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ABSTRACT

Existing wireless communications in the sub-6 GHz bands are facing challenges from the growing
demand for higher data rates and better quality of services. To satisfy these demands, the fifth
generation (5G) mobile network would consider unused spectrum in the millimeter wave
(mmWave) spectrum (30-300 GHz). The shortage of bandwidth in the sub-6 GHz band is solved
using mmWave technology. Furthermore, mmWave provides significantly higher throughput, data
rate, and capacity. Despite the fact that a huge bandwidth is employed, mmWave technology
suffers from path loss, atmospheric attenuation, building penetration loss, diffuse scattering from
rough materials, shadowing, and reflection loss. These leads to a decrease in the transmitted
signal power. Therefore, an accurate and reliable channel model is important in the mmWave
bands, particularly for the indoor environment. Moreover, by using technologies like beam-
forming and others coupled with mmWave, the listed impairments are minimized. In this thesis, we
analyze the performance of different path loss models (ClI, free space, and two rays) at 38, 60, and
73 GHz carrier frequencies in terms of path loss with respect to the separation distance between
transmitter and receiver. Additionally, we have evaluated the performance of the path loss with
respect to the break point distance to enhance the received signal power and throughput. We have
also done analysis of the directional power delay profile with received signal power, path loss and
path loss exponent (PLE) at 38 GHz and 73 GHz mmWave bands for both LOS and NLOS by using
uniform linear array (ULA) 2X2 and 64x16 antenna configurations using the channel model
simulator (NYUSIM). The simulation results show the performance of different path loss models
in the mmWave and sub 6 GHz bands. The path loss in the close-in (CI) model at mmWave bands
is larger than that of free space and two ray path loss models, because it considers all shadowing
and reflection effects between transmitter and receiver. Moreover, we have scaled up the received
signal power and throughput of mmWave systems by using a large number of antennas at the

transmitter.

Key words: 5G, mmWave, indoor environment, propagation characteristics, path loss, break point
distance
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CHAPTER ONE

1 INTRODUCTION

1.1 Background

Wireless communications have progressed, and mobile data traffic is predicted to expand by 1000-
fold over the next decade. The growing number of connected devices, the tremendous growth of
mobile services and customer demands will put a tremendous strain on the existing wireless
communication infrastructure. To address these concerns, the wireless industry is moving toward
5G cellular technology, which will boost capacity while also improving energy efficiency, cost,

and spectrum use [1].

Mobile broadband has always been a key in the advancement of mobile communication systems,
hence it is the main driving force behind 5G. Future 5G systems, on the other hand, are predicted
to have a significantly larger societal influence than the previous system. As a result, they will
focus on a wide range of use cases as specified in the 5G plan by ITU for 2020 and beyond. As
indicated in figure 1.1, these use cases include eMBB, mMMTCs, and URLLCs.

Enhanced mobile broadband

Gigabytes ina second —I__@

Smart home/building

3D video, UHD screens
é Work and play in the cloud
g Augmented reality
é Industry automation
0

Mission critical application

Voice

Smart city

o~ Self driving car
Future IMT
]
Massive machine type Ultra-reliable and low latency
communications communications

Figure 1.1: 5G Usage scenarios identified in IMT for 2020 and beyond [2]



The eMBB use case is characterized by broadband data access everywhere, from sparsely-
populated areas to densely-populated areas, like indoor hotspots, stadiums, venues, and high-speed
public transportation networks. The goal is to give the best possible user experience by enabling
indoor and outdoor connectivity and providing high QoS internet even in difficult network

situations. The other applications supported by this use case are AR, VR, and context recognition.

The mMTC use case's goal is to link everything to the internet. This massive connectivity will
improve infrastructure automation and monitoring, allowing them to operate with little to no
human interaction. As a result, mMTC use cases will enable 10T applications like smart homes
and cities, as well as smart agriculture. In addition to these characteristics, mMTC should have a
wide range of coverage and, most crucially, low power consumption and low-cost devices that are

critical for achieving this use case goal.

The URLLC use case is designed for applications requiring very low latency, like remote
healthcare, self-driving or autonomous vehicles, and factory automation. URLLCs are expected to
have high reliability, continual availability, and high security because these applications frequently

entail individual or public safety.

To achieve the 5G design targets, many technologies have been identified, including mmWave
communications, M-MIMO, small cell deployment, full duplex relaying, and D2D
communications. However, the information theory says three of the listed technologies highly
achieve multiple orders of magnitude increases in system capacity: (i) UDNs: existing 4G wireless
cellular networks have already embraced network densification, which is known as small cell
technology, and a denser network can further enhance network capacity; (ii) Large amounts of
bandwidth: moving to higher frequencies will offer a large quantity of bandwidth that can be used
to increase capacity. mmWave communications, in particular, could be a promising candidate,
with carrier frequencies ranging from 30 to 300 GHz; (iii) High spectrum efficiency: by deploying
a large number of antennas at the BS (100 or more), M-MIMO can considerably enhance spectrum

efficiency by utilizing available space resources [3].
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¢ ¥ ¢
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Figure 1.2: Three techniques to increase 5G system capacity

In many ways, these three techniques are related: Massive MIMQO's high antenna gains assist in
minimizing the path loss of mmWave signals. Smaller cell sizes are attractive for short-range
mmWave communications, and the short wavelength of mmWave frequencies is appealing for M-

MIMO since the physical size of the antenna array is minimized greatly [4].

In various recent studies on future mobile communications, mmWave communication has been
recommended as the main technology for the development of the 10T in 5G and beyond, with
more unused frequency bands and a high data rate [5]. The mmWave bands are the highest
electromagnetic radiation radio frequency bands, with frequencies ranging from 30 GHz to 300
GHz with wavelengths ranging from 10 mm to 1 mm [6]. It is also known as EHF.

Millimeter wave carrier frequencies allow for larger transmission capacity distributions, which
leads to a higher rate of information exchange. Because of the shorter wavelength (high frequency),
mmWave utilizes unique spatial handling techniques and polarization, like: M-MIMO and

adaptive beam-forming technologies are used [7].

There are various reasons why mmWave frequencies should be used in future 5G networks. The
mmWave has a lot of spectrum, including the local multipoint distribution service at 28-30 GHz,
60 GHz, and the E-band, and 92-95 GHz, whereas the existing communication system (sub 6
GHz) operates in a congested and scarce band. The same frequency can be reused over short

distances because of higher attenuation in free space and penetration in mm\Wave communications,



which allows high throughput networks. At mmWave frequencies, antennas are so small in size
that complicated antenna arrays and further integration onto chips or PCBs are possible. Due to
the short range of transmission and narrow beam-width, the inherent security and privacy of
mmWave communication is enhanced [8]. Therefore, we implement this technology for both the

indoor and outdoor environment.

According to a recent study, 80 percent of wireless traffic will originate from indoor environments
in the coming years. As a result, mmWave technology must be used to handle the massive data
demand in the indoor environment. Generally, indoor communication originates in a LOS scenario,
however, when the network becomes more congested, a NLOS scenario may occur. Therefore, the
current 4G network is unable to handle the growing demand for data indoors due to its limited
spectrum of microwave frequencies. Hence, 5G with mmWave could be a viable option for indoor
networks [9]. But, when deploying mmWave in an indoor environment, understanding the
propagation characteristics and channel impediments are important. The main impairments of
mmWave propagation are path loss, reflection loss, and increased blocking effects because of
weaker NLOS paths due to the availability of buildings, which are often made of concrete, bricks,
glass, wood, and other home materials, as well as human. Moreover, the noise power is high
because of the use of higher bandwidth [10].

Besides the listed impediments, attenuation is induced by absorption of air molecules, mainly O2
and H20, which disturbs mmWave communication more significantly than microwave
frequencies. But, for cells with a radius of less than 200 m, atmospheric absorption as well as rain
attenuation do not result in extra path loss [9]. Despite suffering from the listed impairments,
mmWave provides a huge bandwidth for short-range transmission, making it a preferable option

for indoor wireless communication.

In this thesis, we considered different path loss models for the indoor environment at different
carrier frequencies (38, 60, and 73 GHz). We chose these frequencies because most of the current
research in mmWave focuses on the 28 GHz, 38 GHz, V band (60 GHz) and E band. We improved
the received signal power and throughput by analyzing path loss in several path loss models with
a distance between TX and RX and the path loss with break point distance for different heights of
transmitter using MATLAB. We also compared the directional power delay profile with received

signal power, path loss and path loss exponent (PLE) at 38 GHz and 73 GHz mmWave bands for



both LOS and NLOS by using ULA 2X2 and 64x16 antenna configurations using the MATLAB
based NYUSIM simulator.

