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Abstract

The next generation of cellular communication systems will be
faster, more secure, and easier to connect than present wireless networks.
To meet the one thousand-fold increase in wireless service demand
expected in the next few years, the fifth generation (5G) cellular systems
are capable of wireless networks that can be improved in three trends:
increasing spectrum usage, improving spatial multiplexing, and
increasing bandwidth. The use of wide spectrum is one of the key benefits
of 5G. The frequency spectrum below and above 6GHz is among the

most researched subjects in the wireless communication systems.

For the design of fifth generation cellular system and analysis of the
network coverage, the basic knowledge of channel propagation
characteristics especially the path loss of channel parameter in indoor and

outdoor environments is important.

In this thesis, the path loss for 5G system has been investigated.
Measurements and simulations in the sub- frequency band were carried
out at 3.5 GHz in indoor environment at communication engineering
department building, Ninevah University, Irag. It covers one floor of the
building including the corridor. Both combination of line of sight (LOS)
and non-line of sight (NLOS) channel conditions were taken along the
building's second-floor corridor for both practical measurements and
simulation using Wireless Insite (W1) software. The 3.5 GHz signal in the
LOS condition exhibits less attenuation than the 3.5 GHz signal in the
NLOS condition. Both conditions are influenced by neighboring indoor
items. Some simulations were also taken in an outdoor environment at
different frequencies for comparison between them. For single frequency
and multi frequency, path loss for different models was computed after

the samples had been taken. For that purpose, the parameters of the path



loss models were computed using MATLAB and Excel software
programs. The results show that the path loss exponents were close to the
free space value of two for the indoor environment, whereas they are
larger than PLEs for the outdoor environment. The standard deviations of

the model fits slightly larger than those found for outdoor environments.



List of Contents

Subject Page
ADSTFACT ... I
LIST OF CONTENTS ...ttt Il
LEST OF FIQUIES ...ttt nene s \Y/
LISt OF TADIES ... VIl
List Of abDreviations............ooiiiii IX
LISt OF SYMDOIS ... XI
CHAPTER ONE:BaCKgroUNG. .........ccviiiiiiiiiiie i s 1
1.1 INTRODUCTION. ...ttt anaee e 1
1.2 LIEEIatUIE FEVIBWW: ..otttk ettt 4
1.3 TRESIS ATIMIS: ..ottt 11
1.4 TRESIS LAYOUL: .. ..eiiiiiieeieiie e ciie e ettt et e e et e et a et e e snaa e e snaaeeannee e 12
CHAPTER TWO: Principles and Models of Propagation ..............cccceevevvveinnnn. 14
2.1 INTRODUCTION. ...cciiiiiiie e 14
2.2 Principles and Propagation MechanisSms.............ccccvevviveevineeiiiieesiiee e 15
2.2.1  REFIECHION ...t 15

2.2.2  REFFACHION ..o 16

2.2.3  DIffraCtioN........coviiiiiiiic e 16

2.2.4  SCAMEIING .....vviiiiie et e e e s e e araa e 18

2.2.5  Multipath Propagation............ccccceeeiiieiiiec e 19

2.2.6  Receiver Noise and NOISE FIiQUIe..........ccocveiviiiiiiie i 20

2.3 Propagation MOdeling: ........coovveiiiie et 21
2.3.1  Free Space Path loss Model ............ccoooeeiiiiiiiii e, 22
2.3.2  Close-In Path LoSS MOdEl ...........cccoiiiiiiiiiiiiiecee e 24
2.3.3  Floating-Intercept Path Loss Model ............ccccoovivivieiiiiineciieee, 25
2.3.4  Dual Slope Model (DSM) .....cccuiiiiiiiiiec e 26
2.3.5  Linear Attenuation Model (LAM) ........ooeiiiiiiie e 27
2.3.6  Stanford University Interim (SUI) Model............cccceevviiiiiiiiinneenne, 28



2.3.7  Alpha-Beta-Gama MOdel...........ccooiiiiiiiiiiiiciee e 29
2.3.8  Two ray model ground reflection path loss model................cccocveienn 30

CHAPTER THREE: Results and Discussion For Indoor environment

............................................................................................ 33

3.1 INTRODUCTION....ciiiitiii ettt et enees 33
3.2 Simulation and Measurement SELUP......c.corveriieririeiie e 33
321 SIMUIALION SETUP ..ot 34
3.2.2  Measurement SELUD ......cccvviiiiieiiiie e 39
CHAPTER FOUR: Investigation the path loss in Indoor environment ................. 44
4.1  INTRODUCTION. .. .ottt a e eraee e 44

4.2  Indoor Corridor Path Loss Modeling: Close-in Free Space Reference
Distance Path LoSS MOdEl...........cccuvviiiiiiiie e 45

4.3 Indoor Corridor Path Loss Modeling: Floating-Intercept Path Loss Model .... 50
CHAPTER FIVE: Path Loss effects on Millimeter and Centimeter Waves In

OUtdOOr ENVIFONMENT ......uviiiiiiiiiiieie e 57
9.1  INTRODUCTION....cciiiiiieiiiiie e 57
5.2 Simulation of the Study Area...........ccovuveeiiiieeiiie e 57
5.3  Antennas for the StudY Area...........cccoeeeiiie e i 59
5.4 RESUILS ... 62

5.4.1  Close-In Free Space Reference Distance (Cl) Path Loss Model......... 62
5.4.2  Floating-Intercept Path Loss Model (FI) .......cccccoooveiiieiiiiceieee, 68
5.4.3  Alpha-Beta-Gama (ABG) Path Loss Model .............ccccveeviveeiiieennen. 74

CHAPTER SIX: Conclusions and Future WOrKS............ccccovvviiiiieniiiiciiecce 79
B.1  CONCIUSIONS. ...ttt 79
6.2 FULUIE WOTKS ... 80

RETEIENCES ... s 82



List of Figures

Figure 1.1: Revolution, evolution, and complementary emerging technologies: the 5G
(0T 10 [ 1 F= o O O PP P PR PP PP PP 2
Figure 2.1: Reflection and transmission by plane interface at the oblique wave

INCHABINCE. .ttt ettt ettt e et e bt et e et 16
Figure 2.2: The direction geometry for diffraction of the knife-edge...............c......... 17
Figure 2.3: Geometry for wedge diffraction COeffiCients. ...........ccccevvveviiiiieniinnnnn, 17
Figure 2.4: Scattering by a rough and smooth Surfaces. ..........cccocevvveriiiiieniiennn, 19
Figure 2.5: Simple geometrical definition of receipt of multipath. ................cccoe. 20
Figure 2.6: Two-ray model mean path loss in air to-ground channel....................... 32

Figure 3.1: (a) Three-dimension view of the second floor, (b) Top view of the second

Figure 3.2: Radiation pattern for the antennas of Tx and Rx; (A) Vertical plane, (B)
HOFIZONTAI PIANE.....c.. e e et ee e 37

Figure 3.3: (a) Waveform of ray tracing model, (b) Study area of ray tracing

10100 =] PP PR PP 38
Figure 3.4: Channel measurement SYStEM .........cueeerureeriureesiieressreeesreeesneeesaeeeseeeeenns 39
Figure 3.5: 6GHz RF signal generator............ccccccuveeiiieeiiiiee e siee e 40
Figure 3.6: ANritsu SPectrum analyzZer ...........cccocvveeiiee i 41
Figure 3.7: A /4 MoNOPOIE aNtENNAS ........c.veeiiiieeeciieeesiee e ctee e 41

Figure 3.8: (a) Three-dimension simulation setup for LOS Case, (b) Indoor
measurement setup for LOS case along the corridor..........c.ccooveeviiiiiie e, 42
Figure 3.9: (a) 2D simulation setup for NLOS Case (b) Indoor measurement setup for
NLOS case along the COrTitor. ........ooiiiiiiec e 43
Figure 4.1: Measured and simulated path loss for the LOS case along the corridor
WIth CUNVE FITEING....coiieccee e 44
Figure 4.2: Measured and simulated path loss for the NLOS case along the corridor
WIth CUNVE FITEING....ciiiiccecce e 45
Figure 4.3: CI path loss model, simulation path loss vs. Log distance along the
(o0 g g o [o] gl (0] g IO R R oF= TR PURPTPRRTIN 46
Figure 4.4: Cl path loss model, measurement path loss vs. Log distance along the

COPTIAON FOF LOS CaASB. et eeeeee ettt et et e et e e e et e e e e e e e e e 46



Figure 4.5: Combined measurement and simulation path loss vs. Logarithm of
distance, along the corridor for LOS CaSE........c.uveeiiiiiiie e 47
Figure 4.6: ClI path loss model, simulation path loss vs. Log distance along the
(o0 g g o [o] g (0] g | IO RS- T PSRRI 48
Figure 4.7: CI path loss model, measurement path loss vs. Log distance along the
COPTIAON TOF NLOS CASE. ..ovvvieiiiieeiiieeciiee ettt e tee e ta et e e e et e e snneeesnseee s 49
Figure 4.8: Combined measurement and simulation path loss vs. Logarithm of
distance, along the corridor for NLOS CaSE. .......ccevvvreiiieieeiiiesiiee e eieeesee e siee e 49
Figure 4.9: FI path loss model, simulation path loss vs. Log distance along the
(o0 g g o o] gl (0] g IO R R oF T TSRS 51
Figure 4.10: FI path loss model, measurement path loss vs. Log distance along the
(o0 g g o o] gl (0] g IO R R oF T PSSR URRSPI 51
Figure 4.11: Combined measurement and simulation path loss vs. logarithm of
distance, along the corridor fOr LOS CaSE........ccuveiiereiiiiieeiire e see e siee e 52

Figure 4.12: FI path loss model, simulation path loss vs. Log distance along the

(o10] g Lo (o] g (o] g N/ K@ R R o TSR UPP PP 53
Figure 4.13: FI path loss model, measurement path loss vs. Log distance along the
(010 g gL (o] g (o] g N K@ R R o PSR PP R UPOPR 53

Figure 4.14: Combined measurement and simulation path loss vs. logarithm of
distance, along the corridor for NLOS CaSE. ........cccvuvveiiiieeiiiee e siee e siee e 54

Figure 5.1: Three-dimension structure for the study area designed using the Wireless

Figure 5.2: Simulation scenario of electronics engineering college area.................. 59
Figure 5.3: Radiation pattern of antennas for (A) directional and (B) omnidirectional
at vertical POlAriZation. ...........cviiiiei e 59
Figure 5.4: Radiation pattern of antennas for (A) directional and (B) omnidirectional
at horizontal Polarization. ............ccueeiiiii i 60
Figure 5.5: CI path loss model, simulation path loss vs. Log distance for horn
antenna at co-polarization and cross-polarization for outdoor environment at
B DG HZ. it 62
Figure 5.6: Cl path loss model, simulation path loss vs. Log distance for
omnidirectional antenna at co-polarization and cross-polarization for outdoor

ENVIFONMENT AL 3.5GHzZ. ... et 63

\4



Figure 5.7: CI path loss model, simulation path loss vs. Log distance for horn-
omnidirectional antenna at co-polarization and cross-polarization for outdoor
ENVIFONMENT AL 3.5GHZ. .....iiii e eeee e 64
Figure 5.8: Cl path loss model, simulation path loss vs. Log distance for horn

antenna at co-polarization and cross-polarization for outdoor environment at

Figure 5.9: ClI path loss model, simulation path loss vs. Log distance for
omnidirectional antenna at co-polarization and cross-polarization for outdoor
ENVIFONMENT At 28GHZ. .......eieeciee et e e eeee e 66
Figure 5.10: CI path loss model, simulation path loss vs. Log distance for horn-
omnidirectional antenna at co-polarization and cross-polarization for outdoor
ENVIFONMENT At 28GHZ. .......evieiie e e e aeae e 67
Figure 5.11: FI path loss model, simulation path loss vs. Log distance for horn
antenna at co-polarization and cross-polarization for outdoor environment
AL DG HZ.. . 69
Figure 5.12: FI path loss model, simulation path loss vs. Log distance for
omnidirectional antenna at co-polarization and cross-polarization for outdoor
eNVIFONMENT AL 3.5GHZ. .....viiiiieie s 69
Figure 5.13: FI path loss model, simulation path loss vs. Log distance for horn-
omnidirectional antenna at co-polarization and cross-polarization for outdoor
eNVIFONMENT AL 3.5GHZ. .....viiiiiiie s 70
Figure 5.14: FI path loss model, simulation path loss vs. Log distance for horn

antenna at co-polarization and cross-polarization for outdoor environment at

Figure 5.15: FI path loss model, simulation path loss vs. Log distance for
omnidirectional antenna at co-polarization and cross-polarization for outdoor
eNVIFONMENT At 28GHZ. .......viiiieie s 72
Figure 5.16: FI path loss model, simulation path loss vs. Log distance for horn-
omnidirectional antenna at co-polarization and cross-polarization for outdoor
eNVIFONMENT At 28GHZ. ......eeiiiiec s 72
Figure 5.19: ABG path loss model for horn antenna at 3.5,28 and 38GHz. .............. 75
Figure 5.17: ABG path loss model for omnidirectional antenna for 3.5,28 and
BBGHZ. .. it 76
Figure 5.18: ABG path loss model for horn-Omni antenna at 3.5,28 and 38GHez...... 76

