of the user equipment

KFt

interpolated value of Ricean K-factor at the user equipment position in
the tth time instant

k

Boltzmann constant

Lb

basic transmission loss

[1]
Lb
[2]
Lb

basic transmission loss of MIMO channel

LF

free space loss

l

lth cluster

M

number of propagation paths
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basic transmission loss of SISO channel

Mi

normal distributed filtered correlation map of the ith LSP including the

Mi∗

effect of cross-correlation matrix
normal distributed filtered correlation map of the ith LSP without the
effect of cross-correlation matrix

MiF

scenario specific distributed correlation map of the ith LSP

m

mth propagation path/ray/multipath

N

number of measured snapshots

Nc

number of clusters

Nf

number of subcarriers

NR

number of receiver antenna elements

Ns

number of channel impulse response samples above the noise cut off
level

NT

number of transmitter antenna elements

NTAPS

maximum number of delay taps

N0

thermal noise power

n

path loss exponent

nf

subcarrier

nmin

minimum of Tx and Rx antennas

nr

Receiver antenna element

nt

transmitter antenna element

Pl

power of the lth cluster

Pm

gain of the mth propagation path

PT

transmission power

PGt

path gain

r̂Rx

unit vector with estimated AoA and EoA

r̂Tx

unit vector with estimated AoD and EoD

r

unit vector with modeled departure or arrival angles
interpolated value of shadow fading standard deviation in decibels at the

[dB]
SFt

user equipment position in the tth time instant
T

noise temperature

TS

number of time samples

t
time
N
×N
r
r
Ut,n f ∈ C
unitary rotation matrix

13

Vt,n f ∈ CNt ×Nt
unitary rotation matrix
vl,m

Doppler frequency component of modeled channel in mth ray of lth
cluster

v(τm )

Doppler frequency component of mth estimated propagation path

We

penetration loss of external wall with perpendicular grazing angle

W Ge

penetration loss of external wall with non-perpendicular grazing angle

XCC

cross-correlation matrix

Zl

random component in the power calculation for the lth cluster

α

coefficient showing the distance dependence on path loss

αin

indoor attenuation coefficient

β

floating intercept path loss at reference distance

γ
γPL

signal-to-noise ratio
Path loss dependence on carrier frequency

∆

discrete grid for angle spread minimization

∆BS

spacing between BS antenna elements

∆d

change of link distance

η

channel normalization factor

θG

grazing angle

θl

lth cluster elevation angle

A
θl,m

modeled EoA of the mth propagation path in the lth cluster

D
θl,m
θmA
θmD

modeled EoD of the mth propagation path in the lth cluster

Θm

nine-element channel parameter vector of the mth propagation path

ϑ

rotation angle

λ0

wavelength

λi

ith eigenvalue

λmin (·)

smallest eigenvalue of the matrix in the argument

EoA of the mth propagation path
EoD of the mth propagation path

λmax

strongest eigenvalue

Λn f ,t

singular value matrix

µ

mean value

ξ

evaluated large-scale parameter in correlation distance analysis

ρx,y

cross-correlation coefficient between x and y
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σ

standard deviation

στ

root mean square delay spread from the correlation map at user equipment position

τ

delay

τ0

mean excess delay

τm

delay of the mth propagation path

τl

delay of the lth cluster

φl

lth cluster azimuth angle

A
φl,m
D
φl,m

modeled AoA of the mth propagation path in the lth cluster

φ̂m

offset angle of the mth ray

φmA
φmD

AoA of the mth propagation path

E(·)

expected value of the argument

(·)T

transpose operation

(·)H

complex conjugate transpose (Hermitian)

k · kF

Frobenius norm

eig{·}

eigenvalue decomposition

log2 (·)

logarithm in base 2

log10 (·)

logarithm in base 10

C

set of complex numbers

R

set of real numbers

N

normal distribution

U

uniform distribution

2-D

two-dimensional

2G

second generation

3-D

three-dimensional

3G

third generation

3GPP
4-D

third generation partnership project
four-dimensional

4G

fourth generation

5-D

five-dimensional

5G

fifth generation

5GCM

5G channel model

AoA

azimuth angle of arrival

modeled AoD of the mth propagation path in the lth cluster

AoD of the mth propagation path
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AoD

azimuth angle of departure

AS
ASA

angle spread
azimuth angle spread of arrival

ASD

azimuth angle spread of departure

AWGN

additive white Gaussian noise

BS

base station

CDF

cumulative distribution function

CEPT

European Conference of Postal and Telecommunications Administrations

COST

cooperation in science and technology

CI

close-in

CIR

channel impulse response

CV

critical value

CW

continuous wave

DoA

direction of arrival in 3-D space

DoD

direction of departure in 3-D space

DP

dual polarization

DS

RMS delay spread

ECC

Electronic Communications Committee

ECDF

empirical cumulative distribution function

EIRP

effective isotropic radiated power

EoA

elevation angle of arrival

EoD

elevation angle of departure

ESA

elevation angle spread of arrival

ESD

elevation angle spread of departure

ESPRIT

estimation of signal parameters via rotation invariance techniques

FCC

Federal Communication Commission

FDTD

finite difference time domain

FI

floating intercept

GSCM

geometry-based stochastic channel model

IF
IFFT

intermediate frequency
inverse fast Fourier transform

i.i.d.

independent and identically distributed

IMT

International Mobile Telecommunications

IMT-A

International Mobile Telecommunications-advanced

IR

impulse response
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ISIS

initial and search improved SAGE

ITU
ITU-R

International Telecommunication Union
International Telecommunication Union-Radiocommunication sector

KF

Ricean K-Factor

K-S

Kolmogorov-Smirnov

LNA

low noise amplifier

LOS

line-of-sight

LSP

large-scale parameter

MCD

multipath component distance

METIS

mobile and wireless communications enablers for the twenty-twenty
information society 5G

MIMO

multiple-input multiple-output

MiWEBA

millimetre-wave evolution for backhaul and access

ML

maximum likelihood

mmMagic

millimetre-wave based mobile radio access network for fifth generation
integrated communications

NIST

National Institute of Standards and Technology

NLOS

non-line-of-sight

NYU

New York University

O2I

outdoor-to-indoor

PA

power amplifier

PDP

power delay profile

PDF

probability density function

PL

path loss

PLin

indoor path loss

PLout

outdoor path loss

PLtw

path loss through the wall

RMS

root mean square

QuaDRiGa

quasi deterministic radio channel generator

RF

radio frequency

RMS
RT

root mean square
ray-tracing

Rx

receiver

SAGE

space-alternating generalized expectation-maximization

SCM

spatial channel model
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SCM-E

spatial channel model-extended

SF
SISO

shadow fading
single-input single-output

SNR

signal-to-noise ratio

SP

single polarization

SSF

small-scale fading

SSP

small-scale parameter

Tx

transmitter

UE

user equipment

ULA

uniform linear array

URA

uniform rectangular array

UTD

uniform theory of diffraction

V2V

vehicle-to-vehicle

VNA

vector network analyzer

WINNER

wireless world initiative new radio

WLAN

wireless local area network

WRC

World Radiocommunication Conference

WSS

wide sense stationary

XPD

cross polarization discrimination

XPR

cross polarization ratio

XPRH

cross polarization ratio for horizontal transmission polarization

XPRV

cross polarization ratio for vertical transmission polarization

ZoA

zenith angle of arrival

ZoD

zenith angle of departure

ZSA

zenith angle spread of arrival

ZSD

zenith angle spread of departure
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1

Introduction

1.1

Motivation

Over the past ten years, mobile traffic and the number of connected devices have
grown explosively. In the past, the mobile traffic was dominated by voice traffic. As
a consequence of the popularization of smartphones and tablets, mobile data traffic
has now surpassed voice traffic and has grown 4,000-fold since 2005 [1]. This trend
will continue and mobile data traffic will grow exponentially [2]. Globally it has been
predicted that the traffic will reach 30.6 Exabyte per month by 2020 [1]. Therefore, due
to constantly growing volumes of mobile data traffic, it is obvious that currently licensed
frequency bands cannot provide sufficient capacity and satisfactory data rates in the
future. An additional spectrum is needed to meet the requirements of the future fifth
generation (5G) mobile communication systems.
During the past few years, different initiatives formed by multiple consortia and
organizations around the world have been discussing the future mobile and wireless
communications applications and scenarios. For instance, the consortium for mobile and
wireless communications enablers for the twenty-twenty information society (METIS)
was formed in Europe in November 2012 [3]. It aimed at developing a concept for the
future mobile and wireless communications. In 2014, the METIS project [4] identified
several frequency spectrum options above 6 GHz for 5G. These frequency bands were,
among others, 9.9–10.6 GHz, 27.5–29.5 GHz, and 55.7–76 GHz. In September 2015,
the International Telecommunication Union (ITU) also released its vision for the future
development of International Mobile Telecommunication (IMT) 2020 and beyond [5].
In 2015, ITU also discussed 5G in its World Radiocommunication Conference
(WRC) [6]. In this event, the international rules on the usage of radio frequency spectrum
are discussed and it is normally held every four year. As the outcome of this event, a
new study item was defined for the 24–86 GHz frequency range. However, the global
frequency band allocation for 5G still remains unclear and the studies on frequencies
above 6 GHz shall be presented in the next WRC, scheduled for 2019. It is obvious
that the next generation standard must be open enough to allow new revolutionary
technologies which not even known during the development phase.
The centimeter-wave frequency band from 3 to 30 GHz has been largely unexplored
in mobile communications. Until now, this band has been mainly used for satellite
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communications, fixed wireless links, radar, defense and science applications. It offers
several GHz of available spectrum. Therefore, this band is also a promising candidate
for 5G if it is decided that the band will be opened for cellular services in the future.
Even before deciding to possibly open it for cellular services, it is crucial to get a better
understanding about its propagation characteristics and to establish channel models to
evaluate the potential of such decisions.
Particularly, the frequency range close to 10 GHz, where a wide frequency spectrum
is available, is very poorly investigated. There are only a handful of studies modeling
three-dimensional (3-D) radio channel at this frequency range in the literature as will be
discussed in Section 1.3.3. Therefore, the main focus of this thesis is to derive the full
3-D parametrization of GSCM at 10 GHz which is missing in the existing literature.
The rest of this chapter is organized as follows. In the following section, the
categorization of radio channel models is presented and the different groups of the
models are shortly reviewed. Section 1.3 shows the review of geometry-based stochastic
channel models (GSCMs) and standardized models. Section 1.3 also covers a literature
survey of recent channel modeling activities for 5G mobile communication systems,
including the existing characterizations of radio channels at 10 GHz. Section 1.4
describes the goal of the thesis and its outline. Finally, the author’s contributions to the
publications are given in Section 1.5.
1.2

Classification of radio channel models

Multiple-input multiple-output (MIMO) radio channel models can be categorized in
several ways. One way is to classify the models based on the type of the propagation
channel. For instance, models can be split into flat fading (narrowband) and frequency
selective (wideband) models or time-variant and time-invariant models. A narrowband
channel model is presented as a single channel tap where independent multipath
components (MPCs) cannot be distinguished, i.e., all MPCs are summed together.
In contrast, wideband channel models require the modeling of individual MPCs.
Alternatively, the models can be separated into analytical and physical models [7].
In this categorization, there is a fundamental difference between the model groups.
Physical models are antenna independent, i.e., these models separate the radio channel
(MIMO transfer matrix) into the propagation channel and antennas, whereas analytical
models directly describe the radio channel, i.e., the effects of the antennas are embedded
in the model. Another main difference is that analytical models describe the MIMO
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channel matrix or MIMO transfer matrix mathematically without explicitly modeling the
radio wave propagation mechanisms while the physical models determine the physical
radio wave propagation by means of double-directional multipath propagation [8].
Both categories can be further split into several subcategories. Table 1 presents the
categorization of the different MIMO channel models.
Table 1. Classification of MIMO radio channel models mainly based on [7].
Analytical models
(i)

(ii)

Correlation-based
i.i.d model
Kronecker model [9–12]
Weichselberger model [13]
Propagation-motivated
Finite scatterer model [15]
Maximum entropy model [17]
Virtual channel representation [18]
α − η − κ − µ fading model [26]

Physical models
(i)

(ii)
(iii)

(iv)

(v)

1.2.1

Deterministic
Ray-tracing
stored measurement data
finite difference time domain [14]
Semi-deterministic
METIS map-based model [16]
Geometry-based stochastic
COST models [19–25]
WINNER-family models [27–29]
NYU wireless model [30]
Standardized
3GPP spatial channel models [31–33]
IMT-Advanced model [34]
Non-geometrical stochastic
Saleh-Valenzuela model [35]
Zwick model [36],[37]

Analytical models

Analytical channel models determine the channel transfer function or impulse response
separately for each pair of transmitter (Tx) and receiver (Rx) antennas. The MIMO
transfer matrix is then constructed by merging the transfer functions of each Tx/Rx
antenna pair. As shown in Table 1, the analytical models can be further split into
correlation-based and propagation-motivated models. Correlation-based models, e.g.,
independent and identically distributed (i.i.d.) model, the Kronecker model [9–12] and
Weichselberger model [13] determine the MIMO transfer matrix statistically based
on the correlations between matrix entries. In the i.i.d. model, all elements of the
MIMO transfer matrix are statistically independent, and thus uncorrelated. Physically,
this is close to a rich scattering environment where MPCs are uniformly distributed
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in all directions. The i.i.d model is the simplest analytical MIMO channel model and
therefore it is often used in theoretical studies like the information theoretic analysis
for MIMO systems [38]. The Kronecker model separates the spatial correlation at the
Tx and Rx. The main drawback of the Kronecker model is that it uses a separable
direction of departure (DoD) and direction of arrival (DoA) spectrum. This means that
single-bounce scattering cannot be modeled by the Kronecker model, i.e., a single DoD
cannot be coupled with single DoA. The Weichselberger model utilizes the eigenvalue
decomposition of the Tx and Rx correlation matrices, and in contrast to the Kronecker
model it allows joint modeling of the Tx and Rx channel correlations.
Another group of analytical models are propagation-motivated models. In this
category, the MIMO channel matrix is determined via propagation parameters. The
closest model in this category in comparison to the model used in this thesis is the
finite scatterer model [15]. This model describes the radio environment separately
from the antenna arrays [15]. It uses a finite number of MPCs, where each MPC is
characterized by delay, DoD (azimuth and elevation), DoA (azimuth and elevation), and
complex amplitude. The finite scatterer model enables single-bounce and multi-bounce
scattering. Moreover, the model enables splitting of MPCs, meaning that multiple MPCs
can have the same DoD (or DoA) but different DoAs (or DoDs). Other examples of
propagation-motivated models are the maximum entropy [17] model, virtual channel
representation [18], and recently proposed α − η − κ − µ [26] fading model.
1.2.2

Physical models

The physical models can be separated into deterministic, semi-deterministic, geometrybased stochastic, standardized, and non-geometrical stochastic models. The deterministic
models characterize propagation parameters in a fully deterministic manner, i.e., there is
no randomness in the model. The most well-known deterministic model is ray-tracing
(RT), which gives an accurate description of the modeled propagation environment. It
uses the rules of geometrical optics in the determination of all possible propagation
paths between the transmitter (Tx) and receiver (Rx) positions. RT requires as detailed
as possible description of the propagation environment, e.g., a 3-D map of the modeled
propagation environment, and knowledge of the building structures including furniture
and wall materials. On the other hand, this is also one of the drawbacks of the model
since the detailed information of modeled propagation environment may be difficult
obtain in practice and the model is valid only for a pre-determined environment. Another
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drawback of RT is that it is rather complex and the generation of the MIMO transfer
matrix may be time-consuming. RT is explained in more detail in, for example, [39].
Another example of the deterministic model is the use of recorded impulse responses,
i.e., stored measurement data. However, this requires a huge database to store the
measured impulse responses and is also scenario specific like RT. The third example of
the deterministic model is the finite difference time domain (FDTD) model [14].
Recently, a semi-deterministic model has been developed in the METIS project [16].
The METIS model is intended to take into account all radio channel characteristics
which are important for any 5G mobile communications scenario. These characteristics
are spatial consistency and mobility, diffuse vs. specular scattering, very large antenna
arrays and millimeter wave frequencies. This model is based on RT using a simplified
3-D geometric description of the propagation environment where, e.g., the building walls
are modeled as rectangular surfaces with specific electromagnetic material properties.
The propagation paths are modeled deterministically. However, the model is not fully
deterministic since the random objects representing, e.g., people and or vehicles on the
radio link are modeled stochastically. Even though several properties of the model were
successfully validated in the METIS project, the model still needs to be validated by
additional measurements and its development is still ongoing.
In contrast to RT and semi-deterministic models where the MIMO transfer matrix
can be determined completely without measurements, GSCMs are often based on an
extensive set of channel measurements. The GSCM models can be separated into two
main subcategories based on the fundamental difference in the modeling approach.
The first main subcategory includes cooperation in science and technology (COST)
models [19–25] where the locations of a scatterer cluster are established. In the second
main subcategory, comprising other GSCMs1 , only the LOS component is determined
based on geometry and other components, i.e., scatterer clusters are purely stochastic.
In these models, the parameters of the model are chosen randomly from appropriate,
typically measurement based, probability distributions. Examples of these models
include the wireless world initiative new radio (WINNER)-family models including the
actual WINNER [27–29], quasi deterministic radio channel generator (QuaDRiGa)
[40], initial millimetre wave based mobile radio access network for fifth generation

1 The

term GSCM is widely used in existing literature, e.g., in [16, 27–29] for all different subgroups of
models in this category, even though only COST models actually determine the geometrical locations for
scattering clusters, and thus significantly differ from other models.
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integrated communications (mmMAGIC) models, and New York University (NYU)
wireless model [30].
The fourth group of physical models are standardized models including the Third
Generation Partnership Project (3GPP) spatial channel models (SCMs) and the IMTAdvanced (IMT-A) model [34]. The first 3GPP SCM used the more general COST
model as a starting point, and applied various simplifications to it. Later versions of
3GPP SCMs were based on WINNER models. The IMT-A model was also based on
the WINNER model with adjusted model parameters. The evolution of GSCMs and
standardized models are further elaborated in the following Section 1.3.
The fifth group of physical models are non-geometrical stochastic models. In these
models, the propagation parameters are determined completely stochastically without
the geometry of the physical environment. Examples of non-geometrical stochastic
models include the Saleh-Valenzuela model [35] and Zwick Model [36],[37].
1.3

Review of the GSCMs and standardized models

This section gives an overview of the GSCMs and their parameterizations found in
the literature. The section has been divided into three subsections. First, the literature
review of the GSCMs and standardized models focusing on frequency bands below 6
GHz is presented in Section 1.3.1. Section 1.3.2 discusses the recent channel modeling
activities towards a 5G channel model and summarizes the evolution of the GSCM
over the past 15 years. Finally, the parameters of the model found from the literature,
especially at 10 GHz at which this thesis is aimed, are summarized in Section 1.3.3.
1.3.1