1.2 Statement of the Problem
For nearly two decades, the 2.4 GHz and 5 GHz industrial Wi-Fi frequency bands have been
utilized for short-range indoor wireless communications in offices, conference halls, hotels, and

restaurants [11].

Due to the fact that people spend the majority of their time at home and at work, the majority of
voice and multimedia services take place in an indoor environment. As a result, the capacity
demand for indoor communications will continue to rise at an alarming rate, not handled by the
current Wi-Fi radio band. In order to support the massive data flow, these situations require the
use of more advanced indoor communication networks. The vast amount of unused frequency
resources in the mmWave spectrum is being considered as one of the primary solutions to wireless
network congestion. Hence, the frequency band in mmWave offers higher bandwidths for indoor

wireless communication systems.

As a result, research has focused on the mmWave spectrum. However, because of its short
wavelength, the mmWave travels and propagates through LOS communication, which means that
physical objects like buildings, walls, humans, and home furniture can stop and affect these waves,
in turn reducing the received signal power and throughput, especially in indoor communication.
Recent studies have demonstrated that for small cell sizes on the order of 200 m and by
implementing technologies such as Massive MIMO, Beam-forming, and directional antennas, the

issues mentioned above can be minimized [12].

1.3 Objectives

1.3.1 General objective
The main objective of this thesis is to analyze the performance of mmWave communication using
different path loss models to enhance the received signal power and throughput in an indoor

environment.

1.3.2 Specific objectives
e To compare path loss at sub 6 GHz and mmWave frequencies.
e To evaluate the path loss of a two-ray model at different frequencies.



o Compare different path loss models at mmWave frequencies.

o To analyze path loss model with different first Fresnel zone break points.

o To analyze Fresnel zone break points with different mmWave frequencies.

e To compare the received signal power in LOS and NLOS scenarios at mmWave

frequencies using different antenna configurations.

1.4 Significance
This work improves the received power of a communication system by minimizing the path loss
effect. Hence, in this thesis we examined the path loss with different separation between TX-RX
and breakpoint distances for different path loss models at different carrier frequencies, particularly
for the indoor environment. There are many obstacles in this environment, such as home furniture,
human beings, and ground reflection, that cause the transmitted signal to propagate in different
directions, causing blockage and path loss, which reduces the received signal power and also
throughput. As a result, path loss and blockage effects must be minimized. To minimize these

problems, a large number of antennas are being considered.

1.5 Scope

This thesis focuses on enhancing the received signal power and throughput in an indoor
communication system at different mmWave frequencies (38, 60, and 73 GHz) by analyzing the
path loss at different separation distances and breakpoint distances. In mmWave there are many
unused spectrums available. However, the path loss increases as the carrier frequency increases
(short wavelength), because the signal propagates in different directions with the same or different
time delays and angles due to obstructing objects between the transmitter and receiver whose sizes
are larger than the size of the transmitted signal. As a result, the received signal power and
throughput are reduced. Different path loss models have been proposed by different researchers.
In this thesis, we used free space, two rays, and Cl path loss models to analyze the effects of
mmWave indoor communication at 38 GHz, 60 GHz, and 73 GHz carrier frequencies. Moreover,
we compared the directional PDP at 38 and 73 GHz frequencies for both LOS and NLOS scenarios
using ULA 2X2 and 64X16 antenna configurations.



1.6 Main contribution

The main contribution of this thesis is to evaluate the performance of mmWave communication
from the perspective of two rays and multipath. Moreover, we have also derived path loss

formulations as a function of break point distance.

1.7 Thesis organization

The rest of the thesis is organized as follows:

Chapter 2: Review of different literature on mmWave, M-MIMO/beam forming and small cell
deployment and the existing works related to mmWave radio propagation in an indoor

environment at different path loss models.

Chapter 3: System model and mathematical formulation for the indoor environment at different

carrier frequencies by considering different path loss models.
Chapter 4: Simulation results and discussion of each of the results obtained.

Chapter 5: Conclusions and recommendations for future work.



CHAPTER TWO

2 LITERATURE REVIEW

2.1 Introduction to mmWave

The significant technological improvements in mobile and wireless communications systems have
not kept pace with current spectrum availability for cellular networks throughout the years. The
frequency ranges below 6 GHz are used by almost all mobile and wireless technologies. Hence,
the frequency available in the sub—6 GHz band will be insufficient to supply the required capacity
for future communication networks [13]. As a result, shift to the mmWave frequency bands, which

offer wider bandwidths.

The mmWave spectrum is a band of the spectrum that spans from 30 GHz to 300 GHz and
corresponds to wavelengths of 10 mm to 1 mm, which is between microwave and infrared.
However, in the wireless sector, the frequency ranges beyond 6 GHz are referred to as the
mmWave bands. Standard organizations, the FCC, and researchers are considering it as a means
of bringing "5G" into the future by assigning larger bandwidth to enable faster, higher-quality

video and multimedia content and services [14].

Since the first mmWave communications were demonstrated over a century ago, mmWave
frequencies have been used in several applications, including radar remote sensing, satellite
communications, and security systems to improve precision and resolution [15]. However, because
of the harsh propagation constraints involved in mmWave communications, like shadowing, larger
Doppler spreads, high penetration loss, and high air absorption, particularly for NLOS channels,

mmWave technology is not used for terrestrial mobile applications [16].

Despite the propagation constraints, mmWave frequencies remain highly attractive for future
cellular networks, especially for higher-output local area networks as well as personal area
networks. Several recent studies have demonstrated multi-Gbps access communications using
mmWave. The large bandwidth available at mmWave, coupled with various technologies,
including beamforming, small cells, and M-MIMO, make the mmWave an attractive solution for

dense networks and densely populated areas, particularly in an indoor environment [17].



2.1.1 Millimeter wave spectrum
When compared to the microwave, mmWave has a much larger frequency band (30-300 GHz).
Despite the fact that some unfavorable bands, such as 57-64 GHz and 164—200 GHz, as shown in
figure 2.1, are easily absorbed by O> and H.O respectively, the appropriate bands for mmWave
communications are still above 150 GHz, and more than 150 Gb/s can be attained across the entire

range.

Water
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hand
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Figure 2.1: Millimeter wave spectrum, along with O2 and H20 absorption band [18]

The mmWave spectrum is divided and named into several bands with related frequency ranges
and wave lengths, as shown in table 2.1. Some applications have been considered for some of these
bands. Satellite communications, astronomy, and terrestrial microwave communications all use
the Q band, which ranges from 30 GHz to 50 GHz. 60 GHz is a portion of the V band that runs
from 50 to 75 GHz. It is used for unlicensed wireless communications and is best for high-speed
indoor communications and short-range high-resolution radar sensors due to its high O
absorption. In fronthaul and backhaul networks, portions of the E band, including 71 GHz to 76
GHz, 81 GHz to 86 GHz, and 92 GHz to 96 GHz, are used. Satellite communications and deep
space research can both benefit from the W band, which has a short wavelength.



Table 2.1: Frequency band and range in microwave, mmWave and Infrared [19]

Wave name Frequency Frequency | Wavelength
bands range (GHz) (mm)
L 1-2 300-150
S 2-4 150-75.00
C 4-8 75.00-37.5
Microwave (1-30 GHz) | X 8-12 37.5-25.00
Ku 12-18 25.00-16.67
K 18-26 16.67-11.54
Ka 26-40 11.54-7.50
Q 30-50 10.00-6.00
U 40-60 7.50-5.00
Millimeter-wave \V/ 50-75 6.00-4.00
(30-300 GHz) E 60-90 5.00-3.33
W 75-110 4.00-2.73
F 90-140 3.33-2.14
D 110-170 2.73-1.76
G 110-300 2.73-1.00
Infrared (IR) 300 GHz — 470 THz

Millimeter wave bands are classified in to three categories [20]:

e Licensed band
These bands are used for mobile and fixed wireless access. Individual companies pay a license fee
for the right to transmit at a specific frequency within a specific geographical area for these bands.
In exchange, the users can be guaranteed that their transmission will be uninterrupted. The cost of
getting a connection license is high. It may take a long time to get a license from the government,

unlike lightly licensed bands.



e _.Lightly Licensed band

These bands require a license from the FCC, which can be obtained through performing frequency
coordination, issuing of a public notice, and submission of an application. This procedure ensures
nobody else is utilizing the same or a frequency that will interfere with current systems. The cost
of obtaining a connection license is low, and it may be done in a couple of weeks. Microwave link
operators with a light license are granted exclusive usage of a portion of the band in a specific
direction across a defined geographic area. When licensed radios experience interference, the
problem is usually rectified with the help of the regulating agency. The millimeter bands 11, 13,
18, 23 GHz, and (70/80 GHz) are lightly licensed bands and are mainly used for point-to-point
backhaul.

e Unlicensed band
Unlike lightly licensed and licensed bands, it does not require a government license. It is available
without charge. The 60 GHz (V band) is a license-free frequency that can be utilized for point-to-
point and point-to-multipoint backhaul as well as wireless access. The frequency distribution of
the V band varies by country. In the United States, it consists of 14 GHz (57-71 GHz). This is 15
times more than the total amount of unlicensed Wi-Fi spectrum in the lower bands. Whereas, in
Europe, itis 9 GHz (57-66 GHz).

