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ABSTRACT

Large scale path loss modeling is critical in both mobile and fixed broadcasting system design. Predicting
a system's radio coverage area is not standardized. As a result, before installing a wireless system, the channel
surroundings, frequency range, as well as preferred radio coverage range must all be considered. Path loss
estimation is critical in link characterization and predicting cell coverage in mobile radio systems. Increased
subscriber numbers, particularly in urban areas, necessitate the addition of more base stations as well as
channels. To achieve highest effectiveness from the spectrum sharing concept in contemporary communication
network, interference at cell boundaries must be completely removed. An accurate path loss prediction method
is used to properly determine the cell size. Beginning with signal propagation physical processes and basic path
loss models, this thesis aims to demonstrate various precise path loss prediction models that can be utilized for
fifth generation (5G) wireless indoors networks. For a thorough analysis, the single frequency close in (CI)
references free space and floating intercept (FI) path loss models are used for continuous radio wave

propagation in an enclosed corridor.

This study analyses the large-scale path loss models for an indoor corridor environment at frequencies of 28
and 38 GHz. The measurement environment consists of an indoor corridor with both line-of-sight (LOS) and
non-line of sight (NLOS) scenarios using vertical-vertical (V-V) and vertical-horizontal (V-H) antenna
polarizations. The single-frequency CI, FI, free space large-scale path loss models and measured data from the
measurement campaign were used to evaluate the performance analysis. It also focuses on various parameters,
such as standard deviation, path loss exponent (PLE), accuracy, simplicity, and stability of the models. The FI
and CI models produce comparable results for both antenna polarizations and clearly fit with the measured path
loss. The PLE, with the highest value of 3.33 at 38 GHz (V—H), is much higher in the NLOS scenario with V-H
polarization due to the signal degradation along the path from the transmitter (Tx) to the receiver (Rx). This is
because there is no direct LOS between the Tx and Rx antennas. The Rx only relies on signal diffractions and

reflections from obstacles as it transmits through the path from the Tx antenna.

Furthermore, this research evaluates the third order CI PLM as well as the improved version of the well-
known CI and FI path loss models at frequency bands of 28 and 38 GHz in the same measurement environment.
One of the key findings is that the improved versions of these models typically perform better in terms of
consistency than the standard models thereby justifying their high accuracy level. The third order CI PLM and
the improved versions of the CI as well as the FI demonstrate a significant improvement for various antenna
polarizations. The mean prediction error (MPE) and standard deviation error (SDE) also show how precisely
and accurately the improved models predict the path loss. Additionally, the improved models provide the
reasonable responsiveness and uniformity of the parameters with the change in the antenna polarization and
lower the shadow fading's standard deviation in LOS as well as NLOS situations. The results confirm that the

modified versions of CI and FI models predict path loss better in an enclosed environment for 5G networks.

In addition, the analysis of a path loss prediction model based on squared root distance (SRD) measurement
for wireless services in enclosed spaces was also performed in this work. The CI free space reference distance

model as well as the FI model is employed to evaluate and assess this model. This research also contains an



improved CI as well as FI method to assess the consistency of the squared root distance model utilizing two
main error benchmarks: MPE and SDE. The main results indicate that the squared root distance model, which
perfectly aligns the measurement data, offers good precision for predictions in the two bandwidths studied.
Besides that, when contrasted with the conventional CI and FI models, the squared root distance path loss
models have outstanding mean prediction error and standard deviation error. Ultimately, this analysis showed
that the standard deviation of shadow fading can be substantially lowered in LOS as well as NLOS, suggesting

greater accuracy in estimating path loss.

Having seen the need to achieve a further improvement in the performance of the existing CI model, this
study proposed an improved CI model which was evaluated at frequencies of 28 and 38 GHz. It outperforms the
conventional CI model. The research results indicate that the proposed enhance model delivers a better output
when compared to the existing single frequency path loss model characteristics of the enclosed environment
used. The findings also indicate that the upgraded model raises stability and sensitivity in the NLOS scenarios
(which usually has high level of signal degradation), indicating a higher degree of path loss prediction accuracy.
The path loss measurements and model analysis presented here will be useful in designing 5G wireless
communication systems for indoor environments, particularly for power budget calculations. These path loss
models were improved by changing existing parameters, resulting in considerable improvements for various
antenna polarizations, particularly in the path loss exponent and shadow fading standard deviation.
Understanding that these two parameters are critical for minimizing path loss in wireless communication
systems. The Rohde and Schwarz SMB 100A radio signal generator, a Rohde and Schwarz FSIQ 40 signal
analyzer, two broadband horn antennas, and MATLAB software were used for measurement and model

analysis.

Vi
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Chapter 1

Introduction

1.1 Introduction

Wireless communication refers to the transmission of information via channels without physical interaction.
Its usage has evolved considerably rapidly over the last two decades. Innovations in wireless network
technologies have already significantly assisted our everyday lives, fueling the need for advanced mobile
devices such as laptops, smart phones, tablets, and so on. The popularity of the smart phones has fueled the
exponential growth of mobile telephone services. Nevertheless, rapidly rising in the usage of several smart
phones has led to an enormous rise in the wireless connectivity, posing a huge task to the mobile communication

functionalities [1] as shown in Figure 1.1 [2].

Figure 1.1: A typical mobile radio propagation environment [2].

The utilization of millimeter wave (mmWave) spectra bands is the most recent advancement in the wireless
networking. The mmWave technology has several advantages in the wireless communication systems such as
high capacity, high data rate, large bandwidth etc. Meanwhile, increasing mobile throughput has prompted the
development of a variety of other technologies to the mobile radio networks. One popular initiative for the fifth
generation (5G) involves the utilization of previously underutilized mmWave range [3]. When compared to
radio systems which operate at frequency range below 6 GHz, the mmWave frequency bands provides much
larger bandwidth which allows a greater number of wireless devices and applications. Potential uses include the
internet backbone as well as elements that constitute connectivity [4] or access links. Recent research has shown
that the broad practical applicability of the external access points in mmWave spectral range requires the path
loss (PL) assessments [5]. The standout feature of the mmWave communication network is its capability to
fulfill the specifications for the 5G network in the present as well as in the future. Despite having a bandwidth of
approximately 250 GHz, mmWaves have a frequency range of 30 to 300 GHz. The mmWaves have a higher
level of loss as compared to the microwaves. It motivates the implementations of several antennas which
significantly contribute to improve the gains as well as offset the loss. A radio wave band with a wide range of
bandwidths exists between 3Hz and 0.3 THz. As the frequency is increased, the wavelength of these waves

decreases. The wavelength range of mmWaves is 1-100 mm. The International Telecommunication Union (ITU)



recommended its use because of the abundance of unlicensed bandwidths ready to be utilized in upcoming
network systems [6]. Aside from the substantial increase in carrier frequency, which enables greater network
speed as well as capacity, there are a number of additional advantages of using mmWave signals. The small
wavelengths cause the reduction in the antenna dimensions which enables the use of the high gain and positional
steerable antennas, potentially leading to novel spatial processing technologies such as massive MIMO and
spatial signal processing [7]-[8]. MmWave communications have a relatively high PL when compared to the
traditional bandwidths in the 700 MHz to 2.6 GHz frequency range. As cell communication range shrinks,
collaborative configurations like node mobility, conventional intrusion detection, transmitters, and
heterogeneous networks become more beneficial. In every communication network, a number of interconnected
components (reflectors and/or scatters) are accessible between the Tx and Rx antennas. As a result, additional
versions of the Tx signal are obtained at the Rx antenna, impacting the channel capacity performance [6]. PL in
communication is thus one of the most important factors to consider when designing the wireless systems.
Besides that, 5G network implementation is completely reliant on accurate PL link characterization as well as
forecasting in order to increase coverage and accomplish the faster transmission speeds guaranteed by 5G

technologies [9]-[10].

External signals invading from macrocells as well as microcells usually provide interior broadcasting
coverage in the initial stages of wireless services. Indoor base stations or switches and routers, such as pico base
stations (PBSs) as well as femto gateways provide the most of indoor radio coverage because of the growing
number of broadband wireless services. As a matter of fact, interior broadcast coverage must be reconsidered
from a fresh perspective. PL is the loss or degradation that an electromagnetic signal (or wave) experiences as it
travels from sender to receiver. Because of PL, the signal's received power level is multiple orders of magnitude

lower than the broadcast power [11].

Due to the complexities of the signal propagation environment and the various transmission techniques, real
time PL is usually a mix of average path loss, Large Scale Fading (LSF), and Small Scale Fading (SSF). The
average PL is deterministic, whilst large scale fading (also referred as shadow fading) and small scale fading are
statistically defined. Path loss models (PLMs) are channel models that investigate the relationship between mean
PL and Tx-Rx separation intervals. LSF models and SSF models deal with the large scale fading and the small
scale fading, respectively. Despite the fact that the basic transmission principle in enclosed areas is similar to

those in open areas, interior radio communication has the following essential specifications:

1. The reflections, scattering, as well as refractions are possible in interior radio wave propagation
because of the wide variety of obstacles including furniture, wall surfaces etc. As a result, radio
propagation mechanisms such as ray-optical methods, which are unlikely to be affected by the quantity
of reflections and refractions, are beneficial.

ii. The size of the interior scenarios is usually smaller compared to the external scenarios. Wireless
channel methods can allow for a considerably higher computation complexity per spatial unit in order
to obtain a greater precision valuation.

iil. In comparison to outdoor spaces, indoor surroundings are typically occupied by slow-moving items as

well as mobile users. As a result, in enclosed spaces, the Doppler shift is relatively insignificant [12].



The following are the four most common radio propagation modeling techniques for enclosed
environments:

Empirical models: Typically, these models come from channel field measurements at designated
points. They are obtained by matching the measured data to a certain simplistic mathematical equation
as well as gaussian distribution. As a matter of fact, empirical models tend to be simple to set up and
have a reduced computation complexity. Despite the fact that empirical models are derived only from a
few representative spots, they maintain several overall quality variables while disregarding the
transmitting surroundings. For a various transmission situation, empirical models have a moderate level
of precision. Among the widely used empirical models for enclosed spaces are the one-slope model,
floor and wall factor models, COST231 model, as well as degradation rate model.

Stochastic models: These are commonly used to model the non-periodic elements of wireless
connections, such as radio bandwidth fading metrics. Stochastic models require little understanding of
the transmission environment. In radio propagation channels, there are two kinds of fading: LSF and
SSF. LSF describes signal quality fluctuations over long distances [4]. In contrast, SSF is distinguished
by regular variations in received power over incredibly short intervals (typically, only few
wavelengths). Stochastic models are commonly used to depict LSF and SSF. For example, LSF is
commonly modeled as Log-normal fading, whilst SSF is popularly modeled as Rayleigh, Rice, or
Nakagami-m fading, among many others.

Deterministic models: These calculations represent the actual propagation of radiowaves. Deterministic
theories are based on Maxwell's equations, which explain the motion of magnetic waves while
accounting for particular transmission conditions. As a result, they are typically very precise.
Deterministic models are also known as site-specific models since they involve the specific network
environments. Deterministic models produce deterministic predictions, which indicate that no
regardless of how frequently you operated it, the prediction values remain constant unless anything
alters in the experiments conducted. Despite their high accuracy, parameters of the model have an
increased computational load. Furthermore, the accuracy of simulations is highly dependent on the
authenticity of the technology infrastructure used in simulation studies. The two most common
deterministic transmission models are ray-optical models as well as Finite-Difference Time-Domain
(FDTD) models [4].

Semi-deterministic models: These are models that combine stochastic as well as deterministic or
empirical elements. As a result, semi-deterministic models profit from deterministic as well as
stochastic or empirical models. Semi-deterministic models, for example, involve less computational
effort and load than deterministic models but have better accuracy than stochastic or empirical models.
Among the semi-deterministic models that exist are the Dominant Path Model, the Motif Model, as

well as the Geometry-based Stochastic Channel Models (GSCMs) [4].

1.2 Problem Statement

The path loss exponent (PLE) is used to evaluate the performance of a communication system in wireless

channel propagation. It has been found that impediments, including walls, furniture, and people, can cause
propagation loss in mmWave technology. The development of a good PL prediction model for these bands still

depends on detailed characterization, analysis, and modeling in these frequency bands, despite the fact that the
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research in this field is ongoing. Different PLM concepts have been proposed by researchers for PL analysis,
particularly in indoor environments [13]-[21]. This study, which was carried out in both LOS and NLOS
measurement data scenarios in an indoor corridor environment, assesses CI and FI PL prediction models for the
frequencies 28 GHz and 38 GHz. A PL model which provides the solution to the perennial problem of signal
degradation along the path of communication of wireless signals when travelling from the transmitter to the

receiver is also proposed.

1.3 Research Aim and Objectives

The aim of the thesis is to investigate various precise path loss prediction models that can be utilized for 5G

wireless indoors networks. The objectives utilized to achieve this aim are to:

i.  Survey mmWave propagation in indoor environment undertaking for both LOS and NLOS scenarios as
well as the comparison of path loss performance analysis of the three commonly used models: CI free

space reference model, FI, and ABG models.

ii.  Examine the large-scale path loss models for an indoor corridor environment at frequencies of 28 and
38 GHz in an indoor corridor with both LOS and NLOS scenarios using V-V and V-H antenna

polarizations.

iii. Evaluate the performance analysis of the single-frequency CI, FI, free space large-scale PLMs and

measured data from the measurement campaign.

iv.  Evaluate the third order CI as well as the improved versions of the CI and FI PLMs at frequency bands
of 28 and 38 GHz.

v.  Analyze the square root distance (SRD) measurement-based path loss prediction model for enclosed
environments which is assumed to vary with the square root of the distance between the transmitters

(Tx) and receiver (Rx).

vi. Analyze the proposed path loss model which improves the CI PL prediction model by taking into

account the influence of the difference in Tx and Rx heights.

1.4 Research Motivation and Contributions

It is indisputably necessary to mobilize mmWave for mobile phones in order to realize the full potency of 5G
for improved mobile broadband. To date, we have seen numerous 5G mmWave smartphone disclosures, as well
as numerous global telecom providers promoting mmWave in their channels, with the United States taking the
lead with live commercial channels [13]. We expect mobile operators favoring mmWave service
implementations in urban areas that require additional network capacity to accommodate rising mobile data
requirement and gradually expanding their mmWave presence to smaller towns. It is also worth noting that these
5G mmWave communication systems will at first concentrate on offering macro outdoor coverage, with indoor
implementations for interior coverage likely to follow [13]. With majority of mobile network traffic emanating
or ending indoors, bringing mmWave services to the enclosed environments presents a huge opportunity for

smartphone network operators. We are already witnessing 5G mmWave deployments for fixed wireless
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connections. Potential deployment scenarios in numerous dense urban cities, such as how a dense urban city
with an established outdoor access networks can re-use sites for 5G mmWave implementation, have been

already examined [13].

Since mmWave does not transmit well outdoors to inside, it is advantageous to implement mmWave inside
as well, given that the same mmWave frequency band can be used in indoors with the coordination with the
exterior operation. This advantage expands mobile operators' options for offering private indoor mmWave
network infrastructure as well as expanding mmWave indoors as part of their wireless connections [13]. 5G
mmWave can enhance customer experiences to greater levels by introducing multi-Gigabit bandwidth, ultra-low
response time, and practically unlimited capabilities to a wide range of gadgets such as mobile phones, tablet
devices, XR (extended reality) headphones, and always-connected laptops, for enhancing the existing indoor

Wi-Fi services [13].

The prime motive for using mm-wave frequency band is its ability of immensely high speed and low
response times owing to the excessive channel capacity, empowering services with very flexible requirements
such as mobile cognition, centimeter-level destination, and mega video and audio broadcasting [14].
Nonetheless, PLMs are important to better understand the attenuation of propagating signals and help
researchers and standards organizations to create effective predictive models for the network infrastructure
models. This has benefited in the development of communication channels such as mmWave technology, which
is widely employed in 5G wireless systems. Most standard bodies demonstrate single frequency PLMs in either

the CI free space reference distance or FI form [15]-[16].

Comprehensive measurement campaign evaluation [17]-[20] has revealed that high-frequency
communication systems encounter transmission mechanism constraints when particularly in comparison to the
sub-6 GHz band. Few studies have attempted to analyze the inner nature of the mm-wave medium, i.e. what
transmission procedures actually generate such channel characteristics [21]-[24]. However, there are some
significant aspects related to the improvement of PLMs in enclosed environments, particularly at frequency

bands of 28 and 38 GHz; have yet to be entirely dealt with. This was completely addressed in this thesis.
This thesis contribution is as follows:

a) Comprehensive review of millimeter wave’s propagation observations in the outdoor, interior office,
and corridor for various frequencies to single frequency path loss models CI and FI, as well as the
multi-frequency path loss model ABG. It was observed that because the CI and FI path loss models are

simple and these models function well practically for all the examined frequency bands.

b)  Analysis of large-scale path loss models in an indoor corridor environment at 28 and 38 GHz frequency
bands with two different antenna polarizations, in both LOS and NLOS scenarios using CI and FI PL

prediction models.

¢) Performance analysis of CI and FI path loss model at 28 and 38 GHz to determine the behavior of the

shadow fading standard deviation and path loss exponent in an enclosed environment.

d) Evaluation of the third order CI as well as the improved versions of CI and FI PLMs at frequency
bands of 28 and 38 GHz using the MPE and SDE.
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e) Assessment of the square root distance measurement-based model using the CI free space reference
distance model as well as the FI model and also determine the degree of predictability of the squared

root distance model using two major error metrics: MPE and SDE.

f)  Proposing the improved path loss model which improves which takes into account the difference in Tx
and Rx heights to produce the improved results for the shadow fading standard deviation and the path

loss exponent values at 28 and 38 GHz frequency in an enclosed environment.

1.5 Scope of the Research Work

The scopes of the research work are:

1. Thorough review of literatures on the existing path loss models in order to determine efficient path
loss models to overcome the challenge of path loss in millimeter wave propagation.

il. Analysis of large-scale path loss models for an indoor corridor environment at frequencies of 28
and 38 GHz. The measurement environment consists of an indoor corridor with both LOS and
NLOS scenarios using V-V and V-H antenna polarizations.

iii. The use single-frequency CI, FI, free space large-scale PLMs and measured data from the
measurement campaign were used to evaluate the performance analysis.

iv. Proposing an improved CI model for enhanced prediction performances with less error prediction,
reduced path loss exponent and a better performance of the shadow fading standard deviation in

comparison with the conventional CI model.

1.6 Organization of the Thesis

The following is the thesis structure:

Chapter 1 introduces the introduction to path loss in millimeter wave propagation, the research goal and

objectives, research contributions, and organization of the thesis.

Chapter 2 discusses the survey of indoor environment undertaking for both LOS and NLOS scenarios as
well as the comparison of path loss performance analysis of the three commonly used models: CI free space
reference model, FI, and Alpha-Beta-Gamma (ABG) models at some selected frequencies. The review looked at
how to determine the efficient path loss models which is a major challenge in millimeter wave propagation. This
chapter also focuses on the measurement work done in millimeter wave research in interior environments. The
analysis of path loss and shadow fading in different frequency bands are presented. Another purpose of this
chapter is to get a thorough understanding of the best path loss model, especially for interior situations, and to
improve it in future research to provide a better line of fit and simplicity among the three fundamental path loss
models: CI, ABG, and FI. In both LOS and NLOS scenarios, the study found that the CI free space reference

model and the FI path loss model are the best path loss models for the indoor millimeter wave propagation.

Chapter 3 examines the large-scale path loss models for an indoor corridor environment at frequencies of 28
and 38 GHz. The measurement environment consists of an indoor corridor with both LOS and NLOS scenarios
using V-V and V-H antenna polarizations. The single-frequency CI, FI, free space large-scale path loss models

and measured data from the measurement campaign were used to evaluate the performance analysis. This
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chapter also focuses on various parameters, such as standard deviation, PLE, accuracy, simplicity, and stability
of the models. The analysis focuses on the peculiarity of the effect of the wall proximity on the path loss

parameters as well as comparisons with the parameters in some of the reviewed literature studies.

Chapter 4 describes the analysis of the third order CI as well as the improved versions of the CI and FI path
loss models at frequency bands of 28 and 38 GHz. One of the key findings of this study is that the enhanced
versions of these models typically perform better in terms of consistency than the standard models thereby
justifying their high accuracy level. The improved versions of the CI as well as the FI demonstrate a significant
improvement for various antenna polarizations. The MPE and SDE also show how precisely and accurately the
improved models predict the path loss. Additionally, the improved models provide the reasonable
responsiveness and uniformity of the parameters with the change in the antenna polarization and lower the
shadow fading's standard deviation in LOS as well as NLOS situations. The results confirm that the modified

versions of CI and FI models predict path loss better in an enclosed environment for 5G networks.

Chapter 5 presents the analysis of the path loss prediction model based on the SRD for wireless services in
enclosed spaces. The CI free space reference distance model as well as the FI model is employed to evaluate and
assess this model. This research also contains an improved CI as well as FI method to assess the consistency of
the squared root distance model utilizing two main error benchmarks: MPE and SDE. The main results indicate
that the squared root distance model, which perfectly aligns the measurement data, offers good precision for
predictions in the two bandwidths studied. Besides that, when contrasted with the conventional CI and FI
models, the squared root distance path loss models have outstanding mean prediction error and standard
deviation error. Ultimately, this analysis showed that the standard deviation of shadow fading can be

substantially lowered in LOS as well as NLOS, suggesting greater accuracy in estimating PL.

Chapter 6 also presents the improved CI model whose results deliver a better output when compared to the
existing single frequency path loss model characteristics for the enclosed environment. The findings also
indicate that the upgraded model raises stability and sensitivity in the NLOS scenarios indicating a higher

degree of path loss prediction accuracy.

Finally, conclusion and future work are given in Chapter 7.

1.7 Chapter Summary

This chapter discusses the introduction of path loss in wireless communication and the use of millimeter
wave spectra bands, which is the most recent advancement in the wireless networking. It also explores the path
loss models used in both enclosed and open environments, research problems, contributions, as well as the thesis
organization. Recognizing that reliable signal propagation loss assessment is critical in the planning and
development of the modern wireless communication networks. This thesis presents the improved CI path loss
model by modifying existing parameters, resulting in significant improvements for various antenna
polarizations, particularly the path loss exponent and shadow fading standard deviation being acquainted with

the importance of these two parameters in minimizing path loss in wireless communication systems.



Chapter 2

Literature Review and Fundamentals of Millimeter Wave

Propagation

This chapter focuses on the survey as well as the fundamentals of millimeter wave propagation in indoor and
outdoor environments. It also undertakes a thorough understanding of the best path loss model, especially for
interior situations, and to improve it in future research to provide a better line of fit and simplicity among the
three fundamental path loss models: CI, ABG, and FI. In both LOS and NLOS scenarios, the study found that
the CI free space reference model and the FI path loss models are the best path loss models for indoor millimeter

wave propagation.

2.1 Introduction

In recent years, the rate of increase in wireless data traffic per subscriber has been above 50% per year, and
due to the continued use of video and internet of things (IOTs) it is predicted to continue to rise over the next ten
years [25]. It has also been predicted that by 2030, mobile data traffic will be increased by a factor of 5000 [25].
This anticipated rise in traffic may, however, be managed by increasing link capacity, spectrum availability, and
significant small-cell densification [25]. To meet this demand, the wireless industry will need to shift to fifth-
generation cellular technology which will use mmWave frequencies to provide unprecedented spectrum and

multi-Gigabit-per-second (Gbps) data speeds to mobile devices [26].

Furthermore, as gigabit Ethernet and desktop connections have become inexpensive for server connections,
the communication sector made a disclosure in 2007 of the empty 10 GB for usage [27]- [29]. In addition,
gigabit Ethernet became the standard for servers, requiring systems to be ordered with gigabit network interface
cards on a regular basis [29]. Over the time, the cost of wireless gigabit lines has about equaled the cost of
wireless, which provides superior output in older wireless applications as well as other feasible uses at gigabit
speeds. Wireless communications have become increasingly relevant in the business world, particularly in
Universal Serial Bus (USB) 2.0, gigabit rates, and long-range connectivity, with the significant applications in

high-quality multi-media, phone, and data services [29].

Previous wireless local area network (WLAN) speeds were just 54 Mb/s with IEEE 802.1 and achieved 150-
300 Mb/s in some applications. However, when it comes to higher access speeds from rich media content, even
500Mb/s is insufficient. In the near future, home Audio/Video (A/V) networks will require Gb/s data speeds to
help deliver uncompressed high-definition video at resolutions of up to 1920-1080 progressive scan, with
latencies ranging from 5 to 15 milliseconds [29]-[30]. In addition, the technical requirements for the high-speed

wireless systems must consider the following factors:

(a) The requirement for higher data rates will continue to grow as the demand for multimedia networks

Srows.



(b) The demand for shared resources has increased as a result of data streaming for both personal and

mobile devices.

Although numerous approaches have been adopted, including IEEE 802.1, IEEE 802.16 WiMax, and Ultra-
wideband (UWB). However, the effectiveness of wireless communications has not been sufficient to meet the
expectations placed on them, particularly in 5G networks [31]. A better way to tackle these challenges is to
make proper use of frequencies that are not employed in millimeter waves but have a lot of application potential.
Despite the fact that millimeter wave technology has been in use for some time. With the advent of process

technology, this technique has begun to garner a lot of traction among academics and businesses.

Even though the IEEE 802.11n standard will improve the reliability of wireless communications, the data
rate will remain modest (even below 1Gbps) [29], [31], [32]. Millimeter wave technology has emerged as a
critical field of research that has aided in the advancement of 5G wireless communications in broadband, with
applications in ultrahigh and high definition technology [33]. Millimeter wave technology operates in the
electromagnetic spectrum between 30 GHz and 300 GHz, with wavelength ranging from 10 mm to 1 mm [34].
This accessible spectrum at these frequencies is more than 200 times larger than all of the present cellular
network allocations [35]. This technology is characterized by a huge quantity of idle bandwidth that can enhance
the data rate available to end users, allowing it to meet the two major requirements for 5SG Networks: ultra-high
peak throughput (20 Gbps) and average user experience rate (50-100 Mbps) [36]. The generality of millimeter
wave frequency ranges is found between microwaves and infrared waves in the electromagnetic spectrum
regions that lie between 30 GHz (10 millimeters) and 300 GHz (1 millimeter) as shown in Figure 2.1 and Figure
2.2 [37], [38]. As shown in Figure 2.3, the 4G cellular networks has served as a cornerstone for 5G networks, as
small cells, wideband data, and WiFi rely on servers at network edges to enable the adoption of lower latency

applications in new scenarios [25].

Figure. 2.1 Electromagnetic frequency spectrum [37].
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Figure. 2.2 ITU 5G frequency bands [38].

Figure. 2.3 Evolving mobile networks from 4G toward 5G multitier architecture [25].

The 5G millimeter wave wireless channel bandwidths will be substantially more efficient than the current
4G LTE 20 MHz cellular channels. Even though diffraction and material penetration will cause an increase in
attenuation at millimeter wave frequencies compared to today's 4G microwave frequencies, boosting the

relevance of LOS propagation, reflection, and scattering. The usage of accurate propagation models is critical
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for the development of new mm wave signaling protocols e.g. air interfaces, as it is required for the proper
operation of new millimeter-band 5G systems. The corresponding path loss models must be set up for link
budget evaluation and signal strength proposal in the process of generating reliable models for 5G systems and
determining standard performance measurements, with the addition of directional and beam forming antenna

arrays and co-channel interference, which statistical models cannot adequately assess [36].

The path loss is a measure of the degeneration of the propagated signals over a distance range in both LOS
and NLOS scenarios. The path loss exponent is a key indicator of any communication system's performance in
wireless channel propagation. Wireless system design, planning, and simulation were all part of the model
application. Different path loss model ideas have been proposed by numerous scholars for investigation, notably
in indoor environments [6], [39]. Path loss models are used in a variety of applications, the most important of
which include power budget calculations, modulation, cellular coverage/interference forecasts, and the design of
coding schemes [40]. The data from the various measurements and models used in this work will also aid
researchers in the standardization of 5G millimeter wave channel models, particularly in the link budget

estimates described previously.

Although the main goal is to find an acceptable model with the best line of fit and the simplest application for
path loss model estimate in both LOS and NLOS scenarios. However, this research will continue to work in the
future to improve the FI and CI models which are user-friendly in a wide frequency range in order to achieve a
higher level of accuracy while maintaining high energy efficiency, allowing for very robust and stable
transmission capacity in both LOS and NLOS. Excessive path loss particularly in NLOS will be corrected by the

use of high gain antennas, which has been one of the key flaws in previous works [40]-[45].

The reason for this study stems from the fact that channel modeling in 5G millimeter wave propagation in an
indoor environment is a current research area in which variations in capacity have been observed as a result of
different models being used. As a result, existing models must be validated and improved for future millimeter
wave propagation in order to aid link design and to enable engineers and researchers in budget estimates for
good wireless networks in the 5G wireless network propagation in an indoor environment. The findings of this
chapter will aid design engineers and researchers in calculating budgets for the high performing 5G wireless
networks and even the anticipated 6G network in an indoor environment. Another purpose of this work is to
gain a comprehensive understanding of the best path loss model, particularly for indoor environments, and to
improve on it in future research to provide a better line of fit and simplicity among the three basic path loss

models: CI, ABG, and FI.

The rest of the chapter is organized as follows: Sections 2.2 and 2.3 cover fundamental characteristics of mm
waves and review of literatures on mm waves, respectively. The path loss in mm wave propagation is explained
in section 2.4. The overview of the accuracy and viability of models of propagation for outdoor as well as indoor
environments in LOS and NLOS is reviewed in section 2.5, while section 2.6 discusses findings on path loss
propagation in different antenna polarizations using the CI, FI, and ABG models. Finally, section 2.7 presents

the chapter summary.
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2.2. Fundamental Characteristics of mmWaves
Heavy path loss, increased bandwidth, reduced wavelength, increased penetration loss, and wavelengths in

the millimeter range characterize millimeter wave communication. These characteristics are addressed below

[44]:

2.2.1. Abundant Bandwidth

At the moment, the overall bandwidth available for the mobile networks is insufficient to meet the high data
demand of devices; in fact the available bandwidth is less than 780 MHz for 2G, 3G and 4G networks. The
biggest advantage of the millimeter communication over the microwave communication is the large bandwidth,

which allows communication at high frequencies and provides the large bandwidth for wireless systems [46].

2.2.2 Short Wavelength

Because the mm wave signal has a short wavelength on the order of millimeters, it is necessary to
communicate it via MIMO technology, and it is also appropriate for cramming a high number of half-
wavelength spaced antennas into a small space. The combination of mm Wave with massive MIMO technology

may considerably improve wireless access and throughput performance [46].

