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ABSTRACT

The advancement of Fifth Generation Network (5G) technology is well underway,
with Mobile Network Operators (MNOs) globally commencing the deployment of 5G
networks within the mid-frequency spectrum range (3GHz-6GHz). Nevertheless, the
escalating demands for data traffic are compelling MNOs to explore the high-frequency
spectrum (24GHz-100GHz), which offers significantly larger bandwidth (400MHz-800
MHz) compared to the mid-frequency spectrum (3GHz—6GHz), which typically provides
50MHz-100MHz of bandwidth. However, it is crucial to note that the higher-frequency
spectrum imposes substantial challenges due to exceptionally high free space propagation
loss, resulting in 5G cell site coverage being limited to several hundred meters, in contrast
to the several kilometers achievable with 4G. Consequently, MNOs are faced with the
formidable task of accurately planning and deploying hundreds of new 5G cells to cover
the same areas served by a single 4G cell.

This dissertation embarks on a comprehensive exploration of Radio Frequency
(RF) coverage planning for 5G networks, initially utilizing a conventional three-sector cell
architecture. The coverage planning phase reveals potential challenges, including coverage
gaps and poor Signal-to-Interference-plus-Noise Ratio (SINR). In response to these issues,
the dissertation introduces an innovative cell site architecture that embraces both nine and
twelve sector cells, enhancing RF coverage through the adoption of an advanced antenna
system designed with subarrays, offering adaptive beamforming and beam steering
capabilities. To further enhance energy efficiency, the dissertation introduces adaptive
higher-order cell-sectorization (e.g., nine sector cells and twelve sector cells). In this

proposed method, all sectors within a twelve-sector cell remain active during peak hours

X



(e.g., daytime) and are reduced to fewer sectors (e.g., nine sectors or six sectors per cell)
during off-peak hours (e.g., nighttime). This dynamic adjustment is facilitated by an
advanced antenna system utilizing sub-array architecture, which employs adaptive
beamforming and beam steering to tailor the beamwidth and radiation angle of each active
sector. Simulation results unequivocally demonstrate significant enhancements in RF
coverage and SINR with the implementation of higher-order cell-sectorization.
Furthermore, the proposed adaptive cell-sectorization method significantly reduces energy
consumption during off-peak hours.

In addition to addressing RF coverage planning, this dissertation delves into the
numerous challenges associated with deploying 5G networks in the higher frequency
spectrum (30GHz-300GHz). It encompasses issues such as precise cell site planning,
location acquisition, propagation modeling, energy efficiency, backhauling, and more.
Furthermore, the dissertation offers valuable insights into future research directions aimed
at effectively surmounting these challenges and optimizing the deployment of 5G networks

in the high-frequency spectrum.
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1.1 Motivation

CHAPTER 1

INTRODUCTION

The first generation of the cellular network (i.e., 1G) started service in the late

1980s with analog telephony, and has evolved to the current generation where the users

and devices experience network connectivity to the internet in addition to telephone and

other basic services [1, 2]. The primary goal of each evolution is to provide seamless

connectivity anytime, and anywhere the user wants. It will also bring new use cases and

services (e.g., mobile internet in 3G) to bring more users to the network and continue the

economic growth. Table 1.1 shows the evolution of mobile networks with the key services

and deployment years [1, 3-7].

Table. 1.1 Evolution of mobile networks [1, 3-7]

Generation| Year Key Services Primary Differentiator
1G 1980s Analog voice calls Mobility
2G 1990s | Mobile voice calls and messaging Digital
3G 2000s | Phone calls, messaging, mobile web | Broadband internet and smartphones
browsing
4G 2010s | All 3G services and mobile video | Faster broadband internet and lower
consumption with higher data speed latency
5G 2020s | Massive mobile broadband, massive | Digitalization of industry, ultra-low
Internet of Things (IoT), industrial |latency, ultra-high availability, ultra-
automation speed, and ultra-reliability




The new use cases and services introduced by the previous generation cellular
networks are mainly used by humans (e.g., phone calls, messaging, and web browsing).
The 5G network will have advanced network requirements listed in Table 1.2 [1, 8-10]. It
will enable new use cases and services for the following three main areas [9, 11]:

e Massive mobile broadband: Provide extremely high data rates for human-centric
devices (e.g., smartphone, smartwatch, tablet, laptop, pc, etc.) and regular use cases
(e.g., telephone, gaming, media, etc.).

e FExtensive communication for autonomy: Provide interconnection of devices (e.g.,
sensors, actuators, motors, etc.) to share data and control remotely. It enables wide
application areas including industry, household electronics, cars, agriculture,
health, etc.

o Ultra-reliable low latency: The high reliability and ultra-low latency will enable
real-time control and human collaboration with devices. It also enables broad
application areas, including autonomous vehicles, augmented/virtual reality (i.e.,

AR/VR), remote health services, remote agriculture services, cloud robotics, etc.

Table. 1. 2 Some key requirements of 5G networks

Requirements Values
Peak data rate Downlink (20Gb/s) and uplink (10Gb/s)
Latency User plane (1m-4ms) and control plane (20ms)
Reliability 99.999%
Availability 99.999%
Connection density 1,000,000 devices per km?




The successful implementation of the 5G network will allow interconnecting new
types of devices, including household electronic devices, cars, moving robots, sensors,
Internet of Things (IoT), Machine-to-Machine (M2M) communication, etc.[12-17].
According to the Ericsson forecasts, [oT connections are expected to reach 27 billion
worldwide by 2026, a 13% from 2020 [1]. Over that same time period, global coverage
for 5G communication is expected to rise from 20% to 60%, and an increase in worldwide
mobile subscriptions from 7.8 billion to 8.8 billion [1]. Therefore, it will be the fastest
global rollout for any generations.

However, the 5G network services are no longer hype. The MNOs worldwide (e.g.,
Verizon and AT&T in the USA) started deploying 5G networks in mid-frequency bands
(i.e., 3-6 GHz) with the current 4G cellular networks. In recent years, the global data traffic
demands have grown exponentially. For example, the Ericsson Mobility report projected
that the global data traffic level will increase to 160 exabytes per month by 2025 from 38
exabytes per month in 2019 [18]. But, the maximum channel capacity is bound by the
Bandwidth (BW) and Signal-to-Noise Ratio (SNR) according to Shannon’s channel
capacity formula, Equation (1.1) [19].

C=B *log2 (1 +S/N) (1.1)
Where, B is the channel bandwidth, S is the signal power, and N is the noise power.

The straightforward way to increase the network capacity is to add more bandwidth,
shown in Figure 1.1. It drives the MNOs to seek higher bandwidth which is available in a
higher frequency spectrum. For example, the current 4G Network can offer the channel
bandwidth from SMHz, 10MHz, and 20MHz. But, the 5G mid-bands can offer SOMHz and

100MHz, whereas the 5G high-band can offer 400~800MHz of Bandwidth [20].
3
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Figure. 1.1 The relationship between channel capacity and signal-to-noise ratio, as given
in Equation (1.1), is compared for four different bandwidths: 1GHz, 400MHz, 80MHz, and

20MHz.

Since the radiated energy from a transmitter (i.e., 5G cell) spreads over the surface
as it propagates towards the receiver (i.e., user), the signal energy level attenuates. Some
of transmitted energy will be captured by the receiver, while the remaining energy will be
lost. In an ideal case, when there is a direct line of sight between isotropic transmitter and
receiver antenna without any absorbing or reflecting obstacles, the total signal attenuation

known as free-space path loss (Lrs) can be calculated by Equation (1.2) [21, 22].



Where A = ¢ / fis the wavelength of the transmitted signal, c is the speed of light (3 x 10®
m/s), and f'is the operating frequency of the transmitted signal. The propagation path length
is represented by d.

Figure 1.2 shows the free space propagation loss versus propagation path length for
different operating frequencies. Results show that the higher frequency spectrum has
extremely high propagation loss that increases with path length. Additionally, the outdoor
deployment environment will also include additional signal impairments such as
precipitation, dust, foliage, and multipath propagation, etc., which reduces the receive
signal level [23-25].

But, the 5G network requires extremely high availability (i.e., 99.999%) and
reliability (i.e., 99.999%) [9, 26] which will limit the cell site coverage range in the high-
frequency spectrum (i.e., 24GHz —100 GHz) to several hundred meters, as opposed to
several kilometers in a 4G cell. Hence, the MNOs will need to deploy hundreds of new cell
sites to provide comparable coverage to a 4G cell. The viable cell site locations will be
limited due to several factors, including availability of electric power, load-bearing
capabilities, government and private owner approval, and operating costs, etc. Therefore,
it will be a big challenge for the MNOs to plan the massive number of new cells accurately,

acquire the physical locations for each cell, and complete the deployments.
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Figure. 1.2 The relationship between received signal attenuation and propagation path
length, as described in Equation (1.2), is examined for four different operating frequencies:

6GHz, 30GHz, 70GHz, and 100GHz.

The 5G network will require optimal RF coverage (i.e., close to 100% coverage)
for any deployment areas to meet the high network availability (i.e., 99.999%) and
reliability (i.e., 99.999%). Therefore, the RF coverage planning will be of utmost
importance for the MNOs to successfully plan and deploy a massive number of new cells.
In addition, the RF coverage planning and analysis can also provide the approximate
receive signal characteristics throughout the deployment area without physical signal
testing in the area. It is the primary motivation of this Dissertation, and the findings will
help the system designer to:

e Identify appropriate cell site location.



Guidance on the selection of components for 5G cell transmitters (e.g., antenna
types, beamwidth, directivity, size of antennas, etc.).

Adjust the antenna height and tilt angle to improve RF coverage.

Estimate the RF signal propagation loss throughout the deployment area.

Identify the maximum cell rage.

Calculate the appropriate transmitted power based on the propagation loss.
Appropriately positioned the neighboring cells to reduce the coverage holes.

Find the best network planning in a higher frequency spectrum.

Optimize cell site power consumption with adaptive cell-sectorization technique
Estimate the RF signal characteristics in a multipath environment for the LOS (line-

of-sight) and NLOS (non-line-of-sight) users and how to reduce multipath signals.

1.2 Contributions of the Dissertation

My key contributions of this Dissertation are summarized below:

RF coverage planning, analysis, and optimization for the 70GHz operating
frequency using both nine and twelve sectors per cell.

Innovative adaptive cell-sectorization technique enabling dynamic adjustments to
the number of sectors within a cell to optimize RF coverage.

A cell site energy-saving technique that leverages adaptive cell-sectorization for
deployment scenarios with variable traffic to improve power efficiency.
Optimization of RF coverage for non-line-of-sight scenarios at the 70GHz

operating frequency.



e Practical guidelines to overcome deployment challenges of 5G networks operating
in the millimeter band.
1.3 Dissertation Outline
The rest of the Dissertation is organized as follows:

Chapter 2 includes the fundamentals of RF coverage planning for the 5G network.

Chapter 3 presents RF coverage simulation with traditional three sectors cell
architecture and investigates the potential challenges. It then proposes an advanced antenna
system to improve the RF coverage.

Chapter 4 introduces higher-order cell-sectorization and proposes an adaptive cell-
sectorization method that ensures higher capacity in peak-hours traffic and saves energy in
off-peak hours traffic.

Chapter 5 studies the RF coverage analysis and optimization at non-line-of-sight
location.

Chapter 6 investigates the 5G network deployment challenges. It then provides
future research directions to overcome these challenges.

Chapter 7 concludes the Dissertation. Some potential open problems and future
research directions are then presented in Section 8.2.
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CHAPTER 2

RF COVERAGE PLANNING

2.1 Introduction

The 5G network will require nearly ubiquitous network coverage to meet the high
network availability (i.e., 99.999%) and network reliability (i.e., 99.99%) requirements of
the standard. Therefore, optimum network coverage planning will be the key to ensure all
the network requirements of 5G are met and provide the requested services to the users.
This section first describes the fundamentals of RF coverage. It then introduces a novel
method for 5G RF coverage planning, encompassing aspects such as network layout
planning, transmitter site design, and propagation modeling.

2.2 What is Network Coverage?

The network coverage refers to the region around the base station/cell site where
the user can send any service requests and successfully connect with the cell site to receive
the services. The radius of a cell, as depicted in Figure 2.1, refers to the farthest distance
from the cell site that a user can send service requests and receive uninterrupted services.
The cell radius establishes the boundary of maximum cell coverage, beyond which a user
cannot establish any connections. It also plays a role in determining the Inter-Site Distance
(ISD), which is the minimum distance between adjacent cells required to prevent multiple

dominant signals in the deployment area.
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Figure. 2.1 A visual depiction of a 5G cell coverage boundary.

2.3 Cell-Sectorization
Traditionally the cell sites are deployed in a group of cells called a cluster, shown
in Figure 2.2. Each cell can have one omnidirectional antenna (Omni-cell) or multiple

directional antennas called sectoring, shown in Figure 2.3.

Figure. 2.2 Depiction of a generic seven cell cluster
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(a) Omni-cell (b) Three sectors cell (¢) Six sectors cell
(360%) (120° each) (60° each)

Figure. 2.3 The use of directional antennas for cell-sectorization: (a) shows an omni-cell
with a single antenna providing 360-degree radiation, (b) shows a cell divided into three sectors,
each with 120-degree radiation, and (c) shows a cell divided into six sectors, each with 60-degree

radiation. [7]

2.4 Frequency Planning

The Federal Communications Commission (FCC) issues licenses for operating
cellular communication systems within specific frequency bands, referred to as RF
spectrum allocation [27, 28]. These frequency bands are further subdivided into smaller
channels, which are then allocated to a cluster of cells using a technique called frequency
planning [19, 28, 29]. Given the finite number of channels due to limited RF spectrum
allocation, they are reused to server various geographical regions [29]. As an illustration,
if there are twenty-one available channels, they are distributed among a cluster of seven
cells, with each cell assigned three channels [29]. Subsequently, these cell clusters, along
with their assigned channels, are strategically positioned in adjacent geographic regions to
extend coverage to neighboring areas. This process is replicated as needed to provide
coverage for a given geographic area, serving as the fundamental principle of frequency
reuse planning [19, 28, 29].

13



Numerous frequency planning or channel assignment techniques are available in
the realm of cellular communication. Presented below are two of the most widely adopted
frequency planning techniques [28]:

2.4.1 N =7 frequency reuse plan

The N = 7 frequency reuse plan, initially developed by V.H. MacDonald in 1979,
involves the allocation of all available channels among seven cells within a cluster [27].
Figure 2.4 provides a visual representation of this technique, illustrating both a cluster of
seven omni cells and a cluster of seven sectorized cells. In the omni cell configuration,
each cell utilizes a single antenna, providing 360-degree radiation coverage. Conversely,
in the sectorized cell configuration, each cell is divided into three sectors, with each sector

employing a single antenna, delivering 120-degree radiation coverage.

(a) A cluster of seven omni cells (b) A cluster of seven sectorized cells

Figure. 2.4 Illustration of N = 7 frequency planning: (a) a cluster of seven omni cells each
with three frequency groups and (b) a cluster comprising seven sectorized cells, each divided into

three sectors, and assigned one frequency group per sector
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To illustrate this frequency reuse technique, let’s assume that the available channels
are grouped into 21 frequency groups, denoted as G1, G2, G3, G4, G5, G6, G7, G8, G9,
G10, G11, G12, G13, G14, G15, G16, G17, G18, G19, G20, and G21. Each frequency
group contains multiple frequencies, known as channels, and these frequency groups are
evenly distributed among the cells. Specifically, each omni cell is assigned three frequency
groups, while a sectorized cell receives one frequency group per sector, resulting in a total
of three frequency groups per cell. Consequently, the total number of frequency groups per
cluster remains consistent.

The channel distribution adheres to the N, N+7, N+14 scheme, where N ranges
from 1 to 7, corresponding to the cell number. For example, in the case of N = 1, omni cell-
1 utilizes frequency groups 1, 8, and 15. In contrast, sectorized cell-1 employs frequency
group 1 for sector 1, frequency group 8 for sector 2, and frequency group 15 for sector 3.
This configuration effectively eliminates adjacent channel interference by ensuring that
adjacent sites do not share adjacent channels.

2.4.2 N =3 frequency reuse plan

Figure 2.5 visually depicts the N = 3 frequency reuse plan, featuring both a cluster
of three omni cells and a cluster of three sectorized cells. In this frequency reuse technique,
all available frequency groups are evenly distributed among the three cells within a cluster
unlike the N = 7 frequency plan.

To illustrate this frequency reuse plan, consider a scenario where the available
channels are grouped into 9 frequency groups (in contrast to the 21 previously mentioned),
denoted as G1, G2, G3, G4, G5, G6, G7, G8, and G9. These frequency groups are

subsequently distributed equally among the cells. Specifically, each omni cell is allocated
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three frequency groups, while a sectorized cell receives one frequency group per sector,
resulting in a total of three frequency groups per cell. Consequently, the total number of
frequency groups per cluster remains constant, but the total number of channels per
frequency group is higher compared to the N = 7 frequency plan.

The channel distribution follows the N, N+3, N+6 scheme, where N varies from 1
to 3, corresponding to the cell number. For instance, in the case of N = 2, omni cell-2
utilizes frequency groups 2, 5, and 8. In contrast, sectorized cell-2 employs frequency

group 2 for sector 1, frequency group 5 for sector 2, and frequency group 8 for sector 3.