Vil



List of Tables

Table 3.1: Specs of the construction of the communication engineering

department/Ninevah University, which were taken into account in simulation and

MEASUTEIMENT. ... ettt ettt 36
Table 4.1: Parameters for the CI model in LOS CaSe........ccccvvveiiiveiiiiieiiiiee e, 48
Table 4.2: Parameters for CI model in NLOS CaSe........ccccvevviieiiiieiiiie e 50
Table 4.3: Parameters for FI model in LOS CaSe.........ccovvveiiireiiiie i 52
Table 4.4: Parameters for FI model in NLOS CaSe. .......ccccveivireiiiieeiiiee e 54
Table 4.5: Comparison of path loss exponent with most recent works in indoor

TNV 0] 14T o TSP 56
Table 5.1: Materials of the StUdY area...........cccooveeiieiiieniie e 58

Table 5.2: Characteristics of the directional and omnidirectional antennas at 3.5GHz
ANA 28GHZ. ... ren 61
Table 5.3: Parameters of the Close-In path loss models for directional and

omnidirectional antennas at 3.5GHz frequency band...........c...cccocvie e, 64

Table 5.4: Parameters for Close-In path loss model for directional and

omnidirectional for 28GHz frequency band. ...........cccceovvve e 67
Table 5.5: FI path loss model parameters at 3.5GHzZ. ..........cccccccoveevve e, 70
Table 5.6: FI path loss model parameters at 2BGHz ............ccccccocveevveeciie e, 73
Table 5.7: Single-frequency FI and CI path loss models in an outdoor scenario at
3.5GHZz and 28GHZ Parameters. .........ccueeeiieeeiiie e s 74
Table 5.8: Parameters of ABG path loss model for 3.5,28 and 38GHz frequency
DANGS. ...t 77

Table 5.9: Parameters of the path loss models for recent works for outdoor

BNVITONMENT. ettt et e e e e ettt e e e e e e e e e e eeeeeaaes 78

\h



List of abbreviations

Abbreviation

Name

3D Three-Dimension
3G Third Generation
3GPP Third-Generation Partnership Project
4G Four Generation
5G Fifth Generation
5G-NR Fifth-generation-New-Radio
ABG Alpha-Beta-Gama
Cl Close-In free space reference distance
CIF Close-In with Frequency-weighted
CIR Channel Impulse Response
DPL Dual Park lot
DSM Dual Slope Model
EWLM Effective Wall Loss Model
FDC Frequency Dependence Coefficient
Fl Floating-intercept
FSPL Free Space Path Loss
GEM Google Earth map
GPS Global Positioning System
GSM Global System for mobile communication
ICC-33 International Chamber of Commerce
IEEE 802.11 Institute of Electrical and Electronics Engineers
10s Interacting Objects
LAM Linear Attenuation Model
LOS Line-of-Sight
LS Least Square
LTE Long-Term Evolution
MIMO Multiple input multiple output
MMSE Minimum Mean Square Error
mm-W millimeter Waves
MPCs Multipath Components
n77 Band number 77
n79 Band number 79
NLOS Non-Line-of-Sight
NTIA National Telecommunications and Information
Administration
OLOS Obstruct Line-of-Sight
OPLE Obstruction Path Loss Exponent
PEC Perfect Electrical Conductor
PL Path Loss
PLE Path Loss Exponent
RF Radio Frequency
RMSE Root Mean Square Errors
RSSI Receive Signal Strength Indication
RT Ray-Tracing

IX




Rx Receiver Antenna
SBRT Shooting — Bouncing Ray Tracing
SF Shadow Factor
SISO Signal Input Signal Output
SPL Single Park lot
SSA Spectrum Signal Analyzer
SuUlI Stanford University Interim
Tx Transmitter Antenna
UMa Urban Macro-cellular
UMTS Universal Mobile Telecommunications System
UWBs Ultra-Wide Bands
VSG Vector Signal Generator
Wi Wireless Insite
Wi-Fi Wireless Fidelity
WINNERII Wireless world Initiative New Radio 11
WLAN Wireless local area network
WRC World Radio communication conference
XPD Cross-Polarization Discrimination




List of symbols

Symbol Name Unit
i Azimuth angle
AQ Phase difference between two waves
A Effective area of a receiver antenna
B Bandwidth Hz
C Speed of light m/s
d Distance between transmitter and receiver m
do Reference distance at 1m m
d; Distance from the transmitter to the obstacle m
d> Distance from obstacle to the receiver m
dpp Distance of the breakpoint m
E®; Electrical field components of the phi V/m
EIRP Effective Isotropic Radiation Power dBm
F Noise Figure
f Frequency Hz
h Height of the obstruction m
hrx Receiver height m
hrx Transmitter height m
k Boltzmann’s constant JIK
I Direct path length m
L9 Attenuation without any obstacle dB
LNEOS Attenuation induced by an obstacle between the dB
transmitter and the recipient
L, Path loss dB
Np Number of path
P Average time of the i, path power W
PL Path loss dB
PLo Frequency-dependent reference path loss dB
P, Receiver power W
r length of the route mirrored m
R Parallel Reflection Coefficient
R. Orthogonal Reflection Coefficient
T Parallel Transmission Coefficient
T, Orthogonal Transmission Coefficient
Te Equivalent noise temperature of the receiver K
T, Room temperature K
V Fresnel parameter
XRrx Receiver height correction factor
B Intersection of the transmitted waveform
B1 Path loss exponent before the breakpoint distance
B2 Path loss exponent after the breakpoint distance
o standard deviation dB
Xre Frequency correction factor

Xl




E0fi Electrical field components of the theta V/im
Gr Receiver antenna gain dBi
Gt Transmitter antenna gain dBi
Ls Loss of cables dB
N the power of the thermal noise at the receiver W
P Transmitter power W

Xoc Zero-mean Gaussian random variable
a distance attenuation dB/m
n Path loss exponent
a Floating-Intercept value dB
B Line’s slope
y Path loss frequency dependence

Mo Free impedance of space Q
0i Angle of incidence
0: Angle of transmitted
Er Electrical Permittivity F/m
0i Elevation angle
A Wavelength m
[7) Grazing angle

X




Chapter One

Background

1.1 Introduction:

In today's world, wireless devices and innovations play an important
role, where wireless technologies, from mobile devices and Wi-Fi to
automobiles and broadband internet are used by billions of people
worldwide [1].

Continued attempts are being made to improve the transmission rate
in cellular systems. From second generation (GSM) digital technology
having limited data capabilities, cellular mobile radio networks have
progressed to third generation (UMTS) systems with wireless data speeds
in the range of only few Mbits/s and to fourth generation (LTE) systems
with targets of even higher data rates. Relying on several implementations
of IEEE 802.11 standards and collectively generally recognized as Wi-Fi.
Wireless local area networks (WLANSs) have developed through a few
megabits per second to hundreds of megabits per second. Although the
protocols' ability to handle ever-increasing data rates has improved, the
systems' parameters have changed, if anything, to increase the overall
connection loss that must be overcome at a given range [2]. Continuously
rising demand for higher data rates, higher network capacity, higher
energy efficiency and higher mobility has inspired research in the fifth

generation of communication systems modeling [3].

In the future, traditional scenarios of the mobile communication
system of the fifth generation will affect various parts of life,
encompassing home, workplace, entertainment as well as travel,

particularly including dense suburban areas, corporations, stadiums,



indoor retail malls, outdoor celebrations, metro, highways and high-speed
rail. Fifth generation cellular system incorporates many new device
scenarios that have diversified in relation to the 3G/4G scheme as shown
in Figure 1.1. The fifth generation includes a variety of novel system
architectures with diverse properties such as ultra-high traffic volume,
hyper linked density and hyper flexibility. A diversity of techniques,
including massive MIMO, millimeter wave (mm-Wave) technologies,
ultra-dense networks, and device to device communication, etc. are used

to assist end users [4].

5G future

Integration
of access technologies
into one seamless experience

O Evolution andg,

Complementary
new technologies

Revolution

- Mobile, reliable
D2D communications

- Massive MIMO

= Llirascherise
Res ond to traffic explosion  Extend to novel applications
networks i s i I T ﬂPD = - Uhra-reliable
R : el Ery | ; communications
- Moaoving networks + 10-100:x higher for low- powver M2M L
* 1000 hlgher mobl!e data vuiume 10- ?DU hi Ezgr number of ; : -
- Higher frequences ! per area £9nnEct devices ¥ ~ Massive machine
o 4 T M EIE btehey communications

_________

Existing technologies in 2012

@

Figure 1.1: Revolution, evolution, and complementary emerging

technologies: the 5G roadmap.[5]

Currently, 5G has been the first cellular technology to provide a
spectrum band ranging from 400MHz to 90GHz. [6]. The spectrum bands
are split into three groups: (low-band, mid-band and high-band) [7]. Mid-
bands in 5G-NR include band n77 (3.3-4.2 GHz) and n79 (3.3-4.2 GHz)
(4.4-5.0 GHz) [8]. According to United States spectrum allocation chart,
the spectrum of 3.3-4.2 GHz is dominated by radiolocation systems, most
of which are intended for military and industry purposes. For fixed-
satellite communication, the 3.7-4.2 GHz band is often allocated, whereas
for military fixed and mobile communication purposes, the 4.4-5.0 GHz
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range is assigned [9]. The management of National Telecommunications
and Information (NTIA) it has actively proposed that the FCC revise the
3.4-4.2 GHz spectrum allocation to support 5G communication networks
by sharing the spectrum between existing operators and 5G
telecommunications operators. However, the final radio bandwidth
utilized exclusively by 5G systems could be barely within the 3.4-3.7
GHz range[10]. Usually, mid-bands provide a strong combination of 5G
networks coverage and capacity: it is important that regulators allocate as
much contiguous spectrum as possible in the 3.5 GHz range (3.3 GHz-4.2
GHz). The 2.3 GHz and 2.6 GHz bands should also be approved for 5G
use by operators. Current mobile licenses should also be technologically
neutral in order to enable 5G networks to grow. In the long term, more
spectrums would be required in bands between 3 and 24 GHz to sustain
5G service quality and rising demand. In the 3.5 GHz range, 6 GHz and
10 GHz, which are all part of the WRC-23 phase, this requires more
bandwidth[11]. The behavior of electromagnetic waves is somewhat
similar to that of existing cellular LTE communication networks using 1-
2.5 GHz bands in this frequency range. The penetration, diffraction and
reflection capacity of the propagating wave is high below 1 GHz [7].
Bands n258 (24.25-27.5 GHz) and n257 (24.25-27.5 GHz) are typically
referred to as mm Wave bands in the 5G-NR standard (26.5-29.5 GHz).
For example, the 5G communication networks in the United States, two
n258 segments (24.25-24.45 GHz and 24.75-25.25 GHz) and one n257
segment (27.5-28.35 GHz) have been assigned, totaling the bandwidth for
this type of bands are 1.55 GHz [12].

The invention of new techniques, as well as the specifications for
the fifth generation mobile communication system, has created new
issues for wireless channel models. The 5G channel models should

accommodate broad scenarios of propagation, including higher frequency

3



and greater bandwidth, and also a large number of antennas and other
factors, while maintaining space, time, frequency, and antenna
consistency[4]. Energy-efficient communication requires  precise
calculation of the connection budget, such that equipment doesn’t really
waste energy over a certain number of different locations. EXxisting
irregular obstructions and reflectors (chairs, surfaces, shelves...)may
generate various reflections, absorption and may be some dispersion in
indoor environments. Indoor environments may also differ widely from
workplaces to manufacturing plants to laboratories. All these
communication scenarios involve precise channel modeling and

calculation, as well as outdoor conditions [7].

1.2 Literature review:

Ashok Ch. et al. in 1998 published their investigation of propagation
measurements for line of sight and non-line of sight cases at frequencies
900 MHz and 1.89 GHz. This work had been done on three floors of a
multi-floor office in tile corridors-cum-institute- cum laboratory building.
The research concluded that for non-LOS paths, indoor channel
parameters exhibit greater variations. There is no widely accepted indoor
channel model and the model of path loss varies from building to building
[13].

In 2009, Th. Chrysikos et al. made use of measurements that have
been made in the University of Patras at 2.4GHz for diverse indoor
propagation topologies, empirical measurement of shadowing deviation
can be estimated.

A site-specific validation of indoor RF models was performed based
on measurements acquired in a complex indoor propagation environment
(the Wireless Telecommunications Laboratory premises) at 2.4 GHz. The

shadowing deviation was measured (in dB) based on the losses incurred



by all the different types of walls and floors intervening in the signal
direction, It is possible to easily quantify the losses caused by these
obstacles with standard equipment for experimentation [14].