2.1.2 Opportunities in mmWave
Besides the larger amount of bandwidth, mmWave has a number of advantages over conventional
radio waves. These are:
e Larger Antenna Array
Because of the short wavelengths of mmWave communications, a large number of antennas can
be utilized in a small space. This has important implications for antenna systems, as low-cost
fabrication technology and compact integration allow for cost savings and production scale. At the
same time, the beam-width narrows when there are multiple antenna elements. The benefits of this

characteristics include increased security and greater resistance to co-user interference [18].

e Channel Reciprocity
Because the frequency bands for mmWave communication are unpaired, it uses a TDD scheme,
which means that DL and UL communications use the same frequency but at different times. The
UL and DL propagation channel characteristics are closely associated in these systems when the



DL and UL communications are conducted at a specified period of time, called the channel

coherence time. This process is known as channel reciprocity [20].

e Densification
When mmWave coverage is desired in a particular area, a higher density of mmWave cells is
expected than sub-6 GHz cells are employed to achieve the desired coverage. The mmWave band
can give faster data speeds and capacity while still providing enough coverage due to its higher
cell density [20].

2.2 Propagation characteristics of mmWave
The propagation characteristics of mmWave frequencies are different from the conventional sub-
6 GHz bands. Moreover, the radio wave propagation characteristics differ from one frequency
band to another. As a result, in order to design future mmWave communication systems, the
channel characteristics of indoor, outdoor, cellular, front-haul, and backhaul systems must be
properly analyzed [21]. The major propagation characteristics of mm waves are illustrated in figure
2.2.
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Figure 2.2: Millimeter wave propagation characteristics [22]

e Freespace loss

The FSL is the loss of the transmitted signal strength as it travel in free space. The free space loss

between two communicating isotropic antennas is given by:

FSL[dB] =92.4+20log,, f[GHz]+ 20log,, d[Km] (2.1)



Where d is separation distance between transmitter and receiver in kilometers (km) and f is
operating frequency in GHz.

The FSL has a linear relationship to both the separation distance and the carrier frequency,
according to the given equation. When a carrier frequency moves into the mmWave frequency

bands, the FSL increases rapidly in comparison to the sub-6 GHz band.

e Atmospheric attenuation
When molecules absorb a portion of the power carried by propagating waves and vibrate according
to the carrier frequency, atmospheric attenuation, also known as gaseous attenuation, occurs. O2
and H2O are the two main absorbing gases at mmWave frequencies. The densities of gaseous
absorption depend on several factors, including temperature, pressure, altitude, and, most

significantly, the operational carrier frequency.

Figure 2.3 shows a simplified and combined result of O, and H>O absorption in the mmWave
frequency band. The O absorption maxima are observed at 60 GHz with a loss of 15 dB/km and
at 119 GHz with a loss of 1.4 dB/km. The O2 absorption loss can be further minimized by operating
at short distances. The O2 absorption at 60 GHz and 119 GHz is reduced to 1.5 dB and 0.14 dB,
respectively, when the cell range is reduced from 1 km to 100 m. Moreover, figure 2.3 shows that
H>0 molecules may resonate at frequencies of 23 GHz, 183 GHz, and 323 GHz, with losses of
0.18 dB/km, 28.35 dB/km, and 38.6 dB/km, respectively. As a result, for future mmWave indoor

communication systems, atmospheric losses should not be a major concern [23].
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Figure 2.3: Oxygen and water absorption at mmWave frequency [12]



e Rain attenuation
The precipitation attenuation and losses due to rain are considerable for mmWave. At mmWave
frequencies, raindrops and the size of the transmitted signal wavelengths are nearly the same. As
a result, raindrops easily block mmWave communications, causing the signal's energy to be
scattered and its strength to be lost [24].

The rain attenuation in mmWave and targeted sub-100 GHz bands for 5G is more problematic than
rain attenuation in conventional microwave networks, with a maximum attenuation of nearly 30
dB/km for very heavy rainfall (100 mm/h). Moreover, it has different effects depending on the
mmWave frequency ranges. The path loss due to rain attenuation is not considerable for a short
range of communication on the order of 200 m. Therefore, higher mmWave frequencies are used

in indoor environments and dense urban environments with cell sizes of less than 200 m [25].

e Foliage loss
Foliage attenuation is an important attenuating factor in mmWave communications. The existence
of vegetation between the TX and RX induces extra signal loss, which can negatively affect the
QoS of a wireless communication system. The depth of the vegetation component determines the
intensity of foliage attenuation. A single tree has a smaller influence than numerous trees.

Furthermore, radio signals are attenuated more severely by a forest than by several trees [26].

e Material penetration
The mmWave frequencies are susceptible to penetration loss, and in comparison to sub-6 GHz, they
can’t penetrate most solid materials well, including walls, doors, and room furniture. As a result,
mmWave communications are easily blocked, particularly in densely urban areas with many buildings
and a large number of people [22]. The mmWave signal's frequency, antenna polarization, angle of
incidence, surface roughness, permittivity of material, and thickness of material all have an impact
on penetration loss [27].

When mmWave signals travel from indoors to outdoors, the penetration loss is roughly 74 dB
because of the inability of these signals to penetrate building materials. Similarly, high penetration
loss has occurred when mmWave signals travel from outdoors to indoors. Therefore, these
propagations may experience a large penetration loss, reducing the data throughput, spectrum

efficiency, and energy efficiency. As a result, the majority of BSs will not be able to provide indoor



mmWave coverage. Hence, to achieve indoor-to-outdoor coverage and vice versa, heterogeneous

networks, repeaters, and relays are required [27].

e Doppler spread
The Doppler shift occurs when the frequency of a wave changes as the receiver moves away from
and towards the BS. When the transmitter and receiver are moving towards each other, the Doppler
shift is positive (higher frequency), but when they are moving apart from each other, it can be
negative (lower frequency). The Doppler shift is given by [28]:

_fo*v
c

D, *Cos 6 (2.2)

Where Vis relative velocity of the transmitter and receiver, f_is the carrier frequency, c is speed
of light in air (3*1078 m/s), and @ is an angle that related to the direction of travel.

The Doppler spread is the range shifting up to the maximum and down to the minimum. Which is

obtained from maximum Doppler shift. The maximum Doppler shift is:

D =+f, (2.3)

f max
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Then Doppler spread becomes:

1
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Where T_coherent time of a channel and D; x Mmaximum Doppler shift.

According to the equation, the coherent time of a channel and frequency have an inverse
relationship for a given user mobility, hence it is very small in the mmWave band, resulting in
rapid channel fluctuations and inconsistent connectivity. According to some studies, at 60 km/h
and 60 GHz, the Doppler spread is above 3 kHz, implying that the channel will shift on the order

of hundreds of microseconds, much faster than current cellular systems [29].

e Human blockage
Because humans operate as the greatest barriers, reflectors, and scatters, their presence has a
serious effect on the propagation characteristics of mmWave signals. The reason behind this

problem is that the size of the human body is quite large in comparison to the mmWave signal.



Furthermore, when mmWave comes into contact with the human body, it experiences low

penetration loss, whereas reflection and scattering, result in high losses.

e Propagation mechanism
The major causes of NLOS propagation between TX and RX are refraction, diffraction, and

scattering. In this scenario, the transmitted signals still reach the receiver due to reflections from
nearby objects, bending, or diffraction. Reflection and scattering occur when the barriers between
TX and RX are larger than the propagating signal's wave length. As a result, short-wavelength
mmWave signals are subjected to more shadowing and reflection and less diffraction [30].

The short wavelength of mmWave signals causes the reflecting surface to appear rougher, resulting
in more signal diffusion and less specular or direct reflection, as seen in figure 2.3. As a result,

diffuse reflection results in lower received transmission power than specular reflection.
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Figure 2.3: Propagation mechanism, namely specular reflection and diffuse scattering [30]

2.3 Channel modeling in Millimeter wave
Before constructing a channel model for any frequency range, it's necessary to understand radio
propagation characteristics. Accurate channel modeling is required for creating an effective
communications system operating in the mmWave bands, as well as developing innovative

approaches that can fit to the propagation characteristics of these frequency bands [22].

Depending on the modeling approach, [22] presents a possible classification of channel models.
As shown in figure 2.4, this classification divides channel models into two major groups: physical
and analytical models. Analytical models represent the communication between a TX and RX

mathematically and are usually utilized for algorithm development and system analysis, whereas



physical models use electromagnetic characteristics to represent communication and can

realistically reproduce channel characteristics depending on the complexity.