2.2.3. Propagation Loss

There are two types of propagation loss: path loss and penetration loss. According to the Friis transmission
expression for the assumption of LOS, the free space path loss is proportional to the square of the carrier
frequency. Because microwave frequencies start at 26.5 GHz, there is a larger propagation loss than in the
microwave band. For example, at 60 GHz, the propagation loss is 28 dB higher than at 2.4 GHz. This has been a
key drawback of mm wave, but with the introduction of D2D communications, a high gain directional antenna
may compensate for the loss, improving network capacity and enhancing security against eavesdropping and
jamming. There is a larger penetration loss in NLOS circumstances, making it harder for mm wave nodes put
outdoors to cover indoor spaces. Signals/propagation may suffer a large penetration loss in the case of indoor
users with outdoor base stations (BSs), lowering data throughput, spectrum efficiency and energy efficiency. As

a result, it's unavoidable to separate outside and indoor scenarios [46]-[47].

2.3. Literature Review on mmWave Propagation

Salous et al. [26] pointed out that there is unallocated spectrum in the millimeter wave bands, prohibiting the
full use of huge antenna arrays for high-speed data transfers. Despite the fact that gigabit data transmission in
these bands necessitates accurate channel modeling, the shadowing effect and the need for adaptive beam
formation in areas with significant mobility persist. As a result, it was suggested that in addition to end channel
sounders, detailed measurements for full radio characterization should include angular spread and delay time in
the characterization of multipath made-ups. The lack of channel models, on the other hand, must be addressed in

order to provide the inputs to the standards organizations.

Hajj et al. [48] emphasized the relevance of millimeter bands as a proven solution for high-data-rate
transmission, particularly in indoor environments. However, millimeter wave propagation technology has been
reported to suffer from propagation loss of 25 dB to 30 dB due to the impediments such as walls, furniture, and

human blocking. Another study used a frequency domain and a vector network analyzer (VNA) to investigate
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millimeter wave propagation at 60 GHz in an indoor environment. The results suggest that an access point (AP)
can be placed in the center of the network to reduce shadowing caused by the human impediments. It employs a
high frequency for a problem that could have been solved with a frequency lower than 60 GHz. In [49],
millimeter wave measurements were performed with the goal of determining the influence of atmospheric
variables on transmission. The difference between the theoretical rain-induced signal attenuation and the
practically recorded signal attenuation during rainfall was studied. The idea of rain forecasting and monitoring
in real time was founded. As a result, the dynamic rain-aware link adaptation method was developed to allow
the system to fit the modulation and coding scheme to rain intensity levels, resulting in improved performance
of fixed modulation and coding schemes. The results demonstrate that the rain-induced signal is unpredictable in
both practical and theoretical settings, ranging from 1.5 dB to 4.5 dB, due to attenuation caused by changes in

weather conditions. This had the disadvantage of not allowing different linkages to be compared.

Gade et al. [50] discovered that on-chip wireless links function better than standard Networks —on- Chip
(NoC) for millimeter wave systems. On-chip wireless channel characteristics, as well as antenna implementation
with near field and multipath propagation effects, were used in the study. The near field/transition region, where
the propagation in the on-chip wireless channel takes place, makes the channel more difficult. It was also
discovered that directional antennas are less impacted by the channel time dispersion, despite the fact that this is
accompanied by higher losses, as compared to the omnidirectional antennas. The on-chip wireless channel
provides the information on the characteristics of wireless communications and aids in the design of circuits for

improving the performance.

The performance of millimeter waves for indoor communication at multiple bands between 28 GHz and 73
GHz was thoroughly examined for LOS and NLOS conditions considering the effects of various building and
frequency sensitive materials. The link between separation distances and the duo of receive power and the delay
spread was predicted to be inverse. By increasing the antenna’s directivity, the separation distance can be
increased. The system has also been able to solve the problem of bandwidth in electronic devices which is
allowing the growth of the low-cost infrastructure for broadband mobile devices. The main limitation of this

approach is that it tends to fail as separation distance and the communication capacity increase [51]-[53].

Chittimoju and Yalavarthi [54] provided a thorough assessment of millimeter wave communications,
including some of the benefits and uses. They demonstrated that millimeter wave encourages larger bandwidth
while also increasing speed up to 10 Gbps. Some of the benefits include the utilization of the compact
components, less interference, and high security. The range is limited in the LoS, which is one of the uncovered
key flaws. In [55], authors suggested a novel technique, termed as Q learn-based system that incorporates edge
computing function in an adjustable power and angle sub-6 GHz user equipment to tackle the capacity and
efficiency problems in millimeter wave propagation. The end result shows that the user equipment using this
scheme was able to achieve excellent energy efficiency which allows a very strong and steady transmission
capacity. Further research by Maltsev et al. [56] focuses on the benefits, drawbacks, and common applications
of millimeter wave propagation for various 5G communication bands. Millimeter wave was determined to be
critical in the deployment of 5G, and it is believed that significant improvements in radio and network would be

developed to aid in the deployment of the impending 6G.
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Using ray tracing (RT) simulations and directed measurements, Fuschini et al [57] investigated the
narrowband and wideband properties of an in-room 70 GHz wireless channel. Reflection is the most pronounced
mode of propagation; however, scattering is still present and appears more than when the frequencies are below
6 GHz. When comparing a more detailed environment to a less detailed environment, if both are exposed to the
same sources of error, a faster rate of calculation was seen, but this did not translate to greater simulation

accuracy.

Further research work included compiling a broad analysis of 5G network approaches in millimeter wave
wireless communication systems, as well as bringing together important millimeter wave propagation models
from the past to the present. It also emphasizes the significance of developing diverse models based on RT and
measurement procedures, not only for current use but also for future uses in academia and industry. Knowing
full well that millimeter wave is still in the research era, notably in the application for 5G propagation [25], the
data acquired on shadowing and path loss will aid in the predicted improvement. In [47], authors examine the
main issues with millimeter wave propagation such as low beam width, high penetration loss, and strong route
loss. It also discusses the differences between the analytical modeling and RT methods for channel modeling.
After the measurement, data processing and analysis of the measurement results such as channel gain, scatterer
identification, RMS delay spread and average power delay profile (APDP) were given. When taking

measurements in varied settings, the usage of a MIMO channel with a wide frequency spectrum is essential.

The shooting and bouncing ray (SBR) method was validated by Wang et al. [58]. At a millimeter wave band
frequency of 60 GHz and a decimeter band frequency of 2.4 GHz, the propagation parameters such as path loss,
RMS delay speed, and so on were given. The results demonstrate that millimeter waves have a lesser coverage
area than the lower frequencies due to high attenuation. Its main benefit is that it will be an effective way for
deploying 5G networks. Further research into millimeter wave propagation at 60 GHz reveals that the multipath
effect is more pronounced in indoor NLOS environments due to the reflection effect on the received power
being greater than the diffraction effect on the received power. One of the flaws in this technique is that it is
only helpful for short-distance communication. Also, because it will be used in a corridor, atmospheric
absorption and wall roughness should be taken into account [59]. This study [60] highlights some of the
characteristics of millimeter wave propagation, laying the groundwork for the creation of outdoor
communication networks. This method used the SBR approach to simulate the environment at a frequency of 73
GHz in both LOS and NLOS circumstances. To verify the validity of the SBR approach, the measured results
were compared with the simulated route loss data. In both LOS and NLOS conditions, the power angle and

power delay profiles were scrutinized as propagation aspects.

Elmezughi et al. [41] reported propagation measurements at 14 GHz, 18 GHz, and 22 GHz frequency bands
in an indoor environment. Two path loss prediction models and the analysis of communication scenarios for
both NLOS and LOS were presented. The LOS analysis shows that the CI and FI models function nearly
identically after execution at all frequencies. With the frequencies increasing along the LOS range, the PLE in
the CI model rose tremendously. It rises from 1.37 to 1.66 for the 14 GHz and 22 GHz frequency bands,
respectively; however, the LOS values do not match those of the FSPLE. Due to the environmental influences, it
was discovered that path loss models exhibit symmetrical characteristics about 180° AoA. The models, on the

other hand, perform better at 30°, 330°, and 180° AoA. The findings also demonstrated that CI and FI models
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may be employed reliably in both LOS and NLOS corridor scenarios. The main flaw that has to be addressed is
the adoption of a higher-gain antenna to decrease extra path losses to the absolute minimum. In addition, as a
follow-up to the above-mentioned result, the effect of transmitting antenna heights on these models' parameters
was studied in [42]. Elmezughi and Afullo [43] have recently updated this work, delivering an efficient
improvement for both the CI and FI path loss models. The major findings show that for both LOS and NLOS
communication scenarios, the modified models beat the standard models. Furthermore, the proposed models
have substantially superior stability and sensitivity than standard models, especially in the NLOS condition. By
combining these enhanced models with the LOS probability models described in [46], a generic and accurate

model for indoor corridor environments may be obtained.

2.4. Path Loss in mm Wave Propagation

Path loss is a phenomenon that occurs when a transmitting signal is attenuated as a function of the distance
traveled as well as the propagation channel characteristics. It also refers to the loss or attenuation that a
propagating electromagnetic signal (or wave) experiences as it travels from the transmitter to the receiver. As a
result, the received power is lower than the broadcast power level. However, it is influenced by a number of
elements, including antenna gains, operating frequency, transmitted power, and the distance between transmitter
and receiver. The most common way to express path loss is in decibel (dB) [61]. Since, the distance between the
transmitter and receiver is no longer linear; path loss in wireless propagation is mostly a function of a logarithm
factor. The power density PD,.,4 of an isotropic antenna, that has sphere radius R, with a transmitted power P;

and power gain G, is given by equation (2.1) [62]:
The path gain G, (4, d) is given by equation (2.2) [49]:

PDygq = 22t 2.1)

4TR?

Gd) = (%) 2.2)

4nd
Where d , 4, ¢, f and 4md? are the sphere radius, the carrier wavelength, the speed of light in the vacuum, the
carrier frequency, and the sphere area, respectively.

In the free space, the fall of signal strength is proportional to the square of the distance, also power path loss
within a distance in meters is also proportional to d?. In radio propagation, path loss is usually expressed with
the channel attenuation which is the path gain inverse. The expression for the path loss (L,,) in decibel form is

given in equation (2.3) [49]:
L, =L, +20logyo(d) (2.3)

Where L, is the path loss in the first distance in meters and it is given by [49]:

L, = 20logy, (47”) (2.4)
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Equation (2.4) implies that the coefficient of path loss in free space is characterized by a component L, that

is fixed and its rate goes up as there is increase in the frequency and also another component causing attenuation

of 20 dp/decade of the distance [61]-[62].

2.4.1 Path Loss Propagation Models

In the last 20 years, there has been substantial research into various propagation channels that could be used
for interior channels. While some have concentrated on both outdoor and indoor office environments, others
have moved their focus to exclusively indoor office environments [63]-[69]. Wang et al. proposed model
descriptions using probability distributions and their reliance on the parameters in his research on an empirical
path-loss model for wireless channels in indoor short-range office environment. The model was able to depict
appreciable variable values of route loss at different frequencies, while also resulting in a simpler model that
simplifies radio propagation in difficult situations. However, because this study was conducted in an office
setting, it is necessary to evaluate this unique prediction path loss model in a commercial setting with more

obstacles [63].

Further study has revealed that most propagation models that work at frequencies less than 6 GHz are
inapplicable when considering route loss models for millimeter wave frequency bands which are generally
above 6 GHz. Majed et al. presented channel models that can operate in interior circumstances at frequency
ranges of 4.5 GHz, 28 GHz, and 38 GHz in order to find a solution. Both LOS and NLOS measurements were
taken in an inside office environment, with the transmitting and receiving antennas set at a distance of 23
meters. The goal of the research was to compare the new large-scale generic path loss models with the existing
path loss models for omnidirectional and directional as well as multi-frequency and single-frequency. The
results of the investigation show that when the large scale path loss model is modeled with one parameter PLE
and related to the transmitted power, it tends to perform better [70]. Shadowing and attenuation, which were
explored in [71], are another set of properties common to an indoor environment. Wireless open access research
platform (WARP) equipment was used to model route loss and shadowing. As a result, the propagation path loss

value is in line with those measured in the literature, with an exponent of 4 and a standard variation of 6.4 dB.

In millimeter wave propagation, the direct exchange of information between two near distance devices in the
absence of a base station, known as device to device (D2D) communication, has various advantages such as
energy efficiency, better data throughput and shorter latency [72]-[73]. The effect of path loss on D2D
communication is unique and unequalled. Modeling a method that will result in a significant reduction in
attenuation is required. In [70], a strategy was developed that uses mode assignment by reuse, cellular mode
dedication based on a tradeoff of path loss attenuation and D2D user range. This scheme's analysis is compared
with the other existing schemes such as the alternate offer bargaining game (AOBG) theory based algorithm and
the heuristic algorithm. The main benefit of the proposed approach is that D2D users' SINR threshold is
supported to a certain extent. The practicality of this technology is demonstrated by the fact that it is extremely
useful in circumstances where path loss attenuation is a concern in both indoor and outdoor contexts. Another
measurement work was conducted in two different locations in the United States of America (USA) by
MacCartney Jr et al. to check the path loss models for 5G millimeter wave propagation channels in Urban
Microcells using the best of sliding correlator channel sounder at 28 GHz and 38 GHz. Using directional

antennas of varied heights as well as the gains, this experiment investigates multiple microcellular conditions.
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The linear regression fits were used to create the path loss models. The path loss spanned a distance that is
dependent on the power received, according to the measurements. When compared to the existing path loss
models, the suggested model performs better in terms of lowering shadow factors by several decibels and

provides a better fit to empirical data while permitting only a minor path loss [16].

Naruke et al. proposed an indoor localization method based on path loss — distance relationship using handset
sensor data. The range between the Bluetooth Low Energy (BLE) transmitter and the smartphone was computed
using this proposed model, which first used the relationship between distance and path loss, and then used the
Pedestrian Dead-Reckoning (PDR) fixed on the mobile phone's accelerometer. When the proposed scheme is

compared with the existing schemes, the results reveal a significant improvement in the distance error [74].

Al-Saman et al. conducted a comprehensive assessment for millimeter wave propagation models as well as
measurements in indoor environments. Time dispersion and path loss were identified to be the key indoor
wireless channels in terms of millimeter wave propagation. Although the path loss coefficient increases as the
frequency increases, the exponent is only affected by the structure and kind of environment, not by the
frequency [52]. Considering the various research articles in the frequency range of 28 GHz to 100 GHz, the
overall observation is that the CI and FI models are the best for both LOS and NLOS channel propagation in
millimeter wave bands especially in an interior environment. This achievement in the deployment of millimeter
wave propagation for both 5G and 6G networks with negligible propagation loss [75] is an important advance
forward. There is a general classification of models that require minimal site or path details and count
hindrances or obstructions as a component of the distance dependent loss, whereas site-specific models assess
the loss due to each hindrance separately. These models are taken into account by placing the measured
variables into a generic phrase. There are four major path loss propagation models, CI, FI, CIF, and ABG, which
are frequently used: two of them are single frequency models, while the other two are multi-frequency models

[76]-[80].

The usage of models in propagation path loss can be used to reflect the effects of path loss on the signal at
the receiving end on a wide scale. It is a useful tool for calculating signal attenuation and declining as it travels
from the transmitter to the receiver, taking into account propagation distance and other factors. The models
differ in that some specify the topographical profile for easy signal analysis, while others just use the carrier
frequency and distance to determine their target [81]-[82]. The CI, CIF, and ABG path loss models are
stochastic in nature. These models capture the phenomenon of large-scale propagation over a given distance and
can work at all appropriate frequencies in the given environment. The CI and CIF models are found to be
equivalent to the standard forms of 3GPP path loss models i.e. the FI and ABG models. Only the floating
constant and the free space constant, which are dependent on propagation frequency and observance of the free

space reference distance of 1m, are relevant in this case [83]-[87].

2.4.1.1 CI Free Space Path Loss Model

This is a model whose basic premise is based on the anchor point and is dependent on the frequency in free
space. The model parameter includes the free space path loss (FSPL), which is also dependent on the carrier

propagating signal frequency (f in GHz). The distance between the transmitter and receiver (d in meters) as well
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as a specified reference distance (d,) are both crucial. Another CI model parameter, PLE (n) [81], [87]-[89], is
determined in dB. The path loss for CI model (PL¢!(d)) is given by equation (2.5):

PL!(d)[dB] = FSPL(f,d,)[dB] + 10.n.log (:) XL, ford > d, (2.5)

Where XSz and o are zero mean gaussian random variable and the standard deviation in dB, respectively.

The FSPL (in dB) is given by equation (2.6):

FSPL(f,d,)[dB] = 10log,, (‘*”d“) (2.6)

2.4.1.2 FI Path Loss Model
This model is built around two primary components i.e. the line slope and the floating intercept. For path
loss values [52], [82], [84], [87], the FI model is good at obtaining optimal least error fit. The path loss

expression for the FI model is given by equation (2.7):

PLFI(d)[dB] =x + 10.Blog,o(d) + XELe 2.7

This model adopts o as the floating intercept in dB and also the slope of the line be 8 (not as in PLE). The «
and B are the two parameters adopted by this FI model to make it different from the CI model. The variable

XEL. is the zero Gaussian shadow fading (in dB) over the mean path loss on a specified distance.

2.4.1.3 ABG Path Loss Model

Another type of multi-frequency model approach is the ABG model. The reference distance and the reference
frequency of the ABG model are 1 m and 1 GHz, respectively. The path loss dependency on distance coefficient
and the path loss dependency on the frequency coefficient are a and v, respectively. The offset path loss, the
distance between transmitter and receiver, and the carrier frequency are f3, d, and f, respectively [88]- [89].

Equation (2.8) gives the expression for the path loss (in dB) for the ABG model.

PAB6 (£, d)[dB] = a.10 log (—) + B +10.7.log (m ) + XABG (2.8)
When d, = 1m. The ABG path loss modéi for d, = 1m is given in equation (2.9).

PABC(f,d)[dB] = .10 log(d) + B + 10.y.log(f) + X2B¢ (2.9)

2.5. Accuracy and Viability of Propagation Models for Indoor and Outdoor

Environments

The accuracy and feasibility of various models are highly dependent on the propagation scenario and the
frequency spectrum that is taken into account. Various proposed models by the researchers have a unique
application that has a long way to go in terms of distance and frequency of application in order to improve delay
time output and PLE performance. An experiment on ultra-wideband propagation was carried out at New York
University in a typical indoor office environment [88]. The results of the experiment were used to calculate the

statistics of large-scale route loss for current and future applications. The measurements were conducted in an
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enclosed structure with LOS and NLOS conditions using directional horn antennas at 28 and 73 GHz. During
the investigation, it was discovered that basic CI and FI models may accurately represent large scale path loss
(with distance and frequency) in millimeter wave indoor wireless channels while only employing one or two

functions that are related to the transmitted power [61].

Maccarthney et al. presented some omnidirectional propagation data recorded at frequencies of 28 GHz, 38
GHz, and 73 GHz in New York Downtown city to validate the accuracy and validity of the CI path loss model.
The paper's main goal is to give data for wave propagation research and comparison when working on similar
measurements [62]. Sun et al used two primary large scale route loss models in their work on propagation path
loss models, CI and ABG, for 5G urban micro and macro-cellular scenarios. Data was collected from around 20
measurement operations with frequency bands spanning from 2 GHz to 73.5 GHz over a distance of 5 m to 1429
m. According to the examination of the results, the simulation accuracy of the CI model is superior to the ABG
model [84]. The former provides more consistent and acceptable performance across all frequencies and
distance ranges investigated during the trial, whereas the latter does not. To reach a higher level of accuracy,

only minor changes to the CI model, which is user-friendly over a wide frequency range, are required [90]- [93].

The ABG model was compared to the three most common large scale path loss models i.e. close in free
reference distance model (CI), close in model with frequency-weighted path loss exponent (CIF), and ABG in a
range of data sets with distances ranging from 4 m to 1238 m and frequencies ranging from 2 GHz to 73 GHz.
Urban microcells, shopping malls, and an indoor office environment were the scenarios [84]. The CI (two
parameters considered) and the CIF (three parameters considered) models have better goodness of fit and more
stable behavior of the components, whereas the ABG model (four parameters considered) under predicts and
over predicts path losses when it is close to the transmitter and when it is far from the transmitter, respectively.
This discovery remains true across all distances and frequencies studied. The CI model was shown to be suitable

for the outdoor application, whilst the CIF model was found to be the best for inside modeling [64], [94].

Haneda et al. used both present and past measurements on channel propagation in the frequency band up to
100 GHz in their work on indoor 5G 3GPP-like channel models for office and shopping mall environments. It
was discovered that there is an increase in penetration loss as a result of increase in frequency changes the
material's properties. According to the UMi and Uma models [65], the indoor channels have a higher

dependency on the frequency as compared to the outdoor channels.

Measurements were performed at 28 GHz and 38 GHz in three cities: New York, Austin, and Texas, as part
of an empirically-based large scale propagation route loss model for 5G cellular network planning in millimeter
wave band. In the course of performing path loss simulations with a random selection of antenna pointing
angles, it was discovered that when the best direction of the antenna is pointed at both the mobile and the base
station, there is a significant increase in the portion of coverage. This reduces the interference and the number of
5G base stations [67]. The analysis of Rural Macrocell path loss models for millimeter wave wireless
communications, which is part of a larger research project, provides a full understanding of the current 3GPP,
RMa LOS, and NLOS path loss models in the frequency range of 0.5 GHz to 100 GHz. In a rural location with
good weather, directional antennas were used for a real-time measurement campaign employing the CI and CIH

model components. The finding brings into question the use of current 3GPP RMa path loss models for
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frequencies above 6 GHz. The observed data verifies the CIH model's correctness, dependability, and frequency

dependency even beyond the first meter of propagation distance [67].

The characteristics of propagation channels in the frequency bands of 6.5 GHz, 10.5 GHz, 15 GHz, 19 GHz,
28 GHz, and 38 GHz in an indoor scenario were investigated further with a measurement campaign spanning
4,000 power delay profiles using a horn directional antenna as a receiver and an omnidirectional antenna in the
transmitting section. The frequency attenuation model, which considers both the distance and the frequency, has
been presented as a novel path loss model. This also aids in the estimation of the XPD component of close in
reference distance using XPD (CIX) and ABG with XPD (ABGX) path loss models, which do not require the
use of the minimal mean square error approach. The RMS delay spread and dispersion factor values of this
model illustrate its simplicity, lower path loss exponents, and good RMS delay spread and dispersion factor

values [68].

Al-Samman et al. examined the features of millimeter wave 5G channels in order to figure out the
components of path loss and time dispersion in an outdoor situation in their work on path loss and RMS delay
spread model for 5G channel at 19 GHz [69]. When using the horn-horn as well as the horn-omni antennas in a
line of sight condition, the path loss model generated from the observed data shows a drop in the PLE, which is
due to the summing up of the multipath component parameters in the LOS environment. However, the values of
the PLE and free space path loss in the two situations are identical in the NLOS scenario. The results of this
experiment show that when using horn-horn and horn-omni antenna applications in both LOS and NLOS
situations, the mean values of the delay spread drop dramatically, indicating that the influence of delay spread

on the directional horn antenna at the transmitting side is minimal [69].

The FI model and the CI model were used to conduct measurement campaigns in an interior environment in
both LOS and NLOS cellular systems at a frequency of 40 GHz in order to access the functionality of 5G
wireless propagation and the route loss exponent at this frequency band. The two models are compared to the
ones used during the measuring campaign. The results of this experiment reveal that the CI and FI models have
similar values for the PLE and slope line in both the LOS and NLOS. This is strong evidence that the CI and FI
models are the best large-scale path loss models for indoor application in a 5G propagation system at the 40
GHz frequency band [70]. Work was done on the 10 GHz, 20 GHz, and 26 GHz frequency bands in the
measurement of diffraction as well as the prediction models of signal strengths in environments with corners,
irregular objects, and pillars in both indoor and outdoor scenarios using a continuous wave channel sounder with

similar antenna pairs that are a directional horn type at the receiving and transmitter sections [71].

Khatun et al. took the research on the comparison of the path loss model in both outdoor and interior
environments in both LOS and NLOS scenarios to the next level. They carried out their survey at the Boise
Airport and Boise State University [72]. At a frequency band of 60 GHz, a detailed research was carried out
using the techniques of CI reference and FI path loss models with a high gain directional antenna. Although
there was a correlation between the final result and the measurement campaign results [72], stochastically and
statistically analyzing it revealed that the weather condition at the Boise airport was responsible for the higher

value of PLE associated with the outdoor scenario when compared to the indoor scenarios.
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Due to the obvious signal propagation disparity, the majority of the propagation models now in use for any
frequency band below 6 GHz are not acceptable for path loss modeling of millimeter wave propagation, and of
course any frequency band above 6 GHz. The measurement was performed in an indoor situation in the
frequency bands of 4.5 GHz, 28 GHz, and 38 GHz for LOS and NLOS in order to construct a model that can
sufficiently work in these bands together [70]. The research was carried out at Universiti Teknologi Malaysia
(UTM Malaysia). In directional and Omni directional antenna applications, path loss analysis of single and
multi-frequency signals was performed. It was deduced that modeling path loss on a large scale with respect to
distance over distance is easier to do using a less complex model approach with the adoption of only one PLE
parameter (n) that is dependent on the transmitted power, rather than using a model that is not transmitted power

dependent and may require more parameters, making the modeling complex [70].

Another indoor laboratory measurement scenario was carried out for LOS and NLOS propagation at a
frequency of 2.4 GHz, and a route loss with spatial variability was proposed. This proposed model was built on
the foundation of FI and log-distance models. It uses a combination of coherent and non-coherent power gains
to reduce the percentage path loss exponent and the cumulative distribution function (CDF). As a result, the
average route loss value in four coherent signals for a LOS scenario decreases path loss by 89.4 percent,
compared to the strategy of employing the NCC scenario, which reduces path loss by only 55.98 percent [16].
The characteristics of millimeter-wave channels in the Urban Microcell Environment were discussed in [62]. In
the transmitter and reception sections; a vertically polarized omnidirectional antenna is used based on the SBR
Method. The performance of the SBR technique was further validated by analyzing the LOS and NLOS in the
vertical and horizontal directions and justifying the performance with both measured and simulated data. As a
result, certain characteristics of millimeter wave channel in UMi provide a good background for propagation,

but only in outdoor circumstances.

Furthermore, Wang et al. studied the 60 GHz millimeter-wave propagation characteristics in indoor
environment. Efforts were made to thoroughly examine the workability and performance of the SBR/IM method
on the basis of accuracy, reliability, and ease of use, as well as a simulation of the important components of
channel propagation such as RMS delay spread and path loss. At a frequency of 60 GHz, the RMS delay spread
has a very low value and a rise in the coherent bandwidth, but there is a tendency for anti-interference at 2.4
GHz [58]. In the empirical research of millimeter wave in an indoor context, the dual slope model was used. The
measurement was performed in a completely blocked location to a location with deep fading, and the
performance was compared to the single slope path loss model, which is the most prevalent in both LOS and
NLOS scenarios utilizing omni directional antennas. The results reveal that the suggested dual slope model fits

the values of the measurement campaigns fairly well, but with certain shadow variables [74].

Schilcher et al. In [87], authors provided a stretching out tool box of stochastic geometry based model and
proof of the theorem that yields the expression of the functional of the result in their work on interference
functional in Poisson networks. This finding was put to use in wireless networks. Also, authors computed the
joint outage probability of some transmissions, which would be utilized as a template for any path loss models.
The efforts of numerous international groups to model channels for both licensed and unlicensed applications

are described here, along with early results and key concepts of 5G networks that were presented in [88]- [89].
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Over the frequency range of 0.5-100 GHz, various standardization bodies' simulations of various propagation
parameters and channel models, including LOS probabilities, large-scale path loss, and building penetration
loss, is compared. Yang and associates developed a geometry-based multipath model to characterize the rapidly
changing properties of high-speed trains communicating in the millimeter wave frequency region. A validated
RT simulator was used to create this model [90]. Because each dominant multipath lifetime has a defined
geometry factor, which is drawn out inside separate local Wide-Sense Stationary (WSS) regions and monitored
to determine its "birth and death" positions, the dominant multipath component in this approach. By comparing
the Doppler and delay spreads of the channel being modeled with the channel of the simulated RT, the model's
notion is proven. In a comparable model, the overall result of this work provides a good channel model for the
overall design procedures. However, when utilizing the large antenna arrays to increase power gain, one of the
primary issues in millimeter wave propagation is the beam direction of the domain angles of both transmitting
and receiving antennas. The codebook design was a two-step process that used sub-array and deactivation
approaches to solve the problem. The BMW-SS codebook was found to have the advantages of flatter and more

active beams, resulting in improved power system performance and models [91]-[93].

Wu et al. [94] used a rotated directional antenna (RDA) method in conjunction with the uniform virtual array
(UVA) method to analyze the three-dimensional channel of the frequency band, which takes into account both
the azimuth and co-elevation domains for modeling of mm Wave channel for indoor office situations at a
frequency band of 60 GHz. Using the UVA on SAGE algorithm as well as the K-means algorithm, the results of
both LOS and NLOS in roughly 6 instances were analyzed. Despite being located in a limited direction distance,
the angles of departure of the azimuth differ. This is strongly linked to the height difference of the antennas. It
was also revealed that in either the cluster or global level, the faster rate of spread of the angle of azimuth is on
the high side when compared to the elevation angle. In the mm wave band, Qu and Zhe [95] proposed a design
technique for a high-gain wide-angle antenna. It utilized a novel gradient-index (GRIN) lens and a phase array
antenna (PAA) coupled to a high-directivity aperture coupled microstrip antenna (ACMA). Particle swarm
optimization (PSO) was first employed in conjunction with a quasi-two-dimensional (2-D) model, and
excitation coefficients for beam steering were later derived using the PSO algorithm. Although the antenna is to
be manufactured using three-dimensional (3-D) printing, measurements conducted using the antenna
demonstrate a good agreement with the simulated findings. The research in [96] revealed the introduction of the
eventual deployment of E-band spectrum for broadband propagation. The capacity to minimize interference
among neighboring broadband BSs and a visible overlap of their coverage areas were identified to be the key
advantages of E-band that necessitate its wide implementation in broadband. The main disadvantage of this
strategy is its inability to guarantee good network coverage, especially when some mobile users do not have
access to LOS links in the BSs closest to them. This research also suggests the solution to this problem by

deploying a hybrid EMB and 4G system in order to provide a decent balance of data and coverage.

In their work channel estimation and hybrid beam forming for reconfigurable intelligent surfaces assisted
THz communications, Nin et al. proposed a three-phase approach to bringing about distinct groups of
measurements employing a cooperative channel method via beam training. A pair of innovative codebooks was
also created to make the 3-tree search necessary in the beam generating procedure as simple as possible. A tree

dictionary (TD) technique was combined with a phase shifter deactivation (PSD) approach in the application of
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wide-beam designs in the codebook. A twin closed form propagation technique was also developed to improve

the overall efficiency of the spectrum, despite its modest complexity [97].