In November 2010, Alvaro Valcarce, Student Member and IEEE
Antennas and Wireless Propagation Letters published their model of
experimental indoor-to-outdoor propagation. In residence indoor-to-
outdoor settings, this research presents analytical expressions for
modeling path loss and shadow fading. The formulas were calibrated by
means of channel power measurements at the radio frequencies of typical
cellular systems, therefore ideal for femtocell network channel modeling.
The measurements were carried out in the street immediately adjacent to
the premises and until distances drop below dBm (10 dB protection
margin from the noise floor at dBm) from the outer wall at which the
obtained channel power decreases, When the transmitter is in the inner
space, which is equivalent to a residential 3G femtocell coverage radius

when four users are served, this is around 110 m at 2 GHz [15].

In April 2011.P. Usai, A. Corucci, S. Gligorevic and A. Monorchio,
published their investigation about an estimate of an airport surface by a
propagation channel, by both simulation and calculation for ray-tracing.
The carrier frequency with 120 MHz bandwidth was based at 5.2 GHz.
The transmitter was installed at the entrance to the airport terminal, while
the receiver was positioned on a van moving around the airport terminal.
In terms of path loss, findings were compared for both LOS and NLOS
conditions. In terms of the mean of LOS condition, the agreement was
very strong for less than 2 dB difference between measurement and ray
tracing, whereas in NLOS condition, the power level is transferred around
15-20 m in space with respect to the measured power. A potential

explanation for this is inherent GPS tracking error, resulting in a



discontinuity of the GPS coordinate of the receiver, and further resulting

In connection error [16].

In 2015, Hang Z., et al. introduced their experimental measurements
and empirically based propagation channel models for the frequencies
3.35 GHz, 49 GHz and 5.4 GHz in the metropolitan macro cell
environment in Xi’an. The measurement at both combinations of channel
conditions the line-of-sight (LOS) and non-line-of-sight (NLOS) were
included in the calculated situations .Additionally the experimental log-
distance path loss for different models are extracted after obtaining the
channel impulse response from the measured data. These researchers
studied the proposed path loss models by adding the frequency
dependency parameter to investigate the relationship between path loss
and transmission frequency. They found that in NLOS channel condition,
a more exact description of path loss disparities between three
frequencies can be produced when FDC is applied [17].

Theodore S. Rappaport et al. in 2015 presented their study on the
key parameters for the design of the future fifth generation include the
likelihood of line-of-sight (LOS), large-scale path loss and shadow fading
models (5G).These measurements have been done at Austin, US for
38GHz and at Aalborg, Denmark for frequencies 2, 10, 18, and 28 GHz.
The researchers using the data obtained from propagation measurements
to compare alternative of different LOS probability models is carried out
for the Aalborg environment, also the path loss models of alpha-beta
gamma and close-in reference distance model are examined in detail to
demonstrate their value in channel modeling. In addition, omnidirectional
path loss models of both single-slope and dual-slope are explored to
compare and contrast their root-mean-square errors (RMSE) with

calculated path loss values. Based on Aalborg data, the shadow fading



magnitude vs. distance shows a slightly increasing trend in LOS and a
decreasing trend in NLOS [18].

In 2016, based on ray tracing data collection, the empirical
propagation model for indoor corridor at 5 GHz was proposed by Chi-
Hou Chio et al. The model could predict the path loss features of line-of-
sight (LOS) and non-line-of-sight (NLOS) for indoor corridor with T-
junction using distances from the indoor corridor with T-junction to the
transmitter and the receiver, taking into account the width of the corridor.
The model has been compared to ray tracing and successful agreements

have been seen [19].

In the same year, Shu Sun, Student Member, IEEE et al. published
their investigation of prediction accuracy, sensitivity, and parameter
stability of large-scale propagation path loss models for 5G wireless
communications. This research compares the Alpha-Beta-Gamma (ABG)
model, the Close-In (CI) free-space reference distance model and the CI
model with a frequency-weighted path loss exponent are all candidates’
large-scale propagation path loss models for use throughout the whole
microwave and millimeter-wave (mm-W) radio spectrum. These results
show that the 1-meter reference distance Cl model is good acceptable for
outdoor environments, while the CIF model is better suitable for indoor
conditions. In current 3GPP models, the CI and CIF models are simple to
implement by replacing a floating non-physically based constant with a
frequency-dependent constant reflecting loss of free-space path in the
Fiirs [20].

Ahmed M. Al-Samman et al. In 2018 presented their experimental
measurements based on the propagation characteristics for the
frequencies 19, 28 and 38GHz in Kuala Lumpur, Malaysia.

Measurements had been done at the University Technology Malaysia



(UTM). These measurements helped the researchers to provide directional
five path loss models. For these frequencies, the work provided more
detailed information about power delay profile, root mean square delay
spread, and azimuth angle spread. For all models shows that the path loss
exponent (PLE) and slope line () values are less than free space path loss
exponent of 2 also for the LOS scenario, the RMS delay spread is low for

all bands, and only the guided path is given in some spatial locations [21].

In the same year, H.A. Obeidat, Ramiz Khan et al. published their
investigation of the updated model of prediction for indoor path loss. The
researchers utilize simulation data and real-time measurements to
compare with other indoor path loss prediction models. In the simulation
results that among other models, EWLM demonstrates the highest
performance as it outperforms the dual slope model twice, which is the
second best performance. From the experimental results, comparable
observations were reported. Linear attenuation and models with one slope
have identical behavior; with the two models parameters of models
demonstrate dependence on operating frequency and polarization of

antennas [22].

Haider K. Hoomod et al. made use of measurements that have been
made in AL-Habebea is an urban area (high-density region) and the
second is a rural environment (low-density region) with an operating
frequency of 0.8 GHz in the AL-Hindea region. The researchers found
that different propagation models were evaluated and compared based on
the measured data (Hata Model, ICC-33 Model, Ericson Model and
Coast-231 Model). The results of this study and comparison suggest that
the Hata model and the Ericsson model display a slight variance from
actual urban environment measurements, and that the Hata model usually

provides a better rural environment forecast [23].



Maan M. Abdulwahid et al. made a comparison of the C-band and
mm-W band performance with distinct frequency ranges. It works for C-
band frequencies, 3.5 and 5.2 GHz are included, whereas 38 and 42 GHz
for the mm-W band are involved. The researchers used 3D ray tracing
simulation for the indoor environment to get the statistical parameters of
channel propagation characteristic including delay spread, path loss and
received power. The simulation results shown there is a strong connection
between the path loss and the distance of separation, where the value of
the path loss is much higher than the C-band in mm-W [24].

In 2019, indoor channels path loss modeling and ray-tracing
verification for 5/31/90 GHz published by contribution University of
South Carolina Columbia, SC, USA. Where the model is built upon a
huge number of measurements in indoor environment and simulated
through the 3D ray-tracing system. Measurements at each frequency were
also made for connection distances up to 50 m in indoor environments
and the findings were post-processed in Matlab. To compare results, two
types of commonly used log-distance path loss models are used: the
reference model of close-in (CI) free-space and the model of floating
intercept (FI). These measurements helped the researchers to provide a
comparative path loss simulation with measurements for various
frequencies, antennas and channel conditions. Findings was showed that
Cl model slopes vary by less than 0.3 between ray-tracing and
measurements, and standard model deviations vary by less than 2 dB for
all line of sight (LOS) case frequencies; differences are less than 0.6 for
slope and 5 dB for standard deviations for a non-light-of-sight (NLOS)
channel condition, demonstrating the usefulness of ray-tracing for these

frequencies and settings [25].



In the same year, Mohammed S. Salim, Khalil H. Sayidmarie et al.
introduced their experimental measurements and simulations to study the
transmission of radio waves. The measurements had been done at the
University of Mosul, Irag. The researchers used simulations and
measurements at different locations, directions, and heights of the Tx and
Rx antennas to estimate the power obtained from a WLAN access point
operating at 2.45 GHz. These measurements helped the researchers to
provide a comparative of the two scenarios. The results of the path loss
models show that in this indoor environment, the path loss exponent
(PLE) is less than the of free space path loss exponent (n=2) for the LOS
scenario. On the contrary, PLE is larger than free space path exponent for
the OLOS scenario. This indicating that when there is no direct path

between the transmitter and receiver, the path loss increases [26].

Ferrous Hossain et al. they carried out an effective study of indoor
radio wave propagation using 4.5 GHz frequency band was implemented.
The researchers have been used proposed three-dimensional (3-D) ray-
tracing (RT) for the modeling and measurements. On the outcomes of the
measurement, several comparisons were made: The proposed method,
and the actual simulation of the SBRT method with regard to obtained
signal strength indication (RSSI) and path loss indication (PL). The
comparative results indicate that the RSSI and the PL of the proposed RT
have better measurement agreements than the traditional SBRT outputs
[27].

In 2020, M. Schmieder et al. published their investigation about
wideband channel measurement campaign in an industrial setting for
frequencies 3.7 and 28 GHz. The researchers used CIR snapshots for
power delay profiles were analyzed showing that there are few specular

multipath components in the radio channel and are filled with dense
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multipath components with a delay of up to 600 ns. A frequency-
dependent model of ABG path loss was fitted using the outcomes for
LOS and NLOS conditions; at 3.7 and 28 GHz comparison with other
papers' recent findings and the novel 3GPP TR 38.901 the indoor factory
model shows that the characteristics of path loss are special and highly

scenario-dependent [28].

Y. Guan et al. in the same year of 2020, introduced their Industrial
measurement based on comparative analysis of channel characterization,
I.e. path loss and Ricean K-factor at 4.9 and 28GHz. The outcomes of
comparative channel measurements in indoor factory environments,
discover that with frequency, the PLE increases in both LOS and NLOS
situations , at 4.9 GHz (1.9 in LOS and 2.2 in NLOS) compared to the 28
GHz (2.2 in LOS and 2.6 in NLOS). In LOS situations, the higher PLE is
observed in indoor factory environments and the smaller PLE with both
4.9 GHz and 28 GHz in NLOS situations. In addition, in this paper, the
effect of antenna height on the propagation channel is studied. The
researchers found that with the increasing antenna height in LOS and
NLOS conditions, the PLE decreases [29].

1.3 Thesis Aims:

This thesis aims at focusing on the path loss of the channel
characterizations for the fifth generation (5G) cellular system.
Evaluate simulation results with path loss models results from a set
of measurements. These measurements were performed using vector
signal generator (VSG), signal spectrum analyzer (SSA),
additionally specific computer simulations using Wireless InSite and
processing the data using Matlab and Excel software. In this thesis,
simulations and measurements focus on one frequency band which

Is 3.5 GHz in C band with single-input single-output (SISO) channel
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for indoor environment, also comparing between two frequency
bands below and above 6GHz with two types of antennas using
Wireless InSite software for outdoor environment. In simulations
we're capable of quantify the channel’s path loss. In this thesis, it can
be focused on study of path loss in different channel scenarios in
indoor and outdoor environments. Comparison of simulations with

measurements for a narrow band signal is also included.

1.4 Thesis Layout:

In this segment, an overview of the thesis is provided:

. Chapter one describes the importance of the fifth generation and gives
an overview about the work and efforts that have been made within
the research field of 5G and channel characterization and ultimately
indicates the aim of the thesis.

. Chapter two includes explanation distinctive sort of path loss models
and how different factors contributing and effecting the received
energy of the signal.

. Chapter three presents a brief description of the experimental and
simulation setup, equipment’s utilized in the measurement and the
way the test was performed, moreover the specifications in computer
simulation Wirless InSite software.

. Chapter four includes results and discussion of measurement and
simulation study for different channel types. Path loss is compared in
indoor corridor channels of simulation to that measurement for
3.5GHz.

. Chapter five presents comparison between simulation results and three
types of path loss models results for both types of antennas in outdoor

environment.
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6. Chapter six contains conclusions of the whole thesis and some

suggestions are given for future work.
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Chapter Two

Principles and Models

of Propagation

2.1 Introduction:

The waves pass from transmitting antenna to a receiving antenna via
the so-called channel [30]. The channel plays an important role in device
efficiency and is an integral part of developing and implementing
wireless communication systems[31]. There are a variety of methods for
measuring the performance of any wireless communication channel, and
this performance varies from one network to the next due to the network’s

design and the devices utilized in it [30].

Path loss is the fundamental quantity that characterizes the wireless
transmission channel and affects the efficiency of any communication
device. It's the opposite of the path gain, which is the sum of signal power
obtained. In the narrow band system, it is defined as the amount of decay
in the received power at a certain stage (carrier) frequency. It can be
extracted from the power of the multi path components (MPCs) for the
narrow-band and the ultra-wide band (UWB) systems, which involves the
combined effects of attenuation and time dispersion [32]. Modeling of
several physical mechanisms (free-space attenuation, vegetation and
attenuation by reflection, attenuation by diffraction, building penetration
loss, etc.) is used to describe how radio waves propagate. This modeling
Is required for the design of telecommunication systems as well as their

actual field deployment once they have been designed [33].

The fundamental mechanics and concepts of electromagnetic signal

transmission and measurement are discussed in this chapter. Reflection,
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scattering, diffraction, refraction and multi path are these physical
concepts. In addition, several of the basic propagation models that have
been recently defined and widely utilized construct wireless

communications will be reviewed in this chapter.