Physical channel models are further classified into two, as shown in figure 2.4, stochastic and
deterministic models. Deterministic models are well-known for their accuracy in forecasting
channel properties in a deterministic manner, but they come at a high cost in terms of computation
and modeling complexity. These models are utilized when the propagation environment is known
and they are particularly specific to that environment. Ray-tracing, in which each multipath
component is represented as a ray, is the most extensively used technique in deterministic models.
Ray tracing is often done with a standalone software program to simulate a desired channel
situation with all known environmental conditions and kept in the system. Another benefit of
deterministic models, particularly ray tracing models, is that they may be quickly used to predict
the features of a new environment if no measurements for that situation are available. This saves

a lot of money on measuring campaigns.

The Stochastic channel models, on the other hand, generate the channel's impulse response, which
describes the spatio-temporal properties of the channel's MPCs based on the measurements taken
in various situations and conditions. Large-scale and small-scale fading characteristics are
commonly described using PDFs of channel parameters. These channel models are simple models
which take a short time and have reduced complexity in computational, making them suitable for

systems design and simulation.
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Figure 2.4: Channel model classification [22]

2.3.1 Current channel model in Millimeter Wave
METIS: developed the mmWave channel model based on measurements taken in various
situations at various frequencies that are not sufficiently represented by existing channel models.
The METIS project suggested three channel models, such as stochastic, map-based, and hybrid
(which is a combination of the two models) to meet the needs for flexibility and scalability. The
stochastic model is appropriate for frequencies up to 70 GHz, whereas the map-based model is
appropriate for frequencies up to 100 GHz. In these models, ray-tracing techniques and
measurement-based results are used to generate large-scale and small-scale fading characteristics,
respectively. The project includes different propagation environments, including indoor office,

urban micro-cell, urban macro-cell, D2D, V2V, and rural macro-cell [31].

MIWEBA: developed to characterize the 60-GHz outdoor multipath channels, is characterized by
the superposition of a few strong deterministic pathways and numerous very weak random rays,
which use a quasi-deterministic channel model. MIWEBA is capable of supporting mmWave
massive MIMO communications and beamforming. This channel model is applicable only to the
specific situation under consideration and can't be applied to other situations because the quasi-

deterministic modeling technique requires a precise description of the situation [32].

QuaDRiGa: is a 3D geometry-based stochastic channel model which was created primarily for
modeling MIMO channels in specific network configurations. QuaDRiGa supports the mmWave



spectrum from 0.45 GHz to 100 GHz, with a bandwidth of up to 1 GHz, and provides spatial
consistency primarily through the correlation of large-scale and small-scale characteristics. This
channel model incorporates the characteristics of the 3GPP spatial channel model extension and
WINNER channel models, and also new modeling techniques, to provide quasi-deterministic

receiver-movement-multi-link tracking in changing situations [33].

The 3GPP Model: is a recently suggested 3D representation of the 3GPP channel model,
specifically the 3GPP TR 38.900 3D model, which is an expansion of the 3GPP TR 36.873
channel, which is typically utilized for sub-6 GHz. The current model supports frequency bands
up to 100 GHz in a variety of scenarios, including urban macro cells, urban micro cells, D2D,
indoors, and so on. In addition to the azimuth angle dimension, this 3D model can also capture the

channel's elevation angle dimension.

NYUSIM: a MATLAB-based-open source channel model simulator created by NYU
WIRELESS. NYU WIRELESS is an academic research institute focusing on mmWave
technology. It can operate at up to 100 GHz carrier frequency and 800 MHz RF bandwidth. This
simulator employs a SSCM for broadband mmWave wireless communication, which generates
channel responses and accompanying AocA/AoD power spectra using TCs and SLs. Because of the
high gain directional antennas of MIMO, NYUSIM captures multipath components in a TC
method from diverse pointing angles. These characteristics are not taken into account in the
WINNER and 3GPP models. Furthermore, under the 3GPP/WINNER model, the number of
measured path loss samples and their respective distances have a significant impact. NYUSIM, on
the other hand, employs both a close-in distance (Cl) parameter and a PLE. As a result, better
stability is achieved in a variety of environmental conditions. Therefore, in comparison to the

3GPP and also other channel models for mmWave bands, it is more realistic [34].

2.4 Beamforming technology
Beamforming enhances the BS antenna gain and helps focus the energy of antennas in a particular
direction while avoiding interference from other sources. When transmit and receive antennas are
used to achieve beamforming gain, the path loss of mmWave transmission can be comparable to
that of a conventional carrier frequency band. The short wavelength, in particular, enables the
construction of arrays of antennas with several other elements in a compact space that can focus

energy in narrow beams in adjustable directions. There are three beamforming techniques: digital,



analog, and hybrid. Each of these techniques has a major impact on energy consumption, attainable

beamforming gain, complexity, and runtime [12].

2.4.1 Analog beamforming
Analog beamforming is an effective method of creating high beamforming gain with a large
number of antennas allowed in mmWave bands. All of the antennas share the same radio frequency
chain, and the beam alignment phase is simplified. As shown in figure 2.5, by sending pilots in a
specified set of directions (codebook) and modifying the phase shifters for each antenna element,
the transmitter and receiver search for the optimal TX-RX beam combination that optimizes the
gain [35]. Analog beamforming employs complex coefficients to control the RF signals using
phase shifters or variable gain amplifiers, with the goal of compensating for the mmWave bands'

significant path loss. It supports single-stream transmission.
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Figure 2.5: Beam scanning for the alignment phase with a predefined set of beams followed by

directional uplink transmissions [35]

2.4.2 Digital beamforming
Digital beam-forming uses digital precoding to multiply a certain coefficient to the modulated
baseband signal per RF chain to boost capacity utilizing various MIMO approaches. Each antenna
has its own radio frequency chain. In general, digital beamforming is more flexible, has a higher
beam-forming gain, supports multi-stream transmission, and has higher performance. However,

because each output has its own RF chain, it will be more complicated and expensive.

2.4.3 Hybrid beamforming
Hybrid beam-forming offers a good compromise between all digital and all analog beamforming
structures [36]. When a large number of antennas are required, as in the mmWave, hybrid



beamforming is preferable, because it is a trade-off between flexibility/cost, simplicity, and

performance.

A hybrid beamforming architecture is shown in figure 2.6 at both the TX and RX. In this design,
the narrow beams created using analog beamforming (phase shifters) mitigate the significant path
loss at mmWave bands, while digital beamforming gives the flexibility needed to conduct

advanced multi-antenna approaches like multi-beam MIMO.
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Figure 2.6: Hybrid beamforming architecture [36]

2.5 Small cell deployment
The mmWave networks can be made very dense to overcome blockages, and can benefit from the
current trend of moving cellular systems to a large number of small—cells, which we call network
densification. The concept of network densification employing small—cells, as shown in figure 2.7,
is easier to construct and more cost-effective because it uses less transmission power and serves a
small number of users. A network including these different cell sizes is called a HetNets. HetNets,

which allow home users to buy small cell BSs and place them in areas with poor reception [37].

Furthermore, because small—cells are placed much closer to the UEs than typical macro—cells,
higher coverage is attained. Small—cell deployment, varying from micro—cells to femto—cells, will
boost the spectrum reuse ratio as cell sizes decrease. As a result, HetNets are predicted to enable

considerable significant improvements in spectral efficiency [38]. HetNets may incorporate other



components such as remote radio heads (RRHS), relays, and multi-hop relays in addition to these

small—cells, all of which will help to improve network performance.
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Figure 2.7: Small cell densification

5G mmWave Small cells are employed in the following two target situation:

e Capacity Enhancement
Small cells are placed inside the coverage of an overlay macro-cell in this scenario to boost the
overall network's data throughput. As seen in figure 2.8.a, the small cell's coverage overlaps that
of the macro-cell. This configuration aims to increase the network's overall capacity while also
increasing the capacity of a hotspot within an anchor macrocell's coverage.

e Coverage Extension
To expand the coverage of the 5G network, small cells are put at the edge of macro-cells. The
small cell's coverage can partially overlap with the coverage of the covering macro-cell in this
situation, as seen in figure 2.8.b, expanding the 5G network's coverage. This arrangement is
primarily intended to improve the user's perception of service availability. This design is suitable
for deployment in both indoor and outdoor environments where better QoS and data throughput

are required at the cell edge.
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Figure 2.8: mmWave small cell underlying for capacity and coverage enhancements [20]

2.6 Applications of mm Wave communications

e Small cell access
Small cells placed as WLANSs or WPANSs beneath macro cells are a possible approach to increasing
capacity in 5G cellular networks. mmWave small cells can enable multi-gigabit rates and

wideband multimedia applications due to their large bandwidth [12].

e D2D communications
The use of directional antennas in mmWave communication introduces a new characteristic to the
system: narrow directed beams that minimize fading, multipath, and interference. The mmWave
devices can operate more effectively in noise-limited rather than interference-limited situations
because adaptive arrays with narrow beams reduce interference. This mmWave feature is used in
device-to-device communications that allows a user equipment to interact directly with another
user equipment in close proximity over a D2D link without having to go through the central BS.
The mmWave 5G cellular network design with device-to-device communications is shown in
figure 2.9. These communications in close proximity reduce power and enhance spectrum
efficiency, hence they should be activated in millimeter wave cellular networks to allow context-

aware applications that need to discover and converse with adjacent devices.
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Figure 2.9: mmWave cellular network architecture with D2D communications enabled [39]

e Wireless backhaul
Fiber-based backhaul is expensive to connect 5G BSs to each other and to the network because
small cells are widely distributed in the next generation of cellular networks. Due to the high
bandwidth available, wireless backhaul in mmWave bands such as the 60 GHz and E-band can
provide multiple gigabit per second data speeds and can be a feasible backhaul solution for small
cells. The E-band backhaul, as indicated in figure 2.10, allows high-speed communication between

small cell BSs or between BSs and the gateway.