The analysis of these path loss models reveals that there is a need to develop a model that is an improvement

over the basic models, such as CI, FI, and ABG, that is simple but performs better in terms of path loss of the

transmitted signal from the transmitter to the receiver as shown in Table 2.1 and Table 2.2. The CI free space

reference model and the FI path loss models were found to be the best appropriate path loss models for indoor

millimeter wave propagation in both LOS and NLOS scenarios in the study. Future research will concentrate on

how to improve the appropriate model with the best line of fit and the simplest application for path loss model

estimation in both LOS and NLOS scenarios in an indoor environment.

Table 2.1. Comparison of general works on millimeter wave propagation.

Ref Frequency Scena | Environ | Area of Focus/Methodology Important results
(GHz) rio ment
[25] 0.5-100 LOS Indoor Rappaport et al. did a | The data gathered on shadowing
and and thorough investigation of the | and path loss will help with the
NLOS | Outdoor | fundamental propagation | improvement expected knowing
modelling techniques for the | fully well that millimetre wave is
5G networks in millimetre | still in the research era especially
wave wireless communication | in the use for 5G propagation.
systems.
[41] 14, 18 and | LOS Indoor The measurements for two | Analysis in the LOS indicates that
22 and different path loss models at | CI and FI models are similar in
NLOS frequencies 14 GHz, 18 GHz | execution at all frequencies used.
and 22 GHz in an indoor | In the CI model, a notable
situation for LOS and NLOS | increment of the PLE was
communication scenarios. observed with the increase in
frequency.

[48] 60 NLOS | Indoor Analysis for the deployment | The millimetre wave propagation

and of wireless high-speed local | was observed to be characterised
LOS and personal area networks | with propagation loss due to
(WLANs/WPANs) obstructions like walls, furniture
and human blockage, to the level

of between 25-30 dB.

[49] 23, 25, 28, | LOS Outdoor | Dynamic rain-aware link | Result shows that the

and 38 adaptation scheme to allow | improbability lies between the
the system to fit the | theoretical and practical signal
modulation  and  coding | induced with rain in the range 1.5-
scheme for rain intensity | 4.5 dB, which was attenuation due
levels to unstable conditions of the
weather.

[50] 55-65 NLOS | Outdoor | On-chip wireless channel | It shows that the near field/
characteristics in conjunction | transition region is where the
with antenna implementation | propagation in the on-chip
with near field and multipath | wireless channel is located thus
propagation effects making the channel complicated.

It was also observed on antennas
that the directional antennas are
less affected by channel time
dispersion, however, there are
higher losses. The characteristics
are reversed for omnidirectional
antennas.

[51- 28 and 73 NLOS | Indoor Analysis of millimetre wave | This implies that a rise in the path

53] and propagation  at  different | loss brings about a corresponding
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LOS frequency bands increase in the separation distance
as a result of issues associated
with the directivity of the antenna.
Also, the scheme has been able to
surmount  the  problem  of
bandwidth in electronic devices
and opens the room for the
development of low-cost
infrastructure demand for the
broadband mobile devices.

[55] 73 LOS Outdoor | Proposed a new technique | The result from this investigation

and known as Q learn-based | indicates that the user equipment

NLOS scheme which encompasses | with this scheme was able to

edge computing function in an | achieve high energy -efficiency
adjustable power and angle, | and thus creating a room for a
which uses sub-6 GHz user | very robust and stable capacity in
equipment (UE) transmission.

[56] 60 NLOS | Outdoor | Made us to realize that there | It was discovered that millimetre

and and is unallocated spectrum in the | wave communication has played a

LOS Indoor millimetre wave bands which | vital role in the deployment of 5G

is not making the full [and it is expected that the

opportunity of the use of large | fundamental improvement in radio

antenna arrays for high speed | and network will be made to help

data rates to be achievable. in the deployment of the
upcoming 6G.

[57] 6 and 70 LOS Indoor Fuschini et al [57] studied the | Observations show that reflection

and narrowband and wideband | is the most pronounced mode of

NLOS features of in-room 70 GHz | propagation, scattering 1is still

wireless channel using Ray | present and it appears more than
Tracing (RT) simulations and | when the frequencies are below 6
making the measurement to | GHz.

be directional.

[58] 2.4 and 60 LOS Indoor Wang et al. validated the | The results show that strong
eligibility of the SBR | attenuation leads to smaller
modelling method. The SBR | coverage area for millimetre
method makes use of some | waves than lower frequencies.
propagation parameters such
as path loss, RMS delay speed
etc.

[59] 60 LOS Indoor Verification of multipath | This investigation shows that the

and effects in  an  indoor | multipath  effect is  more

NLOS environment pronounced in indoor NLOS
surroundings because the
reflection effect on the received
power is more as compared to the
diffraction effect.

[60] 73 LOS Indoor The work uses simulated | The measured results are put in

and surroundings at a frequency of | comparison with the simulated

NLOS 73 GHz in LOS as well as | results of path loss to be able to

NLOS situations using SBR
method.

authenticate the correctness of the
SBR method. The profiles of the
power angle as well as the power
delay were critically examined.
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Table 2.2.

Evaluation of the relevant works on path loss models for millimeter wave propagation.

Ref Freque | Envir | Scena | Methodologies Model Important Reasons

ncy onme | rio
(GHz) | nt
[16] | 2.4 Indoo | LOS | A laboratory | FI and log- | Results show that the average path
r and measurement for | distance loss value in four coherent signals
NLO | indoor scenario was | models for a LOS scenario brings about a
S conducted for LOS and path loss reduction of 89.4% in
NLOS propagation at a comparison to the technique of
frequency of 2.4 GHz using NCC scenario which only
for proposing a path reduces the path loss by 55.98%.
loss with the spatial
diversity.

[58] 60 Indoo | NLO | Efforts were made to | SBR/IM It was inferred that the RMS delay

r S and | properly scrutinize the | method spread has a very low value and a
LOS | workability and the rise in the coherent bandwidth at a
performance of the frequency of 60 GHz, but at 2.4
SBR/IM method on the GHz, there is a tendency for anti-
basis of accuracy, interference.
reliability and the ease
of use. The simulation
of  the important
components of the
channel  propagation
such as RMS delay
spread and the path loss
was carried out.

[60] 2-73 Urba | LOS | The analysis of | SBR The results of this method indicate
n and millimetre-wave technique | that some of the features of the
micro | NLO | channel characteristics millimetre wave channel in UMi is
cell S in urban microcell a good background for propagation

environment based on but only in the outdoor scenarios.
the SBR method adopts
a vertically polarized
antenna  which  is
omnidirectional in
nature in the
transmitter and  the
receiver section.
[61]. | 28 and | Indoo | LOS | An experiment on | Cland FI It was observed during analysis that
73 r and ultra-wide band simple CI and FI models can be
NLO | propagation with the used to model large scale path loss
S statistics of the large (with distance and frequency) in
scale path loss for millimetre wave indoor wireless
present as well as channels with the correctness intact
future use was while using one or two functions
conducted by adopting that have a connection with the
directional horn transmitted power.
antennas.

[64] 2-73.5 | Indoo | LOS | Data were obtained | CI and | Observation of the analysis of the

r and from about 20 | ABG result shows that the simulation
NLO | measurement accuracy of the CI model is better

S campaigns for than the ABG model even though it
frequency bands 2 GHz is a three parameter model. The

and 73.5 GHz over a former offers more stable and

path  of  distances acceptable performance in all the

starting at 5 m and frequencies and the range of

stopping at 1429 m. distance considered in the course of

the experiment which is not so in
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the latter.

[65] 2-73 Urba | LOS The analogy of three | CI, CIF | It was concluded that for outdoor
n and most common models | and ABG use, the CI model is more
micro | NLO | of path loss that is CI, preferable but in the case of indoor
cell, S CIF and ABG models modelling, the CIF is the better
shopp was done in the range model.
ing of data sets of distance
malls ranging from 4 m to
and 1238 m and frequency
indoo of 2 to 73 GHz.

r
office

[67] | 0.5-100 LOS | A study of rural | CI and | The observation queries continued

and macrocell path loss | CIH application of the present 3GPP
NLO | models for millimetre RMa path loss models for
S wave wireless frequencies above 6 GHz. The
communications gives result of the measured data
a comprehensive validates the accuracy, reliability
understanding of the and frequency dependence of the
present 3GPP, RMa CIH model even beyond the first
LOS as well as NLOS meter distance of propagation.
scenarios of models of
path loss in range of
frequencies of 0.5 GHz
to 100 GHz. The use of
directional antennas
was adopted for real-
time measurement
campaign in a rural
area
[68] 6.5, Indoo | LOS | Characteristics analysis | Path loss | The results of this model show its
10.5, r and of millimetre wave | models, simplicity, less path loss exponents,
15, 19, NLO | channels in the | known as | better RMS delay spread and good
28 and S frequency bands of 6.5 | frequency | dispersion factor values.
38 GHz, 10.5 GHz, 15 | attenuation
GHz, 19 GHz, 28 GHz | model
and 38 GHz in an | ABGX,
indoor scenario was | CIX as
done with measurement | well as
campaign taken across | ABG with
4,000 power delay | XPD were
profiles using horn | proposed.
directional antenna in
the receiver and an
omnidirectional
antenna in the
transmitting section.

[69] 19 Outd | LOS | Examination of the | Free space | This experiment deduced that there

oor and features of millimetre | path loss | is a very great drop in the mean
NLO | wave 5G channels in | model values of the delay spread in both

S order to find out the LOS and NLOS situations when
components of path adopting the use of horn-horn as

loss  together  with well as Horn-Omni antenna

dispersion of time for applications. It indicates that the

an outdoor scenario influence of the delay spread is

was carried out. minimal to the directional horn

antenna at the transmitting side.

[70] 40 Indoo | LOS | Measurements were | CI and FI | Results of this experiment show

r and conducted in order to | Models that in both the LOS as well as
NLO | access the functionality NLOS the FI together with CI
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S of 5G wireless models have similar values for the
propagation and the PLE and slope line. This is a very
path loss exponent. strong indication that the FI

together with the CI model have the
best performance for indoor use at
the frequency band of 40 GHz in a
5G propagation system.
[71] 10, 20, | Indoo | LOS | The measurement of | The KED | Observation shows that the KED
and26 |r and | and the diffraction as well | was the | fits accurately with the indoor
Outd | NLO |as the  prediction | reference scenarios as well as with the
oor S models of the signal | model. rounded corners in the outdoor
strengths in situations. However, there is a
environments  where notice of the increase in diffraction
there are  corners, as a result of rise in frequency in
irregular objects, and the outdoor scenarios, but less in
pillars in both indoor indoor environments.
and outdoor scenarios
were conducted. The
continuous wave
channel sounder with
similar antenna pairs
that is a directional
horn type at the
receiving as well as at
the transmitter section
were used.
[74] | 275 Indoo | NLO | The measurement took | Dual slope | Results show that the proposed dual
r S and | place in an | model slope model has a very good fitting

LOS | environment that is with the values of the measurement
totally blocked for a campaigns but with a little shadow
deep fading. The model factor.
of dual slope, which
takes into account this
deep  fading, was
adopted. The
performance of the
model was compared
with the single slope
path loss model which
is the most common in
both LOS and NLOS
scenarios using omni
directional antennas.

[77] 28-73 Indoo | NLO | Capacity analysis of | Uniform Observations show that there is an
r S and | non-orthogonal random improvement in the capacity when

LOS | multiple access with | single-path | compared with the present LTE
mm wave massive | (UR-SP) systems. Other results indicate the
MIMO systems model improvement and compromise

between energy usage and the
capacity advancement which can
also be an advantage in the mm
wave propagation.

2.6. Findings on Path Loss Propagation in Different Antenna Polarizations Using the
ClI, F1, and ABG Models

Observations in [41], [43], as shown in Table 2.3 and Table 2.4, demonstrate that the PLE increases in a

logarithmic fashion, when the frequency of operations increases. Because of diffractions, reflections, and wave
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guiding, constructive interference occurs at the receiving end. In a LOS indoor setting, the PLE for the CI path
loss model at 14 GHz, 18 GHz, and 22 GHz is less than the theoretical free space path loss exponent FSPLE of
2. At frequencies 14 GHz, 18 GHz, and 22 GHz, the values of the floating intercept parameter are 55.44, 57.45,
and 61.03, respectively, which are almost identical to the predicted PLE in the FI path loss model. When
compared to the LOS, high values of path loss are observed in the NLOS environment. It is also worth noting
that the maximum PLE is recorded in the 18 GHz frequency as opposed to 14 GHz and 22 GHz frequencies,

indicating that reflections off the building's structural routes are more problematic at 18 GHz.

The parameters tested in [68] were in the frequency ranges of 6.5 GHz, 10.5 GHz, 15 GHz, 19 GHz, 28 GHz,
and 38 GHz, with two antenna configurations of cross polarization (V-H) and co-polarization (V-V). The PLE
value for the frequency bands under consideration with the two antenna configurations i.e. V-V (1,1,1.4,0.6,0.9,
and 0.8) and V-H (1.3,1.2,1.9,1.4,1.8, and 1.1) for 6.5 GHz, 10.5 GHz, 15 GHz, 19 GHz, 28 GHz, and 38 GHz
correspondingly is less than the theoretical standard value of 2. This demonstrates that the MPCs of the internal
corridor's walls combine to generate a waveguide. The values of &, deviate from the space path loss for the V-V
polarization in the case of the FI path loss model parameters, showing that this channel has not been physically
described properly by the FI. The V-V measurement and the combined polarization measurements of both the
V-H and V-V have identical values in the ABG multi-frequency path loss model. In [70], the research indicates
that the PLE obtained in the NLOS environment for the CI path loss is higher than the FSPLE, indicating that
the received signals are produced by diffraction and reflection processes. In the LOS, the PLE (n) values are less
than the FSPLE (=2). The received power will go off at a distance rate of 18 dB and 29 dB per decade for LOS
and NLOS environments, respectively. For the FI path loss model, the same result is obtained for the PLE in

both the NLOS and LOS settings. These are summarized in Table 2.3 and Table 2.4.

The path loss model in [70] uses the CI model for directed and omnidirectional paths in the LOS and NLOS
settings at frequency ranges of 4.5,28, and 38 GHz. The antenna's polarizations were V-V and V-H. The PLE
values determined from V-V polarization in the LOS are 0.7, 0.92, and 2.229 at frequencies of 4.5, 28, and 38
GHz, respectively. Because their PLE was significantly less than the FSPLE (of 2) in the V-V antenna
polarization, the effect of constructive interference was more noticeable at 4.5 GHz and 28 GHz frequencies. In
the V-H polarization, on the other hand, the PLE values obtained are higher than those obtained in the V-V
polarization. There is strong evidence of depolarization in the PLE values for both LOS and NLOS settings in
the NLOS environment at frequencies of 28 GHz and 38 GHz. The result of the FI path loss model in the LOS
was compared to the theoretical FSPLE values of 45.5 dB, 61.4 dB, and 64 dB, as well as the FI path loss model
values 0f 41.4 dB, 60.1 dB, and 82.5 dB in the V-V polarization at 1 m reference distance for the frequencies 4.5
GHz, 28 GHz, and 38 GHz, respectively. In the theoretical FSPLE, the V-Omni path loss LOS values are 45.5
dB, 61.4 dB, and 64 dB, whereas the FI path loss values are 71.09 dB, 68.23 dB, and 83.79 dB. The NLOS
scenario demonstrates that the FI values are independent of frequency. Although, it demonstrates that the FI
path loss model is highly sensitive. Only two antenna polarizations, V-V and V-Omni, are present in the ABG

path loss model. When compared with the LOS scenario, the o< in the NLOS case study has a greater value.

Results in the LOS scenario for the frequencies 26 GHz, 32 GHz, and 39 GHz in [81] show that horn antenna
configurations create higher path loss values when compared to the omnidirectional antenna configurations.

Despite the fact that none of the path loss values were close to the theoretical FSPLE value of 2, the influence of
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reflections in the walls and structures of the buildings, which function as a wave guide in the signal propagation,

was confirmed in Table 2.3 and Table 2.4.

In [84], the LOS PLE demonstrates that their CI path loss models have values of 1.1 at 28 GHz and 1,3 at 73
GHz, implying that there is constructive interference, as seen in practically all other indoor millimeter wave
propagation measurements, which is caused by diffractions, reflections, and wave guiding. It has a PLE of 2.7 at
28 GHz and 3.2 at 73 GHz in the NLOS environment, showing considerable attenuation at 73 GHz, although
there is a reduction of attenuation in the FI model for both LOS and NLOS circumstances. The CI model's
simplicity and correctness were further validated by the fact that just one parameter is necessary. The analysis
and observation of various existing models for millimeter wave for the indoor office environments are presented
in Table 2.5 and Table 2.6. This further collaborates with the simplicity of the CI and FI models, but the CI

model provides better accuracy.

Table 2.3. Comparison of parameters for single frequency CI, FI and multi-frequency ABG path loss models for

millimeter wave in indoor environments for LOS scenarios at different frequencies.

Ref Frequency | Environment | Scenario | Polarization | Distance Model | PLE B o y
(GHz) range () (dB) | (dB)
(m)

[41], LOS Indoor 1.00- CI 1.90 | — 240 | —
[43] 15 Corridor | V-H 40.00 FI 63.50 | 1.10 290 | —
ABG — — — —

[41], | 14 LOS Indoor V-V 2.00- CI 137 | — 219 | —
[43] Corridor 24.00 FI 5541 | 137 219 | —
[41], | 18 LOS Indoor V-V 2.00- CI 1.58 — 1.53 | —
[43] Corridor 24.00 FI 57.48 | 1.59 1.53 | —
[68] |22 LOS Indoor V-V 2.00- CI 1.66 | — 1.31 | —
Corridor 24.00 FI 61.04 | 1.50 | 1.12 | —

[68] | 6.5 LOS Indoor V-V 1.00- CI 1.00 | — 3.10 | —
Corridor 40.00 FI 40.70 | 1.00 3.10 | —

ABG 1.10 15.70 | 3.20 | 3.10

[68] | 6.5 LOS Indoor V-H 1.00- CI 1.30 | — 230 | —
Corridor 40.00 FI 4430 | 1.10 | 220 | —

ABG — — — —

[68] 10.5 LOS Indoor V-V 1.00- CI 1.00 | — 2.50 | —
Corridor 40.00 FI 4540 | 1.30 2.30 | —

ABG 1.10 15.70 | 3.20 | 3.10

[68] 10.5 LOS Indoor V-H 1.00- CI 1.20 | — 2.00 | —
Corridor 40.00 FI 48.50 | 1.40 |2.00 | —

ABG — — — —

[68] 15 LOS Indoor V-V 1.00- CI 140 | — 2.80 | —
Corridor 40.00 FI 5190 | 1.40 | 2.80 | —

ABG 1.10 15.70 | 3.20 | 3.10

[68] 19 LOS Indoor V-V 1.00- CI 0.60 | — 220 | —
Corridor 40.00 FI 56.60 | 0.90 210 | —

ABG 1.10 15.70 | 3.20 | 3.10
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[68] 19 LOS Indoor V-H 1.00- CI 1.40 — 3.00 | —
Corridor 40.00 FI 63.30 | 1.10 280 | —
ABG — — — —
[68] 28 LOS Indoor V-V 1.00- CI 0.90 — 2.10 | —
Corridor 40.00 FI 58.70 | 1.20 2.00 | —
ABG 1.10 15.70 | 3.20 | 3.10
[68] 28 LOS Indoor V-H 1.00- CI 1.80 — 380 | —
Corridor 40.00 FI 69.10 | 1.10 | 3.10 | —
ABG — — — —
[68] 38 LOS Indoor V-V 1.00- CI 0.80 — 230 | —
Corridor 40.00 FI 67.90 | 0.90 230 | —
ABG 1.10 15.70 | 3.20 | 3.10
[68] 38 LOS Indoor V-H 1.00- CI 1.10 — 270 | —
Corridor 40.00 FI 70.00 | 1.00 270 | —
ABG — — — —
[69] | 40 LOS Indoor V-V 2.00-2.70 | CI 1.80 — 470 | —
Corridor
[70] | 4.5 LOS Indoor V-V 1.00- CI 0.70 — 314 | —
Office 22.70 FI 4145 | 1.32 1.79 | —
ABG 0.43 1.56 0.24 | 4.83
[70] | 4.5 LOS Indoor V-H 1.00- CI 1.13 — 2.63 | —
Office 22.70
[70] | 4.5 LOS Indoor V-Omni 1.00- CI 2.31 — 6.64 | —
Office 22.70 FI 71.0 0.88 1.79 | —
ABG 0.90 35.77 1 0.19 | 3.02
[70] | 28 LOS Indoor V-V 1.00- CI 0.92 — 2.18 | —
Office 22.70 FI 60.10 | 1.06 215 | —
ABG 0.43 1.56 0.24 | 4.83
[70] | 28 LOS Indoor V-H 1.00- CI 3.87 — 7.83 | —
Office 22.70
[70] | 28 LOS Indoor V-Omni 1.00- CI 2.49 — 438 | —
Office 22.70 FI 68.23 | 1.77 397 | —
ABG 0.90 35.77 | 0.19 | 3.02
[70] 38 LOS Indoor V-V 1.00- CI 2.29 — 5.6 —
Office 22.70 FI 82.53 | 0.33 2.57 | —
ABG 0.43 1.56 0.24 | 4.83
[70] 38 LOS Indoor V-H 1.00- CI 481 — 126 | —
Office 22.70 7
[70] 38 LOS Indoor V-Omni 1.00- CI 3.25 — 527 | —
Office 22.70 FI 83.79 | 1.12 2.04 | —
ABG 0.90 35.77 1 0.19 | 3.02
FI 61.04 | 1.50 1.12 | —
[80] | 26 LOS Indoor V-V 1.00- CI 1.46 — 494 | —
office 50.00 FI 62.12 | 1.36 494 | —
(Horn ABG |30.51 | 132 |481 |225
Antenna)
[80] 32 LOS Indoor V-V 1.00- CI 1.35 — 454 | —
office 50.00 FI 65.84 | 1.13 494 | —
(Horn ABG 30.51 | 1.32 481 | 2.25
Antenna)
[80] 39 LOS Indoor V-V 1.00- CI 1.53 — 455 | —
office 50.00 FI 63.19 | 1.61 454 | —
(Horn ABG |30.51 | 132 |4.81 |225
Antenna)
[80] | 26 LOS Indoor V-V 1.00- CI 1.34 — 449 | —
office 50.00 FI 64.78 | 1.05 443 | —
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(Omni ABG | 5450 | 1.14 | 4.41 |0.66
Antenna)

[80] | 32 LOS Indoor V-V 1.00- CI 135 | — 430 | —
office 50.00 FI 63.50 | 129 |430 |—
(Omni ABG | 5450 | 1.14 | 4.41 |0.66
Antenna)

[80] |39 LOS Indoor V-V 1.00- CI 1.14 | — 425 | —
office 50.00 FI 6586 | 1.03 | 424 | —
(Omni ABG | 5450 | 1.14 | 4.41 |0.66
Antenna)

[84] |28 LOS Indoor V-V 4.10- CI 1.10 | — 1.80 | —
Office 21.30 FI 120 |60.40 | 1.80 | —

[84] | 73 LOS Indoor V-V 4.10- CI 130 | — 240 | —
Office 21.30 FI 0.50 | 77.90 | 1.40 | —

[84] | 73.5 LOS Indoor V-V 4.10- CI 120 | — 230 | —
Office 21.30 ABG | 090 |26.80 | 1.80 | 2.60

Table 2.4. Comparison of parameters for single frequency CI, FI and multi-frequency ABG path loss models for

millimeter wave in indoor environments for NLOS scenarios at different frequencies.

Ref | Frequency | Environment | Scenario | Polarization | Distance Model | PLE B o y
(GHz) Range (@) (dB) | (dB)
(m)
[41], | 14 NLOS Indoor V-V 2.00- CI 207 | — 598 | —
[43] Corridor 24.00 FI 67.27 | 1.01 |3.69 |—
[41], | 18 NLOS Indoor V-V 2.00- CI 2.38 — 6.87 | —
[43] Corridor 24.00 FI 71.02 | 1.17 432 | —
[41], | 22 NLOS Indoor V-V 2.00- CI 226 | — 6.86 | —
[43] Corridor 24.00 FI 73.24 | 1.01 4.07 | —
[69] | 40 NLOS Indoor V-V 2.00-2.70 | CI 290 | — 9.00 | —
Corridor
[70] | 4.5 NLOS Indoor V-V 1.00- CI 226 | — 4.56 | —
Office 22.70 FI 16.22 | 4.85 391 | —
[70] | 4.5 NLOS Indoor V-Omni 1.00- CI 3.69 | — 2.89 | —
Office 22.70 FI 40.48 | 4.55 2.84 | —
[70] | 4.5 NLOS Indoor V-H 1.00- CI 197 | — 6.00 | —
Office 22.70
[70] | 28 NLOS Indoor V-V 1.00- CI 3.21 — 448 | —
Office 22.70 FI 50.31 | 4.13 439 | —
[70] | 28 NLOS Indoor V-Omni 1.00- CI 3.85 — 485 | —
Office 22.70 FI 37.45 | 5.83 450 | —
[70] | 28 NLOS Indoor V-H 1.00- CI 4.65 — 3.57 | —
Office 22.70 FI 43.63 | 6.12 331 | —
[70] | 38 NLOS Indoor V-V 1.00- CI 4.38 — 4.14 | —
Office 22.70 FI 87.91 | 2.40 373 | —
[70] | 38 NLOS Indoor V-Omni 1.00- CI 454 | — 262 | —
Office 22.70 FI 71.06 | 3.96 257 | —
[70] | 38 NLOS Indoor V-H 1.00- CI 5.28 — 4.09 | —
Office 22.70 FI 43.63 | 6.12 331 | —
FI 73.24 | 1.01 4.07 | —
[84] | 28 NLOS Indoor V-V 4.1-21.3 CI 270 | — 9.60 | —
Office FI 3.50 51.30 | 9.30 | —
[84] | 73 NLOS Indoor V-V 4.1-21.3 CI 320 | — 113 | —
Office 0
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FI 2.70 7630 | 11.2 | —
0
[84] | 73.5 NLOS Indoor V-V 4.1-21.3 Cl 2.90 — 109 | —
Office 0
ABG 3.10 1.30 103 | 3.8
0 0

Table 2.5. Evaluation and observation of usage of various existing models for millimeter wave propagation.

Ref Frequency Environment Model Observation
(GHz)

[52] 28 and 73 Indoor office Cland FI | Simple CI models can be used in indoor wireless
channels with the correctness even when using one or
two functions that has a connection with the transmitted
power.

[62] 28, 38 and | Indoor and | CI It only provides data for future research.

73 outdoor

[63] 73.5 Urban  micro | CI and | Simulation shows the accuracy of the CI model to be
and macro | ABG better than the ABG model as it offers a more stable and
cellular acceptable performance with greater level of accuracy.

[64] 2to 73 Urban microcell | CI, CIX | CI and CIF models show a better goodness of fit and
and macro cell and ABG | more stable behavior of the components unlike the ABG.

Inferring that CI is good for outdoor use.

[65] 1to 100 Indoor  office | 3GPP There is more dependency on the value of the frequency
and  shopping in the indoor environments as compared to the outdoor
mall environments.

[71] 10, 20, and | Indoor and | KED It shows that the KED model fits accurately with the

26 outdoor model indoor environment as well as rounded corners in outdoor
scenarios.

[73] 40 Indoor Cland FI | Analysis of the CI and FI models shows that they have
similar values for the PLE and slop line.

Table 2.6. Comparison of various propagation models in millimeter wave for the indoor office environments.

Ref Frequency | Environment | Scenario | Models Result Observation
(GHz)

[69] 6.5, 10.5, | Indoor NLOS Frequency | The results indicate that the | This new
15, 19, 28 and LOS | attenuatio | value of the path loss | proposed model
and 38 n model | exponents for the models | shows its

CIX, adopted is lesser compared | simplicity, lesser

ABG and | to the value when the | path loss exponent

ABGX model is in a free space, | and has a god
which is applicable for all | RMS delay spread
the frequencies. The values | and dispersion
were within 0.1 to 1.4. factor value.

[70] 4.5, 28 | Indoor office | NLOS New It shows that there is a | The result should
and 38 and LOS | improved | better result of path loss | be modelled with

model when modelled with one | more than one
parameter. parameter to
actually know the
stability at
multiple
frequencies.

[76] Varying Indoor and | NLOS A scheme | It uses D2D | The major
frequency | outdoor and LOS | that communication with good | advantage of this

adopts values of SINR. model is that it
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mode helps in a

assignmen situation when
t by reuse there is problem
of path loss
attenuation in
both indoor and
outdoor

environment.
[78] Varying Indoor LOS and | Indoor There is a major | It only considers
frequency NLOS localizatio | improvement in the | the distance and
n environment at different | path loss.
approach | distances when compared | Frequency is
to the existing schemes. another major

factor that needs
to be considered.

[85] Varying Indoor short | NLOS Empirical | It shows  appreciable | There is a need to
frequencie | office range and LOS | path loss | varying values of path loss | test this novel

S models at different frequencies | prediction  path
which also shows less | loss, model in a
complexity. commercial

environment
where more
obstructions  will
take place.

2.7. Chapter Summary

This chapter compares millimeter wave’s propagation observations in the outdoor, interior office, and
corridor for various frequencies to single frequency route loss models from CI and FI, as well as the multi-
frequency path loss model from ABG. Because the CI and FI route loss models are simple, they function
similarly practically for all the examined frequency bands. Their PLE values are in line with the measured
values for the LOS environment. In a similar vein, the NLOS performance is not awful; nevertheless, a higher
gain antenna should be used to compensate for the significant path loss. Almost all of the models PLE values are
less than the FSPLE of 2, owing to the multipath components being added together as a result of reflections and
wave guiding along the walls of the interior environment, whether it's an office or a corridor. In the LOS
context, the conventional 1 m reference distance also allows for simple calculations, a better degree of precision
and good prediction of measured path loss. The sole need for this to work in an NLOS environment is that there
are no barriers in the first meter of propagation. According to the multi-frequency ABG route loss model, the
value of the frequency slope value (y) at all frequency bands in both LOS and NLOS environments does not
convert to a realistic amount of attenuation as frequency increases. Although all three models perform well, the
model with the smallest amount of parameters is the best to utilize for simplicity and convenience of use. This is
shown in Table 2.5 and Table 2.6. The theory and performance of various path loss models, including ABG, CI,
and FI, as well as some other modified models derived from the three fundamental path loss models: ABG, CI,
and FI for 5G networks have been presented in detail. The study looked at measurement situations in both LOS
and NLOS for both indoor and outdoor environments at the frequencies of 0.5 GHz, 2 GHz, 2.4 GHz, 6.5 GHz,
10 GHz, 10.5 GHz, 15 GHz, 14 GHz, 18 GHz, 19 GHz, 20 GHz, 22 GHz, 26 GHz, 28 GHz, 38 GHz, 40 GHz,
60 GHz, and 73 GHz. To illustrate the process, the results of each article were quickly described in each

instance. Despite the fact that some studies employ identical frequencies but distinct path loss models, others
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use a modified version of the path loss models used in previous research but with better performance and
simplicity than before. It was revealed that increasing the frequency does not result in an increase in the path
loss exponent, but rather has an effect on the environment. The chapter concluded that the CI free space
reference models and the FI path loss models are the most appropriate path loss models for indoor millimeter
wave propagation in both LOS and NLOS scenarios. However, since each indoor environment investigated in
the literature are made of different building designs, the improved models for both CI and FI path loss models
with better performance in path loss exponent, shadow fading and other path loss parameters for the specific
building designs in the propagation of millimeter wave for 5G networks in an enclosed environment should be

developed.
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Chapter 3

Path Loss Measurements and Model Analysis in an Indoor

Corridor Environment at 28 GHz and 38 GHz

This chapter focuses on the effects of the wall proximity on the path loss parameters as well as comparisons
with the parameters in some of the reviewed literature studies. The FI and CI models produce comparable
results for both antenna polarizations and clearly fit with the measured path loss. The path loss measurements
and model analysis presented in this chapter are useful in designing 5G wireless communication systems for

indoor environments, particularly for power budget calculations.