2.2 Principles and Propagation Mechanisms

2.2.1 Reflection:

When an electromagnetic wave passes from a medium or water
towards another medium, the signal can be guided in a various direction
at the interface[26]. In wireless communications, whenever the media or
substance intercepted by the wave is substantially large in comparison to
the signal wavelength, it is often referred to as reflection as shown in
Figure2.1[34]. The degree whereby the signal is reflected depends on the
frequency, electrical conductivity (or refractive index), the penetration
and resistivity of the two medium, and the electromagnetic signal
incidence angle.

From Fresnel plane wave reflection coefficients and Transmission

coefficients are computed as follow equations [35]:

_ cos(Bi)—ver cos(0t)
R.= cos(@i)+Ver cos(Ot) (2.1)

_+er cos(8i)—cos(6t)

I ~Jer cos(8i)+cos(Ot) (2.2)
_ 2 cos(0i)
T= cos(0i)+ vercos(6t) (2.3)
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T, = 2cos(0i)
= Ver cos(6i)+cos(6t)

(2.4)

Medium 1

Figure 2.1: Reflection and transmission by plane interface at the oblique

wave incidence. [36]

2.2.2 Refraction:

The phenomenon that happens when electromagnetic wave will
pass between two medium with different conductivity or a material with a
continually varying dielectric permittivity through an interface, is called
refraction[37]. The direction wherein the signal propagates through as
with reflection, as well as the percentage of the wave power that
propagates through the medium or along the interface are all influenced
by the signal's electrical and magnetic properties. It is also affected by the

electromagnetic wave frequency [38].

2.2.3 Diffraction:

The continuation of radiating waves from optically lit to darkened
parts of a barrier is referred to as diffraction[39]. The wall corners in a
corridor, rectangular pillars and stair cases are an example of materials

that could cause diffraction as shown in Figures 2.2 and 2.3. Nonetheless,
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the field intensity decreases significantly in the intercepted area, but the
diffraction field typically has sufficient strength to generate significant
received signal [32].

The definition of the perfectly absorbing knife edge contains one
theoretical mathematical model used to gain better understanding of the

diffraction process.

ANV

a )]

Figure 2.2: The direction geometry for diffraction of the knife-edge.[35]

IX

S RX

Figure 2.3: Geometry for wedge diffraction coefficients.[36]
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The proportion of signal strengths without and with the barrier is
referred to as the loss of diffraction. The diffraction loss is impacted by
the geometry of the path and the frequency of operation. All the related
variables can be absorbed into one single parameter: the Fresnel
parameter. As shown in Figure 2.2 the Fresnel parameter v is given by

equation (2.5).

v=h* \] GG+ (2.5)

The loss of diffraction is then a function of the parameter Fresnel.
The method of calculating the diffraction loss is very complex, including

the summation of sequences, from the Fresnel parameter [35].

Loss=6.9+20log (/(v — 0.1)2 + 1+ v — 0.1) dB (2.6)

2.2.4 Scattering:

This physical situation happens whenever the wavelength of the
signal of the incident is close, equal to, or greater size as the object it
makes contact which it, as shown in Figure 2.4 [40].In a wireless
communication model, the actual received signal is also stronger than that
predicted by models of reflection and diffraction. This is because the
reflected energy is distributed in all directions due to dispersion when a
radio wave reaches a rough surface [34]. The frequency of 3.5 and 28
GHz used in this thesis. These frequencies are in the centimeter wave
region of the electromagnetic spectrum. This relation between an
electromagnetic signal’s frequency f and wavelength 4 is given by ¢ = Af,
whereby ¢ is equals to 3 x 10% meters/second (light speed). For 3.5 and
28GHz, these produce free-space wavelengths of 21cm and 10cm

respectively. Most of the physical effects observed throughout
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transmission are probably to be reflections rather than dispersion, due to
the short wavelength. Scattering, however, is still possible and still must
be considered. Multiple copies of the transmitted signal will normally
enter the receiver due to this potential scattering and reflection. They can
intervene constructively or destructively. Constructive interference occurs
iIf one signal’s peaks and troughs coincide with those of another signal.
Destructive interference occurs when one wave’s peaks and troughs
appear to cancel another wave (often called multipath or small-scale
fading).

Specular Specular
reflection reflection

Scattering

Smooth surface Rough surface

Figure 2.4: Scattering by a rough and smooth surfaces. [41]

2.2.5 Multipath Propagation

The radio channel between the transmitter TX and the receiver RX
acts as the transmitting medium for wireless communications. There are a
variety of different propagation routes that can get the signal from the TX
to the RX. A Line Of Sight (LOS) link between TX and RX may exist in
some cases. In addition, the signal will reach from the TX to the RX by
reflecting or diffracting by various Interacting Objects (1Os) in the
environment, buildings, mountains (for outdoor environments), windows,
walls, etc. (for indoor environment). There are several different
propagation directions that can be taken. Every path has its own

amplitude, delay (signal runtime), direction of departure from the TX, and
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direction of arrival, as shown in Figure 2.5; more specifically, the

components have different phase shifts with respect to one another [33].

»

a RX

M

FLAT EARTH

REFLECTION POINT

he

Y. @
IMAGE POINT

Figure 2.5: Simple geometrical definition of receipt of multipath. [41]

2.2.6 Receiver Noise and Noise Figure:

A receiver’s sensitivity or threshold is an important attribute which
defines the efficiency of a cellular communication connection. The
threshold is the minimum signal intensity required for a specific output.
The generally dominant aspect of noise at the receiver is caused by
thermal disruptions of electrons. This disruption is correlated with
Brownian motion. A Gaussian amplitude distribution is the basic model
for this noise. It is spectrally “white,” meaning for all wavelengths; its
power spectral density is constant. For the whole frequency spectrum,
noisy does indeed have a power spectral density usually represented No/2.
This thermal noise, in probabilistic terms, is also irrespective of the
wireless signal obtained. The thermal noise is additive to the receiver’s
noise. Usually, this thermal noise is commonly referred as Gaussian white
additive noise (AWGN) [37].

Theoretically, the power of thermal noise in the receiver can be
calculated as follows.

N = kToB (2.7)
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While, N is the power of the thermal noise at the receiver, in watts, k
is Boltzmann’s constant = 1.38 x 10-23 J/K, T, is the standard noise or
room temperature which is typically given as 290 K and B is bandwidth
of the receiver in Hz . In reality, this thermal noise power at the receiver
adds noise to various components present. This makes the real noise
higher than that only expected by (2.7). Amplifiers, filters, wires, etc. are
elements that make up the receiver. As a result, the most reliable method
for determining thermal noise power is to characterize it using an
effective temperature or noise figure. As a result, a more realistic
equation for calculating thermal noise power is as follows:

N = kT,BF (2.8)

Where, F = (1+%) iIs Noise figure of the receiving device

(dimensionless) and T, is the equivalent noise temperature of the receiver
in K. When estimating a connection budget, considering the noise at the
receiver is more important. Effective in measuring the noise in decibels at
the receiver (dB). The equation that measures the receiver’s real noise
power in decibels relative to a particular power level (in this case dBm, or
dB relative to 1 mW) is given as following equation.
N (dBm) =—174 dBm/Hz + 10 log (B) + Fqs (2.9)

The constant theoretical value of the power spectral density in

dBm/Hz for T=290 K is the -174 factor [43].

2.3 Propagation Modeling:

The purpose of the propagation modeling is to define the likelihood
that the cellular communication system’s efficiency meets standards and
provides high service quality [40]. The path loss model is a popular
model for illustrating the effects of the surrounding environment on the
channel. It investigates the fading behavior (power attenuation factor) as a

function of distance and frequency [38]. The reliability and applicability
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of the path loss model will influence the cost and efficiency of the
network. In terms of communication network architecture, the main
objective of wireless channel modeling is to estimate the signal intensity
obtained over a range of link distances. In order to prevent or compensate
for distortion, wideband channel models are often used to predict
parameters that are useful in design system. The signal strength obtained
can be estimated whereas if the quantities of attenuation and transmission
strength are known. The path loss is only the dB variation among both the
transmitted signal power and received signal power (or whether the
transmission-to-receive power ratio is in linear units).

Due to all phenomena such as reflections, scattering, diffraction, and
spatial spreading, path loss will “encapsulate” signal intensity reduction.
Path loss often is frequently influenced by the type of setting, frequency,
and height of the antenna. Urban, rural, and suburban are different types
of environments. Businesses start the design process by selecting the
model that best suits the scenario, based on the implementation of the

communication system and the variables previously provide [40].

2.3.1 Free Space Path loss Model:

There is no barrier between the transmitter and receiver antenna in
the model of free space path loss and a direct line of sight (LOS) path
between them is open. Satellite communication and microwave line of
sight radio links is the common scenario for the LOS communication. As
for the other large-scale fading model, the obtained power decreases with
the increased distance. Energy conservation demands that the power
density integral of any closed surface surrounding the transmit antenna
must be equal to the power transmitted [41].From the Friis free space
equation the received power relationship is given as equation (2.10).

1
4mrd?

Pr (d) =PthAr*

(2.10)
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Here P, is the receiver power, P; is the transmitter power, G: is the
transmitter antenna gain, A, refers to the effective area of a receiver
antenna and d is the distance between transmitter and receiver. The
effective area is now related to the receiver antenna gain G, .The one that

can be written.
G, = 4m* o7 (2.11)

From equation (2.10) and (2.11) it can be deduced that:

2
P, (d) = PeGGr Mi_d)z (2.12)

So if the antennas have a unity gain then the path loss equations

become,
2
Lp=222 (2.13)
Now in logarithmic scale Path loss,
4md

As, 1= % , Where f is the frequency of the system. Now for centimeter
wave the equation becomes as follow [44].
Lo (dB) = 20log (T2 (2.15)
4md f x 10°
> Lp(dB) = 20l0g(w)
> Lp(dB) =20 log (4?“) + 20logf + 20logd
> Lp (dB) = 32.44 + 20logf + 20logd (2.16)
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2.3.2 Close-In Path Loss Model

Close-in (Cl) free space reference distance path loss model system
Is one of the most common path loss model systems. The CI model can be
used for frequencies above or below 6 GHz. It is given under the CI

model in equation (2.17).

PLci (fc, d) [dB] =FSPL (fc, do) [dB] + 10nlogio (d/ do) + Xo (217)

For, d > do, where dp=1m.

Where, the separation between transmitter and receiver is referred
as d, n is the path loss exponent and Xo refers to the Gaussian random
variable shadow fading with zero mean and standard deviation ¢ in dB
[45]. FSPL refer to the free space path loss for Friis (FSPL) [46].

FSPL for the frequency spectrum of GHz now,

47ifc do x 10°

FSPL (fc, do) [dB] = 2010g10 X (f) (218)

Now here, the speed of light is c. it can be now simplify the equation
by considering do = 1m.

The equation is standardized by giving do=1m value and becomes
universal and very precise in model prediction. Now it becomes the
equation
FSPL (fe, do) [dB] = 32.44 + 20log1of (2.19)

So, it is now possible to write (2.19) as [45]

PLci (fc, d) [dB] = 32.44 + 20logiof « + 10nlogyd + Xo (2.20)

where d > Ilm
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Another attenuation factor is to be adding in the case of cross
polarization.

The best result for antenna cross polarization cases is the cross-
polarization discrimination (XPD) factor with the CI path loss model
[45]. The attenuation and cross-polarization discrimination (XPD)
parameter is close to the loss per floor or wall loss [47]. XPD factor best
matches the calculated data through an MMSE (minimum mean square
error) method [45].

PL (fc, d) [dB] = FSPL (f¢ do) [dB] + 10nlogiod + X5 CI1X +XPD (2.21)

Another kind of CI model supplement is when various kinds of
obstacles are put between the transmitter and the receiver. To obtain the
new device value, it can add an attenuation factor known as the
obstruction path loss exponent (OPLE) to the current ClI model.

Therefore, the equation becomes [47].

PLci (feo, d) [dB] = FSPL (fe, do) [dB] + 10nlogiod + X+ + OPEL (2.22)

The value of OPEL is based on the model COST-231Motley-

Keenan. OPEL for the same distance (d=1m) can now be determined as

OPEL = Lmeas Los (dlm) + Lmeaas NLOS (dlm) [dB] (223)

Here, L "% is for attenuation without any obstacle or wall occurring.
The attenuation induced by an obstacle between the transmitter and the

recipient is referred to as L N-2°[47].

2.3.3 Floating-Intercept Path Loss Model

The floating-intercept (FI) path loss model is another alternative for
the path loss model. For the WINNERII Project and 3GPP channel

models, it is one of the propagation models implemented in channel
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standardizations [48].This model is also defined as the model of the

alphabet. It is possible to convey the FI design as

PL f [dB] = a + 10. Blogio (d) + Xo (2.24)

a refers to the intercept value in dB. g refers to the line’s slope that
characterizes the dependency of the distance of loss. Xo refers to the
Gaussian random variable shadow fading with zero mean and standard
deviation ¢ in dB [49]. £ only functions as a basic slope that provides the
best fit for a data scatter plot and in any way has no physical basis or
frequency dependence and B has no physical basis or frequency
dependence whatsoever. Furthermore,ais set equal to the reference
distance of free space near the antenna [50]. In logarithmic units, Xo is a
zero mean Gaussian random variable with standard deviation o, which
defines the large-scale signal fluctuations of the mean distance path loss,
also known as the shadow factor in the literature (SF). The FI model has a
mathematical curve fitting approach without any physical anchor over the
calculated path loss range [45]. Similar to the Cl model, X, is the shadow
fading log-normal random variable [41]. For both LOS and NLOS
conditions, both the close-in free space reference distance (CI) model and
the floating intercept (FI) model can be used to specify 5G wireless

channel propagation [50].