Figure 2.10: E-band backhaul for small cells densely deployed [12]



2.7 Related works
In [40] for both LOS and NLOS scenarios, the characteristics of mmWave multipath propagation
based on path loss, delay spread, and received power for several mmWave bands at 28, 39, 60, and
73 GHz for indoor communication have been analyzed. They consider the effects of different
building materials, frequency sensitivity materials, and multi-floor indoor communication systems
on signal propagation characteristics. The researchers employed wireless insite software to assess
the performance of each frequency; the results show an inverse relationship between separation
distance, frequency, and both delay spread and received power. Furthermore, path loss increases
as the separation distance and frequency increase for a variety of reasons related to antenna
directionality and characteristics.

In [41], the channel propagation characteristics of a 5G system in LOS and NLOS scenarios are
presented. Based on the data they collected in an indoor environment at 3.5 GHz and 28 GHz, the
diffraction loss (DL) and frequency drop (FD) are evaluated. The parameters for path loss are
determined using several path loss models (Cl and ABG) for single and multi-frequencies. The
power delay profile, excess delay, and root mean square (RMS) delay dispersion of received paths
are analyzed. At both frequencies, the PLE in the indoor environment is less than the free space
path loss exponent for the LOS scenario, according to the results of the path loss models. However,
in the NLOS case, where the PLE value is higher than the free space PLE, the received power is

reduced.

In [42], an analytical approach for evaluating the levels of propagation losses experienced by mm-
Wave signals in an indoor environment is presented. The analysis used the free space model, the
ABG Path loss model, the CI model, the SUI Model, and the Ericsson Model. To evaluate the
varying signal path loss, different mmWave frequencies, 28, 38, 60, and 73 GHz, were deployed
with distances ranging from 1 m to 5 m. To determine the varying penetration losses, different
physical propagation mediums were evaluated. The results showed that the ABG propagation
model, which has the lowest penetration loss, is the most suitable for indoor applications, followed

by the ClI model. The Ericsson model was characterized as having the highest penetration loss.

The statistical channel modeling for LOS and NLOS scenarios in an indoor environment using the
NYUSIM simulator is presented in [9]. Comparing both directional and omnidirectional PDP with

respect to path loss, received signal power, and PLE for both scenarios using a ULA 4x4 antenna



configuration at 60 GHz. The results showed that the received signal power in directional PDP is

better than in omnidirectional PDP for both scenarios.

In [43], a comparison of Cl and FI models with single- and multi-frequency path loss models at
28 and 73 GHz in three indoor office designs, including corridor, open-plan, and closed-plan, was
made. The results show that employing single and multi-frequency path loss models with close-in
free space reference distances simplifies path loss calculation and prediction across a wide range
of distances and frequencies. Whereas, the high variances in the FI and ABG model parameters

leads to large inaccuracies.

The mmWave propagation characteristics at 26, 32, and 39 GHz frequency bands in the corridor
indoor scenario with LOS conditions using two antenna configurations are presented in [44]. A
horn antenna was utilized in transmission, while horn and omnidirectional antennas were
employed in reception. The path loss in the horn configuration is higher than in the Omni. On
average, path loss is larger at higher frequencies, as expected. In all cases, the path loss exponents

are less than 2, confirming a waveguide-like propagation effect in LOS conditions.

In [45] at 28 and 73 GHz, mmWave propagation with respect to path loss was examined in an
office environment, for transmit powers of 24 dBm and 12.3 dBm, respectively. PDPs were
obtained for 48 TX-RX position pairs with a distance range from 3.9 to 45.9 m. For both co-and
cross-polarized antenna designs, directional and omnidirectional path loss models, as well as RMS
delay spread, are given for LOS and NLOS conditions. In both LOS and NLOs scenarios,
omnidirectional PLEs are larger than directional PLEs for vertically polarized antennas. They also
used a technique known as beamfoarming at the BS and UE to enhance received signals and
expand coverage by searching for the strongest transmitter-receiver angle directing link at each

receiver position.

The large-scale path loss model for the indoor environment is presented in [46], for 4.5, 28, and
38 GHz bands. The effect of path loss on 5G signals transmitted over these frequency ranges was
analyzed. The CI model is more efficient than the FI model for single-frequency path loss. As a
result, the FI model does not accurately describe the channel in a LOS and NLOS scenario.
Moreover, the multi-frequency ABG path loss model showed that all frequency slope values (y) in

LOS and NLOS indicate an undesirable level of attenuation as frequency increases.



From the reviewed related works, researches were done on different indoor environments using
different path loss models like CI, FI, ABG, and SUI using different antenna configurations for
LOS and NLOS. Unlike these works, this thesis focuses on evaluating the performance of
mmWave communication from the perspective of two rays and multipath. Also, analyzing the path
loss at different separation distances and breakpoint distances for Cl, free space and two rays for
different mmWave bands. Additionally, by adding a large number of antennas at the TX and RX
with a co-polarized antenna configuration, the received power of the directional PDP for both LOS

and NLOS scenarios is compared.



CHAPTER THREE

3 SYSTEM MODEL

In this thesis, different related literature is reviewed from different journals, IEEE papers, and

books on 5G technologies focusing on mmWave, beam-forming techniques, and propagation

characteristics of mmWave, particularly in an indoor environment. Depending on this literature

and having the statement of the problem, to achieve the desired objectives, the following

methodologies are designed:

1) System models and different mathematical formulations

A Mathematical model for calculating path loss for different path loss models.
A mathematical model for calculating the breakpoint distance from the first Fresnel

Zone.

Derive mathematical expressions that relate the path loss to the break point distance.

2) Identify input parameters for the simulation
3) Perform simulation using MATLAB R2015b and NYUSIM simulators

3.1

Simulation for path loss analysis of different frequency bands (38, 60, and 73 GHz)
for the indoor environment using different path loss models (free space, Cl, and
two rays).

Simulation for path loss analysis of different frequency bands with varying
breakpoint distance.

Simulation for break point distance at different carrier frequencies, transmitter
and receiver height.

Simulation for directional PDP at 38 and 73 GHz using 2x2 and 64x16 antenna

configurations for both LOS and NLOS scenarios.

System model and Mathematical Formulation

In figure 3.1, a system model for an indoor environment is displayed, with both LOS and NLOS

conditions. In an indoor environment, the microcell's base station provides mmWave access link

connectivity to all UEs and access points. When the environment is clear of obstructions and the

UE is within LOS of the BSs, the communication system continues with higher signal quality.

However, any obstacle, such as a human blockage, ground reflection, and others, causes



communication to be interrupted or lost. Furthermore, these obstacles lead to increased path loss,

which leads to decreasing received power.
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Figure 3.1: An indoor mmWave network scenario for 5G systems [9]
e Path loss model

To effectively analyze the performance of 5G systems, particularly in an indoor environment,
different path loss models will need to be built across a wide range of frequency bands and
operating scenarios. There are various path loss models, which are explained in the following

sections.

3.1.1 Free space path loss model
In the free space path loss model, there are no obstruction objects between the TX and RX antennas
and a clear LOS path exists between them [47]. From Friis's free space equation, the received

power is given as:

P(d)=PGA —— (3.1)

Arx d 2
Where p_isreceiver Power, p istransmitter Power, G, transmitter Antenna Gain, a_is effective
area of a receiver Antenna and d is distance between transmitter and receiver. According to the
given equation, the received power is inversely proportional to the separation distance between the
user and the base station. The Effective area has a relationship with the receiver antenna gain Gr,

which can be written as:

A (3.2)

r:ﬂ,z

G



Now from equations (3.1) and (3.2), it can be deduced that:

A
(47d )2 (3.3)
P.[dBm] = R[dBm]+G,[dB]+G,[dB]—- PL(d)[dB]

P.(d)=RGG,

Where p, is received single power, p, is transmitted signal power, g, is transmitter antenna
gain, G, receiver antenna gain and PL (d) is average path loss at distance d.