Review of the GSCMs and standardized models below 6 GHz

Although there had been previous COST actions, such as COST 207 [41] and COST
231 [42] in the field of channel modeling, the COST 259 model was the first GSCM
considering multi-antenna base stations (BSs) and it was published in 2001 [19]. The
COST 259 model was designed for the frequency range from 450 MHz to 5 GHz and a
maximum bandwidth of 10 MHz. The model was capable of separating vertical and
horizontal polarization components, and providing channel impulse responses in both
spatial and temporal domains. The COST 259 model described the joint small and
large-scale effects of the channel and it covered three different propagation scenarios,
macro-, micro-, and picocells. Even though the COST 259 action ended in 2001, several
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modifications and improvements were made after the actual COST 259 action was
completed. In 2006, the second version of the COST 259 model was published in
journal articles [20], [21]. The COST 273 channel model was an evolution of the
COST 259 model and it was published in the same year as the second version of the
COST 259 model. The COST 273 model included full MIMO systems, i.e., multiple
antennas also at user equipment (UE). Another major distinction between the COST
259 and COST 273 models was that while the COST 259 model used different generic
models for macro-, micro-, and picocells, the COST 273 model used the same generic
channel model for all propagation scenarios. A single generic model, was one of the
implementation aspects which followed the macrocell model of the COST 259 model
implementation, and this brought huge simplifications to the implementation of the
COST 273 model.
The COST 259 model also had a significant impact on the development of the first
standardized 3GPP/3GPP2 SCM model in 2003 [31]. The 3GPP SCM was developed
for suburban macrocell, urban macrocell, and urban microcell scenarios at a 2 GHz
carrier frequency utilizing the 5 MHz bandwidth. In 2005, SCM-extended (SCM-E)
[43] was launched by the WINNER project. It was an evolution of SCM including,
among other things, a bandwidth extension up to 100 MHz and additional parameters
for the 5 GHz frequency band. The WINNER I model [27] was introduced shortly after
SCM-E. It included additional parameter tables for new propagation scenarios such
as an indoor office and rural macrocell. The WINNER II model [28] was released in
2007. It was an evolution of the WINNER I model including new propagation scenarios
such as outdoor-to-indoor (O2I) and indoor-to-outdoor settings. Moreover, large-scale
parameters (LSPs) were modeled based on spatial correlations enabling the model to
be used in multi-user MIMO scenarios. The International Telecommunication Union
Radiocommunication Sector (ITU-R) determined the WINNER II model, with minor
modifications, to be a baseline for the evaluation of radio interface technologies for
IMT-Advanced [34] in 2009.
The WINNER, 3GPP, and IMT-A models were two-dimensional channel models
and were sufficient until 2010. However, the exploitation of elevation-domain beamforming and spatial multiplexing demanded the modeling of radio channels in 3-D. The
WINNER+ model [29] including 3-D modeling of propagation effects was introduced
in 2010. This model also extended the path loss models to cover the frequency range
from 450 MHz to 6 GHz. In 2011, the COST 2100 action was finished and the COST
2100 model [24], [25] was published in 2012. It extended the COST 273 model to
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cover multi-cell and multi-user MIMO systems using the original modeling philosophy
determined in earlier COST models. Both the COST and WINNER models characterize
the double-directional impulse response of the channel. However, the COST models are
not restricted to the drop concept with short independent segments of motion like the
WINNER model [44]. Instead, the COST models determine spatially located scattering
clusters and their corresponding visibility regions. Hence, for example, the recent COST
2100 model supports the continuous time evolution of the radio channel. However, the
extraction of the cluster parameters of the COST models is a challenge. Furthermore,
there is no open source implementation of the COST channel models. In 2014, a
quasi deterministic radio channel generator (QuaDRiGa) [40] was released. It was an
extension of the WINNER II and WINNER+ [29] models including several updated
features, e.g., a geometric polarization model [45] and modeling of spherical waves,
for targeting 5G propagation modeling. The QuaDRiGa has an open source Matlab
implementation [46]. A major part of the WINNER+ channel model was utilized in the
3GPP 3-D channel model work and this work was finalized in 2015. The 3GPP 3-D
model was designed for macrocell and microcell scenarios at 2 GHz frequency band
[32].
1.3.2

Channel modeling activities towards 5G

Several research projects including industry and academia have aimed to fulfill the
requirements for designing and evaluating new channel models for the frequency bands
up to 100 GHz. For instance, the METIS project addressed the challenges of future
channel modeling in [47] and developed a new channel model up to 86 GHz as a
pioneering work for 5G mobile communication system evaluations [16]. The METIS
channel model has already been briefly discussed in Section 1.2.2, further details are
available in [16]. Also, METIS introduced one of the first parameterizations of GSCM
for the higher frequency bands. This parametrization was determined for the WINNER
II model in a shopping mall environment at 60 GHz [48].
In 2010, the IEEE802.11ad channel model [49] was designed for wireless local
area networks (WLAN) in indoor short range communications such as offices and
homes at 60 GHz. In this model, single and double bounce reflections were modeled
deterministically in a 3-D propagation environment, whereas the other components in
the clusters were modeled stochastically. In 2015, the millimetre-wave evolution for
backhaul and access (MiWEBA) channel model [50, 51] extended the IEEE802.11ad
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channel model [49] towards outdoor access, backhaul/fronthaul, and device-to-device
scenarios.
In December 2015, a large number of research partners including industry and
university partners published a white paper about a 5G channel model (5GCM) for
frequency bands up to 100 GHz [52]. This paper discussed various relevant aspects
for 5G channel modeling. These aspects included, among others things, support for
large arrays, dual mobility, dynamic blockage modeling, and modeling of foliage and
atmospheric losses. In addition, the white paper presented an extensive set of the model
parameters for various frequency bands based on channel measurements and RT. The
paper proposed a 3GPP 3-D model at 2 GHz as a good starting point for modeling
channels up to 100 GHz, but also mentioned that some modifications of existing steps
or additions of new steps may be required. This paper also had a significant effect on
the standardized 3GPP model at millimeter wave bands in 2016. The NYU wireless
channel model was also published in 2015 [30]. This model is based on an extensive set
of channel measurements mainly in Manhattan at 28, 38, 60 and 73 GHz frequency
bands [53–69]. An open source implementation of NYU Wireless channel model is
available in [30]. The model had three new features in comparison to the 3GPP 3-D
model [32], namely a line-of-sight/non-line-of-sight (LOS/NLOS) blockage model,
the extension of power and angular profiles, and a close-in free space distance path
loss model (see Section 4.1.1). In addition to the NYU channel model and 5GCM,
some other studies have considered channel modeling toward 5G. For example, the
North America based 5G millimeter-wave channel model alliance sponsored by the
Communications Technology Research Laboratory with National Institute of Standards
and Technology (NIST) was formed [70] and the kick-off meeting was held in 2015. The
purpose of this consortium is to provide a venue for, among others things, aggregating
new and improved channel measurement and modeling methodologies [70].
In 2016, the millimetre wave based mobile radio access network for fifth generation
integrated communications (mmMAGIC) project [71, 72] published an initial channel
model based on the QuaDRiGa channel model for covering frequency bands from
10 GHz to 80 GHz. In the model, a new frequency dependent term was introduced
to the parameters of the model, and the initial parameterizations were determined
for indoor and microcell scenarios. In the same year, COST IC1004 [73] published
a white paper about channel measurements and modeling for 5G networks in the
frequency bands above 6 GHz [74]. The paper discussed the views of the COST IC1004
research on channel measurements and modeling for 5G systems operating in the higher
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frequency bands for both fixed and mobile links in indoor and outdoor environments
[74]. Additionally, the 5GCM group published some new conference papers based on a
previously published white paper, e.g., [75, 76]. In addition to the channel modeling
proposals of industrial and academic consortiums, some journal papers addressing the
5G channel modeling have also been recently published, for example [77], [78], and
[79].
Furthermore, the 3GPP extended the standardized 3-D model at 2 GHz for higher
frequency bands. A new standardized model was based on the same framework as the
earlier model at 2 GHz frequency range. The new model included the updated path loss
models and the frequency dependent parameter tables of LSPs. Additional modeling
components were also introduced. These components included, for example, modeling
of
– oxygen absorption,
– large bandwidth and large antenna array,
– spatial consistency, and
– blockage.
Moreover, an alternative map-based hybrid channel model methodology was presented.
This modeling methodology consisted of deterministic and stochastic components. The
3GPP 3-D channel modeling work for frequency bands above 6 GHz was finalized
in June 2016. Fig. 1 summarizes the evolution of GSCMs and standardized models
developed in the 21st century.
1.3.3

Parameters of GSCM for frequency bands above 6 GHz

Until 2014, all the aforementioned GSCMs were restricted to the frequency ranges
below 6 GHz so that complete parametrization was missing for frequency bands above 6
GHz. On top of the vast number of different parameters in [52] and initial parameters in
[71], large numbers of parameters based on channel measurements and RT have been
reported for unlicensed frequency bands during the past few years. The majority of
recent studies have been focused on the unlicensed frequency band of 28, 38, and 60
GHz. Some of the studies have focused on even higher frequency bands, such as 73
GHz. However, there are only a few parameterizations for the certain frequency band
which can be directly used in GSCM at frequencies above 6 GHz.
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Fig. 1. Evolution of the GSCMs and standardized models.

As mentioned earlier, one of the first parameterizations was introduced in the METIS
project for a shopping mall environment at 60 GHz. However, this parametrization
was determined for the WINNER II model, i.e., the elevation parameters were not
determined. In [61], the parametrization for outdoor environments was presented at
28 GHz and 73 GHz. However, this parametrization did not determine the correlation
31

distances of LSPs, which have a significant effect on the time evolution of the channel,
i.e., how the channel changes when the UE is moving. Moreover, the white paper
presenting an overview of the 5G channel models [52] presented a large set of the
parameters of GSCM for various environments both based on measurements and RT
at the frequency bands from 2 GHz to 73 GHz. Nevertheless, a full set of parameters
based on a single measurement campaign and frequency band were presented only for a
shopping mall scenario at 15, 28 and 63 GHz [52].
Since this thesis targets the parameterizations at 10 GHz frequency range, it is
essential to look closely at parameters which have been reported for this frequency
range in the literature. The first studies at this frequency range were already done in the
past century [80–83]. These studies focused on basic propagation channel properties
such as the determination of received signal strength and analysis of path loss and root
mean square (RMS) delay spread (DS), referred to as DS from now on in this thesis.
Within the past three years, some research work has been carried out to characterize
radio channel at the frequency range close to 10 GHz. The most comprehensive study
was made by the Tokyo Institute of Technology for various indoor environments in
2014 [84]. This study reported path loss (PL) models at 11 GHz. Moreover, a double
directional radio channel was characterized by the standard deviation of shadow fading
σSF , DS, the Ricean K-factor (KF), co-polarization ratio (CPR) and cross-polarization
ratio. Later in the same year, the same institute and partly the same authors published
spatio-temporal channel characteristics for urban cellular environments at 11 GHz
in [85]. This paper presented path gain distributions, power delay profiles and the
azimuth power spectrum at UE, and the DS distribution in LOS conditions based on
the measurements in Ishigaki city in Japan. In the following year, the same research
group completed the previous channel characterization in urban cellular environments
with the analysis of co- and cross-polarization ratios at 11 GHz [86]. Also in 2015, the
path loss model, the σSF , and the DS parameters in urban environments were published
for 10 GHz in [87]. In addition, the DS, the azimuth angle spread of departure (ASD),
the azimuth angle spread of arrival (ASA), the elevation angle spread of departure
(ESD), the elevation angle spread of arrival (ESA), cluster ASD, and cluster ESA were
published for UMi scenarios based on Samsung’s RT results in [52].
In 2016, the DS parameters at 10 GHz were published for indoor and urban microcell
(UMi) environments in the technical report of the mmMagic project [71]. Also, the
Tokyo Institute of Technology published new DS, azimuth angle spread, cluster azimuth
angle spread, and cross-polarization ratio (XPR) results for UMi scenarios at 11 GHz
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[88]. Aalborg University and Nokia research center in Aalborg published a joint paper
about path loss measurements in urban macrocell scenarios where they compared
measurement based path losses at 10, 18, and 28 GHz [89]. Tables 2–3 summarize the
previous studies and the range of existing parameters for the GSCM in indoor and UMi
environments at the frequency range close to 10 GHz. As a conclusion to the existing
parameters found in the literature, it is noted that this frequency range is very scarcely
investigated when it comes to the required parameters for the GSCM.
Table 2. Summary of previous studies and the range of the existing parameters of GSCM for
indoor environments at a frequency range close to 10 GHz.
Parameter
Path loss/Path gain, α
σSF [dB]
DS [ns]
KF [dB]
Azimuth angle spreads
Elevation angle spreads
XPR [dB]
Delay proportionality factor
Cross-correlations
Correlation distances
Cluster parameters

LOS

NLOS

0.36–1.9
1.6
4.3–50
2–6
10–20
-

2–4.5
0.8–2.5
5.4–31.6
5–20
-

Ref.
[81],[82],[84]
[84]
[71],[81],[82],[84],[90],[91]
[84]
[84]
-

α is the coefficient showing the dependence of path loss on the distance.

1.4

Aims and outline of the thesis

The aim of this thesis is to determine full 3-D parametrization for the standardized 3GPP
3-D type of channel model at 10 GHz. The complete 3-D parametrization of the GSCM
is determined based on experimental radio channel measurements for two different
scenarios, generally referred to as indoor and outdoor microcell scenarios. The indoor
scenario represents a shopping mall type of propagation environment which is shown to
be one of the most important scenarios for the future 5G communication systems [92].
The outdoor microcell scenario represents a typical urban small cell scenario. Moreover,
the proposed parameterizations are validated by channel simulations in order to verify
that the channel model with the proposed parameters produces the same channel as the
measured one. In addition, because an indoor mobile user can be served either by an
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Table 3. Summary of previous studies and the range of existing parameters of the GSCM for
UMi environments at a frequency range close to 10 GHz.
Parameter
Path loss/Path gain, α
σSF [dB]
DS [ns]
KF [dB]
Mean ASD [◦ ]
Mean ASA [◦ ]
Mean ESD [◦ ]
Mean ESA [◦ ]
Mean XPR [dB]
Delay proportionality factor
Cross-correlations
Correlation distances
Number of clusters
Cluster ASD [◦ ]
Cluster ASA [◦ ]
Cluster ESD [◦ ]
Cluster ESA [◦ ]
per cluster shadowing standard deviation [dB]

LOS

NLOS

1.2–1.8
1.6
8.9–155.9
15.2–27.1
54.7–95.0
0.8–2.4
5.1–18.4
7.8
6
3.34
2.47
6.3

3.77
46.4–267.8
18.6–48.1
64.8–89.8
0.5–0.7
9.0–15.6
7.9
5
1.79
1.54
8.83

Ref.
[80],[85],[86],[87]
[86]
[52],[71],[85],[86],[87],[88]
[52],[88]
[52],[88]
[52]
[52]
[86], [88]
[52]
[52]
[52]
[52]

α is the coefficient showing the dependence of path loss on the distance.

indoor or an outdoor BS, it is also vital to characterize the path loss from the outdoor Tx
to the indoor Rx. Hence, the propagation loss caused by different types of walls to
the radio link at 10 GHz is also studied and the O2I path loss models are developed
for different types of walls. The main outcome of this thesis are the determined and
validated parameterizations for realistic radio channel modeling at 10 GHz.
This thesis has been written as a monograph for the sake of clarity. Most of the
contributions and results have been published in four original publications, including
one published journal paper [93], one conditionally accepted journal paper [94] and two
published conference papers [95, 96].
The outline of the thesis is as follows: Chapter 2 presents the fundamentals of the
GSCM, consisting of relevant definitions used in this thesis, a generic model of the
GSCM, an overview of the parameter sets, generation of channel coefficients, and the
usage of the model. The experimental radio channel measurements carried out in indoor,
outdoor, and O2I propagation scenarios are described in Chapter 3. In addition, Chapter
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3 presents validation of the multipath estimation based on the work published in [96].
The propagation path estimation tool used through out this thesis, was implemented by
Claudio Ferreira Dias, PhD, during his research visit to CWC, and a detailed description
of this work is given in his PhD dissertation [97].
The parameters presented in Chapter 4 have been published in [93, 94]. However,
some of the results have not been shown in the original publications due to the lack of
space. The chapter includes a detailed mathematical definition of the model parameters
and a full set of 3-D parameters derived from the indoor and outdoor measurements.
Moreover, Chapter 4 determines the path loss models for the O2I propagation scenario
and discusses the frequency dependency of the penetration loss, mainly based on the
original publication in [95].
The proposed model parameters are validated by channel simulations in Chapter 5.
The MIMO channel is directly reconstructed by embedding antennas in the propagation
path estimates, and the channel is equivalently generated using a QuaDRiGa channel
model implementation [46] with the determined model parameters. The major part of
Chapter 5 has been published in original publications [93, 94]. However, some of the
results have not been published in the original publications due to space limitations.
Finally, the thesis is summarized and future work is discussed in Chapter 6.
1.5

Author’s contributions to the publications

In total, the author of this thesis has contributed to twenty-two papers [44, 47, 93–96, 98–
113]. The papers considered several topics in the field of wireless communication. The
author has been the responsible person and the first author in two journal articles and
seven conference papers. Two of the conference papers considered different topics
in comparison to the topic of this thesis. Three of the conference papers considered
propagation channel characterization, namely satellite channel characterization at 18
GHz [99], vehicle-2-vehicle channel characterization [104], and elevation dimension
analysis of the propagation channel at 2.3 GHz [105]. However, those papers were
omitted from this thesis for reasons of consistency. Therefore, the thesis is based on four
original papers, one published journal paper [93], one conditionally accepted journal
paper [94], and two published conference papers [95, 96].
In the work done on indoor model parametrization and validation [93], the author
had the main responsibility in deriving the parameters of the GSCM, validating the
determined parameters for the model through channel simulations, and writing the paper.
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In the outdoor model parametrization work [94], the author carried out experimental
radio channel outdoor measurements together with the channel measurement group,
and had also the same responsibilities as in the indoor model activities. In the O2I
modeling work, the author executed half of the measurements together with the channel
measurement group, had the main responsibility for performing the measurement data
analysis, and writing the paper [95]. In the validation of multipath estimation made
from part of the outdoor measurement data, the author was the responsible person
for modeling propagation characteristics using a METIS map-based model, carrying
out the analysis and comparison between multipath estimates and modeled multipath
components, and writing the paper [96].
The role of the co-author in the papers concerning radio channel modeling was
to carry out the channel measurements [98, 102, 112], provide the measurement
results of the data analysis [44, 47, 113], and to provide comments [107], and support
[106, 109, 111, 112] during the research process.
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2

Fundamentals of the geometry-based
stochastic channel model

This chapter discusses the fundamentals of the GSCM where one terminal is mobile,
while the other is fixed. Fig. 2 gives an overview of the radio channel modeling principle
used in this thesis. The chapter begins with the relevant definitions concerning the
GSCM. The generic model of GSCM is presented in Section 2.2, followed by an
overview of parameter sets, i.e., the required parameters in the model. In Section 2.4,
the procedure for the generation of channel coefficients, i.e., the MIMO transfer matrix
is discussed. Finally, the usage of the model is briefly covered in Section 2.5.
2.1

Relevant terminology

Before the generic model, required parameters, and the procedure for the generation of
the MIMO transfer matrix are described, the relevant definitions used in this thesis
concerning the GSCM are briefly explained.