2.3.4 Dual Slope Model (DSM)

The model of single-slope path loss normally fails dependence on
the physical environment in dense and millimeter wave capable networks
to consider the PLE (path loss exponent). Such limitations result in the
consideration of the model of dual slope path loss [51]. The relation
distance does not offer the best fit and the model of loss of dual-slope

path with a distance break-point is given in the following equation [52].
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PL LDS [dB] = { PLo+ 1081 log10d + Xo

dfdbp

PLy + 108; log10dsy, + 108, log10 di + Xo, (2.25)
bp

d> dbp}

dpp here is the distance of the breakpoint, P is referred to as a path
loss model for 1m reference distance, The path loss exponent (PLE)
before and after the breakpoint distance is expressed by f; and £, d is the
distance from the transmitter to the recipient and Xo is a Gaussian-
distributed shadow fading with a zero mean [53]. A default constant or a
joint frequency and height based value may be used as the break-point

distance for convenience [52].

2.3.5 Linear Attenuation Model (LAM)

Authors suggested another method in 1991, tests were carried out
on frequency ranges (0.85, 1.9, 4 and 5.8 GHz), it was concluded that
total loss L is the amount of free space loss Lgs and loss factor in the
frequency and building range (0.3 to 0.6 dB/m). It is given in the

following equation [22].

PL (dB) = Pio (dB) — 20n logso (d) — a - d (2.26)

Where PL dB is the mean path loss (dB), P, dB is the frequency-
dependent reference path loss (path loss at 1 m distance from the
transmitter), n is the of path loss exponent that expresses the rate of loss
of attenuation, « refer to the distance attenuation (dB/m) and d indicates
the distance in meters. When the average power values obtained are
determined experimentally (in dBm) over selected locations of a given

propagation topology, and the total EIRP is known (in dBm), the
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attenuation over distance (in dB/m) is estimated by the distance

attenuation (in dB/m).The formula is:

a= EIRP (dBm)—Pr(dBm);lOnloglO(d)—43.33dB (2.27)

Where the reference path loss (path loss 1m away from the
transmitter) is 43.33 dB, for the frequency is 3.5 GHz [54].

2.3.6 Stanford University Interim (SUI) Model

One of the suggested models for frequency ranges below 11 GHz is
the Stanford University Interim (SUI) model developed by Stanford
University. The SUI model for IEEE 802.16e systems can be used to
measure 3G and 4G cellular networks operating above 2 GHz in the
microwave bands [55]. The model contains three of the most common
terrain categories. The IEEE 802.16 broadband wireless communication
working group proposes this model [56]. The SUI models are split into
three terrain groups, namely A, B, and C. Form A is correlated with
maximum path loss and is suitable for hilly terrain with moderate to
heavy densities of vegetation. Minimum path loss is correlated with Form
C and refers to flat terrain with light tree densities. Form B is
characterized by mainly flat terrain with intermediate terrain, small tree
densities to high tree densities or hilly terrain below is the regular SUI
design [57].
PLsui (d) [dB] = FSPL (f, 1m) [dB] + 10nlogio d /1m + Xsc + Xpx + Xo
(2.28)

Where it is possible to obtain FSPL from equation (2.19)
n=a-b.h(m) +§(m) (2.29)
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Xfe = 6. logio (funz 12000), f > 2 GHz (2.30)

For types A and B of terrain,

h (m)
2

Xrx =—10.8 * lOglo ) (231)

And for C type terrain,

h (m)
2

Xrx =-20 * log10 (—) (2.32)

Xo 1s a zero mean Gaussian random variable, with standard
deviation o, in logarithmic units, ranging from 8.2 dB to 10.6 dB [39]. Xk
Is the frequency correction factor, Xgx is the receiver height correction
factor, the transmitter height is also indicated by hrx and the receiver
height of the antenna is indicated by hgrx in meters [55]. In all three
settings, namely rural suburban and urban, the SUI model is used to
predict the path loss [58].

2.3.7 Alpha-Beta-Gama Model

ABG is a large-scale model of multi-frequency path loss [59]. It’s a

model focused on frequency and distance. This model can be written as:
PL"®% (d) [dB] =10alogio d/ dg + B + 10ylogio (FILGHZ) +x,45c (2.33)

For, d< do, do =1m

In order to minimize the error between the model and the measured
data, the three model parameters «, £ and y are calculated by finding the
best fit values [60]. In terms of frequency and distance, PL"®® refers to
the path loss in dB, a shows the path loss slope with the log distance, f is
the dB floating offset value, an optimized offset parameter. y models the
path loss frequency dependence, where f is in GHz. The distance and
frequency are defined by a and y coefficients. Dependence on path loss
and ultimately Xo ABG stands for zero Gaussian mean random variable
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with o standard deviation (SD) in dB [61]. In addition, «, f, and y are
optimized from closed-form solutions that reduce the normal SF (shadow
fading) deviation [59]. Via MMSE, the ABG model is resolved to

minimize ¢ by simultaneously solving for a, £, and y [45].

2.3.8 Two ray model ground reflection path loss model

A two-ray model is the simplest type of ray tracing, where the
obtained signal has an earth-reflected wave presence [62]. Signal-based
modeling methods of propagation are necessary because physical process
such as reflections, scattering, diffraction and other phenomena generated
by artifacts in the environment impact signal attenuation. Whenever the
communication link area becomes more crowded with objects or people,
the free space model is not good enough to estimate the received signal
[53]. Multipath models perform path loss calculations depend on
geometrical pathways taken by the signal from the transmitter antenna to
the receiver antenna. The two-ray model is shown in Figure 2.6, in which,
both line of sight and straight line paths reflected from the earth, walls as
well as other objects may have these geometric paths. The two-ray model
iIs a simple multipath model. This type of model is utilized for any
communication link requiring the use of a near-earth transmitter and
receiver with minimum obstacles. The reflected ground signal at the

receiver end may either intervene constructively or destructively.

The total strength obtained can be written as equation (2.34).
Pr = P;G (ﬁ) 2 x {% + (W) e 20 [}? (2.34)
Here, Pr refers to the received power strength, Pt refers to the power
intensity transmitted, G refers to the antenna gain, A refers to the

wavelength of the operating frequency of the transmitter, d refers to the

direct length between the transmitter and the receiver that corresponds to
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the Fresnel reflection coefficient, which represents the obstacles, ¢ is
referred to as gazing angle, the direct path length is I, r refers to the length
of the route mirrored and the phase difference between two waves is

assigned to A@. It is possible to express the phase difference as [63]:

ap =2 2. (2.35)

The path loss can be determined from the formula below after

obtaining the obtained power.

PL [dB] = 10log1o (1) (2.36)
R
The two-ray model path loss thus becomes,
A2 _A
PLoray ==20logo [(—) “ + (¥) 7] (2.37)

If we assume that the angle of incidence with the ground is similar to
grazing, which means that the magnitude and phase of the reflection
coefficient will be close to one and 180 respectively, it is then possible to
write a 2-ray model as [49].

2nththr

PLoray = —20l0g1o [(ﬁ) {2 sin (5= (2.38)

Here, respectively, h; and h, refer to the transmitter and receiver

heights.

The two-ray model can be generalized to four-ray, six-ray, and ten-
ray models in which the difference in the path between each reflected ray
Is determined by the image process [62]. The two ray model like all
models has certain flaws. The first vulnerability would be that it
assumptions the ground is absolutely perfectly level. Scattering,
reflection, and even diffraction effects may be caused by sharp edges or

irregularities on the ground. A second drawback is that barriers are
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possibly in a realistic application or device, so this model is only helpful
in areas where there are no nearby obstacles in the transmitter and
receiver line of sight path. The approximate model also assumes that for
the LOS path and the reflection the antenna gains (at both Tx and Rx) are
same. This approximation greatly enhances as the distance increases.
Lastly, since the condition d>>h;, h,. results in a slight angle of incidence
for the reflection, the reflection coefficient can be approximated by unity.
All of these assumptions must be broken, which necessitates the use of a

more detailed equation than the one used here [38].

LAP vut.r:.ll'c»l:n|<:::|w ‘?
! =
Horizontal Polarisation

Figure 2.6: Two-ray model mean path loss in air to-ground channel. [63]
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Chapter Three

Measurement and Simulation Setup for Indoor
environment

3.1 Introduction

In the next few years, mobile radio communication services will
increase significantly, according to the statistics and forecasts of some
organizations. In particular, the demand for indoor services will be the
key growth factor, which will account for more than half percent of the
entire offering. While there are several indoor coverage technologies,
such as wireless local area networks (WLAN) and femtocells, they all
face issues in fulfilling the expanding demands. Several factors influence
indoor propagation, which would be more adaptable than outdoor
propagation. The architecture of the building has become increasingly
diverse, posing significant challenges in categorizing and defining indoor
scenarios. In addition to the conventional variables like frequency, walls

and flooring often provide attenuations to indoor propagation [64].

In this chapter, simulation and measurements of the path loss indoor
yard inside the Department of Communication Engineering building were
compared. The theoretical analysis containing the simulation study using
the Wireless InSite™ software package (Remcom Company/USA) was
the first part of this chapter. The second part of the study is experimental
measurements to determine the path loss from a receiver operating at 3.5
GHz.

3.2 Simulation and Measurement Setup

Since measurements are often limited in some way (e.g. in

frequency and number of places), we use the RT method to simulate the
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channel environment. The simulation software used for this is Wireless
Insite (WI) and its outputs include path loss, dispersion of delay, angular

data, and Doppler shift.

3.2.1 Simulation Setup
3.2.1.1 Data about the building under investigation

The case study used in this thesis focuses on the corridor area in
second floor of Communication Engineering Department/Electronics
Engineering College building. The building was planned and simulated to
use software Wireless InSite [65]. Initially, the environmental floor plan
was set up in Wireless InSite, where an indoor floor plan is drawn directly

with pre-defined materials as shown in Figure 3.1.
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Figure 3.1: (a) Three-dimension view of the second floor, (b) Top view of

the second floor.

After configuring the floor plan, material parameters are added in. It
is possible to identify many material forms; we mainly use two types at
the present level: layered dielectric and perfect electrical conductor
(PEC). In indoor channel simulation, layered dielectric materials are used,
Such as the concept of walls, ceilings and floorboards for plasterboard as
shown in Table 3.1. Permittivity, conductivity, roughness, and thickness
of each layer of material must be given by the experiment data. The PEC
material is used to approximate good conductors, where transmission
coefficients, roughness and thickness are all set to zero (such as metal
exterior structures, elevator shafts and doors). For the corridor, three
materials are used for our indoor calibration: Plasterboard, mosaic tiles on

the ceiling, and concrete for floor.
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Table 3.1: Specs of the construction of the communication engineering

department/Ninevah University, which were taken into account in

simulation and measurement. [26]

Height of Floor

3.5m

Thickness of walls

27cm

Materials of ceiling

1cm false ceiling panels+50cm air
gap+ 15cm concrete layer +10cm

mosaic tiles

Material of floor

Concrete+ mosaic tiles
(30cm*30cm)

Material of walls

Brick covered by plaster (g, = 4.44,
0=0.001)

Material of doors

Plywood for most rooms, two
parallel Sheet of iron separated by

3cm for laboratories

Material of windows

Glass of 4mm thickness, with iron
grid of 30cm*30cm

3.2.1.2 Transmitter and Receiver Specifications

In our measurements, omnidirectional ’1/4monopole antennas with gain

(2dBi) were used at 3.5GHz frequency band. The transmitted power was

(+2dBm). Both of the antennas are oriented vertically polarized. The

antenna patterns of both antennas are shown in the Figure 3.2 (In

simulation, maximum gain orientation is adapted accordingly).
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A Linear monopole: Untitled Graph

70
Theta (')

Figure 3.2: Radiation pattern for the antennas of Tx and Rx; (A) Vertical

plane, (B) Horizontal plane.

3.2.1.3 Waveform Specifications and Study Area

With regard to waveforms used in simulation, sinusoid is used for
3.5GHz and 28GHz as shown in Figure 3.3, in compliance with
measurements. In general, the limits of the study area are set as full (3D)
SBR. For the majority of simulation situations, we use 6 reflections, 4
transmissions and 1 diffraction, respectively and dispersion diffuse is
inactivated and number of propagating rays are 1-25, with acceptable
simulation accuracy and simulation time. Simulation time is reduced:
from 2 hours to 6 minutes, for example, if the number of diffractions

decreases from 1 to 0.0.

Sinusoid properties

Short description:  [Sinusoid |

Carrier frequency (MHz): [3500

Effective bandwidth (MHz): [100

Phase ('): 0.0000

[ ok | [ Cancel |  Apply |
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Figure 3.3: (a) Waveform of ray tracing model, (b) Study area of ray

tracing model.

