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ENGLISH ABSTRACT

The emerging fifth generation (5G) new radio (NR) provides a global standard that
delivers high capabilities to 5G wireless networks. It enables increased support for
multiple use cases by operating in diverse frequency ranges. This includes sub-6GHz
frequency bands to allow long term evolution (LTE) compatibility and millimeter
wave (mmWave) bands to provide enhanced capabilities. Driven by the high
bandwidth availability as well as the higher antenna gains achievable through
directional beamforming, mmWave technology has evolved as a promising technique
for 5G. Directional transmission in mmWaves is key to mitigating their limitations of
higher path loss, blockage, and many other frequency-dependent losses. However, it
also causes substantial multipath suppression as the paths that fall outside the antenna
beam area are filtered out. The spatial filtering of directional antennas and higher
attenuation at mmWaves both create a sparse multipath structure in directional
mmWave channels as opposed to the rich scattering environments in sub-6GHz
omnidirectional channels. These unique propagation characteristics of directional
mmWave channels necessitate the need to develop new accurate channel models. The
design of realistic channel models that can characterize mmWave features is vital in
5G mmWave research to budget the links, perform system architecture trade-offs, and

provide true assessments of novel technological solutions.

In this work, we deterministically model a directional mmWave urban micro (UMi)
street canyon (SC) outdoor channel using a low complexity custom ray tracing model,
called millimeter wave directional deterministic channel model (MiDDCM). The
model integrates a highly directional horn antenna geometry in 3D plane and exploits
this antenna directionality for reducing ray tracing complexity. The effects of
frequency-dependent specific attenuation and foliage losses are also incorporated to
enhance the model accuracy. The proposed model is used to examine the implications
of mmWave directional channel modeling in various realistic scenarios, such as the
line of sight (LOS)/non-LOS (NLOS) transmissions along with antenna beam
alignment/misalignment, by evaluating their path loss variations. The effect of
antenna diversity in combating deep fades has also been analysed. The channel model

is additionally used to assess the impact of intersecting crossroads in narrow



directional mmWave links. Further, we propose statistical modeling of directional
channels by performing a mathematical curve fitting over the MiDDCM data set to
develop a closed-form expression. A correction factor dependent on the deployment
parameters is also proposed in this expression to minimize the fitting error in a
directional statistical channel model. Furthermore, a metaheuristic learning algorithm
called particle swarm optimization (PSO) is applied to optimize the SC deployment
parameters for optimal directional channel path loss. The proposed optimization
model efficiently manages the channel specifications and environment geometry in

outdoor SC directional channels.



DANSK ABSTRAKT

Den nye femte generation (5G) nye radio (NR) giver en global standard det leverer
hgje kapaciteter til 5G tradlgse netverk. Det muligggr gget understgttelse af flere use
cases ved at operere i forskellige frekvensomrader. Dette omfatter under 6-GHz
frekvensbandfor at tillade langsigtet evolution (LTE) skompatibilitet og
millimeterbglge (mmWave) band at give forbedrede funktioner. Drevet af den hgje
bandbredde tilgeengelighed savel som den hgjere antenne gevinster opnaelige gennem
retningsbestemt straleformning, mmWave teknologi har udviklet sig som en lovende
teknik til 5G. Retningsbestemt transmission i mmWaves er ngglen at formildende
deres begrensninger af hgjere banetab, blokering og mange andre frekvensathaengige
tab. Men, det forarsager ogsa betydelig multipath undertrykkelse som de stier, der
falder uden for det antennen strale omrade er filtreret ud. Den rumlige filtrering af
retningsbestemte antenner og hgjere dempning ved mmWaves begge skaber en
sparsom multipath-struktur i retningsbestemte mmWave-kanaler i modsatning til de
rige spredningsmiljger i sub-6 GHz omnidirectional kanaler. Disse unikke
formeringsegenskaber af retningsbestemte mmWave-kanaler krever at der udvikles
nye ngjagtige kanalmodeller. Udformningen af realistiske kanalmodeller, der kan
karakterisere mmWave-funktionerne, er afggrende i 5G mmWave-forskningen for at
budgettere linkene, udfgre systemarkitektursbyforbyder og give sande vurderinger af

nye teknologiske Igsninger.

I dette arbejde, vi deterministically model en retningsbestemt mmWave urban mikro
(UMi) street canyon (SC) udendgrs kanal ved hjelp af en lav kompleksitet
brugerdefinerede ray tracing model, kaldet millimeter bglge retningsbestemt
deterministiske kanal model (MiDDCM). Modellen integrerer en meget
retningsbestemt horn antenne geometri i 3D-plan og udnytter denne antenne
retningsbestemthed for at reducere ray tracing kompleksitet. Virkningerne af
frekvensafhengig specifik dempning og tab af blade er ogsa indarbejdet for at
forbedre modellens ngjagtighed. Den foreslaede model anvendes at undersgge
virkningen af mmWave retningsbestemt kanal modellering i forskellige realistiske
scenarier, sasom synslinjen (LOS) / ikke-LOS (NLOS) transmissioner sammen med

antenne strale justering / forkert justering, ved at evaluere deres vej tab variationer.



Virkningen af antenne mangfoldighed i bekempelsen af dybe fades er ogsa blevet
analyseret. Kanalmodellen bruges desuden til at vurdere virkningen af korsvej i
smalle retningsbestemte mmWave-kanals. Desuden, vi foreslar statistisk modellering
af retningsbestemte kanaler ved at udfgre en matematisk kurve fitting over MiDDCM-
dataszttet for at udvikle et lukket-form udtryk. En korrektionsfaktor at athenger af
det implementeringsparametre er ogsa foreslas i dette udtryk for at minimere
tilfittingfejlen i en retningsbestemt statistisk kanalmodel. Desuden, anvendes en
metaheuristisk leringsalgoritme kaldet partikelsvermoptimering (PSO) for at
optimere SC-implementeringsparametrene for optimalt retningsbestemt kanal stitab.
Den foreslaede optimeringsmodel styrer effektivt kanalspecifikationerne og

miljggeometrien i udendgrs SC-retningskanaler.
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SYMBOLS

c crossroad number

crand ¢z personal and social acceleration coefficients of PSO
C maximum number of crossroads on any street side
d 2D separation distance

dsp 3D separation distance

dc critical distance

d, path length of ground reflection

dpe horizontal critical distance

dio path length of odd-numbered wall reflection

die path length of even-numbered wall reflection

dros path length of direct LOS

dmax maximum separation distance

do reference distance of CI model

drw distance from RX to near reflecting wall

ds street width

dsep vertical separation distance between array elements
diw distance from TX to far reflecting wall

dye vertical critical distance

dw smallest distance either from TX to near wall or from
Dy foliage depth

E edge of the crossroad

Ew/No bit-energy/noise
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HPBW, azimuth half power beamwidth

HPBWEg elevation half power beamwidth

K. coefficient of exponential absorption

Laps specific attenuation due to oxygen absorption
Lol foliage loss
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M maximum number of wall reflections

MAPL maximum allowable path loss

n order of wall reflected paths

n“! path loss exponent of the CI model

it path loss exponent of the directional statistical model
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N maximum wall reflection order

P. un-coded bit error probability
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MILLIMETER WAVE CHANNEL MODELING AND ITS IMPLICATIONS IN 5G CELLULAR DESIGN

CHAPTER 1. INTRODUCTION

1.1 OVERALL SCENARIO

The fifth generation (5G) of mobile communication systems is expected to meet
diverse requirements arising from varied application possibilities outside the
traditional wireless broadband category [1], [2]. From a broader perspective, 5G
mobile networks will offer higher data rates to support powerful smartphones with
high bandwidth video streaming applications. It will provide improved latency and
reliability for challenging services like autonomous cars, aerial vehicles, and
virtual/augmented reality (VR/AR). Furthermore, to fully support services in terms of
machine-to-machine (M2M) communications, 5G is also required to provide scalable,
flexible, and robust connectivity. The existing fourth-generation (4G) long term
evolution (LTE) technology [3], though evolved with advanced networking and signal
processing capabilities, is inept to address these varied service demands as it relies on
the heavily crunched low-frequency spectrum [4]. 5G-enabled technologies and
networks open new research space and offer incredible potential to address several
key challenges of traditional 4G systems, like the spectrum shortage crisis and high
energy consumption [5]. Industry and academia worldwide are indeed working
together to accelerate 5G deployment through extensive research and early network

trials.

Unlike the former generations, 5G aims to provide a unified system that can be
designed and optimized for different usage scenarios. Also, there is an inherent
adherence to backward compatibility which allows 4G LTE and 5G technologies to
coexist [6]. The international mobile telecommunications (IMT) 2020 envisioned by
the radio communications sector of the international telecommunications union (ITU-
R) will serve as a unified platform for the 5G system development, providing an
explicit description of 5G objectives [7]. It also specifies a wide variety of use case
scenarios for 5G in three broad categories, namely; enhanced mobile broadband
(eMBB), ultra-reliable and low latency communications (URLLC), and massive
machine-type communications (mMTC), along with their minimum technical
performance requirements in actual deployments [8]. Several disruptive technologies

will drive 5G to meet these requirements with prominence on ultra-densification of
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networks for smaller cells, millimeter waves (mmWaves) for increased bandwidths,
and massive multiple input multiple output (MIMO) for improved spectral
efficiencies, thereby creating a substantial change in the architectural and component
design of 5G systems [9]. The wideband mmWave spectrum in the range of 30-
300GHz will be essential to address the monthly global mobile traffic demand of
30.6B Gigabytes in 2020, which may even increase to 131B Gigabytes by 2024 [10].
Almost 25 percent of the world’s mobile traffic is forecast to be fixed wireless access
(FWA) that will feature new radio (NR) in the mmWave spectrum to provide gigabit
internet speeds to homes, apartments, and businesses. As stated in [11], the
applicability of mmWaves in eMBB, URLLC, and mMTC use cases is indeed
immense. Some of the early research studies had demonstrated the feasibility of
mmWaves specifically, the lower frequency ranges, for broadband outdoor mobile
communication networks [12]-[15]. In addition to the availability of wide contiguous
bandwidth, the mmWave spectrum provides other benefits such as short wavelength
allowing to integrate larger antenna arrays in smaller areas, short transmission range
supporting network densification and small cell concept, and so on [13]. As the
wideband mmWave spectrum inherently offers higher data rates, multi-antenna
technology can be exploited for mmWaves to support spatial diversity (for enhanced

signal quality) and/or to provide narrow beamforming gains (for improved coverage).

Despite these advantages, enabling mmWave communications in 5G poses significant
challenges- most importantly, the higher signal attenuation due to free space loss,
atmospheric absorption, rain, foliage, human blockage, and building penetration [16],
which collectively leads to poor channel quality, intermittent connectivity, and
reduced coverage. The impact of penetration loss can be minimized using a cellular
architecture that separates the indoor and outdoor transmission scenarios [5].
Literature also reflects that introducing highly directional antennas with narrow
radiating beams essentially compensates the higher attenuation and offers an
improved link budget than would omnidirectional antennas [17], [18]. Hence, it is
imperative to reconsider the traditional statistical channel models with
omnidirectional formulations to explore directional mmWave channels and to
examine the impact of directionality on system modeling and link budgeting.
Moreover, beamforming and steering technologies will be used in mmWave systems

to enhance the link quality and coverage distance, which makes beam management an
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active research area for directional mmWaves [19]-[21]. This mandates the need to
identify the exact beam steering direction in real-time to evaluate the best power
performance. Therefore, further studies about the antenna directionality and the
impact of beam steering in mmWave channels are needed to assess the alignment of
transmitting and receiving beams. The ray tracing-based beam tracking demonstrates
improved effectiveness in mmWave channels with abrupt channel changes. As the ray
tracer inherently tracks the stronger paths, their departure angles could be easily
stored and utilized to rearrange the beams [22]. Recent literature reflects mmWave
channel characterization and modeling of various propagation scenarios such as
outdoor open square [23], in-room [24], [25], outdoor street canyon [22], [26]-[29],
aviation field [30], high-speed train [31], by exploring and exploiting antenna
directionality. To date, several channel modeling approaches with varying accuracy,
complexity, stability, and scenario specificity are employed in mmWave outdoor
channel study, yet, most of them modify the sub-6GHz channel models by modifying
their key parameters conforming to measurements. In general, the channel modeling
strategies for mmWaves should capture the unique characteristics of heavily
attenuated high frequency mmWave channels such as higher penetration loss, reduced
number of multipaths, reduced impact of small-scale fading, and a clear distinction
between the line of sight (LOS) and non-LOS (NLOS) propagations. However, most
of the existing channel models are inadequate in capturing all these essential features
of mmWaves [32], [33] which can lead to the incorrectly estimated performance of
novel signal processing algorithms, transmission techniques, and other enabling

technologies.

As apparent, highly directional antennas employed in mmWave links will provide
substantial suppression of the multipaths that fall outside the antenna beam area [32].
This leads to a sparse multipath channel structure in directional mmWaves as opposed
to the rich scattering environments in omnidirectional sub-6GHz channels [34].
Hence, the directional channel between two mmWave nodes is defined by strong
specular paths. This necessitates the need to accurately model both azimuth and
elevation angles of the contributing multipath components in a three dimensional (3D)
plane, unlike the two dimensional (2D) antenna models adopted in various channel
models for analytical tractability [35]. Typically, the mmWave channel models will

need to apply and adapt to the spatial dynamics of the channel introduced by the
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deployment of high gain directional antennas [36]. In this perspective, deterministic
ray tracing exhibits supremacy over statistical channel models in characterizing the
mmWave channels in terms of multipath components to provide a highly accurate
model. Moreover, the statistical channel models are inherently limited to scenarios
specified in the underlying measurements. This also implies that a comprehensive
characterization requires detailed empirical analysis or measurements [25]. As we
drift to the higher frequency, broader bandwidth mmWave spectrum; the geometry-
based stochastic channel models such as WINNER II might be inadequate to provide
an accurate channel characterization as they model different deployment scenarios by

identical approaches, but with varying channel parameters [23].

In summary, SG mmWave communications will necessitate the redesign of the
complete cellular framework opening up tremendous research opportunities in
channel characterization and modeling, directional transmission, beamforming and

steering, beam training and tracking, and many more.

1.2 AIMS AND OBJECTIVES

The main objective of the proposed research work is to provide a comprehensive
characterization of mmWave directional links in an urban micro (UMi) street canyon
(SC) outdoor scenario by estimating received power and path loss variations in
several realistic scenarios. For example, LOS or NLOS, antenna beam aligned or
unaligned, and road canyon with or without crossroads. In the outdoor channel
modeling, UMi SC, unlike the open square scenario, generates the maximum number
of strong reflected multipath components, thereby allowing evaluating the worst-case
outdoor path loss performance. The study is extended for the diversity scheme of a 2
x 2 MIMO channel. The defined research goal is realized through the following sub-

objectives:

e Investigate different PHY layer design challenges of emerging 5G
communication systems with an emphasis on adopting millimeter wave

transmission for small cell design.

e Examine the impact of unique propagation features of mmWaves and exploit

them in characterizing the mmWave propagation channel.
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¢ Analytically derive the channel model for small cell UMi SC outdoor
deployment scenarios to provide a realistic approximation of mmWave
propagation for single input single output (SISO) and MIMO transmissions.
The path loss performance for various propagation conditions and

environments will be analysed to draw useful insights.

e Validate the simulated channel models through a comparative analysis of the

accomplished results with standard channel models.

e Study the implications of directional channel characterization on the overall

performance of mmWave directional deterministic channels.

e Perform statistical analysis on the directional deterministic channel

characteristics.

e Devise a method to optimize the street canyon deployment for optimal

performance.

1.3 METHODOLOGY

In this thesis work, the deterministic ray tracing technique is employed to derive a
custom ray tracing model of low complexity to characterize the performance of
mmWave UMi outdoor SC links with highly directional propagation characteristics.
The ray tracing complexity is reduced by exploiting mmWave channel sparsity arising
from higher attenuation, the insignificance of diffraction, and link directionality. A
generalized channel model that determines the number of specular reflections as a
function of specific environment geometry and antenna characteristics is devised and
validated using MATLAB. The approach will be more realistic and reliable compared
to models that arbitrarily choose the number of contributing paths as a fixed value or
based on an input specification. The deterministic model will be used to derive
various performance metrics of the mmWave directional deterministic outdoor
channel and also applied to assess different transmission scenarios that cannot be
examined by traditional statistical models. A statistical approximation of the
deterministic model is realized using a regression fit to directional deterministic path
loss data to develop a convenient closed-form expression. The low complexity

deterministic model is also integrated with a metaheuristic learning algorithm to
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efficiently administer the environment geometry of mmWave UMi SC directional
outdoor channel. The model is meticulously analysed to assess its scope compared to

the present work to exhibit the efficacy of the proposed design.

1.4 KEY CONTRIBUTIONS

The significant contributions of the thesis in mmWave channel modeling and its

implications in 5G cellular design are summarised as follows:

e Investigation of unique propagation characteristics of mmWaves for the UMi SC

outdoor scenario.

e Modeling of mmWave directional deterministic outdoor SC channel

= The 3D directional properties of mmWave links in both elevation and
azimuthal planes are examined by using a highly directional horn antenna

design to integrate the effect of antenna directionality in channel modeling.

= The unique properties of frequency-dependent oxygen absorption and

foliage are modelled by including standard techniques.

= A novel millimeter wave directional deterministic channel model
(MiDDCM) based on custom ray tracing is developed for mmWave UMi
SC outdoor channels with high gain antenna systems. The analytical
framework exploits antenna directionality to reduce the complexity of ray
tracing computations leading to a generalized design that dynamically
determines the number of contributing multipaths from the choice of

antenna beam area.

= Two different link types, namely, the backhaul/fronthaul and the access are
studied to examine the implications of mmWave directional channel
modeling in various realistic scenarios, such as LOS/NLOS transmissions

with antenna beam alignment/misalignment based on path loss variations.

= The directional channel is characterized for varying input specifications,
like, mmWave frequency, antenna polarization, and beamwidth,
transmitter (TX)/receiver (RX) location and height, and deployment

parameters.
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The proposed MiDDCM for directional SISO channels is extended into 2 x
2 MIMO channels following the two ray channel modeling technique to

examine the influence of antenna separations on channel performance.

The SISO MiDDCM is also extended to characterize a realistic SC layout
with crossroads of arbitrary widths and to investigate the impact of street

grids on mmWave fading characteristics.

e Statistical learning of mmWave directional channel characteristics and models

Here, statistical modeling of directional channels is proposed by
performing a mathematical curve fitting over the directional deterministic
LOS path loss data set to develop a closed-form expression identical to
that of the power-law path loss model. A correction factor is hence
proposed to produce a non-uniform variance for the fading factor in a

directional link to minimize the fitting error.

A metaheuristic learning algorithm called particle swarm optimization
(PSO) is applied for the optimal placement of SC deployment parameters
that can yield minimum channel path loss. The implementation helps to
efficiently manage the channel specifications and environment geometry in
outdoor directional channels. The proposal stems from the insight that
even small variations in deployment parameters cause considerable path

loss fluctuations owing to the short wavelength of mmWaves.

1.5 THESIS ORGANISATION

The rest of this thesis is organized as follows.

Chapter 2 summarizes the state-of-the-art of significant technological developments

in 5G communication systems with specific attention to the applicability of wideband

high frequency mmWaves in meeting essential performance requirements foreseen in

the 5G roadmap. The fundamental propagation features of mmWaves are briefly

discussed to understand and appreciate the need for novel channel models. The

popular methods used in the development of mmWave channel models and existing

standard mmWave channel models are described. This chapter also presents a
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comprehensive review of PSO and its applications to the field of 5G communication

theory and networks.

Chapter 3 provides the analysis and design of the original and proposed low
complexity directional channel modeling based on deterministic ray tracing for the
UMi SC outdoor mmWave channels. In this, antenna directionality is exploited to
reduce ray tracing complexity. This chapter first examines channel sparsity due to the
spatial filtering of directional antennas and presents the detailed mathematical
formulation for the MiDDCM. The model is assessed and extended to investigate
beam steering effects on the performance of LOS and NLOS directional channels by
assuming both continuous and discontinuous reflecting sidewalls in road canyon.
Analytical insight into the spatial diversity in sparse multipath channel structures in

mmWave outdoor directional channels is provided.

Chapter 4 further develops the deterministic model to perform statistical analysis on
the path loss data set to propose an easily computable closed-form expression with
fewer input parameters. It also introduces a novel correction factor to provide
necessary corrections to the traditional power-law path loss model to address channel
directionality. The chapter also proposes a method to combine metaheuristic learning
and mmWave channel modeling to efficiently plan the deployment parameters for

optimal path loss performance.

Chapter 5 summarizes the significant results relating to the proposed study on
mmWave directional channel characterization, providing a detailed description and
discussion. The relevance and significance of the findings are explored with specific

attention to their important implications.

Chapter 6 concludes the work in this thesis with a summary of significant
contributions and potential future research directions in mmWave channel modeling

for characterizing directional outdoor SC links.
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CHAPTER 2. STATE OF THE ART

2.1 INTRODUCTION

5G standardization activities are actively initiated in ITU-R, and 3" generation
partnership project (3GPP) and, many milestones are being achieved to mobilize
mmWaves for 5G [37]. Yet, multiple challenges in the characterization of mmWave
links and the design aspects of mmWave communication systems remain elusive [33].
Even though mmWaves can achieve most of the performance requirements
envisioned by 5G, transmission at mmWave frequencies is limited to short-range due
to their high attenuation [38], [39]. Extensive research is directed to assess mmWaves
for 5G mobile broadband by employing directional high gain antennas which offer a
significant extension of the transmission range than would be possible with
omnidirectional antennas. Accordingly, new models that account for the three-
dimensional spatial characteristics of propagation are required to characterize
mmWave channels which are fundamentally different from the existing sub-6GHz
channels. This chapter provides the background information of mmWave channel
characterization and modeling for 5G communication systems which forms the

reference for the research problem addressed in this thesis.

2.2 5G WIRELESS TECHNOLOGY

Cellular systems have evolved over the years from narrowband networks of around
10Kbps to broadband networks of 100Mbps and have consistently followed the
prediction that a new generation will be introduced every ten years [8], [40]. It has
evolved from first-generation (1G) to 4G and is currently being investigated as a 5G
system. The legacy LTE and LTE advanced (LTE-A) based 4G standard with its
several release versions has been offering downlink data rates of 300Mbps and uplink
data rates of 75Mbps which can be adequately enhanced to 1Gbps in the downlink
through techniques like carrier aggregation, interference mitigation mechanisms as
well as spatial multiplexing at the base station (BS) and/or the user equipment (UE)
[3]. However, 4G has matured to a state where only incremental improvements and a
limited spectrum can be expected. The adoption of smart devices with capabilities

that require higher data rates and bandwidth usage has influenced the growth of global
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IMT traffic demand which will continue to grow in the range of 10-100 times in the
next ten years [7]. With the IMT-Advanced systems being deployed in the world, the
next generation of mobile technology should evolve with superior performance to
provide different services like ultra-high-definition (UHD) 3D video, augmented and
virtual realities, Internet of Things (IoT), and unmanned aerial vehicles (UAV) [40].
In specific, the network must support the growing demand for higher data rates,
combat the spectrum crisis scenario, service a myriad of wireless mobile devices and,

most importantly, maintain a much low energy consumption [5].