3.1 Introduction

High data rate wireless communications are essential, and a number of solutions have been presented to
address this issue. The requirements for greater capacity, high dependability, data rates, and quality for a
number of applications have been met by a variety of current wireless communication systems, notwithstanding
this. The most solid answer to this issue is millimeter wave propagation. It is referred to as centimeter wave
(cm-wave) or mmWave spectra. 5G technology has drawn interest since it can provide data rates of many
gigabits per second (Gbps) [98] - [99]. The lower band has been used in many wireless systems, whilst the
majority of the upper portion of the spectrum is not used (but may be used) for 5G technology. Potential
commercial uses, such as automobile radars and high-data-rate systems, have been made possible due to the
rising demand for inexpensive circuitry and better data transfer rates in these bands [100] — [102]. Achieving
complete transparency and rate convergence between wireless and wired links, mmWave, and terahertz (THz)
bands, which are the new wireless communication technology frontiers, could lead to seamless interconnections

between ultra-high speed wired networks (fiber optic links) and personal wireless devices (laptops).

Millimeter wave technology operates in the electromagnetic range between 30 and 300 GHz, with
wavelengths ranging from 10 to 1 mm [30], [34], [103]-[106]. A detailed diagram of the millimeter wave
spectrum is shown in Figure 3.1. The available spectrum at the presented frequencies is more than 200 times
larger than all of the present cellular network allocations [103]. This technology is characterized by a large
quantity of idle bandwidth that can improve the data rate available to end users, allowing it to meet the two
primary requirements for 5G networks: ultra-high peak throughput (20 Gbps) and the average user experience
rate (50-100 Mbps) [105]. Since gigabit Ethernet and desktop connections have become inexpensive for server
connections, in 2007, the communication sector disclosed the unoccupied 10 Gb for usage [105]-[106]. In
addition, gigabit Ethernet became the standard for servers, requiring systems to be ordered with gigabit network
interface cards on a regular basis [106]. Over time, the cost of wireless gigabit lines has equaled the cost of
wireless. This provides superior output in older wireless applications as well as other feasible uses at gigabit
speeds. Wireless communications have become increasingly relevant in the business world, particularly in

Universal Serial Bus (USB) 2.0, gigabit speeds, and extended range services [106].
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Figure 3.1. Millimeter wave spectrum [107].

Previous WLAN speeds were just 54 Mb/s, with IEEE 802.11n applications reaching 150-300 Mb/s.
However, when it comes to accessing rich media information, even 500 Mb/s is insufficient. In the near future,
home A/V (audio/video) networks will need Gb/s data rates to deliver uncompressed high-definition video at
resolutions of up to 1920-1080 progressive scans, with latencies ranging from 5 to 15 ms [30], [106]. In
addition, the technical requirements for high-speed wireless systems must take into account the following

factors:

1. The requirement for higher data rates will continue to grow as the demand for multimedia networks

Srow.

2. The demand for shared resources has increased as a result of data streaming for both personal and

mobile devices.

Although numerous technologies have been used, such as IEEE 802.11n, IEEE 802.16 (WiMax), and UWB,
their efficiencies have not been sufficient to meet the demands placed on wireless communications, particularly
in 5G networks [30]. A better way to tackle these challenges is to make proper use of frequencies that are not
employed in millimeter waves but have application potential. These frequencies are shown in Figure 3.1.
Despite the fact that millimeter wave technology has been in use for some time, with the advent of process
technology, this technique has begun to receive widespread acceptance among academics and industries.

After building a communication channel that spans the capacity and dependability of data rates, the path loss
exponent is one major metric that a good communication channel depends on [98], [101], [108]-[109]. Path loss
is a measure of the degeneration of the propagated signals over a distance range in both LOS and NLOS

scenarios. The path loss exponent is used to evaluate the performance of a communication system in wireless
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channel propagation. It has been found that impediments, including walls, furniture, and people, can cause
propagation loss in millimeter wave technology. The development of a good path loss prediction model for these
bands still depends on detailed characterization, analysis, and modeling in these frequency bands, despite the
fact that research in this field is ongoing. Wireless system design, planning, and simulation were all part of the
model application. Different path loss model concepts have been proposed by various academics for
examination, particularly in indoor environments [6], [39]-[43], [110]. The most important use of path loss
models will be in [40], where calculations of power budgets, modulations, forecasts of cellular
coverage/interferences, and the design of coding schemes are all highly critical.

This research which offers LOS and NLOS measurement data scenarios in an indoor corridor environment
assesses CI and FI path loss prediction models for frequency ranges of 28 and 38 GHz. The measuring campaign
took place on the 5th floor of the Discipline of Electrical, Electronic, and Computer Engineering Department
building at the University of KwaZulu-Natal’s Howard Campus in Durban, South Africa. In the NLOS scenario,
the evaluation included propagation characteristics for both FI and CI free space path loss models. Oyie and
Afullo [33] worked on the same channel settings of 14 and 22 GHz using the Rohde & Schwarz SMF 100A for
signal generation at the Tx, Rohde & Schwarz FSIQ signal analyzer at the Rx, and two directional pyramidal
horn antennas. Previous work of [40] did not consider the behaviors of the model parameters when two antenna
polarizations were used but dwelled only on one antenna polarization, which was the V-V antenna polarization
in an indoor environment. However, to fill this gap, this chapter evaluated the measurement analysis of the
existing CI together with the FI path loss models in terms of the antenna polarizations using measured data from
the measurement campaign. The measurement campaign was conducted at frequency bands of 28 and 38 GHz
using the Rhode and Schwarz SMB 100A radio signal generator to generate continuous wave (CW) signals,
which were then delivered across a wireless medium to the Rhode and Schwarz FSIQ 40 signal analyzer of a
frequency range of 100 kHz to 40 GHz with the use of broadband horn antennas at both the transmitter and
receiver ends. The accuracy, simplicity, and stability of the parameters of the models were evaluated in both
LOS and NLOS scenarios.

This work established an appropriate antenna polarization mode with the lowest path loss when transmitting
power from the transmitter to the receiver in both LOS and NLOS communication scenarios. It will also be a
good indication for developmental initiatives for future wireless communication research on specific building
design prediction path loss models for brick and concrete walls (since the indoor corridor is made of dry
concrete and bricks). The rest of the chapter is organized as follows: Section 3.2 reviews the literature studies
and works on millimeter waves. Details of the environment used for the measurement campaign and various
path loss models are discussed in Section 3.3. The results and the comprehensive discussion of the results are

presented in Section 3.4. The chapter summary is presented in Section 3.5.

3.2. Review of Relevant Works

The review related to propagation path loss, wide bandwidth, narrow wavelength, and high penetration that

characterize millimeter wave communication is given as follows:

(a) Abundant bandwidth: At the moment, the overall bandwidth available for a mobile network is insufficient to

meet the increased data demands of devices for 2G, 3G, and 4G networks. The most significant advantage of
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millimeter communication over classical communication is the increased bandwidth, which allows the

transmission at very high frequencies up to few hundreds GHz [110].

(b) Short wavelength: Because mmWave signals have wavelengths in the order of millimeters, they must be
communicated using MIMO, and they are particularly well suited to packing a large number of half-
wavelength-spaced antennas into tiny spaces. The combination of mmWave with massive MIMO can

considerably improve the wireless access and throughput performance [45].

(c) Propagation loss: Path loss and penetration loss are two different types of propagation losses. Under the
assumption of the LOS, the free space route loss is proportional to the square of the carrier frequency, according
to the Friis trans-mission formula. Because microwave frequencies start at 26.5 GHz, there is more propagation
loss than in the microwave band. For example, at 60 GHz, it is 28 dB higher than at 2.4 GHz. This has been a
key drawback of mmWave, but with the introduction of device to device (D2D) communications, a high-gain
directional antenna may compensate for the loss, improving network capacity and enhancing security against
eavesdropping and jamming. The increased penetration loss in NLOS set-tings makes it difficult for mmWave
nodes placed outdoors to reach indoor spaces. Signals/propagation may suffer from large penetration losses in
the case of indoor users with outdoor base stations (BSs), lowering data throughput, spectrum efficiency, and

energy efficiency. The separation of outside and indoor scenarios is, therefore, unavoidable [46]-[47].

According to Salous et al. [26], there are unallocated spectra in millimeter wave bands, preventing the full
use of massive antenna arrays for high-speed data transfers. Although gigabit data transmissions in these bands
necessitate accurate channel modeling, the shad-owing effect and the necessity for adaptive beam formations in
areas with significant mobility persist. As a result, it was suggested that in addition to end-channel sounders,
detailed measurements for full radio characterization should include angular spread and delay time in the
evaluation of multipath make-ups. However, in order to provide in-put to standard organizations, the lack of
channel models must be addressed. El Hajj et al. [48] emphasized the relevance of millimeter bands as a proven
solution for high data rate transmissions, particularly in indoor environments. However, millimeter wave
propagation technology has been reported to suffer from propagation loss of 25 to 30 dB due to impediments,
such as walls, furniture, and human blocking. Another study used a frequency domain and a vector network
analyzer (VNA) to investigate millimeter wave propagation at 60 GHz in an indoor environment. The results
suggest that an access point (AP) can be placed in the center of the network to reduce shadowing caused by

human impediments. It has a high frequency that could be solved with a frequency lower than 60 GHz.

As mentioned in [49], millimeter wave measurements were made in China with the goal of determining the
influences of atmospheric variables on transmission. There was a difference between the theoretical rain-
induced signal attenuation and the practically recorded signal attenuation during the rainfall. It was founded on
the idea of rain fore- casting and monitoring in real-time. As a result, the dynamic rain-aware link adaptation
method was developed to allow the system to fit the modulation and coding scheme to rain intensity levels, the
production efficiency of fixed modulation, and coding schemes. The results reveal that the rain-induced signal is
unpredictable in both practical and theoretical situations, with attenuation due to variations in weather
conditions ranging from 1.5 to 4.5 dB. The drawback was that the different links were not compared. Gade et al.

[50] discovered that on-chip wireless links function better than a standard NoC in additional millimeter wave
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research. The on-chip wireless channel characteristics were combined with antenna implementation and near-
field multipath propagation effects. The near-field/transition region is where the propagation in the on-chip
wireless channel takes place, making the channel more difficult. On antennas, it was also discovered that
directional kinds are less impacted by channel time dispersion, despite higher losses, and that omnidirectional
antennas obtained a reserve. The on-chip wireless channel provides information on the characteristics of

wireless communications and aids in the design of circuits for improved performance.

The performances of millimeter wave for indoor communication at different bands between 28 and 73 GHz
were carefully examined for LOS and NLOS conditions, taking into account the effects of different buildings
and frequency-sensitive materials. The links between separation distances and the received power and delay
spread were inversed. As a result of the concerns with the antenna’s directivity, a rise in path loss causes a
commensurate increase in separation distance. The system was also able to solve the problem of bandwidth in
electronic devices, allowing for the growth of low-cost infrastructure demand for broadband mobile devices.
The main disadvantage of this strategy is that it tends to fail as distance and communication capabilities grow
[51]-[53]. Chittimoju and Yalavarthi [54] conducted a complete assessment of millimeter wave
communications, including some of the benefits and uses. They demonstrated that millimeter waves encourage
larger band-widths while increasing the speed to 10 Gbps. Some of the benefits observed include the utilization
of compact components, less interference, and increased security. The range is limited in the line of sight, which
was one of the key flaws uncovered. The authors in [55] introduced a novel technique termed the Q learn-based
system, which incorporates the edge computing function in adjustable power and angle sub-6 GHz user
equipment to tackle capacity and efficiency problems in millimeter wave propagation. The results suggest that
the user’s equipment (using this method) was able to achieve great energy efficiency, allowing for a very strong

and steady transmission capacity.

Maltsev et al. [56] concentrated on the merits, limitations, and common applications of millimeter wave
communications in several bands. Millimeter wave was determined to be critical in the deployment of 5G, and it
is believed that significant improvements in radio and networks could be developed to aid in the deployment of
6G. Fuschini et al. [57], using ray tracing (RT) simulations and directed measurements, investigated the
narrowband and wideband properties of an in-room 70 GHz wireless channel. Reflection is the most pronounced
mode of propagation; however, scattering is still present and appears more than when the frequencies are below
6 GHz, according to the observations. When comparing a more detailed environment to a less detailed
environment, if both were exposed to the same error sources, a faster rate of calculation was seen, but this did

not translate to greater simulation accuracy.

In [48], the authors reviewed the results of observations taken in two indoor locations at a transmission
frequency of 60 GHz. The responses of three distinct types of antennas to power loss factors were verified using
a VNA. The results revealed that big aperture antennas had greater guided wave effects than those with narrow
apertures, resulting in a more accurate path loss model for the latter. The measurements also showed that
positioning an omnidirectional antenna in the access point (AP) in the center of the meeting room provided
better radiation than placing it in a corner because the shadowing effect produced by human obstruction was
reduced. These findings will aid in the deployment of new wireless local and personal area networks. Further

research work included compiling a comprehensive overview of 5G network approaches in millimeter wave
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wireless communication systems, as well as bringing together essential millimeter wave propagation models
from the past to the present. It also emphasized the significance of developing diverse models based on ray
tracing and measuring procedures for current and future uses in academia and industries. As millimeter wave is
still in the research era, especially in the application for 5G propagation [25], the data acquired on shadowing
and path loss will aid in the predicted improvement. The major issues with millimeter wave propagation, such as
limited beam width, high penetration loss, and strong path loss, were highlighted in [47]. The authors also
discussed the differences between analytical modeling and ray tracing approaches for channel modeling. After
the measurements, data processing and analysis of the measurement results were given, including channel gain,
scatterer identification, RMS delay spread, and average power delay profile (APDP). When taking
measurements in varied settings, however, the usage of a MIMO channel with a wide frequency spectrum is

essential.

Elmezughi et al. [41] discussed the frequency measurements in 14, 18, and 22 GHz frequency bands in an
indoor environment. The authors of [41] also presented two path loss prediction models and communication
scenario analyses for both NLOS and LOS. The LOS analysis showed that the CI and FI models functioned
nearly identically after execution at all frequencies. With the frequencies increasing along the LOS range, the
PLE increased significantly in the CI model. It rose from 1.37 to 1.66 for the 14 and 22 GHz frequency bands,
respectively; however, the LOS values did not match those of the FSPLE. Due to environmental considerations,
the path loss models had symmetrical features at around 180 AoA. The models, on the other hand, performed
better at 30, 330, and 180 AoA. The findings also demonstrated that CI and FI models may be employed reliably
in both LOS and NLOS corridor scenarios. The main flaw that needs to be addressed is the adoption of a higher
gain antenna to decrease additional path losses to the absolute minimum. In addition, as an extension to the
above-mentioned conclusion, the effects of transmitting antenna heights on these parameters were explored in
[42]. Elmezughi and Afullo [43] recently updated this work, delivering efficient improvements for both the CI
and FI path loss models. The major findings showed that, for both LOS and NLOS communication scenarios,
the enhanced models beat the standard models. Furthermore, the proposed models have substantially superior
stability and sensitivity than standard models, especially in the NLOS condition. By combining these enhanced
models with the LOS probability models provided in [46], a generic and accurate model for indoor corridor
environments may be obtained. Despite the research on these frequency bands, thorough characterization,
analysis, and modeling in these bands remain crucial. This study used the MMSE approach to analyze large-
scale path loss models in the 28-38 GHz frequency spectrum in order to reduce the complexities and errors in

LOS and NLOS scenarios.

Path loss is a phenomenon that occurs when a transmitter’s signal is attenuated in the communication
channel as a function of the distance traveled as well as the propagation channel characteristics. Path loss (or
path attenuation) is the decrease in the power density of an electromagnetic wave as it travels through space.
Path loss can be caused by a variety of factors, including natural radio wave expansion, diffraction path loss
caused by obstruction, and absorption path loss due to the presence of a form of media that is not transparent to
electromagnetic waves. It is crucial to remember that even when a path is lost, the transmitted signal may still
travel along other paths to its destination; this process is known as multipath. Since these waves or transmitted

data travel along different paths, the wave may reconvene at the destination point, resulting in significantly
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different received signals [111]. It also refers to the loss or attenuation that a propagating electromagnetic signal
(or wave) experiences as it travels from the transmitter to the receiver. As a result, the received power is lower
than the broadcast power level. Antenna gains, operational frequency, transmission power, and the range of
separation between the transmitter and receiver are all elements to consider. The most common way to express
path loss is in decibels (dB) [61]. Because the dependency of the distance between the transmitter and the
receiver distance on the path loss is no longer linear, the path loss in wireless propagation is mostly a function
of a logarithm factor. However, in LOS environments signal attenuation over distance closely follows Friis’ free

space path loss equation, propagating signals attenuated according to the square power law [61], [63].

In the last 20 years, there has been substantial research into various propagation channels that could be used
for indoor channels. While some have concentrated on both outdoor and indoor office spaces, others have
concentrated solely on interior office environments [62], [64]-[69]. Wang et al. produced model descriptions
with probability distributions; they relied on the parameters in research on an empirical path loss model for
wireless channels in indoor short-range office environments. The model depicted appreciable variable values of
route losses at different frequencies and produced a simpler model that simplified radio propagation in difficult
situations. However, because this study was conducted in an office setting, it was necessary to evaluate this

innovative prediction path loss model in a commercial setting with more obstacles [112].

Further research has revealed that most propagation models that work at frequencies less than 6 GHz are
inapplicable when considering route loss models for millimeter wave frequency bands (which are generally
above 6 GHz). Majed et al. constructed channel models that could operate in indoor circumstances at frequency
ranges of 4.5, 28, and 38 GHz in order to find a solution. Both LOS and NLOS measurements were taken in an
inside office environment with the transmitting and receiving antennas separated by 23 m. The purpose of the
study was to compare the new large-scale generic path loss models to existing path loss models,
omnidirectionally and directionally, as well as multi-frequency and single-frequency path loss models. The
investigation shows that when modeled with one parameter PLE and associated with transmitted power, the
large-scale route loss model has a propensity to perform better [70]. Shadowing and attenuation, which were
explored in [70], are another set of properties common to indoor environments. Wireless open-access research
platform (WARP) equipment was used to model path loss and shadowing. As a result, the propagation path loss
value was consistent with measurements in the literature, with an exponent of 4 and a standard variation of 6.4

dB.

In millimeter wave propagation, the direct exchange of information between two near-distance devices in the
absence of a base station (known as D2D communication) has various advantages, including energy efficiency,
increased data throughput, and shorter latency [52], [113]. The effect of path loss on this D2D communication,
however, is unique and unsurpassed. Modeling a method that will result in a significant reduction in attenuation
is required. The authors in [114] proposed a strategy that uses mode assignment by reuse as well as cellular
mode dedication based on a tradeoff of path loss attenuation and ranges between D2D users. This scheme’s
analysis was compared to other existing schemes, such as the alternate offer bargaining game theory algorithm
(AOBG) and the heuristic algorithm. The main benefit of the proposed approach is that the D2D user’s SINR
threshold is supported to a certain extent. The practicality of this technology is demonstrated by the fact that it is

extremely useful in situations where path loss attenuation is a concern in both indoor and outdoor contexts.
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Another measurement work was conducted in two different locations in the USA by MacCartney. Jr. et al. to
check the path loss models for 5G millimeter wave propagation channels in urban microcells using the best of
the sliding correlator channel sounder at two frequency bands (28 and 38 GHz). Using directional antennas of
varying heights and gains, this experiment investigated multiple microcellular conditions. The linear regression
fits were used to create the path loss models. The path loss spanned a distance that depended on the power
received, according to the measurements. When compared to existing path loss models, the suggested model
performed better in terms of lowering shadow factors by several decibels and providing a better fit to empirical

data while permitting only a minor path loss [16].

Naruke et al. proposed an indoor localization method based on the path loss—distance relationship using
handset sensor data. This proposed model computed the range between the Bluetooth low energy (BLE)
transmitter and the smartphone by first using the distance and path loss relationship and then using pedestrian
dead-reckoning (PDR) fixed on the mobile phone’s accelerometer. When compared to previous methods, the
results revealed a significant improvement in the distance error [74]. Al-Saman et al. conducted a
comprehensive investigation in which the investigated mmWave propagation models as well as measurements
in indoor environments. Time dispersion and path loss were identified as the key indoor wireless channels in
terms of millimeter wave propagation. Although the path loss coefficient grew as the frequency increased, the
exponent was only affected by the structure and kind of environment, not by the frequency. The overall
observation is that CI and FI models are the best for both LOS and NLOS channel propagations in millimeter
wave bands, especially in indoor environments, based on multiple applications of different research articles
regarding frequency ranges of 28 to 100 GHz. This development represents a significant step forward in the
deployment of millimeter wave propagation for both 5G and 6G networks with low propagation losses [39]. To
the best of our knowledge, there is no other analysis that covers the peculiarity of the effect of the proximity of
walls on path loss parameters. To fill this research gap, one of the main goals of this work was to find an
acceptable model with the best line of fit and the simplest application for the path loss model estimation in both
LOS and NLOS scenarios. The well-known single-frequency CI and FI path loss models for V-V and V-H
antenna polarizations were used to examine the channel characterization. The work also shows that the
multipath components added up favorably due to wave-guiding and reflections in the inside corridor
environments. Another contribution from this investigation is that the proximity of the walls, the materials of the
walls, the floor, and other irregular elements, such as wooden doors, concrete, and elevator doors along the

corridor, all have effects on radio wave propagation (indoors).

3.3. Path Loss Measurements and Models

This section presents the details of the environment used for the measurement campaign and the propagation

models.

3.3.1. Measurement Setup

The setups used for the measurement, the measurement scenario, and the channel sounder are shown in
Figure 3.2. The measurements were carried out at the Howard College Campus of the University of KwaZulu-

Natal on the 5th floor of the Department of Electrical, Electronic, and Computer Engineering. The
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measurements were conducted at frequencies of 28 and 38 GHz with a transmitting antenna height of 1.6 m and
receiving antenna height of 2.3 m. There was a total of 13 measured points for the both LOS and NLOS
scenarios. Although a reference distance of 1 m was observed, subsequent measurements were done from 2 m
points with increments of 2 m each until reaching 24 m. The measurements for Tx and Rx combinations
included two antenna polarization combinations, i.e., V=V and V-H. For the LOS, the bore sight alignments of
the two antennas were used. Whereas, in the NLOS scenario, the received power was determined when the
transmitting antenna was rotated to make sure there was an obstruction resulting in no clear optical path between

the Tx and Rx antennas. At this point, there was no aligning bore sight between the two antennas.

Figure 3.2. The architecture of the channel sounder.

The complete description of the channel sounder, as well as the measurement setup, is provided. On the
transmitting end, the Rhode and Schwarz SMB 100A radio signal generator was used to generate CW signals,
which then radiated across a wireless medium. This signal generator has a frequency range of 100 kHz to 40
GHz. A Rhode and Schwarz FSIQ 40 signal analyzer was used at the receiver end to receive the continuous
wave signal from the SMB 100A signal generator. The frequency range of this FSIQ 40 signal analyzer is 20 to
40 GHz with a maximum bandwidth of 120 MHz. Two identical LB-180400-KF broadband horn antennas with
frequency ranges of 18 to 40 GHz were used in this setup for transmitting and receiving radio signals. They had
a nominal gain of 15 dBi, a low VSWR of 1.5:1, and a uniform gain across the frequency ranges, resulting in
efficient performances and directionality. The antennas were also linearly polarized and could handle 10 W
continuously and 20 W peak output. In the elevation plane, the half-power beam width (HPBW) had a minimum
of 21 degrees and a maxi-mum of 42 degrees, whereas, in the H-plane, it was a minimum of 17 degrees and a
maximum of 45 degrees. The measurements were conducted at the height of 1.6 m for the transmitting antenna
and 2.3 m for the receiving antenna above the floor for both LOS and NLOS situations. Figures 3.3-3.6 present
the transmitter setup, receiver setup, and indoor corridor environment. Table 3.1 lists the channel sounder’s

parameter settings.
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Figure 3.3. The indoor corridor environment.

Figure 3.4. The transmitter setup.
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Figure 3.5. The receiver setup.

Figure 3.6. The setup of the transmitter and the receiver in the indoor corridor environment.

Table 3.1. Parameter specifications of the channel sounder for the experiment.

Parameters Configuration/Value Unit
Centre frequency 28, 38 GHz
Bandwidth 100 MHz
Transmission signal Continuous wave

Tx and Rx Antennas Broadband horn antenna

Tx Antenna power 10 dBm
Tx Antenna height 1.6 m
Rx Antenna height 2.3 m
Tx and Rx antenna gain at 28 GHz 15 dBi
Tx and Rx antenna gain at 38 GHz 17 dBi
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Tx and Rx antenna polarization Vertical/horizontal
Antenna size L x W x H 71 x 32 x28.6 mm?
Antenna weight 0.08 Kg

The measuring campaigns took place on the 5th floor of the Electrical, Electronic, and Computer
Engineering Department at the University of KwaZulu-Natal in Durban, South Africa. The length, height, and
width of the indoor corridor are 30, 2.63, and 1.4 m, respectively. The corridor is made up of dry concrete brick
walls, a square tiled floor, an elevator, and wooden office doors. The floor plan is shown in Figure 3.7. The

indoor corridor was used for both the LOS and NLOS scenarios of the campaign.

Figure 3.7. Floor plan of the indoor corridor environment.

The transmission of a continuous wave signal between the two broadband horn antennas used in the
transmitting and receiving ends had antenna heights of 1.6 m at the transmitting antenna stand and 2.3 m at the
receiver’s end. Both polarizations were placed in the vertical and horizontal directions; the center frequencies
used were 28 and 38 GHz. For the V-V polarization, the Tx and Rx broadband horn antennas were vertically
polarized. On the other hand, the Tx antenna for the V-H was vertically polarized, while the Rx antenna was
horizontally polarized. The transmitting antenna was placed at one end of the corridor, and the receiver antenna
was moved away from the transmitter by 2 m until it reached a distance of 24 m. Meanwhile, specialists in this
field proposed a reference distance of 1 m between the transmitter and receiver. With a reference distance d, =
1 m., the number of Tx—Rx separation distances was 13. When both antennas were aligned on the bore sight
with no obstacles in the transmitting signal path between them, the LOS scenario was evaluated. However, in
the NLOS, the received power was determined when the transmitting antenna was rotated to make sure that
there was an obstruction resulting in no clear optical path between the Tx and Rx antennas. At this point, there
was no aligning bore sight between the two antennas. The floor layout and the inside corridor are depicted in
detail in Figures 3.3 and 3.7, respectively.

It is worth noting that during the campaign, measuring cautions were observed in order to acquire accurate
measurements. During the campaign, all doors were closed and human movement along the inside corridor was
prohibited. In addition, all objects in the corridor were eliminated. The path loss was calculated using Equation

3.1), having considered the transmitted power P;, received power B., gain of the transmitting antenna G, as well
g p t p s 8 g t
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as the gain of the receiving antenna G,.. The path loss equation (all parameters in dB) is as follows, as computed

in [43]:

P, =P, — P+ G, + G, G.D

3.3.2. Path Loss Propagation Models

There is a general classification of models that requires minimal site or path details and that counts
hindrances or obstructions as components of the distance-dependent losses, whereas site-specific models assess
the losses due to each hindrance separately. These models are taken into account by placing the measured
variables into a generic phrase. Approximately four major path loss propagation models are frequently used: two
are single-frequency models, while the other two are multi-frequency models. CI, FI, CIF, and ABG models are
used in various studies [12], [16], [71], [73], [75]- [76], [78], [92], [115]-[125].

Models in propagation path loss can be used to reflect the effects of path loss on the signal at the receiving
end on a wide scale. It is a useful tool for calculating signal attenuation as it travels from the transmitter to the
receiver, taking into account the propagation distance and other factors. The models differ in that some specify
the topographical profile for easy signal analysis, while others just use the carrier frequency and distance to
determine their targets [82], [124]. The CI, CIF, and ABG path loss models are stochastic in nature, yet they
capture the phenomenon of large-scale propagation across a given distance, keeping in mind that they can work
at all appropriate frequencies in a given environment. The CI and CIF models are found to be equivalent to the
standard forms of 3GPP path loss models (the FI and ABG models). Only the floating constant and the free
space constant, which are dependent on propagation frequency and observance of the free space reference

distance of 1 m [63], [84]-[88], are relevant in this case.

3.3.2.1 The CI Free Space Reference Distance Path Loss Prediction Model

This is a model that has its primary principle on the anchor point and depends on the frequency in the free-
space. The FSPL is present in the model parameter, which also depends on the frequency of the carrier
propagating signal (f in GHz). The distance between the transmitter and the receiver (d in meters), as well as the
chosen reference distance (d,), are also important factors. The CI model has one parameter to be calculated in
dB, i.e., PLE (n) [64], [88], [124]. The equation for the model is shown in (3.2).
The reference distance of the CI model is 1 m, given by [63], [88]:

PE! (d)[dB] = FSPL(f,d,)[dB] + 10.n.log (<) + Xk (3.2)
Ford>d,, where d, = 1m

Where XLz is a zero mean gaussian random variable with a standard deviation o in dB

FSPL(f,d,) [dB] = 10logy, (**2) (3.3)

2
To determine the CI path loss model, the PLE 7 is found using the MMSE approach, which commiserates with
the data measured by adopting a physical anchor location that represents the free space power transmitted from

the antenna at the transmitter out to the reference distance d, of the CI . The reference distance d, of 1m is
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utilized in the mmWave CI model, which was proposed as a standard in [61] and [88]. Far-field radiation
patterns (Fraunhofer distances) from high-gain directional antennas may be greater than 1 m from the antenna,
but the CI path loss model may simply be converted to a | m reference distance by assuming that the far field

begins at 1 m (even if it does not).

FSPL(f,d,)[dB] = 10log;, (*L d")2 (3.4)
4anf 2
FSPL(f, 1m)[dB] = 10logy, (—) (3.5)

Where c represents the speed of light.