3.2.1.4 Outputs

Different output types are given by WI, but in this thesis one of

them has been used which is described in equation (3.1).

Pr=3" p, z 18—|Ee(¢9l,q>)+E¢l,<i>(t9l,¢>)|2 (3.1)

Where Nprepresents the number of paths, in this thesis it is taken as
469, in our stationary channel, which is sufficient. Parameter P; is the
average time of the i*" path power in watts, which is constant for our
stationary channel, A is the wavelength of the signal; 1 is the free
impedance of space. The position of arrival in (elevation) and (azimuth)
are 6; and @; Ingredients, the Ey; and Egare the electrical field
components of the elevation and azimuth of the i, direction at the
receiver, and £ is an intersection of the transmitted waveform frequency
spectrum and the waveform received, that lies within the [0, 1] interval.

38



Received power is then converted from watts to dBm and it is then

possible to measure the path loss via,
PL (dB) = P (dBm) — P, (dBm) + G (dBi) + Gr (dBi) — Ls (dB) (3.2)
Where P; in dB is path loss, P; in dBm is the transmitted power, P.

in dBm is received power, antenna gains in dB are transmitted and

received by G; andG,., and L, is the loss of cables in dB [10].

3.2.2 Measurement Setup
In this work, one channel measurement method is used; focusing on
3.5 GHz. Figure 3.4 displays the 3.5 GHz channel measurement system

that has been used.

Omnidirectional Omnidirectional

SG (TGR 6000) SA (MS2665C)

Figure 3.4: Channel measurement system.

A 2dBi gain monopole antenna is linked directly to the SG as Tx.
With attenuator connected between TX and RX instead of antennas to
measure the transmitted power producing power of 2 dBm. The SG is a
fast-sweep 6GHz RF signal generator model TGR 6000 (10MHz to
6000MHz frequency range) as shown in Figure 3.5. In order to measure
the maximum capacity of the receiver, the vector signal generator (VSG)
was programed to transmit a narrow band signal with a 100 MHz
bandwidth and maximum power of 2 dBm. The signal was delivered from

the VSG to the signal spectrum analyzer (SSA) via cable.
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Figure 3.5: 6GHz RF signal generator.

Another similar monopole antenna has been connected directly to
signal spectrum analyzer (SSA), with Anritsu model number MS2665C (9
KHz-21.2GHz frequency range) as shown in Figure 3.6; that was the RXx.

For link to the antennas, coaxial transmission cables were used. The

antennas were % omnidirectional antenna (operation band from 2.4 to 3.5

GHz) as shown in Figure 3.7; placed at a height of 1.34 meters relative to
the ground. Vector signal generator (VSG) and signal spectrum analyzer
(SSA) were both mounted on movable equipment carts. By putting the
receiver 0.02m from the transmitter, a reference power level was
determined. Co-polarization reference calculation was performed at this
distance; co-polarized denotes when both transmitter and receiver antenna

are vertically polarized for both LOS and NLOS cases.
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Figure 3.6: Anritsu spectrum analyzer.

£ ROHDE&SCHWARZ (X e T T

Figure 3.7: 1 /4 Monopole antenna.

Both measurements and simulations campaigns were performed in
the line of sight (LOS) channel condition when nothing blocked the path

between the transmitter and the receiver, while the path between the
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transmitter and the receiver is blocked in the Non-line of sight (NLOS)

condition as shown in Figures 3.8 and 3.9.

Figure 3.8: (a) Three-dimension simulation setup for LOS Case, (b)

Indoor measurement setup for LOS case along the corridor.
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Figure 3.9: (a) Two-Dimension simulation setup for NLOS case (b)
Indoor measurement setup for NLOS case along the corridor.
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Chapter Four

Results and Discussion for Indoor Measurements

4.1 Introduction
The following results refer to both LOS and NLOS channel

conditions. In Microsoft Excel ®, each dataset has been structured and
processed in Matlab for evaluation and plotting. An example of path loss
versus distance for simulation and long-corridor measurement of the 3.5
GHz method in both LOS and NLOS cases are shown in Figures 4.1 and
4.2. Overall, while more variance exists in practical measurements, the
agreement is good. During practical measurements, the transmitter is
steady and the receiver is shifted away in steps from 0.02 to 10 meters

assuming single path.

120
100 — Path Loss(dB)
Practical

m 80 A AN N R AL
l% 2R i v \ = Path loss(dB)
§ = i ’ - - simulation
c - -
T 40 r fit line PR.
o

20

0 —fit line Sm.

00 08 16 23 31 39 46 54 6.2 70 7.7 85 9.3
T-R Separation Distance(meters)

Figure 4.1: Measured and simulated path loss for the LOS case along the

corridor with curve fitting.
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Figure 4.2: Measured and simulated path loss for the NLOS case along

the corridor with curve fitting.

In measurements, the path loss calculation used is shown in equation (4.1)

as mentioned in chapter 3:
L patr (dB) = P 7(dBm) -Pr (dBm) +G (dBi) +GR (dBi) -Lg (dB)  (4.1)

Py and P ; are transmitted and received power, respectively, where
Gr and Gy indicate maximum transmitting and receiving antenna gains,
and Lg denotes other system losses, such as cable losses or losses of
conversion, as alluded to in sub-section 3.2.1.4. To evaluate the
consensus of simulation and measurement performance, the CI and FlI

path loss models are used. In WI, similar calculations are carried out.

4.2 Indoor Corridor Path Loss Modeling: Close-in Free
Space Reference Distance Path Loss Model

The modeling technique used to characterize the 3.5 GHz LOS and
NLOS data is known as the path loss model of Close-In free space
reference distance (CI) [29]. The measurement, simulation, least squares
(LS) fit to the results, ClI model for the LOS setting in the building along

the corridor as shown in Figures 4.3 and 4.4,

According to the equation was mentioned in chapter two.
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PLci (fc, d) [dB] =FSPL (f¢,do) [dB] + 10nlogio d/ do + X (4.2)

For, d > do, where dy=1 m.
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100 = Path loss(dB)
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g S el
5 607 / ——CIPLSM.
e
T 40
o
20 ——fit line
0
-1.70-0.030.27 0.44 0.57 0.66 0.74 0.81 0.87 0.92 0.96
Log Distance

Figure 4.3: ClI path loss model, simulation path loss vs. Log distance

along the corridor for LOS case.
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Figure 4.4: ClI path loss model, measurement path loss vs. Log distance
along the corridor for LOS case.
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The same findings are shown in Figure 4.5 after integrating data

from Figures 4.3 and 4.4,

120
100 —Path !_oss(dB)
—~ Practical
% 80 - = CI| PL PR.
% 60 - Path loss(dB)
< simulation
T 40 CI PL SM.
o
20 Fit line PR.
0 fit line SM.
-1.70-0.030.27 0.44 0.57 0.66 0.74 0.81 0.87 0.92 0.96
Log Distance

Figure 4.5: Combined measurement and simulation path loss vs.

Logarithm of distance, along the corridor for LOS case.

For LOS case, comparison of results for local measurement data
with simulation data results, it can be observed that the n and og
differences between simulation and measurement are not greater than 0.2
and 1.75 dB, respectively. It’s clear that both values for LOS case in
measurement and simulation are very close to each other. The small
difference between them, is possibly attributable to several factors
affected each of the runs performed during the measurement; such as
Imprecise pattern of the antenna or imperfect placement of the Tx/Rx in
WI where the Tx/Rx might not be located in the exact position as the
measurement. The variations can also be contributed because of the
material parameter inaccuracies and neglect of diffraction, but these
should be secondary and also in the simulation, software chooses the best
propagation path unlike practical measurement. Parameters for the ClI

model are shown in Table 4.1.
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Table 4.1: Parameters for the ClI model in LOS case.

Standard Deviation
O-CI dB
Simulation 2.04 1.05 25
Measurement 1.83 3.86 43

Non-line of sight (NLOS) measurements was made in the same
corridor after LOS measurements had been completed. The transmitter
was located at the corner of the corridor for these NLOS measurements;
the receiving antenna was positioned 90° apart from the transmitting
antenna to ensure there was no LOS path. The measurement, simulation,
least squares (LS) fit to the results, ClI model for the NLOS setting in the

building along the corridor, are shown in Figures 4.6 and 4.7.
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Figure 4.6: CI path loss model, simulation path loss vs. Log distance

along the corridor for NLOS case.
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Figure 4.7: CI path loss model, measurement path loss vs. Log distance

along the corridor for NLOS case.

The same findings are shown in Figure 4.8 after combining data from
Figures 4.6 and 4.7.
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Figure 4.8: Combined measurement and simulation path loss vs.

Logarithm of distance, along the corridor for NLOS case.

According to CI model for NLOS case, the variation in n is 0.02dB

between simulation and measurement; the path loss exponent (n) is larger

than the value of measurement, while difference in o¢ Is 2.10 dB

between the simulation and measurement as shown in below Table 4.2.
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Table 4.2: Parameters for CI model in NLOS case.

Path loss o
Standard Deviation _
NLOS Case exponent No.of Points
Ocy dB
(n)
Simulation 2.06 5.23 44
Measurement 2.04 3.13 59

The path loss exponent (n) in NLOS case is larger than LOS by

0.23dB for simulation and 0.28 dB for measurement.

4.3 Indoor Corridor Path Loss Modeling: Floating-Intercept

Path Loss Model

The results of the FI model are described as the following equation

which is mentioned in chapter two.

PLri (d) = ap + 10Blog 10(d) + X ,5;

(4.3)

The practical measurements, simulation, least squares (LS) fit to the

results, FI model for the LOS and NLOS cases in the building along the

corridor are shown in Figures 4.9 and 4.10.
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Figure 4.9: FI path loss model, simulation path loss vs. Log distance

along the corridor for LOS case.
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Figure 4.10: FI path loss model, measurement path loss vs. Log distance

along the corridor for LOS case.

The same findings are shown in Figure 4.11 after integrating data

from Figures 4.9 and 4.10.
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Figure 4.11: Combined measurement and simulation path loss vs.

logarithm of distance, along the corridor for LOS case.

The FI parameters, a, B and o;, for simulation and measurement

are shown in Table 4.3. a, and of variations in the FI model between

simulation and measurements values are larger than 7dB, 0.5, 1.7dB,

respectively. The values of a in both simulation and measurement are

larger than that of free space path loss FSPL which is theoretically

43.39dB. Slope value (B) of the minimum-square mean fit line for the

case LOS for simulation method is larger than that of free space (8 =

2) while close to the free space in the measurement method.

Table 4.3: Parameters for FI model in LOS case.

LOS Case a(dB) B o(dB)
Simulation 63.07 2.22 6.91
Measurement 55.20 1.65 8.62

Path losses for the NLOS channel, FI model are shown in Figures

4.12 and 4.13.
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Figure 4.12: FI path loss model, simulation path loss vs. Log distance

along the corridor for NLOS case.
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Figure 4.13: FI path loss model, measurement path loss vs. Log distance

along the corridor for NLOS case.

Combining figures 4.12 and 4.13 to get Figure 4.14 shown to

compare between two methods.
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Figure 4.14: Combined measurement and simulation path loss vs.

logarithm of distance, along the corridor for NLOS case.

Differences ina,f and og between simulation and measurement

results for the NLOS case are less than 7dB, 0.2 and 2dB respectively. As

shown in the Table 4.4, it can be seen that a value is very large compared
to the free space path loss FSPL (FSPL=43.39dB) theoretical with respect
to the LOS case owing to the unavailability of a clear path in the NLOS

condition study. B slope value in both methods are less than that of free

space ($=2) because it merely serves as a basic slope for determining the

best fit for a data line plot and has no physical basis or frequency

dependency in any way. This does not imply that NLOS signals have

higher distance attenuation than that of free-space transmissions.

Table 4.4: Parameters for FI model in NLOS case.

NLOS Case a dB B o dB
Simulation 79.91 1.03 5.25
Measurement 73.51 0.78 3.13

The NLOS path loss case is approximately 13.5 dB greater than the

LOS case for both simulation and measurement results. A better antenna
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pattern agreement is one possible explanation, due to its simple structure,
the monopole antenna patterns used in WI simulation agree much better
with real monopole antenna patterns used in measurement. The results
show that the difference of the path loss exponent (n) parameter changes
dramatically when a brick wall corner blocks the direct connection

between transmitter and receiver, forcing NLOS conditions.

The value of the path loss exponent for simulation (by Wireless
InSite software) and measurement results was found to be within the
range of recorded values when compared to recent works by [66], [67]
and [68] as indicated in Table (4.6). In reference [66] for modern multi-
story buildings in various areas, measurements were taken at various
frequencies of (433-2400) MHz. Both the Tx and Rx antennas were
adjusted to a height of 50cm. N. Rakesh et al. [67] computed the path loss
exponent from measurements data (for urban Macro cell scenario) at
three frequencies of 3.35, 4.9, and 5.4GHz at base station antenna, it is
mounted on the rooftop of a building fixed with a telescopic tower, and
mobile station antenna, which is connected to a tower setting up on the
top of a van used during the calculation. Furthermore, in reference [68]
within the range (3.1-4.2), the path loss exponent was found for seven

various frequencies and different rooms.
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Table 4.5: Comparison of path loss exponent with most recent works in
indoor environments.