Fig. 2. Overview of the GSCM channel modeling process.
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2.1.1

Scattering cluster

Due to specular reflection, diffraction and diffuse scattering, the radio channel typically
consists of several distinguish propagation paths. Each propagation path m has a
specific delay, departing angle from the Tx, and arriving angle at Rx. The angles are
determined in unambiguous 3-D space, i.e., based on both the azimuth (φmD , φmA ) and
elevation (θmD , θmA ) angles, where superscripts {D, A} denote the departure and arrival,
respectively. However, in order to decrease the memory requirements of the model
output (MIMO transfer matrix) and the simulation processing time, the GSCMs, e.g.,
Winner models [28, 29, 114] are based on a cluster concept. This means that the number
of channel delay taps for each Tx/Rx antenna pair in a channel impulse response equals
the number of clusters in the model output. The cluster can be defined in several ways.
3GPP defines cluster as MPCs that have essentially the same delay. WINNER II [114]
gives an alternative definition for a cluster. In this case, the cluster is determined as the
group MPCs that are collocated in the delay-angular domain, i.e., the transmitted signal
propagates along a similar path. The third definition for cluster is the group of MPCs
which have the same fundamental behavior when the UE moves on a trajectory.
Fig. 3 displays the simplified illustration of the GSCM principle used in this thesis.
The radio channel between the BS and UE can consist of single or multiple interactions
caused by different objects. These interacting objects are called scattering clusters. A
scattering cluster is a synonym for a cluster since the model does not separate clusters
based on different radio wave propagation mechanisms. In other words, the scattering
cluster encompasses well known basic radio wave propagation mechanisms such as
specular reflection, diffuse scattering and diffraction.
2.1.2

Channel segment and drop

A channel segment is the part of the UE route where the channel maintains its wide
sense stationary (WSS) properties [28, 115]. Within the channel segment the positions
of scattering clusters2 are fixed, and therefore all LSPs and small-scale parameters
(SSPs) are practically constant [28, 115]. The length of a channel segment is determined
from the channel measurements utilizing the autocorrelation function for LSPs [28].
The length of a channel segment is given as the horizontal distance. The clusters are
2 Positions

refer to the 3-D directions, i.e., the azimuth and elevation angles of first-bounce cluster seen from
BS (Tx) and the last-bounce cluster seen from the UE (Rx).
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Fig. 3. Simplified illustration of the GSCM principle.

generated independently for each channel segment. However, the physical channel does
not change considerably when the UE is moves from one segment to the neighboring
segment. This is taken into account in the generation of correlated LSP maps. Therefore,
the LSPs change slowly when the UE moves from one segment to another. This issue is
further discussed in the following section where the time evolution of the channel is
explained.
The drop can be understood as an abstract presentation of the channel segment
where all model parameters are fixed, except the phases of the rays and the coupling
between them [28]. Typically, extensive system level simulations are based on several
drops where different simulation runs do not need to be correlated. In a drop, the UEs
are dropped onto the pre-determined network layout and the duration of the simulation
is short, typically some hundreds of milliseconds. The drop concept was already used in
the 3GPP SCM model, whereas the channel segment concept was introduced later in the
WINNER-models.
2.1.3

Time evolution and virtual motion

Time evolution means the evolution of the channel due to the movement of the UE.
Time evolution is modeled by two effects: drifting and cluster birth and death processes.
Drifting was introduced in SCM-E. It concerns the time evolution of a channel within a
channel segment where the cluster positions are fixed. However, due to the different
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positions of the UE, the delays, phases, and arrival angles of each propagation path
change. The method for modeling the birth and death processes of clusters was
introduced in the WINNER channel model. However, it was neither implemented nor
tested in WINNER. Later, this feature was implemented in the QuaDRiGa channel
model [40]. The birth and death processes of clusters are used in the modeling of UE
routes consisting of several channel segments. This is modeled by merging the clusters
of adjacent channel segments [115]. The lifetime of the clusters is restricted to the
combined length of two adjacent segments [115]. Within the overlapping region between
two adjacent segments, the powers of the clusters from the old segment are ramped
down and the powers of the new clusters are ramped up [115], [28]. The overlapping
region is split into multiple parts based on the number of clusters. During each part,
one old cluster ramps down and one new cluster ramps up. In this thesis, the channel
simulations are carried out independently for each propagation scenario and propagation
condition. Therefore, the details of clusters’ birth and death modeling process in the case
when the number of clusters differs between adjacent segments are not considered in
this thesis. Whereas the true motion of UE causes the time evolution of the channel, the
movement can be also virtual. Virtual motion can be understood as channel fluctuation
within the drop, caused by fast fading and the Doppler effect on the superposition of
rotating phasors of rays [28].
2.2

Generic model

The generic model can be understood as a single mathematical framework to create an
artificial double directional radio channel [8] from Tx to the Rx by placing scattering
clusters at random positions. The positions of the scattering clusters are derived from
statistical distributions based on a set of spatio-temporal propagation parameters obtained
from the channel measurements [116]. The generic model can be used to generate a
channel for an arbitrary number of channel realizations, i.e., time instants for single or
multiple radio links. The goal is to create a time-varying MIMO transfer matrix between
Nt Tx antennas and Nr Rx antennas
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h1,1 (t, τ)
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.
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h1,Nt (t, τ)

..
 ∈ CNr ×Nt ×TS ×NTAPS ,
.

hNr ,Nt (t, τ)

(1)

where hnr ,nt (t, τ) ∈ CTS ×NTAPS presents a time-variant channel impulse response from
the input of the nt th Tx antenna element to the output of the nr th Rx antenna element,
with a time instant of t = 1, ..., TS and a delay of τ = 1, ..., NTAPS . TS and NTAPS are the
number of time samples and the maximum number of delay taps, respectively. In the
impulse response, the number of delay taps is restricted to the number of clusters as
stated in Section 2.1.1. The determination of a single channel coefficient, i.e., a single
delay tap in the four-dimensional (4-D) matrix in (1), is obtained as the superposition of
20 rays in a cluster. Therefore, a general equation for each cluster l excluding LOS
cluster3 with specific delay and each time instant is expressed as
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where (·)T designates the transpose operation, aVV
l,m , al,m , al,m , and al,m are the complex

gains of the different polarization components of the mth ray, where superscripts {V, H}
designate vertical and horizontal polarizations, respectively. Moreover, the first and the
second superscript indicate the incidence and transmission polarizations, respectively.
κl,m is the cross-polarization ratio. Fθ ,Rx,nr and Fφ ,Rx,nr are the vertical and horizontal
A and φ A of
radiation field patterns in the direction of the modeled arrival angles θl,m
l,m

the Rx antenna element nr , while Fθ ,Tx,nt and Fφ ,Tx,nt are the vertical and horizontal
D and φ D of
radiation field patterns in the direction of the modeled departure angles θl,m
l,m

the Tx antenna element nt . dRx,nr and dTx,nt are the 3-D position vectors of the nr th Rx
antenna element and the nt th Tx antenna element in Cartesian coordinates, respectively.
λ0 is the wavelength of carrier frequency. r is the unit vector of the modeled azimuth
A and the modeled elevation angle of arrival (EoA) θ A
angle of arrival (AoA) φl,m
l,m



A ) cos(φ A )
cos(θl,m
l,m

A
A
A ) sin(φ A )  .
r(θl,m
, φl,m
) =  cos(θl,m
l,m 
A
sin(θl,m )

(3)

3 Some

of the GSCMs, e.g., WINNER models split the two strongest clusters into three sub-clusters. The
model used in this thesis does not split the two strongest clusters into sub-clusters.
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D and
Similarly, r is the unit vector of the modeled azimuth angle of departure (AoD) φl,m
D .
the modeled elevation angle of departure (EoD) θl,m
Utilizing the generic model, a MIMO transfer matrix can be generated for different

frequencies, different numbers and types of antennas, and propagation scenarios by
applying appropriate parameter settings which characterize the modeled propagation
scenario at the desired frequency range. The generic model also sets the requirements
for channel measurements. In other words, the measurement campaigns should be
designed such that the parameters which are needed in the actual model can be analyzed
and determined from the measurement data.
Due to the limited availability of channel model implementations, the QuaDRiGa
channel model implementation is used in this thesis. As mentioned in Section 1.3, the
QuaDRiGa is an evolution of earlier SCM and WINNER/+ channel models including
several updated features in comparison to other GSCMs and is the most advanced
GSCM whose implementation is publicly available. Furthermore, in [71] and [115], it
was shown to be fully compatible with the standardized 3GPP 3-D channel model [32].
Therefore, it is chosen for the evaluation platform for the proposed parameterizations.
The generic QuaDRiGa model is similar in comparison to the recently standardized
3GPP 3-D channel model for the frequency spectrum above 6 GHz [33]. However, the
generic model has the following differences with respect to the 3GPP model:

– A geographical coordinated system is used instead of a spherical coordinate system.
In other words, elevation angle θ = 0◦ points to the horizon instead of the zenith.
This is also reflected in the used model parameter terminology. In this thesis, the
terms: elevation angle of departure (EoD), elevation angle of arrival (EoA), elevation
angle spread of departure (ESD), and elevation angle spread of arrival (ESA) are used
instead of the terms: zenith angle of departure (ZoD), zenith angle of arrival (ZoA),
zenith angle spread of departure (ZSD), and the zenith angle spread of arrival (ZSA).
– Additional modeling components such as oxygen absorption (see Section 7.6 in [33])
have not been taken into account.
– The two strongest clusters are not split into three sub-clusters since it adds additional
complexity and has no influence on the model output [71].
– In the LOS scenario, a heuristically determined KF dependent scaling constant is
not used (see Section 7.5 in [33]). Instead, the delays and cluster powers including
the KF power scaling are determined first, and the DS is calculated. Finally, the
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cluster delays are scaled such that the output DS matches the DS value given in the
correlation map (see Section 2.4).
– Random angles (both in the azimuth and elevation domains as well as BS and UE)
are created for individual paths and the angle spreads (ASs) are calculated. Then,
the angles of individual paths are scaled to match the AS values obtained from the
correlation maps. In [33], a different approach is used where the individual angles are
first mapped to a wrapped Gaussian or Laplacian power-angular spectrum, and then
heuristically determined scaling factors are used to adjust the angular values based
on the number of clusters and the KF. With this approach, the first-order statistics,
i.e., the angles, are correctly modeled. However, the AS does not necessarily match
the AS value obtained from the correlation maps, and thus breaks the input-output
consistency of the AS [71], [115].
2.3

Overview of the parameter sets

In general, the GSCM has three different levels of randomness. The first two levels
are related to the model parameters derived from the measurements. In addition to the
measurement-based parameters, the GSCM also has third level randomness consisting
of initial phases and random coupling between the directions of rays. The DS, SF, KF,
ASD, ASA, ESA, and the ESD form the LSPs giving a higher level characterization of
the propagation channel. All LSPs are modeled with a log-normal distribution with
specified mean µ and standard deviation σ values obtained from the measurements.
The DS is used together with a KF in the derivation of the channel power delay profile
(PDP). The SF and distance dependent PL are used to scale the magnitude of the channel
coefficient to the correct level. In addition, the ASs are also used in the determination of
the angles of individual rays.
In order to take small-scale fading (SSF) into account the GSCM has a number of so
called support parameters [28]:
– the delay scaling factor,
– the per cluster shadowing standard deviation,
– the number of clusters,
– the cluster ASD, cluster ASA, cluster ESD, and cluster ESA,
– cross-correlations of each LSP pair,
– the correlation distance of each LSP,
– cross-polarization ratio (XPR).
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The usage of these parameters in the channel generation procedure is explained in the
following section and the parametrization is addressed in detail in Chapter 4. Therefore,
it is not explained any further in this chapter.
2.4

Generation of channel coefficients with QuaDRiGa

This section presents the main principles for the generation of a MIMO transfer matrix
with a QuaDRiGa and how the measurement-based parameters determined in Chapter 4
are linked to the generation of the MIMO transfer matrix. Furthermore, the channel
simulations with the proposed parameterizations are carried out in order to validate
the model at 10 GHz in Chapter 5. In this thesis, the original implementation of the
QuaDRiGa provided by the Fraunhofer Heinrich Hertz Institute is used with the addition
of a close-in free space distance PL model [117]. The original Matlab implementation is
available as an open source in [46].
Fig. 4 shows a block diagram of the channel generation procedure [115]. The
blocks with measurement-based parameters are indicated by their gray background color.
Before the channel can be generated, the user needs to determine the network layout, i.e.,
the position of each BS and UE as well as the trajectory for each UE. The propagation
parameters determined from the channel measurements fully describe the properties
of the modeled propagation scenario. In this thesis, the propagation parameters are
determined for two different scenarios —a two-story lobby environment and an urban
small cell. In addition, antenna configurations, i.e., 3-D antenna patterns, the number of
antenna elements, and the antenna downtilt, which can be freely chosen, should be
provided as an input to the model.
Once the necessary inputs are fed into the model, the correlated LSP maps are
generated. Each LSP map is separately initialized by an i.i.d. zero-mean Gaussian
random process with unit variance [115]. Subsequently, the pixels of the map are filtered
with a decaying exponential function together with the correlation distance of the LSPs
determined from the channel measurements. The maps are filtered in vertical, horizontal,
and diagonal directions in order to get a smooth value along the route of the UE. The
detailed filtering process is described in [115]. The cross-correlations between each pair
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Fig. 4. A block diagram of the channel generation procedure.

of LSPs are taken into account by applying measurement-based cross-correlation matrix
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In order to obtain a unique, real numbered solution, the cross-correlation matrix should
be positive definite [115]. Next, each map [MDS ...MESA ] is scaled from the normal
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F ...M F ], i.e., the maps are
distributed maps to the scenario specific distributions [MDS
ESA

scaled using the mean and standard deviation values of the LSPs characterized from the
channel measurements
MiF = (Mi · σi ) + µi , i = {DS, SF, ASD, ASA, ESD, ESA}.

(6)

Finally, the correct value of each LSP at the UE location is obtained by interpolating the
surrounding pixels of the map. In addition to the LSP values, the XPR is determined
from the log-normal distribution with specific mean and standard deviation values from
the measurements.
In the next step, the delays and powers of the clusters are generated. The number of
clusters NC is determined from the measurements. The delay of each cluster l is drawn
randomly from the uniform distribution Xl ∼ U (0, 1) as follows [28], [32], [46]
τl = −rτ στ ln(Xl ), l = 1, ..., NC ,

(7)

where στ is the DS from the map at the UE position, and rτ is the delay distribution
proportionality factor determined from the measurements. In the existing parameterizations of the GSCM, the proportionality factor is also called the delay scaling parameter
[27], [28], [29], [32], [33], [52], [71] since its purpose is to scale delays. The generated
delays τl are sorted into an ascending order and normalized so that the shortest delay
is set to zero. Single slope exponential power delay profile (PDP) is used to generate
NLOS cluster powers Pl as
Pl = exp(−τl

rτ − 1
−Zl
) · 10
,
rτ tτ
10

(8)

where Zl ∼ N (0, ζ ) is the random component. The term ζ is called the per cluster
shadowing standard deviation and it is characterized from the measurements and given
to the model in decibels.
In the LOS propagation condition, in order to take the effect of KF into account, the
power of the first cluster is recalculated. This is done by multiplying the initial KF
N

C
value obtained from the map by the sum power of the other clusters (∑l=2
Pl ). Next,

the powers of the clusters are normalized so that the sum power of the clusters is one.
However, the recalculation of the first cluster power changes the DS. Therefore, the
cluster delays are scaled by a scaling factor which is determined as the ratio between the
initial DS from the map and the DS after the recalculation of the first cluster power
[115]. As mentioned in the previous Section 2.3, this step differs from standardized
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Table 4. Offset angle of the mth ray.
Ray index m

offset angle φ̂m

Ray index m

offset angle φ̂m

1, 2

±0.0447

11, 12

±0.6797

3, 4

±0.1413

13, 14

±0.8844

5, 6

±0.2492

15, 16

±1.1481

7, 8

±0.3715

17, 18

±1.5195

9, 10

±0.5129

19, 20

±2.1551

models [32] and [33] where a heuristically determined scaling constant is used to scale
delays in the LOS propagation condition.
Next, the cluster angles are drawn from the Gaussian normal distribution with zero
mean and variance corresponding to the AS value in the LSP map. The LOS angle is set
to zero. The azimuth angles are mapped to the interval [−π : π], whereas the elevation
angles are mapped to the interval [−π/2 : π/2]. Since the relationship between the
powers and the angles of clusters is random, the resulting AS might not match the AS in
the LSP map. Therefore, the angles should be scaled to correspond to the AS in the LSP
map. For further information, the detailed procedure for generating angles is presented
in [115]. Once the delays, powers, and the angles of the clusters have been determined,
the clusters excluding LOS cluster are split into 20 rays. Random coupling between the
D , φ A , θ D , θ D ) for each ray are created.
rays is done and the independent angles (φl,m
l,m l,m l,m

The same calculation method is applied for both departure and arrival sides. Therefore,
the azimuth angle for each ray is determined separately but likewise at both departure
and arrival sides as follows [115]
φl,m = φl +

π · cφ · φ̂m
, l > 1,
180◦

(9)

where φl is the cluster azimuth angle, cφ is the cluster azimuth AS obtained from the
measurements and given in degrees, and φ̂m is the offset angle of the mth ray. Similarly,
the elevation angle for each ray both on the departure and arrival sides reads as
θl,m = θl +

π · cθ · φ̂m
, l > 1,
180◦

(10)

where θl is the cluster elevation angle, and cθ is the cluster elevation AS obtained from
the measurements and given in degrees. The offset angles for each ray are determined
according to Table 4 [28], [32], [33],[115].
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In the next step, the polarized channel coefficients are calculated. In the calculation
of the polarized channel coefficients, the same XPR value is applied for both vertical
and horizontal components. An additional phase offset is added between the horizontal
and vertical component of the NLOS rays and the offset angle is calculated to match
the XPR of circular polarization. The mathematical notations for the calculation of
polarized channel coefficients are given in [115].
The generic model presented in (2) is then used to determine the channel coefficient
for each cluster. However, a simple summation over 20 rays with random initial phases
destroys the power information of the cluster. This is fixed by first calculating the
average power of rays without antenna patterns in each cluster. Then, the scaling factor
is obtained from the square root of the ratio between the initial cluster power and the
average power of rays without antenna patterns. The channel coefficient is determined
by multiplying the channel coefficient obtained from (2) and the scaling factor [115].
Finally, the magnitudes of the channel coefficients are scaled to the correct level
based on the link distance by using the distance dependent PL and SF. The value of SF
is obtained by interpolating the surrounding pixels of the position of the UE in each
snapshot [115]. Therefore, the path gain including PL and SF is written as [115]
q
PGt =

[dB]

where SFt

[dB]

10−PLt

[dB]

+SFt

r
1 + P1 (

KFt
− 1),
KF1

(11)

and KFt are the interpolated values of SF and KF at the UE position in

the tth time instant, KF1 is the KF value at the initial position of the UE. In the LOS
propagation condition, the KF has already been included in the scaling of cluster powers.
Therefore, the power of the LOS cluster should be scaled accordingly
q
 KFt · hn ,n ,l (t) for l = 1,
r t
KF1
hnr ,nt ,l (t) = PGt ·
h
otherwise.
nr ,nt ,l (t)

(12)

The time evolution of the channel caused by the UE movement, discussed in Section 2.1,
is taken into account by updating delays, AoAs, EoAs, and phases for each snapshot of
the channel within a channel segment. Also, when the UE moves from one segment to
another, the clusters’ birth and death process is modeled as shortly discussed in Section
2.1.
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2.5

Usage of the model

The channel simulations in this thesis are carried out independently for each scenario
and propagation condition. However, the model also supports the simulations of
both scenarios and propagation conditions in a single simulation run. This means
that one radio link can be simulated, for instance, under a two-story lobby scenario
LOS propagation condition, whereas another radio link can be simulated for an urban
small cell scenario NLOS propagation condition. Also, the UE may go through both
propagation conditions (LOS and NLOS) during its route. This is modeled by the
smooth transition between channel segments. The model also supports variable speed
for the UE including acceleration and de-acceleration of the UE.
The simplest way to use the outcome of this thesis, is to use the PL models
determined at 10 GHz in Section 4.1.1. The validated channel model with the input of
the determined parameterizations, can also be used for link level and system level studies
at 10 GHz. Since the GSCM can be easily used for simulating different propagation
scenarios by selecting the appropriate parameters. The defined parameterizations in
Chapter 4 can be easily used by adding them as an input of the GCSM. Actually, the
parameterizations presented in this thesis have already been utilized in existing research.
The model described in this chapter with determined parameterizations has been used
for creating RF-system requirements for link and system level specifications at 10
GHz in [118, 119]. Also, the model parameterizations have been used in system level
simulations where the co-primary spectrum sharing algorithms have been studied at
10 GHz [120]. In addition to the QuaDRiGa channel model, the determined model
parameters are also directly applicable to the WINNER and 3GPP models.