The concept of 5G was coined before the year 2010, with considerable research
development taking place in various directions since 2012 [4], [5], [37], [40]-[42]. As
stated in [6], SG will not be yet another mobile generation to improve data rate,
coverage and capacity; instead it will open a new arena of cellular communication
with the promotion of wideband higher frequency spectrum, virtualization of network
infrastructure, integration of various types of devices and formation of unconventional
mobile standards, to name a few. The ITU established IMT-2020 in 2015 to define the

overall vision, process, and roadmap for the development of 5G mobile
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Figure 2.1 5G use cases and associated applications.
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communication systems. In partnership with governmental bodies and the mobile
industry worldwide, ITU is working towards the realization of IMT-2020.
Accordingly, 5G is envisaged to support various services broadly categorized as
eMBB, URLLC, and mMTC, as illustrated in Figure 2.1 [43]. The eMBB usage
scenario is very much similar to existing mobile broadband, but with extended
capabilities of higher data rate, seamless coverage, improved traffic capacity, and
higher mobility. The URLLC services include emerging critical applications with
stringent requirements for reliability and latency. Under the mMTC category, 5G
accommodates applications that demand high connection density, scalability, and use
devices having low cost and long battery life. The current deployments are
fundamentally driven by FWA and eMBB services which utilize a slightly higher
bandwidth of the available spectrum in 4G LTE. In fact, 5G technology development
includes a combination of the existing 4G and an emerging NR technology [44]. After
3GPP released the 5G NR specifications for non-standalone (NSA) architecture in
2017, several industry researchers, vendors, and service providers are working

stringently towards rolling out SG NSA deployments [33].

To realize the unique vision [45] and use cases, ITU specifies well-defined
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Figure 2.2 5G key requirements.
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performance requirements for 5G [7]. Based on this, Samsung proposed seven key
performance indices (KPIs), illustrated in Figure 2.2 [11]. Accordingly, 5G should
achieve a targeted spectral efficiency of hundreds of giga-bits-per-second for eMBB
services. At the same time, it should meet the requirement of low power, low data
rate, and sporadic traffic needs of mMTC. Furthermore, it should address the stringent
requirements of high reliability and low latency for URLLC. The potential technology
candidates that require attention in the upcoming 5G and their challenges in delivering

these design requirements are discussed in [5].

To meet the 5G vision and to achieve the performance requirements in different key
dimensions, smart and efficient technologies are emerging into research fields [1], [2],
[8], [9], [11], [42]. A theoretical consolidation of five disruptive technologies for 5G
that could lead to a design change at both architectural and component levels is
reported in [8] with a minimal assessment made on the individual suggestions
themselves. In [9], authors summarize the emerging technologies in 5G research and
development illustrating their key challenges. It also provides the significance of 3
key enabling technologies, namely: network densification, mmWaves, and massive
MIMO in delivering the promised data rate for 5G eMBB services. The former two
techniques can additionally improve the energy and the cost efficiency of 5G
networks. In addition to the revolutionary technologies like mmWave and massive
MIMO, 5G cellular network design will be directed towards device-centric
architectures, a major contradiction with the existing BS based cellular architecture
[9]. We now highlight major technological developments that can benefit 5G

applications:

= Millimeter waves: Unlike the fragmented spectrum available in the sub-
6GHz regime, the large contiguous spectrum of approximately 200GHz
enhances the acceptance of mmWave technology in 5G systems. The
mmWave band utilizes this large available channel bandwidth to realize higher
data rates, higher capacity, and improved connectivity compared to low-
frequency microwave bands. Even before entirely comprehending mmWave
technologies, high frequency mmWaves were previously used in fixed, LOS
applications such as satellite communications, radar systems, and wireless

backhauls. However, the applicability of mmWaves in mobile access networks
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dominated by high user mobility and large signal blockage requires careful
assessment. Deploying 5G networks that operate in the mmWave bands offer
enormous challenges and opportunities with a significant focus on mitigating
their adverse propagation conditions, among others [13]. This includes the
high free space attenuation and the large channel fluctuations caused by
atmospheric absorption, foliage, and signal blockages. The use of highly
directional beam steering and adaptive beamforming solutions are suggested to
overcome these losses [18][46]. Hence, mmWaves will use MIMO to exploit
beamforming gains in order to enhance the SNR and the range of transmission

links.

= Massive MIMO: Though MIMO was popularly employed in 4G, massive
MIMO that deploys tens to hundreds of antennas at the BS will be a promising
technique for 5G to achieve significantly higher throughput and capacity
[32][47], [48]. The mmWaves with low carrier wavelengths are extremely
favourable to allow the integration of several antenna elements into the same
physical dimension. By placing antenna elements in a 2D-grid, it is possible to
realize an efficient antenna array panel called full-dimension MIMO (FD-
MIMO). This 3D MIMO architecture extends the array from the only
horizontal plane to both horizontal and vertical planes, thus enhancing the
spatial resolution and improving the signal to noise ratio (SNR). Design and
development of a massive MIMO antenna array poses several architectural
challenges. Primarily, the BS will have to be equipped with a large number of
low-power amplifiers feeding the large number of tiny antenna elements.
Moreover, the issues of scalability, mutual coupling and antenna correlations
need to be sorted out. Also, to circumvent the limitations of precoding,
massive MIMO will mostly use hybrid precoding to realize beamforming so as

to reduce hardware constraints and power consumption [49].

= Network densification: As networks evolve to 5G, network densification
through small cells will play a major role in enhancing system capacity and
achieving better coverage. The 5G dense networks can gain from the benefits
offered by proximal transmissions and high spatial reuse of available resources

[50]. In fact, the high-density deployments of small cells in a heterogeneous
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network configuration will offload the user plane traffic while the existing
macrocells can continue to carry the control plane traffic [S1]. Recent
advances in distributed and self-configuring network technologies will indeed
ease the deployment. Implementing small cells (such as micro, pico, or a
femtocell based on the cell radius) also provides human-safe transmissions as
the small cell BSs, known as compact BSs (C-BTS), transmit relatively low
power signals to reduce the interference. The C-BTSs are typically
lightweight, easy to maintain BSs positioned at a low height of 5-15m
covering small cell sizes of 100-200m radius. While these BSs can be made
and mounted at reduced costs, cost-effective backhauling them using fiber or
mmWave is a major research challenge. In this context, wireless backhauling
using non-orthogonal multiple access (NOMA) based solutions have been
investigated [52]. Furthermore, the large cell density and the irregular
deployments will increase other-cell interference (OCI) besides increasing the
number of handovers for mobile UEs [8]. Even though 4G progressively used
network densification, it is easily achievable in mmWave-based 5G that

inherently benefits from a limited range due to higher path loss.

= Device-to-device communications: Unlike traditional mobile generations, 5G
supports device-to-device (D2D) communication which wuses direct
communication between devices to offload data from the core network.
Basically, a UE can communicate with another UE over D2D links without the
core intervention, thereby reducing end-to-end latency in URLLC and mMTC
applications of 5G. Moreover, the proximity of devices allows considerable
power saving within the network. D2D communications also provide
improved link reliability, spectral efficiency, and capacity. To fully exploit this
technology, it is required to understand the underlying challenges [51]. In a
D2D system, multiple D2D devices that communicate with each other share
the same resources with an existing cellular UE to maximize spectral
efficiency provided the interference between these devices is acceptable.
Accordingly, efficient interference management algorithms should be
developed to control interference between D2D and cellular users. Besides, in
D2D with mmWave transmission, highly directional beamforming will reduce

the interference to nearby co-channel links. Other challenges include resource
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allocation, power control for devices, and above all, privacy and security of

communication.

= Advanced network: To fulfil the diverse requirements of latency, improved
data rate, and increased simultaneous connections, 5G should accommodate
new technologies at the network architecture level. In that respect, a major
event is a shift from the traditional radio access network (RAN) to the cloud-
based RAN (C-RAN) [6]. In general, RAN used two network architectures,
either a single cell site architecture wherein the digital baseband unit and the
radio unit are co-located, or a distributed BS architecture wherein the radio
unit is separated from the digital unit and is placed nearer to the BS antenna.
C-RAN follows the decoupled architecture of distributed BS wherein multiple
digital baseband units separated from the radio unit are moved to a centralized
cloud to support access from anywhere and any platform. The design of
fronthaul communication between the pool of baseband units and the radio
units is a major research challenge in C-RAN. C-RAN redefines the endpoints
and the time frame for which network services are provisioned which requires
the network architecture to be more scalable and flexible. This can be
accomplished using two programmable design technologies: network function
virtualization (NFV) and software-defined networking (SDN) [11]. NFV aims
to separate the network functions from the dedicated hardware infrastructure
to a virtual instance. This way, NFV will virtualize the core network and
centralize the baseband processing within RAN. SDN is an intelligent
architectural framework for creating programmable networks. It decouples the
control and data planes, logically centralizes the network intelligence and
state, and also abstracts the underlying network infrastructure from the
application. Both SDN and NFV enable the orchestration and control of the
technological resources in RAN. They help to realize the concept of network
slicing which creates and partitions network services. This enables the
operators to provide optimum support for these services. However, dealing
with different network slices that provide services with differing requirements
in terms of latency, reliability, capacity, and functionality would be a major
challenge. In addition, immense research is required in obtaining guaranteed

QoS, efficient resource utilization, and proper isolation between slices.
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Waveform design: Transition to 5G involves a major change in signaling and
multiple access formats [53]. While orthogonal frequency division
multiplexing (OFDM) was adopted for 4G to realize the need for increasing
signal bandwidths, some of its disadvantages like high peak-to-average-power
ratio (PAPR), strict requirements of orthogonality, and longer cyclic prefixes
(CP) could be more pronounced in 5G systems. Moreover, the need for OFDM
in mmWave based 5G networks with huge channel bandwidths is
questionable. Hence, alternate multicarrier techniques such as generalized
frequency division multiplexing (GFDM), filterbank multicarrier (FBMC), and
universal filtered multicarrier (UFMC), or even single carrier techniques are
being investigated [41]. Also, variants of OFDM like filtered OFDM,
frequency packed OFDM, and tunable OFDM are suggested to reduce the
above-mentioned disadvantages of OFDM [6], [11]. Besides, active
interference design strategies are desired to improve the cell-edge performance
of 5G networks, and a new modulation scheme called frequency and

quadrature amplitude modulation (FQAM) is being examined in this regard.
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Figure 2.3 5G key enabling technologies and KPIs.
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Table 2.1 Comparison of LTE and NR

Features LTE NR

Sub-6 GHz and mmWave

Operating frequency Sub-6 GHz band

Up to 100 MHz for sub-6 GHz

Carrier bandwidth Up to 20 MHz Up to 1 GHz for mmWave
band
Turbo codes, Polar codes,

h 1 codi
Channel coding Convolutional codes LDPC codes

15 kHz, 30 kHz, 60 kHz, 120

Subcarrier spacing 15 kHz KHz, 240 kHz
Carrier aggregation Upto 32 Upto 16
Analog beamforming Not supported Supported
Digital beamforming Up to 8 layers Up to 12 layers

A mapping between the key enabling technologies and the proposed KPIs is depicted
in Figure 2.3 [11]. It is tough to devise a unique technology that fulfils all the
projected performance indices. However, all the KPIs need not be concurrently
satisfied in all the 5G use cases. For example, streaming high definition video may
require very high data rates but can relax on latency and reliability. But a driverless
car clearly needs a reliable network with an end-to-end roundtrip latency of sub-1ms.
Meanwhile, applications like virtual and augmented reality and tactile internet would
necessitate both low latency as well as high bandwidth. Hence, 5G adopts appropriate
enabling technologies to suit the desired category of use cases/usage scenarios. These
technologies [42] have been intensively evaluated and validated through efficient
testbeds [54] to guarantee successful deployments. 5G trials are also being directed
[55]-[57] to verify and solve several innovative features like air interface, D2D
communication, NFV in core and radio networks, edge computing, network slicing,
security, and the like, to support different vertical sectors, such as mobility, health

care, energy, automobile, automation, and logistics [1].

45



MILLIMETER WAVE CHANNEL MODELING AND ITS IMPLICATIONS IN 5G CELLULAR DESIGN

5G development gained momentum as Verizon formed the 5G technology forum
(5GTF) in collaboration with industry leaders like Ericsson, Qualcomm, Samsung,
and Intel accelerating the 3GPP NR release in 2017 [58]. The new 5G NR is a highly
capable unified air interface that supports various services, spectrum, and
deployments, and it offers several significant advantages when compared to 4G LTE
[37]. Table 2.1 provides a brief comparison of LTE and NR, highlighting the main
features. Aimed at achieving the 5G vision, NR operates at two distinct frequency
ranges (FR) designated as FR1 specifying the sub-6GHz spectrum and FR2 for the
high frequency mmWave spectrum above 24.25GHz, unleashing an extensive
bandwidth that can solve the spectrum scarcity problem in FR1 bands. As observed,
major telecom players have already made their initial treads towards 5G NSA
deployment on the existing LTE infrastructure using FR1. For instance, Qualcomm
and Nokia completed their interoperability test in 2018, and Ericsson, Huawei, and
Vodafone launched the 5G networks in 2019. However, the implementation of
standalone (SA) networks that support FR2 mmWave bands will be required to fully

achieve the 5G envisioned features and performance requirements.

The deployment of 5G using the mmWave spectrum is likely to be revolutionary.
Figure 2.3 clearly illustrates that mmWave technology is a key enabler that fulfils
most of the 5G KPIs. Another advantage of mmWaves is that it readily complements
many other enabling technologies. For instance, the short wavelengths of mmWaves
support the massive MIMO concept. The short wavelengths also make it feasible to
generate highly focussed beams to minimize the interference in 5G small cells and
D2D links. Moreover, their high propagation losses and short transmission ranges are
favourable for the network densification paradigm. In this view, we examine

mmWave technology in detail in the next section.

2.3 MILLIMETER WAVE TECHNOLOGY FOR 5G

The first iteration of SG NR that proposed the high frequency mmWaves as frequency
bands for FR2 was introduced in 3GPP Release 15 [59]. The mmWave bands
suggested for NR FR2 will provide an increase in the speed and capacity through
increased spectrum bandwidth. As illustrated in Figure 2.4, the mmWave spectrum
that spans the frequency range of 30 - 300GHz offers an order of magnitude higher

bandwidths than the sub-6GHz bands, alleviating the spectrum crunch at lower
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Figure 2.4 Operational frequency ranges of existing sub-6 GHz and future mmWave

communication systems.

frequencies [60]. Even though mmWave communication systems were used in the
past in fixed, LOS applications, their applicability in NLOS probable mobile access
networks is a new frontier [15]. As the high frequency mmWaves travel along
localized paths, there was a fear that its propagation is less favourable in cellular
communication systems dominated by mobility and blockage. In this perspective,
several studies have investigated the feasibility of mmWaves for future broadband
networks [12]-[14], [16], [46], [61]. In earlier mmWave studies [62]-[65], significant
focus was given to the unlicensed 60GHz band which alone offered 5-9GHz of
overall bandwidth as opposed to the 90MHz and S00MHz bandwidths in the 2.4GHz
and 5GHz bands, respectively. However, with the newly introduced 5G NR air
interface, other bands in the mmWave spectrum are being investigated and explored
to achieve the envisioned performance requirements [66]-[68]. Interestingly,
mmWave communication systems can accomplish the SG goals of multi-gigabits-per-
second peak data rate, lower latency, together with enhanced user experience,

connection density, and capacity through minimal engineering efforts [11].

The potential of mmWaves in realizing wireless links operating at optical speeds was
earlier suggested in [69] wherein the authors proposed a cost-effective massive
MIMO architecture that could establish highly directive links of speed up to 40Gbps
even in adverse weather conditions. Though the model was not directly meant for 5G
and was restricted to E-band frequencies (71-95GHz, excluding the unlicensed
60GHz band), it highlighted the significance of mmWaves unified with massive
MIMO. However, the study assumed LOS conditions without the analysis of

multipath components. The initial research on mmWave based 5G reported in [13]
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performed measurement campaigns at 28GHz and 38 GHz frequency bands to analyse
their path loss, building penetration, reflection characteristics, and other statistical
parameters. The study asserted that mmWaves would work well for 5G outdoor
cellular communications. Also, the work in [70] characterized the 38GHz band by
using vertically polarized steerable rectangular horn antennas and revealed exciting
novel findings: (i) transmission within a cell radii of 200m observed nearly no outage
irrespective of the height of the antenna, (ii) the NLOS link exhibited almost 50dB
higher path loss than a LOS/OLOS (obstructed LOS) link, (iii) increasing BS heights
can increase the coverage, and most importantly, (iv) transmission is successful in
mmWaves even for lower BS heights due to multiple reflections from the reflecting
bodies in the environment. From the literature, it is found that realistic deployments of
mmWave cellular systems may often rely less on methods to improve data rate and
more on different techniques to reduce overhead. This establishes the need to explore
alternate modulation techniques [71], [72]. As the available mmWave bandwidth is
quite broad, the reliance of mmWave systems on traditional techniques like OFDM
and higher order modulation which improve the transmission data rate is uncertain.
Instead, a simple single carrier modulation with suitable spatial multiplexing may
suffice the targeted performance specification [72], [73]. Furthermore, most of the
mmWave studies considered simple quadrature phase shift keying (QPSK) as the
reference modulation technique [74]-[76], requiring a lower receiver Ev/No for a
given error rate even in the absence of complex channel coding. Studies conducted for
mmWaves also indicated that mmWave cellular systems would be power-limited,
unlike the interference-limited microwave systems [33]. Several research
opportunities of mmWaves are described in the context of 5G, particularly in
heterogeneous networks and multi-antenna transceiver technologies [15]. As reported
in [77], [78], the potential capabilities of mmWaves have also inspired their use in
UAYV assisted future 5G networks which use UAV as a promising solution to enhance

both capacity and coverage.

Besides the wide bandwidths that directly translate to higher data rates and increased
capacity, the mmWaves offer several other advantages. It is known from Friis’
equation that the omnidirectional path loss increases with the square of the frequency.
However, the shorter wavelength of mmWave signals allows comparably higher

antenna gain for the same antenna aperture. Hence, by keeping the physical antenna
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size fixed, it is possible to transmit high frequency mmWaves with reduced path loss
creating highly directional links with beamforming gains so as extend the cell
coverage. The short wavelength of the band also allows integrating a multitude of
antenna elements in a small form factor of even 1-2cm? through advancements in
CMOS RF [46]. Hence, mmWaves can effectively exploit novel spatial processing
techniques like massive MIMO and beamforming. The massive MIMO concept will
be differently used in mmWave and sub-6GHz bands due to their unique propagation
behaviours and hardware characteristics, as illustrated in Table 2.2 [79]. The short
transmission range of mmWaves increasingly benefit from as well as contribute to the
network densification which is progressively used even with sub-6GHz mobile
communication systems [6], [9]. As mmWaves can be directionally transmitted at
relatively lower power, transmissions will be limited to the desired cell itself
permitting cell shrinking with ease. Although the significance of mmWaves is
promising, the viability of mmWave mobile communications is determined by their

adverse propagation conditions.

Table 2.2 Multi-antenna technology in sub-6 GHz and mmWave frequencies

Features

Sub-6 GHz

mmWave

Deployment scenario

Simultaneous users per cell

Usage of multi-antenna
technology

Channel characteristics

Channel bandwidth

Spectral efficiency

Transceiver
implementation

Macrocells with high user
mobility

Tens of users

Spatial multiplexing of users
by virtue of array gain and
spatial separation to improve
spectral efficiency

Rich multipath
Small

High due to spatial
multiplexing

Fully digital

Small cells with low user
mobility

One or a few users

Beamforming to a single user
to improve link budget and
thereby coverage

Sparse multipath
Large

Low due to few users, larger
path loss and noise power

Hybrid analog-digital
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2.3.1 PROPAGATION CHALLENGES OF mmWAVES

The challenges of using mmWaves as an alternative solution to the existing sub-6GHz
spectrum are enormous, with a significant focus on mitigating these unfavourable
propagation conditions[15], [16], [46]. The major challenge in deploying mmWaves
in outdoor mobile communications is the higher free space path loss with distance.
The free space path loss (FSPL) refers to the LOS path loss between two isotropic
radiators in free space and its value at distance d due to carrier frequency f is given by
(4md/2)?%. As stated earlier, employing directional antennas will help to more than
compensate these high losses. Another significant challenge in mmWaves is its
vulnerability to shadowing which can lead to an increased signal outage and an
intermittent channel quality. Considering the mm-long wavelengths of mmWaves,
objects as small as few tens of centimetres can create shadowing effect creating a
signal attenuation as high as 40-80dB. Even the human body attenuation attributes to
few tens of dB. However, shadowing effects, including human shadowing can be
reduced by using electronically steerable antennas. It is also reported that the
absorption of mmWave signals by atmospheric oxygen and water vapour make the
signal strength drop off rapidly with distance compared to the low frequency
microwave bands. Several study have characterized the atmospheric and molecular
absorption [80], [81], and the rain attenuation [82], [83] characteristics of mmWaves.
The wave is heavily attenuated at 60GHz with the oxygen absorption coefficient
reaching a peak value of 16dB/km, and at 164-200GHz with the water vapour
absorption causing a peak attenuation of 20-30dB/km. Interestingly, these highly
attenuated waves can be used to implement small cell structures with minimal
interference mitigation mechanisms. A further impairment in mmWave propagation is
the foliage induced attenuation that cannot be neglected while characterizing
mmWave channels. ITU recommends an experimental relationship to deduce this

attenuation for foliage depths below 400m [32], [33].

In general, the NLOS propagation mechanism of radio waves attributes to reflection,
diffraction, and scattering which enables signal transmission even in the absence of a
direct LOS path. These mechanisms are quite different for mmWaves compared to
sub-6GHz because of the extremely short wavelength of mmWaves. Literature reports
mmWave measurement campaigns conducted to explore the NLOS propagation

mechanisms at different mmWave frequencies [14], [84]. As inferred, the short
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wavelength typically causes the diffracted path to incur significant attenuation
producing higher shadowing effects. Moreover, urban outdoor communications with
heavily attenuated buildings and low height antennas are less prone to diffraction and
diffused scattering mechanisms which elevate the significance of signal reflections.
Most importantly, the quasi-optical nature of mmWaves enhances the rough surface
scattering effects making the reflected paths more specular-like. That is, specular
reflections that obey the reflection law will be the dominant propagation mechanism
[22]. Hence, mmWave outdoor transmission power is mainly propagated through the
direct LOS path and a few specular reflected paths [66]. This implies that the channel
multipath of mmWave outdoor links is sparse as compared to the rich scattering
multipath structure of sub-6GHz channels. Hence, mmWave channels should be
carefully characterized using accurate and realistic channel models and are

extensively being designed and developed in recent years [32], [33], [36].