From (3.1), the shadow-fading random variable is
Xt = PL(d)[dB] — FSPL(f,1m)[dB] — 10.n.log(d) (3.6)

Let A = PLY'(d)[dB] — FSPL(f, 1m)[dB] and D= 10.n.log(d)

Therefore,
X, =A—nD 3.7

Then, the standard deviation of the random variable XSip is

cl _ ﬁ_ (A—TID)Z
o = R [y (3.8)

Where N represents the number of measured path loss points.
In order to obtain the PLE at the optimum value and ¢¢/, the partial differential of the numerator of equation

(3.8), with respect to the value of PLE, is equal to zero. Then,

olza-nny?] _

p (3.9)

22D (mD—-A)=0 (3.10)

2D (D —A)=2(nYD*—-YDA)=0 (3.11)
Therefore, from Equation (3.11),n = éﬁ?
The minimum shadow fading (SF) standard deviation for the CI model is

¥DA
Y(A-DST7)?
A (3.12)

The closed-form solution value was processed through MATLAB, n, and can be expressed using a matrix

formation:

n=AT(DTD) 1D (3.13)

2(4-AT(DTD)~1D)?
obl = /f (3.14)
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3.3.2.2. The FI Free Space Reference Distance Path Loss Prediction Model

This model relies on two major integral parts, i.e., the line slope, as well as the floating intercept. The FI

model is good at achieving the optimal minimum error fit for the path loss values, [61], [88]. It can be expressed

by Equation (3.15):
The equation of this path loss model is [61]:

PLFI(d)[dB] =x + 10.Blog,(d) + X5ie

(3.15)

This model adopts « as the floating intercept in dB, and the slope of the line is § (not as in PLE). Moreover,

o« and § were the two parameters adopted by this FI model to make it different from the CI model. The zero-

Gaussian shadow fading (in dB) variable over the mean path loss on a specified distance was X£L.. The best fit,

such as the CI model, entailed solving o« and f and minimizing &; the closed-form optimized solutions are

provided below. It is worth noting that the FI model requires two model parameters, whereas the CI model only

requires one.
Let B = PLFI(d)[dB], and D = 10.log,,(d)
Then, Equation (3.15) becomes,
B=x+BD+ XL,
X5sp = B—x —BD

Then the standard deviation of the random variable is X£’

ofl = [2XEC _ [s@-=—poy
- N N

If we want to minimize Y,(B—x — 8 D)?,

It implies that its partial derivate should be zero with respect to f and «; that is,

AC=-B07] _ 5 2(« +8D - B)

20N« +BYD —¥B)=0
N« +B8YD —¥B =0

—6[2@—;;—30)21 = Y. 2D(ex +8D — B)

2(x %D + BY.D? —¥DB) =0

«¥D + BY.D? —¥DB =0

Now, combining equations (3.21) and (3.24),

YD YDB-YD?YB
(‘==
(X D)2-N3 D?

g = YD YB-NY DB
~ (ID)2-NyD?

(3.16)

(3.17)

(3.18)

(3.19)
(3.20)

(3.21)

(3.22)

(3.23)

(3.24)

(3.25)

(3.26)

The minimum shadow-fading standard deviation can be obtained by substituting « and B in Equation (3.18),

with (3.25) and (3.26), respectively [39]:
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Then, the minimum SF standard deviation is now:

B={D-D)(D-D)D-D)'B-5) (3.27)
«= (B - 7D) (3.28)

Column vectors B and D have mean values of B and D, respectively.

3.4. Results and Discussion

This section details the discussion of results in the LOS and NLOS analyses of path loss models as well as
the performance assessments of the model’s variables. The Rohde & Schwarz FSIQ 40 signal analyzer was used
to capture the LOS and NLOS data, which were coupled to a broadband horn antenna. The data were analyzed
in order to propose viable large-scale path loss prediction models using the minimum mean square error
(MMSE) method, which fits the measured data in an indoor corridor environment at 28 and 38 GHz frequencies

in two different antenna polarizations.

3.4.1 LOS Measurement Evaluation Study Results and Discussion

This experiment examined two frequency bands (28 and 38 GHz) at two antenna polarizations, revealing the
findings and allowing for a comparison with the other propagation models. Figures 3.8 and 3.9 present the
measured data and FPSL curves, illustrating the CI and FI models for the 28 GHz frequencies at V-V
polarization and V-H polarization, respectively. The CI and FI path loss model curves overlapped with each
other and accurately fit the real measured data in both antenna polarizations. They still closely matched the V-H
polarization than the V-V. When the experiment was run using 28 GHz V-V antenna polarization, the PLE
value was 2.254. However, when the experiment was run using a V-H antenna polarization, the PLE value
increased to 2.979, indicating that the signal degraded more in the V-H polarization than in the V-V mode.
Moreover, the values of o for the V-V and V-H were 58.8294 and 59.9354, respectively. Nevertheless, the
value of B! rose from 2.154 to 3.05. It was observed that the value of ¢’ declined from 1.7431 (for V-V) to

1.3008 (for V-H).

When transitioning from the V-V to the V-H antenna polarizations in the 38 GHz frequency band, there was
an increase of 0.4186 in the path loss exponent. This shows that while changing antenna polarizations at a 38
GHz frequency, signal degradation occurred. The curves are shown in Figures 3.10 and 3.11. When contrast to
the 28 GHz frequency, the PLEs for both antenna polarizations were significantly larger at 38 GHz. This is
because increased scattering and penetration losses were generated by an increase in the signal attenuations at
higher frequencies. The various irregular materials, such as bricks, concrete, and other building materials (e.g.,
wooden doors and elevator doors), produce interference and may potentially impact the outcome. The standard
deviation for shadow fading o¢! for the V-V antenna polarization was 3.1874; nevertheless, it climbed slightly
to 4.1001 for the V-H antenna polarization. This demonstrates that there are many signal fluctuations in both
situations. Additionally, af’ has a 1.6439 increase from the V-V to the V-H. While 8! goes from 3.1461 to
3.6625, the 0! min value rises from V-V to V-H by 0.8016.
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Figure 3.8. Path loss versus distance at 28 GHz for the LOS scenario and V-V polarization.
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Figure 3.10. Path loss versus distance at 38 GHz for the LOS scenario and V-V polarization.
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Figure 3.11. Path loss versus distance at 38 GHz for the LOS scenario and V-H polarization.

Figures 3.12 and 3.13 compare the path loss for LOS CI at 28 and 38 GHz for the two antenna polarizations.
It is observed that path loss is more pronounced at 38 GHz than at 28 GHz for the V-V polarization. This
indicates that higher frequencies are subject to the numerous propagation effects and path losses. The
correlations between the path loss values in FI (in Figures 3.14 and 3.15) are very close to V-H, but have larger
differences in the V-V polarization (similar to the CI case). This means that in the LOS scenario, both CI and FI
behave similarly. Table 3.2 presents the LOS parameters of the CI and FI path loss models.
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Table 3.2. The LOS comparative study results at 28 and 38 GHz frequencies.

28 GHz LOS Communication Scenario

V-V polarization

V-H polarization

PLE (n) 2.2254 2.9790
ol [dB] 1.7718 1.3425
ap [dB] 58.8294 59.9354
Br 2.1537 3.0540
oft [dB] 1.7431 1.3008

38 GHz LOS Communication Scenario

V-V polarization

V-H polarization

PLE (n) 2.7801 3.1978
i [dB] 3.1874 41001
apy [dB] 60.5444 62.1883
Brr 3.1461 3.6625
Omin [dB] 2.7439 3.5455

Figure 3.12. CI path loss versus distance at 28 and 38 GHz for the LOS scenario and V-V polarization.
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Figure 3.13. CI path loss versus distance at 28 and 38 GHz for the LOS scenario and V-H polarization.
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Figure 3.14. FI path loss versus distance at 28 and 38 GHz for the LOS scenario and V-V polarization.
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Figure 3.15. FI path loss versus distance at 28 and 38 GHz for the LOS scenario and V-H polarization.

3.4.2 NLOS Measurement Evaluation: Study Results and Discussion

The CI and FI models for both V-V and V-H antenna polarizations were evaluated using NLOS
measurements. It is clear that, compared to the 28 GHz frequency band, the reflection from the corridor’s
walls—made of dry concrete and bricks—is more difficult when the values of the PLE in both the V-V and V-
H are maximum at 38 GHz. Plots for the measured values, CI, FI, and FSPL models for the V-V and V-H in the
38 GHz and 28 GHz frequency bands are shown in Figures 3.16 and 3.17, respectively.

The PLEs of the 28 GHz in V-V and V-H antenna polarizations differ, with the PLE for the V-H
polarization increasing by about 0.445. The standard deviation of 0.78 decibels was approximately the same for
both polarizations. The PLE in the 38 GHz situation was 2.8207 in the V-V polarization, increased by 0.6475 in
the V-H polarization, and a notable increase was observed in the value of the standard deviation, which rose
from 1.6283 to 2.9396 dB. The changes in the PLE and standard deviation were caused by changes in the
antenna polarization due to different wave guiding effects, diffraction, and reflections at the two antenna
polarizations, culminating in constructive interference of the multiple signal components that reached the

receiver in both cases.
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Figure 3.16. Path loss versus distance at 28 GHz for the NLOS scenario and V-V polarization.
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Figure 3.17. Path loss versus distance at 28 GHz for the NLOS scenario and V-H polarization.

When considering the 38 GHz frequency, the higher value of PLE and standard deviation indicated that
there was a low wavelength and a higher path loss at a higher frequency. Figures 3.18 and 3.19 display the plots
for both V-V and V-H antenna polarizations. The floating intercept values (B) at 28 GHz were 1.0558 and
0.9722, which were approximately the same in V-V and V-H. However, at 38 GHz, the floating intercept value
rose to 2.7254 in V-V polarization and 3.3064 in V-H polarization.
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Figure 3.18. Path loss versus distance at 38 GHz for the NLOS scenario and V-V polarization.
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Figure 3.19. Path loss versus distance at 38 GHz for the NLOS scenario and V-H polarization.

Furthermore, the values of gk, in the 28 GHz frequency band had a sharp increase in both polarizations

when compared to the value in the LOS scenario. The value was 8.1287 for V-V and 10.4790 for V-H, while
the 38 GHz values increased slightly from 1.6822 for V-V to 3.0257 for V-H. This indicates that the signal
performance in the NLOS was better in the 38 GHz frequency band when compared to the 28 GHz in both
polarizations (although the contrast occurred for the LOS situations). The rate of increase in penetration losses at
28 GHz was higher in the NLOS than 38 GHz. A similar behavior occurred in the experimental analysis by [69,
77]. This behavior is seen in the plotting of the path losses shown in Figures 3.16 and 3.17 for 28 GHz, and in
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Figures 3.18 and 3.19 for 38 GHz. The behaviors of the curves (of CI path losses for 28 and 38 GHz in the
NLOS for V-V antenna polarization) in Figure 3.20 is strikingly similar. This demonstrates that the path loss
follows nearly the same patterns at both frequencies, albeit with a higher value at 38 GHz. However, in the case
of V-H polarizations, as seen in Figure 3.21, it almost follows the same pattern as the V-V situation, but with a
slight difference in the value of the path loss in the frequency bands. This still justifies the fact that the path loss
is greater at higher frequencies. Figure 3.20 demonstrates improved sensitivity. The path loss in the 38 GHz
band was higher in the FI cases of Figure 3.22, as expected. However, there was a case where the value was
similar when the distance between the Tx and the Rx was 10 m. Figure 3.23 depicts the same situation, but with
a higher path loss value for the two frequencies. At a distance of 10 m, the path loss values also coincided.
Tables 3.3 and 3.4 display the parameters of the CI and FI path loss models for both polarizations for the NLOS
and LOS, respectively. Figures 3.20-3.23 show comparisons of the CI and FI plots for the 28 and 38 GHz
frequency bands.

Table 3.3. The NLOS comparative study results in 28 and 38 GHz frequencies.

28 GHz NLOS Communication Scenario
V-V polarization V-H polarization
PLE (n) 2.8815 3.3303
ol [dB] 8.1287 10.4790
ap [dB] 81.8470 87.8146
Br1 1.0558 0.9722
afl [dB] 0.7872 0.7796
38 GHz NLOS Communication Scenario
V-V polarization V-H polarization
PLE (n) 2.8207 3.4682
ot [dB] 1.6822 3.0257
ap [dB] 65.1057 65.8500
Br1 2.7254 3.3064
afl [dB] 1.6283 2.9396

Table 3.4. Single-frequency CI and FI path loss model parameters for all measured frequencies in the indoor

channels.
LOS
Frequency Polarization CI FI
(GHz) PLE (n) o' [dB] a'' [dB] B! of'min [dB]

28 V-V 2.2254 1.7718 58.8294 2.1537 1.7431
V-H 2.9790 1.3425 59.9354 3.0540 1.3008
38 V-V 2.7801 3.1874 60.5444 3.1461 2.7439
V-H 3.1978 4.1001 62.1883 3.6625 3.5455

NLOS
28 V-V 2.8815 8.1287 81.8470 1.0558 0.7872
V-H 3.3303 10.4790 87.8146 0.9722 0.7796
38 V-V 2.8207 1.6822 65.1057 2.7254 1.6283
V-H 3.4682 3.0257 65.8500 3.3064 2.9396

Taking a look at the overall measurement results in the LOS and NLOS, both models clearly fit the measured
path losses and produce comparable results in both antenna polarizations. The PLE was also much higher in the

V-H polarization of the NLOS scenarios due to signal degradation along the path from Tx to Rx. At 38 GHz,
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the highest value was 3.33 for V-H. This demonstrates that reflections from dry concrete and bricks become
more difficult at this frequency when compared to other frequencies. This was due to the lack of direct bore
sight between the Tx and Rx antennas. The Rx (as it transmits through the path from the Tx antenna) only relies
on signal diffractions and reflections from obstacles. Furthermore, the values of 6,5;,, and ag; increase to a peak
at 28 GHz, rather than 38 GHz, in the NLOS scenario. This demonstrates that both antenna polarizations have
better signal performances at 38 GHz. The slope of the path loss curve was roughly the same as the PLE values
in both LOS and NLOS situations. This means they behaved similar in this environment. In the NLOS scenario,
the minimum standard deviation values were much higher. This is due to the richness of the reflections and
diffractions, which allowed for constructive inference of the multiple signal components reached on the Rx side,
particularly in the 38 GHz V-V polarization. The NLOS scenario’s general behavior, which was characterized
by a higher path loss, was caused by the diffraction effect, which disrupted signal transmissions. Because the Tx
and Rx are not in the bore sight, obstructions between them tend to interfere with the signal transmission. Some
obstacles reflect signals at specific frequencies, while others simply absorb and garble them. However, in either
case, they degrade the signals, especially when the power budget is limited. The electrical properties of the
material causing the obstruction also have significant impacts on the signal. Some are excellent conductors,

while others are excellent insulators.

100 £
o5
90 F

85 f

Path loss [dB]
[=2]
o
T

* Close-In (Cl) Model at 28 GHz for NLOS Scenario and V-V Polarization
70 ’ -e- Close-In (Cl) Model at 38 GHz for NLOS Scenario and V-V Polarization ’
65 - 3

60 E 1 1 1 1 3
0 5 10 15 20 25

Distance [m]

Figure 3.20. CI path loss versus distance at 28 and 38 GHz for the NLOS scenario and V-V polarization.
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Figure 3.21. CI path loss versus distance at 28 and 38 GHz for the NLOS scenario and V-H polarization.
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Figure 3.22. FI path loss versus distance at 28 and 38 GHz for the NLOS scenario and V-V polarization.
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Figure 3.23. FI path loss versus distance at 28 and 38 GHz for the NLOS scenario and V-H polarization.

3.4.3 Comparison of the Obtained Propagation Parameters with the Other Indoor
mmWave Qutcomes

The propagation variable values are listed in Table 3.5. This is due to the fact that the work was conducted
under a variety of LOS and NLOS conditions. Due to the accumulation of many path components, the lower
range of PLE in this work under the LOS scenario was 2.23 at 28 GHz V-V. In the 73 GHz frequency range for
V-H antenna polarization, the authors of [39] found the greatest PLE for an indoor environment with the
measuring campaign conducted in a sizable open hall. The maximum upper value of PLE=3.47 in this
investigation, however, was recorded at 38 GHz for V-H polarization. Practically all of the PLE values for the

LOS in this study had FSPL exponents higher than 2.
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Table 3.5. Comparison of indoor channels at mmWave frequency ranges for single-frequency path loss model

parameters.
Ref | Dist. | Freq. | Pol. | Envi. | Dimen. | Materials Sce. | PLE (n) | ¢! aff [dB] | gM ofimin
(m) | Rang (m®) Make [dB] [dB]
e
GHz
[61] 4.1- | 28— V— | Indoor | 39.3 x Cubicle LOS |35 1.8-8.6 | 60.4— 0.5- 1.6—
21.3 |73 A% office | 2.7 x partitions, 101.1 1.6 15.8
e 45.9 doors, dry
H walls,
elevator
[68] 1-40 | 6.5~ | V- | Indoor | 2.8 x Plywood, LOS | 0.6-19 | 1.31- 40.7-70 | 0.9— 1.12—
38 A% corrido | 2.4 x glass doors, 2.8 1.4 3.1
e r 40 concrete
H walls,
glass, and
gypsum
board.
[84] 4.1- | 28— V— | Indoor | 39.3 x Desks, LOS | 1.1-1.3 | 1.8-2.4 | 60.4— 0.5- 1.8-2.3
21.3 | 73.5 A% office 2.7 x chairs, 77.9 1.2
45.9 cubicle
partitions,
doors, dry
walls,
elevator
[113] | 1- 45- | V- Indoor | 21 x Concrete LOS 1.13— 2.18- 41.45- 0.33— | 1.12—
22.7 | 38 v office | 2.7 x walls and 3.87 5.6 83.79 1.77 3.97
V- 30 gypsum
H board
[122] | 1-50 | 26— V— | Indoor | 2.41 x Wooden LOS | 1.14- 4.25- 62.12— 1.03— | 4.24-
39 v office | 2.89 x doors, light 1.53 4.94 65.86 1.61 4.94
40 concrete
walls, a
false
ceiling of
gypsum
[125] | 14— | 26— V— | Indoor | 14 x7 | Non-tinted | LOS | 1.96— 3.78- 52.63— 0.95—- | 3.99-
50 38 A% Librar | x 52 glass and 3.24 6.30 100.71 4.18 7.86
y printed
hardboard
frames
This | 2-24 | 28— V— | Indoor | 2.63 x Dry LOS | 2.23- 1.34— 58.82— 2.15- | 1.30-
Work 38 A% Corrid | 1.4 % concretes 3.47 4.10 62.19 3.66 3.55
V- or 30 and bricks,
H staircase,
elevator,
and office
wooden
doors
[61] 4.1- | 28— V- | Indoor | 39.3 x Cubicle NLO | 4.4-64 | 10.9- 81.6— 1.3- 8.0—
21.3 |73 A% office | 2.7 x partitions, S 15.9 120.5 2.6 11.3
e 45.9 doors, dry
H walls,
elevator
[84] 4.1- | 28— V- | Indoor | 39.3 x Cubicle NLO |2.7-32 | 9.6- 51.3- 2.7- 9.30-
213 | 735 |V office | 2.7 x partitions, S 11.3 76.3 3.5 11.2
459 doors, dry
walls,
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elevator
[113] | 1- 45- | V- Indoor | 21 x Concrete NLO | 1.97- 2.62— 16.22— 2.4— 2.57-
22.7 | 38 \% office | 2.7 x walls and S 5.28 6.0 87.91 6.12 4.5
V- 30 gypsum
H board
[125] | 51- | 26— V- Indoor NLO | 2.36— 3.78- 52.63— 0.96- | 3.7-
113 | 38 A% Librar S 3.1893 | 8.87 100.7 4.18 7.86
Yy
This | 2-24 | 28— V- Indoor | 2.63 x Dry NLO | 2.82— 1.68— 65.11- 0.97- | 0.78-
Work 38 \% Corrid | 1.4 % concretes S 3.46 10.48 87.82 3.31 2.94
V- or 30 and bricks,
H staircase,
elevator,
and office
wooden
doors

Table abbreviations: Ref = Reference, Dist. = Distance Range, Freq. range = Frequency range, Pol. =

Polarization, Envi. = Environment, Sce. = Scenario. Dim = Dimension.

In the FI model, the frequency-dependent of! had a value of 58.83 dB for V-V that varied slightly with the
FSPL at 1 m for 28 GHz, which was 61.4 dB. In the V-H, however, the value was 59.94. At 1 m, the FSPL at
38 GHz was 64 dB. However, the V-V value obtained in this study was 60.54 and the V-H value was 62.19.
The lowest range in the literature [61] was at a frequency of 6.5 GHz (in an indoor corridor environment, with a
value of 40.7) and the highest was at 73 GHz, with a value of 101.1, as recorded in [61]. At 4.5 GHz for V-V
polarization, the slope value B! had the lowest value of 2.16; however, the lowest value of our experiment was
2.16 for 28 GHz V-V polarization. The values of ¢“' and 6™ ™" in both the lower and higher ranges were also
consistent with the mean values in all of the literature studies taken into consideration. The highest value of !
was in [125] for a frequency of 28 GHz.

The lowest range of the PLE value, which was 1.97 at 4.5 GHz frequency V-V [113], was lower in the
NLOS scenario than our 2.384 estimate. Our PLE’s greatest value, 3.47, was less than the number in the highest
range, 73 GHz [61]. These findings demonstrate that our study remains consistent with previous studies in the
literature. The rise in signal degradation, particularly with a higher frequency, is a clear NLOS indicator.
Depolarization occurs as a result of this. The range value for the off model ranges from 16.22 at 4.5 GHz to
120.5 at 73 GHz [61], with 16.22 being the lowest number and 120.5 being the highest. Our work’s lowest value
of af' is 65.11 at 38 GHz for V-V polarization, but it rises to 87.81 at 28 GHz for V-H polarization, which is
still within the acceptable range for the works we took into consideration. The values in our work, however, fell
within the range of the value A (documented in both upper ranges) [113]. The values of additional parameters,
such as ¢“! and o' M were congruent with those reported in the literature, after carefully contrasting the path
loss parameters from the work with those from the literature. The majority of the work’s ranges were consistent;
however, a key result was that these parameters differed based on the indoor environment. This is because
different indoor settings in the literature were constructed from various materials, which caused the multipath
components to vary and, thus, impacted the received signals. Different building materials and obstacles have

varying penetration losses, dispersions, and fading. It is possible that some situations could experience signal
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attenuation because of air concentration, which can also be the reason for the various path loss propagation
parameters.

The comparison results show that almost all of the path loss parameters in our work are within the range of
the works considered in the literature. The main accomplishment of our work is the better analysis, which
resulted in superior results in the PLE and standard deviation values. These two factors are critical when
assisting engineers and researchers in budget calculations in 5G wireless network propagations in indoor
environments.

This chapter’s main goal was to examine single-frequency path loss models in an indoor environment at
frequencies of 28 and 38 GHz. A thorough comparison of the path loss parameters was also performed to
compare the values of the parameters with those in the literature. Although the ranges were consistent with the
majority of the work, one major finding was that these parameters varied depending on the indoor environment.
This is due to the fact that various indoor environments in the literature were made of different materials,
causing the multipath components to differ and, thus, affecting the received signals. Each obstacle and building
material had different penetration losses, scattering, and fading. However, more measurements in these
frequency bands considering the losses of building materials and obstructions in each indoor environment will

be required in the future. This will aid in the conception of a building structure-specific model.

3.5. Chapter Summary

This chapter presented the results of an analysis of path loss models in an indoor corridor environment at 28
and 38 GHz frequency bands with two different antenna polarizations in both LOS and NLOS scenarios. For
both the frequency bands, measurements were taken using a channel sounder based on a Rohde & Schwarz
SMB 100A radio frequency signal generator as the transmitter and a Rohde & Schwarz FSIQ 40 signal analyzer
as the receiver. In this environment, two vertically polarized high-gain directional broadband horn antennas for
both vertical-to-vertical and vertical-to-horizontal polarizations were adopted, analyzed, and contrasted for LOS
and NLOS communication scenarios. The single-frequency CI and single-frequency FI path loss models were
used in this investigation. The measurement evaluations in an indoor corridor environment at 28 and 38 GHz
frequency bands were the focus of this work. The LOS study results showed that when changing the antenna
polarization from V-V to V-H at 28 GHz, the path loss values increased, but only slightly at 38 GHz, indicating
that signal degradation was not too noticeable when changing the antenna polarization at 38 GHz. However, in
the NLOS scenario, the PLE was higher at 38 GHz when compared to 28 GHz for both antenna polarizations.
This was due to greater dispersion and penetration losses at higher frequencies. The minimum standard
deviation values for CI and FI were quite near to one another for 28 GHz at both antenna polarizations.
However, the minimum standard deviation for the 38 GHz frequency increased from 2.7 in the V-V polarization
to 3.59 in the V-H polarization. The V-V antenna polarizations had better accuracy and path loss efficiencies
than the V-H polarizations in both scenarios and frequencies, according to the results in both antenna
polarizations. The proximity of the walls, the materials used for the walls, the floor, and other irregular items,
such as wooden doors, concretes, and elevator doors along the hallway, all have an impact on how radio waves
propagate indoors. Both of the employed models (CI and FI) had good overall performances. In order to achieve

a better outcome, it will be a good idea to develop an improved CI-FI model. Moreover, the high reflection rate
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of power and penetration losses in millimeter wave propagation will require researchers to devise path loss

models that are unique to each building’s structure in the future.
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Chapter 4

Performance Analysis of Improved Path Loss Models for

Millimeter-Wave Wireless Networks at 28 and 38 GHz

The analysis of improved PL models for different antenna polarizations for LOS and NLOS is presented in this
chapter. The results confirm that the modified versions of CI and FI models predict path loss with better

accuracy in an enclosed environment for 5G networks.

4.1 Introduction

In the last few years, there has been a tremendous amount of change in the field of telecommunications.
There is a need for general improvement of today's mobile communication system in order to meet future
expectations and challenges [126], [127]. 5G mobile networks are widely expected to address some important
issues, including higher data rates, widespread device connectivity, larger capacity, low cost and dependability
[126]-[131]. However, the anticipated increase in traffic may be accommodated by increasing link capacity,

opening up more spectrums, and massively increasing the density of tiny cells [25].

In order for the wireless industry to meet the demands associated with 5G networks, there is a need for the
mmWave FB. This will help in developing previously untapped FB as well as multi-Gbps data rates for mobile
devices. MmWave technology is required because FB ranges below 6 GHz lack the bandwidth capacity required
for 5G wireless systems to achieve maximum data transmission rates of multiple Gbps [41], [132]. The majority

of the mmWave FB bands are located between microwave and infrared waves, as shown in Figure 4.1 [133].

Furthermore, the business world has recognized the value of wireless communication, particularly for gigabit
speeds, longer range connectivity, and high-quality multi-media, voice, as well as data services, [26], [28]- [29],
[41], [126], [134]. Because these bands have the potential for the implementation of 5G wireless networks and
meeting future demands, there has been an increase in recent years in research into the mmWave FB (30-300
GHz) [130]. In the mmWave FB, massive contiguous blocks of raw bandwidth are available, allowing for
increased data flow for various multimedia services. The upper centimeter wave (cm wave) bands of the

licensed spectrum will remain accessible to 5G technology [33], [41], [88], [126], [135]- [138].
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Figure 4.1. MmWave frequency spectrum band [133].
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The abundance of untapped spectrum benefits mmWave bands. Along with the wider bandwidth, running at a
higher FB, comes the following benefits: intrinsic beam forming improves wireless signal (WS) strength and
spectral efficiency because (i) antennas can achieve stronger directivity at higher FBs, and (ii) smaller beams
allow for greater node mobility. Despite these advantages, the applicability of these bands must be determined
by classification of WS transmission behavior. MmWave bands exhibit distinct electromagnetic propagation
with varying reflection and diffraction characteristics. They also have higher absorption losses [139]-[141]. The
cell radius for mmWave bands, on the other hand, is significantly smaller (a few hundred meters), because the
environment in which the WS travels has a significant effect on its ability to spread. Furthermore, the
penetration loss in solid materials has a significant impact on the mmWave frequency spectrum. It is critical to
accurately understand and characterize the behaviors of the mmWave FBs in a variety of indoor and outdoor
locations and scenarios in order to accurately analyze performance and ensure the safe deployment of 5G

cellular systems [16], [33], [41], [142]-[145].

Numerous studies have been conducted on this topic in order to make predictions about the behavior of a
wireless channel using models based on theories. When a communication system transmits and receives the
WSs, the signal strength decreases as it travels over the wireless communication channel. PL is an important
factor that must be predicted accurately for proper system design and link budget evaluation. Furthermore, it
generates radio channel parameters that have been empirically averaged across both space and time. To
accurately explain the attenuations in WS levels, researchers must develop more precise PL simulation models
that can successfully fit real quantitative measurements obtained under various interior and outdoor conditions
over a wide FB. Because of the high responsiveness of the WSs at these radio frequencies to the transmission
procedures in the signal propagation process, conventional models are unable to serve as precise models for the

SHF, mmWave, and far above FBs [34], [43], [146] - [147].

The measurement of this study was done in LOS as well as NLOS scenarios at 28 and 38 GHz FBs in order
to evaluate CI and FI PLMs in an interior passage. The measurement was done on the fifth (5th) floor of the
Electrical, Electronic and Computer Engineering (EECE) Department of UKZN in Durban, South Africa.
Despite the fact that Elmeguzi and Afullo [43] proposed this improved version of CI and FI PLMs, these models
perform well in terms of precision of matching measured data obtained during measurement settings at FBs of
14, 18, and 22 GHz for V-V antenna polarization. However, this model has not been validated in higher FBs or
with different antenna polarizations. To the best of our knowledge, there is a gap in the literature that justifies
the accuracy and stability of these proposed models by [43] in the modeling and characterization of single
frequency PLM that consider two antenna polarizations. The work aims to test the accuracy, stability, and
sensitivity of these models by using measured parameters collected in an enclosed corridor. Furthermore, in this
chapter, the upgraded version of the standard CI model based on the third (3rd) order log-distance was also
analyzed. The shadow fading standard deviation (SFSD), which is the foundation for high precision PL
prediction in both LOS and NLOS scenarios, is also examined. Despite this extensive study by [43], it was
discovered that at the same antenna height (for 14, 18 and 22 GHz) for both the transmitter and the receiver,
there was a noticeable decrease in path loss exponent and a slight increase in shadow fading standard deviation
for the NLOS scenario, but when the antenna heights are not of the same height, the two major metrics (path

loss exponent and shadow fading standard deviation) increase. Nevertheless, as the frequency increases, the
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effect of the antenna height difference has little effect on the value of the path loss exponent and the standard
deviation of shadow fading. When using two different antenna heights, several authors in [16], [26], [33], [41]-
[42], [62]-[65], [88], [131]-[132], [136], [139], [144], [146], [148], have adopted the use of higher values of
antenna heights at the transmitting end of the measurement set up. However, in this study the analysis of the
path loss prediction models for the higher height of the antenna at the receiving end is presented. The analysis of
V-V and V-H antenna polarizations is also presented in this study. The following are the remaining sections of
the chapter: The related works are presented in Section 4.2, while the measurement campaign details and large-
scale PLMs are presented in Section 4.3. Section 4.4 contains the results and discussion, while Section 4.5

presents the chapter summary.