(a) A cluster of seven omni cells (b) A cluster of seven sectorized cells

Figure. 2.5 Illustration of N = 3 frequency planning: (a) a cluster of seven omni cells each

with three frequency groups and (b) a cluster comprising seven sectorized cells, each divided into

three sectors, and assigned one frequency group per sector
2.5 Carrier to Interference (C/I)
Cells that utilize an identical set of frequencies are referred to as the cochannel cells
[19, 28]. When the distance between two cochannel cells is inadequate, it results in
interference due to the simultaneous utilization of the same channel, which is known as

cochannel interference [19, 27]. Given that available channels are reused to provide
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coverage over a geographic area, mitigating cochannel interference is of paramount

concern in any frequency reuse plan.
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Figure. 2.6 A visual illustration of cochannel interference

Figure 2.6 illustrates a scenario of cochannel interference, where Cell A and Cell B
both employ the same frequency. Consequently, when a user within Cell A communicates
with Cell A, they also receive the same frequency signal from distant Cell B. The signal
levels received by the user from Cell A and Cell B are computed using Equation 2.1 [29]:

RSL, « (dy)~Y
(2.1)
RSLg « (dg)™"
Here, RSLa and RSLg denote the received signal levels received by the user from Cell A
and Cell B, respectively. The distance from the user to Cell A is represented as da, while
the distance from the user to Cell B is denoted as ds. The signal propagation loss is denoted
by v, and it is determined by the propagation environment, typically falling within the range

of 2 to 5.
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The ratio of received signal strength at the user is computed by Equation 2.2:

RSL, /d.\"  /dg\”
A _ <_A) _ (_B) (2.2)
RSL; \dj d,

Given that RSLa is the desired signal received from the serving cell, we can
redefine this signal as the carrier signal C. Let's also consider that the user is positioned at
the cell edge, where the distance from Cell A to the user is equivalent to the cell radius R.

Conversely, RSLg represents the undesired signal received from a distant Cell B.
We can redefine this signal as the interference signal I, and the corresponding distance
from the user to Cell B can be expressed as ds = D, where D denotes the frequency reuse
distance. Thus, Equation 2.2 can be expressed as a carrier-to-interference ratio (C/I),

attributed to a single interferer:

- -

Equation 2.3 can be written in dB as:

c D\
~(dB) = 10log (§> (2.4)

When considering the presence of k interference signals arriving at the user, the
resulting carrier-to-interference ratio (C/I) due to cochannel interference can be estimated
using Equation 2.5. This estimation assumes that the path-loss exponent remains constant

across the entire geographical coverage area.

€ _ k0 2.5)
I RY
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Here, Dk is the distance between the k™ interfering cochannel cell and the user. In a
simplified scenario where Dx =D for k =1, 2, 3, ..., Nk, Equation 2.5 can be expressed in
decibel as follows:

¢ <101 1<D)y 2.6
1 79N \R 2.6)

Hence, knowing the minimum C/I requirements allows for the determination of the
optimal frequency reuse distance within a specific propagation environment. This
frequency reuse distance, denoted as D, relative to the cell radius R, can be expressed as a
ratio known as the frequency reuse ratio, represented by q = D/R. This ratio is also linked

to the number of cells, N, in a cluster, as indicated below [27]:

D
= —=+/3N 2.7
=7 (2.7)

2.5.1 Methods of Locating Cochannel Cells
The location of the nearest cochannel cell in a hexagonal geometry can be
determined using two shift parameters, 1 and j, which measure the number of nearest
neighboring cells between cochannel cells. These parameters, i1 and j, are separated by 60
degrees and can each take integer values starting from 0, 1, 2, 3, and so on. To determine
the nearest cochannel cells using a reference cell as a starting point, follow these two steps
[27]:
e Step 1: Move i number of cells along any chain of hexagons.
e Step 2: Turn 60 degrees counterclockwise and move j number of cells.
To exemplify the previous procedure, consider Figure 2.7 withi=2 and j = 1, where

cochannel cells are shaded and labeled as A.
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Figure. 2.7 A standard cluster consisting of seven cells, each replicated seven times with

frequency reuse among cochannel cells (shaded cells)

2.5.2 Worst Case Analysis of C/l in an Omnidirectional Antenna System
Figure 2.8 demonstrates a standard cellular cluster consisting of seven omni cells,
each implementing the N = 7 frequency plan as described in section 2.4.1, and replicated
seven times. As an illustration, the frequency group Gl is assigned to the cochannel cells
(i.e., center cell) of each cluster. In a worst-case scenario, let’s assume that the user is
positioned at the cell edge of serving cell A, where the user receives a weak signal from
the serving cell. Additionally, the user will receive interfering signals from six cochannel

cells. If D represents the distance between the centers of any two cochannel cells, the
20



resulting carrier-to-interference ratio (C/I) due to cochannel interference can be calculated
using Equation 2.8 [19]:

R—Y
2(D—R)Y+2D 7Y +2(D+R)"

C
T (omni) = (2.8)

Here, the cell radius of each cell is denoted as R, and the distance between the centers of

any two cochannel cells is represented by D. The path loss exponent is symbolized as vy.

Figure. 2.8 A depiction of signal-to-cochannel interference ratio (C/I) at the mobile
receiver located at the boundary of its omnidirectional operating cell, under the influence of

interfering signals from six cochannel interfering cells.
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2.5.3 Worst Case Analysis of C/I in a 3-Sector Cellular System

Figure. 2.9 A depiction of signal-to-cochannel interference ratio (C/I) at the mobile
receiver located at the boundary of its 3-sector cell, under the influence of interfering signals from

two cochannel interfering cells.

Figure 2.9 presents an illustration of a cellular cluster that comprises seven
sectorized cells, each subdivided into three sectors. This cluster adheres to the N = 7
frequency plan and is replicated seven times. For example, the frequency group G1 is
allocated to sector one of each cochannel cell (i.e., the center cell) in each cluster. In a
worst-case scenario, let's consider a user positioned at the cell edge of serving cell A and

getting service from Sector S1. In this scenario, the user encounters cochannel interference
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originating from the corresponding cochannel sectors, specifically S1, emanating from two
out of the total six cochannel cells. Consequently, we can determine the carrier-to-

interference ratio (C/I) due to cochannel interference using Equation 2.9 [19]:

R—V
DY+ (D+0.7R)Y

C
T (3 — sectors) ~ (2.9)

Here, the cell radius of each cell is denoted as R, and the distance between the centers of
any two cochannel cells is represented by D. The path loss exponent is symbolized as vy.
2.5.4 Worst Case Analysis of C/I in a 6-Sector Cellular System

Figure 2.10 illustrates a hexagonal cellular reuse pattern with a configuration of six
sectors per cell. To elucidate the N = 7 frequency reuse technique, let's assume that the
available channels are organized into 42 frequency groups. Within these groups, each
frequency group is comprised of multiple frequencies, referred to as channels. These
frequency groups are then distributed uniformly among the cells, with each sector being
assigned one frequency group. For example, the frequency group G1 is allocated to sector
one of each cochannel cell (i.e., the center cell) in each cluster.

Now, if a user is receiving service from sector S1 of serving cell A while positioned
at the cell boundary, the user will encounter interference signals solely from the
corresponding cochannel sectors of one out of the total six cochannel cells. Consequently,
the resulting carrier-to-interference ratio (C/I) due to cochannel interference can be

calculated using Equation 2.10 [19]:

R™Y

C
7 (6 — sectors) ~ m

(2.10)

Here, the cell radius of each cell is denoted as R, and the distance between the centers of

any two cochannel cells is represented by D. The path loss exponent is symbolized as vy.
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Figure. 2.10 A depiction of signal-to-cochannel interference ratio (C/I) at the mobile
receiver located at the boundary of its 6-sector cell, under the influence of interfering signals from

one cochannel interfering cell.

Figure 2.11 presents a comparison of C/I values under various path loss exponents
for omni cells, three-sector cells, and six-sector cells. The results indicate that six-sector
cells consistently achieve superior C/I level compared to omni cells and three-sector cells
across all path loss exponents. This improvement is attributed to a reduced number of

interfering cells in the case of six-sector cells.
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In Chapter 5, higher-order cell-sectorization strategies, such as nine and twelve

sectors per cell, are explored as means to enhance RF coverage.

40
****** Omnidirectional antenna |
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Figure. 2.11 Illustrate the relationship between the carrier-to-interference ratio (C/I) and
propagation loss factor (), utilizing Equations (2.8), (2.9), and (2.10), in the context of a cluster

that includes omni cells, three-sector cells, and six-sector cells.
2.6 Network Layout
5G cells operating in higher frequency spectrum will provide coverage up to a few
hundred meters, in contrast to several kilometers in 4G networks. This implies that to cover
the same deployment area as a single 4G cell, MNOs will need to deploy hundreds of 5G
cells. When multiple 5G cells are deployed to cover an area, a minimum Inter-Site Distance
(ISD), illustrated in Figure 2.5, must be maintained between neighboring cells [30]. Users

can get more than one dominant receive signal from nearby cell-sites if the minimum ISD
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is not maintained called out of cell interference which can significantly degrade the
network performances. Chapters 3 and 4 of this dissertation outline a fresh technique to
compute 5G cell radius and Inter-Site Distance (ISD) by considering cell site parameters
such as operating frequency, number of sectors per cell, antenna height, transmit power,
and antenna downtilt angle.

To achieve faster 5G deployment, MNOs need to deploy a large number of cells
for coverage of a specific region. This dissertation proposes a method where a group of
cells with three sectors is formed initially, and can be scaled up as per deployment
requirements. The network planning and RF coverage analysis in densely populated urban
areas are emphasized in this dissertation. A hexagonal network layout consisting of 19 cells

(i.e., tier-2), each having three sectors, is used as a test environment, shown in Figure 2.12.

Tier 1 (6 cells)

=" Tier 2 (12 cells)

Figure. 2.12 A 5G network layout consisting of 19 cells, with each cell having three

sectors. [7]
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2.7 Define Transmitter Sites

Three transmitters are associated with each cell, shown in Figure 2.12. Each
transmitter can be designed with a single antenna element or antenna array that contains a
large number of antenna elements (e.g., 256 antenna elements for 30 GHz). Since the 5G
network will use higher frequency bands (i.e., millimeter-wave bands), it is more practical
to integration a large number of antenna elements into a single array (e.g., 32-by-32
rectangular array) with a small form factor. According to IMT-2020 [30], the 5G base
station can have up to 256 antenna elements for 30 GHz operating frequency and 1024
antenna elements for 70 GHz operating frequency.
2.8 Advanced Antenna System Design

2.8.1 Design an Antenna Array

An antenna array (or phased array) is a set of two or more connected antenna
elements which work together as a single antenna to transmit or receive radio waves, shown
in Figure 2.13 [31, 32]. Typically, the single element antenna provides a relatively wide
radiation pattern with low gain (directivity). But, the radiation pattern of an antenna array
is able to provide a narrower beam and can achieve higher gain (or directivity) as required

for long-distance communications [31].
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Figure. 2.13 An 8-by-8 uniform rectangular phased array antenna architecture for 70 GHz

operating frequency

This dissertation uses the base station antenna characteristics defined by the ITU-
R report for 70GHz operating frequency, shown in Table 2.1[30]. Figure 2.14 shows the
3D radiation pattern of a base station (i.e., cell site) with a single antenna element and an

array with 8-by-8 antenna elements for 70 GHz operating frequency.

Table. 2.1 Characteristics of the antenna radiation pattern for a 5G cell. [30]

Parameters Values

Antenna element 9"—90° )
vertical radiation A (0") =—min 12( J ,SLAy |,0s,5 =65°,SLA4;, =30
pattern (dB) 3dB

Antenna element
horizontal radiation Ap y (9")=—min 12(
pattern (dB)

Combining method

for 3D antenna A0, ¢") = —min{—[Agy (0" + Apu(d")], A}
element pattern (dB)

ﬂ

2
J ’Am Y :650’Am =30
Dap
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Figure. 2.14 Simulated 3D radiation pattern of a single rectangular patch antenna element

and an 8-by-8 array comprised of rectangular patch antenna elements

It 1s not necessary, but it is often convenient and more practical to use identical
elements in the array. The radiation pattern of such an antenna array depends on the
following factors [31]:

1. The geometrical configuration (e.g., linear, circular, rectangular, etc.) of the array
2. The relative spacing between the elements

3. The radiation pattern of each element

4. The excitation phase and amplitude of the individual elements

This dissertation considers a uniform rectangular phased array that uses identical
elements and uniform spacing between elements. Since the array antenna provides path
diversity, also called Multiple-Input Multiple-Output (MIMO), the path diversity increases

with the sizes of the array (i.e., number of elements in the array) [31]. The 5G networks
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will use the larger antenna array (~1024 antenna elements) on the transmitter (i.e., cell-
site) and receiver (i.e., mobile phone) to take advantage of the massive MIMO, which will
increase the network reliability [33, 34].

The phased array antenna also allows changing the phase of each element
electronically, which can be used to steer the beam in the desired direction to avoid
interference from a specific direction [32]. This dissertation shows that the Signal-to-
Interference-Plus-Noise-Ratio (SINR) of 5G networks can also be improved by using the
larger array for individual cell-site transmitters.

2.8.2 Antenna Array with Reduced Side Lobes

The vector addition of the radio waves radiated by the individual antenna elements
determines the array's radiation pattern. The radiated waves of each individual element
interfere constructively in one direction that produces a strong beam in one direction called
the main lobe, shown in Figure 2.14 (b). But, all the radiated waves interfering
destructively are canceling out, reducing the powers radiated in other directions. However,
the uniform array (i.e., arrays with uniform spacing between elements) will have a series
of weaker radiated beams at different angles than the main lobe. These are called sidelobes
[31, 32, 35], and they are undesirable in most array applications (shown in Figure 2.14).

Figure 2.15 shows the 3D radiation pattern of an 8-by-8 uniform phased array with
different antenna element spacing (i.e., /4 wavelength, /2 wavelength, and one wavelength)
for 70GHz operating frequency. The main lobe becomes more directive (high gain) as the
element spacing increases. But the number of sidelobes and sidelobes power increases. It

must be reduced to direct the maximum power towards the main lobe.
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Figure. 2.15 3D radiation pattern of an 8-by-8 antenna array composed of rectangular
patch antenna elements, with varying element spacing: (a) element spacing of % wavelength, (b)

element spacing of ’2 wavelength, and (c) element spacing of one wavelength.

Figure 2.16 represents the 3D radiation pattern of a single transmitter with different
array antenna sizes (e.g., 8-by-8 array and 16-by-16 array) for 70 GHz operating frequency.
The antenna radiation becomes more directive (i.e., high gain) as the number of elements
in the antenna array increases. Since the directional gain increases with the size of the
antenna array, it will also increase the peak SINR (signal-to-interference-plus-noise ratio).
Eventually, it will improve the overall network performance.

However, the number of sidelobes and the sidelobes power increases if we increase
the number of antenna elements per array, shown in Figure 2.16 (b) and Figure 2.16 (c),

respectively. These sidelobes power must be reduced before implementing this transmitter

with any base stations.
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Figure. 2.16 3D radiation pattern of a rectangular patch antenna array without amplitude
tapering, with various array sizes: (a) an 8-by-8 array, (b) a 16-by-16 array, and (c) a 32-by-32
array

There are several methods of amplitude tapering (e.g., Dolph-Chebychev, Taylor,
and Binomial) to reduce the sidelobes power, where the array elements are tapered
maximum at the center and minimum at the edges [36, 37]. But, this dissertation uses the
Dolph-Chebychev amplitude tapering method to reduce the side lobe's power discussed in
this section.

Figure 2.16 shows that the largest sidelobes are closer to the main lobe and the
smallest sidelobes are far away from the main lobe. To achieve a minimum sidelobe power
of R dB (e.g., 30 dB), a window can be designed where the sidelobes closer to the main
lobe will be attenuated by R dB (e.g., 30 dB); the sidelobes far away from the main lobe
will be attenuated higher than R dB. This optimum window is known as the Dolph-
Chebyshev window, and it is constructed with the Chebyshev polynomials [31, 32]. The
m'™ Chebyshev polynomial can be calculated by the following Equation 2.11 [32]:

T (X) = cos (m acos (x)) (2.11)

If |x| > 1, the value of acos (x) will be imaginary. Therefore, the Equation (2.11)

can be written in terms of hyperbolic cosines: Tm (X) = cosh (m acosh (x)).
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By setting x = cos 0, or 6 = acos (x), Tm (x) = cos(m6). Now, the cos(m0) can be
expanded as a polynomial in powers of cosf, where the expansion coefficients are the

Chebyshev polynomial, shown below:

Cos (00) =1 To(x)=1

Cos (10) = cos O T1 (x) =x

Cos (20)=2cos? 0 -1 - T2 (x)=2x2-1

Cos (30) =4 cos® 0 - 3 cos O T3 (x) = 4x3 — 3x
Cos (40)=8cos* 0 -8 cos?2 O +1 Ta(x)=8x+-8x2+1

The Chebyshev polynomial has equal ripples when [x| < 1, but it increases like x™
when [x| > 1.
2.8.3 Antenna Array Analysis with Amplitude Tapering
This section shows the following effects of Dolph-Chebychev amplitude tapering
with the 8-by-8, 16-by-16 array, and 32-by-32 array antenna:
» Sidelobes power
* Beamwidth
* Directivity
a) Effect on Sidelobes Power
Figure 2.17 shows the 3D radiation pattern of the uniform phased array antenna
(i.e., 8-by-8, 16-by-16 array, and 32-by-32 array) with Dolph-Chebychev amplitude
tapering. In this simulation, 30 dB amplitude tapering is applied to reduce the sidelobes
power. It is found that the amplitude tapering reduces the sidelobes power significantly for

all arrays.
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Figure. 2.17 3D radiation pattern of a rectangular patch antenna array with amplitude
tapering, varying in size: (a) an 8-by-8 array, (b) a 16-by-16 array, and (c) a 32-by-32 array

To understand the effect of sidelobes power after amplitude tapering, Figure 2.18
shows the normalized power distribution of the array (i.e., 8-by-8, 16-by-16, and 32-by-32
array) with and without the Dolph-Chebychev amplitude tapering. It is found that the
sidelobes' power closer to the main lobe reduced by 30 dB and the other sidelobes far away
from the main lobe reduced more than 30 dB as expected. However, the main lobe
beamwidth gets a little wider for all arrays after the amplitude tapering. It will reduce the

antenna directivity (i.e., gain) for all arrays shown in part (d).
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Figure. 2.18 Normalized power distribution of various arrays, with and without 30dB

amplitude tapering: (a) the response of an 8-by-8 array, (b) the response of an 8-by-8 array with

amplitude tapering, (c) the response of a 16-by-16 array, (d) the response of a 16-by-16 array with

amplitude tapering, (e) the response of a 32-by-32 array, and (f) the response of a 32-by-32 array

with amplitude tapering

b) Effect on Beamwidth

In the antenna radiation pattern, the main lobe is the antenna's main beam, where

maximum energy is radiated by the antenna. The angular separation between the half power
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point (or -3dB) of the main lobe is called the Half Power Beam Width (HPBW), shown in
Figure 2.19 [31]. The beamwidth or HPBW has an inverse relation with the antenna gain
and directivity. For example, if beamwidth increases, the antenna directivity will decrease.
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Figure. 2.19 An illustration of the radiation pattern of an 8-by-8 antenna array, which

displays the half power beam width, main lobe, minor lobes, and grading lobe.