2.3.2 SIGNIFICANCE OF ANTENNA DIRECTIONALITY |IN
mmWAVES

As evident, 5G with mmWaves will incorporate greater gain directional antennas to
compensate for the additional path loss of mmWave channels. In fact, highly
directional narrow beam transmission with advanced beamforming and beam steering
techniques will be exploited by mmWave systems to create high-quality links with
extended range and high SNR [17], [18], [24]. In [73], the channel statistics of
mmWaves were evaluated using an isotropic antenna and then compared against the
phased array beamforming case so as to study the need and effect of beamforming in
various deployment scenarios. Beamforming techniques are largely discussed in
recent literature [73], [85], [86]. Unlike traditional cellular systems where
beamforming is implemented at the baseband level, mmWave system architecture
would desire beamforming at the passband and the analog domain. Accordingly,
hybrid beamforming is being proposed for mmWaves to overcome the need for
having a dedicated RF chain for each antenna element in baseband beamforming, and

also to handle the channel sparsity arising from the directional transmission.

By and large, the relative positions of the UE and the BS continuously vary over time
in a mobile broadband network. In a beam steering aided directional communication

system, the beam directions of the TX and/or the RX antenna will be dynamically
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aligned for maximum signal reception. It assumes that the RX’s beam is always
steered to TX with the help of instantaneous location information and beam reference
signal [87]. The directional transmission with beam steering offers several benefits.
Primarily, it supports the spatial reuse of the channel. That is, by steering spatially
separate beams in different unique directions, a single BS can serve multiple users in
one cell. Moreover, targeting the narrow beams directly to the UE could increase the
network capacity. It also reduces interference to neighbouring cells thereby improving
the spectral efficiency. However, a significant implementation challenge will be to
test the beam steering capabilities of BSs and UEs that also requires examining the
channel characteristics by dynamically steering the directional antenna beams towards
the strongest energy. This will be extremely challenging in small cell mmWave

networks having a large handoff probability.

Incorporating directionality in mmWave transmission invokes unique propagation
characteristics for mmWave channels. Clearly, it reduces the angular spread of
multipath components (MPCs), causing very few multipaths to aggregate at the
receiver, unlike the rich scattering sub-6GHz signals generated in an omnidirectional
scenario. In specific, the directional antenna radiation pattern filters out all the higher
order reflections that fall outside the narrow beam area, further reducing the
resolvable specular reflections of the channel [32]. The resulting directional channels
are spatially sparse and often simpler than the omnidirectional channels with
multipaths arriving from every direction. Therefore modeling the mmWave
directional propagation requires redesigning the standard omnidirectional models due
to their inadequacy in modeling the spatial filtering effects of directional antennas

[32].

2.3.3 CHANNEL MODELS FOR mmWAVES

Channel modeling refers to determining how the physical propagation channel
impacts the transmitted signals. It helps to realize specific channel properties that
show high variance in frequency, space, and time. The development of accurate
channel models for mmWaves is vital to design efficient devices as well as to define
useful and realistic test cases. The design and performance evaluation of efficient
channel state feedback algorithms, beamforming/tracking algorithms, link adaptation

schemes, and novel signaling protocols for mmWaves also depends on the precision
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of the channel model even more than at sub-6GHz frequencies. Unlike the low-
frequency channel models, mmWave channel models should cater to a variety of
channel modeling requirements. This includes accommodating a wide frequency
range, large channel bandwidth, an extensive range of directional antenna arrays, and
high mobility while offering a moderate computation complexity. The model should
additionally ensure good temporal/spatial/frequency consistency [35]. These unique
requirements of mmWave characterization have resulted in diverse channel modeling
techniques discussed in quite a few survey papers [32], [33], [36], [88], and recent
research papers [[89]-[94]]. Each of these models could realize specific key
challenges of mmWave requirements, yet they are inadequate in characterizing all
aspects of mmWaves [32]. The existing models attempt to cover some of the
deployment scenarios such as urban macro (UMa), rural macro (RMa), and indoor
hotspot (InH) besides UMi. In addition to these typical scenarios, 3GPP Release 14
identifies D2D, open-roofed stadium, close-roofed Gym, and urban SC backhaul with
small cell BSs placed on the lamp posts as other key scenarios of interest for

mmWave channel modeling [68].

2.3.3.1 mmWAVE CHANNEL MODELING METHODOLOGIES

A channel model typically provides a mathematical representation of the multipath
components arising from various propagation mechanisms and is an essential part of
physical layer simulations. Wireless channel models are broadly classified into two
main groups, i.e., physical models and analytical models. Physical channel models
characterize an environment by describing the wave propagation between the TX and
RX antennas. In contrast, analytical channel models represent the channel between the
TX and RX mathematically without accounting for wave propagation. As physical
models provide accurate modeling of radio propagation, they are commonly used to
characterize the stringent propagation requirements of mmWave channels and are
discussed further in this chapter. Among the physical channel models, ray tracing
based deterministic channel models and geometry-based stochastic channel models
(GSCM) have attracted much attention. Note that the choice of channel model

depends on the accuracy, generality, and simplicity, among other factors.

= Stochastic Channel Modeling: The GSCMs define the stochastic distribution

of scatterers based on geometric information. It describes the channel
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attributes in terms of their statistical moments derived from mmWave
measurements taken in specific scenarios. By increasing the channel attributes
used in characterizing the channel, model accuracy can be improved. Hence,
the stochastic models generally rely on using expensive channel sounders. The
stochastic channel modeling typically derives a propagation path loss model
and a fading model. The path loss model first identifies a scenario to be LOS
or NLOS and appropriately applies different equations for deriving the large
scale path loss. Furthermore, spatial channel models based on measurements
or analytical formulations are used for characterizing the effect of fading [95].
Statistical channel models usually are simple models with low computation

complexity and execution time.

= Deterministic Channel Modeling: The deterministic channel models are best
suited for characterizing real environments. This site-specific channel model
also comprises two sub-models, i.e., an environment model and a wave
propagation model. The environment model defines the position and
deployment geometry of the channel. It also specifies the material composition
of the objects and obstacles in the channel. The wave propagation model is
typically characterized by Maxwell’s equations. An analytical solution of
these equations is practically difficult due to the high computation time.
However, the quasi-optical nature of high frequency mmWave considerably
simplifies the description of wave propagation. Due to this, iterated
approaches such as ray tracing based geometric optical models with
substantially reduced complexity and computing time can be used to
characterize mmWaves. Deterministic ray tracing models can also be used to
perform real-time prediction of the channel’s directional characteristics

reducing the need for time-consuming exhaustive search techniques [22].

Literature states that the ray tracing technique addresses most of the propagation
challenges and is useful in accurately characterizing mmWave channels for specific
scenarios [22], [24], [28], [31], [90], [93], [96]. As reported in [97], deterministic
models provide reduced generality in terms of scenario selection. However, the main
advantage with deterministic modeling is that the channel is realistically defined in

terms of MPCs which are functions of signal power, TX/RX location,
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arrival/departure angles, and the material properties of reflecting/scattering surfaces.
Moreover, the MPCs are generated following the scenario geometry and are

consistent with the mobility model of the communicating nodes [90].

2.3.3.2 mmWAVE CHANNEL MODELING EFFORTS

While existing literature reports several channel modeling efforts for mmWaves, this

section briefs some of the popular and highly cited mmWave outdoor channel models.

= QuaDRiGa Model [98]: Quasi Deterministic Radio Channel Generator
(QuaDRiGa) channel model is a 3D GSCM supported by data from
measurement campaigns at 28-, 43-, 60-, and 82GHz. It is an extension of the
WINNER channel model which was initially designed for sub-6GHz and later

modified for mmWave channel characterization.

= METIS Model [45]: The Mobile and wireless communications Enablers for
the Twenty-twenty Information Society (METIS) channel model characterizes
mmWave frequencies up to 60GHz and uses the alpha-beta-gamma (ABG)
model for large scale analysis. It uses existing modeling strategies to realize
the specific requirements of mmWaves such as high bandwidth and 3D
polarization modeling. The model essentially provides three different
methodologies: (i) a map-based ray tracing model that supports the 3D
geometrical description of the environment (ii) a stochastic model which is an
extension of the WINNER II model based on GSCM, and (iii) a hybrid model

as a combination of deterministic and stochastic modeling approaches.

= NYUSIM Model [94]: NYUSIM developed by New York University (NYU)
applied the close-in (CI) reference distance models to derive the large scale
characteristics of mmWaves at 28-, 38-, 60-, and 73GHz. The model
parameters for each mmWave frequency were discreetly determined from
channel measurements. The choice of the CI model is due to its ease of
applicability, model stability, and fewer model parameters. NYUSIM
primarily uses the concepts of time cluster (TC) and spatial lobe (SL) to
characterize multipath components in omnidirectional CIRs. A significant

advantage of NYUSIM stated by the authors is the reduced number of TCs and
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SLs as compared to the unrealistically large cluster numbers in the 3GPP

channel model.

= mmMAGIC Model [99]: Millimeter-Wave Based Mobile Radio Access
Network for 5G Integrated Communications (mmMAGIC) is a research
project sponsored by the European Union intended to provide extensive radio
channel measurements in the 6-100GHz range. Large scale path loss analysis
follows the standard ABG model with unique parameter values. The
mmMAGIC model is also a statistical channel model (GSCM) derived from
measurements and is well suited for link-level and system-level simulations.
The proposed 3D modeling framework uses QuaDRiGa as a reference and
provides enhancements in terms of blockage modeling, spatial consistency,

and outdoor-to-indoor (O2I) modeling.

= MiIiWEBA Model [23]: Millimeter-Wave Evolution for Backhaul and Access
(MiWEBA) channel model chose the deterministic approach to accurately
support spatial consistency which would not be possible with statistical
formulations. MiWEBA model is a quasi-deterministic channel model that
uses the ABG model for large scale path loss prediction. The model used
measurements performed at 60GHz across a 5-50m propagation range using
omnidirectional antennas to derive both access and backhaul channel
parameters. To provide an accurate channel description, the model uses a
geometry-based deterministic method to evaluate the strongest reflections
called D-rays and uses a statistical channel modeling approach to derive

random weaker paths called R-rays.

=  3GPP Model [68]: The 3GPP channel model specified in TR 38.901 proposed
the clustered delay line (CDL) and tapped delay line (TDL) modeling
strategies for link-level simulation. The model evaluates large scale path loss
for the LOS scenario by using a dual slope CI breakpoint model. In contrast,
the NLOS scenario is modelled using the ABG model with an additional term
to accommodate the UE height dependency. A 3D TX-RX separation distance
is applied accounting for the differences in the BS and UE heights, which
corrects the misalignment between TX and RX in the vertical plane alone. In

fact, the applicability of dual slope models in mmWave UMi small cell
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modeling is questionable as their breakpoint distances generally exceed the
UMi cell radius of 150-200m, even with the smallest BS and UE heights [36].
Moreover, the realization of small-scale fading in the 3GPP model is based on
the 3D statistical spatial approach earlier proposed by 3GPP and is

computationally very demanding.

2.3.3.3 mmWAVE CHANNEL MODELING RESEARCH GAPS

In this section, we identify the research gaps in mmWave channel modeling with
specific attention to channel directionality, a vital channel modeling component in
mmWaves. The large signal attenuation and the high antenna directivity of mmWave
directional channels can result in channel sparsity in the angular domain (i.e., low
angular spread) as well as in the delay domain (i.e., low Doppler spread). This
suggests that the mmWave directional channels with fewer contributing multipaths
are often simpler than the omnidirectional channels. Hence, mmWave development
would require unique channel model designs that can capture signal directionality and
the related channel sparsity. Most importantly, these models should essentially

characterize the spatial dynamics of the channel.

As inferred from literature, standard bodies generally develop omnidirectional path
loss models by considering unity gain antennas to provide generality as well as to
preserve the traditional sub-6GHz modeling methodologies [64], [68], [94]. For
instance, the models could be either distinctly omnidirectional as in the case of the
3GPP model [68], or developed from omnidirectional measurements like the
MiWEBA model [64] or occasionally converged to omnidirectional model
formulations as suggested in the NYUSIM model [94]. It is found that NYUSIM and
MiWEBA models use unique methods to create directional channel formulations.
However, authors in [36] have highlighted the inadequacy of omnidirectional path
loss models in performing the directional channel analysis unless the antenna patterns
and accurate spatial/temporal multipath channel statistics are known or effectively
modelled. In general, directional channel models cannot be developed by merely
adding directional antenna gains into the omnidirectional channel model since fewer
paths participate in the directional transmission due to spatial filtering of directional
antennas [94]. It is inferred that this approach could overestimate the channel

performance parameters such as coverage and interference. In this respect, a
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directional beam-combining CI (BC-CI) model using just about three parameters was
proposed in [27] for NLOS mmWave propagation. However, the model characterizes
only specific frequencies (28, 60, and 73GHz) and antenna heights. Also, it requires

the number of beams used for combining, as a user-specified input parameter.

Existing statistical channel models are indeed computationally simpler with fewer
input parameters; however, they do not provide consistency of model parameters
between changing specifications. While performing mmWave study, it is quite
challenging to extract the exact model parameters best fitting a required set of input
specifications by using CI and FI models. Especially, as their model parameters such
as path loss exponents and fading factors are derived from measurements for definite
deployments, frequencies, and environments (LOS/NLOS). This also implies a lack of
measurement values and model parameters at ‘“non-popular” frequency bands.
Moreover, the stochastic and analytical models usually characterize mmWave
channels based on stochastic variables derived from measurements, hence, they are
inaccurate in describing specific scenarios. Furthermore, they fail to account for the
temporal-spatial consistency of LOS and the unique evolution of channel multipaths
in mmWave channels. As reported in [36], the channel models based on GSCM will
produce large variations in the estimated model parameters and capacity analysis due
to their diverse assumptions on parameters such as the number of strong paths, LOS

distance, cluster size, number of sub-rays, and the like.

While statistical models are widely used to predict mmWave propagation effects, they
reach their limits in highly directional channels [25]. Due to the usage of directional
antennas in mmWaves and the need to analyse their impact on channel statistics [8],
[85], it is suggested that the channel model design should support directional antenna
settings in both horizontal and vertical planes. In particular, the model should define
the effective antenna gains, instead of boresight gains, so as to model the effect of
non-uniform magnification of MPCs. Therefore, a need arises to develop a channel
model design for characterizing both azimuth and elevation directions of propagation
in a 3D plane. Intuitively, deterministic models based on ray tracing are well suited to
predict the directional characteristics of mmWave channels. Deterministic models
present supremacy over statistical and empirical models as they can be easily

employed in the analysis of beamforming and beam steering. The beamforming
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strategies generally conduct an extensive search over a discrete set of beams and
assess their signal-to-interference-plus-noise ratio (SINR) to define the best
combination of steering vectors for transmission. The possibility of narrow beams can
extensively slow down this search technique in the mmWave case. However, if the
channel’s directional characteristics can be described in real-time by using low
complexity ray tracers, they can be used as a tool to assist beamforming. Accordingly,
authors in [22] have used ray tracing simulators to assess the radial, single and multi-
beamforming strategies for mmWaves and have validated them against directional
channel measurements for indoors. Furthermore, a well validated ray tracing tool can
characterize any new channel scenario even in the absence of expensive measurement

set up strictly matching the needed.

The environment dependency of mmWaves leads to the preference of site-specific
deterministic modeling. Their benefits of accuracy and site-specificity are often
overpowered by computational complexity and time-intensive implementations.
Fortunately, the computational complexity of the deterministic model (and in turn,
system-level, and link-level models) can be reduced by reducing the number of
contributing multipaths. To this end, authors in [90] propose to reduce the total
number of multipaths by following a two-fold discarding strategy, i.e., (i) discarding
the number of waves that undergoes multiple bounces from scattering surfaces as the
absorption on these surfaces degrades the overall received power, (ii) rejecting the
weakest path by providing a minimum threshold for its path gain as compared to the
gain of the strongest path. As is known, directional transmission in mmWaves implies
a reduced number of channel multipath components and thereby a sparse channel
structure which can be exploited as a strategy to reduce the participating paths in ray

tracing simulations allowing an appropriate accuracy-complexity trade-off.

In mmWave statistical channel study, considerable research is driven towards
correcting closed-form expressions to accommodate mmWave specific propagation
characteristics. For instance, [100] proves the significance of incorporating a blockage
dependent correction factor in the popular simplified received power model while
modeling mmWave networks with directional beamforming and blockage effects.
Authors in [26], [27], [101] provide corrections to path loss slope so as to adapt the

models to the larger path loss of mmWaves. The mmWave study also reflects
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correction of the shadow fading factor, X5, of the path loss equation. Consequently,
[102] reported a hybrid probabilistic path loss model as an alternative to traditional
path loss modeling over distance and proposed a distance dependent shadowing factor
to characterize the large scale shadowing. However, the proposed model uses
omnidirectional propagation. Moreover, it should compute a complex weighing
function that states the LOS probability curve for every TX-RX pair to compute the
corrected X, value. The correction of the shadow fading factor to accommodate
antenna directionality in mmWave channel modeling has not been reported in the

available literature.

A significant impact of having a short wavelength is that even small spatial variations,
in terms of a few centimetres, in the channel substantially increase the changes in
mmWave path loss. To this end, antenna diversity using MIMO is generally exploited
to ensure stable transmissions [28], [76], [103]. The small wavelength of mmWaves
combined with antenna directionality also makes the outdoor channel path loss largely
dependent on the deployment parameters of the scenario. Hence, the usage of correct
values for them is vital to achieving optimal channel performance [104]. One of the
recent research directions in literature is the applicability of artificial intelligence (Al)
machine learning in mmWave 5G networks [105]-[109]. Authors in [108] used a 2D
ray tracing to determine the UE position and applied machine learning-based
fingerprinting to increase the accuracy of positioning. Machine learning approach can
be employed in mmWave based 5G networks to minimize the number of BSs and to

optimize their placements [109].

In summary, SG mmWave communications will necessitate the redesign of the
complete cellular framework opening up tremendous research opportunities in
channel characterization and modeling, directional transmission, beamforming and
steering, beam training and tracking, and many more. With the emergence of direction
transmission assisted by beamforming and steering techniques, understanding the role
of antenna directionality in channel spatial filtering and determining its impact on

outdoor SC deployments require further exploration.
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2.4 CHAPTER SUMMARY

In general, 5G research deals with the algorithms and implementations of modulation
and coding schemes, new spatial signal processing technologies, new spectrum
opportunities, channel modeling, 5G proof of concept systems, and other system-level
enabling technologies. We have briefly reviewed different aspects of the 5G system
design and development. Further, we discussed the propagation challenges of
mmWave channels arising from high signal attenuation and channel fluctuations
arising from mmWave specific adverse losses such as absorption, penetration, and
foliage losses. The need to develop channel models that can reflect the unique features
of mmWaves is established and the related studies have been briefed. The
significance of antenna directionality and its implications on mmWave channel
modeling has been discussed. At the end of this chapter, we provide the open
research issues related to the mmWave directional channel modeling and highlight the
possibility of exploring channel directionality to offer realistic and reduced

complexity channel modeling approaches.
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CHAPTER 3. ANALYSIS AND DESIGN-I:
SIMPLIFIED DIRECTIONAL
DETERMINISTIC CHANNEL MODELING

3.1 INTRODUCTION

In this chapter, we develop a detailed mathematical formulation of the mmWave
outdoor propagation model MiDDCM which can serve as a reference for their
implementation and further development. The proposed MiDDCM efficiently models
the sparse multipath structure of directional mmWave channels. Additionally, it
evaluates various transmission scenarios that cannot be modelled by traditional
statistical channel models. Accordingly, the model is applied for multiple realistic
scenarios such as backhaul/access links, LOS/NLOS transmissions, beam
aligned/unaligned propagations, and road canyon deployment with/without
crossroads. The chapter also examines a scheme to extend the MiDDCM for a
directional SISO channel to model a 2 x 2 MIMO channel by following the two ray
technique to investigate the influence of antenna separations on channel performance.
However, we start with the mmWave propagation characteristic to build up the

theory.

3.2 mmWAVE PROPAGATION CHARACTERISTICS

In this section, we explain some of the significant characteristics of mmWave
directional outdoor channels and their influence on our channel modeling

methodology.

3.2.1 LINK DIRECTIONALITY AND DIRECTIONAL ANTENNA
MODEL

Here, we first provide a brief insight into the link directionality in mmWaves, the
associated channel sparsity, and their implications followed by a highly directional

horn antenna design used in our channel model.
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The high propagation loss of mmWaves motivates a design change from
omnidirectional antennas to spatially focussed, high-gain antennas to generate
comparable system performance. Hence, both TX and RX will use narrow directional
beams that are well aligned for maximum signal reception. There are several
implications of antenna directionality on mmWave channels and their
characterization. Most importantly, these directional antennas will act as spatial filters
that filter out the multipath energy from directions outside the antenna beam area.
Hence, unlike the rich scattering low-frequency omnidirectional transmissions,
beamforming-aided directional communication would aggregate only a limited
number of MPCs of those that fall within the beam-ranges of transmitting and
receiving directional antennas [32]. The number of contributing channel multipaths
further reduces due to the triviality of diffraction and diffused scattering effects in
mmWave urban outdoors comprising low-height antennas and severely attenuated
buildings. Thus, the channel typically consists of a direct LOS path and low-dense
multipaths. This implies that the mmWave outdoor directional channel is spatially
sparse with sufficiently strong reflected paths causing significant fades in the received
power. The sparsity can also cause substantial variations in the channel characteristics
even with small changes in the propagation geometry, thereby compromising the link
robustness. Hence, a detailed description of the site-specific directional mmWave

channel is required.

The channel sparsity also implies that the mmWave directional channel is more
straightforward to model than an omnidirectional sub-6GHz channel. Since, for
omnidirectional rich scattering environments, deterministic ray tracing simulation is
quite complex due to the intricacy in calculating numerous participating paths arriving
from all directions. The omnidirectional ray tracing models traditionally used simple
two ray models [64], [99] for assessing the ground reflected ray and the direct LOS
ray to reduce this modeling complexity with a trade-off in the accuracy. However, the
sparse multipath structure of the mmWave directional channel inherently allows the
ray tracing technique to acquire all specular reflections with acceptable complexity.
Hence, it is imperative to understand and model antenna directionality while deriving
directional channel models for SC outdoor deployments. In this work, we modelled
antenna directionality by using a simplified, highly directional horn antenna design.

Fundamentally, the goal is to understand directionality effects and diversity in sparse
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multipath channels. Also, it is reported in [26], [32], [96] that the mmWave channel
sounding experiments often use horn antennas as a plausible directional antenna
configuration at both TX and RX sides. On the other hand, a more realistic antenna
array having a smaller gain for each element can also be used to achieve the desired
directional antenna gains. Note that, MiDDCM supports the inclusion of custom

antenna radiation patterns.