49

50

3

Experimental radio channel measurements

Channel sounding methods can be categorized several ways, e.g., in terms of waveform
or measurement principle. In time domain measurements, channel sounding is based on
a pre-known sounding signal at the Tx and Rx. A wideband signal generator is used to
generate a transmitted signal with known sounding sequences such as m-sequences.
At the Rx, the incoming signal is then correlated with the known sounding sequence,
leading to the channel impulse response (CIR) of the measured channel. The main
benefit of this method is that even a large MIMO channel can be measured fast by
switching through all the elements of antenna arrays one by one. The main drawbacks
of time domain channel sounders are their high cost and limited frequency region.
In addition, the synchronization between the Tx and Rx clocks is also a challenge.
Although high precision rubidium clocks are used, there might still be some imprecision
in the timing.
Narrowband channel sounding can be performed in a frequency domain with a vector
network analyzer (VNA). With this method, the wideband channel can be composed
by sweeping continuous wave (CW) signals over the desired bandwidth. The inverse
Fourier transform of the measured complex frequency response is then calculated to
obtain a CIR. VNAs are typically designed for wide frequency bands from some tens of
megahertz to tens of gigahertz. Therefore, the main benefit of this method is the flexible
selection of the frequency band. On the other hand, the radio frequency (RF)-cables
suffer high losses especially in the higher frequency bands. Because RF-cables of Tx
and Rx antennas are connected to the same device, this may limit the measurable link
distance. Typically, this problem is solved either by utilizing RF-optic converters or up
and down converting the RF-frequency to an intermediate frequency (IF) band. With
this method, the MIMO channel can be measured by utilizing virtual arrays. Although
the measurement of a single wideband channel is fast, measurement with large antenna
arrays might be time-consuming because the antenna elements have to be shifted. This
is also the drawback of VNA-based MIMO measurements because the channel must be
stationary during the measurement from each Tx virtual antenna element to each Rx
virtual antenna element.
In this chapter, experimental channel measurements at 10 GHz are presented.
Section 3.1 introduces the measurement equipment and the antennas used in the field
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measurements. Section 3.2 describes the MIMO channel measurements which were
carried out in order to characterize the 3-D channel in two different propagation
environments, a two-story lobby and urban small cell at 10 GHz. Section 3.3 discusses
the complementary single-input single-output (SISO) measurements in an outdoor-toindoor (O2I) propagation scenario. Finally, the post-processing of the measurement data
is shortly described and the validation of the estimated MPCs using a semi-deterministic
map-based model is presented in Section 3.4.
3.1

Measurement equipment and antennas

The block diagram of the MIMO radio channel measurement setup is presented in
Fig. 5. A Keysight N5247A four-port PNA-X [121] was used as a channel sounding
device in all measurements. For measuring a MIMO radio channel with VNA, virtual
arrays [122] were used at the Tx and Rx. In other words, a single antenna element
was placed in several positions in order to virtually form an antenna array. A dual
polarized patch antenna element [107] was used at the Tx and Rx. The antenna had
a half power beamwidth of 125◦ and a maximum gain of 4 dBi over the measured
bandwidth. Two orthogonal polarization planes were slanted to ±45◦ from the vertical
plane. The cross-polarization discrimination (XPD) of the antenna element was between
18 dB and 22 dB over the operating bandwidth. For further information, the detailed
antenna properties are presented in [107].
Controllable antenna positioners (denoted as antenna robots in Fig. 5) consisting of
stepper motors, linear stages, and rotatory table were used to move the antenna elements
in 3-D space. The VNA were controlled by Matlab based measurement control software.
Hence, for the polarized radio channel, S-parameters between the Tx/Rx antenna ports,
radiating on parallel and orthogonal planes were recorded. External amplifiers, i.e.,
low noise amplifiers (LNAs) [123] and power amplifiers (PAs) [124], were used to
compensate for high cable losses between the VNA and the antennas. The amplifiers
operated in a linear region, leading to 23 dBm of effective isotropic radiated power
(EIRP) in a single far-field element.
Complementary O2I measurements were performed with a SISO antenna configuration since the target was to analyze the path loss in the case where the radio link is
blocked by different types of walls. In the SISO measurements, vertically polarized horn
and dipole antennas were used as the Tx and Rx antennas, respectively. The gain of the
Tx antenna was 13 dBi [125] whereas the gain of the Rx antenna was 2.1 dBi. As in
52

To move the
antenna

Rx
antenna

Tx
antenna

Radio Channel

LNA
LNA

PA
PA

To move the
antenna

RF-cables

RF-cables
PORT 1
PORT 3

PORT 2
PORT 4

RF-cable
Ethernet
connection
Mechanical
connection

Ethernet

Fig. 5. A block diagram of the measurement setup for the measuring MIMO channel. ([93]
c 2016 IEEE.)

the MIMO measurements, external amplifiers were used to compensate for high cable
losses between the VNA and the antennas. In all measurements (MIMO and SISO), the
measurement system was calibrated by performing a reference measurement with 60
dB attenuators between the PAs and LNAs. Through the calibration procedure, the
RF-cables and amplifiers were canceled out from the measured data.
3.2

MIMO measurements

This section describes the performed MIMO radio channel measurements in two-story
lobby and urban small cell environments. The aim of the measurements was to derive a
full set of 3-D parameters for the GSCM. The recording time for a MIMO channel with
VNA and virtual antenna arrays increases significantly in comparison to the traditional
time domain channel sounders and antenna arrays. The number of virtual antenna
element positions, the dwell time (i.e., the waiting time between measuring each tone),
the sweep time of the channel, and IF-bandwidth affect the duration of the measurement
and quality of the measurement data. The dwell time must be long enough in order that
all the propagation paths are captured at the Rx before measuring the next tone. Also, a
narrower IF-bandwidth gives a higher measurement dynamic range, but on the other
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hand increases the minimum sweep time. In order to extract the directional information
from the propagation channel, the scan time of the antenna arrays, i.e., the time it takes
to measure a channel between all Tx-Rx antenna pairs must be shorter than the channel
coherence time. Therefore, a trade-off between the measurement speed, the number of
virtual antenna element positions, and the measurement settings had to be made. Due to
the long scan time of virtual antenna arrays, the measurements were carried out in a
static environment. Furthermore, the Tx and Rx were fixed during the data recordings.
The main measurement settings are presented in Table 5.
Table 5. Measurement settings in MIMO measurements.
Parameter
Center frequency
Bandwidth
Number of frequency points
VNA Rx IF-bandwidth
VNA output power
Tx cable attenuation
Rx cable attenuation
PA gain
PA 1 dB compression point
LNA gain
LNA noise figure
Transmission power (EIRP)
Total measurable dynamic range

Value
10.1 GHz
500 MHz
801/401*
100 kHz
10 dBm
19 dB
10 dB
29 dB
25 dB
25 dB
1.8 dB
23 dBm
130 dB

* 801 in the two-story lobby and 401 in urban small cell measurements.

At first, the measurements were performed in the two-story lobby environment.
In these measurements, the Tx virtual array was capable of measuring only a single
dimension. Therefore, a horizontally aligned uniform linear array (ULA) containing nine
dual polarized antenna elements was selected. In order to characterize an omnidirectional
channel at the Rx, the Rx virtual array was a conformal array shaped like a lateral
surface of a cube. Each vertical side had 9 × 9 planar arrays with dual polarized antenna
elements, leading to 324 dual polarized Rx antenna elements. Thus, 2916 (9 × 9 × 9 × 4)
dual polarized channels were measured at each measurement spot.
After the measurements in the two-story lobby environment, the measurement
system was upgraded. With the upgraded measurement setup, the Tx virtual array
was capable of measuring both vertical and horizontal dimensions. In the urban small
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cell measurements, the Tx virtual array was 5 × 5 uniform rectangular array (URA).
The shape of the Rx virtual array was the same as in the two-story lobby environment.
However, the capability of measuring both vertical and horizontal dimensions at the
Tx increased the array scan time. Therefore, the number of virtual antenna element
positions at the Rx were decreased from nine to five in both dimensions. Hence, 2500
(5 × 5 × 5 × 5 × 4) dual polarized channels were measured at each measurement spot.
The spacing between each virtual antenna element position was half the wavelength at
both ends of the link in both scenarios. The element positions of the virtual arrays in
both measurement scenarios are illustrated in Fig. 6 and the antenna configurations are
summarized in Table 6. In general, the used measurement system is easily scalable for
different MIMO configurations.
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Fig. 6. Antenna element positions in Tx and Rx virtual arrays in (a) two-story lobby environment ([93] c 2016 IEEE.) (b) urban small cell.

3.2.1

Two-story lobby environment

The measurements were carried out in a two-story lobby area on the campus at the
University of Oulu. Both LOS and NLOS propagation conditions were considered. A
photograph of the measurement environment in the second floor hallway is displayed in
Fig. 7. The environment consists of a restaurant area on the first floor, partly open to the
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Table 6. Antenna configurations in MIMO measurements.
Parameter

Two-story lobby

Urban small cell

Tx antenna element
Number of Tx virtual element positions
Arrangement of Tx virtual elements
Rx antenna element
Number of Rx virtual element positions
Arrangement of Rx virtual elements

Dual polarized patch antenna
9
25
Horizontal ULA
URA
Dual polarized patch antenna
324
100
Planar in each lateral surfaces of a cube

Tx

Rx

Fig. 7. Photograph of the measurement environment in the second-floor hallway. ([93]
c 2016 IEEE.)

second floor and a hallway above the restaurant area on the second floor. Both of the
floors have linoleum flooring, the walls and the ceilings of the surroundings are made of
concrete and there are several metal fences and offices with walls made of glass. The
fences blocked the LOS propagation in some of the higher elevation measurement points
from the top floor down to the bottom floor. The measurement data was recorded at
night to minimize the scattering from people walking in the environment. The corridors
were not blocked during the measurements, but the effects of solitary moving scatterers
were considered negligible because of the very long virtual array scan time.
A floor plan of the measurements is given in Fig. 8. The Tx array positions are
presented as black markers. The positions were selected to represent realistic access
point heights on the walls. The selection of measurement points was restricted by the
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Fig. 8. Floor plan and measurement spots. The same type of Tx and Rx markers designate
the measurements from the Tx array to the Rx array. Filled Rx markers denote Rx array
positions in the NLOS measurements. The zero directions of the virtual arrays are depicted
by the arrows. ([93] c 2016 IEEE.)

length of the RF-cables. The Rx array positions are presented as blue and red markers
where the colors refer to the LOS and NLOS propagation conditions, respectively. At
the Tx, the patch antenna was oriented parallel to the surface of the virtual ULA. The
Rx patch antenna was oriented parallel to each vertical surface of the cube. The zero
directions of the virtual arrays are depicted by the black arrows in Fig. 8.
The measurement campaign was divided into four parts, denoted as Tx1–Tx4 and
Rx1–Rx4 in Fig. 8:
– LOS measurements in the second-floor hallway (Tx1, Rx1);
– LOS and NLOS measurements in the first-floor restaurant area (Tx2, Rx2);
– LOS and NLOS measurements from the hallway of the second floor to the restaurant
area of the first floor (Tx3, Rx3);
– NLOS measurements in the second-floor hallway (Tx4, Rx4).
In addition, 11 Rx array positions close to each other (circles in Fig. 8) in the
second-floor hallway were recorded in order to obtain meaningful data for correlation
distance analysis. In total, 20 LOS and 13 NLOS measurement spots were measured.
The antenna heights of the Rx and Tx were 1.6 m and 2 m, respectively. The height of
the first floor was 3.2 m. Therefore, in the measurements from the second-floor hallway
to the first-floor restaurant, the Tx antenna height with respect to the first floor was
5.2 m. The measurement dynamic range, i.e., the difference between the strongest
propagation path and noise, was more than 40 dB and 20 dB in the LOS and NLOS
measurements, respectively.
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3.2.2

Urban small cell

The urban small cell measurements were carried out in two different locations in the
campus area at the University of Oulu. The measurement layouts are illustrated in Fig.
9 where the boresights of the Tx arrays are depicted by arrows. As in the two-story
lobby environment, both LOS and NLOS propagation conditions were measured and 10
snapshots were recorded per antenna element position. In the first measurement location
(Fig. 9(a)), the Tx array was located on the staircase and the measurements consisted of
two different sites. The first site (Tx1, Rx1 LOS) was an alleyway with vegetation on
one side. The building walls consisted of a few windows and the surface material of
the walls was a marble slab. At the second measurement site (Tx2, Rx2 LOS and Rx2
NLOS), the propagation environment was an urban street canyon type of environment.
The environment consisted of office buildings with surface material of concrete on both
sides of the street canyon. A photograph of the first measurement location is presented
in Fig. 10(a). In the second location (Fig. 9(b)), the measurement environment consisted
of five-story office buildings with heights of approximately 15 m. The material of the
building walls was a mixture of concrete and corrugated metal facing. A photograph of
the second measurement location is presented in Fig. 10(b).
The positions of the Tx virtual array were selected to represent a possible location
of a BS and the virtual array was downtilted by 5◦ with respect to the horizon in all
measurements. The measurement dynamic range was more than 40 dB and 20 dB in
all LOS and NLOS measurements, respectively. The height of the Tx antenna was
approximately 10 m while the height of Rx was 2m. The lengths of the RF-cables were
28 m and 10 m to the Tx and Rx, respectively. Therefore, the maximum link distance in
the measurements was around 36.5 m. In total, 21 LOS and 11 NLOS measurement
spots were measured.
3.3

Outdoor-to-indoor SISO measurements

In order to characterize the path loss from the outdoor BS to the indoor mobile
user, complementary O2I measurements were carried out. The measurement settings
were adjusted in comparison to the MIMO measurements and the main settings are
summarized in Table 7.
The measurements were carried through two different types of walls: a glass window
and a concrete wall. The Tx and the Rx were immobile during the measurement
58

(a)

(b)

Fig. 9. Measurement spots and layouts (a) location 1 (b) location 2. Gray shaded blocks
indicate buildings. The same type of Tx and Rx markers designate the measurement from
the Tx array to the Rx array. Arrows illustrate the boresight of the Tx array.

(a)

(b)

Fig. 10. A photograph of the (a) first measurement location (b) second measurement location.

data recordings. The height of the Rx antenna was 1.3 m in all measurements and
the Tx antenna had three different horizontal positions in both measurements. The
measurements layouts are illustrated in Fig. 11.
In the measurements through the glass window, the Rx antenna was located in the
lobby and the heights of the Tx antenna were 3.8 m, 1.4 m and 1.2 m in all horizontal
positions. The wall between the Tx and the Rx consisted of two layered glass windows
with densely spaced metallic frames as shown in Fig. 12. The lobby was not blocked
during the measurements. However, there were some people moving in the lobby during
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Table 7. Measurement settings in SISO measurements.
Parameter

Value

Center frequency

10.1 GHz

Bandwidth

500 MHz

Number of frequency points

401

VNA Rx IF-bandwidth

10 kHz

VNA output power

14 dBm

Tx cable attenuation

29 dB

Rx cable attenuation

10 dB

Gain of Tx antenna

13 dBi

Gain of Rx antenna

2.1 dBi

Transmission power (EIRP)

27 dBm

(a)

(b)

Fig. 11. Top view layouts of the O2I measurements (a) through the glass window (b) through
the concrete wall. Gray shaded blocks indicate indoor areas. ([95] c 2016 IEEE.)

the measurements. Photographs of the outdoor Tx antenna and indoor Rx antenna for
the measurements through the glass window are shown in Fig. 12.
For the measurements through the concrete wall, two dipole antennas were used at
the Rx. The separation between the dipole antennas was 40 cm. The purpose of having
two Rx antennas was to increase the robustness of the measured path loss. In these
measurements, the Rx antenna was located in the empty meeting room where there were
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(a)

(b)

Fig. 12. O2I measurements through the glass window (a) outdoor Tx antenna (b) Rx antenna
in the lobby. ([95] c 2016 IEEE.)

(a)

(b)

Fig. 13. O2I measurements through the concrete wall, (a) outdoor Tx antenna (b) Rx antennas in the meeting room. ([95] c 2016 IEEE.)

two tables in the middle of the room. The heights of the Tx antenna were 1.3 m and 5.1
m. Photographs of the outdoor Tx antenna and indoor Rx antennas in the measurements
through the concrete wall are displayed in Fig. 13.
3.4

Post-processing

This section describes the main principles of the post-processing of the measurement
data. A detailed description of the propagation estimation process in general, can be
found in the PhD Dissertation of Claudio Ferreira Dias [97]. The propagation paths
were extracted by utilizing estimation of signal parameters by rotational invariance
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techniques (ESPRIT) [126] due to its reasonable processing time for large antenna
configurations in comparison to space-alternating generalized expectation-maximization
(SAGE) [127], initial and search improved SAGE (ISIS) [128], and RIMAX [129].
Before the propagation paths were extracted, the measured frequency domain data was
filtered in order to prevent frequency leakage. Several windows including Hanning,
Hamming, and Kaiser windows were tested for the measured frequency responses. The
Kaiser window [130] with a roll-off factor of 5 was selected for the collected data from
the MIMO measurements.
In the measurements in the two-story lobby environment, the measurement data
consisted of a five-dimensional (5-D) transfer function (frequency, polarization, the
position of Tx antenna in the horizontal axis, the position of Rx antenna in the horizontal
and vertical axes). The noise cutoff level was first set 6 dB above the noise level.
Each propagation path was extracted using an inverse fast Fourier transform (IFFT)
for the time of arrival (delay), a unitary R-dimensional ESPRIT [131] for angular
estimates, and the polarization amplitudes. The R-dimensional ESPRIT implementation
follows the mathematical notations given in [97], [132], [133]. Since the Tx virtual
array was the horizontally aligned ULA, the EoDs of the propagation paths cannot be
directly estimated. However, once the other directions (AoA and EoA) and delay of the
propagation path were available, a geometric approach [134] was used to determine
the EoDs. In the urban small cell measurements, the upgraded measurement system
also enabled the estimation of the EoDs. As an output, each propagation path m was
characterized by a nine-element parameter vector
+− −+ −− D D A A
Θm = [τm , a++
m , am , am , am , φm , θm , φm , θm ],

(13)

+− −+
−−
where τm is the delay, a++
m , am , am , and am are the complex amplitudes of each

polarization component, φmD is the AoD, θmD is the EoD, φmA is the AoA, and θmA is the
EoA. For the different polarization components, superscripts {+, −} designate +45◦
and −45◦ measured polarizations from the vertical plane, respectively. The first and the
second superscript indicate the received and transmitted polarizations, respectively.
The antenna radiation patterns of the measurement antennas can be de-embedded
by SAGE, ISIS, and RIMAX algorithms. In the case of the ESPRIT algorithm, the
radiation patterns of the Tx and Rx antennas must be removed after the estimation
process. In a virtual array, the antenna element is physically the same and there is no
mutual coupling between antenna elements. Hence, single element patterns can be
used to cancel the effect of the antennas afterwards. Since the shape of the Rx virtual
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array was the lateral surface of a cube, the multipath estimation was first made for each
face of the cube independently. The range of detectable paths was limited to a sector
from −45◦ to +45◦ for azimuth and from −90◦ to +90◦ for elevation with respect
to the broad side. After the estimation, the gain and the angular information of the
propagation paths together with the measured 3-D antenna radiation patterns were used
to cancel the effect of the antennas. Finally, an equivalent omnidirectional propagation
channel seen at the Rx was obtained by joining all faces of the cube. As the last step of
the post-processing, the complex valued amplitudes of each vertical and horizontal
VH HV
HH
polarization components aVV
m , am , am , and am were obtained from the estimated

amplitudes of ±45◦ polarization components by applying a Jones matrix [135]
"
#
cos(ϑ ) −sin(ϑ )
,
J(ϑ ) =
sin(ϑ ) cos(ϑ )
where ϑ =

−45◦ ·π
180◦

is the rotation angle
"
#
"
aVV
aVH
a++
m
m
m
=
J(ϑ
)
HV
HH
am
am
a−+
m

a+−
m
a−−
m

(14)

#
J(ϑ )H .

(15)

An example of the delays, AoAs, and gains of the estimated propagation paths
in the two-story lobby measurement environment in LOS propagation condition is
displayed in Fig. 14. In this example, the Tx and Rx arrays were facing each other
and the distance between them was 11.64 m. The LOS component is clearly identified
and its attenuation follows the free space loss. In addition, a strong NLOS multipath
component is observed.
In the O2I SISO measurements, the Kaiser window with a roll-off factor of 8
was used. The CIR was then obtained from the frequency response by IFFT. In the
measurements through the concrete wall, each snapshot consists of two CIRs which
were combined for representing the CIR of the SISO channel as follows
2

hSISO (τ) = ( ∑ |hnr ,1 (τ)|2 )/2.

(16)

nr =1

In the analysis of the CIR, there are several methods for determining the noise cut off
level. A typical method is to determine the noise level from the noise samples of the CIR
and set the noise cut off level a few dBs above it [136, 137]. However, in [138], it was
proposed to set the noise cut off level 20 dB below the strongest peak of the CIR. In fact,
weak paths have a minimal effect on the path loss. Therefore, this method was used for
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Fig. 14. An example of the delays, AoAs, and gains of the estimated propagation paths in
the two-story lobby LOS scenario. ([93] c 2016 IEEE.)

the SISO measurement data in this thesis. In order to avoid distinguishing the path loss
from the paths which are actually noise, CIRs with at least a 23 dB dynamic range (the
difference between the strongest peak and noise level) were accepted for the analysis.
The noise threshold was then set to 20 dB below the strongest path of the CIR and the
paths within 20 dB from the strongest path were included in the analysis. Fig. 15 shows
an example of the measured CIR and the determination of the noise cut off level.
3.4.1

Validation of the multipath estimation

How can we ensure that the estimated multipaths correspond to the measured propagation
environment? In general, there are a couple of simple methods to evaluate the quality
and reliability of the estimated propagation paths. One way is to calculate the recovered
energy ratio between the estimated MPCs before the cancelation of the antenna patterns
and raw measured data. Fig. 16 presents a cumulative distribution function (CDF) of the
recovered energy ratios in both scenarios and propagation conditions. For the two-story
lobby environment, the mean percentages of recovered energy ratios were 87% and
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Fig. 15. An example of the CIR in O2I SISO measurements through the glass window.

87.5% in LOS and NLOS propagation conditions, respectively. Equivalently, the mean
percentages for the recovered energy ratios were 89.3% and 88.4% for LOS and NLOS
propagation conditions in the urban small cell environment. In order to validate the
estimated energy of each delay bin, the DS between the measured raw data and the
estimated MPCs before the cancelation of the antenna patterns are presented in Fig. 17.
These plots show the agreement between raw and estimated data.
However, the recovered energy ratios and delay spreads do not tell us anything about
the directions of the estimated MPCs which have a major impact on the model behavior.
An easy method of gaining an initial approximation of the quality of the estimated
multipath directions is to use the map of the measurement environment and evaluate
whether the directions of the MPCs make sense or not. Although the directions of the
MPCs might make sense, the gain of each MPC is difficult to solely evaluate based on
the map of the measurement environment. In order to get a more sophisticated validation
of the estimated MPCs, a semi-deterministic map-based model shortly introduced in
Section 1.2.2 was used to validate the estimated multipaths.
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Fig. 16. Recovered energy ratios for (a) the two-story lobby (b) the urban small cell scenario.
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Fig. 17. The DS between raw measurement data and estimated MPCs before the cancelation
of the antenna patterns for (a) two-story lobby (b) urban small cell scenario.
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In the validation of multipaths, a subset of the measurement data in the urban small
cell was used. During the measurements, the dimensions and positions of the walls,
other fixed structures, and the Tx & Rx arrays were measured using a laser distance
meter. Based on this information, a 3-D map was defined in the Cartesian coordinate
system for the modeled environment. The walls of the buildings were modeled as
rectangular surfaces with specific electromagnetic material properties. A simplified
illustration of the measurement layout and the evaluated measurement spots are given in
Fig. 18.