The amplitude tapering greatly impacts all arrays' beamwidth (i.e., 8-by-8, 16-by-
16 array, and 32-by-32 array), shown in Figure 2.18. It is found that the beamwidth of the
8-by-8 array increases by 7.9558°, the 16-by-16 array increases by 3.9116°, and the 32-by-
32 array increases by 0.7558° respectively. Since the beamwidth increase after the

amplitude, tapering will reduce the maximum directivity for all arrays, shown in part (d).
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It is clear that the lower size array (i.e., 8-by-8 array) will be impacted significantly by
amplitude tapering compared to the larger size array (i.e., 32-by-32 Array). Therefore, the
system designer must maximize the size of the array for better beamwidth and maximum
directivity.

However, the beamwidth of the antenna array also depends on the level (e.g., 30
dB or 50 dB) of amplitude tapering. Figure 2.20 shows the normalized power distribution
of the array (i.e., 8-by-8, 16-by-16, and 32-by-32 array) with 30 dB and 50 dB Dolph-
Chebychev amplitude tapering. It is found that the beamwidth increases for all arrays if we
increase the amplitude tapering level from 30 dB to 50 dB, listed in Table 2.2. The
beamwidth of the 8-by-8 array antenna is impacted significantly, and it increases by
11.9337° with 50 dB amplitude tapering compared to 7.95580 with 30 dB amplitude

tapering.
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(a)8 by-8 Array with 30dB Amplltude Tapering (b)8 by-8 Array with 50dB Amplltude Tapering
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Figure. 2.20 Comparison of the normalized power distribution of various arrays with
30dB and 50dB amplitude tapering in contrast to Figure 2.18: (a) the response of an 8-by-8 array
with 30dB amplitude tapering, (b) the response of an 8-by-8 array with 50dB amplitude tapering,
(c) the response of a 16-by-16 array with 30dB amplitude tapering, (d) the response of a 16-by-16

array with 50dB amplitude tapering, (e) the response of a 32-by-32 array with 30dB amplitude

tapering, and (f) the response of a 32-by-32 array with 50dB amplitude tapering.
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Table. 2.2 Half power beam width of uniform phased array antenna with various level of

amplitude tapering.

Antenna array size

HPBW with 0dB

HPBW with 30dB

HPBW with 50dB

Array Antenna

Amplitude tapering | Amplitude tapering | Amplitude tapering
8-by-8 27.8453° 35.8011° 39.7790°
Array Antenna
16-by-16 12.0° 15.9116° 19.8895°
Array Antenna
32-by-32 7.2° 7.9558° 11.9337°

Since the beamwidth increases with increasing amplitude tapering, the maximum

directivity will also reduce significantly, shown in part (d). Therefore, the system designer

must find an optimum amplitude tapering value level that minimizes the side lobes power

but provides better beamwidth and maximum directivity. This dissertation uses 30 dB

amplitude tapering for the uniform phased array.

c) Effect on Directivity

The results presented in Figure 2.20 show that amplitude tapering significantly

reduces the sidelobe power for all arrays. However, as shown in Table 2.2, the half power

beamwidth increases with varying levels of amplitude tapering. This causes a decrease in

the antenna directivity for all arrays, as shown in Table 2.3. The 8-by-8 uniform phased

array experiences a directivity loss of 1.73 dBi, the 16-by-16 array experiences a loss of

1.43 dBi, and the 32-by-32 array experiences a loss of 1.2 dBi after amplitude tapering.
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The largest size array, the 32-by-32 array, achieves the maximum directivity of 33.97 dBi.
Therefore, it is recommended that system designers use the maximum size array for each
transmitter to achieve optimal results.

In addition, the directivity of the antenna array also depends on the level (e.g., 30
dB or 50 dB) of amplitude tapering, listed in Table 2.3. It is found that the directivity
decreases for all arrays if we increase the amplitude tapering from 30 dB to 50 dB. For
example, the directivity of an 8-by-8 array antenna reduces by 1.73 dBi for 30 dB amplitude
tapering and 3.17 dBi for 50 dB amplitude tapering. Therefore, the system designer must
find an optimum amplitude tapering level that reduces the side lobes power but provides

better beamwidth and maximum directivity.

Table. 2.3 Maximum directivity of the array antenna with different levels of amplitude tapering.

Tapering 8-by-8 Array 16-by-16 Array 32-by-32 array

Level Maximum Directivity | Maximum Directivity | Maximum Directivity
0dB 23.45 dBi 29.25 dB1 35.17 dBi
30dB 21.72 dBi 27.82 dB1 33.97 dBi
50 dB 20.28 dBi 25.95 dB1 32.01 dBi

In summary, the amplitude tapering significantly reduces sidelobes power and
directs the maximum power towards the main lobe regardless of small directivity loss for
all arrays (i.e., 8-by-8, 16-by-16, and 32-by-32 array). Therefore, it will reduce

interferences (i.e., out-of-cell or intercell interference) and improve network performance.
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2.9 Propagation modeling
The radiated energy of the transmitter spreads over the surface of a sphere as it

propagates from the transmitter to the receiver and the total signal attenuation depends on
a variety of factors. Some key factors are listed below [11, 38]:

* Operating frequency (e.g., 30 GHz, 70 GHz, etc.)

» Distance between transmitter and receiver

» Cell site location (i.e., indoor or outdoor)

* Propagation environment (e.g., rural, urban, dense urban, etc.)

* Actual terrain (e.g., open, forest, sea, etc.)

* Atmospheric conditions (e.g., rainfall, fog, and clouds, etc.)

* Antenna height (e.g., transmitter height and receiver height)

A propagation model is a mathematical equation that describes the behavior of the
signal as it propagates from the transmitter to the receiver in a communication link. Such
a model can be used to estimate the maximum path loss from the transmitter to the receiver
and thus provide an estimate of the maximum cell range [11, 38]. The Friis transmission
formula is used to calculate received signal power under ideal conditions for a transmitter
and a receiver separated by a specific distance [39]. However, additional losses are
experienced in any wireless communication links, which can be integrated into Friis
transmission formula, as demonstrated in the Equation (2.12):

P — Pry Grx Gpx 2.12)
R Lyx Lpx Lpoy Lps Lg L Lg Ly

Where Prx is the received signal power, expressed in dBm, while Prx signifies the transmit

signal power, also expressed in dBm. The receiver and transmitter antenna gains are
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represented by Grx and Grx, respectively; both are expressed in dBi units. Ltx and Lrx (in
dB) account for losses associated with the transmitter and receiver antennas, including
factors like cable loss, feeder, and connector loss. Additionally, Lroi quantifies losses
attributed to polarization mismatch and expressed in dB. Moreover, Lrs characterizes free
space path loss, Lr pertains to path loss due to rain, Lc accounts for path loss due to cloud
or fog, and Lgrepresents the path loss due to gaseous atmospheric; all are expressed in dB.
All other types of losses (e.g., fading margin, body loss, etc) are represented by the single
parameter Lm, expressed in dB. This section provides and overview of propagation
modeling basics for the 5G network.
2.9.1 Free Space Propagation Modelling

In optimal propagation conditions, the signal travels through free space with a clear
line of sight between the transmitter and receiver, without any barriers that could absorb or
reflect the signal. In this scenario, the energy radiated from the transmitter spreads over a
sphere centered on the transmitting antenna, and only a portion of this energy is captured
by the receiving antenna. The energy that is not captured by the receiving antenna is treated
as a loss term in the propagation model. This type of signal attenuation is called ‘free-space
path loss’ and is determined as shown in Equation (1.2). Figure 2.21 illustrates the total
free space path loss for various operating frequencies, which increases as the frequency
increases. Furthermore, if the signal must travel a greater distance, the total attenuation also
increases according to that distance squared. For instance, if we extend the cell range for a
70GHz frequency from 100m to 600m, the propagation loss will increase by 15.6dB.

Therefore, 5G networks restrict the cell range to a few hundred meters to ensure strong
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signal strength throughout the deployment area instead of several kilometers for the 4G

networks.
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Figure. 2.21 RF signal attenuation in free space as a function of operating frequency

obtained using Equation (1.2) for cell ranges of 100m, 600m, and 1200m.

2.9.2 RF Signal Attenuation Due to Rainfall
RF signals experience attenuation when propagation occurs in the presence of
rainfall. The total RF signal attenuation due to rainfall can be calculated by ITU rainfall
model Recommendation ITU-R P.838-3, shown in Equation (2.13) [40]. This specific
attenuation model is valid for frequencies from 1-1000 GHz.

Lr = detr k R* (2.13)
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Where R is the rain rate in mm/hr. The parameter k and a are determined experimentally
and depend on frequency, polarization state, and elevation angle of the signal path, as
shown in Table 5 of reference [40]. The parameter defr is the effective propagation distance
and is equal to the geometric distance, d, multiplied by a scaling factor, r, that is given by
Equation (2.14) [40, 41]. In this equation, the parameter f represents the operating

frequency.

1
"= 0.477d0633R0073a£0125 — 10 579(1 — exp(—0.024d))

(2.14)

Figure 2.22 shows the total RF signal attenuation due to rainfall versus operating frequency
for propagation path length of 100m and differing rainfall rates of Imm/hr, 6mm/hr,
20mm/hr, 50mm/hr, and 100mm/hr. Here we see that the signal attenuation increases with
increasing the operating frequency. The signal attenuation also increases if the rainfall
increases from light rain (i.e., rainfall=1 mm/hr) to heavy rain (i.e., rainfall=50 mm/hr).
However, the total attenuation due to rainfall remains relatively low for all millimeter-wave
frequencies. For example, for an operating frequency of 70 GHz operating in violent
rainfall (i.e., rainfall = 100mm/hr) scenario, the signal experience attenuation of
approximately 7.592dB. This amount of loss can be easily overcome through increased

transmit power. This idea is discussed in greater detail in section 2.9.9.
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Figure. 2.22 RF signal attenuation at various operating frequencies for a 100m
propagation path obtained using Equation (2.13) for the rainfall rates of 1 mm/hr, 6 mm/hr, 20

mm/hr, 50 mm/hr, and 100 mm/hr
RF signal attenuation due to rainfall greatly depends on the propagation path length,
shown in Figure 2.23. Total signal attenuation due to rainfall increases significantly if the
path length increases from 100m to 300m or 1000m. However, if we limit the 5G cell site
radius to 100 m, the total signal attenuation can be below 8 dB for the heavy rainfall.
Therefore, the system designer must use the average rainfall rate for any deployment area

to estimate the signal loss in the worst-case scenario (i.e., heavy/violent rainfall).
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Figure. 2.23 RF signal attenuation over distance for 70 GHz operating frequency obtained

using Equation (2.13) for the rainfall rates of 6 mm/hr, 50 mm/hr, and 100 mm/hr

2.9.3 RF Signal Attenuation Due to Fog and Clouds

Fog and clouds represent the same atmospheric phenomenon, differentiated only
by height above the ground. Both effects induce attenuation in propagating RF signals.
The total signal attenuation can be calculated by the ITU model (Recommendation ITU-R

P.840-6), shown in Equation (2.15) [25].
L.=Ki(ff MR (2.15)
Where M is the liquid water density in gm/m> and R represents the propagation
path length. The quantity Ki(f) is the specific attenuation coefficient and depends on the

operating frequency. This attenuation model is valid for frequencies in the range 10-
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100GHz and can be used to account for the effects of both fog and clouds, depending on

the height above the ground [25].
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Figure. 2.24 RF signal attenuation at different operating frequencies obtained using

Equation (2.15) for light fog, moderate fog, and thick fog

Figure 2.24 shows the total signal attenuation due to various densities of fog (i.e.,
light fog to thick fog) for a 100m propagation path at different operating frequencies. It is
found that the signal attenuation increases with the operating frequency and the fog
densities (i.e., liquid water density is 0.05g/m? for light fog and 0.5 g/m? for thick fog).
However, the total signal attenuation is lower than 0.25 dB even in the dense fog scenario
and at an operating frequency of 70 GHz because of the relatively short propagation path

length (i.e., cell radius is 100m).
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2.9.4 RF Signal Attenuation Due to Atmospheric Gas

Even in clear skies with no wind and not rain, fog, or other effects already
discussed, RF signals experience attenuation in the atmosphere due to a variety of small
particles that are present. This phenomena is primarily due to adsorption by water vapor,
molecules of oxygen, and other gaseous atmospheric constituents [42]. Total RF signal
attenuation due to the combination of oxygen and water vapor can be estimated by the
International Telecommunication Union (ITU) atmospheric gas attenuation model ITU-R
P.676-13 [43, 44]; this attenuation model is valid for operating frequencies from 1-1000
GHz. The total RF signal attenuation due to these gaseous constituents is given by Equation

(2.16) [44].

Y = Vot Y = 01820 f (Nprygen(F) + Niyarervapor(f))  dB/km (2.16)

Where 7o is the specific attenuation (dB/km) due to dry air (oxygen, pressure-induced
nitrogen attenuation above 100 GHz, and non-resonant Debye attenuation of oxygen below
10GHz), and yw is the specific attenuation (dB/km) due to water vapor. The operating
frequency is represented by f (GHz). Additionally, N "oxgen( f) and N "watervapour f°)
represents the imaginary components of the frequency-dependent complex refractivities

computed using Equation (2.17) and (2.18), respectively.
N(;xygen(f) = Zi(Oxygen) SiF; + N; ) (2.17)

NI'/'I/aterVapor(f) = Zi(WaterVapor) SiFi (2-18)
Where Si stands for the line strength of oxygen or water vapor, and Fi represents the line

shape factor for oxygen or water vapor, as defined in Equation (2.19) and (2.21).
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Furthermore, Np(f) represents the dry continuum resulting from pressure-induced

nitrogen absorption and the Debye spectrum as described by Equation (2.19).

300 ]

S;=a; x1077 (32—0) exp [az(l — (—)) (for oxygen) (2.19)

_, (300y%% 300
=b, X 10 (T) exp [bz(l - (T))] w (for water vapor)

Where T is the operating temperature (kelvin), and P is the dry air pressure (hPa). The
oxygen and water vapor dependent parameters (e.g., ai, a2, bi, and b2) as functions of
frequency is listed in Table 1 and Table 2 of ITU model ITU-R P.676-13 [44]. Moreover,

W is related to the water vapor density (p) given by Equation (2.20):
w=-t" (2.20)

The line shape factor is given by:

_f lAf § (fi-f) N Af -6 (fi+f)
(fi- )+ Af? (fi + )2 +4f?

2.21)

Where fi is the oxygen or water vapor line frequency. The width of the line is represented

by Af and computed by Equation (2.22).

300, (8- 300
Af=a; x 1074 <p (T) +11W (T) ) (for oxygen) (2.22)
_ 300\ 3002
=by;x107* (p (T) + bs W (T) for water vapor)

0 is a correction factor that arises due to interference effects in oxygen lines and

calculated by Equation (2.23):
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0.8
§ = (as + a6(3—;)f))) x107*(p + e)(%) (for oxygen) (2.23)

=0 (for water vapor)
The dry air continuum results from the non-resonant Debye spectrum of oxygen below 10

GHz and pressure-induced nitrogen attenuation above 100 GHz given by Equation (2.24):

1, 300 ]
614 x 105 1.4 x10712p( )L

[1 n <f)zl TR 10—?1.5 | (2.24)

" 300
M) =fp |
ld

Where d is the width parameter for the Debye spectrum as described in Equation (2.25):

d

300 8
d=56x10"*(p + e)(T) (2.25)

Figure 2.25 shows the RF signal attenuation due to gaseous atmospheric
constituents as a function of frequency. In the simulation, the propagation path length is
considered as 100 m (i.e., 5G cell-site range) and the atmospheric pressure is 101300.0 Pa.
This figure shows several prominent attenuation peaks that occur at specific frequencies,
coinciding with the resonant frequencies of the individual gaseous molecules contained in
the atmosphere. Total attenuation due to gaseous constituents increases as humidity
increases. For example, the water vapor density for dry air is 0 g/m® where the signal
attenuation is lowest for all frequencies. Still, attenuation increases significantly with

increasing water vapor density (e.g., 30 g/m?).
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Figure. 2.25 RF signal attenuation at different operating frequencies with a 100m cell

radius obtained using Equations (2.16) and (2.17) for the water vapor density of 0 g/m? (i.e., dry

air) and 30 g/m® (i.e., humid air)

Gaseous atmospheric attenuation also significantly varies with propagation path

length. Figure 2.26 shows the gaseous atmospheric attenuation over propagation path

length for 70 GHz operating frequency. It shows that the total attenuation will not be

significant (i.e., below 0.2 dB) if we limit the 5G cell site radius to 100m.

51



1.8 , { {

Water vapor density = 7.5 g/m3
1.6 |——— Water vapor density = 30 g/m3 -

o - =
o) - [N} EN
I I I I
1 1 1 1

Attenuation (dB)

o
o
I
1

o
~
I

.
....
een®
aee®
..
.....
eee”

02r

0 100 200 300 400 500 600 700 800 900 1000
Propagation path length (m)

Figure. 2.26 RF signal attenuation over propagation path length at 70GHz operating
frequency obtained using Equations (2.16) and (2.17) for the water vapor density of 0 g/m3 (i.e.,
dry air), 7.5 g/m3, and 30 g/m3 (i.e., humid air)
2.9.5 Total RF Propagation Loss
According to the above discussion, the millimeter-wave signal will not only suffer
free space propagation loss but the signal quality will also be adversely impacted by the
real-time atmosphere in the deployment area. For example, the signal strength will be
impacted by heavy rain, thick fog, and high-water vapor density in the air (i.e., high
humidity) as well as other gaseous constituents in the air. Therefore, the total propagation
path loss is given by Equation (2.26).
Liow (dB) = Lgs (dB) + L, (dB) + L (dB) + L, (dB) (2.26)

52



Where, Lks is the free space path loss, L:is the path loss due to rain, Lc is the path loss due
to cloud/fog, and Lg s the path loss for gaseous atmospheric constituents.