The directional radiation pattern of the suggested horn antenna design comprises of
the main lobe with an azimuth half power beamwidth of HPBW, and an elevation half
power beamwidth of HPBWE. The single side lobes are 14dB attenuated as compared
to the main lobe peak amplitude. For the given azimuth and elevation HPBWs, the
directional horn antenna gain at any azimuth angle (@) and elevation angle (6),

relative to the antenna boresight, can be approximated by [110]:

G(¢ 0) = G, [sinc?(a.sin(¢)) cos?(@)]. [sinc?(b.sin(H))cos?(H] (3.1)

where Gy is the boresight gain of the chosen horn antenna (at ¢ = €= 0) evaluated as a

function of its azimuth and elevation HPBWs as,
Gy =7.5(67/HPBW,).(56/HPBWY}) (3.2)

The constants a and b are functions of HPBW4 and HPBWEg of the horn antenna,

evaluated by solving (3.3) and (3.4), respectively, i.e.,

HPBW, HPBW, 1

sinc? (a. sin( 5 A)) cosz( 5 A) =3 (3.3)
HPBW, HPBW, 1

sinc? (b. sin( 5 E)) cos? ( 5 E) =3 (3.4)

For instance, if HPBWa = 15° and HPBWEg = 13°, one of the design choices, then a =
3.35 and b = 3.88 with boresight gain G, = 21.6dBi. Equation 3.1 used in the system

model helps to avoid analytical solving of complex double integration.

Figure 3.1 shows the sample normalized antenna radiation pattern of the horn antenna
design used in the channel model simulations. This reference antenna model is the

basis for evaluating the strength of each MPC at their respective angles of
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Figure 3.1 Normalized power pattern for a horn antenna, HPBW, = 15° and

HPBWg =13°.

arrival/departure that is assessed in Section 3.3. Note that in our simulation, 0°

implies the horizontal and vertical orientation of the beam along the reference axis.

3.2.2 OXYGEN ABSORPTION MODEL

The mmWave bands suffer higher attenuation over distance due to molecular
resonances of oxygen in the air, which causes specific frequency bands to undergo
signal absorption in the atmosphere. The signal attenuation from atmospheric oxygen
is a function of the carrier frequency. For example, 60GHz signals experience an
additional attenuation of about 16dB/km. It is essential to evaluate the oxygen
absorption loss while estimating the received signal strength to have a realistic
estimation of mmWave propagation characteristics. Most commonly, channel studies
include the attenuation values either in the link budget estimation [32] or in the path
loss slope calculation [26], [27], [101]. However, this work includes the oxygen
absorption model in the channel model itself, intending to generate accurate
predictions across the mmWave spectrum. As reported in the literature, two models
are popularly used to model the oxygen absorption properties of mmWaves. That is,
the approximate model proposed by ITU-R [80] and the empirical model developed

by Hans J. Liebe [81]. The former technique uses simple algorithms that carry out
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Figure 3.2 Specific attenuation simulated using Leibe's Model and Approximation

Model.

curve-fitting to the line-by-line calculation of the specific attenuation. However, the
method usually trades-off accuracy for simplicity. On the other hand, Leibe's model
provides accurate attenuation values. But it is quite complicated and requires
empirical parameters obtained from laboratory experiments to estimate the attenuation

factor.

In Figure 3.2, we compare the attenuation values simulated for mmWave E-band
frequencies using the two abovementioned methodologies. As illustrated, the
variation in the attenuation values, predicted by the two models, is upper bound at
0.3dB/km for frequencies in the higher E-band. Even at 60GHz, where the specific
attenuation peaks, we observed a maximum variation of 0.62dB/km. Due to the
nominal differences observed in the simulation, we choose to integrate the simpler
approximate estimation method in our channel model for generating absorption losses

across the mmWave spectrum.

3.2.3 LINK BUDGET ESTIMATION

In the study of mmWave communications, it is essential to analyse the link budget to

establish a mmWave link successfully. In this part of the thesis, we present the basic
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technique of estimating the link budget that depends mainly on the transmitting
power, directional antenna gains of TX and RX, SNR, and the desired throughput of
the link. Accordingly, the link is budgeted by cautiously designing the TX power P,
TX and RX antenna gains at boresight G; and G, and the RX sensitivity Prmin to
achieve the desired data rate R, for a link, given the thermal noise at the receiver and
the receiver noise figure F. For a specified constellation and un-coded bit error
probability P., the minimum bit-energy/noise Ew/No can be easily calculated [111].
Given this, the link budget can be evaluated for any unknown parameter, with all the

other parameters fixed as required/specified, by using (3.5) and (3.6).
Eyp
Py min [dBm] = N [dB] + Ry, [dB] — 174 [dBm] + F [dB ] (3.5)
0

P, min [dBm] = EIRP [dB] + G, [dBi] — MAPL [dB] — Lygrgin [dB ] (3.6)

where EIRP is the effective isotropic radiated power. The maximum allowable path
loss (MAPL) for free space in a mmWave link is the sum of FSPL and the mmWave
specific losses, like the atmospheric absorption loss and foliage loss. For example, by
assuming a maximum separation distance, d = dmax, the FSPL = 20 log; (47 d nax /1)
and the signal attenuation due to oxygen absorption = 10log;, eX@%max  Here, A is
the wavelength of operating frequency. The coefficient of exponential absorption, K,
is obtained from the oxygen absorption model. For instance, K, is considered as
0.0016loge10 for 60GHz signals attenuated at 16dB/km. Luargin indicates the link
margin in dB that provides for an additional attenuation due to channel fading. By
suitably selecting the parameters P; and G;, we can limit the resulting EIRP within the
recommended federal communication commission (FCC) limit of 40dBm. Note that
the value is raised to 82dBm only for the 60GHz outdoor links with high gain

antennas [112].

3.3 MILLIMETER WAVE DIRECTIONAL
DETERMINISTIC CHANNEL MODEL (MIDDCM)

MiDDCM is a low complexity deterministic channel model based on custom ray
tracing used in the characterization of a typical mmWave directional UMi SC
environment, as illustrated in Figure 3.3. As stated, the complexity reduction is

achieved by exploiting antenna directionality and mmWave attenuation that allows us
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Figure 3.3 A typical UMi street canyon environment deploying gNodeBs on the lamp

posts.

to model only specular reflections that fall inside the antenna beam area and to discard
the paths with higher angles of arrival/departure. Hence, MiDDCM is a generalized
framework, wherein the choice of directional antenna HPBWSs in both azimuth and
elevation plane determines the maximum order of wall reflections for every channel
instance. This approach is more realistic and reliable compared to the current
modeling approaches where the number of reflected paths participating in the
evaluation of received signal strength is either fixed [23], [62], [99], or explicitly
specified as an input parameter [27]. The model also provides improved accuracy
compared to the simplified approach of using a two-ray propagation model pursued

by various ray tracing simulators.

3.3.1 ENVIRONMENT GEOMETRY OF OUTDOOR UMI SC

In this work, we consider a typical 3D UMi SC outdoor environment geometry with
tall buildings on both sides of the road canyon. We assume that the nodes which
function as mmWave base stations (BSs)/access points (APs) are positioned on top of
the lamp posts at an anchored distance from the sidewalls of the buildings, lower than
their rooftops, or on the building sidewalls themselves. These nodes can be mounted
either on the same side of the street or opposite side. The assumption of mmWave
nodes placed lower than the rooftops promotes wall reflections. These wall reflections
together with the ground reflection from the road ensure signal reception even in

NLOS or obstructed LOS transmission condition. The implementation of high-gain
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Figure 3.4 The mmWave UMi SC scenario illustrating direct LOS and ground reflected

paths for backhaul and access links.

narrow beam antennas at both transmitter and receiver typically creates a sparse
multipath channel wherein a maximum of third-order wall reflections generally
contribute towards the received signal. Note that order refers to the number of times
the ray gets reflected from the wall surface before the reception. Clearly, higher order
reflections create paths with a larger angle of arrivals (AoAs) and angle of departures
(AoDs) which may fall outside the directional antenna beam. Such paths are

considered invalid and are not aggregated at the receiver.

The typical UMi SC geometry in Figure 3.3 is simplified and shown in Figure 3.4 to
clearly illustrate a single backhaul link (between two BSs/gNodeBs) and an access
link (between a gNodeB and UE). It represents the 3D front view of the specific
geometry in the x-y-z plane depicting the direct LOS path and the ground reflected
path between TX and RX. Also, (i) the transmitting node is placed at an antenna
height of h;; (ii) A, is the height of receiving node in the backhaul link, while, A,
shows the receiver height for the access case; (iii) street width is denoted by d;; (iv)
d; w 1s the distance from TX location to the far reflecting wall; (v) d;  is the distance
between RX and the near reflecting wall; (vi) d defines the 2D separation distance
between TX and RX, i.e., the straight line distance along the x-direction (with y-

coordinate = 0, disregarding the displacement along the y-axis). For convenience, we
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Figure 3.5 2D top-down view of mmWave directional UMi SC scenario showing first

and second order wall reflections for "System I".

use the generalized notation of RX and /; in the rest of the thesis to denote RX1 and
hr1 of backhaul links; and RX2 and A2 of access links. However, we consider the

receiver antenna heights for 4,7 and k.2, as appropriate.

In general, (6ros, pros) denotes the elevation and azimuth angles of the direct LOS
path and (6,, ¢¢) the ground reflected path. The azimuth and elevation angle notations
used in Figure 3.5 are explained below. As shown, the direct LOS and ground
reflected paths for both backhaul and access links are illustrated in two different
planes. Accordingly, for the backhaul link (if i = h,; (typically)), we consider the
LOS elevation angle &r0s =0 and &, = &;;. The elevation angles for the access link are
denoted as Gos = Gros2 and 6, = 6,2. For the backhaul link, the azimuth angle ¢ = 0
(for both LOS and ground reflected rays) if the TX and RX positions are aligned
along the length of the street, as shown in the illustration. The azimuth angle ¢ for
both LOS and ground reflections in the access link is the horizontal angle between the

backhaul and access planes, denoted as ¢,2. Note that ¢ for LOS is always the same as

¢g2-

In the model description, we first consider a traditional SC layout with reflecting

buildings contiguously placed on either side of the road. We refer to the model design
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for this layout as "System I". Tightly packed buildings generate maximum wall
reflections demonstrating a worst-case reflected scenario which creates high channel
variations and significant fades. The top-down view of the canonical environment
geometry of "System I" is shown in Figure 3.5, illustrating the LOS path and wall
reflected paths for a given backhaul link. Here, ¢; represents the azimuth angle of the
i™ wall reflection. The illustration shows four wall reflections, two each of 1°* and 2"
order reflections for a typical scenario with narrow antenna beamwidths and small cell
ranges. The specified channel can be accurately characterized using a six ray model
that considers five specular reflections, i.e., four wall reflections and one ground
reflection together with the direct LOS path. Unlike an indoor scenario with

roofs/ceilings, the UMi SC channel yields a single ground reflected path.

3.3.2 ANGLE OF ARRIVAL/ DEPARTURE CALCULATION

The omnidirectional channel models generally consider the antenna effects by
determining the LOS antenna gain and then allocating this gain to all multipath
components to provide equal magnification. The approach merely implies that all
MPCs arrive and depart with the same azimuth and elevation AoAs and AoDs.
However, this approach is inadequate to model the directional channels wherein
higher order specular paths having larger AoAs/AoDs fail to contribute to the net
received signal. Moreover, the beam steering and beamforming approach employed in
mmWave directional channels mandate that every MPC be magnified by the exact
antenna gain related to its AoA and AoD. Hence, to facilitate the non-uniform
magnification of MPCs, a full 3D directional channel model needs to first evaluate the
azimuth and elevation angles of individual MPCs and then relate these angles to the

TX/RX directional antenna radiation patterns [85].

The azimuth and elevation angles of individual MPCs required to obtain their
corresponding directional antenna gain G(¢, 6) is derived from the environment

geometry discussed in the previous section.

The azimuth (¢) and elevation (6) angles for the direct LOS path and the ground

reflected path are obtained from the geometry (refer to Figure 3.4) as,

¢LOS,g = tan_l[(ds - dt_w - dr_w)/d] (3.7)
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01059 = tan™'[(h, F h,)/d3p] (3.3)

While calculating 8, "-" and "+" relate to 6,55 and 6,, respectively. Also, dzp =

2
\[ d? + (ds —deyw — dr_w) denotes the corrected 3D separation distance between

the transmitting and receiving nodes which accounts for their unaligned, arbitrary
placements in the x-y plane. The azimuth (¢) and elevation (6) angles for wall
reflections are obtained by amending [113] for the desired geometry (refer Figure 3.5)

and are given by,

¢io = ttan"![(nd; Fd;, + d,,,)/d] (3.9)
60 = %— tan™? [ sz + (nd; Fdy oy tdy ) /hd] (3.10)
$ie = ttan " [((nF 1ds £dyy £ dy ) /d] (3.11)

2
O = %— tan~! [\[dz + ((n +1ds +d;  * dr_w) /hd] (3.12)

where n represents the order of wall reflections. ¢, and 6;, denote the odd-ordered
reflection angles corresponding to odd values of n and ¢,, and 6;, are the even-

ordered reflection angles corresponding to even values of n. For each n, the model
evaluates two wall reflected paths, i.e., a reflection from the near wall and one from
the far wall, analytically deduced by selecting the lower (upper) signs together. As an
example, when n = 1 (odd value), the model uses 3.9 and 3.10 to create two discreet
(4, i0) angles corresponding to the first order near as well as far wall reflections.
The order n can take as many values as, n = 1, 2, .., N, where N represents the
maximum wall reflection order evaluated by the model by determining the number of
wall reflected paths that fall within the antenna beam area. Hence, if the model
captures up to third order wall reflections owing to their individual & and ¢ falling
within the 3D beam area of the directional antenna, then N = 3, with n =1 and 3
describing the odd order wall reflection parameters and n = 2 describing the even
order. hg is the height correction required in the access links to support different TX

non

and RX antenna heights, given as h; — h,.. Note that the and "+" signs are selected
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by choosing upper (lower) signs together to obtain near (far) wall reflections for each

order n.

3.3.3 REFLECTION PATH CALCULATION

In this work, we use the conventional methods of images to find the path length of all
valid reflected paths reaching the receiver. The analytical approach is accurate and
faster than the ray launching technique in modeling mmWave directional channels
since the channel sparsity facilitates to calculate only a few images and their related
MPC paths based on the antenna’s beam area. We express the 3D path lengths for

different signal paths as,

dLOS,g = \[d31)2 + (hy + hr)z (3.13)
diO = \/dz + (nds $ dt_w i dr_w)z + hdz (314)
— 2 5
die= Ja?+((F Dy tdpy £, y) + by (3.15)

where d, o5 and d are the path lengths of the direct LOS ray and the ground reflected

ray evaluated using the upper and lower signs, respectively. d;, and d;, are the path

"non

lengths for odd and even-numbered wall reflections, respectively. The and "+"

signs are selected by choosing upper (lower) signs together, as explained earlier.

3.3.4 REFLECTION COEFFICIENTS

By assuming relatively smooth and infinite reflecting surfaces, we consider the
Fresnel reflection coefficients to relate the incident and reflected rays. The parallel
reflection coefficient is used when the E-field of the incident ray is parallel to the
plane of incidence. At the same time, the perpendicular reflection coefficient is used
when the E-field is perpendicular to the plane of incidence. The Fresnel equations

used in our model for two polarization cases of the wall reflections are given as,

_— u'e.cos¥; — Ju'e, —sin? ¢;
par u'ecos¥; + \Ju'e, —sin? ¥,

(3.16)
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Table 3.1 Specifications of the material properties

P Relative permittivity Real Conductivity
(&) (0)
Concrete 6.495 1.43
Aerated Concrete 2.26 0.339
Wood 1.5 0.3
Brick 3.95 0.244
Stone 6.72 0.112
Plasterboard 3.08 0.185
Glass 4.7 0.518

_ cos¥; —\u'e —sin? @, 3.17)

r =
pere cosW¥; + /u'e, — sin? ¥,

As depicted in the layout geometry, ¥; is the angle of incidence. Equations 3.16 and

3.17 are applied for wall and ground reflections in line with the antenna polarization
assumed in the simulation. For the wall reflections, ¥; is derived from the azimuth

angle ¢, and for ground reflections, it is a function of elevation departure angle & (&

for backhaul link and 6,2 for access link). Considering the reflecting material to have

a relative permeability of u’, a relative permittivity of & and a conductivity of o, the

g

27Tf£0

complex permittivity of the material, &,, is expressed as &, =&’ —j . Here, f

denotes the mmWave transmission frequency and &, = 8.854 x 10~ 12Farad/m. By

assuming wood for building sidewalls, we obtain ¢’ = 1.5 and ¢ = 0.3 at 60GHz

yielding the imaginary component of relative permittivity ( ) as 0.09. The

g
277.'f80
concrete roads can be modelled using &’ = 6.495and o = 1.43 producing the

imaginary component as 0.4284 at 60GHz. The simulation can be modified for glass
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walls with ¢’ = 4.7 and o = 0.518. Alternatively, the material characteristics for any

mmWave frequency range can be derived from Table 3.1 or the data specified in [68].

3.3.5 GENERATION OF CHANNEL IMPULSE RESPONSE

As indicated in Section 3.2, employing directional transmission in mmWaves
augments the need to provide realistic modeling of all specular reflected paths
contributing to the received signal strength. When deriving a precise directional
channel model, it is preferred to model the resolvable specular reflections as a
function of the position and deployment parameters of the channel. As noted, in
MiDDCM, unlike statistical models, we use the geometrical image technique to
compute path lengths as well as the azimuth/elevation angles in the 3D plane as a
function of d, d;, d; w, dr w, hi, and h,. Moreover, the path lengths and their antenna
gains G (¢, ) for the backhaul and the access scenarios are computed only for valid
paths with azimuth and elevation angles of arrival/departure falling within the antenna
beam area. While the paths with + AoA/AoD > HPBW/2 are considerably attenuated
compared to the LOS path, they may sparingly contribute to the received signal.
Accordingly, we consider the beamwidth of the first null (FNBW) to assess the beam
coverage. The deliberation is also pessimistic from the diversity point of view. The
analysis used is hence of the form, + AoA/AoD < FNBW/2. Therefore, a path is

aggregated at the receiver if it satisfies the following condition: |¢ Lo S,g.il < HPBW,

and |605,4:| < HPBW.

Using the computed parameters, we now characterize the mmWave direction
dependent deterministic channel. By making the narrowband assumption as in the
case of OFDM transmission, the received signal bandwidth will be smaller than the
channel coherence bandwidth allowing us to focus on the variations of the channel
due to spatial geometry. Accordingly, the channel impulse response (CIR) of the

proposed multi-ray channel model for a narrowband channel is:

M
B(Fd,6,0) = Goos (@0 Huos + (6,60 Hy + ) RO H (.18)
i=1

where  Gos(4,0), Gg(46) and Gi(46) are the antenna gain products
G.(8,0).G.(4 0 of the direct LOS, ground reflection, and the i" wall reflections,
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respectively. The antenna gain of each path is evaluated at its corresponding 6 and ¢
as explained earlier. Here, M is the maximum number of resolvable specular wall
reflections in the simulated channel model dynamically determined from the choice of
input parameters dy, di w, dr w, hi, hr, and 3D antenna HPBWs which satisfies the
condition on &, and ¢, as mentioned earlier. M is related to N, the maximum wall
reflection order, as M = 2N since each reflection order corresponds to one of the near

and far wall reflections.

For example, if M = 4 (as illustrated in Figure 3.5), the MiDDCM is a six ray channel
model that accounts for the LOS, the ground reflection, and four wall reflections (2
each of first and second order wall reflections, attributing to N = 2). Alternatively, if
the model captures up to third order wall reflections, then N = 3 and M is determined

as six, suggesting an eight ray model.

The channel impulse response (CIR) components, Hros, H,, and H;, are given by,

yl 2T
H — (_KadLOS/Z)] (—]TdLOS) 1
Los [47TdL05 € ¢ (3 9a)

[ A _2m

H, = |I, ind, e(‘Kadg/Z)] e( 7 dg) (3.19b)
r 2T

Ho=[n e(—xadi/Z)] (=7 4) (3.19¢)
L i

where 2m/A is the wavenumber. Here, each signal path is compensated for an
additional oxygen absorption loss by applying K., the coefficient for exponential
absorption. As the reflected paths suffer higher atmospheric attenuation than the LOS
path due to their longer path lengths, the approach offers a stable model
parametrization for all mmWave frequencies. Iy denotes the ground reflection
coefficient, and I'; denotes the net wall reflection coefficient. MiDDCM models both

horizontal and vertical antenna polarization, where Iy equals I'pq,, and T; equals

[perp for vertical polarization and vice versa for horizontal polarization.
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3.3.6 BEAM STEERING FOR LINK QUALITY IMPROVEMENT

In mmWave channels with short wavelength carrier signals, even spatial variations on
the order of a few centimetres contribute to significant path loss variations.
Fortunately, beam steering aided directional communication helps to improve the
signal strength of mmWave serving links as compared to interfering links. This
optimizes the mmWave link budget and improves link performance. Beam steering
strategy can be efficiently exploited to steer directional radiation patterns by orienting
the main lobe towards the strongest path rather than towards the boresight direction.
The steering keeps the transmit power focused on the desired direction. In this work,
by assuming that the LOS path is the strongest energy path, which is true in most
cases, beam steering assumes that the main lobe is steered towards the radial direction
(i.e., the direct path between TX and RX) irrespective of the transmission scenario.

(i.e., even in NLOS simulation case with obstructed LOS component).

From the deployment geometry, the backhaul link is modelled such that orienting the
transmit and receive antenna radiation patterns along LOS also implies that they are
steered in the boresight direction. The geometry hence assures optimal channel
performance as the highest energy LOS path is always magnified by the peak
boresight gain. To enhance the received signal strength in the access links with
differently aligned BS and UE antennas, the antenna radiation patterns should be
tilted in both azimuth and elevation planes by an estimated correction angle A¢ and
A@, respectively. The antenna tilt angles in azimuth and elevation directions which
allows for beam alignment through beam steering can be analytically deduced from

the model geometry as,
Ag= tan_l[(dS —dey — dr_w)/d] (3.20)
AO= tan"[(h; — h,)/d3p] (3.21)

Note that, MiDDCM dynamically corrects the arrival and departure angles of every
participating path with the estimated tilt angles. As apparent, steering the main lobe in
the radial direction just requires the knowledge of the SC deployment parameters,
including the TX/RX position/orientation. The approach is more straightforward as it
eliminates the need for channel state sensing required to identify the beam steering

direction in real-time (sensing is needed when the beam must be steered towards the
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Figure 3.6 Proposed small cell layout geometry devoid of beam steering for uniform

coverage.

strongest path among multiple specular reflections). However, radial beamforming is
inapt for optimal performances in NLOS scenarios wherein it is desirable to steer the
main lobe in the direction of the strongest NLOS reflected path with the overall model

simplicity traded off.

3.3.6.1 A NEW DIRECTIONAL MMWAVE SC GEOMETRY WITHOUT
BEAM STEERING

The beamforming and steering techniques in mmWave communications enhance the
channel performance in terms of coverage extension and deep fade elimination.
However, the practical implementation of beamforming involves obtaining
comprehensive channel state information (CSI). Moreover, a key technical challenge
in dynamically steering the beam is to develop protocols that help BSs and UEs to
locate and track each other. It also requires efficient signal processing algorithms to
estimate the spatial signatures, such as azimuth and elevation directions of arrival
(DoA) of the signal. As known, the codebook-based beam tracking and ray tracing-
based beam tracking require considerable signal computations which will increase the

overall implementation complexity.