4.2. Related Works

The mmWave spectrum's ability to produce high throughput in the Gbps spectrum, which is required for 5G
systems, has been demonstrated. However, the environment in which the WS is transmitted has a significant
effect on mmWave propagation. Furthermore, penetration loss through solid objects has a significant impact on
WSs in the mmWave frequency range [142], [145]. The propagation scenarios as well as the FB considered
have a significant impact on the accuracy of these models. Many models proposed by researchers to improve
delay time, output, and PLE performance have a distinct application that still has a long way to go in terms of
distance and frequency of application [42], [148]. An experiment on ultra-wideband propagation was carried out
at New York University in an enclosed office setting. The statistics of large-scale PL were calculated using the
experiment's findings in both existing and upcoming applications. The tests were carried out in an enclosed
structure under LOS and NLOS conditions using directional antennas at FBs of 28 and 73 GHz. The experiment
revealed that simple CI and FI models can accurately predict PL in mmWave indoor wireless channels on a
large scale (with distance and frequency) using only one or two functions related to transmitted power [62].
Maccarthney et al. presented some omnidirectional propagation data captured in New York Downtown

metropolis [62] to ensure the accuracy and effectiveness of the CI PLM.

Sun et al. investigated propagation PLMs for 5G urban micro and macro-cellular situations using the CI and
ABG as large scale PLMs. Data were collected over the course of about 20 measurement procedures that ranged
in distance from 5 to 1429 m and used FBs ranging from 2 to 73.5 GHz. An examination of the research
findings reveals that the CI model's simulation accuracy performs better than the ABG model. In comparison to
the latter, the former provides more consistent and tolerable performance across all FBs and distance ranges
investigated during the study. To improve accuracy, the CI model, which is simple to use over a wide FB, must
simply be modified [63]. The close in model with frequency-weighted PLE, the close in model with free
reference distance, and the ABG were compared in a variety of data sets with distances ranging from 4 to 1238
m and FBs ranging from 2 to 73 GHz. Urban microcells, malls, and an indoor work environment were among
the scenarios. While the ABG model (four parameters considered) under-predicts path losses near the Tx and
over-predicts PLs far from the Tx, the CI (2 variables considered) and CIF (3 variables considered) models have
better goodness of fit and more stable component behavior. This discovery holds true across all distances and

FBs investigated [64].

In their study on indoor 5G 3rd Generation Partnership Project (3GPP) like channel models for workplace

and commercial settings, Haneda et al. used both current and historical measurements of channel propagation
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for FBs up to 100 GHz. It was discovered that as frequency increased, so did penetration loss. According to the

UMi and Uma models [65], the indoor channels are more frequency dependent than the outside channels.

At 28 and 38 GHz, measurements were taken in New York, Austin, and Texas as part of an empirically-
based large scale propagation PL modeling for 5G mobile systems scheduling in the mmWave band. The
portion of coverage increased significantly when the antenna was aimed in the optimal direction towards both
the mobile and the base station. As a result, there are fewer 5G base stations, and interference is reduced [66].
The Rural Macrocell PLMs for mmWave wireless network analysis, which is part of a larger research project,
provides a thorough understanding of the existing 3GPP, RMa LOS, and NLOS PLMs in the FBs of 0.5 to 100
GHz. In a rural location with good weather, directional HA were used for a real-time measurement campaign
using the CI and CIH model components. Even beyond the first meter of propagation distance, the observed data

confirms the CIH model's correctness, dependability, and frequency dependency [66].

The characteristics of propagation channels in the FBs of 6.5, 10.5, 15, 19, 28, and 38 GHz were further
investigated in an indoor setting using a measurement campaign spanning 4,000 power delay profiles and
employing a directional HA as a Rx and an omnidirectional antenna as a Tx section. The frequency attenuation
model is a novel PLM that takes both distance and FB into account. RMS delay spread and dispersion factor
values for this model demonstrate its simplicity, lower PLEs, and good RMS delay spread and dispersion factor

values [67].

The majority of propagation models currently in use for any FB below 6 GHz are not suitable for mmWave
PL modeling, nor are they suitable for any FB above 6 GHz. This is due to the obvious disparity in WS
propagation. A measurement campaign was conducted indoors at UTM Malaysia. PL analysis of single and
multi-frequency signals was performed in applications utilizing omnidirectional and directional antennas. It was
discovered that using a less complex model approach with only one PLE parameter (n) that is dependent on
transmitted power makes modeling PL on a large scale with respect to distance easier [70]. In contrast, using a
model that is not dependent on transmitted power may necessitate more variables, making the modeling
complex. The examination of these PLMs demonstrates the need to develop a model that is more effective than
the fundamental models, such as the CI, FI, and ABG, at reducing PL of the propagated SIG from the Tx to the
Rx [70].

In [43], Elmezughi and Afullo proposed an improved model for improving the accuracy of CI and FI model
standards. This enhanced model was used for FBs 14, 18, and 22 GHz taking into account wave-guiding effects,
which are most common in enclosed indoor spaces like hallways, as well as propagation processes like
reflections and diffractions. Because they are appropriate, specific PLMs, such as the ABG, CI, and FI models,
have recently received the most attention in research aimed at describing and modeling the wireless channel
[43]. In these research studies: [61], [63], [65]- [67], [84], [146], [149] - [152], more sophisticated models based

on a wide range of other precepts can be discovered.

In addition, tests for 28 GHz reflection and penetration loss were performed in buildings in various areas of
New York City [84]. The results show that a three-wall office complex has a significant absorption loss of 45.1
dB. Furthermore, whereas exterior tinted glass had absorption loss of 40.1 dB, interior non-tinted glass had an

absorption loss of 3.9 dB. The authors of [153] performed a measurement in a lab using 28 and 82 GHz FB, as
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well as an anechoic chamber, to determine the qualities of the link in the mmWave bands. Hindia et al.
measured an established channel model inside an outdoor area for single and multi-frequency models, as well as
proposing a novel model [154]. The authors of [61], [84], and [155] conducted measurements at 28 and 73 GHz
in an interior office using omnidirectional and directional HAs. Measurements and simulations were carried out
at FBs of 28, 38, and 73 GHz in order to assess and estimate a number of parameters as well as classify the

transmission channel in CI and ABG PLMs [156]-[157].

Zwick et al. measured several wideband link statistics at 60 GHz using heterodyne and channel bandwidth of
500 MHz. They used omnidirectional antennas for close-quarters distances in a number of apartments and

combined the measured data (for an overall bandwidth of 5 GHz) [158].

4.3 Measurement Campaign and Environment

The measurement setup is given in Figure 4.2. The Rohde and Schwarz (R&S) 100A SMB radio WS
generator was used to provide a CW signal to the transmitting antenna. The receiving system of the set-up has a
signal analyzer (R &B FSIQ 40) of a FB range up to 40 GHz. The signal analyzer was connected to a Rx HA
system. The two HAs were used with the FB range of 18 to 40 GHz. Figure 4.2 provides the detailed
explanation for the arrangement. The measurement process involves the LOS as well as the NLOS scenario in
V-V and V-H polarizations. The indoor hallway is 30 meters long, 2.63 meters in height and 1.4 meters wide.
The Rx HA was shifted away from the Tx by 2 meters at the distance until it reached a distance of 24 meters,
while the Tx HA was positioned at one end of the walkway. The LOS situation was assessed with both HA
matched on bore sight and no obstructions in their path of the Tx WS. However, in the NLOS there was no
alignment between the Tx and Rx HAs. In the meantime, experts in this field recommend a reference distance of
Im between the Tx and the Rx. The number of Tx - Rx separation distances is 13 with a reference distance
d,=1. The channel sounder's specifications are listed in Table 4.1. The detail images for the measurement
campaign and the floor plan of the indoor hallway are provided in Figures 4.3, 4.4, 4.5, 4.6 and 4.7. The PL (in
dB) is calculated using equation (4.1) [43]:

P,=P,—P +G, +G, (4.1)

Where P;, P., G;, and G, are the transmitted power, the received power, the gain of Tx HA and the gain of Rx
HA, respectively.
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Figure 4.2. The channel sounder's architecture.

Figure 4.3. The indoor corridor environment.

Figure 4.4. The Tx setup.
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Figure 4.5. The Rx setup.

Figure 4.6. The setup of the Tx and the Rx in the indoor corridor environment.
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Figure 4.7. Measurement environment floor plan.

Table 4.1. Parameter specifications of the channel sounder for the experiment.

Parameter Value/Type Unit
Centre frequency 28, 38 GHz
Transmission bandwidth 100 MHz
Transmission signal CW -

Tx and Rx Has Broadband HA -

Tx HA power 10 dBm
Tx HA height 1.6 m
Rx HA height 23 m
Tx and Rx HA gain at 28 GHz 15 dBi
Tx and Rx HA gain at 38 GHz 17 dBi
Tx and Rx HA polarization V/H -
HA dimension (L x W x H) 71x32x28.6 mm’
HA weight 0.08 Kg

4.3.1 Large Scale PL Prediction Models

Friis' equation [43], [69], [159]-[160] can be used to derive all PL prediction models in general as given

below:

FSPLf, d)[dB] = 10l0gy, (%) @2)

Where d, ¢ and f are the separation distance between the Tx and the Rx, speed of light in the space and the
frequency of the WS, respectively. Equation (4.2) demonstrates that the PL is dependent on the FB and the
distance between the Tx and the Rx. The PL formulas are more easily understood on the logarithmic scale. This

can be expressed in equation (4.3) as follows [43]:

FSPL(f,d)[dB] = 32.4+ 20log,,(f) + 20log,, (d) 4.3)

The operating frequency in equation (4.3) is represented by f (in GHz), and f using the expression

4mx10°

2
10log,, ( ) , the value of 32.4 was obtained. The term 20log,,(f) is a constant term which is common

to the single frequency CI and FI PLMs. Each model has a different representation of this parameter. Let us call
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this variable as k;. The PL in free space changes as a square of the Tx-Rx distance and is represented by the
expression 20log;,(d) which, on a logarithmic scale, is mainly twice the distance. Nevertheless, this number
will vary greatly, primarily due to the nature of the medium used to transmit and receive data. It will generally

be simpler to designate it as k,. The PL in terms of k; and k, is represented by equation (4.4) [43].

Where k, is a unitless coefficient and k, is expressed in decibels. The above equation makes it evident that
the WS's power reduces by d—iz. Therefore, a higher value of k, will lead to an increased reliance between the PL

and the distance separating the Tx and Rx. According to equation (4.1), the SIG strength power at the Rx side is
primarily influenced by the P,, PL, G, and G, as shown in equation (4.5) [43]:

P. (d)[dBm] = P, — PL(d) + G, + G, (4.5)

4.3.3.1 CI Free Space Reference Distance PL Prediction Model
The expression of the CI PLM is shown in the equation (4.6) [61]:

P! (d)[dB] = FSPL(f,d,)[dB] + 10.n.1og (<) + X&; (4.6)
Where X&/, d,,, f and n are the gaussian random variable with zero mean, the reference distance, the frequency
of operation and the PLE, respectively. The standard deviation is expressed in decibels (dB). Shadow fading is
characterized by widespread changes in PL values caused by obstacles and other random propagation factors

[43], [73].

At a reference distance of d, = 1 m, the FSPL is expressed in equation (4.7) as follows [43]:

FSPL(f, 1m)[dB] = 10log,, (%)2 (4.7)
Keep in mind that the only significant parameter that needs to be optimized for the CI model is the PLE (n).
This unitless variable indicates how the path loss model is affected by the Tx-Rx gap distance. This model is
based on a physical anchor that detects PL close to the transmitting antenna. The transmission frequency found
in the FSPL term clearly has a significant impact on the CI model [71], [146]. The CI model's parameter is
enhanced using the MMSE technique. By lowering the SF standard deviation, we can apply this method to

minimize the errors while accurately fitting with the measured data.

4.3.3.2 CI PL Prediction Model with Improvements

The CI model's equation can be modified by adding an independent component to make the PL prediction
more precise and sensitive to the propagation conditions. Two variables in the modified model are dependent on
the separation between the Tx and the Rx. The equation (4.8) indicates that the PLE concept is presented in the

two variables (n; and n,) [43]:
P™! (d)[dB] = FSPL(f,d,)[dB] + 10n, log;o(d) + 10n,(log1o(d) )? + X1eP d>1m  (4.8)

Where n, and n, are the PLE's first order and second order, respectively. With this CI improvement, it will

be easier to suit the actual measured data obtained from the measuring campaigns. The n; and n, will
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noticeably fluctuate depending on the environment in which the signal travels. Let's assume that these
parameters have a closed form [43] with A = FSPL (f,d,),B = PL'™?!I D = 10log,,(d) and E =
10(log,o(d) )?. Then SF can be written in equation (4.9) as:

XM = B — A—n,D — n,E (4.9)

The experimental data can be used to calculate the SF standard deviation (Imp. CI) as expressed in equation
(4.10):

Imp.CI
x,Ph2

glmrel = |3 (4.10)

N

Where N denotes the number of Tx-Rx separation distances. We must now distinguish the numerator of
equation (4.10), with regard to both n; and n,, and set the result equal to zero to obtain the parameters' ideal

values, which will result in the following standard deviation as expressed in equations (4.11) and (4.12) [43]:

a"’Tl (5(B — A—n,D — nyE)?) (4.11)

:TZ(Z(B — A—n,D — n,E)?) (4.12)

The two previous equations have been differentiated and simplified, leaving us with two linear equations that

can be written as:

X D3y + X(DE)y, =X(BD) —AXD (4.13)
Y(DE)n + X Eq, =X(BE) —AXE (4.14)

The equations (4.13) and (4.14) can be stated easily in the form of matrix as expressed in equation (4.15) as
follows:

Y D* Y(DE) [n1]_ 2(BD) —AZD] (4.15)

Y(DE) Y E? Il |¥(BE) -AYE
Finally, the earlier matrix can be used to determine the closed-form of n, and n,.

4.3.3.3 FI Path Loss Prediction Model
The two parameters of the FI model are the path loss line slope 8 and the intercept «, as shown in equation

(4.16), [61], [126]:
PLFI(d)[dB] =« + 10B log,o(d) + XFLs (4.16)

Where PLFI(d) depicts the PL in dB, and X represents the gaussian random variable with a zero mean.
The models perform equally well overall in estimating the PL, despite there being a desire for one model over
the other depending on the operating FB, environment, and transmitting circumstances of the mobile

communication system [41], [43], [71]-[72].

4.3.3.4 FI PL Prediction Model with Improvements

Using the same approach as in the enhanced CI model to add a new variable, the FI model can be improved.

This is expressed in equation (4.17) [43]:
PLMMPFI(d)[dB] = + 108, logyo(d) + 108, log,o(d)? + Xar™'d > 1m (4.17)
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This model is dependent upon the three parameters i.e. «, §;, and f,. Using the MMSE process and the
identical derivation as for the enhanced CI model, the solution matrix for all these variables is given in equation

(4.18) [43]:

N YD YE Jr« Y B
YD YD? Y(DE) ﬁllz Y (BD) (4.18)
YE Y(DE) YE? [lB Y (BE)

Where B = PL™P¢I D = 10log,,(d) and E = 10(log,,(d) )?. Using the prior matrix, the variables' closed-
forms are found. We used actual measurement results of path loss conducted in an enclosed environment to

validate the suggested models in equations (4.18) and (4.17) [43].

4.3.3.5 Third Order CI Path Loss Model

For better accuracy in the forecasting of any feasible transmission effects, a three-variable distance dependent
CI PLM referred to as 3rd order CI PLM is considered. The 3™ order PLE depends upon three variables that rely
on the Tx-Rx log range and both its squared as well as the cubic values to improve the shadow fading standard
deviation which is an important metric for the path loss improvement. It is crucial to understand that having more

variables will increase precision.

The 3" order CI PLM currently incorporates more transmission effects, thus the growth on the model will be
less than the progression on the regular CI as well as 2" order CI. Additionally, adding more variables will make
the model more complex and the designers of communication systems won't take it into account because more

than three variables will be needed. The expression for the 3™ order CI PLM is given by [44]:

2 3

PL19°CI(d) = FSPL + 10k, log;, [di] + 10k, [loglo(dio)] + 10k, [loglo(;—o)] + X109° (4.19)
The 3" order CI model’s prediction of the typical PL value in dB at a particular Tx-Rx gap (in m) is shown in
Eq. (4.19) by pLleg’c (d). The variables k4, k,, k3 regulate the dependency on the log distance driven by 1, 2,

and 3, respectively. Through the use of the MMSE concept, the values of the three variables are computed by

supplying the measured data.

4.4. Results and Discussion
The specifics of the study's findings were covered in this section. The presentation is separated into four
segments, which illustrates the improved and third models with the existing ones at 28 as well as 38 GHz. For

both V-H and V-V polarizations, consideration was given to both LOS and NLOS situations.

4.4.1 Performance Analysis of Standard CI and Improved CI Models

The path loss analysis for well-known CI model, improved version of the CI model and measurements is
plotted at the two FBs in Figures 4.8 (a) and (b) as well as Figure 4.9 (a) and (b). The figures unequivocally
demonstrate that the measured PL for the LOS situation is satisfactorily fit by the two models (the improved CI
as well as the conventional CI). When antenna polarization is changed, the improved model, which is based on

the Table 4.2 parameters, archives the lower values of the SFSD at both FBs. The reduction of the SFSD for the
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28 GHz V-V, 28 GHz V-H, 38 GHz V-V, and 38 GHz V-H FBs are 0.3748 dB, 0.6232 dB, 2.372 dB, and
2.5306 dB, respectively. It should be noted that the standard deviation value decreases as the frequency
increases. This was due to an increase in propagation effects and PL. The PLE values increase with the
frequency, despite being higher in the V-H polarization. Two more parameters are added to the improved model.
These variables are denoted by n, and n,. It is evident that n, in both polarizations is greater than n, for the 28
GHz FB. The decrease in n, was balanced by an increase in n; to make the model follow all of the observed PL
as well as WS effects. At 38 GHz, there is a different situation where n, values are greater than n, values. This
suggests that the increased PL occurs at higher FBs due to more pronounced propagation effects and WS
degeneration. There is a high level of fitting of the improved model to the measured data in Figure 4.8 (a) and

(b) as well as Figure 4.9 (a) and (b). This shows that the improved model can predict the PL very well.

Both the Tx as well as the Rx HAs been not physically aligned or in line of sight in the NLOS scenario. Only
the effects of the corridor environment; diffraction, reflection, and wave guiding, allow WSs to pass from the Tx
to the Rx. In contrast to the LOS scenario, PLE values are thus overwhelmingly high. These values are still
better compared to the outdoor scenarios with a maximum rate of WS fluctuations. With the CI model, the PLE
values are 2.8815 for V-V at 28 GHz band and 3.3303 for V-H at 28 GHz band. Other values of PLE are 2.8207
for V-V at 38 GHz band, 3.4682 for V-V at 38 GHz band and 3.4682 for V-H at 38 GHz band.

The improved version of the CI model responded positively to adjustments in SF standard deviation values in
the NLOS scenario. The reduction in the SF standard deviation is 1.6132 dB (at 28 GHz V-V), 2.0917 dB (at 28
GHz V-H), 0.1697 dB (at 38 GHz V-V), and 0.5992 dB (at 38 GHz V-H), respectively. With the exception of
28 GHz, this had a higher value for the SFSD for the CI PLM, indicating that 28 GHz is more sensitive to the

effects of wireless links than the other FBs under study. Table 4.3 presents the specific parameters.

Regardless of the polarization, n, values are high in both FBs, whereas n, values are consistently negative.
The model can take into account all potential WS effects in addition to the measured PL because the negative
values of n, balance out the increase in n, values. Figure 4.10 (a) and (b), as well as Figure 4.11 (a) and (b)
show how the improved model's curves differed from those of the current CI model, showing a notable
improvement and increased accuracy in PL forecasting. The CI model’s shadow fading standard deviation
increases as a result of the NLOS scenario. PL prediction in NLOS situation is therefore less precise than in
LOS scenario. The proposed model nevertheless resulted in a SFSD reduction of 0.1697 dB, as shown in Table
4.3, and offers an appealing decrease in standard deviation. Tables 4.4 and 4.5 present various parameters for
the standard FI and improved FI models. The behavior of the path loss in Figure 4.10 (a) and (b) as well as in
Figure 4.11 (a) and (b) is understandably not similar with the LOS scenario. The reason was the higher PL
experienced in this situation. Nevertheless, the improve model's performance in the curves (Figures 4.10 (a) and
(b), Figure 4.11 (a) and (b)) shows that the improved model is capable of estimating the PL values with respect

to the distance accurately.

Table 4.2. Parameters for the standard CI and improved CI models.

Parameters V-V polarization V-H polarization V-V polarization (38 | V-H polarization (38
(28 GHz) (28 GHz) GHz) GHz)

PLE (n) 2.2254 2.9790 2.7801 3.1978

ol [dB] 1.7718 1.3425 3.1874 4.1001
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n"P ¢! 1.6058 2.3345 1.0281 1.0442
ny"P ¢ 10.5273 0.5485 1.4909 1.8328
o ' dB] | 1.3970 0.7193 0.8154 1.5695
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Table 4.3. Parameters for the standard CI and improved CI models for the NLOS scenario.

Parameters V-V polarization V-H polarization V-V polarization (38 | V-H polarization (38
(28 GHz) (28 GHz) GHz) GHz)
PLE ~(m) (28| 58815 3.3303 2.8207 3.4682
GHz)
oll [dB] 8.1287 10.4790 1.6822 3.0257
ny" 5.6450 6.9020 3.2393 4.4959
n"? ¢! -2.3517 -3.0396 -0.3562 -0.8746
gl [dB] 6.5155 8.3873 1.5125 2.4265
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4.4.2 Performance Analysis of Standard FI and Improved FI Models

The values of MPE and SDE for 28 and 38 GHz at both antenna polarizations for the LOS situation are given
in Table 4.6. The MPE and SDE values for each parameter in the standard CI, improved CI, standard FI and
improved FI models are also compared. The result in Figures 4.12 (a) and (b) as well as Figure 4.13 (a) and (b)
demonstrate that the improved FI model outperform the standard FI PLM at both 28 and 38 GHz in the LOS
scenario. Figures 4.14 and 4.15 present the PL versus distance for NLOS. It can be observed that the improved
FI performs better at the V-H polarizations at the 28 GHz FB with a performance of 0.6249 dB. In a similar
vein, the V-H antenna polarization exhibits a good error performance in the improved FI model with a 0.5805
dB error performance. The improved CI model for V-V polarization gives 1.9294 dB which is noted for the
MPE's best performance at the 38 GHz FB. The improved FI model provides an increase in the PE value for

both polarizations, but not quite to the same extent as of the improved CI model.
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The MPE is model predictability metric. The level of prediction accuracy is determined by its reduction. In
the LOS scenario, the improved CI model predicts the PL with greater precision for both polarizations and FBs.
The NLOS scenario reveals a comparable situation, but the PE is significantly higher than in LOS due to the
higher PLE values. In the improved models for CI and FI, it is observed that the SDE values for the FBs of 28
GHz and 38 GHz decrease. This is shown in Table 4.6. However, it is found that as propagation frequency
increases, the SDE's value reduces. For both polarizations, the best improvement of SDE is at 38 GHz. For
improved CI and FI models, the values are: 1.3785 dB for V-V, 2.3192 dB for V-H, 1.2059 dB for V-V and 0.
9437 dB for V-H. It is worth mentioned that the MPE and SDE values are high in the NLOS scenario. The fact
that the Tx as well as Rx HAs been not located in a straight line of sight was the main reason for this. The MPE

and SDE values, however, are within a tolerable range at both 28 and 38 GHz. The values of the MPE as well as

the SDE for the NLOS situation are listed in Table 4.7.

Table 4.4. Parameters for the standard FI and improved FI models for the LOS scenario.

Parameters V-V polarization V-H polarization V-V polarization | V-H polarization
(28 GHz) (28 GHz) (38 GHz) (38 GHz)
ap [dB] 58.8294 59.9354 60.5444 62.1883
Brr 2.1537 3.0540 3.1461 3.6625
afl [dB] 1.7431 1.3008 2.7439 3.5455
Qpmp. p1 [AB] | 65.3730 65.3464 62.9705 65.5702
1”'””' FI 0.6415 1.9692 0.7265 0.7364
ém”' I 1.0301 0.7390 1.6482 1.9932
gg'if' FI'raB] | 0.5418 0.5285 0.7090 1.5148

Table 4.5. Parameters for the standard FI and improved FI models for the NLOS SCE.

Parameter V-V polarization V-H  polarization | V-V polarization V-H polarization
(28 GHz) (28 GHz) (38 GHz) (38 GHz)
ap; [dB] 81.8470 87.8146 65.1057 65.8500
Bri 1.0558 0.9722 2.7254 3.3064
afl [dB] 0.7872 0.7796 1.6283 2.9396
Qmp. ;1 [dB] | 82.4265 88.5524 63.8704 62.2893
{mp- F 0.7967 0.6423 3.2778 4.8987
ém”- FI 0.1765 0.2247 -0.3763 -1.0846
gr’n";{" FI'dB] | 0.7342 0.6908 1.5116 2.3661
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4.4.3 MPE and SDE Performance of the Improved Models

The FBs below 6 GHz have up until recently been considered for mobile systems due to their ability to
support wide area scope and their simplicity of passage through structures. On the other hand, the cell radius for
mm Wave bands is much smaller, as the environment within which the WS travels have a major impact on the
WS's ability to spread. Additionally, the mm wave frequency spectrum is greatly impacted by the penetration
loss in solid materials. In order to accurately analyze performance and ensure the safe deployment of 5G cellular
systems, it is crucial to accurately understand and characterize the behavioral patterns of the mmWave FBs at

different interior as well as outdoor locations [16], [33], [41], [126], [142]-[145].

MPE and SDE are additional metrics used to assess the model's efficacy. These two indicators contrast the
exact receive data provided during the measurement campaign with the predicted amplitude of the WS provided
by the models [161]. According to the following equations, the prediction error (PE) is the difference between
the measured and predicted Rx powers which is dependent on the separation of the Tx-Rx. This is expressed in

equation (4.20) as computed by [64]:

PE(d)[dB] = PM (d)[dBm] — P” (d)[dBm] (4.20)

Where PE(d) represents the decibel value of the prediction error. The predicted value of the received power
in dBm is PM (d), and the power measured at the receiver is PF (d). The expression for P¥ (d) is explained

further in equation (4.21):

PP (d)[dBm] = P, — PP (d)[dB] + G, + G, 4.21)

The transmitter power is P, while the gains of the transmitting and receiving HAs are G, and G, , respectively.
The models’ PL is predicted by P{ (d). SDE, represented by equation (4.22), is a measurement of how far the
errors deviate from the MPE value [161]:

SDE [dB] = J% YN (PE; — MPE)? (4.22)

N is the total average PL values were recorded.

The values of MPE and SDE for 28 and 38 GHz at both antenna polarizations for the LOS situation are given
in Table 4.6. The MPE and SDE values for each parameter in the standard CI, improved CI, standard FI and
improved FI models are also compared. Figures 4.14 (a) and (b) demonstrate that the improved CI performs
better at the V-H polarizations at the 28 GHz FB with a performance of 0.6249 dB. In a similar vein, the V-H
antenna polarization exhibits a good error performance in the improved FI model with a 0.5805 dB error
performance. The improved CI model for V-V polarization gives 1.9294 dB which is noted for the MPE's best
performance at the 38 GHz FB. The improved FI model provides an increase in the PE value for both

polarizations, but not quite to the same extent as of the improved CI model.

The MPE is model predictability metric. The level of prediction accuracy is determined by its reduction. In
the LOS scenario, the improved CI model predicts the PL with greater precision for both polarizations and FBs.
The NLOS scenario reveals a comparable situation, but the PE is significantly higher than in LOS due to the
higher PLE values. In the improved models for CI and FI, it is observed that the SDE values for the FBs of 28
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GHz and 38 GHz decrease. This is shown in Table 4.6. However, it is found that as propagation frequency
increases, the SDE's value reduces. For both polarizations, the best improvement of SDE is at 38 GHz. For
improved CI and FI models, the values are: 1.3785 dB for V-V, 2.3192 dB for V-H, 1.2059 dB for V-V and 0.
9437 dB for V-H. It is worth mentioned that the MPE and SDE values are high in the NLOS scenario. The fact
that the Tx as well as Rx HAs been not located in a straight line of sight was the main reason for this. The MPE
and SDE values, however, are within a tolerable range at both 28 and 38 GHz. The values of the MPE as well as
the SDE for the NLOS situation are listed in Table 4.7.

Table 4.6. MPE and SDE parameters for the LOS situation

MPE [dB] SDE [dB]
Polarization V-V V-H V-V V-H
Frequency [GHz] 28 38 28 38 28 38 28 38
Standard CI model 1.5211 2.6632 1.1936 3.6772 | 0.9044 1.8002 | 0.7028 1.8593
Improved CI model 0.9884 0.7338 0.5687 1.3580 | 0.8996 | 0.4217 | 0.4791 0.7787
Standard FI model 1.5108 2.2633 1.1306 3.0731 0.8566 1.5534 | 0.6679 1.7711
Improved FI model 0.5037 0.7528 0.5501 1.2607 | 0.4011 0.3475 0.4097 | 0.8274

Table 4.7. MPE and SDE parameters for the NLOS situation

MPE [dB] SDE [dB]
Polarization V-V V-H V-V V-H
Frequency (GHz) 28 38 28 38 28 38 28 38
Standard CI model 5.6233 1.2904 | 7.3110 | 2.5307 5.8432 1.0629 | 7.4866 1.6403
Improved CI model 3.1018 1.2504 | 4.0887 1.7985 5.7089 0.8550 | 7.3067 1.6433
Standard FI model 0.6920 1.2390 | 0.6325 | 2.4524 | 0.5226 1.0647 | 0.5811 1.6277
Improved FI model 0.7390 1.2163 0.5962 1.8123 0.3806 0.8568 0.4627 1.5247

4.4.4 Performance Analysis of Standard CI and Third Order CI Models

This part comprises information on the results of the comparative analysis performed for the third order CI
model comparison with the conventional CI model. The main criterion is the best fit of the PL forecasts as
measured by MMSE. The outcomes for LOS as well as NLOS situations circumstances for V-V as well as V-H
polarizations are shown. The typical CI PLM measured data, as well as 3™ order CI PLMs are compared in
Figures 4.16, 4.17, 4.18, and 4.19. Table 4.8 demonstrates that the 3™ order CI PLM performs better in both
polarizations and in both communication scenarios. As the model's order rise, the value of the shadow fading
standard deviation dropped precipitously. However, this reduction varies from antenna polarization to antenna
polarization and from frequency to frequency. At FB of 28 GHz for the two antenna polarizations the
conventional CI PLM's shadow fading standard deviation in LOS scenario are 1.7718 and 1.3425, respectively.
When the 3" order CI PLM is applied, it results in 1.1173 and 0.6809. The PLE has also been seen to deteriorate
to 2.2254 for V-V and 2.9790 for V-H at 28 GHz. However, because the power depreciation was larger than 2
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dB per decade in the V-H polarization more degradation is obvious. However, it is less than 1 dB/decade in the

V-V.