Figure 2.27 compares RF signal attenuation in an ideal free space propagation
condition versus a realistic propagation environment including atmospheric impairments
(e.g., rainfall, thick fog, humidity, etc.). The simulation parameters are listed in Table 2.4.
The results depicted in Figure 2.27 illustrate a total signal attenuation increase of 7.885 dB
at an operating frequency of 70 GHz when considering atmospheric factors such as heavy

rainfall, thick fog, and high humidity.

Table. 2.4 Simulation parameters to calculate total propagation loss

Propagation path length 100 m
Rainfall rate 100 mm/hr
Cloud liquid water density 0.5 g/m’
Temperature 20°C
Atmospheric pressure 101300.0 Pa
Water vapor density 30 g/m’
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Figure. 2.27 Total signal attenuation at various operating frequencies obtained using

Equation (2.13) for the free space and realistic propagation environment

In addition, total signal attenuation not only increases with the operating frequency
but also increases significantly with propagation path length, as shown in Figure 2.28. This
figure illustrates that for an operating frequency of 70 GHz, the signal attenuation increases
by approximately 14 dB when path length increases from 100m to 200m. In order to
achieve an acceptable receive signal level of at least -70 dBm throughout the deployment
area, identification of ideal path length (i.e., cell radius) for each frequency spectrum (e.g.,

30 GHz, 70 GHz, etc.) will be of utmost importance.
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Figure. 2.28 Received signal attenuation (dB) at various operating frequencies (GHz)

obtained using Equation (2.26) for the path length of 100m, 200m, and 400m

2.9.6 Signal Power Losses Associated with Transmitting and Receiving Antenna

In addition to the RF signal attenuation caused by the propagation medium between
transmitter and receiver antennas, there are additional factors that result in RF signal losses
associated with the transmitting and receiving antennas. This section illustrates the
common sources of RF signal losses related to these antennas.

a) Feeder Loss / Cable Loss

Figure 2.29 provides an illustration of a typical 5G cell-site, emphasizing the RF

cable connections between the antenna and the cell-site equipment. As the RF signal travels

through the cable, a portion of the energy is absorbed by the cable known as feeder loss /
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cable loss [45]. The total signal loss depends on factors such as the material properties of
the cable, cable length, and operating frequency. The signal loss increases with both cable
length and higher operating frequencies [46]. To minimize feeder loss, 5G network
operator require high-quality RF cables (i.e., low loss cable) and should aim to reduce the
cable length. In addition, routine monitoring and maintenance of these cables are essential

to ensure optimal network performance.

Antenna —

Cable Clamps—

Main RF Cable —»
Connector

Jumper Cable

Cell-Site
Equipment

Cell-Site

Figure. 2.29 A visual representation of the antenna feeder cable system in a 5G cell-site

b) Connector Loss
Various RF connectors are essential for establishing the link between the antenna
and the cell-site equipment via RF cables, as depicted in Figure 2.29. As the RF signal
travels through the cable, some of its energy is absorbed by these connectors, resulting in

what is termed "connector loss." Improperly installed connectors can notably amplify
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signal loss. To minimize connector loss, it's imperative to maintain connectors in good
condition and tighten them to the correct torque value. Given that connectors can
deteriorate over time due to weather conditions, regular maintenance and monitoring are
necessary to uphold optimal performance.
c) Impedance Mismatch-Induced Loss

Typically, both the RF cable and antenna are designed to adhere to a standard
impedance of 50 ohms [45]. Maintaining this matching impedance is essential to facilitate
maximum power transfer to the antenna, enabling to emit a strong signal. When an
impedance mismatch occurs, it can result in RF reflections, causing a portion of the RF
power to reflected back towards the cell-site equipment. These reflections can lead to a loss
of efficiency and degrade signal quality in the system. To ensure optimal performance, it's
important to measure both cable loss and the magnitude of RF reflections to identify and
rectify any impedance mismatches within the cable and antenna system.

d) Polarization Mismatch-Induced Loss

The orientation of the radiated electric fields from the antenna is referred to as the
polarization of the antenna. In wireless communication, antennas are typically designed to
transmit and receive signals with a specific polarization. When the polarization of the
transmitted signal differs significantly from the polarization of the receiving antenna, it
results in what's known as polarization mismatch [31, 47]. This mismatch leads to a
decrease in received signal power, as the antenna becomes less efficient at capturing signals
with a different polarization.

Polarization of signals can change unpredictably in dense urban environments due

to dynamic shifts user device orientation, signal reflections, and multipath propagation
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[48]. To mitigate such losses, 5G networks may utilize antennas with adjustable
polarization or employ advanced polarization diversity techniques. Reference [48]
illustrates a cell site antenna array with tunable polarization to minimize polarization
mismatch.
e) Antenna Efficiency

As per the standard definition, antenna efficiency represents the ratio of power
supplied to the antenna in comparison to the power emitted by the antenna [49]. Antenna
efficiency decreases when the antenna cannot effectively convert received electrical signals
into radiated electromagnetic waves or when it fails to capture incoming signals efficiently.
The efficiency of an antenna is influenced by various factors, including its design and the
quality of its materials. Inefficient antennas can cause a portion of the transmitted or
received signal to be lost or wasted, resulting in reduced overall wireless communication
system performance. To minimize losses due to antenna efficiency in 5G networks,
network designers must choose and deploy high-quality antennas suitable for the required
operating frequencies [50]. Additionally, regular antenna maintenance and monitoring are
crucial to ensure they consistently operate at peak efficiency levels.

f) Body Loss

When the RF signal traverse through human body, it encounters signal attenuation
due to absorption, scattering, and reflection, commonly referred to as body loss [51]. The
total attenuation contingent on several factors such as the operating frequency of the signal,
the composition and density of the object, and the distance between the transmitter and

receiver antennas [51-53].
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In LTE networks, a standard estimation for body loss is approximately 3dB [54].
Conversely, in the case of mmWave signals, there's minimal penetration but significant
reflection and scattering due to the exceptionally small wavelength compared to the human
body, resulting in substantial signal losses. Reference [55] demonstrates an average body
loss of approximately 8.5 dB for measurements conducted at 28 GHz. However, it can
escalate to as much as 25-30 dB for an individual at 60 GHz, as illustrated in [56].

Body loss can profoundly impact the performance of 5G networks, particularly
when devices are placed close to users’ bodies [51, 53, 56]. Network designers must
account for body loss effects when planning and optimizing 5G network deployment to
ensure that users receive a robust signal, even in challenging environment.

2.9.7 RF Link Budget Analysis

RF link budget is a mathematical equation that describes all power gain and loss
experienced by the RF signal when propagating from transmitter to receiver along a
communication link. This analysis is used to calculate the total power presented to the
receiver. A typical RF link budget is shown in Equation (2.27) [11, 28, 38]:

Prx = Prx + Grx — Ltx — Lrs — Lm + Grx - Lrx (2.27)
Where the Prx is the receive signal power (dBm), and Prx is the transmitted signal power
(dBm). The transmitter and receiver antenna gains are represented by Grx and Grx,
respectively; both are expressed in dBi. Ltx and Lrx represent the transmitter and receiver
associated losses (e.g., cable loss, feeder, and connector loss, etc.), respectively and are
expressed in dB. Lrs is the free space path loss between the transmitter and receiver. All
other losses (e.g., atmospheric loss, fading margin, body loss, polarization mismatch, etc)

are represented by the single parameter Lm, expressed in dB.
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2.9.8 Signal-to-Noise Ratio (SNR)

Signal-to-Noise Ratio (SNR) is a critical parameter in wireless communication
systems and represents the ratio of the received signal power to the noise power (i.e.,
external and internal system noise power) at the receiver. Equation (2.28) demonstrates the
ratio of the signal power and thermal noise power in linear form [57]:

PSignal — PRX
PNoise k Ts Bw

(2.28)

Where Prx denotes the received signal power, measured in watts. The Boltzmann constant
is represented as k = 1.38 x 102 Joules/Kelvin. The effective system noise temperature,
Ts, is measured in °Kelvin, and the system bandwidth, Bw, is measured in Hertz.
Additionally, the system noise power at the receiver can be approximated at room
temperature (i.e.,300 Kelvin) in dBm, shown in Equation (2.29):
Ppoise(dBm) = 10log,o(k Ts B,,) = 10log,o(B,) dB —173.8dBm (2.29)
Therefore, the Signal-to-Noise Ratio is represented in decibel, as depicted in
Equation (2.30):
SNR (dB) = 10log,((Prx) dB — (10log;c(B,,) dB —173.8dBm)  (2.30)
In wireless communication, SNR is used to measure the quality of the received
signal and is typically expressed in decibels (dB). A higher SNR indicates a stronger, more
reliable received signal relative to the noise, which leads to better communication quality.
Conversely, a lower SNR implies that the received signal is weaker and could be more
susceptible to errors and degradation in quality. Once the antenna parameters (i.e., gain and

losses) are known, the transmit power can be adjusted to overcome the total losses and
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meet the required SNR [38]. This dissertation uses the 5G network specifications of IMT-
2020 for 70 GHz operating frequency [30].
2.9.9 Calculate Required Transmit Power
Once the minimum required SNR value is determined from the 5G network
specification (i.e., IMT 2020 [30]), the required receive signal threshold can be calculated
for a certain propagation path length by using Equation (2.28). Finally, the required

transmit power can be calculated by Equation (2.27).
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Figure. 2.30 The relationship between transmit signal power and received signal power

obtained using Equation (2.27) for the operating frequency of 30GHz and 70GHz

Figure 2.30 shows the required transmit power versus the expected received power
threshold for the 30 GHz and 70 GHz operating frequencies. The parameters used to

generate this figure are listed in Table 2.5. From this figure we can deduce that the received
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signal power is improved by increasing transmit power and that higher frequency signals
require more transmit power to maintain a minimum received signal power threshold due
to propagation loss. Therefore, the optimum transmitted power can be calculated for each
cell site if the total propagation loss is estimated and the received power threshold is known

from the specification (i.e., IMT 2020 [30]).

Table. 2.5 Simulation parameters to determine the required transmit power for strong signal

coverage across the deployment area

Parameters Values
Operating frequency 30 GHz and 70 GHz
Propagation path length 100 m
Rainfall rate 50 mm/hr
Cloud liquid water density 0.5 g/m’
Temperature 20°C
Atmospheric pressure 101300.0 Pa
Water vapor density 30 g/m’
Transmit power 40 dBm
Transmitter antenna gain 10 dBi
Receiver antenna gain 8 dBi
Transmitter cable loss 3 dB/100m
Receiver cable loss 0.2dB

2.9.10 Literature Review for RF Propagation Modeling Candidates of 5G
Several empirical propagation models (e.g., Okumura-Hata Propagation Model for

rural, suburban, urban, and dense urban, etc.) are widely used for the 4G network planning
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[58-60]. Although these empirical models do not perfectly predict absorption, their
accuracy are sufficiently high to be appropriate for initial coverage planning and analysis.
Other models have been development, such as WINNER II [61] and
3rdGenerationPartnership Project (3GPP) [62] propagation models are well-known and
widely used in industry due to diversity of deployment scenario (e.g., indoor office,
shopping mall, and outdoor, etc.) [63]. However, these models are only applicable for
operating frequencies below 6 GHz. For the same reason, all empirical models currently
used in 4G networks can not be used for the millimeter wave spectrum (e.g., 70 GHz).

A number of measurement campaigns and channel modeling efforts have been
conducted worldwide, such as by Nokia [64], Samsung [65, 66], and Kyro et al. from Aalto
University [67]. Extensive measurements were carried out for indoor and outdoor channel
measurement for 28, 38, 60, and 73 GHz operating frequencies [68-70]. 3GPP also releases
traditional measurement-based statistical channel models applicable for frequencies 0.5 to
100 GHz [63, 71].

Three candidate propagation models for millimeter-wave spectra have shown
promise for high accuracy. These models are the Alpha—Beta—Gamma (ABG) model [72],
the Close-In (CI) free-space reference distance model [72], and the CI model with a
frequency-weighted path loss exponent (CIF) [72, 73]. While these models have
demonstrated accurate results under certain conditions, their accuracy greatly varies with
operating frequency, propagation path length, and certain deployment scenarios. The
authors in [73] show that all three models under-predict path loss when closer to the cell

site and overpredict the path loss far from the cell site. It is also demonstrated that the CI
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propagation model, as shown in Equation (2.31) [74], exhibits higher accuracy for outdoor

environments. [74]:

PLEI(f,d)[dB] = FSPL(f, dy)[dB] + 10nlogy, (dio) + XS, whered > d, (2.31)

Where f'is the operating frequency, d is the propagation path length, do is the close-in free
space reference distance (i.e., 1 m), n is the path loss exponent, FSPL (f, do) denotes the
free space path loss, and X&' is the zero-mean Gaussian random variable with a standard
deviation ¢ in dB.
2.10 Define 5G cell site radius

The cell site radius is defined by the maximum distance from the cell site to the
user at which the user receives a signal that meets the minimum SNR requirement and, as
shown in Figure 2.1. The cell signal strength is typically reported in terms of Reference
Signal Received Power (RSRP), measured in dBm [75]. The typical cell signal strength
ranges from -60dBm (i.e., very strong signal) to -100dBm (i.e., extremely poor signal) [76].
For 3G and 4G networks, the desired cell signal strength throughout the deployment area
was -70 dBm.

A robust cell signal results in a significantly higher signal-to-noise ratio, ensuring
a superior network connection for users, as discussed in section 2.9.8. For instance, if the
received signal level is -70dBm and the cell experiences a background noise level of -
90dBm (i.e., low-level noise), the resulting signal-to-noise ratio will be much higher (i.e.,
(-70dBm) - (-90dBm) = 20dBm) [77]. It will favor the cell signal over noise and provide a
better-quality network connection for the user. Conversely, when the cell signal strength is
very weak (e.g., -85dBm) with a background noise level of -90dBm, the resulting signal-

to-noise ratio is much lower (i.e., (-85dBm) - (-90dBm) = 5dBm). Consequently,
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recovering the signal and sustaining traffic becomes challenging with such a feeble cell
signal (e.g., -85dBm). Users may even experience signal outages due to a poor cell signal,
significantly diminishing signal reliability.

The signal power attenuates as it propagates from the transmitter (i.e., 5G cell)
towards the receiver (i.e., user), as described by Equation (2.27). Figure 2.31 displays
received signal power at varying path lengths of 100m, 200m, 300m, and 400m, as a
function of operating frequency, based on the parameters listed in table 2.5. Here we see
that the received signal power of a 70 GHz operating frequency is attenuated by
approximately 10.87 dBm with an increase in distance from 100m to 200m, although the
received power in both cases is still acceptably strong (i.e., greater than -70 dBm).
However, the signal attenuates an additional 8.38 dBm when increasing the distance further
to 300m, and leads to a weak signal (i.e., less than -70 dBm). To maintain a strong signal
throughout the deployment area, the 5G cell radius for 70GHz operating frequency can be
close to 200m, and it must be less than 300m to avoid a weak signal.

Figure 2.31 also shows that the received signal power is strong (i.e., higher than -
70dBm) with a 400m cell radius for 30GHz operating frequency but very weak for 70GHz
operating frequency. Therefore, the cell radius will not be constant for 5G in different
frequency spectrums (i.e., 6GHz, 30GHz, ant 70GHz, etc.). The MNOs must identify the

appropriate cell radius for a specific operating frequency in a deployment area.
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Figure. 2.31 Received signal power (dBm) at various operating frequencies (GHz)

obtained using Equation (2.27) for the cell radius of 100m, 200m, 300m, and 400m
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CHAPTER 3

RF COVERAGE SIMULATION AND ANALYSIS

3.1 Introduction

Free-space propagation loss increases with frequency, as described in section 2.9.1.
At millimeter-wave frequencies in the vicinity of 70 GHz this loss mechanism combines
with the very short wavelength to lead to increased adverse effects of signal blockage. To
mitigate these concerns and achieve optimal network performance at high frequency bands,
a direct line of sight connection between the user (e.g., mobile phone handset) and cell site
is needed [69, 70, 73]. This need for line of sight coverage leads to significant challenges
in the design of 5G cell sites, especially in a dense urban environment. To estimate the
coverage of the 5G network operating at millimeter-wave frequencies, this dissertation
employs the free space propagation model described in Chapter 2, with special
consideration given to line of sight coverage in the determination of candidate cell sites.
This chapter presents simulation results of millimeter-wave coverage using the traditional
three sector cells and discusses ways to optimize RF coverage for these networks. Options
that are discussed include the use of advanced antenna arrays, optimum antenna downtilt
angle and height, and appropriate operating frequency.
3.2 RF Coverage Simulation Tool and Configuration of Simulation Parameters

3.2.1 Embracing RF Coverage Simulation Tool

Mobile operators can unlock substantial cost savings by adopting more advanced

Radio Access Network (RAN) planning tools during the deployment of new networks [78].

A report by Infovista, a software company, highlights the potential for accurate RAN
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planning to reduce a nationwide operator's capital expenditure costs by $2 billion over a
10-year period [79].

Over the years, numerous RAN planning tools have been developed by different
telecommunications companies. Among these tools, several are widely recognized for their
support of mmWave frequency, including Planet (developed by Infovista) [80], Atoll
(developed by Forsk) [81], and ASSET Radio (developed by TEOCO) [82]. These tools
offer comprehensive support for multi-technology wireless networks, spanning GSM,
UMTS, LTE, 5G, and more, all within a single project. Their popularity in RF coverage
planning stems from their ability to provide up-to-date terrain profiles, encompassing
surface elevation, buildings, trees, roads, and more, for precise RF coverage estimations.