Fig. 18. Layout of the second measurement location for the urban small cell measurements,
subset of measurement spots, and coordinate system of the azimuth angles at both ends of
the link. Gray shaded blocks indicate buildings. ([96] c 2016 VDE Verlag/IEEE.)

The propagation paths were modeled deterministically in terms of rays. The
coordinated system of azimuth angles (AoA and AoD) is given in Fig. 18. The zero
angle points to the East, 90◦ to the North, −90◦ to the South and ±180◦ to the West.
The horizon is set as 0◦ . Hence, the positive EoD and EoA are the upward direction from
the horizon, whereas the negative EoD and EoA are downward from the horizon. In the
model, after the Tx and Rx positions were set, all possible secondary nodes visible to
the Tx / Rx node either via the LOS propagation path or via a single specular reflection
were identified. Possible secondary nodes include diffraction points such as corners,
scattering objects or diffuse scattering point sources. Although random objects are part
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of the map-based model, they were not considered in this case because the measurement
environment was static during the data recordings. The single specular reflections are
modeled by Fresnel reflection coefficients [139]. In the model, the uniform theory
of diffraction (UTD) is used for modeling diffraction. Besides, the 3-D map of the
measurement environment, a small set of parameters is determined for the model. The
ratio between specular reflection and diffuse scattering describes the weighting between
specular reflection and diffuse scattering point sources. If the ratio is set to zero, the
paths do not propagate via specular reflection. On the other hand, if the ratio is set to
unity, the paths do not propagate via diffuse scattering point sources. In this work, the
ratio is set to 0.5 as recommended in [16], and a relative permittivity of 5.31 [140] was
used in the modeling of specular reflections from the concrete walls and the diffraction
from the corners of buildings.
Fig. 19 shows the measured (calculated from the amplitudes of estimated multipaths)
and modeled path losses. In addition, the free space loss is included as a reference.
Since the LOS propagation path is close to the free space loss, the other propagation
paths give the multipath gain resulting in a lower path loss than the free space loss. The
measured path losses match the modeled path losses in the LOS case. In the NLOS case,
the measured path loss differs from the modeled path loss at the boundaries, i.e., at the
link distance close to 21 m and 27 m. Based on the directions and the delays of the
measured propagation paths at these measurement points, the radio wave is propagating
via multiple specular reflections which was not modeled in the map-based model.
Figs. 20–21 present the PDP in LOS and NLOS propagation conditions, respectively.
In each Rx position, the propagation paths which are 30 dB and 20 dB weaker than the
strongest propagation paths are discarded in the LOS and NLOS cases, respectively. The
Rx positions are displayed from the shortest to the longest link distance.
In the LOS case, the delays and gains of the strongest propagation paths are quite
similar. Some mismatch is seen for the weaker paths. In the modeled PDP, the gains and
delays of the weaker propagation paths are almost similar over all Rx positions. These
paths come via diffuse scattering point sources from the vertical wall on the left side of
the Tx (Fig. 18). From the measured PDP, these paths are not observed at the first three
Rx positions. Also, the measured propagation paths with a long delay are substantially
weaker at the other Rx positions when compared to the modeled paths.
For the first three Rx position in the NLOS case, the diffracted propagation path
has a similar delay and gain around from −110 dB to −112 dB in the modeled and
measured PDP. In the remaining Rx positions, the gain of the diffracted path is more
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than 20 dB below the strongest path. Therefore, the diffracted propagation path cannot
be observed in the other Rx positions in Fig. 21. In these Rx positions, the gains of the
measured propagation paths are smoothly distributed over the delay when compared
to the modeled propagation paths. In the modeled PDP, the strongest propagation
path is clearly identified. The reason for the difference is explained by the lack of
double specular reflection on the modeled paths and the regularly spaced tiles which
behave as the source point of diffuse scattering in the model. Furthermore, it should be
remembered that the walls in the measurement environment are composed of a mixture
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of concrete and corrugated metal facing which sets a challenge for the modeling of
diffuse scattering.
In the evaluation of the directions of the propagation paths, the same cut off levels
are used as in the PDP analysis. The stronger paths are presented by larger markers,
whereas the weaker paths are presented by smaller markers. Fig. 22 shows the DoD and
DoA for the propagation paths between the measured and modeled paths in the fifth Rx
position in the LOS case. This corresponds to the middle Rx position in the LOS case
shown in Fig. 18.
In addition to the direction of LOS propagation path, the propagation path reflected
from the ground is found at the same directions in the modeled and measured DoDs
and DoAs. A quite strong path is observed at the AoD of −135◦ in the modeled DoD.
The same path is observed from the measured DoD but it is some dBs weaker than the
modeled path. Some paths have underwent diffuse scattering from the vertical wall on
the left side of the Tx (Fig. 18) and these can be found at the AoA from −180◦ to −135◦
in the modeled DoA. According to the measured DoDs and DoAs, the grid masks on the
walls of buildings in the measurement environment do not act as a strong source of
diffuse scattering since these paths were not observed from the measured data.
Fig. 23 shows the DoDs and the DoAs between the measured and modeled data
in the third Rx position in the NLOS case. This corresponds to the third Rx position
in the NLOS case from the left to the right direction in the measurement layout. In
both cases (measured and modeled) the diffracted path from the building corner can be
found at the AoD close to −60◦ , the EoD close to −20◦ , the AoA close to 160◦ , and the
EoA close to 20◦ . The gain of the diffracted path is approximately −112 dB in both
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cases. The strongest path has a similar AoD, AoA, and EoA but the EoD differs. In the
modeling, this ray undergoes the diffuse scattering from the secondary source point
which is somewhat higher than the Tx. According to the measured EoD, the diffuse
scattering cluster seems to be at the lower height. In the measured DoD, a strong path
is also found at the AoD of −30◦ and the EoD of −20◦ . The measured delay of this
path is around 13 m longer than the delay of the strongest path in the model. This ray
undergoes a double specular reflection. More precisely, the ray is first reflected from the
left side vertical wall of the middle building. Then, it is reflected from the right-side
wall of the building shown on the left side of the Tx.
Based on the results shown, there is a good match between the dominant estimated
and modeled propagation paths. For weaker propagation paths, some mismatch was
noticed. However, it is important to notice that the semi-deterministic map-based model
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does not aim to be a site-specific prediction tool as RT traditionally does. Therefore, it is
concluded that the estimation accuracy is sufficient.
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4

Channel model parameterizations

This chapter presents complete 3-D parameterizations for the GSCM described in
Sections 2.3 and 2.4. The parameters are determined from the channel measurements
described in Chapter 3. In Section 4.1, detailed mathematical descriptions of the analysis
items, i.e., the model parameters are given and a full set of 3-D parameters are derived
for the GSCM. Section 4.2 shows the path loss model for the O2I propagation scenario
and shortly discusses the frequency dependency of the penetration loss. Finally, the
main findings of full 3-D characterization of the propagation channel are summarized in
Section 4.3.
4.1

Full 3-D parametrization

The model parameters are extracted by following the methodologies given in the
WINNER channel model documentation [114]. In order to analyze the PL, fast-fading
is typically removed from the measurement data by averaging the measurement data
over some tens of wavelengths for the UE movement, e.g., 30 λ0 [141] or 40 λ0 [142].
However, in the measurements described in Section 3.2, the Tx and Rx were in fixed
positions. Hence, there is no fast-fading in the measured data. In both scenarios
(two-story lobby and urban small cell environments), the parameters are determined
for LOS and NLOS propagation conditions. In addition, each measured snapshot is
analyzed independently and the majority of the model parameters are given by the
specific distribution with the mean value µ and standard deviation σ .
4.1.1

Path loss and shadow fading

The most important large-scale characteristics of the radio channel are PL and SF.
Recently, there has been extensive discussion on path loss modeling methods. The
prediction accuracy, sensitivity and stability of different path loss modeling options
for 5G wireless communications have been addressed, e.g., in [66, 74]. Recently,
the distance dependence of PL models with weighted fitting has also been proposed
[143, 144]. However, the modeling method is still an open issue in 5G wireless
communications. Therefore, two different path loss models, which are widely used in
the literature, are determined. The PL is determined as a linear regression line from the
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basic transmission losses Lb [145] of the measured channel. The basic transmission loss
is calculated as [29]
M

[1]

Lb = −10 log10 ( ∑ Pm ),

(17)

m=1

where M is the number of estimated propagation paths, Pm is the gain of the mth
propagation path determined by a linear combination of the complex valued amplitudes
of the co-polarization and cross-polarization components of both polarizations (vertical
and horizontal)
2
VH 2
HV 2
HH 2
Pm = |aVV
m | + |am | + |am | + |am | .

(18)

It is worth noting that the basic transmission loss is also called the measured PL in the
existing literature, e.g. in [114], [29]. However, measured PL includes SF and the model
does not. Hence, the term basic transmission loss is used instead of measured PL to
separate these fundamentally different quantities.
Two different methods are used for modeling the path loss. The floating intercept
(FI) model [28] is presented as
PLFI = β + 10α log10 (

d
f
) + 10γPL log10 (
) + σSF , d > d0
d0
1GHz

(19)

where d0 = 1m is the reference distance, d is the distance between the Tx and Rx, α
is the coefficient showing the dependence of path loss on distance, β is the floating
intercept PL at the reference distance of 1 m, γPL shows the PL dependence on carrier
frequency f in GHz, and σSF is the standard deviation of SF. σSF describes the fluctuation
between measured basic transmission losses [145] and path loss model. Because the
measurements covered a relatively narrow frequency range, the γPL term is omitted from
the model. An alternative PL model where the floating intercept PL β is replaced by the
free space loss at 1 m is termed the close-in (CI) free space reference distance path loss
model. This is presented as [55]
PLCI = 20 log10 (

4π f
d
) + 10nlog10 ( ) + σSF , d > d0
c
d0

(20)

where n denotes the path loss exponent and c is the speed of light. In both models ((19)
and (20)), the σSF is calculated from the deviation between the basic transmission losses
and modeled path losses. Fig. 24 shows the measured basic transmission losses and
modeled path loss with both methods in both scenarios. In addition, the free space loss
is included as a reference. The basic transmission losses are mostly below the free space
loss in the LOS case. This is because the basic transmission loss of the LOS propagation
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Fig. 24. Basic transmission losses and path loss models (a) two-story lobby ([93] c 2016
IEEE) (b) urban small cell scenario.

path equals the free space loss, and the other propagation paths generate multipath gain
for the basic transmission loss. In both scenarios, the results indicate a roughly 10–15
dB larger basic transmission loss in the NLOS propagation condition in comparison to
the LOS.
In [113], it was shown that the FI and CI models can be almost identical when the
variety of link distances and the number of data points in the measurements are large
enough. The obtained results in Fig. 24 indicate that there are some differences between
the models in the two-story lobby environment and NLOS propagation conditions in
the urban small cell environment. The path loss models and corresponding σSF are
presented in Table 8.
The determined coefficient showing the dependency of path loss on distance α
in LOS propagation conditions in the two-story lobby environment is very small.
Furthermore, the difference between α and the path loss exponent n in NLOS conditions
in the urban small cell scenario is significant. As clearly observable from Fig. 24(b)
the FI model (dashed line) gives a better match to the measurement data in NLOS
propagation conditions. On the other hand, for short link distances the FI model would
produce overly optimistic path loss values. Hence, it is concluded that the FI model is
more appropriate but must be applied only to the distance range present in Table 8. The
determined standard deviations for SF are almost the same in each propagation condition
and scenario with both models. Hence, both models can be used for determining the PL,
σSF with its correlation distance and cross-correlations with the GSCM.
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Table 8. Path loss models and shadow fading.
Parameter

LOS

d [m]
FI model
α
β [dB]
σSF [dB]
CI model
n
σSF [dB]

NLOS

Two-story lobby

Urban small cell

Two-story lobby

Urban small cell

5.5–18

15.7–36.5

5–29

20–27.5

1.4
56.5
1.4

2.0
53.2
2.0

3.3
49.3
2.6

4.4
32.2
1.4

1.8
1.5

2.0
2.0

3.0
2.7

3.0
1.5
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Fig. 25. Examples of ECDF and theoretical cumulative distribution in LOS propagation condition (a) ASD in a two-story lobby scenario (b) ESA in an urban small cell scenario.

4.1.2

Large-scale parameters

As stated in Section 2.3, all LSPs are modeled with a log-normal distribution with
specific mean and standard variation values. The suitability of a log-normal distribution
for the measured LSPs is shortly investigated by using the Kolmogorov-Smirnov (K-S)
goodness-of-fit test [146]. In the K-S test, an empirical cumulative distribution function
(ECDF) is tested with respect to the assumed distribution. The K-S test statistics are
measured between the largest vertical difference between the ECDF and the theoretical
cumulative distribution of the distribution that is being tested. Examples of the ECDF
and theoretical cumulative distribution in LOS propagation conditions are shown in Fig.
25.
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The null hypothesis H0 indicates whether the ECDF follows the theoretical distribution or not. The null hypothesis is approved, i.e., the measured and theoretical samples
are from the same distribution, if K-S test statistic D is smaller than the critical value
(CV) obtained from the table, e.g., in [147]. The K-S test is applied for DS and angle
spreads in LOS propagation condition in both scenarios by utilizing Matlab’s built-in
K-S test function. The function returns zero for a null hypothesis H0 = 0 if the samples
are from the same distribution. Typically, the significance level is established in the
range from 0.01 to 0.1. The significance level has an impact on the critical value. The
critical value decreases resulting in a tighter limit for approving the null hypothesis as
the significance level increases. With a significance level of 0.05, the null hypothesis is
rejected in part of the angle spread distribution tests in the urban small cell scenario.
This is probably caused by the somewhat insufficient amount of collected measurement
data for the statistical test. However, with a significance level of 0.01 the null hypothesis
is approved in all tested cases and the results are provided in Table 9.
Table 9. Results of the K-S test in LOS propagation conditions.
Parameter

DS
ASD
ASA
ESD
ESA

Two-story lobby
H0

D

0
0
0
0
0

0.0849
0.0935
0.0717
0.0781
0.0689

Urban small cell
CV

H0

D

CV

0.1187

0
0
0
0
0

0.0630
0.1101
0.1063
0.1060
0.0961

0.1114

In order to verify that the channel model produces the same statistics as the measured
LSPs, the simulated LSPs are added as dashed lines to the remaining figures shown
in this section. In other words, the simulated curves correspond to the theoretical
(log-normal distributed) curves determined by the mean and standard deviation from
the measurement data. The simulated curves are obtained by channel simulations (see
Section 5.2) with the parameters presented in Tables 8 and 10–14. The QuaDRiGa
channel model implementation [46] is used in the simulations.
Fig. 26 displays the CDF of measured and simulated SFs in both scenarios and
propagation conditions. In this figure, negative SF values indicate a larger overall PL in
comparison to a median PL (PL without shadowing term in (20)), whereas positive SF
values indicate a smaller overall PL in comparison to a median PL. Although, some
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Fig. 26. Measured and simulated CDFs of SF for (a) a two-story lobby (b) an urban small cell.

differences can be noted between the theoretical (simulated) and the measured curves,
the SF can be determined as a log-normal distribution with a zero mean and σSF .
Due to the multipath propagation, the same signal arrives at the Rx via several
propagation paths each having a different gain, delay and direction. The DS describes
the delay dispersion of the propagation paths. It is calculated according to [148]
s
2
∑M
m=1 Pm τm
− τ02 ,
DS =
M
∑m=1 Pm

(21)

where τ0 is the mean excess delay calculated as [148]
τ0 =

∑M
m=1 Pm τm
.
∑M
m=1 Pm

(22)

Fig. 27 shows the CDF for measured and simulated DSs in both propagation conditions
and scenarios. In the two-story lobby environment, the measured mean value of the DS
is 17.4 ns and 30.4 ns for the LOS and NLOS cases, respectively. Equivalently, the
measured mean values of the DS are 21.45 ns and 41.29 ns for the LOS and NLOS in
the urban small cell environment, respectively. The DS tends to decrease as the carrier
frequency increases due to the higher attenuation of multipath components in some of
the published results. For instance, the mean DS values are given for the frequency
bands 10–70 GHz in [71]. These results show that as the carrier frequency increases the
DS decreases. In contrast, the frequency dependency of the DS has not been observed
in [52] where for example the measured mean value of the DS is given for the urban
microcell scenario at the frequency bands 14.8–73 GHz. In general, the DS is very
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Fig. 27. Measured and simulated CDFs of DS in (a) two-story lobby ([93] c 2016 IEEE) (b)
urban small cell.

sensitive to the dynamic range in the measurements. If the dynamic range is low, e.g.,
below 20 dB, the multipath components arriving with long delay might disappear into
the system noise resulting in a small DS.
The KF describes the ratio between the gains of the LOS propagation path and other
propagation paths. In general, the larger the KF, the more dominant the LOS propagation
path is. There are at least two different methods for determining the KF. The simpler
method is to calculate the KF as the power ratio between the LOS propagation path and
all other estimated propagation paths [148]. An alternative method is to calculate the KF
by using the moment-method [149]. In the moment-method, the KF is determined over
certain wavelengths of Tx or Rx movement, i.e., an average over an SSF area, e.g., 30
λ0 (cf. Section 4.1). However, the moment-method cannot be used for determining
the KF from the measured data because the Tx and Rx were in fixed positions during
the measurement data recordings, i.e., there is no fast-fading in the measurement data.
Therefore, the KF is calculated as
KF =

PLOS
,
∑m6=LOS Pm

(23)

where PLOS is the gain of LOS propagation path4 . Fig. 28 presents the CDFs for the
measured and simulated KFs in LOS propagation conditions. The mean values of the
measured KFs are 8.5 dB and 5.1 dB for the two-story lobby and urban small cell
4 It

is worth noting that the impact of the energy that was not detected in the estimation affects the gains of the
MPCs. Therefore, with a perfect estimator (100% recovered energy), the KF would be probably smaller.
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Fig. 28. Measured and simulated CDFs of the KF in LOS for (a) a two-story lobby environment
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environments, respectively. The KF in the urban small cell environment is substantially
smaller in comparison to the lower frequency bands, e.g., in [28], and recently published
at the higher frequency bands [71], [78]. A possible reason for the smaller KF in the
urban small cell scenario are the multiple specular reflections from the concrete walls
which maintain the energy of the multipath component. However, it should be noted that
the method for determining KF has not been given in [71], [78] which might have an
impact on the results.
The circular AS describes dispersion of the propagation paths due to the multipath
propagation in the angular domain. The AS is calculated according to the specification
of the 3GPP SCM [31]. The AS is calculated utilizing angular estimates, i.e., AoAs,
AoDs, EoAs and EoDs, and propagation path gains in
s
2
∑M
m=1 (ψm,µ (∆)) Pm
AS = min σAS (∆) =
,
M
∆
∑m=1 Pm

(24)

where


 ϕ + 2ϖ, if ϕ < −ϖ
ψm,µ (∆) =
ϕ, if |ϕ| ≤ ϖ ,


ϕ − 2ϖ, if ϕ > ϖ

(25)

where ϖ = π for AoDs and AoAs (ϖ = π/2 for EoDs and EoAs), ϕ = ψm (∆) − µψ (∆)
and
µψ (∆) =
80

∑M
m=1 ψm (∆)Pm
,
∑M
m=1 Pm

(26)

where ∆ designates a discrete angle shift from −ϖ to ϖ and


 (ψm + ∆) + 2ϕ, if (ψm + ∆) < −ϖ
ψm (∆) =
(ψm + ∆), if |(ψm + ∆)| ≤ ϖ .