In the suggested mmWave UMi deployment geometry, we observe that the tilt angle
variations are trivial in small cells with an approximate cell range of 200m and with

APs/BSs mounted at low heights. Accordingly, we propose a simplified SC antenna
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Figure 3.7 A general UMi SC layout of the street grid with crossroad gaps.

geometry as depicted in Figure 3.6. Here, an antenna configuration with two
differently oriented antenna elements is placed on the lamppost to provide uniform
coverage. As shown, the antenna radiation pattern which is oriented horizontally
along the boresight serves the backhaul link and the UEs far from the transmitter, say,
near to the cell edge. For a small cell SC layout, a tilt in the radiation pattern is
required primarily in the serving area close to BS, where all the multipaths fall outside
the receiver antenna beam area. Hence, besides an antenna beam oriented along the
horizontal direction, it is sufficient to have a single additional beam tilted by an angle
of [5°-15°] range relative to boresight in order to provide a uniform signal strength to
the UE located anywhere in the SC layout. This part of the work is similar to our

former study [114].

3.3.7 MODELING OF STREET GRIDS WITH CROSSROADS

In Section 3.3.1, we illustrated the SC geometry with continuous reflecting sidewalls
on both sides of the canyon referred to as "System I". However, a realistic SC layout
typically consists of crossroad gaps creating discontinuities in the reflecting buildings,
creating distinct fading profiles. In this section, we model a typical street-grid with
any number of crossroads and propose a simple analytical formulation that models the
propagation regions with reduced signal fades [115]. To this end, we consider a real
SC layout with an arbitrary choice of crossroad placements hereafter referred to as
"System II", as shown in Figure 3.7. Note that all other deployment parameters are
identical to the earlier consideration. However, the presence of gaps/crossroads

reduces the number of participating paths. Most importantly, all the wall reflections
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Figure 3.8 2D top-down view of mmWave directional UMi SC scenario showing first and

second order wall reflections for "System II".

that are aggregated at the receiver while modeling "System [" will not necessarily
contribute to the CIR of "System II" deployment (refer, Figure 3.8), thereby reducing

the signal fades.

In "System II" deployment, a wall reflected ray would only contribute to the received
power if its point of reflection is a wall and not the crossroad itself. Hence, in
addition to satisfying the ¢ and @ requirement as in "System [, MiDDCM for "System
II" aggregates a wall reflected ray at the receiver only if its reflection angle, a,., does
not belong to the set of all a,.s for ¢ = 1,2,...C, where c is the crossroads’ number, and

C is the maximum number of crossroads on one side of the street [113].
ar: aCWZ < ar < ach (3.22)

where

(-2 -w)ds - -1"a,.)
e (3.23)
<\/dcTE2 + hd2>

In the given deployment layout with crossroads, the crossroads’ number ¢ considers 1

aCWE = tan

and 2 in the near wall case with two crossroads and 1 in the far wall case with a single
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crossroad. Here, W denotes the wall side (considered as 1 for the far wall and 2 for the
near wall) and 7= WD for odd n and W2 4+ [2-W] for even n. E represents the

edge of the crossroad, assumed as 1 for the near edge, and 2 for the far edge.

We next propose a simple analytical formulation, which distinctly models the
propagation regions in a UMi SC layout that are impacted by the sidewall
discontinuities. This region with reduced signal fades is modelled for two different

cases of beam steering.

Case 1- "System I1" with elevation beam steering alone: In this case, we consider the
antenna beam tilted in the elevation plane primarily to correct the variations in TX-
RX orientation due to antenna height variations. We analytically model the lower and
upper bound of the reduced faded region {x_l.y,x_u,y} along the x-axis as a
function of; (i) TX - RX location in the layout, and; (ii) location (bound) of crossroads

along the street, where {x_l.i, x_usy} € {0, d}:

I lew, x_ucw}

= [(drw + (ds = de.w))/(ds = dew)]* {dewr dew} (3.24)

Case 2- "System I1" with both elevation and azimuth beam steering: In this case, we
consider the antenna beam tilted in the elevation and azimuth planes to correct the
variations in TX-RX orientation due to antenna height variations and due to RX
placed unaligned with the TX. Accordingly, the analytical expression for the lower

and upper bound of the reduced faded region {x_l .y, x_u.y } is redefined as:

{x—ch: x—ch} = [dr_w/((ds - dt_w)/z)]* {dCW1 ’ dCWZ} (3.25)

where d.yq and d,y, represent the distance of ¢™ crossroad on the W wall side at

the first and second edges, respectively.

Finally, we provide the algorithm of the proposed MiDDCM developed to model
backhaul and access channel impulse response for various realistic scenarios such as
LOS/NLOS transmissions, beam aligned/unaligned propagations, and road canyon

deployment with/without crossroads.
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Algorithm 1: UMi SC low complexity mmWave directional channel modelling

1 Initialize Channel Model
(1) Set Scenario: UMi SC deployment parameters, TX/ RX separation
distance, Frequency, Antenna specifications.
(i) Set Environment_criterial: LOS / NLOS,
_criteria2: Beam steering / no Beam steering,

_criteria3: System 1/ System I1.

[\

Compute (@, )0 s,g,i for all specular paths using methods of images.

W

Compute K, the coefficient of exponential absorption specific to mmWave
carrier frequency.

4  if Environment_criterial == LOS then

5 if Environment_criteria2 == Beam steering then

6 Correct (¢, O) to steer main lobe towards the radial direction in access
links and/or unaligned TX-RX placements.

7 end if

8 endif

9  while |¢,0s5,:| < HPBW, and |6,05 4| < HPBW;

10 if Environment_criterial == LOS then

11 Generate direct LOS path by computing d, s, Gros(, 0).

12 end if

13 Generate ground reflection by computing Ty, dg, G4(g, 0).

14 if Environment_criteria3 == System I then

15 Generate all M wall-wall reflections by computing I';, d;, G;(¢, 0).

16 else if Environment_criteria3 == System Il then

17 Generate wall-wall reflections by computing T, d;, G;(¢, 6) only if

their reflection angles, a,¢ {Va,: ey < @y < agy1} for ¢ =
1,2,...C, where C is the maximum number of crossroads on one side of
the street.

18 end if

19 end while

20 Aggregate all signal paths to evaluate CIR h(f,d, ¢, 6).
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As apparent, the channel impulse response for a narrowband mmWave directional

link expressed in (3.18) and (3.19) can be rephrased as,

\We—(KadLos/Z)—(m#)

dLOS

A
h(f,d,¢,g) ZE

jZTL'dg)

I:;] ,Gg(¢' H) e_(Kadg/Z)_( yl

* d

» (3.26)

~(Kady/2)-(Z23%)
+

iri G.(4,0)

d.
i=1 t

For ease of representation and further developments, we combine both ground and
wall reflections as i multi-ray components (total of M + 1 multi-rays) and normalize
the CIR relative to the ideal LOS link. Accordingly, the relative channel response as a
function of f, d, ¢, and 6 (the representation is discarded in the subsequent discussion

for convenience), is represented as,

M+1
h=1+ Z a; eI (3.27)
i=1
where a; is the normalized amplitude of the i reflection, which can be either the

ground reflection or any of the M wall reflections, given by:

(3.28)

a; =1I;

dios | Gi(40) e—(KaTAdi)
d; \|Gros(40)

the relative phase f; is (2m/A)Ad;, where Ad; = (d; — d;s). Note that d;, G;(¢4, 6)
and [I; are appropriately considered for the ground reflected path. Accordingly, the

received power is expressed as,

2 —Kg.dios
PO =PGros(h O (g—) € T IHTP (3.29)

4‘7TdLOS
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Figure 3.9 Proposed MiDDCM specifying the model inputs and outputs.

where G os(9, 0) = G( 0).G-(¢, 0), is the product of the TX and RX antenna
boresight gains for beam aligned/steered antenna radiation patterns. Clearly, P, is a
function of mmWave frequency, f, separation distance, d, and the 3D antenna
geometries. The mmWave deterministic directional path loss expressed as a positive
quantity and can be evaluated as:

P

PL(f, d, ¢, 9) =10 IOglo (W) (330)

We further model the effects of mmWave foliage by adding the foliage loss given by
Ly [dB] = 0.2°Df® to (3.30), where Dy is the foliage depth represented in meters
[32]. To sum-up, MiDDCM estimates the SISO channel characteristics for varying

input specifications, as illustrated in Figure 3.9.

3.4 SPATIAL DIVERSITY IN DIRECTIONAL LINKS

In this section, we explore spatial diversity using multiple antennas at the TX and RX
side to provide link robustness in "System I", which is the worst-case reflecting
scenario. We show in the result section that the sparse channel structure and the
strong multipaths in the mmWave directional channel create significant fades and,
most importantly, large fading variations even with small changes in the environment
geometry. However, the short wavelength of the mmWave spectrum makes it easier to
implement diversity in mmWave communications and effectively use it to improve
the system performance parameters like coverage, capacity, and signal-to-interference

noise ratio (SINR). Mainly, the channel model is analysed for the specific cases of 1 x
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Figure 3.10 Deployment geometry with 2 x 2 MIMO illustrating transmit diversity with
direct LOS paths and ground reflected rays.

2 single-input-multiple-output (SIMO) receive diversity, 2 x 1 multiple-input-single-
output (MISO) transmit diversity, and 2 x 2 MIMO diversity.

The SISO channel impulse response denoted by (3.27) is now extended to model a
simple MIMO link to explore vertical diversity. As we analyse vertical diversity by
employing the vertically separated multi-antenna configuration, it is reasonable to
approximate the generalized model by considering only the direct LOS path and the
ground  reflected path.  Accordingly, (3.27) can be  written as
h"=1+a, e /Ba. The multipaths between every TX and RX are aggregated by
their respective directional antennas if and only if their angles fall within the

directional antenna beam area, as stated in Section 3.3.

We illustrate in Figure 3.10 the propagation geometry of a 2 x 2 MIMO system with
two TX antennas and two RX antennas each separated by a small vertical distance
dsep. The geometrical illustration explicitly shows the LOS and ground reflected paths
in a 2 x 1 MISO system comprising TX1, TX2 and RX2, illustrating the formation of
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h21, and hz2. The propagating paths contributing to the channel response can be

likewise deduced for the MIMO geometry.

h

The relative CIR between n" transmit element and m™ receive element can be

expressed as,
R = 1 + gy, €~/ Bamn) (3.31)

where Bgmn is the relative phase between n™ TX and m™ RX obtained as

(21 /A)Ad gy, Where Ad gy, = (dgmn - dLOSmn). Also,

G _(Kahdgmn
gmn = I dLosmn gmn (9, 6) o ( 57 ) (3.32)
dgmn GLOSmn(¢' H)

From the geometry, various path lengths can be modelled as:

_ 2
dLOSll,gll = \[d302 + ((ht + dsep) + (hr + dsep))

_ 2
dros12,g12 = \/dsnz + (ht + (hy + dsep))
(3.33)

_ 2
dLOSZl,ng = \/dwz + (ht +h, + dsep)

dLOSZZ,gZZ = \/dwz + (he  hy)?

We now present a simplification procedure to reduce the ray tracing complexity in
mmWave spatially diverse channels. As is known, the small wavelength in mmWaves
allows a dense packing of antenna elements. Hence, the separation distance between
individual elements will be considerably short. Because of the small wavelength, the
separation dg,, will be in small millimeter range even if the antenna separation needs
to be of the order of a few multiples of the wavelength. That is, dge, < d3p.
Accordingly, the path length differences between LOS paths amongst various antenna
pairs are extremely small and the phase differences between them are negligible. The

ray tracing computations can be thereby reduced by disregarding the computations of
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individual LOS paths. Hence, only the phase difference due to ground reflected paths
are considered in the channel impulse approximation. Hence without loss of
generality, the relative channel impulse response between n' transmit element and m™

receive element can be expressed as:
R n = 1+ Qg e/ Patvemn) (3.34)

where B is the relative phase of the ground reflected path with respect to LOS for the
TX1-RX1 pair and y,(m,n) is the additional phase offset due to the path length
difference between the ground reflected path from n to m relative to the ground

reflected path from TX1 to RX1. It is defined as (2m/4) [dgmn - dgll] by setting
Yg(1,1) =0.

Next, we provide an insight into the calculation of the normalized channel responses

hi1, hiz, h21, and ho.
The channel gains in the MISO system illustrated in Figure 3.10 can be modelled as,

hZZ =1 + agZZ e_j(ﬁg‘ﬂ/g(zvz))
(3.35)
h21 = 1 + ag21 e_j(ﬁg"'y‘g(zrl))

Likewise, h;; and h;2 can be defined.

Furthermore, under the assumption (dge, < hy by < dzp), the path difference
between the ground reflected path of TX1-RX2 (or TX2-RX1) and the ground
reflected path of TX1-RX1 can be approximated as [(ht + hr)dsep] /d3p. Similarly,
the path difference between dg,, and dgq; can be approximated as [2 (he + hr)dsep] /
dsp. We would like to highlight that the approximate path difference remains the
same while considering RX?2 as the receiving antenna. Furthermore, even for a SIMO
system, it is possible to approximate the path length difference between the ground
reflections for any two TX-RX combinations to the same expression by following the
earlier stated assumption. Therefore, the phase difference between the two ground

reflected paths could be generalized as:
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_(2m (he + hy)dgep
Yg = (7) <d—3D> (3.36)

Most importantly, this phase difference should be adequate to implement spatial
diversity that improves the received signal strength in a mmWave directive
deterministic channel, thereby improving the reliability of the system. Specifically,
we propose to implement spatial diversity in reception, transmission, or both ends
using a 2 x 2 scheme with a maximum of 4 diversity paths and estimate the channel
gain using various diversity schemes. The channel capacity will be evaluated and

analysed for a variety of specifications and schemes.

3.5 CHAPTER SUMMARY

In this chapter, we have derived a detailed mathematical formulation of the proposed
MiDDCM that characterizes UMi SC outdoor channels with continuous/discontinuous
reflecting sidewalls, disregarding the computation of higher order wall reflections that
fall outside the narrow beamwidth of the high gain directional antenna. The
aggregated multipaths include a direct LOS (if not obstructed), a ground reflected
path in addition to antenna directionality-dependent wall reflected paths. The model is
also extended to analyse the vertical antenna diversity required to reduce the extent of
fading and, most importantly, to stabilize the channel variations that arise from even

slight changes in geometric parameters.

Although more complex multipath behaviour such as diffused scattering and
diffraction could increase the NLOS path loss, this model/study provides an essential
first step in understanding the mmWave transmission possibilities and performing
numerous analyses on channel propagation characteristics that cannot be modelled

through traditional statistical channel models.
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CHAPTER 4. ANALYSIS AND DESIGN-II:
STATISTICAL MODELING OF
DIRECTIONAL CHANNELS AND
DEPLOYMENT GEOMETRY OPTIMIZATION

4.1 INTRODUCTION

In the previous chapter, we have derived the low complexity MiDDCM based on ray
tracing for different setups to investigate the implications of antenna directionality in
mmWave outdoor channels for a UMi SC deployment environment. In this chapter,
we further use the proposed MiDDCM "System I" design (worst-case reflection
scenario) to analyse the directional channel path loss and to explore different aspects
of statistical learning of mmWave directional channel characteristics and models. The

investigation is novel to mmWave directional channel studies.

The rest of this chapter is organized as follows. Section 4.2 explains MiDDCM
validation using standard statistical models reported in the existing literature. It also
provides a statistical approach to parametrize the mmWave directional deterministic
outdoor channel. Section 4.3 explores the optimization of SC deployment parameters
in 5G mmWave backhaul and access channels using a metaheuristic PSO algorithm.

Section 4.4 presents the chapter summary.

4.2 STATISTICAL MODELING OF DIRECTIONAL
CHANNELS

The focus in this section is still the modeling of directional mmWave channels. The
intention is to achieve two definite goals: (i) to compare the MiDDCM simulator with
well-cited existing models to validate the model and identify its benefits, limitations,
and usage scenarios. To this end, we provide a simplified step procedure to yield the
direction-dependent large scale LOS and NLOS path loss values by trying to preserve
the expression of popular statistical models, allowing for easier comparison. (ii) to
derive a statistical formulation and adapt the channel parameters (PLE and fading

factor) to characterize a directional mmWave channel. As we recall, the channel
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model development in the previous chapter emphasized the deterministic formulation
yielding exact path loss values at every location as a function of deployment and 3D
antenna geometries. However, several system designs do not require to compute
accurate values of the instantaneous path loss; instead, a statistical distribution of the

mmWave directional path loss could be the focus.

4.2.1 STANDARD POWER LAW PATH LOSS MODELS

Here, we analyse the channel modeling methodology employed in popular mmWave
channel models. Generally, the channel models based on measurements are derived
either from the CI model based on one parameter or from the three parameters based
ABG model [27], [116]-[119], appropriately modified to meet the mmWave
requirement. For example, the reference distance dp of CI models is fixed to 1 or Sm
for mmWave systems with low height base stations and small cell sites, while the sub-
6GHz systems employed 100m or 1km. This work uses the CI model to benchmark
the proposed MiDDCM due to its physical basis and closeness to environmental
propagation conditions, besides the ease of implementation. The path loss equation of

the CI model at a 2D separation distance d is given by,

CI CI d
PL,C[dB] = PLg,[dB] + 10 n%' log,, (—) +X

i el 4.1)

where PLg is the path loss at a reference distance dy = Im [26], [117], and n is the

path loss exponent (PLE), which holds different values for the LOS and NLOS
transmission scenarios. The first two terms collectively constitute the FSPL at link

distance, d. X,,.. is zero mean Gaussian random variable representing the fading factor

aci
that describes large scale signal fading about the mean path loss. The distribution of

X, 1s statistically random and yet consistent with the entire range of d, determined

acl
from the standard deviation o¢gg such that X, ~N (0, chLdBZ). Most importantly,

X

ocr
¢ 18 @ log-normal random variable of uniform variance. The CI model typically uses
two different oc; values to establish the LOS and NLOS transmissions, thus
increasing the number of model parameters that should be tracked/acquired for

channel analysis.
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The value of FSPL at d, can be either obtained from measurements or derived from

the FSPL equation as:

4.2)

47d,
PLdo [dB] = 20 loglo( )

This method of deterministically modeling the reference value is valid only for LOS
scenarios and not for NLOS scenarios where the path between TX and RX antennas is

partially/fully obstructed.

The three-parameter ABG model, on the other hand, predicts the distance dependent
expected path loss of mmWaves by using a simple regression fitting to the measured

data, specified as:
ABG d
PL,*B¢[dB] = a[dB] + 10 8 logy, (d—o) + Xgpne 4.3)

where a is the offset of the path loss fitting curve at dg, S is the path loss slope as a
function of distance d (if « is identical to the FSPL at d,, then = n®") and o,pg is

the standard deviation of the zero mean Gaussian random variable, X, OABG"

4.2.2 FORMULATION OF MIDDCM FROM STATISTICAL
MODEL

In this section, we apply the proposed MiDDCM framework wherein the model
expression is articulated by starting from the traditional statistical model expression to
provide for easy comparison. This part of the study intends to validate the MiDDCM
with standard models that use the CI or ABG path loss expressions for large scale
modeling, paying specific attention to the limitations of these statistical formulations.
The method explained below primarily considers the CI closed-form expression;

however, a similar line of analysis can be followed for the ABG model.

By assuming d, = 1m, the received power of the traditional statistical CI model,

defined in (4.1), can be expressed as:

2

A
BA(f,d) = P, (E) d— F§! (4.4)
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where F$! =10 Xoc1/10 s the statistical fading gain which characterizes the large
scale fading and is log normal. Note that, FS! is generally computed for the

omnidirectional and the directional propagations by choosing distinct values for oc;.

Obviously, the CI model does not reflect the frequency dependency of P. beyond the
first meter of propagation [36]. That is, even though (4.4) is a function of f, it does not
specify any mmWave specific losses that are functions of both frequency and
distance. While the absorption loss is a function of d, the CI model accounts for it
only at d = 1m. Furthermore, there is no reference to other deployment parameters
like the antenna heights or beamwidths in the model expression, even though they
significantly define the characteristics of a mmWave directional sparse multipath
channel. In summary, n and ¢ values in standard statistical models are deduced to best
fit the antenna height, the beamwidth, and the carrier frequency specified in a well-

defined channel setup.

On the contrary, deterministic ray tracing modeling used in MiDDCM characterizes
the actual effect of the environment. The resulting deterministic direction-dependent
received power as a function of 3D deployment parameters and antenna geometries,
was developed in Section 3.3 (refer (3.29)). We now rephrase this equation to provide
an expression equivalent to the statistical model expression in (4.4) by which the

deterministic received power is represented as:

2

P (f,d, 4, 6) = Pth(¢.e)Gr(¢,9)(L) T gt (45)

47‘[dL05

where, F$®t = |h"|? is the deterministic directional fading gain which is a function of

antenna height and position. It characterizes the fading phenomenon due to all
resolvable specular reflections falling within the directional antenna beam area. As it
is not required to aggregate every possible ray arriving at the receiver (as in the case
of an omnidirectional rich scattering environment), Fget can be easily and accurately
computed using the MiDDCM framework and does not demand efficient commercial
ray tracing simulators and powerful computing units. It may be noted that to compare

the two models, either (4.4) should be multiplied with or (4.5) should be eliminated
with the boresight gain, Gros(d, 6).

94



MILLIMETER WAVE CHANNEL MODELING AND ITS IMPLICATIONS IN 5G CELLULAR DESIGN

Accordingly, the deterministic directional path loss of MiDDCM is expressed as:

PL,%[dB] = FSPL (d,ps, f) — G,[dB] — G,[dB] + L,ps[dB]
~ Fget[dB] 4.6)
where FSPL (d, s, f) is the FSPL evaluated at d; 5. Laps[dB] = 10log;, eXadLos is

the specific attenuation due to oxygen absorption in mmWave frequencies.

4.2.3 CLOSED-FORM EXPRESSION FOR DIRECTIONAL PATH
LOSS MODEL

The proposed MiDDCM realistically predicts the mmWave channel’s directional
characteristics and offers low complexity by exploiting the same. However, it should
undoubtedly compute parameters such as path lengths, reflection coefficients,
elevation, and azimuth directions of propagation and the related antenna gains for
every reflected path in addition to the direct LOS parameters. This kind of detailed
MPC analysis is not always required, particularly in channel analysis that involves
studying path loss distributions and not their instantaneous values. In this perspective,
we devise a statistical approach identical to the standard CI model to define the
directional path loss distribution. The method uses a simple curve fitting over the

deterministic path loss data set.

Before detailing the approach, we would like to highlight a significant feature of the
MiDDCM framework that exploits antenna directionality in mmWave links. That is,
the deterministic path loss over distance predicted by the model can be well
categorized into two distinct regions: i) the path loss at near TX regions which is
identical to the reference FSPL (as the narrow beam directional antennas act as spatial
filters and filter out reflections with large arrival/departure angles) and; ii) the path
loss in far TX regions that fluctuates relative to the reference FSPL with a non-
uniform variance for the fading factor (as the reflected paths that fall within the
directional antenna pattern at the receiver progressively combine with distance).
However, statistical models based on power-law path loss equations, like CI and

ABG, fail to capture these aspects.