Path Loss
) Frequency Channel
Environment Exponent -
range GHz Conditions
(n)
Narrow Straight
_ 2.4 2.10 LOS
Corridor(measurement)[66]
Wide Straight Corridor
_ _ 2.4 1.43 LOS
(simulation)[66]
Urban Micro
3.35 3.32 NLOS
Cell(measurement)[67]
Multi-room [68]
- 3.6-3.7 4.4 OLOS
residential(measurement)
Urban Micro
4.9 2.07 LOS
Cell(measurement) [67]
Urban Micro
5.4 2.06 LOS
Cell(measurement)[67]
Urban Micro
5.4 3.60 NLOS

Cell(measurement)[67]
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Chapter Five

Path Loss effects on Millimeter and Centimeter
Waves in Outdoor Environment

5.1 Introduction

Estimating path loss of channel parameter is important for modeling
fifth generation communications systems over distance and/or frequency
in outdoor wireless cellular systems [69]. A significant amount of
attenuation due to vegetation, atmospheric gases, a high blockage loss
due to human body and many other obstacles commonly found in outdoor

environments are the main outdoor propagation characteristics [70].

In this chapter path loss and channel modeling were evaluated at the
outdoor environment with respect to the sub-band and millimeter band
using ray tracing technology, the simulation software used for this was
Wireless Insite® (W1).

5.2 Simulation of the Study Area

The Wireless InSite software was used to create a simulation model
for the campus of the Electronics Engineering College in Mosul as shown
in Figures 5.1 and 5.2, which was then executed upon seeing its actual
dimensions depend on Google Earth Map (GEM) software. Table 5.1 lists

all of the materials that were used to establish the model.
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Table 5.1: Materials of the study area

Type of Material Thickness
Brick 0.125
Wet Earth 0.000
Foliage 0.000500

The transmitter is situated at a height of 2.0 meters above ground
level. In addition, this study employs a specific type of receiver known as
a route. As shown in Figures 5.1 and 5.2, the number of points deployed
on campus is 39, all of which are considered LOS because there are no
barriers between them and the transmitter. Also the height of the receiver

Is 1.70 m from the ground.

Figure 5.1: Three-dimension structure for the study area designed using
the Wireless InSite.
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Figure 5.2: Simulation scenario of electronics engineering college area
Using GEM.

5.3 Antennas for the Study Area
Both the transmitter and receiver use directional and omnidirectional
antennas taking into consideration the effect of the types of polarization,

as shown in Figures 5.3 and 5.4.

Figure 5.3: Radiation pattern of antennas for (A) directional and (B)

omnidirectional at vertical polarization.
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Figure 5.4: Radiation pattern of antennas for (A) directional and (B)

omnidirectional at horizontal polarization.

Properties of both the transmitting and receiving antennas are
presented in the Table 5.2. For our case study, we chose a bandwidth of
100MHz for 3.5GHz and 1GHz for 28GHz.
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Table 5.2: Characteristics of the directional and omnidirectional antennas

at 3.5GHz and 28GHz.

Parameter 3.5GHz 28GHz
Horn
Transmit power(dBm) 26.00 30.00
Antenna Gain(dBi) 9.80 24.5
Omni-directional
Transmit Power(dBi)
10.00 10.00
Transmit Antenna
Gain(dBi) 2.5 8.50
Receive_r Ant(_anna 1.47 4.76
Gain(dBi)
Horn-omnidirectional
Transmit power(dBm)
26 20.00
Transmit Antenna
Gain(dBi) 9.6 19.18
Receiver Antenna
Gain(dBi) 2.0 Auto
Transmitter Height(m) 2.00 2.00
Receiver Height(m) 1.70 1.70
Bandwidth(MHz) 100 1000
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5.4 Results

The Path Loss models are important for predicting the attenuation of
signals propagating over long distances. The close-in (Cl) free space
reference distance model and the floating-intercept (FI) (alpha-beta)
model are two of the most commonly used empirical path loss models are
used for comparison between 3.5 and 28GHz frequency bands for

directional and omnidirectional antennas.

5.4.1 Close-In Free Space Reference Distance (Cl) Path Loss Model
Simulation and Close-In path loss model results for 3.5GHz for
directional antenna with the effect of co-polarization and cross-

polarization are depicted in Figure 5.5.

200 - Path Loss at Co-
180 ~— Polarization
160 —
o 140 A— = CI Model at Co-
%120 L —— L —— Polarization
S 100 - — Path Loss at Cross-
S 80 Polarization
¢ 60 = C| Model at Cross-
‘2"8 Polarization
0 -————r—— fit line at Co-Polarization
0.00 1.30 1.60 1.78 1.90 2.00 2.08 2.15 2.20 2.26
Log Distance fit line at Cross-
Polarization

Figure 5.5: CI path loss model, simulation path loss vs. Log distance for
horn antenna at co-polarization and cross-polarization for outdoor

environment at 3.5GHz.

For LOS scenario at the 3.5GHz frequency band, comparison of
simulation results of path loss models for different types of antennas with
effect of both polarizations. For co-polarization and cross-polarization it
can be observed that the path loss exponent (n) compared to the free

space path loss exponent (n=2) and standard deviation oc, values are
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different. For horn antennas PLEs values are smaller than free space
value of 2 for co-polarization. On the contrary, the PLE value is larger
than 2 for cross-polarization because of mismatch polarization so that in
this case there is additional loss in the signal. Large-scale signal
variations are defined by standard deviation (o¢)). The ag¢, values have
difference of 0.94 dB/decade between two cases of polarizations.
Whereas when using omnidirectional antennas the path loss exponent (n)
value is larger than free space path loss exponent (n=2) for both
polarizations because of low gain of antenna compared to the horn
antenna. The oc, values for cross-polarization are larger than co-
polarization by 1.03dB/decade. Also a.; for omnidirectional antenna are
larger than that of horn antenna for both polarizations because of the

height gain of horn antennas as depicted in Figure 5.6.

160 - Path Loss at Co-Polarization
140 —— >l
120 - /:-—':"' N = CI Model at Co-Polarization
m o
S 100 - I\
@ Path Loss at Cross-
S 80 7 Polarization
T 60 ——CI Model at Cross-
O 40 Polarization
20 —fit line at Co-Polarization
0 -+———— fitli (c Polarizati
0.00 1.30 1.60 1.78 1.90 2.00 2.08 2.15 2.20 2.26 Itfine at Lross-rolarization
Log Distance

Figure 5.6: CI path loss model, simulation path loss vs. Log distance for
omnidirectional antenna at co-polarization and cross-polarization for

outdoor environment at 3.5GHz.

Meanwhile when using horn antenna for transmitter and
omnidirectional for the receiver the path loss exponent (n) values for both
types of polarizations is also larger than that free space path loss exponent

(n=2)value but less than omnidirectional antennas. Also the o, values for
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cross-polarization and co-polarization are different by 0.85dB/decade as

shown in Figure 5.7,

Path Loss at Co-
Polarization

== C| Model at Co-

200 I
180 — —

5160 1/

©

7 140

S 120 - s
T

a g _;ﬁ

60
40 +——r————rr—rrrr

0.00 1.30 1.60 1.78 1.90 2.00 2.08 2.15 2.20 2.26
Log Distance

Polarization
Path Loss at Cross-
Polarization
CIl Model at Cross-
Polarization

—fit line at Co-Polarization

fit line at Cross-
Polarization

Figure 5.7: CI path loss model, simulation path loss vs. Log distance for

horn- omnidirectional antenna at co-polarization and cross-polarization

for outdoor environment at 3.5GHz.

The parameters of the Close-In path loss models for directional,

omnidirectional and horn-omnidirectional antennas at 3.5GH frequency

band are shown in Table 5.3.

Table 5.3: Parameters of the Close-In path loss models for directional and
omnidirectional antennas at 3.5GHz frequency band.

Antenna Types Polarization PLE (n) o (dB)
V-V 1.87 0.98
o V-H 2.37 0.92
V-V 2.05 1.04
Omnidirectional
V-H 2.70 2.01
V-V 2.07 1.35
Horn-Omni
V-H 2.18 2.20
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For the other frequency in mm wave band (28GHz frequency band)
which is also one of the candidate frequencies for fifth generation cellular
system. The Close-In (Cl) path loss model and simulation results are
shown in the figures (5.8-5.10). These results of different types of
antennas are display by different colors with the fitting line for co-
polarization and cross-polarization to distinguish them. For horn antennas
as seen in the Figure 5.8.the path loss exponent (n) values are close to the
free space path loss exponent (n=2) for co-polarization. On the contrary
the PLE value for cross-polarization is higher than co-polarization. The
oc) value is different by 0.14dB/decade for cross-polarization and co-

polarization as shown in the Table 5.4.

250 - Path Loss at Co-

200 L Polarization
= - C| Model at Co-
o Polarization
% 150 -
2 éV'_% Path Loss at Cross-
;' 100 Polarization
T = C| Model at Cross-
& 50 Polarization

—fit line at Co-Polarization
O Trrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr1rr1rro1i1
0.00 1.30 1.60 1.78 1.90 2.00 2.08 2.15 2.20 2.26 fit line at Cross-

Log Distance Polarization

Figure 5.8: CI path loss model, simulation path loss vs. Log distance for
horn antenna with co-polarization and cross-polarization for outdoor

environment at 28GHz.

For omnidirectional antennas the CI path loss model results and
simulation results are shown in Figure 5.9. The path loss exponent (n)
values for both polarizations are higher than of free space path loss
exponent (n=2) value. In the omnidirectional antennas the multipath

increases when using high frequency so that the PLEs values increase.
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The o, values for cross-polarization are larger than co-polarization by
0.48dB/decade.

250 - Path Loss at Co-Polarization

N
o
o

Path Loss(dB)
z
; ! i

= C| Model at Co-Polarization

path loss at Cross-

100 Polarization
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0 —fit line at Co-polarization

0.00 1.30 1.60 1.78 1.90 2.00 2.08 2.15 2.20 2.26
Log Distance

fit line at Cross-Polarization

Figure 5.9: CI path loss model, simulation path loss vs. Log distance for
omnidirectional antenna at co-polarization and cross-polarization for

outdoor environment at 28GHz.

Figure 5.10 shows the tacking effect of horn-omnidirectional
antennas. For both types of polarizations, the path loss exponent (n)
values were higher than the free space path loss exponent (n=2) value.
Also, the outdoor LOS PLE (n=3.49) value for cross-polarization was
higher than the outdoor LOS PLE value for the 3.5GHz band because of
the higher frequency. The o, values have different trends for both types
of polarizations. The standard deviation o¢, values of cross-polarization
differ by 1.02dB/decade than co-polarization. The parameters for Close-
In path loss model for horn, omnidirectional and horn-omnidirectional for

28GHz frequency band are shown in the Table 5.4.
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Figure 5.10: CI path loss model, simulation path loss vs. Log distance for
horn-omnidirectional antenna at co-polarization and cross-polarization for

outdoor environment at 28GHz.

Table 5.4: Parameters for Close-In path loss model for directional and
omnidirectional for 28GHz frequency band.

Antenna Types Polarization PLE (n) o (dB)
V-V 2.00 2.10
Horn
V-H 3.1 2.24
V-V 2.5 1.14
Omnidirectional
V-H 3.26 1.62
V-V 2.64 1.81
Horn-Omni
V-H 3.49 2.83

Comparing Figures (5.5-5.10) for 3.5 and 28GHz, the PLEs were
found to be nearly identical for co-polarization cases for horn antennas
and close to the free space path loss exponent. However, whereas the
omnidirectional and horn-omnidirectional antennas, PLEs values in the

3.5 and 28 GHz frequency band were higher than free space path loss
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exponent(n=2) at both polarization cases, because of the low gain of
omnidirectional antennas. The figures show that path loss at 3.5 GHz and
path loss at 28 GHz have strong consistency. It can be concluded that the
28 GHz PLE values are always greater than the 3.5 GHz PLE values at
the same place, and this result holds true for all polarizations in LOS
scenarios. The PLEs values for cross-polarization at 28 GHz is obviously
around 7.3 dB higher than at 3.5 GHz for horn antenna and 5.6dB for

omnidirectional and 13.1dB for horn-omnidirectional antennas.