(ψm + ∆) − 2ϕ, if (ψm + ∆) > ϖ

(27)

CDFs for ASs in two-story lobby and urban small cell environments are presented
in Figs. 29–30. In the two-story lobby environment, the simulated angle spreads
follow the measured angle spreads in the NLOS case. In the LOS case, some mismatch
between the simulated and measured ASA and ESA can be seen. However, the median
values of the ASA and ESA intersect each other. Excluding the ASD in the LOS
propagation condition the simulated ASs follow the measured ASs in the urban small
cell environment. In both scenarios, the contribution of the LOS propagation path is
clearly the strongest in comparison to the other propagation paths, leading to smaller
azimuth ASs in the LOS case.
In two-story lobby environment, the ESD is larger in the LOS case than in the NLOS
case. This is caused by the following two facts. In part of the NLOS measurements,
the Rx was located on the first floor, whereas the Tx was located on the second floor
causing a narrow spread of the EoDs. Moreover, the geometrical approach used in
the determination of the EoD is based on a single-bounce model, i.e., the transmitted
signal can only undergo interaction, single specular reflection or diffuse scattering, from
the surface. Therefore, the ESD parameters in a two-story lobby scenario should be
interpreted carefully. Table 10 summarizes the proposed LSPs of the model.
4.1.3

Cross-correlation parameters

In order to create reliable correlations between radio links in the system level simulations,
the LSPs have to be generated with correlation properties [28]. The cross-correlation
coefficient between LSP x and y describes the mutual dependency of the LSPs, i.e.,
second order characteristics [114]. Cross-correlation coefficient is defined as follows
∑Ni=1 (x(i) − xµ )(y(i) − yµ )
ρx,y = q
,
∑Ni=1 (x(i) − xµ )2 ∑Ni=1 (y(i) − yµ )2

(28)

where N is the number of measured snapshots, xµ and yµ are the sample means of x and
y, respectively. The cross-correlation coefficient is determined as a value from -1 to
1. The coefficient is zero if there is no correlation between parameters x and y. If the
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Fig. 29. Two-story lobby environment, CDF of (a) ASD ([93] c 2016 IEEE) (b) ASA ([93]
c 2016 IEEE) (c) ESD (d) ESA ([93] c 2016 IEEE).

coefficient is positive, both x and y increase or decrease simultaneously. A negative
coefficient indicates that if parameter x increases, parameter y decreases or vice versa.
The cross-correlation coefficients are presented in Table 11. In both scenarios, there
is a strong dependency between certain parameters and some of the parameters are
almost fully uncorrelated. In the two-story lobby environment, e.g., there is a strong
dependency between the ASD and the DS in both propagation conditions whereas no
significant correlation can be observed between the KF and other LSPs. In the urban
small cell environment, the ESD and DS and the ASD and DS have a strong dependency
on each other in the LOS and NLOS propagation conditions, respectively. Equivalently,
there is no correlation or the correlation is very small, e.g., between the ASD and
ASA and the ESA and SF in the LOS case in the urban small cell environment. The
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Fig. 30. Urban small cell environment, CDF of (a) ASD (b) ASA (c) ESD (d) ESA.

cross-correlation coefficients are sometimes given to one decimal place as in the 3GPP
models in [32], [33]. However, the cross-correlation coefficients presented in Table 11
indicate that the cross-correlation matrix is not positively definite if the coefficients are
given to only one decimal place (rounded to the closest first decimal) in urban small cell
NLOS propagation conditions. Therefore, in order to ensure the cross-correlation matrix
is positive definite, the coefficients are given to two decimal places. Since two different
PL models are used, two different SFs are also determined. Hence, two values are
given as cross-correlation coefficients between SF and other LSPs. The first coefficient
designates the cross-correlation coefficient determined based on the SF obtained by the
FI PL model, whereas the second coefficient is based on the SF obtained by the CI PL
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Table 10. Large-scale parameters.
Parameter

LOS

DS log10 ([s])
µDS
σDS
KF [dB]
µKF
σKF
ASD log10 ([◦ ])
µASD
σASD
ASA log10 ([◦ ])
µASA
σASA
ESD log10 ([◦ ])
µESD
σESD
ESA log10 ([◦ ])
µESA
σESA

NLOS

Two-story
lobby

Urban
small cell

Two-story
lobby

Urban
small cell

−7.78
0.13

−7.70
0.16

−7.55
0.17

−7.41
0.14

8.5
3.5

5.1
3.2

N/A
N/A

N/A
N/A

0.86
0.23

1.08
0.35

1.32
0.23

1.24
0.32

1.44
0.11

1.47
0.20

1.64
0.18

1.77
0.08

0.91
0.31

0.80
0.17

0.54
0.49

0.89
0.07

0.61
0.17

1.12
0.10

0.82
0.29

1.08
0.13

model. In urban small cell LOS propagation conditions the cross-correlation coefficients
between the SF and the other LSPs are essentially the same with both PL models.
4.1.4

Correlation distances

The correlation distance describes how long the channel can be assumed to be stationary
for a certain LSP. As mentioned in Section 2.4, the correlation distance determines
the length of the channel segment in the correlated LSP map. It is calculated from the
autocorrelation function and determined as follows
A(δ ) = E[ξ (d) · ξ (d + ∆d)],

(29)

where E[·] denotes the expected value of the argument, ξ is the evaluated LSP and ∆d is
the change of link distance. The value for the correlation distance is determined by the
intercept point of the correlation curve and a function y = e−1 , where e is the Napier’s
constant [150]. In the two-story lobby environment, the correlation distances are
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Table 11. Cross-correlations.
LOS

ASD vs DS
ASA vs DS
ASA vs SF
ASD vs SF
DS vs SF
ASD vs ASA
ASD vs KF
ASA vs KF
DS vs KF
SF vs KF
ESD vs SF
ESA vs SF
ESD vs KF
ESA vs KF
ESD vs DS
ESA vs DS
ESD vs ASD
ESA vs ASD
ESD vs ASA
ESA vs ASA
ESD vs ESA

NLOS

Two-story lobby

Urban small cell

Two-story

Urban small cell

0.77
0.40
0.38/0.45
0.03/0.10
0.06/ − 0.02
0.72
−0.11
−0.07
0.02
0.11/0.11
0.20/0.12
0.19/0.35
0.19
0.16
0.27
−0.17
0.03
0.15
−0.12
0.29
−0.04

0.59
0.58
0.70
−0.04
0.56
0
−0.40
−0.51
−0.44
−0.29
0.67
−0.04
−0.43
−0.51
0.81
0.33
0.54
0.42
0.58
0.29
0.36

0.74
−0.37
0.55/0.44
0/0.12
0.31/0.46
−0.60
N/A
N/A
N/A
N/A
0.13/0.01
0.01/ − 0.15
N/A
N/A
−0.64
−0.73
−0.69
−0.64
0.68
0.34
0.60

0.82
−0.35
0.04/0.32
−0.18/ − 0.38
0.10/ − 0.21
−0.20
N/A
N/A
N/A
N/A
0.26/0.17
0.39/0.50
N/A
N/A
0.41
−0.42
0.31
−0.72
0.43
−0.03
−0.26

determined from the Tx and Rx array positions on the second-floor hallway. In the LOS
case, the correlation distances are determined from the closely located Rx array positions
(marked as circles in Fig. 8). These measurements were performed with approximately
30 cm change in link distance, giving an appropriate grid for the correlation distance
analysis. In the NLOS case, the correlation distances are approximated since the smallest
link distance change was in order of 2 m. In the approximation, we use the method
presented in [48]. The correlation for all LSPs in the NLOS case is under 1/e(≈ 0.37)
when the change of distance is over 2 m. Therefore, the correlation distance is specified
as 2 m if the correlation is over 1/e at a link distance change of 1.5 m. If the correlation
is between 1/2e(≈ 0.18) and 1/e, a correlation distance of 1 m is proposed.
In the urban small cell environment, the correlation distances are determined from
the subset of the measurements. More precisely, the correlation distances are determined
from the closely located Rx positions at the second measurement location marked
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as squares in Fig. 9(b). These measurements were performed with link distances in
approximately 1 m increments. The correlation distances are presented in Table 12. The
correlation distances for the SF are the same with both PL models in both scenarios
and propagation conditions. Correlation distances are shorter in both scenarios in
comparison to corresponding parameters given for the lower frequency bands, e.g. in
[32]. In the urban small cell environment, the correlation distances are the same in both
scenarios (3 m). These correlation distances are similar in comparison to [71] excluding
the correlation distances for the SF and KF in the LOS case. However, it should be
noted that based on our measurements we can only approximate the correlation distance.
Moreover, the number of measurement points and the range of the link distances are
somewhat limited for an accurate correlation distance analysis. In order to determine
more accurate correlation distances, a substantially larger amount of measurement data
with continuous data recording and mobile movement would be needed.
Table 12. Correlation distances in meters.
Parameter

DS
ASD
ASA
SF
KF
ESA
ESD

4.1.5

LOS

NLOS

Two-story lobby

Urban small cell

Two-story lobby

Urban small cell

1.5
1.2
1.8
1.5
1.2
1.5
1.8

3
3
3
3
3
3
3

1
1
2
2
N/A
2
2

3
3
3
3
N/A
3
3

XPR, PDP, and the delay proportionality factor

The XPR is defined as the ratio of the power received at the same and at the orthogonal
polarization with respect to the transmitted power [114]5
XPRV =

VV 2
HH 2
∑M
∑M
m=1 |am |
m=1 |am |
,
XPR
=
.
H
HV 2
VH 2
∑M
∑M
m=1 |am |
m=1 |am |

(30)

The CDFs of the XPRs in both propagation scenarios are displayed in Fig. 31. In the
two-story lobby environment, the XPRV is approximately 7 dB higher than the XPRH in
5 In

the LOS propagation condition, the LOS path is not taken into account in the XPR calculations since the
LOS path has infinite XPR.
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both propagation conditions. The physical explanation for this difference may lie in
the fact that there are more vertical surfaces than horizontal ones in the measurement
environment. Hence, the reflected signal energy for the vertical polarization component
tends to be larger than that of the horizontal polarization [151]. Additionally, in the
urban small cell scenario, the XPR for vertical transmission polarization is around 5 dB
higher under both propagation conditions. However, it should be pointed out that the
energy of the reflected signal is heavily dependent on the roughness and electromagnetic
properties of the surface, i.e., magnetic permeability, electric permittivity, and electrical
conductivity. The XPR parameters of the model are determined as the mean value and
the standard deviation over all XPR values, i.e., XPRV and XPRH . This means that the
same XPR values are used in both vertical and horizontal channels. Therefore, it is not
meaningful to add theoretical curves to Fig. 31.
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Fig. 31. CDFs of XPR in (a) a two-story lobby ([93] c 2016 IEEE) (b) an urban small cell.

Since a single slope exponential distribution is used to generate the PDP in the
model (cf. Section 2.4), it is essential to look at the measured PDPs as well. Even
though the theoretical (simulated) DS curves match the measured ones, they do not tell
us everything about the delay distribution and PDP of the channel. In other words, the
same DS can be achieved with different PDPs. The measured PDP is fitted to a single
slope exponential distribution as follows
PDP = exp(−b · τe ),

(31)

where τe is the excess delay and b is the time constant [114]. Figs. 32–33 present the
measured PDPs in the two-story lobby and urban small cell environments, respectively.
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Based on these results it can be seen that there is some mismatch between the measured
PDP and the exponential fit particularly in the two-story lobby LOS scenario. In this
scenario, strong MPCs were mainly observed with a very short excess delay and on the
other hand with an excess delay of around 65 ns in comparison to the LOS peak, leading
to a poor single slope exponential fit. In the NLOS case, a multi-cluster model presented
in the Saleh-Valenzuela model [35] might have been worth testing. However, because
the validation results that will be shown in the following chapter show good agreement
between the modeled channel with a single slope exponential function and the measured
channel, alternative distributions are not tested for the PDPs.
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Fig. 32. Typical PDP in a two-story lobby scenario (a) LOS (b) NLOS.
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Fig. 33. Typical PDP in an urban small cell scenario (a) LOS (b) NLOS.
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Fig. 34. Delay proportionality factor for DS a) a two-story lobby (b) an urban small cell.

The generation of the PDP in the model also requires the delay proportionality factor
parameter which is used to scale cluster delays. The delay proportionality factor is also
called the delay scaling factor, e.g., in 3GPP models [32], [33]. It is determined as the
ratio between the standard deviation of propagation path delays τm and the DS. The
CDFs of the delay proportionality factor are shown in Fig. 34. The larger DS under
NLOS propagation conditions leads to a smaller delay proportionality factor for NLOS
in both scenarios. The mean value of the delay proportionality factor is proposed for the
model. Table 13 summarizes the XPR and delay proportionality factor of the model. In
addition, the XPR is presented separately for XPRV and XPRH .
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Table 13. Summary of XPR and delay proportionality factor parameters.
Parameter

LOS

XPR [dB]
µXPR
σXPR
XPRV [dB]
µXPRV
σXPRV
XPRH [dB]
µXPRH
σXPRH
Delay scaling parameter rτ

4.1.6

NLOS

Two-story
lobby

Urban
small cell

Two-story
lobby

Urban
small cell

13.7
5.0

12.4
3.8

9.4
4.7

8.2
7.2

17.1
2.9

14.7
2.3

13.3
1.5

10.2
4.8

10.3
4.4
4.0

10.1
3.6
3.1

5.4
3.4
3.2

6.2
2.9
1.8

Cluster parameters

In this thesis two different frameworks for clustering are used. These frameworks are
described in detail in [152]. Even though the clustering algorithm was described for 3-D
measurement data in [152], the results were presented only for 2-D measurement data,
i.e., excluding the elevation domain. In this thesis, the clustering is performed in 3-D.
In both cases, the KPowerMeans clustering algorithm [153] is utilized for grouping
propagation paths to the clusters. For every propagation path, a suitable cluster is
determined so that the total sum of differences between the propagation paths and the
cluster centroids is minimized. The multipath component distance (MCD) [154] with
weighted path gains is used as a basic distance metric between each propagation path and
possible centroids. It is worth noting that the presented MCD metric in [154] assumes a
spherical coordinated system, i.e., the zero elevation angle corresponds to the inclination,
while the horizon and nadir have elevation angles of +90◦ and +180◦ , respectively.
However, the elevation angles are estimated based on the geographical coordinated
system in this thesis. This means that the zero-elevation angle points to the horizon
and the inclination and nadir have the elevation angles of 90◦ and −90◦ , respectively.
Therefore, in order to use the presented MCD metric in [154], the elevation angles
are shifted to a spherical coordinated system. The difference between the frameworks
is in the selection of the optimal number of clusters. In the following, the clustering
frameworks are shortly described.
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In the two-story lobby scenario, the clustering algorithm consists of two phases: 1)
initial guess and 2) the KPowerMeans algorithm. In the initial guess phase, the algorithm
sets the cluster centroids as described in [152]. Propagation paths within each cluster
are determined based on the shortest distance. In the initial guess phase, the number
of clusters Nc is selected based on a cluster gain limit of 0.01. This means that each
cluster should contain at least 1% of the total channel gain. In other words, if the gain of
the cluster is less than 1% of the total channel gain, it is discarded and the previous
combination of clusters, Nc − 1 clusters is given as the input to the KPowerMeans
algorithm. If the number of clusters in the initial guess and KPowerMeans algorithm
does not match, a new initial guess is made and the KPowerMeans algorithm is repeated.
For the urban small cell scenario, the KPowerMeans algorithm is executed over the
search interval of the clusters. The search interval for the number of cluster is set from 2
to 20 clusters. In other words, the propagation paths are grouped into two clusters, then
three clusters, and so forth. Several validation indices, e.g., Caliñski-Harabasz [155],
Davies-Bouldin [156], Xie-Beni [157], and Kim-Parks [158], have been proposed for
determining the optimal number of clusters in existing studies. A combination of the
Caliñski-Harabasz and Davies-Bouldin validation indices have shown robust results in
the past [153]. Also, this metric has been recently used, e.g., in [61],[159], and [160].
Therefore, it is chosen as the decision metric for the optimal number of clusters.
Examples of identified clusters and the illustration of their physical locations based
on angles and delays in the LOS and NLOS measurements in the urban small cell
environment are shown in Figs. 35–36. In addition to the direct LOS path and cluster
consisting of ground reflected paths, two single-bounce clusters and four multi-bounce
clusters (either double- or triple-bounce clusters) are observed in the LOS example. The
gains of the clusters decrease rapidly as the delays of the paths in the cluster and the
number of bounces increase. In the NLOS case, the strongest cluster is observed via
a single-bounce cluster. The cluster angle spreads are calculated by (24)–(27) from
the propagation paths within each cluster. A per cluster shadowing standard deviation
describes the deviation of powers between the clusters. It can be calculated in two
different ways. If the propagation path angles are not available, it can be calculated from
the delays and gains of the propagation paths. In this case, the clusters are detected from
the time variant power delay profile and deviations are calculated with respect to the
power delay profile. If all the angular estimates are available, an alternative method
is used. The gain of each cluster is first determined by summing up the gain of each
propagation path within each cluster. Then, the cluster shadowing standard deviation is
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Fig. 35. Urban small cell LOS scenario, an example of (a) identified clusters (b) physical
locations of clusters.

determined from the standard deviation of the cluster gains [114]. The CDFs of the
clustering statistics are shown in Figs. 37–38. The cluster parameters of the model are
determined from the median values of the results. The median values are rounded to the
closest integers. The proposed cluster parameters of the model are summarized in Table
14.
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4.2

O2I path loss model

From the SISO channel, the measured basic transmission loss6 is calculated as [28]
[2]

Ns

Lb = −10 log10 ( ∑ |h1,1 (τ)|2 ) + GT + GR ,

(32)

τ=1
6 Since

the directions of MPCs cannot be estimated from the SISO channel, the nominal gains of the antennas
are used to cancel antenna effects.
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Table 14. Cluster parameters.
Parameter

LOS

Number of clusters
Cluster ASD [◦ ]
Cluster ASA [◦ ]
Cluster ESD [◦ ]
Cluster ESA [◦ ]
Per cluster shadowing std ζ [dB]

NLOS

Two-story
lobby

Urban
small cell

Two-story
lobby

Urban
small cell

6
4
5
2
2
6

8
3
5
3
3
6

11
4
4
1
1
4

10
7
8
5
7
3

where h1,1 (τ) is the channel coefficient for the path delayed by τ, Ns is the number of
CIR samples included in the analysis and GT and GR are the nominal antenna gains at
the Tx and the Rx, respectively. The COST 231 O2I path loss model [42] is used as a
baseline in the path loss model creation. This model was also used as an origin in the
WINNER [28], IMT-A [34], and 3GPP [32], [33] PL models in O2I scenarios. The PL
from the outdoor Tx to the indoor Rx consist of outdoor PLout , through-wall PLtw , and
indoor PLin path losses
PLO2I = PLout + PLtw + PLin .

(33)

The outdoor propagation part is modeled as free space loss for the distance between the
Tx and the Rx
PLout = LF = −27.55 + 20log10 (dout + din ) + 20log10 ( fMHz ),

(34)

where fMHz is the carrier frequency in MHz, dout and din are the distances in meters from
the Tx to the wall penetration point and from the external wall to the Rx, respectively.
The through the wall path loss depends on the grazing angle of the external wall θG
PLtw = We +W Ge (1 −

d⊥ 2
) = We +W Ge (1 − sin(θG ))2 ,
dout

(35)

where d⊥ is the perpendicular distance from the Tx to the external wall and We is the
external wall penetration loss at the perpendicular grazing angle. W Ge is the additional
loss on the external wall due to θG 6= 90 degrees. Since there are no internal walls
between the external wall and the indoor Rx, the indoor propagation excess loss is
modeled as [161]
PLin = αin din ,
where αin in dB/m is the indoor propagation loss coefficient.
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Fig. 37. Two-story lobby scenario, CDF of (a) cluster ASD ([93] c IEEE) (b) cluster ASA ([93]
c IEEE) (c) cluster ESD (d) cluster ESA ([93] c IEEE) (e) number of cluster (f) per cluster
shadowing standard deviation.
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Fig. 38. Urban small cell scenario, CDF of (a) cluster ASD (b) cluster ASA (c) cluster ESD (d)
cluster ESA (e) number of cluster (f) per cluster shadowing standard deviation.