The following steps are performed to deduce a statistical closed-form expression that

can approximate the path loss distribution in directional channels: (i) firstly, modify
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the FSPL in the statistical closed-form expression to accommodate the antenna gains
and, (ii) secondly, introduce a novel correction factor in the closed-form expression to
convert the uniform variance of the fading factor to a non-uniform variance which is a
function of separation distance, model geometry, and antenna beamwidth. To develop
the statistical approximation of MiDDCM, we first rephrase (4.6) as (4.7) to match the

statistical power-law path loss formulation as:

stat — stat i —_ —
PL,®'[dB] = PL, [dB] + 10 n*%¢ log,,, G,[dB] — G,[dB]
0 dO
“4.7)
+X

Ostat

4.2.3.1 MODIFICATION OF FSPL

To provide a rational statistical approximation of the directional deterministic model,
we first match the FSPL of the statistical formulation with that evaluated by

MiDDCM by including the boresight antenna gains as:
FSPL4,**'[dB] = PL4,[dB] — G¢[dB] — G, [dB] (4.8)

Subsequently, we examine the variations in mmWave directional path loss about its
mean value caused by the reflected MPCs to compute the path loss distribution of the

MiDDCM. This distribution is further used to model X while its statistical

Ostat’

parameters are estimated using the maximum likelihood estimate (MLE) technique.

4.2.3.2 MODIFICATION OF STANDARD DEVIATION ACCOMMODATING
DIRECTIONALITY

To statistically model directionality, the variance of the fading factor should satisfy
the unique nature of path loss fluctuations relative to reference FSPL. Most
importantly, it should capture the two unique regions of distinct propagation
characteristics, i.e., the near TX region with FSPL characteristics and far TX region
with non-uniform fading variance. In this context, we define the point of separation
between the near and the far TX regions as critical distance d. which is a function of
antenna directivity and deployment parameters. The first reflected path starts
contributing to the received signal strength at d. beyond which each MPC
progressively contributes to the received signal strength with increasing distance. The

effect is a gradual increase in the variance. Hence, we suggest that o4go4g, Which is
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generally a constant for the entire transmission range, should be modified by a
distance-dependent correction factor. The correction factor is analytically deduced as

explained in this section.

To this end, we first deduce an expression for the critical distance d.. As known, the
first specular reflection that contributes to the received signal can arise from the
ground reflection or from the first order wall reflections, whichever arrives first. The
ground reflected path would fall within the antenna beam area if 6, < 6ypgy,, where
6, = tan"'[(hy + h,)/d3p] = (he + h,)/d3p, when the angle is in radians and is

sufficiently small. That is,
h; + h,

sz +(ds — dyyy — dr )

< Oupew (4.9)

Similarly, the first order wall reflected path would fall within the antenna beam area,
if ¢; < dyppw, Where ¢; = tan_l[(ds +diy * dr_w)/d] ~ (ds +d;y * dr_w)/d.
That is,

(ds Fdew £drw)

d < Pursw (4.10)

Accordingly, the minimum 2D distances at which the ground reflection (vertical
reflection) and the wall reflection (horizontal reflection) participate in the directional
signal reception are defined as the vertical critical distance d,., and the horizontal

critical distance dj,, given by,

he + ho\?
d,. = J( t r) —(ds = dy sy —dy ) @.11)

QHPBW

in(d, +d;, +d
0 = mln( stdew X r_W) (4.12)

¢HPBW

It is clear from the geometry that if TX and RX are positioned on the same side of the
street aligned with the x-axis, then dg =d,,, +d,,. Accordingly, d,. and dp,

reduces to ((hy + h,)/Oyppw) and (2d,,/dupsw), respectively. Here, d,, is the
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smallest distance amongst the distance from TX to near reflecting wall and from RX

to far reflecting wall.

The critical distance d. which is the minimum TX/RX separation distance at which a

reflected ray starts to participate in the directional signal reception is then,
d. = min (dy, dpc) (4.13)

For all link ranges greater than d., the path loss variations relative to reference FSPL
is an increasing function of distance. The non-uniform variance of directional channel
fading is modelled in this work as follows. From the path loss distribution of the
MiDDCM, we first estimate the statistical parameters (Usiatdp, Ostatap) Of path loss
variations by using the MLE technique. The log-normal distribution is ideally suited
for fitting the distribution of fading amplitude [120]. Next, we use a novel distance-
dependent correction factor to convert the uniform standard deviation Ogaeqp to a
non-uniform standard deviation. The introduced correction factor C, is a function of
the critical distance d., the maximum allowable range d,,,, and the 2D link distance
d, given by:
0, if d<d,
Cy =4 log (d—d.)

- (4.14)
l0g (dpar —dy’ T de< < dmax

The corrected non-uniform standard deviation is hence developed from the estimated

standard deviation as,

Omod,dB — Co- Ostat,dB (4.15)

The statistical closed-form expression that characterizes directional path loss hence

employs a distance dependent shadow fading factor X, .~ such that

2
deod ~N(Mstat,dB: Omod,dB )

The proposed statistical path loss model that approximates the deterministic

directional mmWave path loss is then expressed as:

d
PLgmoa” ™" [dB] = FSPL4 > + 10n°%t log,, ( (4.16)

d—0)+X

Omod
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This simple closed-form expression can predict the path loss distributions identical to
the path loss simulated by MiDDCM over all the frequencies and distances
simultaneously. Most importantly, it excludes estimating the channel MPCs which
involves calculating their the pathlengths dg ;, reflection coefficients T'y;, 3D angles
(4, 04, and the physical direction dependent antenna gains, Gg;(¢, ) for each
reflected path during every instance of channel prediction. Moreover, the directional

statistical path loss is predicted as a function of the 2D separation distance between

the TX and RX in the UMi SC layout.

For ‘O’ simulated observations, the best fit minimum mean square error (MMSE)
PLE, nS%@t, that estimates the time-averaged MiDDCM path loss values with the

smallest error is determined as,

o

2
nStat = arg min,,, z (PLa* (k) =PLs™™ (k) (4.17)
K=1

4.3 OPTIMIZATION OF SC DEPLOYMENT
PARAMETERS

4.3.1 PROBLEM FORMULATION

In summary, we show that the directional path loss of a mmWave outdoor SC channel
is a function of the operating frequency, antenna directionality, SC geometry
parameters hy, h., d, ds, di_w, drw, and also the transmission condition (LOS/NLOS)
[121]. Even small variations in the positioning of TX and RX are observed to create
significant fluctuations in the mmWave channel path loss due to the extremely short
wavelength of mmWaves. As it is evident, mmWave propagation conditions are
constrained by the environmental effects and mmWave transmission frequency by its
availability. However, all other parameters related to the SC deployment geometry
and the TX/RX position are free parameters and can be optimized. In this perspective,
a population based stochastic technique called PSO is used for arbitrarily optimizing
the choice of free parameters to minimize the generated path loss, which forms the
objective function. While optimizing the free parameters, we assume the other
parameters as constant within the recommended bound to reduce the complexity of

PSO simulation.
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Figure 4.1 The general iterative process of PSO.

Accordingly, the optimization problem (P) is defined as,

P: minimize ~ PL(f,d, ¢, 0) (4.18)
s.t. 1. 1<d<50m for LOS transmission (4.19)
2. 50 <£d <20m for NLOS transmission (4.20)
3. 5<ds<20m 4.21)
4. 0<diw, drw<d;s (4.22)
5. 55m<17m (4.23)
6. 1.5<h,<20m (4.24)

We realistically choose the bound of the parameters in (4.19) — (4.24) from the
insights gained from the existing literature [28], [32], [35], [36], [122], [123]. The
proposed solution is effective in the planning of SC deployment geometry of
mmWave directional outdoor channels knowing that even small variations in antenna

placement could considerably vary the propagation characteristics [104].

4.3.2 PARTICLE SWARM OPTIMIZATION

In this section, we briefly provide an insight into the population evolutionary
algorithm called PSO. PSO is a multidimensional search algorithm based on
heuristics, inspired by swarm intelligence. The system consists of a population of
particles, called a swarm, interacting with each other and the environment. These
particles are potential solutions to the optimization problem. To find the optimal
solution, each particle finds the best position called the local best and the global best.

The local best is a memory of its own best experience, and the global best is the
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common best experience found by any neighbour particle. Hence, the algorithm uses
the best position (solution) encountered by a particle and/or its neighbour to determine
the new position of the particle in the swarm. The position X and velocity V of the

particles are given by [124]:

where i is the particle index, and 7 is the time index that shows the iteration number of

the algorithm. The velocity of particle i in time step (¢ +1) is updated based on:

Vit + 1) = wVi(®) + ey (P (1) — X:(D) + cora(9(®) — X;(8))  (4.26)

where o is the inertia weight used to control the speed of convergence, c¢; and c; are
personal and social acceleration coefficients, r; and > are uniform random variables
in [0,1], P;(t) is the local best position of the i particle and g(t) is the global best of
the swarm. The general process of PSO can be well realized from the basic block

diagram shown in Figure 4.1 [109].

4.3.3 PSO PROCEDURE FOR DEPLOYMENT GEOMETRY
OPTIMIZATION

The optimization of SC deployment geometry using PSO to minimize the mmWave

path loss is presented in Algorithm 2.

Algorithm 2: Particle Swarm Optimization based deployment parameter optimization

1 Initialize the swarm particle population, nPop, for as many particles as free
parameters, F'P, and maximum iterations to be run by the algorithm, maxiter.
For each particle Py, i =1,2, ..., FPandj=1, 2, ..., nPop
(1) Set the position of each particle P;; as Xj; (0) uniformly distributed in
[LB, UB);, where LB and UB are the lower and upper bounds of the it
free parameter’s range in Table 4.
(i) Set the velocity of each particle P;; as V;; (0) = 0.
(iii) Set pbest for each particle P; to its initial position: pbest;; (0) = Xj;
(0).
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(iv) Set gbest to the minimal value of the swarm: gbest; = best particle in
X;; (0) for which cost_function [X;; (0)] (i.e., path loss) is minimum.

(v) Set the range of velocity of the particles as [-0.1*IUB — LBI, 0.1*]

UB-LBI].

2 Assign PSO parameters.

(i) Inertia weight w used to control the speed of convergence.

(i1) Personal and social acceleration coefficients c¢; and c.

(ii1) Uniform random variables in [0,1] ; and 7.
3 whilet < maxiter
4 For each particle Py, i=1,2, ..., FPandj=1, 2, ..., nPop
5 Update particle’s velocity as,
6 Vit + 1) = wVi(t) + ey (pbestij(t) - Xl-]-(t))

+ o1y (gbesti(t) - Xij(t))

7 Update particle’s position as,
8 Xij(t+1) = X;;(t) + Vit + 1)
9 If X;; extends beyond the ranges of Py, it is corrected by [LB, UB];.
10 if cost_function [X;;(t)] < cost_function [pbest;;(t)] then
11 Update the best-known position of particle Pj: pbest;;(t) = X;;(t).
12 if cost_function [X;;(t)] < cost_function [gbest;(t)] then
13 Update the swarm’s best-known position: gbest;(t)= X;;(t).
14 end if
15 end if
16 end while
17 Output gbest;(t) as the optimal free parameters that yield minimum channel

path loss.

4.4 CHAPTER SUMMARY

In this chapter, the MiDDCM expression that provides direction dependent path loss
values due to specular reflections has been carefully rephrased to preserve the channel
formulations of the popular statistical models. This allows for easier comparison and

validation.
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A statistical closed-form expression identical to the power-law path loss model has
been defined to parameterize the directional characteristics. To this end, a new
distance-dependent correction factor is proposed to correct the uniform variance of
multipath fading in power-law path loss models in order to predict the path loss

distributions realistically and accurately in highly directional mmWave channels.

While the mmWave directional channel path loss can be substantially dependent on
SC deployment parameters due to the link directionality and the short wavelength of
mmWaves, it is essential to plan the deployment geometry with precise parameters to
obtain optimal channel performance. To this end, a metaheuristic algorithm called
PSO has been applied to determine the optimal deployment and position parameters

of mmWave SC layout geometry to yield the best directional channel path loss.
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CHAPTER 5. RESULTS AND DISCUSSION

5.1 INTRODUCTION

In this chapter, we provide the simulation results of the proposed low complexity
mmWave channel model, MiDDCM, which characterizes direction-dependent
transmission in specific scenarios and applications. The model is used to investigate
mmWave channel characteristics in a typical deployment scenario of UMi outdoor SC
employing directional transmission. The implication of directionality is analysed and
exploited for several usage scenarios. The strength of the proposed channel model
constitutes path loss predictions for various propagation scenarios, antenna

specifications, TX/RX heights and positions, and deployment parameters.

The rest of this chapter is organized as follows. Section 5.2 presents MiDDCM
implementation results at varying parameters and validation against measurement-
based statistical formulation reported in the literature. The channel is analysed for an
idealistic SC with continuous sidewalls and a realistic SC with crossroads. Section 5.3
presents the statistical approach to parametrize MiDDCM, and Section 5.4 provides
significant results on SC deployment geometry optimization by using the PSO

algorithm. Section 5.5 presents the chapter summary.

5.2 MMWAVE DIRECTIONAL DETERMINISTIC
CHANNEL CHARACTERIZATION

This section evaluates the channel characterization capabilities of the proposed
antenna angle-dependent deterministic ray tracing approach that invokes channel
sparsity to characterize a highly directional mmWave outdoor channel. To understand
the path loss distributions modelled by MiDDCM, this work identifies distinct

propagation geometries (PGs) and propagation scenarios (PSs):

Propagation Geometry 1 (PGI): PGl represents "System I" with lamppost-style
deployment wherein we assume that the TX antenna is mounted on a lamppost along
the street at an anchored distance of 4m from the near reflecting sidewalls, i.e., di w =
16m for 20m street width. Hence, the 3D location of the TX antenna from the origin

of the coordinate system is established as (0, 4, A;).
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Propagation Geometry 2 (PG2): This geometry also depicts "System [" with the TX
antenna located on the reflecting building along the near sidewall of the street, i.e.,

d: w=20m. Accordingly, the 3D location of the TX antenna is established as (0, 0, ;).

Propagation Geometry 3 (PG3): PG3 illustrates "System II" deployment that assumes
discontinuities in the reflecting sidewalls in the form of crossroads, unlike PG1 and

PG2 settings with continuous sidewalls.

Propagation Scenario 1 (PS1): PS1 assumes LOS up to the maximum link range, i.e.,
d = 200m. Also, the TX and RX beams are aligned by providing suitable horizontal
and vertical slant angles to ensure maximum signal strength. We even discard
attenuation due to foliage in this strong LOS path scenario to evaluate the best-case

channel performance.

Propagation Scenario 2 (PS2): PS2 depicts the worst-case propagation scenario of
NLOS transmission with an obstructed LOS path and attenuated by the frequency-
dependent foliage losses. Also, the model assumes no beam steering in this scenario

leading to the worst-case propagation scenario.

Propagation Scenario 3 (PS3): Here, we again consider an NLOS channel with
obstructed LOS and foliage attenuation, however, the antenna is assumed to be
steered in the 3D plane towards the direction of the blocked LOS path. We intend to
examine the impact of beam steering on NLOS signal transmission in this final

scenario.

5.2.1 BACKHAUL AND ACCESS ANALYSIS FOR LOS / NLOS
SISO CHANNELS

In this section, we simulate MiDDCM to examine the channel performance of a
mmWave directional link for both backhaul and access SISO cases. To provide a
useful comparison, we first set the simulation parameters of MiDDCM such as the
frequency, antenna specifications, TX/RX heights, and the environment (LOS/NLOS)
to a default representative value identical to the mmWave measurement studies
provided in [26] (Refer Table 5.1). We choose the initial settings of the SC
deployment parameters as ds = 20m, d; v = 16m, d,,, = 4m, and dnex = 200m,
illustrating PG1, which is used by the simulator unless otherwise stated. As shown in

Figure 3.3, setting deployment parameters as d; » = 16m, d, » = 4m with ds; = 20m

106



MILLIMETER WAVE CHANNEL MODELING AND ITS IMPLICATIONS IN 5G CELLULAR DESIGN

20

Multipath Propagation-Backhaul
=— = = Freespace Propagation-Backhaul
Multipath Propagation-Access

0 — = = Freespace Propagation-Access

Received power [dBm]
Y
o

0 50 100 150 200
TX-RX separation distance [m]

Figure 5.1 Received signal strength at 28 GHz simulated for the backhaul link and

the access link without beam steering.

implies that both TX and RX are on the same street-side at 4m from the near
reflecting wall. Here, we assume that the TX antenna is mounted on the lamppost at
7m from the ground. The RX antenna height is considered as 7m for the backhaul
analysis and as 1.5m to analyse access channels. The simulation assumes vertically

polarized antennas at the TX and RX sides.

Accordingly, the MiDDCM first evaluates the LOS received power for backhaul and
access mmWave links at 28GHz in discrete steps of 2D separation distance for a
maximum cell radius of 200m, as illustrated in Figure 5.1. Note that, in this analysis,
the radiation patterns of TX and RX are aligned in the boresight (i.e., ¢ = 8 = 0) with
no beam steering in both elevation and azimuth planes. For this simulation settings,
the directional channel is non-faded up to a separation distance of 41.5m for the
selected antenna directionality of 23.7dBi realized using half power values of
HPBW, = 10.9°. That is, at d = 2d,,/(HPBW,);qq as the TX and RX are
positioned on the same side of the street aligned with the x-axis with dg = d, ,, +
d, . Although the ground and the building side walls could create reflected paths,
the channel within this region is purely LOS since the angles of arrival/departure of

specular reflections are larger than the half power beamwidths of directional antennas

107



MILLIMETER WAVE CHANNEL MODELING AND ITS IMPLICATIONS IN 5G CELLULAR DESIGN

Multipath - No Steering
-10 = = = Freespace - No Steering
Multipath - With Steering
,g. ----------- Freespace - With Steering
m
T, -30
s UL
= .
g
5 90
o
=
[}
O
[0}
¥ -70
[ I
-90 i i i
0 50 100 150 200

TX-RX separation distance [m]

Figure 5.2 Received signal strength at 60GHz simulated using HPBW, g = 15°,

13° for the access link comparing the effects of elevation beam steering.

in both azimuth and elevation planes. This separation distance at which specular
reflection starts contributing as a propagation mechanism is indeed a function of
deployment parameters like Ay, hr, dmax, and ds, in addition to the antenna HPBWs in
elevation and azimuth planes. Accordingly, the reflected paths begin to contribute

towards received power beyond 41.5m, causing multipath induced fading effects.

We observe that the signal fluctuations relative to their FS benchmark increase
drastically for link distances larger than 100m due to higher order multipath
reflections. For every simulation scenario, the model evaluates the maximum wall
reflection order N from the choice of input specifications, as detailed in Section 3.3.
The backhaul channel characterization at cell edge (d = 200m) shows three specular
reflections constructively or destructively interfering with the direct LOS. i.e., a
ground reflection and two first orders wall reflections. For a directional channel with
an unobstructed LOS path, the links beyond 120m exhibit comparable characteristics
for both backhaul and access links even in the absence of beam steering. However, the
positions of deep fades were observed to have visible variations. For the backhaul
link, the deepest fade of -58.7dBm occurred at 157m. However, the fade of -54.4dBm

occurred at 103m in the access link.
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Figure 5.3 Probability of received signal strength analysed for the 60GHz access

link with and without beam steering.

The analysis of access channels employing directional antennas displays extensive
signal outages at small link ranges closer to the lampposts in the absence of beam
steering. Moreover, UEs far away from the TX will rely on NLOS transmission.
These obstructed LOS paths may experience a significant drop in the link quality if
the antenna radiation patterns are not aligned. These observations suggest the need for
beam steering enabled directional transmission in mmWave channels. Accordingly,
the main lobes of TX and RX antennas shall be tilted in azimuth and elevation planes

to align their radiation patterns for maximum signal strength.

5.2.2 PERFORMANCE ANALYSIS WITH BEAM STEERING

Beam steering in mmWave directional transmission improves the link performance by
directing the transmitting beam towards the beam area of the receiving antenna.
Moreover, it helps to eliminate the large path loss variations that a mmWave
directional link experiences even with channel spatial variations on the order of a few
centimetres. To investigate the impact of beam steering, we now consider 60GHz, the
heavily attenuated band compared to several other mmWave frequency ranges. Also,
we assume a slightly wider beam area to examine the effect of having a larger number

of contributing multipaths with comparable strengths. Accordingly, the directional
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Figure 5.4 Received signal strength at 60GHz simulated using unaligned TX-RX

positions comparing the combined effects of elevation and azimuth beam steering.

antenna HPBW is increased to HPBW, = 15" and HPBWg = 13°. Figure 5.2 depicts
the received signal variations considering no beam steering and elevation beam
steering that corrects the antenna height differences. Figure 5.3 illustrates the
cumulative distribution function (CDF) of the LOS received power upon varying the
link range from 1-200m. As observed, the received signal when beam steering is not
enabled exhibits large signal fluctuations below 35m. The CDF plot clearly illustrates

that elevation beam steering improves signal reception in access channels.

To further examine the impact of beam steering in the 3D plane and to appreciate the
capabilities of MiDDCM, we extend the beam steering analysis of access channels by
assuming an RX placement unaligned with the TX in the horizontal plane with and
without beam steering. In particular, we assumed d; v = 16m, d, , = 16m, which
implies that RX is placed on the other side of the street from where the TX is located.
The new deployment parameters (i.e., unaligned TX-RX placement) help to
appreciate antenna tilting in the azimuthal plane in addition to elevation beam
steering. Accordingly, in Figure 5.4, we compare the received power obtained by
orienting the antenna radiation patterns in boresight (no steering) to that obtained by
dynamically providing suitable azimuthal and elevation antenna tilt. As shown, the

simulation setting produces larger signal variations for the entire range of d and is
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Figure 5.5 CDF of received power of the 60GHz access link without beam steering

and with azimuth and elevation beam steering.

clearly illustrated in the CDF plot in Figure 5.5. The received power without beam
steering exhibits significant attenuation having a signal level lower than -80dBm
almost 15% of the time. However, by providing 3D beam correction, we can ensure at

least -42dBm nearly 85% of the time.