If the antennas have a unity gain (g, and G, equal to one), then the path loss equations become:

(47d)°
On the logarithmic scale, the path loss is given as:
PL(dB) =20log E%] (3.5)

As, 1= c/f, where f is frequency. Now for millimeter wave, the equation becomes:

PL(dB) =20log

47 f x10°
C

9
PL(dB) = 20l0g Mdf—xmj

3x10° (3.6)

PL(dB) =20log 4?7[)+ 20log f +20logd

PL(dB) =32.44+20log f +20logd

3.1.2 CI path model
The CI free space reference distance path loss model is one of the most common path loss models.
The CI model can be used to frequencies above and below 6 GHz [6]. Because it requires fewer
parameters, this model is simple, accurate, and superior to others. In equation below CI path loss

IS given.
PL" (f,d)[dB]= FSPL(f,,d,)[dB]+10nlog,, (%) + X5 (3.7)

Where, the separation between TX and RX is referred as d, n is the path loss exponent and Xo is

the shadow fading, which is Gaussian random variable with mean of zero and standard deviation



o in dB, and FSPL is Friis' free space path loss with 1m reference distance [48]. Now FSPL for

the GHz frequency range becomes:

9
FSPL(f,,d,)[dB] = 20|oglo(4”f°d+1o) (3.8)

Where c is the speed of light. Then, by considering d_=1m, we can simplify the equation (3.8).

By givingd_, 1m value equation becomes:

FSPL(f,,1m)[dB] =32.44+20log,, f. (3.9)
As a result, equation (3.7) can be written as:

PL™ (f,d)[dB]=32.44+20log,, f,+10nlog, d + X}’ (3.10)

3.1.3 FI model
The FI path loss model is another type of path loss model. For the WINNERII Project and 3GPP
channel models, FI is one of the propagation models used in channel standardization [49]. This

model is sometimes referred to as the alpha-beta model. The FI model can be expressed as:
PL[dB] = & +10l0g,,(d) + X, (3.12)

Here a is known as the intercept in dB, £ is the slope of the line that characterizes the loss distance
dependence, and x; is the shadow fading which is Gaussian random variable with mean of zero

and standard deviation ¢ in dB [50].

In both LOS and NLOS scenarios, the close-in free space reference distance model and the floating

intercept model can be used to specify for mmWave channels [51].

3.1.4 Dual slope model
The single-slope path loss model frequently fails to account for PLE dependency on the physical
environment in dense and mmWave capable network. These restriction lead to the consideration
of dual slope path loss model [52]. A dual-slope path loss model with a break-point distance given

as:



P,.[dB]=PL+108log,, d+ X,
d<d,

d
P ps[dB]=PL+10, log,, d,, +104, log,, i +X,, (3.12)
bp

d>d

bp

Here, g, is the breakpoint distance, PLis referred as a path loss model for reference distance of
1m, B1 and B2 represents the path loss exponent (PLE) before and after the breakpoint distance, d
is the distance between TX and RX, and x, is the shadow fading which is a Gaussian random

variable with a mean of zero and standard deviation ¢ in dB.

3.1.5 ABG model
The ABG model is a multi-frequency path loss model with a large scale [53]. It is a frequency and

distance depended model. The ABG model can be written as:
PL**®(f,d)[dB]=10clog,, (d)+ B+ y10log,, (f )+ X ;> (3.13)

where . indicates the slope of path loss with distance, which captures how the PL increase as the

transmit-receive distance (in meters) increases, g is the floating offset value in dB, which is an
optimized offset parameter, and y models the frequency dependence of path loss, where f is carrier
frequency in GHz, and x e symbolizes zero mean Gaussian random variable with Standard
deviation of ¢ in dB. Furthermore, . £ and y are optimized from closed-form solutions that

minimize the standard deviation of shadow fading. The ABG model is solved via MMSE to

minimize & by simultaneously solving for . , g andy.

3.1.6 Two ray model path loss model
A two-ray ray tracing model is the simplest type of ray tracing model, in which the received signal
is accompanied by a ground reflected wave. There are two received signals in this models, as
shown in figure 3.2: one is a LOS signal and the other is an indirect component of the transmitted



signal reflected from the ground. Reflected ground signals can either interfere constructively or

destructively at the receiver end [54].
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Figure 3.2: Two ray ground reflection model: direct and reflected propagation path

The total received power can be written as:

A\ I e irv)?
= 2 xd— 14
. -re( L) g re @14

where p, is the received power ,p is transmitted power, G is the antenna gain, 1 is the

wavelength, d is the direct length between transmitter and receiver, I refers to the Fresnel

Reflection Coefficient which accounts for the reflections through the obstacles, i is known as



gazing angle, | is the direct path length, r is reflected path length and AP s the phase difference

between two waves [55]. Phase difference can be expressed as:

A= 27r(r—1)

3 (3.15)

After obtaining the received power, the path loss can be calculated using the formula below:

PL[dB] =10 Iog(%) (3.16)

As a result, the path loss in the two-ray model becomes:

PL L (3.17)

" [20 log,, Kﬁdj +T(p)e ™ D
T

When the reflection coefficient's magnitude and phase are close to one and 180, respectively, the

2-ray model can be expressed as [56]:

(3.18)

Where ht and hr are transmitter and receiver height respectively. Since TX and RX are fixed,

the deterministic time variations are not included and the delays for multiple signal paths are also
fixed.
From figure 3.2.c using Pythagoras' theorem, the distance of LOS and NLOS is calculated as

follows:

los” = (=) +(d)°
lios = \/((ht _hr)2 u (d)z)

(3.19)



For NLOS the path loss distance can be expressed as:

Dl%ILOS =(h + hr)z +(d)?
Dios =((h +h)?+(d)?)

(3.20)

e Influence of Fresnel zone
Figure 3.2 (a) and (b) demonstrate a two-ray propagation situation. As seen in the figures, the RX
gradually travels away from the TX. When the TX moves away from the RX, the first Fresnel zone
radius increases to some point that it becomes tangent to the ground, resulting in the break point

p, which is tangent to the ground and the Fresnel zone, as shown in figure 3.3.

1st Fresnel zone

Figure 3.3: Two ray propagation scenario: with tangent point to the ground and Fresnel zone [57]

From the first Fresnel zone the break point distance can be expressed as [58]:

g = A, (3.21)

Where N, and N, are height of transmitter and receiver respectively and A is wavelength.

From equation 3.20 and 3.21, the break point distance related to path loss distance is as follows:

Dfios = (0 +h, ) +(d)?

Di.os =ht(h +h)+h (h +h)+(d)?
Dicos = () +hh, +hh +(h)* +(d)*
Diios = (0))* +2hh, +(h,)* +(d)*

(3.22)



To relate path loss distance with break point distance, replace 2hJ1r bydtJ , then the equation can

be written as:

DI%JLOS = (ht)2 +2hh, + (hr)2 +(d)?

d, = 3hhe (3.23)
p)

d, *A =4hh,

Then divide d,*Z by two, the equation becomes:

db;ﬂ _2hh (3.24)

Replace thhr by db;ﬂ“ then, equation of the path loss distance expressed as follow:

D2 o = (h)? +db7”+ (h,)? +(d)? (3.25)

Where ht ,hr ,d ,db,ﬂ, denotes height of transmitter, height of receiver, separation distance
between TX and RX, break point distance and wave length respectively.

By substituting equation 3.21 into equation 3.5, we derive an equation to relate the breakpoint with

path loss, as follows:

PL(dB) = 20log (#)
LU (3.26)
P
2=l
d,

Substitute A intoL,, then the equation become:

PL(dB) = 20log (721:13] (3.27)



Table 3.1: Simulation in put parameter

Input parameters Value
Carrier frequency 38/ 60/ 73 GHz
Transmit power 30 dBm

RF Bandwidth 800 MHz
Scenario UMi
Environment LOS/NLOS
Height of transmitter 1m

Height of receiver 0.5m
TX-RX separation 10-500 m
Number of RX locations 10

TX array Type, Nt ULA,2,64
RX array Type, N¢ ULA,2,16
TX and RX antenna Spacing 05 A4
Azimuth and elevation HPBW for TX and RX | 10°




CHAPTER FOUR

4 RESULT AND DISCUSSION

In this section, simulation results are shown for the indoor environment at different mmWave
bands and Sub 6 GHz. Different path loss models with respect to distances and breakpoint
distances were analyzed to enhance the received power and throughput. The directional PDP at 38
and 73 GHz was also analyzed. The results are simulated using MATLAB and NYUSIM software.
We used NYUSIM to simulate directional PDP for both 38 GHz and 73 GHz with 2x2 and 64x16
antenna configurations with 10 RX random locations. To handle massive indoor communication
networks, 800MHz RF bandwidth is used. The simulation environment considers UMi for indoor
environments in LOS and NLOS scenarios, with a distance between the TX and RX antenna of 10
m to 500 m and a transmission power of 30 dBm. While the distance for the directional power
delay profile is between 60 m and 69 m. The TX and RX antenna spacing were considered at 0.5

A . Both the transmitter and receiver have HPBW of 10 degree for azimuth and elevation.