However, these tools may have limitations when it comes to accommodating new
propagation modeling techniques. For instance, Atoll employs Aster propagation
modeling, while Planet leverages an Al-driven 3D propagation model. Designers using
these tools may find themselves constrained in terms of incorporating new antennas outside
of the tools' predefined selections. As these tools are typically developed around existing
wireless network standards (e.g., GSM, UMTS, LTE), their suitability for emerging
networks like 5G in the mmWave spectrum can be limited, offering little room for
designers to integrate new design elements, such as custom propagation modeling or
unconventional antennas.

In contrast, MATLAB provides an open platform for designers, granting them the
flexibility to create antennas tailored to their specific needs and implement their own
propagation models for RF coverage estimation. However, the accuracy of RF coverage

estimates in MATLAB heavily relies on access to updated terrain profiles for the desired
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geographical area. These profiles must encompass crucial data, including surface elevation,
new buildings, trees, and roads.

It's worth noting that the RF coverage simulations presented in Chapters 3 and 4 in
this dissertation employ a free terrain profile from Google Earth, which does not account
for the impact of buildings and trees. In Chapter 5, the simulations use a terrain profile
from OpenStreetMap [83], incorporating data on buildings and trees for more precise signal
strength measurements.

For the RF coverage simulations throughout Chapters 3, 4, and 5, this dissertation
leverages MATLAB in conjunction with Communications Toolbox, Antenna Toolbox, and
Phased Array System Toolbox, offering a versatile and customizable platform for in-depth
analysis. It's noteworthy that the University of North Dakota offers licenses for MATLAB
along with these supplementary toolboxes. However, it should be noted that subscriptions
for the RAN planning tools mentioned earlier come with a substantial cost.

3.2.2 Parameters Configuration for RF Coverage Simulations

This dissertation follows the IMT-2020 guidelines [30] for 5G network planning,
which encompass critical antenna-related parameter configurations. These parameters
encompass operating frequency, bandwidth, single antenna radiation pattern, transmit
power, cell site, receiver antenna height above ground, antenna gain, noise figure, inter-
site distance, and more. Table 3.1 provides a comprehensive overview of the essential
simulation parameters employed for the RF coverage simulations presented in this chapter.

To illustrate realistic simulation scenarios, lowa State University serves as the
designated deployment area. Throughout Chapters 3, 4, and 5, all RF coverage simulations

rely on the total loss Equation (2.26), as developed in section 2.9, to estimate the overall
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signal attenuation across the deployment area. As an example, these simulations assume
specific environmental conditions, including moderate rain (with a rainfall rate of 50
mm/hr), moderate fog (with a liquid water density of 0.25 g/m3), and humid air (with a
water vapor density of 155 g/m3). These factors are considered in addition to the free space

propagation loss when calculating the total signal attenuation.

Table. 3.1 The parameters employed for simulating RF coverage and computing Signal-to-

Interference-plus-Noise-Ratio (SINR) values in the simulation

Parameters Values
Operating Frequency 70 GHz
Bandwidth 80 MHz
BS Antenna height (above ground level) 25m
BS Transmit power 40 dBm
BS Antenna gain 10 dBi
BS Antenna noise figure 7 dB
Receiver height (above ground level) 1.5m
Receiver noise figure 7 dB
Receiver gain 8 dBi
BS Antenna downtilt 15°
Inter-site distance 400 m
Individual cell site radius 200 m
No. of cell sites 7
No. of sectors per cell 3
Cell sector angles 30°, 150°, and 270°
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3.3 RF Coverage Simulations: Employing Single Antenna Element in Every Sector

Figure 3.1 depicts the results of RF coverage and signal strength simulations for a
cluster of seven cells. To illustrate, the central cell is situated behind the Stanton Memorial
Carillon at Iowa State University. The hexagonal shapes surrounding each cell approximate
the respective cell boundaries. It's crucial to emphasize that the simulation results presented
in the following sections of this chapter rely on a terrain profile obtained from Google
Earth. This profile, however, does not account for the influence of buildings and trees
within the deployment area.

The simulation outcomes reveal robust signal strength of approximately -50 dBm
in areas proximate to each cell and in the direction of their respective sectors. However, a
significant portion of the deployment area experiences weak signal strength, registering

below -70 dBm.

Center Cell
Boundary

Figure 3.1 A map of RF coverage and signal strength for a collection of seven cell sites.

Each site is equipped with three sectors, each with one antenna element.
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To assess the impact of interfering signals across the entire deployment area (i.e.,
same as Figure 3.1), Figure 3.2 provides RF coverage and SINR simulation results.
Notably, the single antenna element used here exhibits a radiation pattern with a
considerably wider beamwidth (Half Power Beam Width of 65 degrees), as detailed in
section 2.8.1. This wider beamwidth leads to RF signals overlapping with the neighboring
sectors of each cell, thereby introducing interference. Consequently, areas where the

neighboring sectors of each cell overlap experience a lower SINR value.
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Figure 3.2 A map of RF coverage and SINR for a collection of seven cell sites. Each site
is equipped with three sectors, each with one antenna element.
Moreover, owing to the combination of a small cell radius (200 meters), a compact
inter-cell distance (400 meters), and high-gain directional antennas, RF signals extend
beyond the boundaries of each cell. To illustrate, the central cell encounters interference

from all six neighboring cells. Consequently, a substantial portion of the central cell's area
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exhibits a diminished SINR, often falling below 7 dB, except for regions in close proximity
to the cell and aligned with each of its individual sectors.
3.4 RF Coverage Simulations: Employing 8-by-8 Antenna Array in Every Sector
Section 2.8.3 elucidates that the 8-by-8 Antenna Array furnishes a radiation pattern
characterized by high directivity, measuring at 21.72 dBi, and a narrow beamwidth,
boasting a Half Power Beam Width of merely 35.8 degrees. In the subsequent Figure 3.3,
we delve into RF coverage and signal strength simulations to examine the implications of
RF signal strength across an extended deployment area encompassing 19 cell sites. The

central cell retains its position, coinciding with the configuration in Figures 3.1 and 3.2.
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Figure 3.3 A map of RF signal strength for a collection of seven cell sites. Each site is

equipped with three sectors, each with an 8-by-8 Antenna Array in contrast to Figure 3.1.
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The simulation outcomes unveil that RF signal strength reaches its pinnacle in the
direction of each sector, attaining a maximum signal strength of -50 dBm. Conversely, RF
signal strength significantly diminishes in all other directions, plummeting below -70 dB.
Furthermore, the simulations underscore that an increase in high-power interfering signals

emanating from neighboring cells amplifies interference levels, shown in Figure 3.4.

Cell A
Antenna Height: 25m
Surface Elevation: 279m

Cell B
Antenna Height: 25m
Surface Elevation: 292m

Figure 3.4 A map of RF coverage and SINR for a collection of 19 cell sites. Each site is

equipped with three sectors, each with an 8-by-8 Antenna Array in contrast to Figure 3.2

By replacing the single antenna element of each sector with an 8-by-8 uniform
phased array antenna, the SINR significantly improves throughout the deployment area as

shown in Figure 3.4. The maximum SINR level reaches 20dB in the direction of each
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sector, compared to 13dB with the single antenna element. However, the SINR level is not
uniform for each cell site, even when using the same antenna height of 25m Above Ground
Level (AGL), due to differences in surface elevation throughout the deployment area. For
instance, Figure 3.4 shows that Cell A has a surface elevation of 279m, while Cell B has
292m. Thus, the SINR level will differ for these two cell sites, and the MNOs will need to
adjust the AGL according to the surface elevation to achieve the expected SINR level
across the deployment area.
3.5 RF Coverage Simulations: Employing 16-by-16 Antenna Array in Every Sector
However, enlarging the array size from 8-by-8 to 16-by-16 for each transmitter
results in a decrease in average signal strength across most deployment areas, as illustrated

in Figure 3.5.

Figure 3.5 A map of RF signal strength for a group of 19 cell sites, each of which is

equipped with three sectors, each featuring a 16-by-16 Antenna Array in contrast to Figure 3.3
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The findings also indicate that a majority of the deployment areas will exhibit weak
signals, measuring below -70 dB, thereby leading to suboptimal network performance. This
is primarily attributed to the narrow and highly directional radiation beam produced by the
16-by-16 array antenna, resulting in maximum RF signal strength (exceeding -60 dB)
exclusively in the direction of each sector and minimal signal strength in all other
directions. To potentially address this challenge, one proposed solution is to incorporate a
larger number of sectors per cell site, such as 6, 9, or 12. This approach is comprehensively

discussed in section 4.3.
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Figure 3.6 A map of RF coverage and SINR for a collection of 19 cell sites. Each site is
equipped with three sectors, each with a 16-by-16 Antenna Array in contrast to Figure 3.4
Figure 3.6 illustrates that the best SINR is attained when all transmitters utilize a

16-by-16 uniform phased array antenna. As the number of elements in the array increases,
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the array gain (i.e., directivity) improves, resulting in a significant enhancement in peak
SINR. The radiation pattern of the array becomes highly directional as the number of
antenna elements increases, leading to the highest SINR in the direction of each sector,
while other directions experience lower SINR levels. Consequently, some areas enjoy
excellent SINR (i.e., 20dB), while others experience poor SINR levels (i.e., below -5dB of
SINR).

It's essential to highlight that elevated SINR levels are fundamental for achieving
optimal 5G network performance, which encompasses critical metrics like ensuring
99.99% network availability, maintaining 99% network reliability, and achieving
maximum data rates. As exemplified by the simulation results discussed in sections 3.3,
3.4, and 3.5, increasing the number of antenna elements per array results in improved SINR
levels in the direction of each sector, while the rest of the deployment area experiences
lower SINR levels.

To address this challenge, Chapter 4 introduces the concept of higher-order cell-
sectorization, as expounded upon, aimed at enhancing the average SINR across the entire
deployment area. Furthermore, the utilization of phased array antennas is explored,
allowing for precise adjustment of the phase of individual elements to steer the primary
signal beam in various directions, thereby augmenting 5G network coverage.

3.6 Improved RF Coverage Through the use of Advanced Antenna Systems

Section 2.5 elucidates the concept of Carrier-to-Interference (C/I) ratios within a
hexagonal cell geometry, emphasizing that an increase in interference signals from
neighboring cells results in a decreased Carrier-to-Interference Ratio (C/I), thereby leading

to diminished network performance. Given that all the simulation results in the preceding
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section consistently demonstrate signal overlap from neighboring cells throughout the
entire deployment area, it is evident that this situation results in a reduced C/I and,
consequently, suboptimal network performance. Consequently, meticulous RF coverage
planning becomes imperative to ensure a robust C/I ratio across the deployment area.

One effective strategy to manage RF signals within cell boundaries and mitigate
interference with neighboring cells is Base Station (BS) antenna downtilt, as outlined in
reference [19]. Figure 3.9 provides an illustrative representation of a typical downtilt

scenario. This section examines the impact of downtilt on RF coverage and signal strength.

oo
——————————————————————————————— Horizon

Inner Radius

Outer Radius

Cell-site Source of foliage  Building Mobile

Figure 3.7 A visual representation of RF coverage incorporating antenna downtilt [7]

3.6.1 Types of Base Station (BS) Antenna Downtilt
Two primary methods are used for BS antenna downtilt: (a) Mechanical downtilt
and (b) Electrical downtilt; these two methods are illustrated in Figure 3.8. The system
design can use either method to tilt the radiated beam.
a) Mechanical downtilt: The simplest installation has an antenna mounted directly to
a vertical mast, as illustrated in Figure 3.8 (a), resulting in a radiation pattern that

points towards the horizon. Mechanical downtilt physically orients the antenna to
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point the radiated beam in the desired downtilt direction as illustrated in Figure 3.8
(b). While this approach is very simple, it does not uniformly reduce coverage.

b) Electrical downtilt: The electrical downtilt is achieved by changing the phase of
each element of the phased array antenna, as illustrated in Figure 3.8 (c). The
resulting radiated beam reduces coverage uniformly. Several methods have been
identified to achieve electrical downtilt, including:

» Fixed electrical downtilt: This approach employs a BS antenna with a main
beam that points in a fixed direction that cannot be adjusted after fabrication.
* Remote electrical downtilt: This approach uses a BS antenna that incorporates

circuit elements that can be used to adjust the antenna beam direction remotely.

(a) Standard antenna (b) Mechanical downtilt (c) Electrical downtilt

Figure 3.8 An illustration showing the antenna downtilt of a base station using (a) a

standard antenna, (b) mechanical downtilt, and (c) electrical downtilt. [7]

The system designer has the option of using any of these methods to achieve
electrical downtilt. However, variable electrical downtilt methods are typically more

expensive than fixed electrical downtilt methods.
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3.6.2 RF Coverage Versus BS Antenna Downtilt Angle

With the increase in the number of antenna elements, transitioning from a single
antenna element to 8-by-8 and 16-by-16 configurations, the radiation beam becomes
narrower and highly directional, a concept explored in section 2.8. Consequently,
determining the appropriate downtilt angle becomes paramount for constraining RF
coverage within the cell boundary and minimizing interference to neighboring cells. It's
important to note that all the simulation results presented in this section adhere to the
simulation parameters outlined in section 3.2.2, with the exception of the total signal
attenuation calculation, which considers light rain (16 mm/hr) and dry air (water vapor
density 7.5 g/m3) in addition to free space propagation loss.

a) Determining Appropriate Downtilt Employing 8-by-8 Antenna Array in Every
Sector: Figure 3.9 presents a comparative analysis of RF coverage and signal
strength simulations for a cluster of seven cells, each equipped with three sectors,
and employing 8-by-8 antennas in each sector. For the sake of illustration, all
simulation parameters (e.g., 25m AGL and 400m inter-site distance) remain
consistent across the simulations displayed in Figure 3.9, except for variations in
the downtilt angle.

The results illustrate that when the downtilt angle is set at 30 degrees, RF coverage
is constrained within the cell boundary. However, if the downtilt angle is increased
to 40 degrees, the RF signal does not reach the cell boundary. Conversely, when
the downtilt angle is reduced to 15 degrees, it reveals more significant signal
overlap throughout the deployment area from neighboring cells. The maximum

signal overlap is observed when the downtilt angle is set to zero degrees.
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(a) 8-by-8 array and 0° downtilt (b) 8-by-8 array and 15° downtilt
y y

i -

Figure 3.9 A comparison of RF signal strength is depicted for a group of seven cell sites

in contrast to Figures 3.1, 3.3, and 3.5. Each site is fitted with three sectors, each having 8-by-8

antenna arrays and different downtilt angles.

b) Determining Appropriate Downtilt Employing 16-by-16 Antenna Array in Every
Sector: To illustrate, assume that the simulation parameters remain consistent with
the previous simulation results depicted in Figure 3.9, with the exception of

replacing the 8-by-8 Antenna Array with a 16-by-16 Antenna in every sector. The
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outcomes demonstrate that when the downtilt angle is established at 20 degrees, RF
coverage is confined within the cell boundary.

(a) 16-by-16 array and 0° downtilt

Figure 3.10 A comparison of RF signal strength is depicted for a group of seven cell sites
in contrast to Figures 3.9. Each site is fitted with three sectors, each having 16-by-16 antenna

arrays and different downtilt angles.

However, increasing the downtilt angle to 40 degrees results in the RF signal
remaining close to the cell boundary without reaching it. Conversely, reducing the downtilt
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angle to 15 degrees reveals more pronounced signal overlap throughout the deployment
area from neighboring cells. The maximum signal overlap is observed when the downtilt
angle is set to zero degrees, mirroring the findings from previous antenna configurations.
3.6.3 RF Coverage Versus Operating Frequency

As outlined in Section 2.9, RF propagation loss increases significantly in the
millimeter-wave spectrum, with signal attenuation amplifying as the operating frequency
rises. Figure 3.11 vividly illustrates the impact on RF coverage within a cluster of seven
cell-sites, each housing three sectors and employing a transmitter equipped with an 8-by-8
uniform phased array antenna. For illustrative purposes, let's maintain the simulation
parameters consistent with those seen in Figure 3.9 (¢), while adjusting the frequency from

70GHz to 30GHz.

GHz
0

Figure 3.11 A comparison of RF signal strength among seven cell sites, each with three
sectors and a transmitter using an 8-by-8 uniform phased array antenna for operating frequencies

of 30GHz and 70GHz, in contrast to Figure 3.10
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It is noteworthy that, with a 30-degree downtilt, RF signals were constrained to the
cell boundary at the 70GHz operating frequency. However, for the 30GHz operating
frequency, the RF signals extend beyond the cell boundary. Therefore, it becomes evident
that operating frequency also plays a crucial role in determining the optimal downtilt angle,
especially when considering transmitter settings, such as the use of an 8-by-8 or 16-by-16
antenna array.

3.6.4 RF Coverage Versus BS Antenna Height

5G networks are expected to use higher frequency spectra (e.g., 24, 28, 39, 47 GHz)
and larger array antennas (e.g., 32-by-32 elements. The ITU-2020 guidelines [30] specify
a standard antenna height of 25 m for a 70 GHz frequency, but adjustments may be needed
based on the cell site's physical location. Figure 3.12 illustrates the impact of varying
antenna heights (15m, 20m, 25m, and 35m) on RF coverage for a transmitter with an 8-by-
8 uniform phased array antenna, 30° antenna downtilt, and 70GHz operating frequency, in
comparison to Figure 3.9(c).

The simulation results reveal that altering the antenna height above ground level
(AGL) from the standard 25m to 30m introduces significant disparities in RF signal
strength across the deployment area, potentially leading to RF signal spillage beyond the
cell boundary and causing interference with neighboring cells. Conversely, reducing the
antenna height AGL to 20m confines the RF coverage within the cell boundary but fails to
reach the cell edge. The RF signal coverage further deteriorates when the antenna height is
reduced to 10m, where the RF signal doesn't extend even halfway to the cell radius.