5.2.3 VALIDATION AGAINST STANDARD CHANNEL MODELS

After implementing the MiDDCM framework in MATLAB, we validate the model
against the measurement-based statistical CI model. Channel validation is an essential
step in channel modeling and to this end, we compare the simulated path loss of
MiDDCM with those predicted by the CI model in Table 5.1. Note that the path loss
at two separation distances; one to depict the LOS range and the other for NLOS are
provided. While evaluating the LOS path loss using MiDDCM, targeted transmission
through beam steering was assumed (PS1). Also, the effects of foliage losses were
neglected owing to the shorter distance. However, for the NLOS case, we analyse the
worst-case scenario without beam steering and increased attenuation due to foliage

(PS2).
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We use the MATLAB implementation of the path loss expression specified in [26] by
considering the model parameters reported for specific frequencies and deployment
scenarios to yield the CI path loss. The CI path loss values are very close to the
mmWave measurement values. As stated in the literature, we considered PLE = 1.9dB

and shadow fading factor = 1.1dB for the CI LOS scenario and PLE = 4.5dB, and

Table 5.1 Comparison of MiDDCM path loss with measurement-based CI predictions.

mmWave Freq P, HPBW, g Gain Link A/ h, Env d PL
Link Budget |[GHz] [dBm] [°] [dBi] Type [m] [m] [dB]

LOS 50 942
28 30.1 10.9 245 Access 7/1.5
Measurement NLOS 200 170.3

[26] LOS 50 1082
73 14.6 7 27 Access  17/2

NLOS 200 170

LOS 50 95
Backhaul  7/7

NLOS 200 | 125.9
28 30.1 10.9 23.7

LOS 50 965
Access 7/1.5

NLOS 200 | 123.4

LOS 50 1033
Backhaul 7/7

This Work NLOS 200 140.3
73 14.6 7 27.6

LOS 50 104.1
Access | 17/2

NLOS 200 1444

LOS 50 1029
Backhaul  7/7

NLOS 200 137.1
60 30.1 10.9 23.7

LOS 50 1035
Access 7/1.5

NLOS 200 135.5

shadow fading factor = 10dB for the NLOS scenario for a 28GHz access channel with
differently selected TX and RX antenna heights. The LOS path loss estimated by the

proposed MiDDCM at 50m range shows good agreement with the CI measurement
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values, whereas a deviation is observed for the long range NLOS case. A similar trend
is observed for the 73GHz mmWave channel characterization. The MiDDCM channel
simulator yields lower NLOS path loss compared to the measurement values. We

attribute this variation in NLOS path loss to multiple reasons, as stated below:

(i) The MiDDCM design considers spatial filtering of directional antennas which
causes the elimination of higher order reflections, thereby reducing the angular spread
of channel MPCs. This understanding is in agreement with the reduced diversity and
the drop in the number of clusters stated in mmWave transmission [32]. For instance,
the NYUSIM model is reported to yield only 1-2 strong clusters and several weaker
clusters [36]. The mmWave directional channel characterization using MiDDCM
generates three specular reflected paths of differing delays at d = 200m for the
selected antenna HPBW of 10.9°. However, at d = 50m, a ground reflection and a
single wall reflection contribute to the received signal strength in addition to the direct

LOS component.

(i1) The path loss determined by the proposed deterministic model for a given d (as
provided in Table 5.1) varies based on the exact 3D UE location (d3p). In fact, the
path loss value evaluated for a specified 2D separation distance d can change
depending on the actual placement of the UE along the width of the street, i.e.,
depending on the value of d; . The path loss provided in Table 5.1 is for a vertically
polarized transmission with d, ,, = 4m; however, these values could increase if the RX
placement is unaligned with TX. Specifically, the NLOS path loss for the 28GHz
access link changed to 139dB on considering d, v = 10m. Also, a higher path loss of
147.4dB was obtained with d, ,, = 16m for 60GHz mmWave transmission. These
increased values of directional path loss will reduce the deviation between the
proposed deterministic ray tracing evaluation and the CI prediction. As it is clear,
acquiring such detailed channel information for the existing channel models is
challenging because of their non-dependency on SC deployment parameters. To
provide a detailed insight on the path loss variations with varying 3D UE locations,
we examine the channel path loss evaluated for varying UE placements across the
street (i.e., with the same 2D distance d) in Figure 5.6. Precisely, we consider both
vertical and horizontal polarizations at three different mmWave carrier frequencies.

Regardless of the differences in FSPL and foliage losses at 60- and 73GHz
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Figure 5.6 Path loss evaluated for varying mmWave frequencies and polarizations at

different UE locations along the street width for (a) LOS and (b) NLOS.
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Figure 5.7 Horn antenna gains analysed for various scenarios to emphasize the

need for magnifying each MPC by placing in the angle dependent antenna gains.

frequencies, their LOS path loss for UEs located closer to the transmitter (d = 50m)
are comparable. We also observe minor NLOS path loss variations with changing

polarization for all the analysed frequencies compared to LOS variations.
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(iii) The variation in NLOS path loss could also be due to the modeling strategy of
MiDDCM, wherein the channel path loss is evaluated by including directional
antenna effects in the path loss slope. That is, we discreetly magnify every strong

MPC by its corresponding direction dependent antenna gain G ; (4, ) as a function of

(¢, ) as explained in Chapter 3. The approach is known to yield accurate estimations
in directional channel analysis than including boresight antenna gains directly in the
link budget as applied by most of the reported models [32], [36]. It highlights the
antenna dependency of the directional channel response. Accordingly, we next
analyse the horn antenna gains that magnify each participating MPC for varying
scenarios of HPBWs and UE locations in Figure 5.7. Here, path # 1 and 2 refer to
direct LOS and ground reflection paths. Path # 3 and 4 refer to the first order, 5 and 6
to the second order, and 7 and 8 to the third order for the near and far wall reflections,
respectively. A unique feature of directional transmission is that the MPCs with larger
delays are magnified by much smaller antenna gains than the antenna boresight gains.

There is a need to explicitly take account of this in the directional channel modeling.

So far, we have validated MiDDCM against the statistical CI approach built on
measurement values for the frequencies and scenarios available in the literature. The
validation displayed comparable results with few discrepancies which were
adequately reasoned out. In the next section, we aim at demonstrating the advantages
of MiDDCM formulation. In specific, we present modeling scenarios that are
impossible to investigate with statistical channel models and their usage in mmWave

directional channel study.

5.2.4 COMPREHENSIVE SC CHANNEL CHARACTERIZATION
FOR 60GHZ

To fully realize the capabilities of the low complexity MiDDCM that describes an
outdoor SC scenario, we now characterize the channel specifically for the 60GHz
frequency range. The 60GHz channel creates the worst-case path loss assessments due
to its high atmospheric absorption compared to several other frequencies present in
the mmWave band. An interesting insight from the previous section is that while
using the transmit power and antenna HPBWs specified for 28GHz in [26], MiDDCM
generates an EIRP of 53.8dBm exceeding the FCC limit of 40dBm. Furthermore, the

high EIRP value limits the possibility of further increasing the antenna directionality
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Table 5.2 Channel simulation parameters of MiDDCM for 60GHz.

Parameter Value Parameter Value
TX/RX HPBW4 15° Channel bandwidth 1.5GHz
TX/RX HPBWg 13° Oxygen absorption loss 16dB/km
Antenna polarization V-V Link margin 5dB
Antenna gain 21.6dBi Target bit rate 2Gbps
Max P, 13.4dBm Noise figure 3dB
Max EIRP 35dBm Min E,/N, 12dB
Carrier frequency 60GHz Receiver sensitivity -66dBm

to enhance the link performance. Even though the 2013 FCC report allows an increase
in the existing average EIRP range (raised to 40-82dBm), the amendment is just for a
highly directional unlicensed 60GHz outdoor link and not for other mmWave
frequencies. Hence, we reconsider the simulation parameters by assimilating
mmWave directional link budget parameters from [27], [28], [68]. The new model
parameters and link budget evaluation are as provided in Table 5.2. Note that the
directional antenna HPBW considered is 15 for azimuth and 13" for elevation which
increases the number of participating multipaths, consequently providing directional
mmWave propagation even in the blocked LOS scenarios. Unlike with 10.9° HPBW
(4 paths), MiDDCM now models 6 specular reflections (7 paths) at diex = 200m. That
is reflections from the ground, 1% order near and far walls, 2" order walls, and 3™
order near-wall beginning to appear at 44.1m, 30.7m, 123m, 153.8m, and 184.6m,

respectively.

We additionally observed that many existing works [27], [94] and references therein
validated their simulations for d > 30m accounting for the power controlled nature of
the UEs positioned closer to the BS (in the near-field region). However, the mmWave
antenna array systems will have small form factors within the range of 100-300mm at
the BSs and less than 100mm at the UEs. Accordingly, the downlink far-field distance

will typically begin at 1.9m for 28GHz and 4m for 60GHz. This motivates us to

116



MILLIMETER WAVE CHANNEL MODELING AND ITS IMPLICATIONS IN 5G CELLULAR DESIGN

100 v
X Backhaul Multipath-28 GHz
o = = = Backhaul Freespace-28 GHz
o, 90 O  Access Multipath-28 GHz
g = = = Access Freespace-28 GHz
T Backhaul Multipath-60 GHz
© 80fl— — — Backhaul Freespace-60 GHz
i O  Access Multipath-60 GHz
S — = = Access Freespace-60 GHz
= 70
© -
-=F -
)] -
= d-;' --" -7
5 6 -
-~
2 - - Q
[&] - -
c PR C
ST E X
8 A - ’ -
- -
e -~ -
® 40 -
o Phe
2
30 > .
1 10 100 200

TX-RX separation distance [m]

Figure 5.8 Path loss evaluated using MiDDCM at 28 GHz and 60 GHz for LOS
UMi SC scenario.

assess the channel characteristics starting from 1m. Accordingly, Figure 5.8 provides
the path loss as a function of d simulated for 28- and 60GHz backhaul and access
channels for PG1 geometry with d, ,, fixed at 4m. As the goal is to study the fading
relative to the free space benchmark, LOS transmission is assumed for the complete
range. It is shown that the path loss variance relative to its free space value increases
with distance. Also, the path loss at 60GHz demonstrates reduced variance compared

to 28GHz due to the significantly attenuated 60GHz propagation.

Further, we capture and compare the directional path loss for two UE positions. That
is, (1) on the same side of the street as the TX is placed (i.e., for UEs closer to near
reflecting wall); (ii) across the street from where TX is located (i.e., for UEs closer to
far reflecting wall). For this, we set the value of d- » as 4m and 16m, respectively. In
Figure 5.9, we analyse the access channel path loss for both beam aligned and non-
aligned cases under LOS transmission over the range [Im,60m] and NLOS
transmission over [61m,200m], assuming that the LLOS path is unavailable. The
obtained path loss values are identical for both the UE placements if the beams are
aligned. However, they vary for non-aligned antenna beams. The observation

emphasizes the significance of dynamic beam steering in a 3D plane while
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Figure 5.9 Path loss for two distinct locations of UE: close to the near reflecting wall and

the far reflecting wall for both (a) LOS and (b) NLOS transmissions.

transmitting directional mmWave signals with strong and sparse MPCs. As such, the

path loss values are higher for UEs positioned closer to the far wall for both LOS and

NLOS conditions.

Next, we examine the access path loss obtained upon mounting the TX antenna on the
lamp post (PG1) or on the building itself (PG2) for both LOS and NLOS conditions.
We plot the CDF of the path loss for two different usage scenarios in Figure 5.10
upon varying the TX antenna /; uniformly over the interval [Sm,20m], keeping the
position of UE fixed at 4, = 1.5m and d, ,» = 4m. We provide the following insights.
Firstly, irrespective of the height of TX, its positioning has minimal impact on the
NLOS path loss evaluated at d = 200m with or without beam steering. However,
steering the beam in the direction of the blocked LOS rather than steering it in the
boresight can reduce the maximum channel path loss to some extent. Secondly, we
observe that when the antenna beam is corrected in the elevation plane alone and not
in the azimuth plane, the choice of antenna placement is extremely critical in the LOS
path loss evaluation. If beam steering in the 3D plane is enabled, then the LOS path
loss (at d = 50m) is always less than 65dB for TX mounted on the building or the

lamppost. On the other hand, antenna placement on the lamppost is beneficial for
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Figure 5.10 Path loss evaluated at two TX locations, on the lamp post (PG1) and on the
reflecting building (PG2) for (a) PS1 with elevation steering for LOS and PS2 for NLOS
(b) PS1 with elevation and azimuth steering for LOS and PS3 for NLOS.

mmWave directional systems employing 2D beam steering for elevation angle

correction. In fact, the separation distance between TX and reflecting walls aid an

increased number of contributing multiple paths.

In the previous analysis, we characterized the SC channel keeping either the x-

coordinate or the y-coordinate as a fixed value. Next, we now provide a

comprehensive characterization of LOS and NLOS path loss as a function of the TX

coordinates for the entire SC layout. Here, x denotes d in the [0-200m] range, and y
represents d, in the [0-20m] range. From the simulation results in Figure 5.11, the
following insights are derived. As anticipated, the PS1 simulation results show no
signal fluctuations at small separation distances. As earlier explained, the channel
here is non-fading with reflected rays falling outside the directional antenna
beamwidth of the receiver. In all the cases, the signal fluctuations at large link ranges
are due to the constructive and destructive interference of the reflected signal with the
LOS signal. These fluctuations are observed to increase with increasing distance
progressively. Furthermore, the LOS path loss in PG2 generates higher values
compared to PG1 due to the reduced number of contributing reflections resulting from

the proximity of TX to the reflecting wall. As inferred from the NLOS path loss, with
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Figure 5.11 MiDDCM results with TX located on the lamppost (PG1) and the reflecting
building (PG2) in different scenarios of LOS (PS1), NLOS with TX antenna oriented along
boresight (PS2), and NLOS with TX antenna steered for maximum signal strength (PS3):
(a) PG1, PS1 (b) PG2, PS1 (c) PG1, PS2 (d) PG2, PS2 (e) PG1, PS3 (f) PG2, PS3.

or without beam steering and for both PG1 and PG2 deployments, the absence of the
LOS path manifests in higher path loss. Intuitively, steering the beam reduces signal
attenuation in the near TX region for PGl and PG2, the improvement being

significant while steering in both azimuthal and elevation directions.

5.2.5 COMPARISON OF REFLECTED RAYS WITH 3GPP
CLUSTER RAYS

In this section, the specular reflected rays and the LOS ray generated by MiDDCM
are compared with the cluster rays generated by the 3GPP model specified in [68]. To
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Table 5.3 Power delay profile of the received signal at cell edge for 28GHz LOS.

Backhaul Access Backhaul Access
Path HPBWy,k HPBW 4, HPBW, g HPBW 4,
(10.9°,10.9°) (10.9°,10.9°) (15°,13°) (15°,13°)
d. »=4m d, w=16m d. ,=4m d, »=16m
# Delay Power Delay Power Delay Power Delay  Power
[ns] [dBm] [ns] [dBm] [ns] [dBm] [ns] [dBm]
1 0 -29.85 0 -32.63 0 -34.15 0 -35.7
2 1.63 -3642 034 -3534 1.63 -39.77 0.35 -38.21
3 0.53  -31.16 | 2.13 -37.78  0.53 -34.99 2.13 -38.68
4 848 -5097 2.13 -37.78 848 -44.62 2.13 -38.68
5 - - 530 -45.63 1320 -51.00 5.30 -42.48
6 - - - - 13.20 -51.00 20.96 -67.27
7 - - - - 1893  -58.53 - -
8 R R - - R R R -

this end, we provide the power delay profile of the mmWave directional received
signal evaluated by MiDDCM formulation for various input specifications in Table
5.3. Here, the simulation is run by setting the input parameters identical to the
specifications in Table 5.1 for a 28GHz transmission, as specified by popular
literature. The received power values are evaluated at d = 200m, assuming the LOS
channel without any beam steering to compare with 3GPP clusters. Here, the path
delays represent the reflected paths’ delays normalized relative to the dominant LOS
path. As the model deterministically determines the specular paths, the power delay
profile of 60GHz transmission generates the same delay parameters with lower
received power values. As apparent, the NLOS case yields lesser paths as well as
reduced power. It may also be noted that increasing the HPBW increases the number
of participating specular reflections, thereby dynamically adjusting the order of

MiDDCM.

In Table 5.4, we provide the LOS and NLOS root mean square (RMS) delay spread
(DS) values at a link range of 200m for 28GHz mmWave directional transmission.

The delay spread generally describes the variance of the time delays of the MPCs.
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Table 5.4 RMS delay spread for 28 GHz directional LOS and NLOS.

Backhaul Access Backhaul Access
Parameter HPBWA,E HPBWA,E HPBWA,E HPBWA,E
(10.9°,10.9°) (10.9°,10.9°) (15°,13°) (15°,13°)
d, w=4m d. »=16m d, w=4m d, w=16m
RMS DS
LOS [ns] 0.72 1.14 2.47 1.53
RMS DS
NLOS [ns] 0.83 1.18 3.09 1.51

The lower RMS delay spreads in mmWave directional propagation environments
attributes to two significant reasons: (i) the reduced specular reflections in directional
links compared to omnidirectional transmissions and, (ii) severe multipath fading in
highly attenuated mmWaves as compared to traditional sub-6GHz propagation. The
channel employing large beam width directional antennas has a slightly larger delay
spread which can be attributed to more reflected paths reaching the RX than channels
using narrow beam antennas. From the MiDDCM simulation, we also observed the
delay spreads of 60GHz identical to that of 28GHz with small variations of 0.2 -
0.5ns. From reference [125], the maximum value of modelled and measured RMS
delay spread is 0.125ns for SC scenario operating at mmWave E-band channel which
was modelled using a geometry-based single-bounce channel model and verified
using channel measurements. Moreover, the LOS measurements on 28GHz and

73GHz in [26] reported the RMS delay spreads to be always less than 2ns.

We additionally simulated the 3GPP channel model by using the standard channel
generation procedure as well as the large scale parameters provided in TR. 38.901.
Accordingly, Table 5.5 provides a sample simulated cluster delay line (CDL) profile
for LOS and NLOS UMi Scenario. In the 3GPP context, the term cluster refers to a
group of MPCs with a unique AoD-AoA combination centered around a mean
propagation delay. The 3GPP channel model design typically normalizes the cluster
delay relative to the first cluster with the minimum absolute delay value. The model
also removes the clusters having power values less than -25dB compared to the
maximum power. This creates only 5 LOS clusters and 9 NLOS clusters in the sample

simulation even though the 3GPP specification table defines a maximum of 12 and 19
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Table 5.5 CDL table generated using the 3GPP model for UMi LOS and NLOS

conditions.
Cluster LOS UMi NLOS UMi
# Delay [ns] Power [dB] Delay [ns] Power [dB]
1 0 -13.2185 0 -19.63
2 16.0223 -29.1809 6.46 -21.73
3 41.6431 -35.0350 61.02 -18.08
4 57.4291 -33.5692 85.07 -10.57
5 96.5252 -37.7167 130.45 -1.15
6 = - 149.36 -18.41
7 - - 154.08 -11.26
8 - - 179.85 -18.27
9 - - 382.16 -24.19
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Figure 5.12 Antenna tilt angle required to maintain beam correction.
clusters for the LOS and NLOS UMi SC environments, respectively. The

unrealistically large cluster number chosen by the 3GPP model can over-predict the

diversity of mmWave directional channels [94].
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Figure 5.13 Capacity analysis of access channel for SISO and proposed model

devoid of dynamic beam steering.

5.2.6 ANALYSIS OF SIMPLIFIED GEOMETRY DEVOID OF
BEAM STEERING

In this section, we provide the simulated results for the suggested SC geometry
without beam steering. Towards this, the tilt angles required to orient the beam in the
direction of each other are calculated in Figure 5.12 for two different cases: with the
proposed height of 7m and with the traditional BS height of 20m. As shown, an
antenna tilt is primarily required in the UE serving area closer to the BS for mmWave
channels with small cell size and low height antennas employed on lamp posts or like
structures. Hence, the proposed geometry considers two separate antenna elements,
i.e., a beam tilted by 15° with respect to the horizontal in addition to the antenna beam
oriented along the boresight to provide a uniform signal strength at any UE location
within the cell area of radius 200m. In Figure 5.13, we assess the capacity for an
access channel that inherently requires beam steering and compare it with the capacity
of the proposed model wherein the beams are oriented in two fixed directions. Though
the proposed model geometry fails to acquire the peak data rates offered by a
steerable antenna at low link ranges, it yields a moderately uniform capacity over the

entire range for an unobstructed LOS channel.

124



MILLIMETER WAVE CHANNEL MODELING AND ITS IMPLICATIONS IN 5G CELLULAR DESIGN

5.2.7 ANALYSIS OF SPATIAL DIVERSITY

From the SISO MiDDCM simulation results presented earlier, the mmWave sparse
directional channels were observed to have large signal fluctuations relative to FSPL
and moreover, their distributions largely changed even for small variations in the
deployment geometry in terms of antenna height, position along the street, or distance
from the reflecting walls. Establishing spatial diversity by introducing multiple
antennas with an antenna separation ds., mitigates the issue to an extent. In this
section, we assess the channel performance for a vertical diversity of 2x2 MIMO with
uniform spacing between the antenna elements. To this end, in Figure 5.14, we
present the received power at d = 200m for a MISO system (refer to Figure 3.10) with
spatial matched filtering by considering dsp ranging from 1 - 400mm. The strength of
the received signal at /2 (2.5mm) is simulated as -66.8dBm, whereas the free space
value is -60.64dBm. However, at 54 and 154 we obtained the best value of -
53.24dBm, implying the need to provide a minimum separation of 5 or 15 times 4 to
obtain a better received signal. This trend was observed for various antenna height
settings. Hence, we choose ds, = 54 in all further analyses. As observed in the graph,
received signal strength evaluated even at 1 spacing is below the free space value.
However, the value obtained in our previous work [103] was above the free space
condition at 4 and with different signal strength characteristics as we had considered
the approximate phase differences between the two ground reflected paths stated in
(3.35) in the analysis. The study also showed that the minimum antenna separation
requirement reduced with increasing mmWave frequencies, reinforcing the theory of
using an antenna separation of A/2 for lower frequencies and multiples of A for
mmWave bands. The analysis can be refined if the channel model is approximated
using higher ray tracing techniques in place of considering only direct and ground

reflected rays as in this case.
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Figure 5.14 Signal variations introduced with spatial diversity for antenna
separation varying up to 400mm with s, = h, = 5m. (a) at RX1 due to TX1 and TX2
(b) at RX2 due to TX1 and TX2.

Next in Figure 5.15, the variation in CDF on varying the link distance is compared for
the SISO channel (both two ray and MiDDCM formulation) and multiple channel
geometry with transmit diversity by keeping other parameters fixed. Note that the link
range is varied between 30m and 200m as the link below 30m is non faded due to
directionality. MISO demonstrates a higher signal power as expected, with a reduced

fading probability of fading. The signal strength is always above the receiver
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Figure 5.16 Capacity analysis for backhaul channel using SISO two ray, SISO

MiDDCM, and multi antenna transmit diversity models.

sensitivity of -66dBm. Figure 5.16 provides the capacity analysis performed for the
entire link range for the SISO and MISO systems. As illustrated, two ray and
MiDDCM graphs are different for higher link ranges, where the higher order
reflections start contributing to the received signal strength. Figure 5.17 illustrates the
channel capacity as we vary antenna heights for the backhaul link, i.e., h; = h, =
[5m,10m]. As observed, MIMO maximizes the channel capacity and exhibits reduced

variations compared to MISO.
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Figure 5.17 Channel capacity variations with the antenna height for the backhaul

channel.

The eigenvalues of the backhaul MIMO are such that one of the singular values is
extremely small. Hence, dominant eigenmode transmission schemes using only the
largest singular value yield identical capacity as water filling that accumulates the
channel capacity. However, for access link water filling yielded higher capacity

values.