4.1 Free space path loss model at both mmWave bands and sub 6
GHz
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Figure 4.1: Free Path loss vs. distance



The relationship between separation distance TX-RX and path loss of free space is shown in figure
4.1 for different carrier frequencies. As the distance increases, the path loss also increases for all
frequencies. Also, when the distance is doubled, the path loss is increased by 6 dB at each carrier
frequency. Hence, the received signal power decreased. Furthermore, when comparing the sub-6
GHz and mmWave bands, the path loss at mmWave bands is much higher than at sub-6 GHz due

to the short wave length of mmWave, which is easily obstructed.

Table 4.1: Frequency, received signal power, free space path loss

Frequency | Path loss | Received signal power
(GHz) (dB) (dBm)

2.4 76.3 -46.3

5 82.7 -52.7

38 100.3 -70.3

60 104.3 -74.3

73 106 -76

For a separation distance of 65 m and a transmit power of 30 dBm, table 4.1 shows the effect of
increasing carrier frequency on path loss and received signal power. The path loss increases from
76.3 dB to 106 dB as we move from sub 6 GHz (2.4 GHz) to mmWave (73 GHz), and the received

signal power decreases from -46.3 dBm to -76 dBm.

4.2 Plotting of two ray path loss model at mmWave bands
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Figure 4.2: Two ray path loss vs. distance



The relationship between two ray path loss with transmitter-receiver separation distance for 38,
60, and 73 GHz, with the height of the transmitter at 1m and the height of the receiver at 0.5 m, is
illustrated in figure 4.2. As the distance between the transmitter-receiver increases due to the
movement of the user away from the transmitter, the path loss in two rays increases, reducing the
received signal power for each frequency. The path loss takes the shape of a sinusoidal wave.
These waves continue until they reach a certain point. After that point, only the path loss at 73
GHz increases linearly with distance.

4.3 CI path loss model for mmWave bands and sub 6 GHz
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Figure 4.3: CI path loss vs. distance

The relationship between CI path loss and distance at sub 6 GHz and mmWave frequencies is
shown in figure 4.3. When the separation distance between TX-RX increases, the CI path loss also
increases for each frequency.

Table 4.2: Frequency, received signal power, CI path loss

Frequency | Path loss | Received signal power
(GH2) (dB) (dBm)

2.4 259.3 -229.3

5 265.7 -235.7

38 283.3 -253.3

60 287.3 -257.3

73 289 -259




Table 4.1 demonstrates the effect of raising the carrier frequency from sub 6 GHz to mmWave
bands on CI path loss and received signal power for a separation distance of 65 m and a transmit
power of 30 dBm. The path loss increases from 259 dB to 289 dB as the frequency increases from

2.4 GHz to 73 GHz, whereas the received signal power decreases from -229.3 dBm to -259 dBm.

4.4 Comparing Cl and free space path loss model for mmWave

bands
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Figure 4.4: Path loss vs. distance for Cl and free space path loss model

The path loss and distance relationships for both free space and the ClI model at 38, 60, and 73
GHz are illustrated in figure 4.4. As shown in the figure, the path loss of the free space model is
lower than the CI model, because free space does not consider the effect of shadowing and
reflection. Whereas the CI model considers all shadowing and reflection effects between the
transmitter and receiver, which decrease the received signal.



45 Plotting of free space path loss with break point distance for
different heights of transmitter
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Figure 4.5: Path loss vs. break point distance

Figure 4.5 shows the relationship between free space path loss and break point distance for
different heights of transmitter at 0.5 m height of receiver and 500 m separation distance. For each
height of transmitter, the path loss increases as the break point distance increases. The term "break
point" refers to the point at which a direct signal is reflected. The path loss increases from 82.34
dB to 88.36 dB and from 112.7 to 118 dB at 15 m and 495 m break point distances, respectively,
as the transmitter height doubles. Therefore, we conclude that when the break point is near the

transmitter, the received signal power is larger than the break point at the cell edge.



4.6 Plotting of break point distance with frequency for different

heights of transmitter
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75

break point distance as a function of frequency is shown in figure 4.6. Break point distance

increases as carrier frequencies increase. With the increment of transmitter height, the break point

distance also increases at each carrier frequency, which leads to an increase in path loss distance.

As a result, the received signal power is reduced.

Table 4.3: Frequency, height of TX, break point and path loss distance

Frequency | Height of TX | Db (m) | Path loss distance
(GH2) (m) (m)

0.5 126.7 500.0007

38 0.75 190 500.0014

1 253.3 500.0022

0.5 200 500.0007

60 0.75 300 500.0014

1 400 500.0022

0.5 241.7 500.0007

73 0.75 362.5 500.0014

1 483.1 500.0022




Table 4.3 shows the effect of transmitter height on carrier frequencies of 38, 60, and 73 GHz with
a separation distance of 500 m and a receiver height of 0.5 m. When the height of the transmitter
is increased from 0.5 to 1 meter, the break point distance doubles and the path loss distance
increases from 500.0007 to 500.0022 m for all frequencies.

Using the MATLAB-based NYUSIM simulator, we examined the directional PDP with the
strongest power at 38 and 73, using 2x2 and 64x16 antenna configurations. The impulse response
of a channel model is explained by PDP, which characterizes the channel's temporal
characteristics. Furthermore, a PDP describes how a signal is received at the receiver end with

variable signal power as it travels through a multipath channel with increasing propagation time.

4.7 Comparing directional PDP for LOS and NLOS at 28 and 73
GHz using a 2x2 antenna configuration
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Figure 4.7: Directional PDP at 38 GHz for both LOS and NLOS environment with 2x2 antenna

configuration

The Directional PDP with the strongest power is illustrated in figure 4.7. The figures show the
received power vs. propagation time, as well as received signal power, path loss, PLE, RMS delay
spread, and antenna characteristics for both LOS and NLOS conditions at 38 GHz for the ULA



2X2 antenna configuration. As seen in figure 4.7.a, the received power decreases exponentially as
propagation time increases, and the inter-cluster gap widens. The term inter-cluster gap refers to
the short time the transmitted signal takes from reflection and scattering to reach the receiver end.
Figure 4.7.b shows received power decreasing exponentially with increasing propagation time,
similar to figure 4.7.a. Therefore, we conclude that the received power has an inverse relationship
with the propagation time for both LOS and NLOS PDPs with the strongest power. When
comparing figures 4.7.a and 4.7.b, the received power of LOS is higher than NLOS. Additionally,
the propagation time of NLOS is longer than that of LOS, as indicated in the figures.

Table 4.4: Directional power delay characteristics at 38 GHz for 2x2 antenna configuration

Frequency | Scenario TX-RX o, (ns) | Pr (dBm) PL PLE

(GHz) Separation (m) (dB)
38 LOS 66.9 0.8 -26.9 106.1 2.3
NLOS 65.6 0.6 -41.6 120.9 3.1

Table 4.4 shows power delay statistics with RMS delay spread, received power, path loss, and PLE
for both LOS and NLOS directional PDP at 38 GHz using a 2X2 antenna configuration. In the
LOS scenario, the received signal power is -26.9 dBm with PLE 2.3, whereas in NLOS it is -41.6
dBm with PLE 3.1. As a result, the received signal in the LOS scenario is larger than in the NLOS
scenario, since in the NLOS scenario, there are many obstacles between the transmitter and the
users, causing the transmitted signal to go through a multipath channel, reducing the received
signal power. Furthermore, when comparing the PLE for both LOS and NLOS scenarios to the
PLE for free space, the PLE for LOS is nearly equal to the PLE for free space, but the PLE for
NLOS is more than it.