This effect is exacerbated when the antenna height is increased without the

corresponding adjustment of the downtilt angle. Hence, it is essential for system designers
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to conduct a comprehensive examination and precise calibration of transmitter settings in
order to achieve the most favorable RF coverage for particular operating frequencies,
taking into careful consideration the influence of both antenna height and downtilt angle
on RF coverage.

(b) 20m BS antenna height and 30° downtilt

| Power |

Figure 3.12 Comparison of RF Signal Strength Across Seven Cell Sites at 70GHz

Frequency with Varying Antenna Heights (10m, 20m, 25m, and 30m) Using an 8-by-8 Uniform

Phased Array Antenna and 30° Antenna Downtilt, Contrasted with Figures 3.9 and 3.11.
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CHAPTER 4

HIGHER-ORDER CELL-SECTORIZATION FOR 5G AND BEYOND

4.1 Introduction

Chapter 2 underscores the efficacy of employing directional antennas for cell-
sectorization, primarily to mitigate cochannel interference and bolster the Carrier-to-
Interference ratio (C/I) within a system. Given the stringent performance demands of 5G
networks, where achieving exceptionally high C/I value is paramount, there's a compelling
need for advanced antenna systems characterized by narrow beamwidth and substantial
directivity. As expounded upon in Chapter 3, the adoption of such highly directive antennas
introduces an inherent challenge: substantial regions within the cell experience a notable
absence of discernible RF power when employing a conventional three-sector
configuration.

To surmount this limitation, the dissertation proposes higher-order cell-
sectorization, specifically considering 9 or 12 sectors per cell. This strategic combination
of highly directive antennas and higher-order sectorization effectively reconciles the
imperatives of robust RF coverage, elevated C/I, and judicious energy consumption in the
emerging 5G network paradigm. Figure 4.1 provides a visual representation of the
architectural configurations for 9-sector (40° each) and 12-sector (30° each) cells,

showecasing their interplay in achieving these objectives.
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(a) Nine sectors cell (b) Twelve sectors cell
(40° each) (30° each)

Figure 4.1 An illustration showing a revised 5G cell architecture in comparison to Figure
2.3: (a) a 5G cell divided into nine sectors, each with a 40-degree radiation pattern, and (b) a 5G

cell divided into twelve sectors, each with a 30-degree radiation pattern.

4.2 Literature Review on Higher-order Cell-Sectorization

Cell-sectorization is an appealing approach to cell site design as it allows full
coverage within the cell using a collection of antennas that point in different directions and
allows reuse of the frequency spectrum for sectors that point in different directions [19,
28]. The ability to reuse spectrum has allowed Mobile Network Operators (MNOs) to avoid
the high cost [74] of installing additional cell sites in the same region to meet high traffic
loads. In the current 4G network, highly directional antennas are often used to support up
to 6 sectors per cell site [84].

Numerous research teams have delved into the application of higher-order cell-
sectorization within 3G networks to attain substantial gains in capacity and network
throughput [85-88]. Notably, reference [87] highlighted a significant capacity and

throughput enhancement in a 3G/HSPA cell site when the number of sectors increased
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from three to six, nine, twelve, and fifteen sectors deployed across Telefonica UK's
network, spanning both Central London and the wider U.K. The study also revealed that
adopting 6, 9, 12, and 15 sectored cells, as opposed to the standard three sectors, expanded
the cell site coverage area by 14%, 22%, 26%, and 31%, respectively. The authors
presented an array of simulation results aimed at determining the optimal beamwidth for
implementing a higher number of sectors per cell, such as 34 degrees for six sectored cells,
20 degrees for nine sectored cells, and 18 degrees for twelve sector cells. However, the
authors did not elucidate the methods for achieving these specific beamwidth for each
sector. Moreover, the paper did not delve into the appropriate antenna parameter
configurations (e.g., antenna downtilt, antenna height AGL, etc.) required to optimize RF
coverage when employing a higher number of sectors per cell.

In [89], the author conducted a comparison of capacity gain and RF coverage
between 2.1GHz and 28GHz frequencies employing three and six sectored cells. The
results revealed a remarkable 556% increase in capacity when transitioning from a three
sectored cell to a six sectored cell at the 28GHz frequency. However, it is noteworthy that
the authors also observed a mean received signal strength 18dB higher at 2.1GHz compared
to 28GHz. This discrepancy in signal strength underscores the influence of higher
propagation loss at 28GHz relative to 2.1GHz, which would inevitably result in differences
in cell radius when using identical simulation parameters (e.g., antenna height AGL,
downtilt, etc.). Unfortunately, the authors did not offer insights into optimizing RF
coverage when deploying higher frequency spectrums (e.g., 28GHz) with an increased

number of sectors.
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In [90], the study investigates the impact of higher-order sectorization on the
performance of Millimeter Wave 5G Networks. The findings reveal a significant increase
in data throughput as the number of sectors per cell increases to 4, 6, 8, and 10. However,
it's noteworthy that the authors observed a decrease in the number of users achieving
satisfactory SINR as the number of sectors per cell increased. Importantly, the authors did
not provide in-depth insights into the implementation of 4-sector and 8-sector cells with
appropriate beamwidth per sector. Additionally, guidance on optimizing RF coverage to
improve SINR for users was not included in their findings.

In [85], the authors introduce a novel network tessellation for the deployment of
12-sector sites. They conducted a comparative analysis of throughput gains between twelve
sectored cells and three sectored cells, varying the Inter Site Distance (ISD). The study
reported a significant throughput gain of 210% for twelve sectored cells compared to three
sectored cells when the ISD was set to 1000 meters. However, it's important to note that
the authors did not examine the impact on RF coverage across the deployment area when
the ISD was increased from 500 meters to 1000 meters.

In essence, previous research suggests that increasing the number of sectors per cell
beyond three can lead to higher capacity and throughput gains. However, these studies
often lack detailed insights into determining optimal antenna-related parameters (e.g.,
antenna downtilt and antenna height AGL) for optimizing RF coverage when deploying
six, nine, or twelve sectored cells. Furthermore, these prior works typically assume a fixed
set of antennas for implementing these configurations. For instance, if a designer initially
deploys a cell with three sectored cells and later decides to upgrade it to a six-sectored cell,

a completely new set of antennas must be acquired to provide the specific beamwidth
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required for the six sectored cells. This integration of new antennas increases deployment
costs for the operator.

To address these challenges, this dissertation introduces an adaptive cell
sectorization technique that utilizes advanced phased array antennas. These antennas allow
designers to adjust the number of sectors per cell without the need for additional antennas.
The phased array antennas enable the creation of adaptive beamwidth by changing the
number of antenna elements radiating in the array and adjusting the direction of the
radiation beam by manipulating the phase of each antenna element, as discussed in Section
4.5. Additionally, this dissertation demonstrates the potential for energy savings through
adaptive cell sectorization, particularly in deployment areas with variable traffic patterns,
such as the contrast between maximum peak-hour traffic and minimal traffic during off-
peak hours.

4.3 RF Coverage Versus the Number of Sectors Per Cell

The conventional three sectors cell site architecture is effective for lower frequency
spectra, such as sub 6 GHz for 5G, when utilizing smaller size array architecture, for
instance, a 4-by-4 array. However, when we increase the operating frequency to the
millimeter wave spectrum (e.g., 70 GHz) and employ a larger size array (e.g., 16-by-16
array), the antenna beam becomes highly directional and narrow, as discussed in section
2.8. As a result, the RF signal strength is at its peak in the line of sight direction for each
sector but significantly diminishes in all other directions. This section investigates the
effect on RF coverage when the number of sectors per cell site is increased to 6, 9, and 12

as opposed to the traditional three sectors cell site.
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It's important to note that all the simulation results presented in this section adhere
to the simulation parameters outlined in section 3.2.2, with the exception of the total signal
attenuation calculation, which considers light rain (16 mm/hr) and dry air (water vapor
density 7.5 g/m3) in addition to free space propagation loss. For illustration purposes, the
same deployment area discussed in section 3.2.2 has been utilized to generate the RF
coverage simulation results in this section.

4.3.1 Improved RF Coverage Employing 8-by-8 Antenna Array in Every Sector

Figure 4.2 presents RF coverage and SINR results at 70 GHz, utilizing an 8-by-8
antenna array, with varying sector counts per cell site while keeping simulation parameters
constant. The findings reveal that for a three-sectored cell architecture, as depicted in
Figure 4.2(a), SINR peaks at 20 dB within the cell boundary and drops below 3 dB at the
cell edge. However, much of the deployment area experiences poor SINR below 3 dB.

By transitioning to a six-sectored cell configuration, as shown in Figure 4.2(b),
significantly enhances average SINR across the deployment area, achieving excellent
SINR of 20 dB across most of the area. However, some regions still exhibit poor SINR
below 11 dB.

The most optimal RF coverage is achieved when each cell site employs nine
sectors, covering the entire deployment area with an excellent SINR of 20 dB, as
demonstrated in Figure 4.2(c). However, employing twelve sectored cells, as shown in
Figure 4.2(d), has a substantial impact on RF coverage. While it results in a maximum
SINR of 20 dB in the direction of each sector, much of the deployment area experiences
SINR below 11 dB. Nonetheless, the average SINR across the deployment area remains

superior compared to the three-sectored cell configuration.
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Figure 4.2 A comparison of RF coverage and SINR is depicted for a group of seven cells

by varying the number of sectors per cell and equipped with 8-by-8 antenna arrays in each sector.

4.3.2 Improved RF Coverage Employing 16-by-16 Antenna Array in Every Sector
Figure 4.3 provides a comparison of RF coverage and SINR at 70GHz operating
frequency, utilizing a 16-by-16 antenna array in each sector, with varying numbers of

sectors per cell site.

92



(a) RF coverage with 3 sectors cell (b) RF Coverage with 6 sectors cell
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(c) RF coverage with 9 sectors cell (d) RF Coverage with 12 sectors cell
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Figure 4.3 A comparison of RF coverage and SINR is depicted for a group of seven cells
by varying the number of sectors per cell and equipped with 16-by-16 antenna arrays in each

sector in contrast to Figure 4.2.

In Figure 4.3(a), the simulation results reveal poor SINR for the conventional cell
architecture (with three sectors per cell site), with most of the deployment areas

experiencing SINR below 3 dB.
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The RF coverage improves when each cell site employs 6 sectors, as demonstrated
in Figure 4.3(b). This configuration achieves a good SINR of 20 dB across a significant
portion of the deployment area. However, some areas still exhibit poor SINR below 3 dB.

Figure 4.3(c) illustrates a substantial improvement in RF coverage when the
number of sectors per cell site increases to 9. This configuration achieves an excellent
SINR of 20 dB across the maximum deployment area. However, some areas may still
experience SINR below 5 dB.

The most optimal RF coverage is attained when each cell site utilizes 12 sectors,
as shown in Figure 4.3(d). This configuration results in excellent SINR of 20 dB
throughout the entire deployment area. Therefore, opting for 9 or 12 sectors, instead of
the traditional 3 sectors, yields exceptional SINR performance when each cell sector
employs a 16-by-16 antenna array.

4.4 Cell Site Power Consumption with Higher-Order Cell-Sectorization

The individual cell site is one of the main elements that consume the highest power
in the cellular network. Studies suggest that the cell site consumes about 60% of the total
Radio Area Network (RAN) power [91]. This section describes a power consumption
model for the 5G cell site and shows the effect of higher-order cell-sectorization in cell site
power consumption.

Based on the traffic conditions, the cell site power consumption can be modeled for
the following two scenarios [91, 92]:

a) Dynamic mode power consumption: This parameter represents the total power
consumption expressed as a function of average offered traffic, as given by

Equation (4.1) [91]. The major components of the dynamic power consumption
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include maximum transmit power, backhaul power, baseband signal processing
unit, transceiver, and power amplifier.

b) Static/sleeping mode power consumption: This parameter represents the scenario
when traffic load is equal to zero, but some essential components such as baseband
processing unit, AC-DC converter, Cooling unit, etc are still active. This parameter
is expressed by Equation (4.2) [91].

The total cell site power consumption will be the sum of static and dynamic power
for a specific time duration. If we consider the observation time to be Ton, the total power

consumption will be given by Equation (4.3).

Pmax
Pin = Ppp + Peoor + Nsector - (Prect + Pbb) + Nsector - @ Mg+ (Peryx + P 4.1)
pa -9 feed
Pin—steep = NTRrx - Pseep 4.2)
Piotal = Tom . (Pin + Pin—sleep) (43)

Where 7sector is the number of sectors per cell, Pux is the transceiver power
consumption, Pmax is the maximum radiated power in W, 1pa is the power amplifier
efficiency, ofeed is the feeder cable loss, Pon is the backhaul power consumption, Peool is the
cooling system power consumption, Prect is the power supply power consumption, Pob is
the baseband signal processing power consumption, 7: is the number of transmit antennas,
a is the average traffic load per sector (between 0 and 1), and Ton is the total observation
time.

4.4.1 Dynamic Mode Power Consumption
The 5G network in the higher frequency spectrum will use a larger number of

transmitters and receivers (i.e., Tx= 64, and Rx = 64) to take advantage of massive MIMO.
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The simulation results shown in Figure 4.5 and Figure 4.5 uses the parameters listed in

Table 4.1 [91, 92].

Table. 4.1 The Parameters for simulating cell site power consumption [91, 92]

Parameters Value
Ppn (Watt) 10
Prect (Watt) 5
Ppp (Watt) 3
Pcool (Watt) 0
Pux (Watt) 1
Pmax (Watt) 10
Tpa 0.07
N 1,2,3,4,...... 64
Nsector 1,3,6,9,and 12
Ofeed 1
o Oorl

Figure 4.5 presents a comparison of the total power consumption for multi-sector
cell sites with varying numbers of transmitters. The results underscore the strong
correlation between power consumption and the number of transmitters. Increasing the
number of transmitters leads to a corresponding increase in power consumption. For
instance, a traditional three-sector cell site consumes 3.487 kW when equipped with eight
transmitters per sector. However, power consumption surges to over 27 kW when

employing 64 transmitters in each sector, as seen in the context of massive MIMO
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technology. Consequently, as the number of transmitters escalates, expanding the number
of sectors per cell site results in a significant upswing in overall power consumption. For
example, the shift from 3-sector cells, each equipped with 64 transmitters, to 12-sector
cells, each also featuring 64 transmitters, would lead to a fourteen-fold increase in power

consumption, as depicted in Figure 4.5.
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Figure 4.4 The power consumption of a cell site in dynamic mode as function of the
number of transmitters per sector, obtained using Equation (4.1) and (4.3), for a cell with 3-

sectors, 6-sectors, 9-sectors, and 12-sectors

4.4.2 Sleeping Mode Power Consumption Simulation
Figure 4.6 depicts static power consumption as a function of the number of
transmitters per cell. The results highlight that each individual cell site consumes power,

even in the absence of traffic, due to the continued operation of essential components such
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as the baseband processing unit, AC-DC conversion unit, and cooling unit. Static power
consumption exhibits a direct relationship with the number of transmitters in use. For
instance, a three-sector cell with 64 transmitters consumes 825.6W, while this consumption
rises to 3.3kW when employing a 12-sector cell. Consequently, system designers must
carefully determine the optimal number of transmitters and receivers to support massive

MIMO without imposing excessive power demands on the cell site.
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Figure 4.5 The power consumption of a cell site in sleeping mode as function of the
number of transmitters per sector, obtained using Equation (4.2) and (4.3), for a cell with 3-

sectors, 6-sectors, 9-sectors, and 12-sectors

As discussed in Section 4.3, the evolution of traditional cell site architecture from

3 sectors per cell to 9 or 12 sectors per cell is imperative for maintaining robust RF
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coverage in the millimeter-wave spectrum. However, it's important to note that higher-
order cell-sectorization, especially when combined with a large number of transmitters per
sector, can result in substantial power consumption, both in dynamic mode (as shown in
Figure 4.4) and in sleep mode (as shown in Figure 4.5).

Higher-order cell-sectorization, as depicted in Figure 4.2 (d), already achieves
robust RF coverage and favorable SINR across the deployment area, obviating the need for
an excessive number of transmitters, such as the 64 transmitters per sector. For instance, in
a configuration utilizing a three-sector cell with 64 transmitters per cell, the dynamic power
consumption soars to 27.65 kW. However, opting for a 12-sector cell with just 8
transmitters per sector significantly reduces dynamic power consumption to 13.92 kW.
Despite employing four times the number of sectors in this scenario, the reduction in
transmitters per cell yields nearly half the cell site's power consumption. This highlights
the role of higher-order cell-sectorization not only in enhancing RF coverage but also in
curbing cell site power consumption.

Moreover, it's worth emphasizing that higher-order cell-sectorization provides an
optimal solution for striking a balance between RF performance and power efficiency. This
approach allows network designers to achieve high-quality coverage without resorting to
an excess of transmitters, ensuring efficient resource utilization and cost-effectiveness in
millimeter-wave 5G networks.

4.5 Adaptive Beamforming and Cell-Sectorization
4.5.1 Traditional Phased Array Architecture
Figure 4.6 showcases a phased array antenna configuration composed of eight

rectangular microstrip patch antennas. The combined radiation from each of these antenna
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elements determines the antenna's radiation pattern and primary beam direction.
Importantly, each of these elements is equipped with a Transmit/Receive (T/R) switch and
steering circuitry, enabling beam steering capabilities through phase adjustments of the
array's individual elements. This represents a notable advantage over traditional linear
arrays, which lack this beam steering capability. However, it's important to recognize that
when a system necessitates a large number of antenna elements, the associated costs will
increase significantly due to the inclusion of these additional circuit elements. Additionally,

such a configuration will lead to heightened power requirements for the system.