In the 38 GHz FB, a comparable phenomenon takes place. In this sense, the shadow fading standard
deviation for both polarizations is markedly reduced by the 3™ order PLM. The existing CI shadow fading
standard deviation was decreased from 3.1874 to 0.7983 in the V-V and from 4.1001 to 1.5679 in the V-H.
Despite the fact that the V-V and V-H polarizations gave results that were similar in decrement, the power loss
in this region exceeds 2.5 dB/decade in both situations. In the NLOS situation, the 28 GHz FB at both HA
polarizations degrades its power more than the 38 GHz FB. This demonstrates that the WS efficiency in the
NLOS is improved in this interior setting at the 38 GHz FB. At 38 GHz, the CI model in the 3™ order lowered
the standard shadow fading of the standard CI model significantly for V-H.  This shows that the improvement
is better in comparison to the V-V polarization. In almost all the scenario looked at, the 3" order CI PLM
provided the better match with the observed data. Furthermore, MPE as well as SDE are additional metrics used
to assess the PLM's effectiveness. The MPE as well as the SDE values for the 3™ order CI PLM are shown in
Table 4.9 to have better error performance in the LOS scenario. This drop shows that the 3™ order CI model
predicts propagation effects quite accurately. Since these metrics (MPE and SDE) evaluate the effectiveness of
the projected received WS strength of the models. The MPE and SDE formulae as computed by [44] are shown
in equations (4.20) and (4.22).

Also, in the NLOS scenario the predictability by MPE and SDE, as shown in Table 4.9, indicate a good error
prediction representation but not as conspicuous as in the LOS situation. The PLMs are more fit to the measured
data in LOS scenario than the NLOS, as evidenced by the lower values of the MPE that occur in the LOS. When
the third order CI model was used in the LOS scenario for both the 28 and 38 GHz frequency bands, the shadow
fading standard deviation improved significantly when compared to the standard CI model. Although the
improvement is more pronounced at 28 GHz for the NLOS situation due to signal fluctuations. However, at 38
GHz, the same pattern of improvement was observed as in the LOS. It is also worth noting that the V-V antenna

polarization outperforms the V-H antenna polarization due to the latter's polarization difference.

Table 4.8. Parameters for the Third Order CI in the LOS and NLOS Scenario

28 GHz LOS communication scenario 28 GHz NLOS communication scenario

V-V polarization

V-H polarization

V-V polarization

V-H polarization

PLE (n) | 22254 2.9790 2.8815 33303
ofh [dB] | 1.7718 1.3425 8.1287 10.4790
ky 2.9720 2.7120 8.9497 11.3454
ks -2.2854 -0.2286 -9.1556 -12.1877

ks 1.3644 03770 3.3005 44377

glogcl | 11173 0.6809 6.1916 7.9313

38 GHz LOS communication scenario

38 GHz NLOS communi

cation scenario

V-V polarization

V-H polarization

V-V polarization

V-H polarization

PLE (n) | 2.7801 3.1978 2.8207 3.4682
gl [dB] | 3.1874 4.1001 1.6822 3.0257
ks 1.2984 1.1600 2.2289 1.8082
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k, 0.9345 1.5942 1.7241 4.6542
ks 0.2699 0.1157 -1.0091 -2.6842
glog*ct | 07983 1.5679 1.3794 1.7791

Table 4.9. Third Order CI model MPE and SDE Parameters for LOS and NLOS Scenario

MPE [dB] SDE [dB]
Polarization V-V V-H V-V V-H
Frequency
[GHz] 28 38 28 38 28 38 28 38
LOS scenario 0.6418 | 0.7283 | 0.5071 1.3533 | 0.8655 | 0.3112 | 0.4344 0.7752
NLOS scenario | 2.7817 | 1.0784 | 4.4935 1.3801 | 5.5114 | 0.8413 | 7.1047 1.1367
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4.5. Chapter Summary

In this chapter, the analysis of the improved versions of the CI and FI PLMs as well as the third order CI
PLM at 28 GHz and 38 GHz has been presented. The MPE and SDE are also used to check for the efficiency of
the improved PLMs. To collect the data for the study a measurement campaign was carried out at FBs of 28 and
38GHz. The R&S SMB 100A radio WS generator was used to generate CW signal and that was supplied over a
transmission media to the signal analyzer using broadband Tx and Rx HAs. The analysis also focused on the
LOS and NLOS scenarios at V-H as well as V-V polarizations. One of the key findings of this work is that the
improved PLMs typically perform better in terms of consistency as compared to the current standard models
thereby justifying their high accuracy level. The third order, the improved CI as well as the FI PLMs showed a
significant percentage improvement even at higher FBs and for various antenna polarizations. The MPE and
SDE used in percentage error also show how precisely and accurately the improved models predict the PL. In
addition, the MPE and SDE used in percentage error also corroborate how precisely and accurately the 3rd order
CI PLMs predicts the PL. After verifying the precision of the improved CI as well as FI models used in this
study, the findings also demonstrated that these models' fundamental use is suitable for LOS and NLOS indoor
environments and for various antenna polarizations at millimeter wave frequencies. Also, noteworthy is the fact
that the design engineers and researchers will benefit from the values of MPE and SDE in order to make
accurate computation of the system design which covers all surroundings as well as connectivity scenarios. The
improvement of current PLM parameters should be the main focus of future work, especially for outdoor areas

like big shopping malls and cities.
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Chapter 5

Path Loss Analysis using Squared Root Distance based Model in
the 28 and 38 GHz Frequency Bands

The measurements and analysis of the squared root distance path loss model are presented in this chapter. The
analysis showed that the standard deviation of shadow fading can be substantially lowered in LOS as well as

NLOS, suggesting greater accuracy in estimating path loss using SRD based model.

5.1 Introduction

Due to the exponential rise in mobile data usage, and the desire for faster connection speeds, the
contradiction involving reduced spectrum as well as higher capacity has emerged as a critical issue.
Conventional wireless network FBs, i.e., those less than 6 GHz, are experiencing a spectrum crunch as a result
of rapidly increasing cellular data speeds and widespread data access requests. Wireless data networks can be
enhanced to increase the likelihood that they will be able to accommodate the anticipated accelerated growth in
mobile traffic levels as well as users' increasing demand for faster data speeds [48], [48], [126], [148]. 5G
wireless communications are being developed as a result of technological advancements [162]-[165] as well as
the mmWave frequency band spectrum allocations [42]. These technologies can help with the current spectrum
shortage. The 5G mobile communication systems will bring about a significant shift in application and user
perspectives [41], [130], [166]. However, for the 5G system to minimize physical constraints and fully utilize
capacity of the system, sophisticated signal processing methods and new frequency space are needed [68],
[166]-[168]. Mobile operators all over the world are introducing 5G services, but path loss must be assessed in
order for wireless communication operators to plan their networks for the target coverage area [169]. Numerous
PLMs for wireless propagations have been investigated in the past [42], [48], [68], [130], [162]-[167]. The
authors of [170] investigated the relationship between path loss and terrain data by presenting in-depth driving
test sensor readings of wave propagation in a college community. PL modeling for 5G networks has been

accomplished through channel measurements in urban and suburban in [171].

Researchers in [172] compared 5G PL approaches using measured data as well as evaluating the models'
validity across various environments. Sun et al. compared the ABG and CI PLMs with FB ranging from 2 GHz
to 73 GHz using measured data as well as ray-tracing methods [64]. The researchers discovered that the CI
model produced less error in prediction [64]. As way of enhancing the ABG model, authors in [173] proposed a
weighted ABG model that appropriately integrated or combined various available datasets and produced
improved outcomes in terms of prediction accuracy. The weighted ABG model has been shown to produce
better prediction error results, with standard deviations ranging from 1.2 to 12.5 dB [173]. Authors proposed
probabilistic models for predicting mmWave PL in [146]. Based on measurements taking at FBs of 28 and 73
GHz, the authors of [146] developed a hybrid PLM that was a weighted combination of LOS and NLOS signal

attenuation.
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The propagation channel characteristics in the FBs of 6.5, 10.5, 15, 19, 28, and 38 GHz were investigated
further in an indoor setting using a measurement campaign spanning 4,000 power delay profiles and employing
a directional HA as Rx and an omnidirectional antenna as a Tx section. The frequency attenuation model is a
novel PLM that considers both distance and FB. This model's RMS delay spread and dispersion factor values
show its simplicity, lower PLEs, and good RMS delay spread and dispersion factor values [48]. The large
percentage of propagation models currently in use for any FB below 6 GHz are not appropriate for mmWave PL
modeling, nor are they appropriate for any FB above 6 GHz. This is due to the noticeable difference in WS
propagation. An indoor measurement campaign was carried out at UTM Malaysia. In applications utilizing
omnidirectional and directional antennas, PL analysis of single and multi-frequency signals was performed. It
was discovered that modeling PL on a large scale with respect to distance is easier when using a less complex
model approach with only one PLE parameter (n) that is dependent on transmitted power [70]. Using a model
that is not dependent on transmitted power, on the other hand, may necessitate more variables, making the
modeling complex. The analysis of these PLMs demonstrates the need for the development of a model that is
more effective than the fundamental models, such as the CI, FI, and ABG, at reducing the PL of the propagated
signal from the Tx to the Rx [70].

Furthermore, tests for 28 GHz reflection and penetration loss were executed in buildings throughout New
York City [84]. According to the findings, a three-wall office complex has a significant absorption loss of 45.1
dB. Furthermore, while exterior tinted glass had a loss of absorption of 40.1 dB, interior non-tinted glass had a
loss of absorption of 3.9 dB. The authors of [153] measured the quality of the link in the mmWave bands in a

lab using 28 and 82 GHz FB as well as an anechoic chamber.

Hindia et al. measured a proven channel model for both single and multi-frequency models inside an outdoor
area, as well as proposing a novel model [154]. The authors of [61], [84], and [155] used omnidirectional and
directional HAs to measure at 28 and 73 GHz in an interior office. At FBs of 28, 38, and 73 GHz, measurements
and simulations were performed to assess and estimate a number of parameters as well as classify the
transmission channel in CI and ABG PLMs [156]-[157]. In many ways, the interior surroundings differ greatly
from the outdoor surroundings. Indoor PLMs must therefore account for various indoor layouts, building
materials, office equipment types and counts, worker movements, the density of nearby smart devices, and so
on. In addition to the usual fading and PL caused by range, obstruction, shadowing, reflection, refraction,

scattering, and penetration, dispersion has an effect on the characteristics of the received signal [174].

Having considered many research literatures, it has been discovered that PL modeling is critical when
designing a wireless communication network. PL prediction models can be obtained deterministically,
stochastically, or empirically through measurement campaigns that collect actual data [5], [39]. The most
commonly used path loss modeling is measurement-based, as evidenced by its high prediction accuracy and
reliability, [18], [144], [126], [175]-[176]. Extensive measurement campaigns have been conducted globally in
various outdoor as well as indoor environments using various communication techniques, including LOS,
NLOS, and other scenarios, in order to provide accurate propagation models for each specific frequency band
and communication environment. For mmWave and sub-THz propagation, several measurement-based PLMs
have been used. However, because of their outstanding precision and simplicity, the conventional CI and FI

PLMs are the most commonly used among the various models [5], [18], [39], [144], [174]-[178].
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A SRD measurement based PL prediction model for enclosed environments which is an expanded work from
[179] is analyzed in this paper at higher frequencies. The model differs from conventional CI and FI models in
that the PL (in dB) is assumed to vary with the square root of the separation between the Tx and Rx, measured
in meters. Because shifting to higher FBs results in more sensitive propagation signals, the motivation for the
evaluation of this PLM is the increased possibility of improving the PLM equation to achieve much greater
accuracy in prediction and sensitivity to wireless channel effects. The squared root distance PLM is evaluated
and validated by comparing it to the FSPLM, the CI PLM, as well as the FI PLM at two selected FBs of 28, and
38 GHz using polarizations of the antennas at V-H as well as V-V. The data for this study were collected in an
enclosed environment on the fifth floor of the Department of EECE at the UKZN’s Howard College Campus in
Durban, South Africa. The remainder of the chapter is structured as follows: The measurement campaign and
the PLMs are covered in section 5.2 and section 5.3, respectively. Section 5.4 presents the results and

discussions, while the chapter summary is presented in section 5.5.

5.2 Measurement Campaign and Environment

This section explains the measurement setup including the Tx and Rx in a typical indoor corridor
environment. The channel sounder was cautiously calibrated prior to the start of the measurements to ensure
accurate data collection. Furthermore, we affirmed that there were no interfering signals in the corridor. The
wireless propagation channel, as previously stated, is an enclosed interior corridor. This corridor is 30 m in
length, 1.4 m in width, and 2.63 m in height. This corridor, as it typically exists, is made primarily of bricks and
dry concrete, with wooden doors to entrance offices on one side and a staircase and elevator on the other. The
Rohde and Schwarz SMB 100A Signal Generator was used in the Tx section, and the Rohde and Schwarz FSIQ
40 Signal Analyzer was used in the Rx section. Images of the Tx and Rx units used in measurement campaigns
are shown in Figures 5.1, 5.2, 5.3, 5.4, and 5.5. The parameter setup as well as equipment set-up are shown in
Table 5.1. During the campaign, the Tx HA was positioned at one end of the passage, while the Rx HA shifted
away from the Tx in 2 m increments up to the opposite end. When both antennas were aligned toward each other
for LOS, the Rx received wireless signals at each Tx-Rx separation distance. However, there was no alignment
in the NLOS between the Tx and Rx HAs. The center FBs used for CW signal transmission between two
broadband HAs adopted in both the Tx and Rx ends, with HA heights of 1.6 m for the Tx HA and 2.3 m for the
Rx HA. The Rx HA was placed 24 meters away from the Tx by starting at one end of the hallway and the
samples were taken at every 2 meters. The reference distance (d, = 1m) is taken as 1m. Figures 5.2 and 5.6
show a comprehensive view of the floor plan and the interior passage. Thus, the path loss was calculated using

equation (5.1) [40]:

P,=P,—P.+G, +G, (5.1)

Where Tx power = P;, Rx power = P, the gain of Tx antenna = G, and the gain of Rx antenna =G,..
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Figure 5.1. Building blocks of the channel settings.

Figure 5.2. The interior corridor
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Figure 5.3. Setup for Tx

Figure 5.4. Setup for Rx

92



Figure 5.5. The configuration of the Tx and Rx in the indoor passage
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Figure 5.6. A floor plan for the indoor passage

5.3 Large-Scale PLM Analysis

Large-scale PLMs predict the losses in the transmission signal with the increase in distance. They foretell the
attenuation of WS that travels through space and time. They are crucial in the development of innovative
communication systems that are more effective. They are also useful tool for calculating how much the wireless
signal will be weaken and decayed as it travels from Tx to Rx while taking transmission distance and other
factors into account. In this paper, we analyze a squared root distance PLM that was used in an interior passage

while accounting for the most common propagation paths.

93



Table 5.1. Equipment set-up parameters’ description for the experiment

Parameters Configuration/Value Unit
Centre FBs 28, 38 GHz
Transmission bandwidth 100 MHz
Transmission signal CW
Tx and Rx HAs Broadband HA
Power of Tx HA 10 dBm
Height of Tx HA 1.6 m
Height of Rx HA 23 m
Gain of Tx and Rx HA at 28 GHz 15 dBi
Gain of Tx and Rx HA at 38 GHz 17 dBi
Polarizations of Tx and Rx HA V/H
Dimension of HA (L x W x H) 71x32x28.6 mm?
Weight of HA 0.08 Kg

5.3.1 The SRD PLM

This proposed PLM by [179] differs from the conventional CI and FI PLMs in that it is assumed that the PL
varies with the square root of the separation between the Tx and Rx. Because shifting to higher FBs results in
more sensitive propagation signals, the motivation analyzing this model is the increased possibility of improving

the PLM equation to achieve much greater accuracy in prediction and sensitivity to wireless channel effects.

The squared root distance model for predicting PL is given in equation (5.2) as computed by [179]:

PL(d)[dB] = A+ BVd + X, (5.2)

Where PL(d)[dB] represents the predicted path loss value in decibels (dB) expressed as a function of the
separation between the Tx and Rx antennas. The two major parameters of the squared root distance PLM are A
and B, where A denotes the PL value right next to the Tx antenna and B regulates the path loss's dependence on
\d. The operating frequency of the propagating signal, the characteristics of the wireless medium in terms of its
dimensions, and propagation techniques like reflections, diffractions, and wave-guiding effects are the variables
that affect the parameters A and B. To represent the effects of shadow fading, Xo, and ¢ represent the Gaussian

random variable with a zero mean, and the SD, respectively.

The best-fit values for the parameters: A, B and o are provided by adopting the technique of MMSE. The
goal is to minimize prediction error while having the squared root distance model match the actual measured

path loss. Thus, the SD o can be described as follows as computed by [39]:

2 —A— 2
= szﬁ :\/Z(PL(d)[di]/ 4-BVd) (53)

N is the total number of PL recorded. The parameters of the squared root distance model must meet the

requirements listed below based on the content of eq. (5.3) as computed by [179]:

- ((PL(d)[dB] — A - BVd)? = 0 (5.4)

= (PL(d)[dB] — A= BVd)? = 0 (5.5)

94



The two previous equations can be simplified as [179]):

NA+Y¥+d B =Y PL(d)[dB] (5.6)

YVd A+Yd B=Y(PL(d)[dB] x Vd) (5.7)

Following the provision of the matrix forms of equations (5.6) and (5.7), the parameters A and B can be

described in their closed-form [179]:

[ ] A] [ 2 PL(d)[dB] (5.8)

YVd Zd Y.(PL(d)[dB] x Vd) '
_ )X PL(d)[dB]-(Z V)X (T(PL(d)[dB]xVd))

4= NY d-(SVd)? 59

B — _(Zd)X(ZPL(d)[dB]+N(Z(PL(d)[dB]X‘/E)) (5.10)

NEd-(ZVd)?

After substituting the values for the parameters, Eq. (5.3) can be employed to calculate the value of the SD
(0) of the shadow fading.

53.2 CIPLM
The expression of writing the CI PLM is shown in the equation (11) as computed by, [10], [13], [126]:

PE! (d)[dB] = FSPL(f,d,)[dB] + 10.n.log (;) XCL, (5.11)

Where the gaussian random variable which has zero mean is X&' | d, is the reference distance, f is the

frequency of operation, and the PLE is n, [43], [126]. At a reference distance of d, = 1 m, its F'SPL in dB is
expressed in equation (5.12) as follows [126], [130]:

2
FSPL(f, 1m)[dB] = 10logy, (?) (5.12)

Keep in mind that the only significant parameter that needs to be optimized for the CI model is the PLE (n).
This unitless parameter indicates how the PLM is affected by the Tx-Rx gap distance. For this concept, actual
positioning is required to demonstrate PL close to the Tx antenna. The transmission frequency found in the FSPL
term clearly has a significant impact on the CI PLM. The parameter of the CI model is improved using the
MMSE technique (i.e., the PLE). We can use this method to obtain the fewest errors while accurately fitting the
measured data by lowering the SFSD [40].

5.3.3 FIPLM

The two parameters of the FI model, which is a linear equation, are the PL line slope {3 and the intercept o,
respectively, as shown in equation (5.13) computed by [126], [130]:
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Where PLF(d) depicts the PL in dB,and X represents the zero mean value of the gaussian random
variable with a zero mean. The FI PLM's parameters are different from those of the CI PLM, which is an

important distinction to make [126], [130], [167].

5.4 Discussion of Results

This section discusses the results and study's findings. The presentation is divided into two parts, the first of
which compares the squared root distance based-model parameters with the existing CI and FI models at FBs of
28 as well as 38 GHz. Consideration was given to LOS as well as NLOS scenarios for the two antenna
polarizations. The second sub-section describes the predictability (in terms of MPE and SDE) of the squared root
distance model in comparison with the existing CI and FI PLMs, as well as an improved version of CI and FI

PLMs.

5.4.1 Squared Root Distance Model Comparison with CI and FI Models

Figures 5.7 and 5.8 show the variation of measured PL values, the FSPLM, the squared root distance model,
and the standard CI and the FI PLMs with the distance between the antennas for the two antenna polarizations at
28 GHz. The figures show that all of the models are above the FSPL model's curve. This is understandable given
that the path loss at this frequency exceeds the FSPL due to increased signal attenuations at high frequencies,
resulting in a rise in path loss. It is also worth noting that Figures 5.7 and 5.8 show that the squared root distance
models’ curves have higher prediction accuracy and precision than the existing CI and FI PLMs, as well as
improved versions of the CI and FI PLMs. The parameters of the squared root distance model that provide the
best-fit prediction at 28 GHz FB were A = 52.3240,B = 7.3941 and 0 = 0.4757 and A = 54.3988,B =
10.2694 and o = 1.5982 for the V-V and V-H antenna polarizations, respectively as shown in Table 5.2. The
very small sigma values demonstrate the accuracy and sensitivity of the SRD models to the transmission
mechanism inside these indoor corridor environments. The parameter values in the V-H polarizations were higher
as compared to the values in V-V polarizations due to the shift in antenna polarizations, which causes a slight
increase in path loss. Figures 5.9 and 5.10 depict the variation of measurement data and models’ data with the
distance between the antennas at frequency 38 GHz for LOS. The figures show that the models follow the
measured data, resulting in high prediction accuracy. The curves are steeper than the FSPL due to high
frequencies. For the squared root distance model, Table 5.3 presents the PLMs’ parameter at 38 GHz V-V as well
as V-H polarizations which are A =55.9571,B = 10.8279 and o = 0.8253, and A = 58.4551,B =
12.6235 and 0 = 1.6164, respectively. There was a clear notice of high stability of the model as the values have
slight changes when frequency changes from 28 GHz to 38 GHz. The numerical increase of A, B, and o are
3.6331 dB, 3.4338 dB, 0.3496 dB and 4.0593 dB, 2.3541 dB, 0.0182 dB for the V-V and V-H polarizations,
respectively. This demonstrates that more precision is required for mmWave propagation at higher frequencies in

order to have an accurate and efficient PL of the propagating signals.

Figures 5.11 and 5.12 depict the variation of average actual observed PL values, the FSPLM, the standard CI
and FI models, the squared root distance model, and improved versions of the CI and FI PLMs with the distance
between the antennas at 28 GHz for NLOS. The graphs show that the PL for all of the models are above the

FSPLM's curve. This is reasonable given that there is increase in signal attenuations due to non-bore sight
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between the antennas. Despite the high PL observed in this scenario, the squared root distance models' curves
exhibit higher predictive accuracy and precision than the current CI and FI models, as illustrated in Figures 5.11
and 5.12. This is because all of the curves in the models are close to the measurement data sets. The squared
root distance model shows the finest prediction at 28 GHz for NLOS situation with the parameters A =
80.3789,B = 3.5141,and 0 = 1.0464, and A = 86.4113,B = 3.2516, and ¢ = 0.9281 for the V-V and V-H

antenna polarizations, respectively as presented in Table 5.4.

However, in the NLOS scenario, the signal effectiveness at 38 GHz FB is superior in both antenna
polarizations despite the fact that the opposite occurred in LOS situations. This was also observed during the
study's performance analysis in [126]. The performance of the SRD model for NLOS, which produces a good
match between all of the curves and the measured data values, is shown in Figures 5.13 and 5.14. The parameters
of SRD model at 38 GHz for NLOS situation are A = 62.027,B = 8.8539,and o = 3.3895, and A =
62.7455,B = 10.5468, and ¢ = 5.2621 for V-V and V-H polarizations, respectively, as shown in Table 5.5.
This demonstrates that the SRD model accurately predicts as compared to the standard CI and FI PLMs in the
same environment. The high standard deviation is due to the fact that the Rx signal powers are primarily due to

reflection and diffraction effects.

5.4.2 Comparison of the Squared Root Distance Model to Existing and Improved CI
and FI Models Based on MPE and SDE Parameters

The PLM's efficacy is assessed by analyzing the prediction error of the SRD model using real measurement
data and using the MPE as well as the SDE as additional metrics. The squared root distance model's MPE and
SDE values are compared with the standard CI and FI models, and its performance was further validated by
contrasting it with the improved CI and FI models proposed in [43]. The details of the improved CI and FI models
proposed in [43] are given in Equations (5.17) and (5.18). The PE is defined as the difference between the

measured and predicted Rx powers and is expressed in equation (5.14) [161].
PE(d)[dB] = PM (d)[dBm] — PP (d)[dBm] (5.14)

Where PE(d), PM (d) and P? (d) are the prediction error in dB, the predicted value of the received power in
dBm, and the power measured at the receiver, respectively.

The expression for PY (d) is explained further in equation (5.15):

PP (d)[dBm] = P, — PF (d)[dB] + G, + G, (5.15)
The Tx power is P, while the antenna gains at the Tx and Rx are G, and G, , respectively. The models’ PL is
predicted by P (d). The SDE, represented by equation (5.16), is defined as the deviation of error from the MPE
value [161]:

SDE [dB] = \/%2{21(1351. — MPE)? (5.16)

where N is the total average recorded PL values.

The expressions for the improved version CI and FI models are shown in equations (5.17) and (5.18) [43]:
P™ ¢! (d)[dB] = FSPL(f,d,)[dB] + 101, log,o(d) + 10n,(log;o(d) )? + X7 d > 1m  (5.17)
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PL™PF1(d)[dB] =« + 108, logio(d) + 10, logye(d)? + Xpar™ d > 1m (5.18)

Where n; and n, are the PLE's first and second orders in equation (5.17), and S; and B, are the slope

intercepts parameters in equation (5.18).

Tables 5.6 and 5.7 show the MPE and SDE values for 28 as well as 38 GHz at both polarizations in LOS and
NLOS situations. Because the MPE is model predictability metric, its reduction determines the level of prediction
accuracy. When considering the V-V antenna polarization in the LOS scenario, the improved CI and FI models
perform well, with error value improvements of 0.5327 dB and 1.0071 dB, respectively. However, the SRD PLM
performs better in both situations, increasing its error betterment to 1.1341 dB in the 28 GHz FB and 1.9045 dB
in the 38 GHz FB. The SRD model outperforms the other PLMs considered in the V-H polarization, with the
exception of the 28 GHz FB, where the error of predictability did not have a superior response. The squared root
distance model's MPE behavior is not stable in the NLOS scenario for both antenna polarizations. Because the Tx
and Rx antennas weren't in line of sight, it is obvious that there were more signal fluctuations in the NLOS
situation. The prediction error is greater at the 38 GHz frequency in NLOS, even greater than the cases recorded
using the improved CI and FI model. Nonetheless, when the SRD model was used at the 28 GHz frequency for
V-V and V-H, the degree of predictability increased significantly. At these two polarizations, the squared root
distance model produces the error values. The error values for the V-V and V-H polarizations are 4.7187 dB and
6.506 dB, respectively. The results show that for the two polarizations at 28 GHz provided the best and most
accurate degree of precision when predicting PL values. When considering the V-V antenna polarization in the
LOS scenario, the SRD achieves the greatest level of improvement at 38 GHz. At 38 GHz V-V polarization, SDE
has an error improvement of about 1.3264 dB. This is due to the change in antennas' polarization, which increased
the PL and caused the decrease in SDE. The NLOS situation results in an excellent SDE error values at 28 GHz
for both antenna polarizations. This demonstrates that the SRD PLM outperforms the improved versions of CI
and FI. The SDE and MPE values shown in Tables 5.6 and 5.7 clearly demonstrate that the squared root distance
model is more suitable to estimate the PL in the enclosed surroundings. Aside from the good performance of the
MPE and SDE metrics, another major advantage of the squared root distance model is its simplicity. The squared

root distance model is accurate and consistent, and therefore is simple to understand and utilize.
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Table 5.2. Parameter comparisons for the 28 GHz LOS scenario

28 GHz LOS results

Model Parameters V-V V-H
CI PLE n) 2.2254 2.9790
mm [dB] 1.7718 1.3425
FI og [dB] 58.8294 59.9354
Brr 2.1537 3.0540

ofl [dB] 1.7431 1.3008
SRD A [dB] 52.3240 54.3988
B 7.3941 10.2694

Omin [dB] 0.4757 1.5982

Table 5.3. Parameter comparisons for the 38 GHz LOS scenario

38 GHz LOS results

Model Parameters V-V V-H
CI PLE (n) 2.7801 3.1978
atl [dB] 3.1874 4.1001
FI ap; [dB] 60.5444 62.1883
,BF, 3.1461 3.6625

amm [dB] 2.7439 3.5455
SRD A [dB] 55.9571 58.4581
B 10.8279 12.6235

Omin [dB] 0.8253 1.6164

Table 5.4. Parameter comparisons for the 28 GHz NLOS scenario

28 GHz NLOS results

Model Parameters V-V V-H
CI PLE (n) 2.8815 3.3303
afl [dB] 8.1287 10.4790
FI ap; [dB] 81.8470 87.8146
,BFI 1.0558 0.9722

amm [dB] 0.7872 0.7796
SRD A [dB] 80.3789 86.4113
B 3.5141 3.2516

Omin [dB] 1.0464 0.9281

Table 5.5. Parameter comparisons for the 38 GHz NLOS scenario

38 GHz NLOS results

Model Parameters V-V V-H
CI PLE (n) 2.8207 3.4682
mm [dB] 1.6822 3.0257
FI ap [dB] 65.1057 65.8500
,BF, 2.7254 3.3064

mm [dB] 1.6283 2.9396
SRD A [dB] 62.0237 62.7455
B 8.8539 10.5468

Omin [dB] 3.3895 5.2621
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Figure 5.11. Squared root distance PL against distance for 28 GHz NLOS at V-V polarization
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Table 5.6. The PLMs’ MPE and SDE for the LOS Result at 28 and 38 GHz

MPE [dB] SDE [dB]

Polarization V-V V-H V-V V-H

Frequency [GHz] 28 38 28 38 28 38 28 38

Standard CI model 1.5211 | 2.6632 1.1936 | 3.6772 | 0.9044 1.8002 | 0.7028 1.8593

Improved CI model 0.9884 | 0.7338 | 0.5687 1.3580 | 0.8996 | 0.4217 | 0.4791 0.7787

Standard FI model 1.5108 | 2.2633 1.1306 | 3.0731 0.8566 1.5534 | 0.6679 1.7711

Improved FI model 0.5037 | 0.7528 | 0.5501 1.2607 | 0.4011 0.3475 | 0.4097 | 0.8274

Squared root distance | 0.3870 | 0.7587 1.4173 1.3236 | 0.3060 | 0.4738 | 0.8135 | 0.9582

model
Table 5.7. The PLMs’ MPE and SDE for the NLOS Result at 28 and 38 GHz
MPE [dB] SDE [dB]

Polarization V-V V-H V-V V-H
Frequency [GHz] 28 38 28 38 28 38 28 38
Standard CI model 5.6233 1.2904 | 7.3110 2.5307 5.8432 1.0629 7.4866 1.6403

Improved CI model 3.1018 1.2504 | 4.0887 1.7985 5.7089 0.8550 7.3067 1.6433
Standard FI model 0.6920 1.2390 | 0.6325 2.4524 0.5226 1.0647 0.5811 1.6277
Improved FI model 0.7390 1.2163 | 0.5962 1.8123 0.3806 0.8568 0.4627 1.5247
Squared root distance 0.9046 2.9861 0.8050 4.7454 0.6094 1.6028 0.5494 2.2730
model
5.5 Chapter Summary

The main accomplishment of this chapter was the comprehensive performance evaluation of a concise and
precise indoor corridor SRD based PLM at higher FBs. In response to the high demand for precise PL prediction
models, this chapter analyzed the square root distance model for predicting PL in enclosed environments such as
corridors. The MMSE method was used to collect the measurement data from which the parameters of the model
were derived. For this study, FBs of 28, as well as 38 GHz were used. In addition, two different antenna
polarizations were considered. The model demonstrated its accuracy by maintaining low SF standard deviation
values, particularly at LOS, where its maximum value was 1.6 dB. The concept of prediction error was also
applied to evaluate the model. The model's MPE and SDE values were found to be within a reasonable range,
demonstrating the accuracy of the squared root distance based scheme. Finally, this model can be easily improved
in the future by adding a new parameter that makes the model more sensitive to the wireless channel's

propagation characteristics for the outdoor environments.
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Chapter 6

An Improved Path Loss Model for SG Wireless Networks in an
Enclosed Hallway

This chapter proposes an improved PLM in which the studies demonstrate that the improved propagation model
works significantly better than the CI model, owing to its simple setup, precision, and accurate function.
Ultimately, this work illustrates that the standard deviation of shadow fading can be significantly reduced in the
NLOS scenario (since signal degradation is more in NLOS), implying greater accuracy in making predictions

for path loss for wireless communication.