Directional PDP with Strongest Power Directional PDP with Strongest Power

40 0

. 73 GHz UMi LOS . 73 GHz UMi NLOS
E .40 61.5 m T-R Separation E 63.3 m T-R Separation
B 7 =8.0ns 2 80 7 =1.0ns
L .40 P =-31.5dBm . P =-52.2dBm
3 PL=1107 dB 2 100 PL=131.4dB
2 400 PLE=23 5 PLE=34
g TX Ant. HPBW: 10° AZ, 10° EL g 120 TX Ant. HPBW: 10° AZ, 10° EL
2120 TX Ant. Gain: 24.6 dBi g TX Ant. Gain: 24.6 dBi
& RX Ant. HPBW: 10° AZ, 10°EL ¢ .49 RX Ant. HPBW: 10° AZ, 10° EL

140 RX Ant. Gain: 24.6 dBi RX Ant. Gain: 24.6 dBi

160 - — 160 - :

400 600 800 1000 1200 1400 1600 400 600 800 1000 1200
Absolute Prapagation Time (ns) Absolute Propagation Time (ns)
(@) LOS directional PDP (b) NLOS directional PDP

Figure 4.8: Directional PDP at 73 GHz for both LOS and NLOS environment with 2x2 antenna

configuration

Figure 4.8 shows the directional PDP with the strongest power. The figures show received power
vs. propagation time, as well as received signal power, path loss, PLE, RMS delay spread, and
antenna characteristics for both LOS and NLOS conditions at 73 GHz for the ULA 2X2 antenna
configuration. As seen in both figures 4.8.a and 4.8.b, the received power decreases exponentially
with increasing propagation time. The received power has an inverse relationship with the
propagation time interval for both the LOS and NLOS PDPs with the strongest power.

Table 4.5: Directional power delay characteristics at 73 GHz for 2x2 antenna configuration

Frequency | Scenario TX-RX o, (ns) | Pr (dBm) | PL (dB) | PLE
(GH2) Separation (m)
73 LOS 61.5 8 -31.5 110.7 2.3
NLOS 63.3 1 -52.2 1314 3.4

Directional power delay with RMS delay spread, received power, path loss and PLE for both LOS
and NLOS directional PDP at 73 GHz using a 2X2 antenna configuration are illustrated in table
4.5. In the LOS scenario, the received signal power is -31.5 dBm with PLE 2.3, whereas in NLOS



it is 52.2 dBm with PLE 3.4. Therefore, the received signal in the LOS scenario is higher than in
the NLOS, like that of 38 GHz. When comparing the received signal power of 38 GHz to 73 GHz,
the received signal power of 38 GHz is greater than 73 GHz for both LOS and NLOS, with path
loss of 106.1 and 120.9, respectively. At 73 GHz, the path loss for LOS and NLOS is 110.7 and
131.4, respectively. The large path loss at 73 GHz is due to the fact that when carrier frequencies

increase, path loss increases as well, reducing the received signal power.

4.8 Comparing directional PDP for LOS and NLOS at 38 and 73 GHz
using 64x16 antenna configuration
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Figure 4.9: Directional power delay profile at 38 GHz for both LOS and NLOS environment
with 64x16 antenna configuration

The Directional PDP with the strongest power is illustrated in figure 4.9. The figures show received
power Vvs. propagation time, as well as received signal power, path loss, PLE, RMS delay spread,
and antenna characteristics for both LOS and NLOS conditions at 38 GHz for the ULA 64X16
antenna configuration. As seen in figure 4.9.a, the received power is high within a short
propagation time. Figure 4.9.b shows received power decreasing exponentially with increasing

propagation time. The propagation time in LOS is short when compared to figures 4.9.a and 4.9.b



and also figure 4.8. Which means that the receiver received the best signal power in a short period

of time, due to the large number of antennas used. Additionally, the inter-cluster gap is very small.

Table 4.6: Directional power delay characteristics at 38 GHz for 64x16 antenna configuration

Frequency | Scenario TX-RX o, (ns) | Pr (dBm) | PL (dB) | PLE
(GHz2) Separation (m)
38 LOS 62.9 8.8 -23.1 102.3 2.1
NLOS 63.8 5.2 -53.1 132.2 3.8

Table 4.6 illustrates power delay with RMS delay spread, received power, and path loss for both
LOS and NLOS directional PDP at 38 GHz for the 64X16 antenna configuration. In the LOS
scenario, the received signal power is —23.1 dBm with PLE 2.1, whereas in NLOS it is-53.1 dBm

with PLE. When comparing the PLE for both LOS and NLOS scenarios with the free space PLE,

the PLE for LOS is nearly equal to free space, but the NLOS PLE is approximately 4. The received
signal obtained at 38 GHz using 64X16 is greater than 2x2 for LOS, it improved by 3.8 dBm.

However, for NLOS, the received signal using 2x2 is larger than 64x16 because in this scenario

there are multipath effects that reduce the received signal power.
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The Directional PDP with the strongest power is illustrated in figure 4.10. The figures show
received power vs. propagation time, as well as received signal power, path loss, PLE, RMS delay
spread, and antenna characteristics for both LOS and NLOS conditions at 73 GHz for the ULA
64X16 antenna configuration. The received power decreases exponentially as propagation time
increases, as seen in figures 4.9.a and 4.9.b. When we compare figure 4.10.a with figure 4.10.b
and figure 4.9, the received signal power in LOS is large. Which means that the receiver received
the best signal power of the two, due to the large number of antennas used.

Table 4.7: Directional power delay characteristics at 73 GHz for 64x16 antenna configuration

Frequency | Scenario TX-RX o, (ns) | Pr (dBm) | PL (dB) | PLE
(GHz2) Separation (m)
73 LOS 67.1 2.2 -26.2 105.4 2
NLOS 63.3 0.2 -54.9 134.1 3.6

Table 4.7 illustrates power delay statistics with RMS delay spread, received power, path loss, and
PLE for both LOS and NLOS for directional PDP at 73 GHz for a 64X16 antenna configuration.
In the LOS scenario, the received signal power is -26.2 dBm with PLE 2.3, whereas in NLOS it is
-54.1 dBm with PLE 3.6. When comparing the PLE for both the LOS and NLOS scenarios to the
PLE for free space, the LOS PLE equals free space, while the NLOS PLE exceeds it. The received
signal power obtained at 73 GHz using 64X16 is greater than 2x2 for LOS and improved by 5.3
dBm. However, for NLOS, the received signal using 2x2 is larger than 64x16, like that of 38 GHz.
Therefore, we conclude that increasing the number of antennas enhances the received signal power

for frequencies in LOS, whereas in the NLOS scenario, it decreases the received signal power.



5 CONCLUSION AND RECOMMENDATION

5.1  Conclusion

The vast amount of unused frequency resources in the mmWave spectrum is being considered as
one of the primary solutions to indoor communication network congestion. Hence, the frequency
bands in mmWave offer larger bandwidths for wireless indoor communication systems. Despite
the fact that a huge bandwidth is employed, mmWave technology suffers from path loss,
atmospheric attenuation, building penetration loss, diffuse scattering from rough materials,
shadowing, and reflection loss. As a result, the transmitted signal power and throughput are
decreased. In this thesis, path loss is considered at 38 GHz, 60 GHz, 73 GHz and sub 6 GHz using
Cl, two-ray and free space path loss models.

The results have shown that the path loss increases with an increase in separation distance and
carrier frequency. The path loss in the CI model is larger than that of two rays and free space,
because it considers all the shadowing and reflection effects between transmitter and receiver.
Despite the fact of high path loss, the CI model is the most suitable for an indoor communication
network. Additionally, the relationship between breakpoint distance and path loss have been
examined. Path loss increases as the breakpoint distance and carrier frequency increase. In
addition, when the break point distance is greater than the separation distance, the PLE is larger

than in free space PLE.

Finally, the directional power delay profile with the strongest power at 38 and 73 GHz for both
LOS and NLOS environments using 2x2 and 64x16 antenna configurations has been examined. In
both antenna configurations, the received signal power in LOS at 38 GHz and 73 GHz is greater
than in NLOS. Furthermore, for both carrier frequencies, the received signal power in a 64x16
antenna configuration is larger than in a 2x2 configuration. Therefore, we conclude that increasing
the number of antennas used at the transmitter increases the received signal power and throughput.
However, increasing the number of antennas increases the received power of the LOS scenario,
not the NLOS scenario. Hence, in 64x16 for both 38 and 73 GHz in NLOS, the received power is
smaller than in the 2x2 NLOS scenario. Moreover, the PLE is nearly equal to the free space PLE

in all LOS scenarios, whereas in NLOS it is greater than in free space.



5.2 Recommendation
In this thesis, the performance of the CI, free space and two ray path loss models with respect to
separation distance and break point distance were analyzed. The received signal power and
throughput are enhanced by minimizing the path loss for the used carrier frequencies by using a
large number of antennas at BSs. In the future, using different polarization techniques, antenna
configurations (URA), and other techniques called beam-forming are recommended to be done to
enhance the received signal power and throughput in the given area for different mmWave

frequencies by considering other impairments of the mmWave indoor communication network.
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