<«— Array
| | "\ T/R Switch and

Steering circuitry

Figure 4.6 An illustration of a phased array antenna structure with eight antenna

elements. Each of these elements includes a T/R (Transmit/Receive) switch and steering circuitry

4.5.2 Phased Array Architecture with Subarrays

Figure 4.7 illustrates an enhanced phased array configuration comprising two
subarrays, each equipped with four rectangular microstrip patch antennas. The total number
of antenna elements matches that of Figure 4.6. In this architecture incorporates a single
Transmit/Receive (T/R) switch and steering circuitry for every element within the array.
However, it preserves the same radiation pattern as the conventional phased array antenna,
where the radiation patterns of each subarray constructively interfere in the desired
direction. Beam steering is accomplished by modifying the phase of each element within
each subarray.
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Subarray | Steering circuitry

Figure 4.7 A visual representation of a phased array antenna configuration featuring two
subarrays, each equipped with four antenna elements. Each of these elements includes a T/R

(Transmit/Receive) switch and steering circuitry, in contrast to Figure 4.6

4.5.3 Adaptive Beamforming

Chapter 7 of reference [93] delves into various adaptive beamforming methods.
The following section presents one such adaptive beamforming and beam-steering
technique facilitated through an improved phased array architecture, as depicted in Figure
4.8. In this setup, the array utilizes two feed networks to regulate the number of elements
emitting radiation from each subarray. Feed network-1 is responsible for activating all four
elements in each subarray, resulting in a narrow beam radiation pattern. Conversely, Feed
network-2 is employed to activate two elements from each subarray, generating a broader

beam radiation pattern.
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/ T/R Switch and
Subarray I Steering circuitry

Feed Network-1

Figure 4.8 A visual representation of a phased array antenna configuration featuring two
subarrays with duel feed architecture, each equipped with four antenna elements. Each of these
elements includes a T/R (Transmit/Receive) switch and steering circuitry, distinguishing it from

the setups depicted in Figures 4.6 and 4.7

To illustrate adaptive beamforming, consider a phased array antenna designed with
the architecture described above for a 70 GHz operating frequency. This antenna comprises
16 subarrays, each equipped with 16 antenna elements, and it employs two feed networks
to regulate the number of active elements radiated from each subarray. One feed network
activates all 16 elements in each subarray, while the second feed network enables 8 out of
the 16 elements in each subarray. Figure 4.9 illustrates the normalized power distribution
of this array antenna as the number of active antenna elements varies, demonstrating the
impact on antenna beamwidth.

The simulation results reveal that the beamwidth is extremely narrow when each

subarray incorporates 16 active radiating elements, as depicted in Figure 4.9(a). This
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narrow configuration provides maximum directivity. Conversely, the beamwidth becomes
wider when the active number of elements per subarray is reduced to 8 as depicted in Figure
4.9(b). As such, the beamwidth can be precisely adjusted by controlling the number of
radiating elements within the subarray. This adaptive beamwidth feature is employed in

adaptive cell-sectorization, which will be discussed in the following section.
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Figure 4.9 A comparison of array responses for a phased array operating at a frequency of
70GHz for different numbers of radiating elements per subarray in contrast to Figure 2.1: (a)
array response with 16 radiating elements per subarray, (b) array response with 8 radiating

elements per subarray, and (c) array response with 4 radiating elements per subarray
4.5.4 Adaptive Beam Steering
Figure 4.10 depicts simulation outcomes for a phased array antenna comprised of

16 subarrays, each featuring 16 active radiating elements, designed for an operating

frequency of 70 GHz. The results provide a comparison of the normalized power
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distribution of the array with and without beam steering. Beam steering of twenty degrees
is accomplished by adjusting the phase of each element within every subarray by 20
degrees, and the phase of each subarray also shifts by 20 degrees toward the broadsides.
Given its electronic controllability, beam steering holds promise for applications in
adaptive cell-sectorization, as elaborated upon in the subsequent section.
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Figure 4.10 An array response comparison for a 70GHz phased array for different beam
steering configurations, as compared to Figure 4.9: (a) array response with no beam steering
using 16 radiating elements per subarray, and (b) array response with 20° beam steering using 16

radiating elements per subarray

4.5.5 Proposed Adaptive Cell-Sectorization to Save Energy
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The cellular network is dimensioned to support maximum traffic during the peak
hours (i.e., maximum traffic). But, the traffic demand significantly varies throughout the
day. Significant radio resources (e.g., baseband signal processing unit, backhaul,
transceiver, amplifier, etc) remain unused much of the time causing unnecessary power
consumption. Figure 4.4 demonstrates that power consumption is maximized for higher-
order cell-sectorization when a large number of transmitters per sector are used.

This section proposes an adaptive cell-sectorization method, where higher-order
cell-sectorization (e.g., 12 sectors per cell) is employed to support peak traffic and lower-
order cell-sectorization is utilized for off-peak traffic. Since the number of active sectors
varies with traffic demand, all unused radio resources (e.g., active transceiver, amplifier,
etc.) will revert to idle mode to conserve energy. The advanced antenna array and adaptive
beamforming method are used for adaptive cell-sectorization, sectorization, as described
in the previous section. If Town is the total observation time, the total cell site power
consumption for the standard cell-sectorization technique is calculated by Equation (4.3).
To appreciate how the proposed solution could be employed in a practical scenario, assume
an observation time is 24 hours with 16 hours (Ton) experiences variable traffic loading,
and 8 hours with zero traffic. In this case, the following three scenarios are viable solutions
to employ adaptive cell-sectorization:

a) Scenario 1

All twelve sectors remain active to support high traffic times (e.g., T12 = 8 hours),
and nine sectors (e.g., To = 8 hours) are used to support periods with low traffic. This
solution is accomplished according to the following three steps:

Step 1.Turn off sectors 2, 6, and 10.
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Step 2. Apply adaptive beam steering to sectors 1, 3,4,5,7, 8,9, 11, 12 in such a way
that sector 1 is centered at 0°, sector 3 at 40°, sector 4 at 80°, sector 5 at 120°,
sector 7 at 160°, sector 8 at 200°, sector 9 at 240°, sector 11 at 280°, and sector
12 at 320°, respectively.

Step 3. Apply adaptive beamforming with sectors 1, 3,4,5,7,8,9, 11, and 12 to reduce
RF coverage gaps.

b) Scenario 2:

All twelve sectors remain active to support high traffic times (e.g., Ti2 = 8 hours),
and six sectors (e.g., Te = 8 hours) are used to support periods with low traffic. This
solution is accomplished according to the following three steps:

Step 1. Turn of sectors 2, 4, 6, 8, 10, and 12.

Step 2. Apply adaptive beam steering to sectors 1, 3,5, 7,9, and 11 in such a way that
sector 1 is centered at 0°, sector 3 at 60°, sector 5 at 120°, sector 7 at 180°, sector
9 at 240°, sector 11 at 300°, respectively.

Step 3. Apply adaptive beamforming with sectors 1, 3, 5, 7, 9, and 11 to reduce RF
coverage gaps.

¢) Scenario 3:

All twelve sectors remain active to support high traffic times (e.g., T12 = 8 hours),
nine sectors (e.g., To = 4 hours) are used to support periods of moderate traffic, and six
sectors (e.g., Te = 4 hours) are used when traffic demand is very low.

The energy consumption gain for adaptive cell-sectorization is given by Equation

(4.4):
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ECGadaptive = 4.4)

Where Pin is the cell power consumption for any sectors (e.g., Pini2 for 12 sectors
cell), Ton is the variable traffic observation time, and Ti is the observation time for any

sectors.
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Figure 4.11 A comparison of cell site energy consumption gain as a function of the
number of transmitters per sector for various numbers of active sectors and 16 hours of
observation time: (scenario 1) twelve sectors active for 8 hours and nine sectors active for the
remaining 8 hours, (scenario 2) twelve sectors active for 8 hours and six sectors active for the
remaining 8 hours, and (scenario 3) twelve sectors active for 8 hours, nine sectors active for 4

hours, and six sectors active for the remaining 4 hours
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Figure 4.11 shows the Energy Consumption Gain (ECG) versus the number of
transmitters per sector simulation for three adaptive cell-sectorization scenarios. The
simulation results show that the ECG gain is maximized when six sectors are utilized to
support off-peak traffic when compared with nine sectors. Since six sectors employ a
smaller number of transmitters than nine or twelve sectors, energy savings will be
maximized when only six sectors are employed for the maximum amount of time. To
provide an example, let's consider the ECG (Energy Consumption Gain) when using twelve
sectors to accommodate high-traffic conditions and nine sectors to accommodate moderate
traffic, with each sector equipped with 16 transmitters. In this scenario, the ECG gain is
1.33. However, if we maintain twelve sectors for high-traffic conditions while reducing the
number of sectors to six for moderate traffic, while still using the same number of
transmitters per sector, the ECG gain increases to 2

In conclusion, adaptive cell-sectorization presents energy-saving advantages when
compared to a fixed-sector cell approach. Nevertheless, it may introduce an RF coverage
gap, particularly when non-steerable antennas are employed in each sector. To enhance
system performance and address this RF coverage gap, an advanced phased array antenna
system with adaptive beamforming is recommended. Adaptive beamforming facilitates
adjustments to antenna beamwidth and radiation direction, as explained in the previous
section. This antenna system is proposed to eliminate RF coverage gaps when a reduced

number of sectors are active
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CHAPTER 5

RF COVERAGE ANALYSIS FOR NON-LINE-OF-SIGHT LOCATION

5.1 Introduction

Because of the extremely short wavelength, the millimeter-wave spectrum is
susceptible to multipath signals caused by phenomena like reflection, diffraction, and
scattering. These multipath signals can lead to a reduction in the received signal level at
the receiver. However, the impact of multipath signals can vary significantly depending on
the types of objects present in the vicinity of a cell site, including buildings, vehicles,
streetlights, lampposts, foliage, and more. The effect is particularly pronounced when users
do not have a direct line-of-sight communication link with the cell site. Therefore, this
section is dedicated to demonstrating RF coverage simulation and analyzing received

signals in non-line-of-sight scenarios.

Figure 5.1 Visualize Buildings Data of Chicago downtown, IL, USA
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For the RF coverage simulation, Chicago downtown, IL, USA is used as the
deployment area. Figure 5.1 shows the deployment area map collected from the
OpenStreetMap [83]. It has building information (e.g., building materials, glass, or
concrete) needed for the multipath simulation. All the simulation parameters are listed in
Table 5.1. The following two scenarios are considered for the simulation:

a) User at non-line-of-sight with one reflected path (i.e. single ray analysis)

b) User at non-line-of-sight with two reflected paths (i.e. two ray analysis)

Table. 5.1 The parameters for simulating a 5G cell for analyzing non-line-of-sight signals

Parameters Values
Operating Frequency 70 GHz
Bandwidth 80 MHz
BS Antenna height 25m
BS Transmit power 40 dBm
BS Antenna gain 10 dBi
BS Antenna noise figure 7 dB
Receiver height I.5m
Receiver noise figure 7 dB
Receiver gain 8 dBi
BS Antenna downtilt angles 15°
Cell site radius 100 m
No. of cell sites 1
INo. of sectors per cell 3
Cell sector angles 30°, 150°, and 270°
Array size for each transmitter 256 elements
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5.2 User at Non-Line-of-Sight with One Reflected Path

The simulation results shown in Figures 5.2 to 5.11 uses free space propagation
modeling to estimate the received signal level and compare the results after including all
the weather impairments (e.g., rain, fog) (discussed in chapter 3). Figure 5.2 shows the RF
coverage simulation and receive signal strength for 70 GHz operating frequency. The user
doesn’t have a direct communication link with the cell site, but one reflected signal arrives

at the receiver after reflecting from a building wall.
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Figure 5.2 Radio frequency coverage of a 5G cell and ray tracing involving a single

reflected path.
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However, the reflected signal characteristic can significantly vary with the
properties of the reflecting surface (e.g., perfect conductor, glass, concrete, and brick, etc.),
which will change the received signal level at the receiver. Four simulation results are
shown in Table 5.2 with different building materials type (i.e., perfect conductor, glass,
concrete, and brick) to compare the effect of the received signal level. Results show that
the received signal level varies significantly with the building materials type (e.g., perfect
conductor, glass, concrete, brick, etc.). The maximum received signal obtained is - 76.7
dBm when the building material is an ideal conductor. But the received signal level drops
to - 84.0 dBm for the glass type materials, - 84.8 dBm for the concretes, and -86.6 dBm for
the brick. For the worst-case scenario (i.e., brick building materials), if we consider the
weather loss (e.g., rain and fog), the received signal level drops further to -88.7 dBm, which

is not a good signal for the 5G network.

Table. 5.2 Relationship between received signal power involving one reflected path and types of

building materials

Building Material Type Receive Signal power
Perfect reflector -76.7 dBm
Glass - 84.0 dBm
Concrete - 84.8 dBm
Brick - 86.6 dBm

5.3 User at non-line-of-sight with two reflected paths
Figure 5.3 shows the RF coverage simulation and receive signal strength with two
reflected paths. Three simulation results with different building materials are listed in Table

5.3. The findings show that the received signal power improved by 3.4 dB compared to
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one reflected path when the building material is a perfect conductor. However, the received
signal drops by 1.4 dB if the material is concrete, and 1.7 dB for brick, respectively. Since
the multipath signal arrives at the receiver through a different path, they arrive with
different amplitude, path delay, and phases. Therefore, the reflected path can interfere
constructively or destructively. For the concrete and brick, the reflected path signal
interferes destructive, and the received signal experiences signal attenuation. Even with the
two reflected paths, the received signal power is not good enough for the 5G network. The

next section describes how to improve the received signal level by adaptive beam steering.

Figure 5.3 Radio frequency coverage of a 5G cell and ray tracing involving two reflected

paths in contrast to Figure 5.2
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Table. 5.3 Building Relationship between received signal power involving two reflected paths

and types of building materials in contrast to Table 5.2

Building Material Type | Receive Signal power Receive Signal power with
with two reflected paths one reflected path

Perfect reflector - 73.3 dBm - 76.7 dBm

Concrete - 86.2 dBm - 84.8 dBm

Brick - 88.3 dBm - 86.6 dBm

5.4 Adaptive Beam Steering to Enhance the Received signal Power

Phased array antenna provides adaptive beam steering, which can steer the radiated

beam in any desired direction, described in Chapter 2. Figure 5.4 shows the updated RF

coverage and receive signal strength simulation results after 15° beam steering of sector 1.

All the simulation parameters remain the same as Table 5.1 except sector 1 steer to 45°

instead of 30°.

Four simulation results are shown in Table 5.4 for different building materials to
compare the received signal strength with and without beam steering. Results show that
the received signal improves by more than 30 dB for all four building materials. The
weather loss might drop the received signal level by a few dB but, the received signal is
perfect for all four building materials types. For example, the receive signal power is -57

dBm for brick-type building materials after adding the weather loss (i.e., rain and fog),

which is still an excellent signal for the 5G network.
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Figure 5.4 Radio frequency coverage of a 5G cell and ray tracing involving a single

reflected path after beam steering in contrast to Figure 5.3

Table. 5.4 Relationship between received signal power involving one reflected path and types of

building materials after beam steering in contrast to Table 5.2

Building Receive Signal power | Receive Signal power

Material Types | with beam steering without beam steering

Perfect reflector -45 dBm -76.7 dBm
Glass -52.3 dBm - 84.0 dBm
Concrete - 53 dBm - 84.8 dBm
Brick - 55 dBm - 86.6 dBm
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Figure 5.5 shows the updated RF coverage and signal strength simulation results
with two reflected paths after the 15 degree of beam steering at sector 1. Three simulation
results with different building materials are listed in Table 5.5. Results show that the
received signal power improved by 1.6 dB compared to one reflected path when the
building material is a perfect conductor. However, the received signal drops by 1.88 dB if
the material is concrete and 1.84 dB for brick. The receive signal power is still in the

excellent range which is required for the 5G network.

Figure 5.5 Radio frequency coverage of a 5G cell and ray tracing involving two reflected

paths after beam steering in contrast to Figure 5.3.
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Table. 5.5 Relationship between received signal power involving two reflected path and types of

building materials after beam steering in contrast to Table 5.3

Building Receive Signal power with Receive Signal power with
Material Types two reflected paths one reflected path
Perfect reflector -43.364 dBm - 45 dBm
Concrete - 54.88 dBm - 53 dBm
Brick - 56.84 dBm - 55 dBm

The millimeter-wave spectrum has a very short wavelength (i.e., 1mm-10mm). So,
the 5G signal will be reflected from most objects (e.g., small wall, vehicles, buildings,
trees, lamp post, signals, etc.) in the outdoor environment which will cause multipath
signals. Based on the above simulation results (Figure 5.2 to 5.5), it is clear that the
multipath signals greatly impact the millimeter-wave signal. It is also found that the
received signal level significantly varies with different multipath signals when the
transmitter transmits in one angle versus the other. Therefore, the received signal level will
vary substantially with varying deployment areas and the cell site locations. The system
designer must analyze the multipath signals throughout the deployment area. If there are
significant signal drops in a particular area due to non-line-of-sight, the adaptive beam

steering can be used to improve the received signal level.
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CHAPTER 6

5G NETWORK DEPLOYMENT CHALLENGES AND GUIDELINES

6.1 Introduction SG Network Deployment Challenges

Planning and deploying a new cell site involves several intricate steps,
encompassing tasks such as surveys, planning, civil and electrical architecture,
infrastructure development, signal testing, and more [94]. According to the CEO of Crown
Castle, a prominent telecommunications infrastructure provider, the current timeframe for
deploying 5G cells spans between 18 to 24 months [91]. Given the necessity for Mobile
Network Operators (MNOs) to establish a substantial number of new cell sites to offer 5G
services, adherence to conventional deployment procedures may impede the rapid rollout
of the 5G network. This section outlines the potential challenges associated with 5G
network deployment and presents guidelines for surmounting these challenges, thereby
facilitating the accelerated deployment of the 5G network.
6.2 Accurate Cell Site Planning

During the initial phases of 5G network deployment, all existing cell sites, which
were originally designated for 3G/4G networks, will serve as potential locations for 5G
infrastructure [94]. However, it is important to note that the coverage provided by cell sites
diminishes considerably in higher-frequency bands, reducing to a radius of just 200 meters
compared to several kilometers in 4G networks. Consequently, the success of 5G networks
hinges on cell densification, a crucial strategy to meet the stringent availability
requirements, such as the need for 99.99% availability. In essence, network operators will

need to deploy hundreds of new 5G cells in contrast to a single 4G cell site. However, the
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availability of suitable locations and the need to supply power to those locations will limit
options for viable new cell site placements. Hence, precise cell site planning emerges as a
significant challenge, essential for minimizing redundant sites, mitigating out-of-cell
interference, and curtailing deployment costs.