6.1 Introduction

In order to support the over 11 billion mobile linked devices brought about by the internet of things idea, the
current development in the wireless communication system is necessitated for information sharing and pervasive
wireless connectivity. More mobile devices are connected to the internet than the current capacity, so a larger
network with greater encryption and capacity is required [126], [180]. The key barrier is bandwidth, which
cannot keep up with the escalating rate of traffic demand by the 6 GHz frequency ranges [55], [130], [181]-
[183].

Due to the vast amount of available spectrum, which can support the demands of high data rate and massive
capacity, millimeter wave (mmWave) communication is now the best technology for 5G deployment. The
frequency range of mmWaves is 3-300 GHz, and their wavelength range is 1-100mm. Due to the existence of
unapproved bandwidths that are prepared for usage in next-generation networks and are particularly suitable for
5G networks, the World Radio Conference (WRC) has designated mmWave for 5G implementation. Despite
these advantages, employing mmWaves has several disadvantages, such as a restricted beam width, high PL,
and higher penetration loss. In particular, because it affects the PLE [52], [88], [147], [184] — [185], this calls for
a full understanding of the propagation PLM to be used for 5G mmWave deployment.

Before deploying the full wireless system, it is imperative to examine the propagation path loss in the
wireless media. The use of European Cooperation in Science and Technology (COST) and the 3GPP has been
the primary method of propagation models from the first to the fifth generation. Studies show that radio system
generations endure ten years. With a bandwidth of 40MHz and a singular focus on delivering calling services,
the wireless systems initially arrived in 1974. With a 200 kHz bandwidth, the 2G of wireless communication
was established in the 1980s by the 3GPP with the intention of offering speech services identical to 1G with the
additional capacity of data service. Even though it was initially restricted to the 3GPP spectrum, the
International Mobile Telecommunications (IMT) started creating a channel model for the 3G in 2000. Along
with enhanced voice services, multimedia application technology is also introduced. The COST model is
consequently adopted, followed by the 3GPP model. The fourth generation, or 4G, debuted in 2010 with a 20
MHz capacity increase while retaining the 3GPP advanced format and MIMO technology [40], [186]. The top
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data rate for services in this generation is 150 megabits per second. The most recent rollout of 5G in early 2020
makes use of the IMT-2020/3GPP technology of channel models. The majority of nations worldwide are
considering using the millimeter wave band to deliver 5G due to the available frequency bands, even if the
majority of them still operate in the C band. Up to 20 Gbps of data rates could be offered by 5G [40], [186]—
[190].

The 5G data rate has been steadily increasing, requiring more network capacity and improved energy
efficiency. The characterization and modeling of channels has been driven by the numerous requirements of the
5G network such as security, traffic latency, reliability, and other major broadcast requirements in diverse
applications for successful propagation. This has resulted in a notable improvement in channel performance.
Path loss occurs when factors like reflection, refraction, diffraction, scattering, and other atmospheric issues
affect the signals along the way. In order to address this issue, an appropriate model for propagation that can
measure the PL must be developed, especially for 5G high frequencies. This will make it possible to create a
solid system that takes antenna directions and arrays into account while performing link budget analysis and
signal strength prediction. It is necessary to construct an accurate model that tends to fit propagation PL
parameters in many applications, whether indoor or outdoor situations, because 5G satisfies the desire for huge
data consumption in the mmWave band [191]. The importance of PL in mmWave channel transmission cannot
be overemphasized in terms of implementation, design, assessment, as well as planning. It establishes the
network coverage area, interference ratios, and data speeds. High-fidelity models are therefore necessary since
the focal reference affects the wireless network's propagation channel's performance [33]. Various researchers
have proposed and supported numerous PLMs, including quantitative and evidence based models based on
linear regression quantification. Both indoor and outdoor contexts can be used to quantify PL, but the results are
different. Interior route loss models will consider a number of factors, such as the furniture in the indoor office
or corridor, indoor designs, construction materials, any smart devices present and human mobility in the
surrounding area, among others. The parameters of the received signal are affected by the multipath fading,

reflection, scattering, shadowing, PL due to distance, refraction, as well as penetration [33], [192]-[193].

In an indoor setting, mobile communication signals encounter obstructions on their passage from the Tx to
the Rx, which increases the PL of the signal [194]. The height disparity between the Tx and Rx is another factor
that affects path loss. The PL for the two potential 5G frequencies 28 GHz and 38 GHz is analyzed in this study.
Barriers frequently have a greater impact on high-frequency signal transmissions. Radio waves travel differently
in indoors depending on the distance between the walls, the materials used for the passage as well as other

irregular objects that are placed along the hallway [195].

To the extent that we are aware, there is a limited study in the precise modeling and characterization of the
single frequency PLMs that take the antenna height difference of the Tx as well as Rx into account at 28 and 38
GHz frequency bands. This work aims to fill the gap by developing an improved model that allows for easier
design and performance evaluation for NLOS situations in indoor passageway surroundings at 28 and 38 GHz.
The V-V as well as the V-H polarizations of the antenna were adopted for the measurement. This study proposes
to improve the CI PL prediction model. Comprehensive modeling and characterization are essential components

of a general model. The results show that the improved model outperforms the conventional CI model. The
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research was conducted in an indoor corridor setting on the 5th floor of the building of the Department of EECE

at the UKZN in Durban, South Africa.

To gain a good comparison of the existing and new large scale PLMs, a measurement process was done for
the scenario in the NLOS for two different antenna polarizations i.e. V-V and V-H polarizations. To create a
general model in the mmWave frequency ranges, extensive research and modeling are needed. In the previous
study, extensive analysis of indoor corridor propagation for V-V as well as V-H antenna polarizations were
performed for the 28 and 38 GHz FBs [126]. However, a novel improved PLM is proposed in this work.
Nonetheless, in order to accurately evaluate the established and proposed large-scale PLMs, the process of data
gathering by measurement was done for the NLOS, and the results of the propagation parameters are compared.
The need to reduce the standard deviation and improve the path loss parameters of these models while
maintaining simplicity motivates this work. The rest of the chapter is organized as follows: Section 6.2
encompasses the related works, whilst Section 6.3 discusses the measurement campaign details and large scale

PLMs. Section 6.4 encapsulates the results and discussions, while Section 6.5 concludes the work.

6.2 Related Works

Traditional methods for PL forecast characterization are essentially stochastic, deterministic as well as
empirical in nature. Site-specific and requiring appropriate knowledge of the propagation environments are
requirements for deterministic route loss prediction models. These models, like the ray-tracing models, are
frequently connected to 3-D map propagations. These deterministic models also have significant computing cost
since they repeat calculations when the environment changes. The Hata model as well as the COST 231 model
is two examples of empirical PLMs that are based on measurements and observations. Although these models
are simpler to use, they take more time to implement because they call for comprehensive measurement
processes in certain settings and network scenarios. Additionally, these models offer poorer prediction accuracy

than deterministic models [195]-[198].

Channel modeling characterization for an enclosed surrounding at FBs of 4.5, 28, and 38 GHz is presented in
the work of [70]. For 28 GHz as well as 38 GHz FBs, a novel PLM is proposed. Measurements for the interior
LOS as well as NLOS situations were taken at every meter over range of 23 meters between the Tx and Rx
antenna positions in order to compare the conventional PLMs with a new large-scale generic PLM.
Conventional and suggested PLMs for single-frequency, multi-frequency, directional as well as Omni-
directional PLMs, were used to examine the results. The outcome shows that the proposed PLM, which has only
one variable and is physically centered to the Tx power, can model the large-scale PL over distance more
accurately than the well-known models. Also, the absence of physical basis for the transmission signal, have

more issues (involve additional parameters), and lack expectation when describing parameter values.

Al-Saman et al. carried out another examination of models in an interior environment for mmWave in terms
of PL in 2021. Different PLMs, which include the CI PLM, the 3GPP and WINNER FI PLM, were presented
and analyzed for the interior channels at different mmWave FBs. The PLM determines the rate of signal
degradation along the propagation path for both LOS and NLOS channels at a specified distance [39]. Further

researches on the traditional CI as well as the FI PLMs was adopted for both interior and outdoor airport

107



environments as a result of additional mmWave propagation research on a 73 GHz measurement campaign at
Boise State University and the airport [3]. The study shows that although the PLEs of the CI and the free-space
model are substantially similar, however, the FI PLM offers a superior match to the measured data. These data
also show how distinctly different the inside airport environment is from other indoor settings due to its roomy
and open layout. Additional mmWave propagation study by [143] presented measurement studies at the 30, 140,
and 300 GHz FBs in the interior LOS surroundings. The performance of the single-frequency CI, CIF, and ABG
PLMs was tested at these FBs. The results show that all four PLMs perform equally, but the PLM with the
fewest parameters would be the best choice for simplicity. PL as well as small-scale fading on the corridor were
looked into in [66], [199] utilizing antennas operating at 30 GHz. The improved model produced the exact PLE
as the FI PLM while requiring less mathematical complexity [66]. In their latest work, Oladimeji.et.al 2023 in
[166] analyzed the performance of the improved CI and FI models and observed a remarkable improvement for
both the CI and FI PLMs at 28 GHz and 38 GHz. The key findings demonstrated that the improved PLMs
outperform the conventional CI and FI PLMs for the LOS as well as NLOS network situations. Also, the
stability and sensitivity of the suggested models are also noticeably better than those of the conventional models

in both network scenarios.

6.3 PL Measurements and PLMs

Details about the setting for the measurement as well as the propagation PLMs are provided in this section.

6.3.1 Measurement Campaign and Environment

This section explains the measurement campaigns carried out as a wireless communication channel between
both the Tx and Rx in a typical indoor passageway. The measurement setup was located in the EECE
Departmental building at UKZN Durban, South Africa. The channel sounder was cautiously calibrated prior to
the start of the measurements to ensure accurate data collection. Furthermore, we affirmed that there were no
interfering signals in the corridor. The wireless propagation channel, as previously stated, is an enclosed interior
corridor. This corridor measures 30 m in length, 1.4 m in width, and 2.63 m in height. This corridor is made
primarily of bricks and dry concrete, with wooden doors to entrance offices on one side and a staircase and
elevator on the other side. The Rohde and Schwarz SMB 100A Signal Generator was used as a Tx, and the
Rohde and Schwarz FSIQ 40 Signal Analyzer was used as Rx. Images of the Tx and Rx units used in
measurement campaigns are shown in Figures 6.1, 6.2, 6.3, 6.4, and 6.5. The parameter setup as well as
equipment setup are shown in Table 6.1. During the campaign, the Tx HA was positioned at one end of the
passage, while the Rx HA shifted away from the Tx in 2 m increments up to the opposite end. When both
antennas were not aligned toward each other for NLOS. The center FBs used for CW signal transmission
between two broadband HAs adopted in both the sending and Rx ends, with Tx HA height of 1.6 m and Rx HA
height of 2.3 m, were 28 GHz and 38 GHz. At the Tx end, the antenna was placed for vertical polarization,
while the Rx end was placed for vertical polarization and horizontal polarization for the V-V and V-H
polarizations, respectively. Figures 6.2 and 6.6 show a comprehensive view of the floor plan and the interior

passage. The path loss was calculated using equation (6.1) [130]:

P,=P,—P.+G, +G, (6.1)
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Where Py, B, G; and G, are the transmitted power, received power, the gain of the transmitting antenna and the

gain of the receiving antenna, respectively.

Figure 6.1. Building blocks of the channel settings.

Figure 6.2. The interior passage

Figure 6.3. Setup for Tx.
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Figure 6.4. Setup for Rx.

Figure 6.5. The Tx and Rx configuration in the indoor passage

Figure 6.6. A floor plan for the indoor passage.
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Table 6.1. Equipment setup parameters’ description for the experiment

Measuring equipment parameters Configuration/Value Unit
Centre FBs 28, 38 GHz
Transmission bandwidth 100 MHz
Transmission signal CW
Tx and Rx HAs Broadband HA
Power of Tx HA 10 dBm
Height of Tx HA 1.6 m
Height of Rx HA 23 m
Gain of Tx and Rx HA at 28 GHz 15 dBi
Gain of Tx and Rx HA at 38 GHz 17 dBi
Polarizations of Tx and Rx HA V/H
Dimension of HA (L x W x H) 71 x32x28.6 mm’
Weight of HA 0.08 Kg

6.3.2 Path Loss in mmWave Propagation
PL is a process that happens when a Tx's signal weakens in the transmission channel due to the propagation
channel's properties. The PL is often expressed in dB [39]. When used in wireless propagation, PL is dependent on

many factors such as frequency, distance between the antennas, propagation channel properties etc.

6.3.3 Large Scale PL Prediction Model

Radio propagation in physical surroundings affects the quality of wireless communication systems due to the
fading of the radio waves. Any wirelessly propagated signal from the transmitting antenna(s) of a
communication system is subject to go under degradation over the distances as well as FBs, which is considered
as fading (it may either be on a large scale or small scale). The air conditions and nearby physical objects also
induce signal losses which results in multipath transmission since the Rx antenna (or antennas) primarily picks
up the signal through reflections, diffractions, and scattering mechanisms [110], [160], [195]. Signal power
fluctuation and increased signal power uncertainty are also caused by these multipath effects [160], [200]. The
PL impacts on the communication signal at the Rx end. It's important to determine how much a signal will
diminish and decay as it travels from the Tx to the Rx, taking propagation distance and other factors into
account. Some PLMs specify the profile of the topographical to make signal analysis simpler, while others
merely use the frequency of the carrier frequency as well as the distance to accomplish their objectives [63],

[811-[82], [84], [87].

6.3.3.1 CI PL Prediction Model

This PLM's fundamental principle is grounded in the point of anchor as well as the reliance on the frequency
in empty space. Both the distance (in meters) between the Tx and Rx as well as the reference distance (d,) are

essential. The expression for the CI PLM can be seen in equation (6.2) as follows [126]:

PE! (d)[dB] = FSPL(f,d,)[dB] + 10.n.log (<) + X (6.2)

Ford>d,, where d, = 1m

Where XEL: is a zero mean Gaussian random variable with the standard deviation c.

FSPL(f,d,)[dB] = 10log,, (4’;‘10)2 (6.3)
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To calculate the CI PLM, PLE = is obtained by adopting the MMSE method which commiserates with the

recorded measurements.

FSPL(f,d,)[dB] = 10logy, (£ d")2 (6.4)
FSPL(f,1m)[dB] = 10logy, (@)2 (6.5)

Where ¢ represents the speed of light.

6.3.3.2 Improved CI PL Prediction Model

The improved model includes the other parameters to improve the performance. The parameters of barriers
inside the measuring environment were not considered by the existing single slope PLMs. However, the
proposed model takes into account the close-in height and obstruction factors. The proposed improved Cl-based

PLM (PL¢'~H0) is expressed as:

PLEI=HO(f,d, h) = PL(f,dy) + 10nlogyo(d) + 10k, log,o(h)? + X5 7HO (6.6)

Where PL(f,d,) = 20log,o(4tfdy/c) is the FSPL, f is the carrier frequency which is assumed to be 28 GHz
or 38 GHz in this study, d, is the reference distance which is taken to be 1 meter, n is the PLE of the
environment, d is the distance between Tx and Rx, h(= hg, — hr, ) is the difference in Tx height hy_ and Rx
height is hp . It is assumed that hg is larger than Ay, k¢; is the second PLE variable for CI and XSI-HO g
shadow fading for CI which is presumed to be zero mean Gaussian distributed random samples with standard
deviation o. In terms of changing antenna heights as reported in the works of [42] and [161], the MSE curves
show that the CI model parameters are sensitive. In addition, adjusting the antenna altitude alters the incidence
angle of the transmitted signals on obstructions near the receiving antenna. Furthermore, in the work of [33],
with the difference in Tx and Rx height during the experiment in the same surroundings used for this
investigation, stronger constructive interferences as well as better wave guiding influence in the corridor were
observed. Therefore, this approach will pave the way for optimized PL prediction models that take the altitude
of the Tx and Rx antennas into consideration. As a result, greater accuracy is provided in predicting PL for the

design process as well as for the link budget estimations.

The two parameters in equation (6.6) to be determined are n and k¢;. Assuming A = PL'"HO(f,d, h) —
PL(f,dy), B =10log;o(h)?, and D = 10log;o(d), then equation (6.2) can be expressed in terms of the

shadow fading as:
XS1-HO = A — kB —nD (6.7)
The standard deviation of X$'~H9 can be obtained using minimum mean squared error (MMSE) as:

CI-H0Y?2
o CI-HO _ ’% (6.8)

The representation of PL sample numbers is denoted by N. To minimize the error in o¢/~H9, the partial

L _HONZ - . L
derivative of Y,(X$'~H9) is taken with respect to n and k., and set the derivatives to zero as follows:
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d¥(A—kciB-nD)?

- 0 (6.9)

d¥(A—kciB-nD)?
dkcy -

0 (6.10)

Equations (6.9) and (6.10) are simplified into the following:
Y B%k; + Y.(BD)n = Y.(4B) (6.11)

X(BD)k¢; + X D*n = ¥.(AD) (6.12)

Equations (6.11) and (6.12) in the matrix for can be written as:

Y B? X(BD)](ke] _ [X(AB)

2.(BD) ZDZ] [ ri] B [Z(AD) (6.13)
Therefore, the improved close in parameters can be determined in closed form as:

ker] _ [EB* X(BD)] ™ [Z(4B)

[rf] - [Z(BD) 202] [Z(AD) (6.14)

6.4 Results and Discussion

This part discusses the improved model's performance results in the NLOS scenario. Figures 6.7, 6.8, 6.9, and
6.10 represent the variation of the measured path loss, CI, as well as proposed PLM for the two frequencies and
two antenna polarizations in the NLOS scenario. There was clear evidence that both models appropriately match
the measured path loss, despite the significant superiority of performance in the curves of the proposed improved
CI PLM. The parameters in Table 6.2 show that the SFSD when using the proposed improved CI PLM has better
values 6.7717 dB for 28 GHz for V-V, 9.173 dB for 28 GHz for V-H, 0.3959 dB for 38 GHz for V-V, and 1.2852
dB for 38 GHz for V-H. When the proposed improved PLM is used, the PLE, which is a major factor used in
characterization of large scale impacts of the propagation channel, is improved substantially. The PLE values for
the improved PLM are 1.69 for 28 GHz for V-V, 1.74 for 28 GHz for V-H, 0.4351 for 38 GHz for V-V) and
0.3036 for 38 GHz for V-H. The values of k; rise as the antenna polarization shifts from V-V to V-H at both FBs.

Figure 6.7 shows that the improvement in the prediction of path loss for the improved PLM from the distance
greater than 12m, despite the fact that there is similarity in the V-H polarization as shown in Figure 6.8, but the
level of improvement is still better for V-V polarization. However, when looking at Figures 6.9 and 6.10, the
improved PLM provides better performance for the distance starting from less than 10m. Even though the Figures
6.7, 6.8, 6.9, and 6.10 show that the improved PLM provides better performance, the higher path loss is
understandable at higher frequencies. Also looking at the SFSD, at the two frequencies, the betterment of the
results is observed as the improved model minimizes the SFSD in the two FBs. Ultimately, the proposed improved

CI model has been demonstrated to be suitable for the indoor environments.
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Table 6.2: A comparison of the parameters of the Improved-CI & CI PLMs in NLOS.

Frequency 28 GHz 38 GHz
Polarization V.V V-H V-V V-H
CI PLM PLE (n
®) 2.8815 3.3303 2.8207 3.4682
ofk, [dB] 8.1287 10.4790 1.6822 3.0257
Proposed Improved Model PLE (n) 1.1850 1.5879 53856 31646
ke; 8.1178 9.4686
2.1631 2.3922
afl [dB 1.357 1.306
min [4B] 1.2863 1.7405

Figure 6.7. Improved-CI PL against distance for 28 GHz NLOS at V-V polarization
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Figure 6.8. Improved-CI PL against distance for 28 GHz NLOS at V-H polarization

Figure 6.9. Improved-CI PL against distance for 38 GHz NLOS at V-V polarization
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Figure 6.10. Improved-CI PL against distance for 38 GHz NLOS at V-H polarization

6.5 Chapter summary

An improved version of the CI PLM has been presented in this chapter. The model's performance was
validated by using the CI PLM and the measured values. In a typical indoor corridor scenario, data was gathered
for the two FBs, 28 and 38 GHz NLOS for the vertical to vertical and vertical to horizontal polarizations. The
improved PLM outperforms when compared to the conventional CI PLM. The free space reference distance of 1
m was established in the CI path loss model because it enhances the stability of the model. The main
achievement of this work has been that the improved CI PLM performs better than the standard CI PLM in a
number of ways. The improved CI PLM provides prediction of PL with less error, reduction in the SF's standard
deviation, and better sensitivity as well as consistency with antenna polarization variations, which make the

model suitable for estimating the path loss at mmWave frequencies in enclosed indoor corridors.
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Chapter 7

Conclusions and Recommendations

71 Conclusions

High data rate wireless communications are essential, and the mmWave technology plays a significant role to
address this issue. The requirements for greater capacity, high dependability, data rates, and quality for a
number of applications have been met by a variety of current wireless communication systems. The mmWave
technology makes proper use of frequencies that are not employed but have potential applications. Despite the
fact that millimeter wave technology has been in use for some time, with the advent of process technology, this
technique has begun to receive widespread acceptance among academics and industries. However, after building
a communication channel that spans the capacity and dependability of data rates, the path loss exponent is one
major metric that a good communication channel depends on it. The development of a good path loss prediction
model for these bands still depends on detailed characterization, analysis, and modeling in these frequency
bands, despite the fact that research in this field is ongoing. Different path loss model concepts have been
proposed by various academics, particularly in indoor environments. The most important use of path loss
models which is applicable in the calculations of power budgets, modulations, forecasts of cellular
coverage/interferences, and the design of coding schemes is highly critical. This research, which offers LOS and
NLOS measurement data scenarios in an indoor corridor environment, assesses CI and FI path loss prediction
models for frequency ranges of 28 and 38 GHz. It also utilizes various improvements of the CI and FI path loss
prediction models which will be useful in designing 5G wireless communication systems for indoor
environments, particularly for power budget calculations in wireless networks. The findings reported in chapters
2,3,4,5,and 6 lead to the following conclusions.

In the chapter two, the literature review along with essential basics of mmWave propagation has been
discussed. It also studies the comparison of path loss performance analysis of the three commonly used models:
ClI, FI, and ABG models. The review looked at how to determine the efficient path loss models which is a major
challenge in millimeter wave propagation. The chapter also focused on the measurement work done in
millimeter wave research in interior environments. The analysis of path loss and shadow fading in different
frequency bands is presented. This work is helpful for the design engineers and researchers to calculate power
budgets for a suitable 5G and even forecasted 6G wireless network in an inside environment. Another purpose
of this chapter is a thorough understanding of the best path loss model, especially for interior situations, and to
improve it in future research to provide a better line of fit and simplicity among the three fundamental path loss
models: CI, ABG, and FI. In both LOS and NLOS scenarios, the study found that the CI free space reference

model and the FI path loss models are suitable path loss models for indoor millimeter wave propagation.

In chapter three, the analysis of the large-scale path loss models for an indoor corridor environment at
frequencies of 28 and 38 GHz has been presented. The measurement environment consists of an indoor corridor
with both LOS and NLOS scenarios using V-V and V-H antenna polarizations. The single-frequency CI and FI
free space large-scale path loss models and measured data from the measurement campaign were used to
evaluate the performance analysis. The work also focused on various parameters, such as standard deviation,

PLE, accuracy, simplicity, and stability of the models. The analysis focused on the peculiarity of the effect of

117



the wall proximity on the path loss parameters as well as comparisons with the parameters in some of the
reviewed literature studies. The FI and CI models produced comparable results for both antenna polarizations
and clearly fit with the measured path loss. The LOS study results showed that when changing the antenna
polarization from V-V to V-H at 28 GHz, the path loss values increased, but only slightly at 38 GHz,
indicating that signal degradation was not too noticeable when changing the antenna polarization at 38 GHz.
However, in the NLOS scenario, the PLE was higher at 38 GHz when compared to 28 GHz for both antenna
polarizations. This was due to greater dispersion and penetration losses at higher frequencies. The minimum
standard deviation values for CI and FI were quite near to one another for 28 GHz at both antenna polarizations.
However, the minimum standard deviation for the 38 GHz frequency increased from 2.7 in the V-V
polarization to 3.59 in the V-H polarization. The V-V antenna polarizations had better accuracy and path loss
efficiencies than the V-H polarizations in both scenarios and frequencies, according to the results in both
antenna polarizations. The PLE is much higher in the NLOS scenario with V-H polarization due to the signal
degradation along the path from the Tx to the Rx. This is because there is no direct LOS between the Tx and Rx
antennas. The Rx only relies on signal diffractions and reflections from obstacles as it transmits through the
path from the Tx antenna. The path loss measurements and model analysis presented here are useful in
designing 5G wireless communication systems for indoor environments, particularly for power budget

calculations.

The importance of the path loss in millimeter wave channel propagation cannot be taken for granted in terms
of deployment, design, performance assessment, and planning. The path loss helps to determine the network's
geographic coverage. Although many path loss models, including statistical and empirical models based on
measurement and linear regression, have been proposed by various researchers, high fidelity is required to
determine the performance of the wireless network's channel. The validation of the improved version of the
well-known CI and FI path loss models at frequency bands of 28 and 38 GHz has been presented in chapter
four. The measurement surroundings comprised of an enclosed passageway with V-H and V-V antenna
polarizations. One of the key findings of this study is that the enhanced versions of these models typically
perform better in terms of consistency than the standard models thereby justifying their high accuracy level. The
third order as well as the improved versions of the CI and the FI models demonstrated a significant
improvement for various antenna polarizations. The MPE and SDE also show how precisely and accurately the
third order and the improved models predict the path loss. Additionally, the improved models provide the
reasonable responsiveness and uniformity of the parameters with the change in the antenna polarization and
lower the shadow fading's standard deviation in LOS as well as NLOS situations. The results confirm that the
modified versions of CI and FI models predict path loss better in an enclosed environment for 5G networks. In
addition, after verifying the precision of the improved CI as well as FI models used in this study, the findings
also demonstrated that these models' fundamental use is suitable for LOS and NLOS indoor environments and
for various antenna polarizations at millimeter wave frequencies. Also, noteworthy is the fact that the design
engineers and researchers will benefit from the values of MPE and SDE in order to make accurate computation

of the system design which covers all surroundings as well as connectivity scenarios.

Chapter five examines a path loss prediction model based on SRD measurement for wireless services in

enclosed spaces. The CI free space reference distance model as well as the FI model is employed to evaluate and
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assess this model. This research also contains an improved CI as well as FI method to assess the consistency of
the SRD model utilizing two main error benchmarks: MPE and SDE. The chapter's main results indicate that the
SRD model, which perfectly aligns the measurement data, offers good precision for predictions in the two
frequencies. The model demonstrated its accuracy by maintaining low SF standard deviation values, particularly
at LOS. The concept of prediction error was also applied to evaluate the model. The model's MPE and SDE
values were found to be within a reasonable range, demonstrating the accuracy of the squared root distance
measurement-based scheme. Besides that, when contrasted with the conventional CI and FI models, the squared
root distance path loss models have better performance in terms of mean prediction error and standard deviation
error. Ultimately, this analysis showed that the standard deviation of shadow fading can be substantially lowered

in LOS as well as NLOS, suggesting greater accuracy in estimating path loss.

Given the disparity in signal transmission properties for both current bandwidths and mmWave radio
frequencies, the present propagation models used for low frequency range up to few gigahertz are not suitable to
be utilized for the PL modeling techniques as well as modulation schemes for the high frequency ranges such as
mmWave spectra. As a result, rigorous research on link analysis as well as PL modeling are needed to create a
broad and suitable transmission scheme with modeling variables that can handle a broad spectrum of mmWave
frequency spectra. Chapter six presented an improved CI path loss model for an indoor space operating in the 28
and 38 GHz range bands. The results for the NLOS situations were collected every two meters over spacing of
24m separating the transmitting and receiving antenna locations to make a comparison the well-known and
improved large-scale generic PLMs. The proposed model has the advantage of offering a broad form of model
for PL prediction in mmWave propagation in addition to taking height difference into account. The precision of
the model that the planning engineers will use to build wireless systems and determine the link budget has not
much increased. This work demonstrates that the suggested model is more accurate for estimating the path loss
at mmWave frequencies in enclosed indoor situations, including corridors. Finally, the results demonstrate that
the improved propagation model works significantly better than the CI model, owing to its simple setup,

precision, and accurate function.

7.2 Possible Future Prospects
Al enabled channel measurements as well as modeling techniques are just a few of the aspects where this
research has opened up a scope of site investigations that will aid in the design of the channel interface budget
analysis for future wireless connections. This study has also developed a good understanding of millimeter wave
channel propagation, laying the groundwork for future work in the terahertz frequency spectrum to realize
various applications aimed at wireless operations in 6G technology.

Furthermore, there is a need to use machine learning techniques in the prediction of propagation path loss for
wireless communication. Also, there is also requirements of development of improved propagation models for
outdoor environments, particularly in the current deployment of 5G networks as well as future generation

wireless network planning.
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