5.4.2 Floating-Intercept Path Loss Model (FI)

Figures 5.11, 5.12 and 5.13 demonstrate the path loss model findings
for directional and omnidirectional antennas with distances ranging from
1-190 meters, taking into account the influence of both polarizations in
the 3.5GHz frequency band. For directional antenna, the parameters of the
FI path loss model indicate that the PLE (8 slope) is nearly identical to
the Cl model with 13.2dB less for co-polarization and 4.0dB for cross-
polarization. For omnidirectional antennas the £ slope value compared to
the Cl model was 9.0 dB less for co-polarization and 8.6dB for cross-
polarization. Finally the PLE (5 slope) value for the horn-omnidirectional
antenna was 7.7dB for co-polarization and 3.9dB for cross-polarization,
because of the slight difference between the references value at 100 m
and the maximum FI path loss value at 190 m. This implies that the path
loss slope was small, while the slope along the path loss in the CI model
(the reference value is 1 m) was high in comparison to the 190 m path
loss value. The floating intercept (a) value also compared to the
theoretical free space path loss of (43.39dB) for directional antenna have
difference 45.15and 63.61 dB/decade for co-polarization and cross-
polarization respectively. Whereas for omnidirectional antenna the

floating intercept (a) values have difference 29.57 and 34.76 dB/decade
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for  co-polarization and  cross-polarization.

omnidir

ectional

Finally  for  horn-

antenna the «a values have difference 30.60 and

63.72dB/decade for co-polarization and cross-polarization respectively.
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Figure 5.11: FI path loss model, simulation path loss vs. Log distance for

horn antenna at co-polarization and cross-polarization for outdoor

environment at3.5GHz.
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Figure 5.12: FI path loss model, simulation path loss vs. Log distance for

omnidirectional antenna at co-polarization and cross-polarization for

outdoor environment at 3.5GHz.
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Figure 5.13: FI path loss model, simulation path loss vs. Log distance for
horn-omnidirectional antenna at co-polarization and cross-polarization for

outdoor environment at 3.5GHz.

The parameters of the FI path loss model are shown in the Table 5.5.

Table 5.5: FI path loss model parameters at 3.5GHz.

Antenna Types Polarization a(dB) B o (dB)
V-V 88.54 0.55 0.99
Horn :
V-H 107.00 | 1.97 2.59
V-V 72.96 1.15 1.46
Omnidirectional
V-H 78.15 1.84 2.46
V-V 73.99 1.30 1.66
Horn-Omni
V-H 107.11 1.79 1.06

For 28GHz, the parameters of the FI path loss models are display in
Table 5.6. The FI path loss model parameters for directional antenna also
compared to the PLE (f slope) value is similar to the CI path loss model

with 9.6 dB less for co-polarization and 13.1 dB less for cross-
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polarization as shown in Figure 5.14. The (p slope) value for
omnidirectional antenna was 11.8 dB less for co-polarization and 10.5dB
less for cross-polarization as shown in Figure 5.15. Whereas for horn-
omnidirectional antenna the results as shown in Figure 5.16. The
B slope value was less than PLE in the CI model by 15.2dB for co-
polarization whereas it was less than PLE value by 11.9dB for cross-
polarization. The floating intercept values at 28GHz also compared to the
theoretically free space path loss of (61.39dB) vary widely in all cases for
antennas. As shown in case of directional antennas for both polarization
cases the floating intercept («) values have difference of 43.81 and 56.21
dB/decade for co-polarization and cross-polarization respectively. For
omnidirectional antennas the a values have 27.29 and 29.63 dB/decade
for co-polarization and cross-polarization respectively. Finally for horn-
omnidirectional antennas the a values have 36.47 and 50.73 dB/decade
for co-polarization and cross-polarization respectively. The standard
deviation (of) values have different trends for different types of
antennas. The o values increases at cross-polarization compared to the

co-polarization is not higher than 2 dB at both antennas.
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Figure 5.14: FI path loss model, simulation path loss vs. Log distance for
horn antenna at co-polarization and cross-polarization for outdoor

environment at 28GHz.
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Figure 5.15: FI path loss model, simulation path loss vs. Log distance for

omnidirectional antenna at co-polarization and cross-polarization for

outdoor environment at 28GHz.
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Figure 5.16: FI path loss model, simulation path loss vs. Log distance for

horn-omnidirectional antenna at co-polarization and cross-polarization for

outdoor environment at 28GHz.
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Table 5.6: FI path loss model parameters at 28GHz.

Antenna Types Polarization a(dB) B o (dB)
V-V 105.20 1.04 1.38
Horn
V-H 117.60 1.79 2.05
V-V 88.68 1.32 1.65
Omnidirectional
V-H 91.02 2.21 2.64
V-V 97.86 1.12 1.90
Horn-Omni
V-H 112.12 2.30 3.26

As shown in Figures (5.11-5.16), the FI model demonstrated close
reflection frequency dependence at 3.5 GHz and 28 GHz, respectively.
This phenomenon is known as the wavelength effect, since when the
wavelength is reduced, the rate of reflection increases proportionally.
Finally, the FI model can be used to model a horn antenna for co-
polarizations at 3.5GHz and 28GHz respectively, and it is highly
recommended for the 28 GHz frequency band. The horn-omnidirectional
antenna for co-polarization # slope line value at 3.5 GHz was higher
than the slope line at 28 GHz. It is obvious the B slope line is not
frequency dependency. Also it can be concluded that the path loss
exponent (n) values depend on environment more than frequency
dependence and distance dependence. The comparison between two Path
loss models for different types of antennas at 3.5 and 28 GHz are shown
in the Table 5.7.

73




Table 5.7: Single-frequency FI and CI path loss models in an outdoor
scenario at 3.5GHz and 28GHz parameters.

.__.._|Frequency PLE o G

Antenna types |Polarization GHz Model ) B @) | @B)
35 Cl [1.87] - = 10098

VAV, ' FI | - ]0.42]|88.54|0.99

28 Cl (2.00] - - 2.10

Horn-Antenna FI | - [1.04]/105.2]1.38
35 Cl |2.37] - - 192

V-H FI - 11.97] 107.0 | 2.59

28 Cl [31] - - 2.24

FI - 11.79]117.60| 2.05

35 Cl [2.05] - - 1.04

VoV ' FI | - |1.15]72.96|1.46

28 Cl |24 - - 1.14

Omnidirectional- Fl - 1132/ 8868 1.65
Antenna 35 Cl |27 - - | 207
V-H ' FI | - |1.83]78.15|2.46

28 Cl [3.26] - - 1.62

Fl - 12.21]91.02 | 2.64

35 Cl 12.07] - - |1.35

VAV, ' FI | - |1.30]73.99 | 1.66

28 Cl 264 - - 1188

Horn-Omni Fl - 11121 97.86 | 1.90
35 Cl |2.18| - - 1220

V-H FI - 11.79]107.11| 1.06

28 Cl |3.49| - - 283

Fl - 12.30]112.12] 3.26

5.4.3 Alpha-Beta-Gama (ABG) Path Loss Model

The results of the simulation path loss compared to the ABG model
for directional and omnidirectional antennas at 3.5, 28 and 38GHz in
outdoor environment are shown in the following figures 5.17, 5.18 and
5.19. They show the path loss model for various frequencies and include
factors that are affected by distance and frequency. The ABG multi-
frequency model parameters are listed in Table 5.8. For the

omnidirectional antenna the distance-coefficient term « is larger by 1.9
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and 4.7dB/decade than for the directional and horn-omnidirectional
antennas. This difference because of high multipath for omnidirectional
antenna. The frequency-coefficient slope (y) is 3.99, 3.39 and 1.7 for
omnidirectional, horn-omnidirectional and horn antennas for LOS case
study. The standard deviation o value at horn-omnidirectional antenna is

larger by 0.43 and 13.93dB/decade than omnidirectional and horn-
omnidirectional antennas.
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Figure 5.17: ABG path loss model for horn antenna at 3.5,28 and 38GHz.
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Figure 5.18: ABG path loss model for omnidirectional antenna for 3.5,28
and 38GHz.

130 ~

120

100 ~

PathLoss(dB)
8 o
L L

200

100

10
Frequency(GHz) 0 0

Distance(m)
Path Loss at 3.5GHz — ABGat 3.5GHz

O Path Loss at 28GHz _ ABGat 28GHz
Path Loss at 38GHz — ABG at 38GHz

Figure 5.19: ABG path loss model for horn-Omni antenna at 3.5,28 and
38GHz.
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Table 5.8: Parameters of ABG path loss model for 3.5,28 and 38GHz
frequency bands.

Antenna Type a B Y o(dB)
Horn 1.54 31.93 1.7 3.64
Omnidirectional 1.73 36.85 3.99 4,99
Horn-Omni 1.25 29.11 3.39 5.033

Table 5.9 shows comparison of different outdoor parameters in this
work with similar recent works. In [70] the investigation was carried in an
outdoor urban environment in a tropical country like Malaysia, where rain
and fog were present, to examine and precisely quantify the co-
polarization and cross-polarization attenuation factor from the
perspectives of various antenna polarizations and scenarios. The
measurement results show that the PLE (n) value for the CI model is
higher than free space PLE value (n=2) for LOS and NLOS scenarios. On
the contrary, in the ABG model the distance-dependency o value is 1.12
for the LOS and 2.38 for the NLOS at different frequencies. The results
of [71] show that the PLE values at 3.5 and 28GHz are larger than free
space path loss exponent value (n=2) for both LOS and NLOS conditions
in urban macro-cellular (UMa) scenario. In [72] the path loss exponent
(n) values for diverse parking lot scenarios were nearly comparable at 28
GHz and 38 GHz, according to the results. Also the standard deviation
values for both single Park lot (SPL) and Dual Park lot (DPL) were
virtually comparable, indicating that the shadowing effect was almost

identical in both cases.
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Table 5.9: Parameters of the path loss models for recent works for
outdoor environment.

) PLE Or | Op | O
Scenarios | Frequency | Model (e tnsc) Bri.Basc| OF1 | Vage dCBl del a‘g‘;
26 1.53 - - - 1.71 -
28 cl 2.71 - - - 4.18 -
36 3.05 - - - 3.37 -
38 3.12 - - - 3.97 -
Urban 26 - 1.13 [66.38 - - 11.64| -
environment 28 Fl - 0.31 (94.91 - - 1297 -
36 - 0.85 194.22 - - 12.03| -
38 - 219 |76.92 - - 13.81| -
26,28,36
And3s ABG 1.1213 | 107.402 - 112.7045| - 0.25
Urban areas 3.5 2.15 - - - 3.26 -
(Uma Cl
Scenario) 28 2.17 - - - 3.94 -
28 ClI SPL 2.7 - - - 3.7 -
38 Cl DPL 3.4 - - - 3.1 -
ClI SPL 2.8 - - - 1.9 -
Parking lot CIDPL| 3.1 - . - 3.4 -
28 FI SPL - 3.0 56.8 - - 3.7 -
FI DPL - 0.8 103 - - |24 -
FI SPL - 2.8 64.6 - - 119 -
38 FI DPL - 0.4 108.5 - - 114 -
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Chapter Six

Conclusions and Future Works

6.1 Conclusions

Wireless measurements and simulations campaigns throughout the
sub-frequency band at 3.5 GHz were taken for both LOS and NLOS
channel conditions at the Electronics Engineering College, Department of
Communication Engineering, Ninevah University, Iraq. Path loss of
channel modeling was investigated and comparisons were made between
simulations using WI ray-tracing software and practical measurements.
There was concentration on path loss results for the 3.5 GHz band for
indoor corridor channels, but there were also simulation results for the 3.5
and 28 GHz frequency bands for the outdoor environment by using two
types of antennas. To assess the good agreement between measurement
and simulation campaigns, the commonly used CI, FI for single
frequency and ABG for multi frequency path loss models were used. The
path loss exponent values differences between simulation and
measurement for LOS and NLOS are less than 0.23 and 0.05,
respectively. The variations in ClI model standard deviation between
simulation and measurement are less than 2.9 dB and 2.2 dB For LOS
and NLOS scenarios, respectively. In this study, the path loss model
slopes were higher than the free space path loss exponent (n=2) value at
the NLOS scenario for indoor environment. The difference of CI path
loss exponent values at 3.5 and 28GHz for outdoor environment is less
than 0.12, 0.46 and 0.58 for horn, omnidirectional and horn-
omnidirectional antennas when both antennas are vertically polarized.
Whereas when the transmitter antenna is vertical polarization and the

receiver is horizontal polarization the difference of the PLEs values are
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less than 0.39, 0.57 and 1.32 for horn, omnidirectional and horn-
omnidirectional antennas. At both polarizations, the model fit standard
deviation values for the 28GHz frequency band are higher than those for
the 3.5GHz frequency band. The ABG and CI models are both viable
omnidirectional and directional path loss models to evaluate for the
outdoor scenario, with the ABG model being similar to the FI model in
that it uses offsets. When contrasted to the ABG or FI models, the CI
model has a physical relationship to transmitted power and a frequency-
dependent path loss factor in the first meter, resulting in PLEs that are
significantly more consistent over wide frequency ranges, with about
comparable shadowing standard deviation. For each environment, path
loss for different models was determined as a function of distance. It can
be concluded that the path loss increased with higher frequency in

addition to long distances between both antennas.

6.2 Future Works

For future work in this field it is suggested to focus on followings:

1. More measurements for 28 GHz narrowband channel path loss are
needed for indoor corridor building and outdoor environments.

2. For mm Wave path loss effects, simulation features, such as the
number of propagation paths and antenna patterns need to be fine-
tuned. Material parameters and rough-surface scattering parameters
can be tweaked to a lesser extent. There is also a need for more precise
modeling of floor plans and obstacles.

3. More materials attenuation (penetration loss) research, using both
measurement and simulation, should be carried out for real-world
building structures with various types of layers and complex

composition.
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4. Finally, measurements of millimeter wave massive MIMO for 28
GHz and sub-frequency band for 3.5GHz should be made and

compared to massive MIMO simulations.
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