Furthermore, Mobile Network Operators (MNOs) will need to adopt diverse cell
architectures, such as nine sectors and 12 sectors per cell, contingent upon the availability
of neighboring cells and the characteristics of the deployment area (e.g., urban or densely
urban). This dissertation underscores that advanced antenna designs, incorporating various
antenna parameters like antenna height, transmit power, adaptive beamwidth, and adaptive
beam steering, present a viable solution for achieving superior RF coverage and enhancing
the requisite Signal-to-Interference-plus-Noise Ratio (SINR).

6.3 Acquiring Cell Site Location

With the imperative need to deploy hundreds of new 5G cells, Mobile Network
Operators (MNOs) face the considerable challenge of identifying suitable locations and
securing these sites for deployment. The acquisition of these new 5G cell site locations will
result in a significant escalation of both the initial deployment costs and ongoing
operational expenses [95, 96].

In contrast to previous generations, 5G cells do not necessitate tall or robust
structures; these cells can be deployed within existing structures, such as the perimeters of
buildings or lampposts along roads, among other possibilities. However, each city has its
own set of regulations pertaining to the construction of new structures in specific areas.
Furthermore, various regions may have distinct local government ordinances the limit the

utilization of existing infrastructure or the construction of new infrastructure within their
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jurisdiction [97]. Consequently, identifying suitable locations for 5G cell sites is just one
aspect of the challenge; the legal complexities associated with acquiring these sites,
whether from private property owners or local governments, present a substantial hurdle.
Moreover, the proliferation of multiple mobile operators in countries worldwide
aiming to develop their own 5G networks to cover the same deployment area raises the
concern that 5G cell towers could saturate urban landscapes. This scenario poses a new
dilemma for local governments and municipalities. Given the involvement of diverse
stakeholders (MNOs, private property owners, local and national governments, etc.)
throughout the deployment process, the establishment of appropriate regulations and
frameworks becomes imperative. Some essential guidelines are outlined below:

1. Local and national governments must establish comprehensive guidelines that
enable Mobile Network Operators (MNOs) to utilize and collaboratively share
existing infrastructure for the deployment of new cell sites.

2. To expedite the process of approving new cell site locations, the government should
implement streamlined rules and defined timelines that all involved parties must
adhere to, thus mitigating unnecessary delays.

3. Government agencies should offer explicit clarity regarding the fees associated
with the establishment of a new cell site or the renewal of an existing one.

4. Local government authorities should provide transparent guidelines to private
property owners concerning rental valuations, thereby preventing the imposition of

excessive rental costs.
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5. Government to should enable multi-operator arrangements with shared resource
utilizations to avert exorbitant expenses for operators and ensure efficient resource
allocation.
6.4 Propagation Modeling and Coverage Prediction

Propagation modeling and coverage prediction are invaluable tools that permit the
analysis of radio signals before the actual deployment and testing of cell sites. This
approach not only translates into significant time and cost savings for Mobile Network
Operators (MNOs) but also facilitates the identification of suitable locations for future cell
sites without the need for physical deployments. However, traditional empirical
propagation models like the Okumura-Hata model, which are effective for 4G networks,
are not applicable to the millimeter-wave spectrum [11, 19].

While various research endeavors have addressed 5G propagation modeling [69,
98, 99], a standardized propagation model for 5G networks has yet to be established,
preventing the comprehensive analysis of real radio signals before cell site deployment.
Nonetheless, this dissertation overcomes this challenge by conducting real-world 5G
network coverage analysis using MATLAB and Google Map tools in conjunction with free
space propagation modeling. The results presented herein closely approximate real-world
deployment conditions, provided an accurate and up-to-date Google Map dataset is
utilized.
6.5 Challenges Raised by Advanced Antenna System

Conventional network planning, designed around multiple sectors per site
employing transmitters with wide radiation beams, falls short in meeting the stringent

demands of Massive MIMO in areas such as planning, coverage prediction, data rates, and
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capacity [94]. To facilitate the implementation of Massive MIMO, the deployment of
highly directional antennas with narrow beamwidth becomes imperative, driving the
adoption of the Advanced Antenna System (AAS) within the 5G network framework.

The AAS amalgamates advanced array antennas with cutting-edge functionalities,
including adaptive beamforming and steerability. Employing a large array of antenna
elements (e.g., 16 by 16 array), the AAS delivers high gain and an exceptionally directional
radiation pattern with adaptive beam steering. Consequently, it empowers the realization
of Massive MIMO (Multiple-Input and Multiple-Output) through recent technological
advancements, positioning itself as a pivotal enabling technology for the 5G network. This
transformative system enhances network capacity, elevates data rates, bolsters network
reliability, improves energy efficiency, and mitigates interferences [94, 100, 101]. While
the higher frequency spectrum introduces challenges related to propagation loss, the
advanced antenna system rises to meet the demanding RF coverage requirements.
However, several key challenges necessitate attention and resolution as a prerequisite:

e The cost-effectiveness of first-generation Massive MIMO deployments will be
pivotal, making the selection of an AAS configuration that optimizes network
performance while remaining budget-friendly a significant challenge. Achieving
this balance will necessitate a deeper understanding of multi-antenna systems and
AAS characteristics.

e Given the physical constraints and load-bearing limits of each cell site, careful
consideration must be given to the size and weight of the AAS when planning

deployments.

122



Future-proofing of all cell sites is essential, and MNOs must retain complete
flexibility in transitioning to new AAS systems. Physical limitations, such as space
availability and load-bearing capacity, can restrict the upgrading options available
to MNOs, encompassing additions like increasing sectors, expanding transceiver
units for Massive MIMO, or incorporating a multiband antenna system.

The characteristics of AAS, including factors like beamwidth, gain, and directivity,
exhibit substantial variability dependent on operating frequency and the number of
elements in the array. For example, sub-6 GHz frequencies result in wider antenna
beamwidth, while millimeter-wave spectrums offer highly directional capabilities.
Transitioning an AAS from a three-sector cell operating in sub-6 GHz to one
operating in the millimeter-wave spectrum can introduce coverage challenges,
posing a significant hurdle for MNOs in determining the most suitable AAS and
cell site architecture for various deployment scenarios.

However, addressing and surmounting the implementation challenges for efficient

massive MIMO deployment will require further comprehensive investigation. Here are

some guiding principles to consider:

Mobile Network Operators (MNOs) must engage in extensive studies
encompassing diverse deployment scenarios, featuring varying Advanced Antenna
System (AAS) configurations and operating frequencies, to identify the most
suitable AAS for each deployment area.

The industry should actively innovate and adopt cutting-edge technologies aimed
at managing AAS size, weight, and wind load characteristics, ensuring practical

feasibility in diverse deployment environments.
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e A mere transition of the antenna system for each transmitter to an AAS will be
insufficient. MNOs should explore updated cell architectures, such as embracing
higher-order cell-sectorization (e.g., transitioning from three-sector cells to 6, 9, or
12 sectors per cell), to mitigate coverage gaps, especially in higher-frequency
spectrums.
6.6 Automatic cell planning

Considering the necessity of deploying a substantial quantity of 5G cells in each
city, the utilization of automatic cell planning tools emerges as a crucial element in
expediting the rollout of 5G networks while conserving time and resources. The challenge
lies in effectively amalgamating a multitude of cells and employing them uniformly for
coverage and capacity analysis. A practical approach involves the creation of several cell
groups, each comprising a distinct number of cells—such as seven cells or 19 cells per
group, as exemplified in this dissertation. Furthermore, these cell groups can be finely
tailored with varying cell site parameters, including antenna array dimensions, sector
count, antenna height, azimuth, downtilt angle, and transmit power. This tailored approach
allows for the precise analysis of network coverage or capacity planning, with the choice
of specific groups contingent upon the characteristics and dimensions of the deployment
area.
6.7 Energy Efficiency

The proliferation of ultra-dense 5G cell deployments is poised to assume a pivotal
role within 5G wireless networks, addressing the escalating mobile traffic demands and
alleviating congested 4G macro-cell traffic to augment user experience quality. However,

in the realm of 5G networks, power consumption can assume considerable proportions,
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primarily due to the extensive deployment of 5G cells and the less-than-efficient
millimeter-wave power amplifiers [102]. In fact, it's estimated that approximately 4.4
terawatt-hours (TWh) of power were consumed by around 100 million 5G cells in 2020,
and projections suggest that the overall power consumption in the Information and
Communication Technology (ICT) sector could soar to as much as 1700 TWh by 2030
[103, 104]. This compelling scenario underscores the research community's dedication to
green communications, seeking energy-efficient solutions for 5G networks with a lofty aim
of slashing energy consumption by up to 90% [105, 106].

The power consumption of a cell site manifests in varying traffic conditions,
encompassing dynamic power consumption during active periods and static power
consumption during idle intervals, as elucidated in Chapter 5. With the advent of advanced
antenna systems and the transition to higher-order cell-sectorization from the conventional
three-sector cell, the power demands per cell site are poised for a significant escalation. In
light of these challenges, several guidelines merit attention:

1. A comprehensive optimization of energy efficiency should be undertaken for all
network-related equipment.

2. The development of an advanced control unit is imperative to curtail static power
consumption during traffic lulls.

3. Exploring alternative power sources, such as solar cells or batteries, is essential to
meet augmented power requirements.

6.8 Backhaul Network
The deployment of dense 5G cells is poised to usher in a remarkable surge in network

capacity and data rates [107]. However, this proliferation mandates that each cell site
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establishes a direct connection with the core network, often referred to as the backhaul
network. The notion of creating a one-hop direct connection, be it wired or wireless, from
the core network to every 5G cell site is logistically implausible. Consequently, the only
viable approach to ensure a seamless backhaul connection between the core and 5G cells
is via a multi-hop network. Yet, it's essential to acknowledge that as the number of hops
between the core and 5G cells increases, network latency becomes a growing concern.
Thus, crafting an ultra-reliable, ultra-low latency backhaul network emerges as a novel
challenge [108, 109].
Addressing these challenges warrants the following guidelines:

1. Mobile Network Operators (MNOs) should explore alternative wireless backhaul
solutions capable of supporting high capacity while maintaining cost-efficiency.
Wireless backhaul technologies, including Millimeter-wave and laser backhaul
[110-113], present viable options to expedite 5G network deployment.

2. MNOs must devise new backhaul architectures that facilitate multi-hop
communication while ensuring a seamless backhaul connection that adheres to
latency requirements.

3. Itis imperative that all backhaul-related equipment exhibits a high degree of energy
efficiency, as inefficient components can substantially elevate total energy
consumption. Chapter 5 underscores that backhaul components constitute a
significant contributor to cell site static power consumption. Therefore, MNOs
should employ advanced control units to mitigate static power consumption during

periods of zero traffic load.
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6.9 Separate cell-site for indoor and outdoor coverage

At higher frequencies, building penetration loss becomes a significant challenge,
necessitating the deployment of distinct 5G cells for indoor and outdoor coverage by
mobile network operators. Nonetheless, the extent of penetration loss is highly contingent
upon the specific building materials and the surrounding environment [114, 115].
Consequently, it is imperative for mobile network operators to conduct comprehensive
interference analyses, encompassing issues such as out-of-cell interference, to address
potential challenges arising from interactions between outdoor and indoor cells.
6.10 Cell site monitoring and signal testing

Given the sheer magnitude of 5G cell deployments, individually monitoring each
cell site would entail substantial costs for mobile operators. Meeting the exacting demands
of 5G networks, such as ultra-low latency and ultra-high reliability, necessitates more
frequent signal testing compared to existing network protocols. The conventional signal
testing method, which typically involves drive testing within the service area, would
demand additional human resources and time, resulting in a considerable escalation of
testing expenditures. Consequently, network operators must seek alternative solutions for

efficient cell site testing and monitoring to optimize both time and costs.
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CHAPTER 7

CONCLUSIONS AND FUTURE WORK

7.1 Conclusions

The escalating demands for data traffic are compelling cellular networks to explore
higher frequency spectrums like millimeter-wave and terahertz to access broader
bandwidths. With the 5G network slated to utilize these elevated frequency spectrums,
ranging from 24 GHz to 100 GHz, this dissertation initially delves into RF coverage
planning at a 70 GHz operating frequency using a conventional three-sector cell
architecture, closely examining RF signal characteristics. The findings underscore issues
of subpar SNR and signal strength encountered by the traditional cell architecture when
employing array antennas with a greater number of antenna elements.

To address these challenges, this dissertation adopts a strategic approach. Firstly,
this dissertation first employs nine and twelve sector cell architectures, where each sector
is equipped with an advanced antenna system designed with subarray architecture, thereby
providing adaptive beamforming and beam steering capabilities. The simulation outcomes
reveal impressive RF coverage for the nine-sectored cell architecture. In this configuration,
each sector is equipped with an 8-by-8 uniform phased array antenna situated at a height
of 25 meters above ground level and tilted at a 30-degree angle. Conversely, the twelve-
sectored cell architecture exhibits exceptional RF coverage performance. In this scenario,
each sector is furnished with a 16-by-16 uniform phased array antenna, maintaining the

same elevation above ground level, and employing a downtilt angle of 20 degrees.
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In addition to the higher sectorization techniques, this dissertation introduces an
adaptive cell-sectorization method that engages twelve sectors during peak traffic hours to
maximize capacity, while conserving energy during off-peak periods through the use of
fewer sectors (e.g., nine sectors or six sectors per cell). Simulation results unequivocally
demonstrate that the proposed adaptive cell-sectorization method significantly reduces
energy consumption during off-peak hours.

Furthermore, this dissertation delves into the numerous challenges associated with
deploying 5G networks, including precise cell site planning, location acquisition,
propagation modeling, energy efficiency, backhaul considerations, among others, and

outlines future research directions aimed at surmounting these challenges.
7.2 Directions for Future Research

Future research endeavors will encompass efforts aimed at building upon the

existing work to achieve enhanced performance outcomes.
7.2.1 Accurate Terrain Profile to Analyze RF coverage

In this dissertation, terrain profiles obtained from Google Maps are utilized to
visualize RF coverage and signal propagation. Consequently, the precision of RF coverage
simulations, including SINR and signal strength, is contingent upon the up-to-date terrain
profile of the deployment area. Consequently, mobile network operators should ensure the
use of current terrain profiles when assessing RF coverage for outdoor deployment
scenarios. Reliable sources for obtaining updated terrain profiles may include local

government agencies and telecommunication vendors such as GIS Lounge.
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7.2.2  Appropriate Propagation Modeling

The primary objective of RF coverage planning is to evaluate the characteristics of
RF signals, encompassing factors like signal attenuation and received signal levels, across
the entire deployment area. Simulation outcomes and signal tracing techniques are utilized
to estimate the maximum signal attenuation between transmitters and receivers. However,
the accuracy of these measurements largely depends on the utilization of the correct
propagation model, which should be suitable for the specific deployment area, whether
indoor or outdoor. In this dissertation, the analysis of RF coverage, with a focus on SINR
and signal strength, involves the use of free space propagation modeling, along with
accounting for atmospheric constituents such as rain, gas, and fog. It's important to
emphasize that the accuracy of simulations may vary in real-world deployment scenarios.
Currently, there isn't a standardized empirical propagation model for the 5G network,
underscoring the need for mobile network operators (MNOs) to conduct comprehensive
testing across diverse deployment areas to formulate a suitable propagation model tailored

to 5G networks.
7.2.3 RF Coverage Planning and Analysis for Indoor

The 5G network necessitates separate cell sites for indoor and outdoor coverage
due to high building penetration loss, as discussed in Section 7.2.8. However, this
dissertation primarily focuses on outdoor deployment scenarios for planning and analyzing
RF coverage. Future research could encompass RF coverage planning and signal analysis

for indoor environments.
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It's worth noting that the main RF signal impairment indoors typically arises from
multipath signals, without the influence of weather-related impairments such as fog or rain.
This dissertation offers an extensive multipath signal analysis that can readily serve as a
foundation for indoor RF coverage planning. Consequently, extending the scope of this

dissertation to include indoor RF coverage planning would be a natural progression.

7.2.4 More Studies on Adaptive Cell-Sectorization

The proposed adaptive cell-sectorization method employs an advanced antenna
system designed with subarrays. However, each subarray necessitates additional
equipment, such as T/R switches and connecting cables, for controlling the number of
radiating elements and beam steering. This augmentation will lead to increased costs and
power requirements. Consequently, a trade-off emerges where mobile network operators
(MNOs) must carefully assess deployment scenarios with consideration for varying traffic
conditions.

If traffic conditions fluctuate significantly between peak and off-peak hours, the
proposed method stands to be a cost-effective means of conserving cell site power
consumption. On the other hand, if traffic remains relatively stable, the cost-effectiveness
of this approach may be less evident. Future research can involve conducting more case
studies, involving real-world deployment areas and actual traffic demands, to

comprehensively analyze the performance and applicability of the proposed method.

7.2.5 Extensive Studies on Advanced Antenna System

This dissertation introduces an Advanced Antenna System (AAS) consisting of

subarrays, with the overall antenna performance being contingent on the architecture of
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individual subarrays. In Chapter 2, a design for a uniform linear phased array architecture
is presented, incorporating various antenna element configurations such as 16-by-16 and
32-by-32 arrays. The chapter highlights potential challenges, such as sidelobes and
sidelobe power levels, and demonstrates the effectiveness of the Dolph-Chebyshev
amplitude tapering method in reducing sidelobe power. However, it is noted that this
approach can reduce directivity and widen the beamwidth.

Future research endeavors could explore alternative amplitude tapering methods,
such as Taylor and Binomial tapering, and conduct a comparative analysis against the
Dolph-Chebyshev method to determine the optimal solution. Additionally, further
investigations might focus on different types of phased array architectures, such as planar
arrays and frequency scanning arrays, aiming to compare their performances with the

current work to identify the most suitable antenna configuration.
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