The model parameters We , W Ge , and αin are determined based on an exhaustive
search. The search range of the parameters We , W Ge , and αin are set and all parameter
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Fig. 39. O2I path loss at 10.1 GHz, through (a) a glass window ([95] c 2016 IEEE) (b) a
concrete wall ([95] c 2016 IEEE).

combinations are tested with respect to the measured basic transmission losses. The
search range of W Ge was from 2 dB to 40 dB with 1 dB step and the search range of αin
was from 0.1 dB/m to 2 dB/m with 0.1 dB/m steps. For the cases through the concrete
wall and through the glass window, We search ranges were from 15 dB to 40 dB and
from 2 dB to 20 dB with 1 dB steps, respectively. Finally, the parameter set which gives
the smallest mean error between the measured and modeled path losses are proposed for
the model parameters.
The measured basic transmission losses through the glass window and the corresponding path loss model are presented as a function of the grazing angle in Fig. 39
(a). The path loss increases substantially with small grazing angles in comparison to
large grazing angles. The measured and modeled path losses through the concrete wall
are presented in Fig. 39(b). Since the measurements were performed with only two
different grazing angles, the results are presented as a function of link distance. There
was a metallic white-board on the internal wall between the Tx antenna and the Rx
antenna. The height of white board is 2.1 m. During the measurements, it was noticed
that the white board caused substantial attenuation to the measured channel at the lower
Tx antenna height. Therefore, the results are divided into two parts based on the Tx
antenna height. The most appropriate penetration loss coefficient with the perpendicular
grazing angle We is 34 dB and 24 dB with the lower and the higher Tx antenna heights,
respectively. The proposed parameters for the O2I path loss model at 10.1 GHz are
presented in Table 15.
It is concluded that the building construction materials have a significant effect on
the penetration loss in the concrete wall case. The penetration loss through the concrete
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Table 15. PL model parameters in an O2I scenario.
Parameter

We [dB]
WGe [dB]
αin [dB/m]
σ SF [dB]

Concrete

Glass

With white-board

Without white-board

34
22
0.6
3.5

24
30
0.3
3.3

5
23
0.8
3.4

wall is larger at 10.1 GHz in comparison to the parameters given the lower carrier
frequency [28], [161], [162]. However, the difference in comparison to the penetration
loss at the lower carrier frequency is not significant at the higher Tx antenna height. In
addition to the concrete wall, the white-board caused substantial excess attenuation
at the lower Tx antenna height. The propagation loss through the glass window is
on the same level as in the lower frequencies, e.g., in [28], [161]. This is what could
be expected based on previous studies, e.g., [52],[163], where a significant frequency
dependency has not been observed for standard multi-pane glass. The larger indoor
attenuation coefficient αin in the measurements through the glass wall in comparison
to the lower frequency bands, might be caused by the densely-spaced metal frames
of the window and the limited distance range from the external wall to the indoor Rx.
Moreover, it should kept in mind that this model does not necessarily give the loss of
wall deterministically since deviations from the pure outdoor and the pure indoor model
affect the results. Therefore, the method for determining wall loss is different from
measuring, e.g., directly outside the wall and then right behind the wall.
4.3

Discussion and conclusions related to 3-D model parameters

Although the model parameters are heavily dependent on the propagation environment,
some conclusions can be drawn from them. Two different PL models were determined
for both scenarios and propagation conditions. In LOS propagation conditions in the
two-story lobby scenario, the coefficient showing the dependence of the path loss on
distance α was found to be 1.4. The range of α found in the literature at the frequency
band close to 10 GHz was reported in Section 1.3.3 (see Table 2) where α varied from
0.36 to 1.9. The α was 3.3 for NLOS propagation conditions in the two-story lobby
environment, which is in the middle of reported range in Table 2. In the urban small cell
environment, the α was 2.0 and 4.4 for LOS and NLOS propagation conditions. In
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comparison to corresponding parameters found in the literature and shown in Table 3 the
coefficients are larger. In general, the FI model is very sensitive to the link distance
range in the measurements and should be applied only for the distance range covered in
the measurements.
For the CI model, path loss exponents of 1.8 and 3.0 were obtained in LOS and
NLOS cases in the two-story lobby environment. In the urban small cell NLOS case, the
same path loss exponent was achieved as in the two-story lobby NLOS propagation
conditions. In LOS propagation conditions in the urban small cell environment, the path
loss exponent was 2.0, i.e., the same as with the FI model. The path loss exponents
based on the CI model were not found at the frequency range close to 10 GHz in the
existing literature. However, this PL model has been used for higher frequency bands,
e.g., in the 5GCM group (cf. Section 1.3.2). The PL parameters of the 5GCM group
[52] has been derived for the frequency band from 2 GHz to 73 GHz and presented in
Table 16. The achieved PL exponent is similar in comparison to the values given in the
LOS propagation conditions in both scenarios. In NLOS propagation conditions in the
two-story lobby scenario, the PL exponent was found to be larger in comparison to the
PL exponent at the higher frequency bands. In NLOS propagation conditions in the
urban small cell scenario, the PL exponent was somewhat similar in comparison to the
UMi PL exponent given in Table 16.
Table 16. Path loss models reported at frequency range of 2–73GHz in [52].
Parameter

FI model
α
β [dB]
σSF [dB]
CI model
n
σSF [dB]

LOS

NLOS

Shopping mall

UMi

Shopping mall

UMi

N/A
N/A
N/A

N/A
N/A
N/A

3.21
18.09
6.97

3.53
22.4
7.82

1.73
2.01

2.1
3.76

2.59
7.40

3.17
8.09

In general, the σSF was small due to the static measurement environment. In Table
16, significantly larger SF standard deviations are presented for NLOS propagation
conditions at higher frequency bands. On the other hand, small standard deviations
of SF, 0.8–2.5, were reported for frequency bands close to 10 GHz in the existing
literature (see Tables 2–3). Also, it should be kept in mind that reported PL models,
99

Table 17. Measured angle spreads and comparison to higher frequency bands in a shopping
mall type of environment.
LOS
Frequency [GHz]
[◦ ]

µASD
σASD [◦ ]
µASA [◦ ]
σASA [◦ ]
µESD [◦ ]
σESD [◦ ]
µESA [◦ ]
σESA [◦ ]

NLOS

10.1 GHz

15–63 GHz [52]

10.1 GHz

15–63 GHz [52]

8.3
4.7
28.4
7.3
10.5
8.6
4.4
1.8

23.8–27.6
6.4–16.4
33.8–49.9
12.5–32.8
6.0–7.5
5.5–10.8
7.3–11.1
9.8–15.5

24.0
13.7
47.6
20.6
6.6
10.6
8.3
6.2

50.8–61.2
17.2–19.4
39.2–40.4
16.0–22.7
7.3–10.5
3.5–4.8
4.9–5.2
3.0–3.9

e.g., at millimeter-wave bands in [164] and [165], often include the effects of the high
directionality of the antennas, leading to large σSF due to the fluctuation of the received
power for different antenna pointing angles [113].
The mean DS values were 17.4 ns and 30.4 ns for LOS and NLOS propagation
conditions in the two-story lobby environment. The mean value DS in NLOS propagation
conditions was larger in the urban small cell environment in comparison to the two-story
lobby environment because some significant propagation paths were observed with long
delays. In the two-story lobby environment, the majority of the strongest propagation
paths had very short excess delays in comparison to the LOS propagation path. The
previous studies at frequency bands close to 10 GHz (Table 2) showed mean DS
values between 4.3–50 and 5.4–31.6 for LOS and NLOS cases in indoor environments.
Interestingly, the IMT-A model [166] reported mean DS values of 21.7 ns and 41.0 ns
for LOS and NLOS cases in an indoor hotspot scenario for the frequency bands 2–6
GHz. These values are only slightly higher than the determined values in this thesis at
10 GHz.
In the two-story lobby measurements, a substantially large number of virtual array
elements in the azimuth direction were used. This was seen in the small standard
deviation of the ASA and ASD. On the other hand, the ESD values were not as accurate
in this scenario due to the horizontally aligned ULA at the Tx end. The AS parameters
were not found for similar propagation environments at frequency bands close to 10
GHz in the existing literature. However, Table 17 presents the measured ASs in the
two-story lobby scenario and corresponding parameters in a shopping mall environment
at higher frequency bands. Although a deep comparison is difficult to make due to fact
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that measurements have not been done in the same environment, it is concluded that
the determined mean values of the ASDs are significantly smaller than at the higher
frequency bands. A clear reason for the smaller ASD values is that an omnidirectional
array was not used for the Tx in the measurements, limiting the detectable AoD range
from −90◦ to +90◦ . Moreover, based on the measured propagation scenarios it could be
expected that significant MPCs would not be observed even if the Tx array could have
been seen to the back side.
In the urban small cell environment, the mean ASD values were 14.89◦ and 21.09◦
for LOS and NLOS conditions, whereas the corresponding ASA mean values were
32.64◦ and 59.69◦ for the LOS and NLOS cases, respectively. When comparing these
parameters to the corresponding parameters shown in Table 3, it is noticeable that a
smaller ASD mean value was achieved in both propagation conditions. Moreover, the
mean ASA value in LOS case was found to be significantly smaller. Table 3 also shows
very small mean ESD values in both propagation conditions, which differs remarkably
from the determined ESDs that were 6.82◦ and 7.96◦ for the LOS and NLOS cases.
The cross-correlation coefficient shown in Table 11 indicated that some LSP
parameters have a strong dependency on each other, whereas some of them do not have
any correlation or the correlation is very small. As shown in Tables 2–3, cross-correlation
coefficients are not available at the frequency band close to 10 GHz in the existing
literature. However, cross-correlation coefficients have recently been reported at 28
GHz in [61], [78] and at 73 GHz in [61]. Also, initial cross-correlation coefficients are
given in [71]. A clear trend in the coefficients cannot be observed between these results.
For example, the coefficient between ASD and ASA in LOS conditions is somewhat
arbitrary varying from −0.67 to 0.72. However, the cross-correlations between LSPs are
scarcely investigated at the frequency bands above 6 GHz in general. Therefore, based
on the limited number of reported results in the literature, it is difficult to draw further
conclusions from the cross-correlation coefficients presented in this thesis.
It would have been desirable to have measurement points as close as possible in order
to analyze the accurate correlation distance of each LSP. However, the measurements
were made as a compromise between time, effort and the number of points needed in
the analysis of other model parameters. Therefore, the correlation distances had to be
approximated. In general, the number of reported correlation distances of LSPs in the
existing literature is very limited to the frequency bands above 6 GHz. However, the
correlation distances for the urban small cell scenario are quite similar in comparison to
[71] excluding the SF and KF correlation distances in the LOS case. Additionally, the
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number of reported XPR results at the frequency bands above 6 GHz is very limited.
Based on the XPR results, it can be concluded that vertical transmission polarization
maintains its polarization purity well, whereas horizontal transmission polarization
suffers from rotation on the propagation channel, and thus indicates a smaller degree of
XPR in comparison to the XPR of vertical transmission polarization. The number of
clusters and the cluster ASs are smaller in comparison to corresponding parameters
determined at the lower frequency bands, e.g., in 3GPP 3-D channel model [32]. Similar
observations have been presented in [52], [61], [71], [78], [167]. The possible physical
explanation for smaller cluster angle spreads is that specular reflection seems to be
the more dominant propagation mechanism in comparison to diffuse scattering at
higher carrier frequencies. In general, the parameters describing the delay and angular
dispersion, i.e., DS and ASs seem to decrease in comparison to the parameters in the
existing models at frequency bands below 6 GHz due to the higher attenuation of
delayed components.

102

5

Channel model validation

This chapter presents a validation of the channel model. It is important to notice the
difference between the validation of propagation and radio channels. In the previous
chapter, the propagation channel was validated by the theoretical curves of the LSPs.
This is the simplest way to evaluate the model’s capability to produce the same statistics
as the measured data. However, this does not fully describe the actual radio channel
model where several aspects need to be taken into account. For example, whether
the determined cross-correlation coefficients are meaningful or not. This chapter
focuses on the actual radio channel model validation with the input of the proposed
parameterizations. Fig. 40 shows the procedure for radio channel model validation.
Section 5.1 explains the procedure for the generation of the MIMO transfer matrix
from the propagation path estimates. The generation of the MIMO transfer matrix
with the GSCM through channel simulations is described in Section 5.2. In Section
5.3, the validation metric used in the comparison between modeled and reconstructed
channels are shown and the comparison results are analyzed. Finally, the discussion and
opportunities of the proposed channel model at 10 GHz are presented in Section 5.4.

Fig. 40. Channel model validation process.
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5.1

Generation of MIMO transfer matrix from the post-processed
data

The MIMO channel is reconstructed by embedding the 3-D radiation patterns of the
antennas into the propagation path estimates. The horizontally aligned ULAs consisting
of vertical polarized ideal dipoles are used as the Tx and Rx antennas, respectively.
The spacing between antenna elements is set to half a wavelength 0.5λ0 . As stated in
Chapter 2, the GSCM limits the number of taps on the model output to the number of
clusters. This decreases the model complexity and processing time in the simulations.
However, to create the most accurate as possible channel matrix from the estimated
propagation paths, each propagation path represents the tap of the channel in the channel
reconstruction. Moreover, since the cluster is the group of MPCs with similar delays
and angles, the use of all propagation paths as channel taps also validates the cluster
parameters of the model.
The reconstruction of the channel coefficients7 from the propagation path estimates
is based on the equation (2) given in Section 2.2 and itemized in Section 2.4. However,
the propagation path estimates contain the information about the LOS propagation
path, i.e., a direct ray in the LOS case. Therefore, the K-factor scaling operations
described in Section 2.4 are not required. Hence, the channel coefficient from each of
the estimated MPCs is calculated between the nr th Rx antenna element and the nt th Tx
antenna element as follows
"
#T "
Fθ ,Rx,nr (θmA , φmA )
aVV
m
Hnr ,nt (τm ) =
Fφ ,Rx,nr (θmA , φmA )
aHV
m
exp( j

aVH
m
aHH
m

#"
#
Fθ ,Tx,nt (θmD , φmD )
Fφ ,Tx,nt (θmD , φmD )

, (37)
2π
2π
(r̂Rx (θmA , φmA )T · dRx,nr ))exp( j (r̂Tx (θmD , φmD )T · dTx,nt ))
λ0
λ0

exp( j2πλ0 v(τm )))
VH HV
HH
where aVV
m , am , am , and am are the estimated polarization components, Fθ ,Rx,nr and

Fφ ,Rx,nr are the vertical and horizontal radiation field patterns in the direction of estimated
arrival angles θmA and φmA of the Rx antenna element nr , while Fθ ,Tx,nt and Fφ ,Tx,nt are
the vertical and horizontal radiation field patterns in the direction of estimated departure
angles θmD and φmD of the Tx antenna element nt . Similar to (3), r̂Rx and r̂Tx are the unit
vectors with the estimated angles. dRx,nr and dTx,nt are the 3-D position vectors of the Rx
7 The

reconstruction of the channel coefficients designates the generation of the MIMO transfer matrix from
the post-processed data.
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antenna element nr and the Tx antenna element nt in Cartesian coordinates, respectively.
During the measurement data recordings the Tx and Rx were fixed. Therefore, the
Doppler frequency component v(τm ) is drawn from a uniform distribution [168]. Finally,
a discrete Fourier transform is performed in the delay domain to obtain the frequency
domain MIMO channel HF ∈ CNr ×Nt ×N f


hF1,1
 .

HF =  ..

···
..
.

hFNr ,1

···


hF1,Nt
.. 

. ,
hFNr ,Nt

(38)

where N f is the number of subcarriers and hFnr ,nt ∈ C1×N f presents the channel frequency
response from the input of the nt th Tx antenna element to the output of the nr th Rx
antenna element.
5.2

Channel simulations with proposed model parameters

Downlink radio channel simulations are performed for a single radio link. A MIMO
transfer matrix is generated using a QuaDRiGa channel model implementation [46] with
the proposed model parameters found in Tables 8 and 10–14 and with the addition of the
CI path loss model. In the simulations of the two-story lobby propagation environment,
the height of the Rx antenna is set to 1.6 m which corresponds to the height of the Rx
antenna in the measurements. In the LOS measurements in the two-story lobby scenario,
the height of the Tx antenna was mainly 2 m. Therefore, the height of the BS antenna
is set to 2 m in the simulations. In the NLOS measurements in the two-story lobby
scenario, the Tx antenna had an almost equal number of measurement spots with two
different Tx antenna heights of 2 m and 5.2 m. Therefore, the height of the BS antenna is
set to 3.5 m as a compromise between these two heights. In the simulations of the urban
small cell scenario, the heights of the antennas are the same as in the measurements,
i.e., the height of the BS antenna is 10 m and the height of the UE antenna is 2 m. The
type of the antenna element at both ends of the link is the same as in the generation of
the MIMO transfer matrix from the post-processed data, i.e., a vertical polarized ideal
dipole. The number of antenna elements at the BS are four and eight in the two-story
lobby and urban small cell scenarios, respectively. In all simulations, four antenna
elements are used for the UE corresponding to a realistic number of antennas to be
employed by a small UE at 10 GHz [119].
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In all simulations, the range of link distances are the same as in the measurements.
The UE is dropped at the location corresponding to the shortest link distance in the
measurements. The UE moves in a linear track away from the BS and the simulations
consist of 13 independent UE routes. In total, 2600 and 2000 channel samples are
generated in the simulations for the two-story lobby and urban small cell scenarios,
respectively. The routes of the UE are illustrated in Figs. 41–42. All simulations are
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Fig. 41. UE locations in the simulation of the two-story lobby scenario (a) LOS (b) NLOS.
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Fig. 42. UE locations in the simulation of the urban small cell scenario (a) LOS (b) NLOS.

performed at the bandwidth of 500 MHz and the number of subcarriers is set to 1000 in
order to ensure a flat fading channel for each subcarrier. The QuaDRiGa model has
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some general settings which must be selected before the simulations. For example, the
model has several options for drifting precision and the simulations can be performed
utilizing a plane or spherical waves assumption. In this work, the drifting is modeled
by updating all arrival angles, the LOS departure angle, delays, and phases for each
snapshot using a single-bounce model [46]. The polarization rotation is modeled with
an additional phase offset between the horizontal and vertical components of the NLOS
paths and the offset angle is calculated to match the XPR of circular polarization [46].
The resolution of the correlation maps is set to 20 samples per meter. This increases the
processing time in the simulations but on the other hand, gives improved accuracy for
the correlation maps. The simulation parameters are summarized in Table 18.

Table 18. Channel simulation settings.
Parameter

Two-story
lobby

Urban
small cell

Center frequency

10.1 GHz

10.1 GHz

Bandwidth

500 MHz

500 MHz

Number of subcarriers

1000

1000

Transmission power, PT

1W

1W

Number of BS antenna elements

4

8

Number of UE antenna elements

4

4

BS antenna height [LOS, NLOS]

2 m, 3.5 m

10 m

UE antenna height

1.6 m

2m

BS / UE antenna element spacing

0.5λ0

0.5λ0

Number of channel samples

2600

2000

Min link distance [LOS, NLOS]

5 m, 5m

15.7 m, 20 m

Max link distance [LOS, NLOS]

15 m, 25m

36 m, 28 m

5.3

Validation metrics and results

There are several metrics for the comparison of the modeled and reconstructed channels.
Measurements in a static environment with a fixed Tx and Rx set limitations for suitable
validation metrics. Therefore, e.g., a diversity measure proposed by Ivrlač and Nossek
in [169] cannot be used as comparison metric because it requires the movement of
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one link end. In this thesis, the channel capacity8 , Demmel condition number, and
relative condition numbers are used as the comparison metrics. In order to perform a fair
comparison between reconstructed and simulated radio channels, 30 dB and 20 dB
dynamic ranges, i.e., cut off levels from the peak, are used in the LOS and NLOS cases,
respectively.
In the capacity analysis, it is assumed that the channel state information at the Tx is
not available. Hence, equal power is allocated among the Tx antennas. A singular value
decomposition is performed for each subcarrier n f and each time instant t9 HF (t, n f ) =
H
Ut,n f Λt,n f Vt,n
, where Ut,n f ∈ CNr ×Nr and Vt,n f ∈ CNt ×Nt are unitary rotation matrices,
f

Λt,n f ∈ RNr ×Nt is a singular value matrix whose diagonal elements contains nmin =
min(Nt , Nr ) non zero singular values of the channel matrix HF (t, n f ) [170]. The
squared singular values are equal to the eigenvalues λi,n f of HF (t, n f )HF (t, n f )H [170]
representing the path gains of the spatio-polarimetric subchannels.
An instantaneous channel capacity can be calculated in several ways. Two fundamentally different approaches are the use of a fixed SNR, and the use of fixed transmission
power and noise levels. The former gives a more precise description of the spatial
structure of the channel and is presented as [171]
C(t, n f )[1] =

nmin

γ

∑ log2 (1 + NT η λi,n f ),

(39)

i=1

where γ is signal-to-noise ratio (SNR) and η is the channel normalization factor
η=

1
Nr Nt N f

Nr

Nt

Nf

∑ ∑ ∑

|h f (nr , nt ,t, n f )|2 .

(40)

nr =1 nt =1 n f =1

The capacity results with a fixed SNR are displayed in Figs. 43–4610 . The SNR
weights differ between the capacities of the reconstructed and modeled channels. The
results show very good agreement for the SNR range of 5–25 dB. For the higher SNR,
small differences can been seen. These are caused by discrepancies in multipath richness
between reconstructed and modeled channels. In NLOS propagation conditions, the
scattering environment is richer than in LOS propagation conditions. Therefore, NLOS
propagation conditions offer clearly larger capacity in comparison to LOS conditions
8 To

be precise the capacity actually means the mutual information.
the measured channel, a singular value decomposition is performed for each subcarrier n f and snapshot
of the channel.
10 The measured and simulated curves correspond to the results obtained from the reconstructed and modeled
channels, respectively.
9 For
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with the same SNR. When comparing the capacities in LOS propagation conditions
between different scenarios, a larger capacity is achieved in the urban small cell scenario.
Intuitively, the opposite behavior could be expected. The second order statistics, strictly
speaking σSF , azimuth ASs, and DSs are actually larger in the urban small cell scenario.
However, these parameters of the model do not necessarily indicate larger capacity. The
most dominant model parameter in LOS propagation conditions is the KF. In the urban
small cell scenario, the KF is substantially smaller in comparison to the two-story lobby
scenario. Therefore, the capacity is larger in the urban small cell scenario. In NLOS
propagation conditions, the effects of a larger DS, ASs, and cluster ASs in the urban
small cell scenario also lead to larger capacity.
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Fig. 43. Capacities with a fixed SNR in the two-story lobby LOS scenario ([93] c 2016 IEEE).
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Fig. 44. Capacities with a fixed SNR in the urban small cell LOS scenario.
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Fig. 45. Capacities with a fixed SNR in the two-story lobby NLOS scenario ([93] c 2016
IEEE).
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Fig. 46. Capacities with a fixed SNR in the urban small cell NLOS scenario.

A drawback in the presented capacity results is that the correctness of the path loss
and shadowing fading model cannot be validated because a fixed SNR is used. The use
of fixed transmission power and noise level leads to a varying SNR directly determined
by the channel realizations and the capacity with this method is determined as follows
[170]
C(t, n f )[2] =

nmin

PT

∑ log2 (1 + NT N0 λi,n f ),

(41)

i=1

where PT is the transmitted power and N0 is the thermal noise power determined as
N0 = kT B,

(42)

where k is Boltzmann constant, T = 290K is noise temperature and B is the bandwidth.
With this method, the impact of the proposed path loss and shadow fading models are
also addressed. Hence, this method reflects the channel capacity in practice. However,
the path loss and shadow fading dominates the capacity, and therefore the spatial
structure of the channel is poorly investigated.
The capacity results with a fixed transmission power (1 W) utilizing the FI PL
model for simulated channels are shown in Figs. 47–48, respectively. Equivalently, the
corresponding results utilizing CI PL model for simulated channels are displayed in
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Fig. 47. Capacities with fixed transmission power using the FI PL model for simulated channels in the two-story lobby scenario.

Figs. 49–50. Good agreement can be seen with both PL models. Interestingly, in NLOS
propagation conditions in the urban small cell, the simulated capacities are almost the
same even though the discrepancy between PL models is clearly visible in Fig. 24(b). In
contrast to the capacity results with fixed SNRs, the capacity is larger in the LOS case
than in the NLOS case due to a higher SNR in LOS propagation conditions caused by
the smaller path loss. However, it is worth noting that the capacities between different
propagation conditions are not fully comparable because the ranges of the link distances
are not the same. Furthermore, the capacities with this method are larger in the two-story
lobby environment when compared to those with the same propagation conditions in the
urban small cell scenario. A clear reason for the opposite behavior in comparison to the
capacity results with the first method are the shorter link distances in the two-story
lobby scenario.
The Demmel condition number [172] was proposed as a metric to decide whether to
use a channel for spatial multiplexing rather than transmission diversity [173]. The
Demmel condition number describes the ratio between the total path gain of the MIMO
channel with respect to the minimum singular value. The Demmel condition number is
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Fig. 48. Capacities with fixed transmission power using the FI PL model for simulated channels in the urban small cell scenario.
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Fig. 49. Capacities with fixed transmission power using the CI PL model for simulated channels in the two-story lobby scenario.
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Fig. 50. Capacities with fixed transmission power using the CI PL model for simulated channels in the urban small cell scenario.

calculated separately for all subcarriers and time instants, and it is defined as follows
KD (t, n f ) = p

kHF (t, n f )kF
λmin (HF (t, n f )HF (t, n f )H )

,

(43)

where k · kF is Frobenius norm and λmin (·) denotes the smallest eigenvalue of the matrix
in the argument.
CDFs for the Demmel condition numbers in the two-story lobby and urban small
cell scenarios are presented in Fig. 51–52. It is obvious that the Demmel condition
number is smaller in the NLOS case than in the LOS case. This is caused by the fact
that the strongest eigenvalue carries most of the total path gain in the LOS case, whereas
in the NLOS case the strengths of the eigenvalues are more equally divided. In both
scenarios, the Demmel condition numbers of the simulated and measured channels are
close to each other.
In order to further investigate the eigenvalues and their ratios, a relative condition
number is calculated as
Kn (t, n f ) = λmax /λn ,

(44)

where λmax is the strongest eigenvalue and λn , n = 2, ..., nmin , designates the nth strongest
eigenvalue. This metric in addition to the received SNR can be utilized in the decision
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Fig. 51. Demmel condition numbers in the two-story lobby scenario ([93] c 2016 IEEE).
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Fig. 52. Demmel condition numbers in the urban small cell scenario.

of a certain transmission symbol rate [174]. CDFs for the relative condition numbers
in LOS propagation conditions are shown in Figs. 53–54. The second and the third
relative condition numbers are very close to each other. Some differences can be seen
in the fourth relative condition number. However, the median values of the fourth
relative condition number are almost the same. The relative condition numbers for
NLOS propagation conditions are presented in Figs. 55–56. As expected, based on
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Fig. 53. Relative condition numbers in the two-story lobby LOS scenario ([93] c 2016 IEEE).
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Fig. 54. Relative condition numbers in the urban small cell LOS scenario.

the results of Demmel condition number in the two-story lobby scenario, the relative
condition numbers match well to each other in the NLOS case. Although, the measured
and simulated Demmel condition numbers showed an almost perfect match in the urban
small cell NLOS scenario, some differences can be noticed in the relative condition
numbers. However, the mismatch is small, around 1–2 dB.
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Fig. 55. Relative condition numbers in the two-story lobby NLOS scenario ([93] c 2016
IEEE).
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Fig. 56. Relative condition numbers in the urban small cell NLOS scenario.

5.4

Discussion and opportunities

This chapter presented the validation of the channel model with defined parameters.
In addition to the path loss, selected validation metrics mainly validated the spatial
structure of the channel. Based on the comparison results it can be said that the LSP,
cluster parameters, and cross-correlation coefficients between each pair of LSPs are
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verified. Some mismatch was noticed in the fitting of the average PDPs to a single slope
exponential function. This raised the question as to whether some other distribution
should be used in the PDP modeling. Based on the selected validation metrics it is
difficult answer that question and according to the author’s best knowledge there is no
comparison metric for tackling this question. However, the validation results showed
good agreement between measured and simulated channels. This fact indicates that an
even simpler model with lower complexity could possibly yield the same decent match.
The number of measurement points and the range of the link distances were
somewhat limited for an accurate correlation distance analysis due to the limitations of
the measurement capabilities and efforts. In order to determine more accurate correlation
distances, a substantially larger amount of measurement data with continuous data
recording and mobile movement would have been needed. This raises the question, as
to whether the determined correlation distances were meaningful or not? Since the
reconstructed channel does not cover fading, the time evolution of the channel cannot be
verified. In general, even if a large amount of measurement data with continuous data
recording and mobile movement would have been available, it would have been difficult
to verify the correctness of the correlation distances via channel simulations.
Two different criteria were used to determine the optimal number of the clusters.
However, since the reconstructed channel matched the modeled channel with the
proposed cluster parameters, the used methods for deciding the number of clusters
are deemed suitable. It is concluded that the GSCM with the proposed parameters
produces the same channel statistically with the selected metrics as the measured channel.
Therefore, the spatial structure of the channel is validated. The validation results also
revealed that the capacity loss due to the reduction of received power dominates the
capacity gain. This observation indicates that it is more critical to invest efforts in
designing PL models than getting, e.g., accurate numbers of clusters. On the other hand,
accurate spatial channel models are also needed, e.g., for proper studies of elevation
domain beamforming.
Even though the PL is higher at 10 GHz, the physical size of the antenna element
is smaller in comparison to conventional cellular frequency bands, e.g., at 2 GHz. If
the physical size of the antenna array is kept the same, more antenna elements can be
filled into the same space or a larger separation between antenna elements can be used.
Moreover, the utilization of dual polarization in the data transmission might offer an
additional degree of freedom. These facts provide opportunities either to increase the
user throughput or to improve the quality and reliability of a radio link.
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Table 19. Antenna configurations with 0.5λ0 spacing intervals between antenna elements in
simulations.
Parameter

Simulation scenario
SP

DP

3GPP

Antenna element type
Antenna element max gain [dBi]
Antenna element 3 dB beamwidth [◦ ]
Array aperture [λ0 ]
Antenna element polarization
Array downtilt [◦ ]

Dipole
1.76
3.5
Single
0

Dipole
1.76
1.5
Dual
0

3GPP
8
65
0.5
Dual
5

Antenna element type
Antenna element max gain [dBi]
Array aperture [λ0 ]
Antenna element polarization

Dipole
1.76
1.5
Single

Dipole
1.76
0.5
Dual

Dipole
1.76
0.5
Dual

BS

UE

In order to briefly investigate these issues, downlink simulations are performed
with eight antennas at the BS and four antennas at UE in the urban small cell scenario.
In the simulations, three different array configurations are considered. Horizontally
spaced ideal vertically polarized dipoles referred to as single polarization (SP) are used
at the BS and the UE in the first configuration. In the second configuration four and
two horizontally spaced dual polarized (DP) dipoles are utilized at the BS and UE,
respectively. The antenna element of the DP dipole is created by slanting two vertically
polarized dipole antenna elements in the same physical location to +45◦ and −45◦
angles from the vertical plane, respectively. In the third configuration, a 2 × 2 planar
array is used at the BS. The antenna element type is a dual polarized (slanted to ±45◦
angles from the vertical plane) 3GPP antenna model [33] for all antenna elements.
Moreover, all the antenna elements are downtilted by 5◦ with respect to the horizon,
i.e., the same downtilt is used as in the measurements. At the UE, horizontally spaced
dual polarized dipoles are used as in the second configuration. The simulated antenna
configurations with half wavelength spacing intervals between antenna elements at
both ends of the link are summarized in Table 19. In addition to these simulations, the
simulations are also carried out by increasing the spacing between antenna elements to
5λ0 and 10λ0 at the BS. Therefore, nine different antenna configurations are considered
altogether. The other simulation settings are the same as in the model validation (Table
18).
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Table 20. Median of eigenvalues for different BS antenna element spacings and antenna
configurations in the urban small cell scenario.
Simulation scenario

λ1 [dB]
SP
DP
3GPP
λ2 [dB]
SP
DP
3GPP
λ3 [dB]
SP
DP
3GPP
λ4 [dB]
SP
DP
3GPP

LOS

NLOS

∆BS = 0.5λ0

∆BS = 5λ0

∆BS = 0.5λ0

∆BS = 5λ0

−79.0
−83.9
−76.6

−79.0
−83.9
−78.1

−93.6
−95.8
−88.7

−94.0
−96.3
−91.6

−91.6
−85.1
−78.1

−90.5
−85.0
−79.3

−99.0
−99.3
−92.6

−97.8
−98.8
−94.1

−106.2
−100.5
−100.8

−100.5
−98.7
−98.2

−105.6
−106.1
−102.0

−101.8
−103.2
−99.0

−134.1
−105.8
−104.7

−119.0
−102.9
−101.1

−115.6
−112.1
−107.2

−107.7
−107.0
−102.9

The eigenvalues are an important metric to reveal the properties of the channel.
The strengths of eigenvalues can be utilized in the selection of the data transmission
scheme. In other words, whether to use spatial multiplexing to increase the user
throughput or to use different diversity techniques such as spatial and polarization
diversities to improve the reliability of a wireless link. Table 20 shows the eigenvalues
for different simulation cases with BS antenna elements spaced at 0.5λ0 and 5λ0
(∆BS = 0.5λ0 , 5λ0 ).The eigenvalues with a spacing of 10λ0 at the BS are almost the
same as with 5λ0 (within 0.1 dB) with all three antenna configurations and both
propagation conditions. Therefore, these values are left out from Table 20. The array
gains are removed from the eigenvalues by normalizing all eigenvalues by the number of
channels.
Because the 3GPP antenna element has a higher antenna element gain (the maximum
gain of 8 dBi) in comparison to dipole antennas, the magnitude of the first eigenvalue is
also larger in both scenarios. In the LOS case, the magnitude of the strongest eigenvalue
with dipole antennas (SP and DP) is same regardless of the antenna element spacing
and the number of antennas at the BS. The strength of the third and fourth eigenvalues
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increase when the element spacing is increased from 0.5λ0 to 5λ0 . With the 3GPP
antenna model, the difference between the first and the second eigenvalues is less
than 2 dB with both BS antenna element spacings. On the other hand, the larger
antenna element spacing has a smaller impact on the eigenvalue spread in the 3GPP
scenario, i.e., the difference between the first and the fourth eigenvalue than in the
dipole antenna cases. This is caused by a more directive antenna radiation pattern in the
3GPP antenna. In general, the utilization of dual polarization (DP and 3GPP scenarios)
indicates a substantially smaller eigenvalue spread in comparison to eigenvalue spread
with vertically polarized dipole antennas. In other words, the utilization of orthogonal
polarizations offers an additional degree of freedom in the LOS case. Therefore, it is
concluded that dual polarization has a more significant effect on the eigenvalues in the
LOS case than the increment of the array aperture at the BS.
In the NLOS scenario, the strengths of the first and second eigenvalues are much
smaller in comparison to the LOS scenario due to the higher path loss. However, the
eigenvalue spread is much smaller in the NLOS scenario in all simulation scenarios.
This indicates a stronger possibility to use all spatio-polarmetric subchannels but also
requires higher transmission power to achieve the same SNR as with the LOS cases.
The results of the SP simulation scenario show that the separation of the BS antenna
elements does not have as big an impact on the strengths of the eigenvalues in the
NLOS case than in the LOS case. The first eigenvalue slightly decreases whereas the
strength of the fourth eigenvalue increases. In the NLOS case, the effect of the lower
XPR of the channel can be seen in the results where dual polarized dipoles are used at
both ends of the link. The eigenvalue spreads between the vertical and dual polarized
dipole antennas indicate that dual polarization does not have a significant effect on the
eigenvalue distribution in the NLOS scenario. This indicate that larger spacing between
BS antenna elements brings more benefit than dual polarization in the NLOS case.
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6

Summary and future work

The primary target of this thesis was to determine the missing full 3-D parameterizations
for the GSCM at 10 GHz. The complete 3-D parametrization of the GSCM was derived
based on experimental radio channel measurements for a two-story lobby and urban
small cell scenario. The determination of the model parameters closely followed the
methodologies given in the WINNER-family of GSCMs. Moreover, the O2I path loss
through a glass window and concrete wall was studied.
Chapter 1 gave the motivation for the research and stated that the complete parameterizations of the GSCM are missing at 10 GHz. Also, the different types of channel
models were reviewed and the background information about the existing channel
models was discussed. Moreover, Chapter 1 presented an overview of the existing and
ongoing channel modeling activities towards 5G and the existing parameterizations for
the frequency bands above 6 GHz, particularly focusing on the frequency band around
10 GHz for which the outcome of this thesis was targeted.
Chapter 2 considered relevant background information about the GSCM for which
the 3-D parameterizations were derived. The chapter presented a general framework of
the model and provided an overview of the different level parameter sets in the model.
Furthermore, the procedure for the generation of channel coefficients and the usage of
the model with the proposed parameters at 10 GHz were discussed.
Experimental radio channel measurements at 10 GHz over a 500 MHz bandwidth
were described in Chapter 3. In the measurements, a VNA was used as a channel
sounder and the measurements were carried out with MIMO and SISO configurations.
The MIMO measurements were performed utilizing the principle of virtual antenna
arrays where a dual polarized patch antenna element was placed in several positions
in order to form an antenna array at both ends of the radio link. Furthermore, the
post-processing of the measurement data was shortly discussed. Moreover, the validation
of the MPC estimation with a semi-deterministic map-based model was presented. The
estimated and modeled propagation paths showed a good match, indicating the sufficient
estimation accuracy of the MPCs.
The main outcome of this thesis, i.e., the complete 3-D parameterizations and O2I
path loss models were presented in Chapter 4. Due to the dominant LOS propagation
path, the path loss exponent was similar and slightly below 2 in comparison to the
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other frequency bands in the LOS propagation conditions in both scenarios. In NLOS
propagation conditions, the PL exponent was found to be larger in comparison to the
PL exponent at the higher frequency bands in a shopping mall scenario, which is the
closest propagation scenario in comparison to the two-story lobby propagation scenario.
In NLOS propagation conditions in the urban small cell scenario, the PL exponent
was to some extent similar in comparison to the PL exponent reported on the higher
frequency bands. Due to static measurement environment and limited link distance
range, the standard deviation of the SF was small in comparison to the corresponding
results found in the literature. In general, the ASDs were smaller than in other frequency
bands. A clear reason for smaller ASDs is that an omnidirectional array was not used at
the Tx in the measurements because the BS antennas are not typically omnidirectional,
limiting the detectable AoD range from −90◦ to +90◦ . Based on the XPR results, it was
concluded that the vertical transmission polarization maintained its polarization well,
whereas the horizontal transmission polarization suffered rotation in the propagation
channel, and thus indicated a smaller XPR in comparison to the XPR for vertical
transmission polarization. The number of clusters and the cluster ASs were smaller in
comparison to the corresponding parameters determined at the lower frequency bands,
e.g., in the 3GPP 3-D channel model. The smaller cluster ASs were caused because
specular reflection was the more dominant propagation mechanism in comparison to
diffuse scattering. From the O2I results, it was concluded that the penetration loss
through the glass window was on the same level as at the lower frequencies, whereas
the penetration loss through the concrete wall was a few dBs larger than at the lower
frequencies. Furthermore, it was noticed that the building construction materials had a
significant effect on the penetration loss in the concrete wall case.
The proposed parameterizations were validated in Chapter 5. The MIMO channel
was reconstructed by embedding 3-D radiation patterns of the antennas in the propagation
path estimates. Equivalently the channel simulations were performed using the proposed
model parameters. The channel simulations were carried out with a QuaDRiGa channel
model implementation with the addition of a CI path loss model. The channel capacity,
Demmel condition number, and relative condition numbers were used in the comparison
of the modeled and reconstructed channels. Even though there was some uncertainty
whether some of the proposed model parameters were suitable for the model, the
validation results clearly showed that the reconstructed MIMO channel matched the
simulated MIMO channel well.
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Although tens of channel measurement campaigns and modeling works have been
done for various propagation scenarios and frequency bands, there is still room for
new channel modeling activities. For example, an interesting channel modeling area is
related to enabling the industry in the context of advanced manufacturing and processing
(Industry 4.0) [175], i.e., the industrial Internet Of Things, by providing the use of
wireless communication instead of traditional wired connections for controlling and
monitoring. This would require a reliable channel model including determined model
parameters from channel measurement campaigns. Another example is the modeling of
a vehicle-to-vehicle (V2V) propagation channel, which has gained a lot of attention
during the past few years. Since both the link ends are moving and the antennas are
close to the ground level, the propagation characteristics are significantly different in
comparison to traditional BS-UE propagation scenarios [176]. Numerous measurement
campaigns have been carried out to study V2V channel characteristics and some channel
models have been proposed. However, there are still needs in the development of V2V
channel models. The third example which has recently gained a lot of attention is the
modeling of the propagation channel at the THz frequency band.
On the other hand, the radio channel measurements and post-processing of measurement data are always time-consuming. Furthermore, radio channel measurements at
the higher frequency bands, e.g., above 80 GHz frequency range, require specialized
and expensive equipment which demands significant investments. One way is to
reproduce the required model parameters via RT simulations. However, as stated
already at the beginning of this thesis, the utilization of RT is time-consuming and
detailed information about the modeled propagation environment is not easily accessed.
Alternatively, an interesting direction in the field of channel modeling is the utilization
of semi-deterministic map-based channel models in 5G research. Even though several
properties of the model have already been successfully validated, there are still needs for
developing the model. For example, some of the model properties could be validated by
using additional SISO measurements, which would not demand significant measurement
and data post-processing efforts. Moreover, the advantage of this modeling principle is
that it requires shorter processing time in comparison to RT because it does not require
such detailed information about the propagation environment.
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