5.2.8 IMPACT OF CROSSROADS IN UMI SC

This section characterizes PG3 representing "System II" SC deployment wherein
discontinuities in sidewalls are introduced in the form of crossroads. To investigate
the effect of street-grid layout on the directional propagation characteristics of
mmWaves, we assume three arbitrary locations for the crossroads, two along the
street side of the near reflecting wall and one along the far reflecting wall side. That
is, we assume d.rg as diz1 = 35m and d;,, = 42m for the first crossroad, d,,; = 80m
and d,,, = 92m for the second crossroad along the canyon side that is closer to the
near reflecting wall while d{1; = 60m and d;;, = 67m for the crossroad along the
other side of the canyon. The directional mmWave received power evaluated in
discrete steps of d for the PGl and PG3 deployment with TX positioned on the

lamppost is depicted in Figure 5.18 for both backhaul and access cases. "System I"
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Figure 5.18 Received power evaluated for PG1 and PG3 scenarios for (a) backhaul
with equal TX/RX heights and (b) access with different TX/RX heights.

with continuous sidewalls creates a larger number of reflected MPCs, eventually
leading to increased fading. However, "System II" deployment leads to reduced
fluctuations of the received power from its free space value because of the absence of
reflecting walls in the crossroads positions. Intuitively, the lack of a reflecting wall
prevents a transmitted signal from getting reflected to the RX, leading to fewer
contributing multipaths in the channel and lesser fading. The variations appear less

prominent at higher d values due to the larger number of participating reflections at
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Figure 5.19 Path loss evaluated using MiDDCM at 28 GHz and 60 GHz for LOS
UMi SC Scenario.

these values. In drawing these results, we considered LOS transmission with beam
steering through beam tilting in both azimuth and elevation planes. Hence from the
choice of deployment parameters as d; ,, = 16m, d, ,, = 4m, the reduced faded region
bound can be obtained by multiplying the bound of crossroads with d, ,,/ ((ds -
dt_w)/Z) =4/(20 —16)/2) =2, as stated in (3.25). As illustrated in Figure 5.18, the
received power of "System [" and "System II" varies at distances two times that of the
crossroad distance bound at 70-84m, 120-134m, and 160-184m. Figure 5.19 provides
an enlarged result graph illustrating the signal strength variations in the link range 70-

75m for improved precision.

Further, the CDF of received power for "System I" and "System II" are compared in
Figure 5.20, (a) for backhaul, and (b) for access channels. We vary the link range for
LOS over a 1-60m range and NLOS over 61-200m, as stated in standard references
[26], [36]. The variations are observed to be less significant in channels having a
strong LOS path. Note that they perfectly align in the graph as the LOS range for
MiDDCM is [Im,60m] while signal variations between the two systems are
introduced beyond 60m (at 70m) for the choice of d.rz. The NLOS scenario
obviously illustrates larger fluctuations in the received power. Moreover, the signal
fluctuations introduced by the crossroads are observed more in backhaul channels

than in the access.
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Figure 5.20 Received power CDF for "System I" and "System II" for both (a) backhaul

channel and (b) access channel.

In Figure 5.21, we compare the LOS and NLOS path loss with beam steering for PG3
for the entire layout. The region with reduced channel fluctuations due to crossroads
is found in both LOS and NLOS scenarios. However, this region is very clearly
visible in the NLOS case due to the absence of the strong LOS path (refer to Figure
5.21 (b) and (c)). To analyse the effect of beam steering and to validate the analytical
formulations proposed in (3.24) and (3.25), we consider beam steered NLOS
transmission for two cases; (i) Case 1, i.e., NLOS with TX antenna steered in the 2D
plane to provide elevation angle correction depicted in Figure 5.21 (b) and (ii) Case 2,
i.e., NLOS with TX antenna steered in the 3D plane for both elevation and azimuthal
angle correction (i.e., A@ and A¢) depicted in Figure 5.21 (c). The NLOS path loss
results demarcate two distinct regions with reduced signal fluctuations that illustrate
the receiver locations with increased fading due to discontinuities on the near
reflecting wall. Simulations show good agreement with the analytical formulations in

(3.24) and (3.25).
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Figure 5.21 MiDDCM path loss for street-grid layout (a) LOS (b) NLOS with

elevation angle correction (¢c) NLOS with elevation and azimuth angle correction.
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5.3 STATISTICAL ANALYSIS OF DIRECTIONAL
DETERMINISTIC PATH LOSS DATA

This section provides the significant results of statistical analysis performed on
MiDDCM to understand the implications of antenna directionality on mmWave

statistical model formulation.

5.3.1 ESTIMATION OF STATISTICAL PARAMETERS

In this section, we make use of the mmWave channel characteristics developed using
MiDDCM to evaluate the statistics of the path loss distribution. In specific, we
calculate the path loss slope and the path loss fluctuations relative to the free space
benchmark which are analogous to the PLE and the fading factor, respectively,
present in the standard power-law path loss closed-form expression. To this end, the
statistical model parameter o, qp Of the proposed model for various input settings
are obtained using the MLE technique, i.e., MLE [path loss fluctuations relative to
free space benchmark] = MLE [—Fget]. Moreover, their path loss exponents nS%t

are calculated through the MMSE fit on all of the deterministic path loss data, by

computing J(n) = YM_[PLy % (k)—PL " (k)]? for M receiver locations and

stat

further solving for the mean squared error. Alternatively, n and Ogtargp can be

evaluated as; %2t = Y (A.B)/¥ B? and 0garqp = /[ X(A — nstatB)2]/M , where

A= (PL;% - FSPL4,*"") and B = 10 log, (di). Accordingly, we next provide the
0

resulting graph for 60GHz mmWave analysis of PdeEt[dB] as a function of d and the
relevant statistical parametrization. Note that we analyse a non-obstructed backhaul
link up to 200m similar to Figure 5.8 along with the access link NLOS analysis for
[61m,200m] range, both without any foliage. As observed, the absence of foliage in
the current study eliminates the additional loss of 21.6dB, attributing to the reduced
path loss compared to earlier analysis. Hence, FSPLy, = 25.15dB instead of the
46.75dB path loss value at dy = 1m in Figure 5.8. As likely, Figure 5.22 shows that
the estimated value of n5%* for NLOS is large compared to LOS and its value further
increases as the TX to RX antenna height difference increases. The NLOS nS*t for

access link with ;= 7m increases from 2.26 to 3.29 when foliage is accounted.
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Figure 5.22 Path loss evaluated using MiDDCM at 60 GHz for LOS and NLOS

UMi SC outdoor scenario.

The deterministic directional fading gain F{¢' = |h"|? that characterizes the fading

phenomenon due to all resolvable specular reflections falling within the directional
antenna beam area is further analysed for various input settings. Figure 5.23 shows
the CDF of FC‘{‘Et for the entire range of the chosen input parameter, keeping the other
parameters fixed. For instance, while simulating for varying d, the other parameters
are set as HPBWg = 13°, HPBW, = 15, h; = 7m and h, = 1.5m. Likewise, we
considered the gains at 50m LOS and at 200m NLOS keeping a fixed h;,, HPBWa, and
HPBWg for the h, varying instance. The results show that LOS directional
transmission up to 60m is minimally impacted by variations in the UE locations and
heights for all mmWave frequencies due to a strong LOS path and very few reflected
paths interfering with them. However, this is not true for NLOS. As observed, almost
35% of the fading gains are above -1dB for 60- and 73GHz. However, the fading gain
at 60GHz shows improved performance for their lower values due to the heavily

F$et is always

attenuated higher order reflections. Regardless of the chosen @uppw,
greater than 1dB at 60GHz compared to its distribution in the range of -5 to -1dB for
73GHz. Hence, we understand that the fading gains for various mmWave frequencies
add differently to the total path loss besides the known increase of FSPL with

frequency. This shows that the directional path loss varies as a function of channel
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Figure 5.23 CDFs of directional fading gain of MiDDCM for various UE locations
and heights as well as antenna beamwidths for (a) 60GHz and (b) 73GHz.

parameters even beyond their influence captured at dy as reported in CI and ABG

models.

Table 5.6 outlines n°%* and g, gp Obtained from the statistical analysis of MiDDCM
for different mmWave frequencies. The results indicate that though different
mmWave frequencies have distinct path loss values, their path loss relative to FSPL is
almost identical for a given input specification with fixed antenna settings, like
HPBWg= 13", HPBW = 15". The backhaul analysis assumes a clear LOS path and the
simulation parameters as h; = hr = 7m, di w = 16m and d, » = 4m. For the access

analysis with /&, modified as 1.5m, we have considered two distinct propagation
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Table 5.6 PLE and fading gain variance of MiDDCM for varying frequencies in
directional mmWave UMi SC LOS and NLOS transmission.

Backhaul LOS Access LOS Access NLOS
Freq. Im < d <200m Im< d <60m 61lm < d <200m
(GHz)
nstat O stat,dB nstat O stat,dB nstat O stat,dB

30 1.98 3.81 2.03 1.49 2.19 6.00

60 2.08 3.98 2.07 1.47 2.29 6.29

90 1.99 4.03 2.03 1.49 2.19 6.02

120 1.99 4.00 2.03 1.49 2.20 6.03

environments, LOS (PS1) and NLOS (PS2). Next, we tabulate in Table 5.7, the
statistical parameters (Ugstatdp, Ostatap) Of the path loss difference distribution at all
distances by using MLE for a 60GHz unobstructed link with no foliage. We provide
the values for different antenna directivity with backhaul and access conditions for
distinct antenna heights. Clearly, the mean value is not always zero. A positive value
implies that the path loss values are larger than the FSPL for most of the RX locations
due to the stronger specular reflections destructively interfering with the LOS path.
The pgratqp values typically improved for wider antennas as well as for other
mmWave frequencies. Evidently, o, gp increases with wider antennas owing to the
rise in the number of specular reflections participating in signal transmission. Their
values also agree with the standard deviation of the fading factor proposed in [27] for
the UMi SC LOS scenario. Figure 5.24 shows a sample probability distribution best
fitting the path loss difference for the backhaul condition in the table (4 = h, = 7m,
dr w=4m).
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Table 5.7 Statistical parameters of backhaul and access directional path loss distribution.

Backhaul (&, = 7m, k, = 7m) Backhaul (#; = 7m, h, = 7m)
dr w=4m dr »=16m
Oupsw  Byp  HstardB  Ostards Oupsw  Pyppy  Hstatds  Ostatds
13 15 -0.21 3.98 13 15 0 2.2
7 9 0.01 3.23 7 9 0 0.6
20 30 -0.82 4.56 20 30 -0.61 3.78
Access (h; =7m, h, = 1.5m) Access (h; = 7m, h, = 1.5m)
d, »=4m d; »=16m
HHPBW° ¢HPBW° HUstat,dB  Ostat,dB QHPBW° ¢HPBW° HUstat,dB  Ostat,dB
13 15 -0.61 4.31 13 15 -0.08 3.7
7 9 -0.32 3.99 7 9 0.03 3.43
20 30 -1.13 4.79 20 30 -0.82 4.25
Bl O0p=13° $p=15° == == 6,,=20° ¢, .= 30°

0.1r

P (dB difference)

0.05F

Path loss difference [dB]

Figure 5.24 PDF of directional path loss difference with varying antenna

beamwidths for backhaul channel with i, = 7m, h, = 7m and d, , = 4m.
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Table 5.8 Statistical parameters of MiDDCM and other UMi SC outdoor path loss models.

Freq. he hr HPBW  Gain Env.
Item (GHz) il i) ©) (dBi) Range (m) Model Parameters
LOS n=1.9,
31<d <102 SF'=1.1dB
28 717 1.5 10.9 24.5
NLOS n=4.5,
Measureme- 61 < d < 162 SFCl =10dB
nt
[26] LOS n =22,
48< d <54 SFC =5.2dB
73 17 2 7 27
NLOS n =47,
59<d <181 SF =12.6dB
LOS n=21,
10 < d <5000 SF' = 4dB
3GPP
[126] 6-100 10 1.5-22.5 Omni 1 NLOS ! =319,
10< 4 <5000 SFY =8.2dB
. V=14 NLOS a”BS = 82.02dB,
MiWeba [64] 60 6.2 1.5 H=18 19.8 25< d <50 FABG =236
LOS n¥t =2.0,
1 < d < 30 Ostat,dB = OdB
V=13 LOS n* =1.98,
2 7 7 21.
8 H=15 6 31<d <60 Osarag = 1.2dB
NLOS n¥t =215,
This Work 61<d <200 oOsaa =3.42dB
LOS n¥t =2.0,
1<d <30 Ostar,ap = 0dB
V=13 LOS n*t =20,
28 ’ = H=15 21.6 31<d <60 Osaas = 2.13dB
NLOS nt =22,
61 < d <200 Ostat,dB = 6.05dB

5.3.2 VERIFICATION AGAINST STANDARD PATH LOSS
MODELS

In this section, we verify the n®@" and og,cqp values of MiDDCM with the
parameters predicted by other popular outdoor path loss models [64], [126], and

measurement studies [26], for the input specifications, stated in the literature. The
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findings are provided in Table 5.9. Note that the backhaul parameters reported in [26]
at 73GHz are almost identical to access and hence omitted. The path loss generated by
MiDDCM is discretely analysed for three definite ranges and is fitted with an MMSE
best fit nS%%* separately for each window. Likewise, 0ga qg Values are also evaluated.
The channel up to 30.7 m is non-fading, attributing to a slope of 2 and a zero variance.
The n%%" values reduced on reducing the antenna HPBWs showing a path loss
improvement. Also, it increased while including the gain factor in the path loss slope,
as required in the directional channel analysis. Especially in the NLOS case, wherein
the antenna gains G« ¢@,6) and G 6) are different from their boresight values when
the antenna major beams are misaligned. For example, a 7° HPBW has a boresight
gain of 27dBi, yet it drops to 23dBi for a direct ray if the beams are not aligned. The
major findings are presented here as well as in [121]. The NLOS PLE increased with
frequency as the waves with shorter lengths are largely attenuated on reflection from
the ground and side walls. This is also true for highly attenuated 60GHz
transmissions. In general, all the model parameters are observed to increase with
frequency. Also, the path loss variations in dB/decade of distance decreased with
increasing beamwidths implying that the omnidirectional PLEs will be smaller than
the directional PLEs. Moreover, increasing the TX height (in access links) or
positioning the TX and RX on different sides of the street (in general) increased the
model parameter. The existing path loss models however do not capture the channel

dependence on antenna heights and gains.

Finally, the mmWave outdoor downlink is budgeted in Table 5.9 and compared with
standard path loss models simulated using model parameters placed identical to the
literature. The LOS path loss generated by MiDDCM is similar to the measurements,
thus validating the model. The NLOS SNRs obtained from the measurement, and
3GPP models are extremely low. Hence, an increase in transmit power or a decrease
in coverage distance or the channel bandwidth may be required for successful signal
reception. We observe that NLOS path loss evaluated using MiDDCM is lower than
that of the other models attributing to the fact that MiDDCM models fewer interfering
multipaths owing to channel directionality. The lower path loss values are also due to
the dependency of fading gain on antenna beamwidths. In general, the path loss
values evaluated for NLOS are larger than the LOS, either value being higher for

higher frequencies, well agreeing with the theoretical intuition. Note that the path loss
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Table 5.9 UMi SC link budget analysis using different mmWave outdoor path loss models.

Link Measurement 3GPP Model MiWeba

Budget [26] [126] [64] LUTERRAT
Freq.
) 28 73 28 60 28 73
BW
oy | 5 800 100 250 800 800
i 30.1 14.6 35 15 30.1 14.6
(B . . . .
G:
B 245 27 ! 15 245 27
EIRP
@By | 546 416 36 30 54.6 416

Env. | LOS NLOS LOS NLOS LOS NLOS LOS NLOS LOS NLOS LOS NLOS

i) 50 200 50 200 50 200 50 200 50 200 50 @ 200

PL

(dB) 942 170.3 1082 170 H 99.2 139.2 108.3 1225 95 126 104.1 144.4

P

-39.6 -115.7 -66.6 -1284 -63.2 -103.2 -78.3 -92.5 -404 -71.4 -62.5 -102.8
(dBm)

G:
(dBi) 24.5 27 1 15 24.5 27
P:

-15.1 -91.2 -39.6 -101.4 -62.2 -102.2 -63.3 -77.5 -159 -469 -355 -75.8
(dBm)

Noise
(dBm) -85 -85 -94 -90 -85 -85

(dB) 7 7 9 10 7 7

P,

(dBm) -78 -78 -85 -80 -78 -78

SNR

(dB) 62.8 -13.2 384 -235 228 -172 167 | 25 621 31.1 425 22

values in Table 5.9, similar to Table 5.1, are evaluated by excluding the antenna gain
terms from the path loss expression. This is to bring in similarity with the modeling
strategy of including the antenna gain factors in the link budget followed by standard

path loss models.
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5.3.3 ANALYSIS OF TRADITIONAL AND MODIFIED POWER
LAW EQUATIONS

This section provides the analysis of path loss evaluated by the MiDDCM formulation
and that predicted by the popular CI statistical model which is based on the traditional
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Figure 5.25 MiDDCM path loss over varying link distance compared with (a) standard

statistical CI model and (b) proposed corrected statistical model.
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Figure 5.26 CDF of directional path loss compared among MiDDCM, standard CI

model, and the proposed corrected statistical model.

power-law path loss equation. Accordingly, we emphasize the relevance of critical
distance d. in directional mmWave propagation as a function of antenna directivity
and deployment parameters. Furthermore, the unique propagation characteristics of
mmWave directional outdoor SC channel as modelled by MiDDCM (gradually
increasing signal fluctuations with distance) is exploited to improve the prediction
accuracy of traditional power-law equations. In specific, we highlight the need for a
distance-dependent correction factor proposed in (4.14) to convert the uniform

standard deviation O, gg t0 a non-uniform standard deviation 0,04 gB-

With this intend, we first compare the deterministic path loss evaluated by MiDDCM
using (4.6) with the path loss predicted by the statistical CI model using (4.1) at every
Im TX-RX separation distance in Figure 5.25(a). The CI model parameters
(nCI, O'CLdB) were set as (2.2, 5.2dB), whereas the MiDDCM model parameters were
estimated as n®®" = 2.08 using MMSE and (Ustat dB, Ostatas) = (-0.11, 3.73dB) using
MLE at 95% confidence level with the confidence bounds [-0.64, 0.41] and [3.4,
4.14], respectively. As observed, the dB difference of path loss (i.e., Path loss-FSPL)
evaluated by MiDDCM for a directional mmWave channel has a funnel shape where
the small distances yield a smaller variance in the path loss values than the large

distances. This observation motivates us to modify Ogar g, @ constant for the entire
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transmission range, by a distance-dependent correction factor. Accordingly, we
evaluate 0p,0q g for every d based on (4.15) using the correction factor C,. For the
deployment parameters of h; = h, = Tm, ds = 20m, d; » = 16m, d, ,, = 4m, Ouppw= 13°,
dupew = 15° chosen in this simulation, we obtained the critical distance as
d. = min (61.7,30.7) = 30.7. Accordingly, in Figure 5.25(b), we compare the
MiDDCM path loss with the path loss predicted using the proposed modified
statistical closed-form expression specified in (4.16). Note that the modified model
with the corrected non-uniform standard deviation indicates a better consistency with
the expected directional characteristics evaluated by the ray tracer. To quantify the
results, we calculate the root mean square error (RMSE) between the deterministic

MiDDCM path loss and those predicted by the standard CI model for every simulated

2
observation as ec; = \[%Zk (Pdeet(k)—PLdCI(k)) . Similarly, the RMSE between

the deterministic MiDDCM path loss and those predicted by the corrected statistical

model epoq = \/%ZR(P Ladet(k)—PLd,modStat(k))z. From the results yielded, ec; =

7.38dB and ey ,q = 4.93dB, it is found that the corrected model best fits the

MiDDCM formulation in characterizing directional mmWave outdoor SC channels.

5.4 DEPLOYMENT GEOMETRY OPTIMIZATION

Summarizing the channel analysis using MiDDCM, we establish that the
deterministic channel characteristics of directional mmWave SC outdoor layout are a
strict function of the operating frequency, antenna directionality, SC geometry
parameters h;, h,, d, ds, diw, drw, and the transmission condition (LOS/NLOS). A
small variation in these parameters creates significant fluctuations in the mmWave
channel path loss due to a few strong contributing multipaths constituting the channel.
Moreover, the extremely short wavelength of mmWaves causes even small spatial
variations on the order of a few centimetres to create significant path loss variations.
The path loss variations are illustrated in Figure 5.27, which plots the CDFs of the
backhaul LOS path loss for d = 200m and 4, = 7m with d, ,, varying over the interval
[Om, 20m]. While A is fixed either at 7m or at 7.01m, we analyse the path loss for two
different cases, i.e., TX located at 4m from the near wall (d; » = 16m) and TX located
4m from the far wall (d;_w = 4m) to show the path loss variations even with a 1cm

drift in the antenna height. This is extremely concerning as the antenna
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Figure 5.27 CDF of LOS path loss of 60GHz channel at the cell edge, illustrating

path loss variations with small changes in TX antenna heights.

heights/positions can inevitably vary across various deployments even if their
requirements in a typical network are pre-analysed and designed. Hence, we next
apply the MiDDCM path loss results to optimize multiple deployment parameters

aiming to minimize the channel path loss by using a metaheuristic PSO algorithm, and

the significant results are presented in this section.

5.4.1 SIMULATION AND NUMERICAL RESULTS

In the simulation of the PSO algorithm, we set the acceleration coefficients, ¢; and c,
to 1 and 1.5, respectively. Also, the inertia weight parameter w is modelled as w =
Omax — ((Wmax — Omin)iter /itetnq,), where we assume Wpq, = 0.9 and W,y =

0.4. iter denotes the current iteration number and iter,,,, the maximum iteration
number.

The major results of the optimization problem are evaluated for sample input settings
and are provided in Table 5.10 and Table 5.11. The findings are based on several trial
runs. Table 5.10 tabulates the deployment parameters optimized for the LOS channel
for d = 50m. Of the four cases analysed, the first two attempt to optimize the street
width d; and the distance between RX and the near reflecting wall d, ,, for a backhaul

link with other parameters constant. The TX antenna is arbitrarily assumed at d; , =
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Table 5.10 SC deployment parameters optimized for LOS for d = 50m.

Cases Parameter Range Optimum Minimum P No: of
(m) Value (m) (dB) iterations
. e = Tm d, 5-20 5.066
h. = Tm 53.544 10
de = Om erv O - ds 0034
e = Tm d, 5-20 6.547
2 |  =Tm 51.033 )
d[iw = 2m driw O - ds 0.207
ds = 20m hi 5-17 14.126
3 | M ="Tm 55.596 5
erv = 4m de 0 - 20 0128
zh S 2t hi 5-17 6.533
4 | M =15m 55.725 9
erv = 4m de O = 20 19386

Om and 2m. On extending the analysis to access links, the optimization model yielded
ds =5.0463m, d; v = 0.0418m with a minimum path loss of 53.052dB for d; v = Om,
and d; = 8.606m, d; ,, = 0.605m with PL = 51.006dB for d; ,, = 2m. In fact, a narrow
SC geometry with RX located closer to the building on the near wall side yielded
better signal reception for both backhaul and access conditions. The latter two cases
considered d; fixed as 20 m and d, ,, = 4m for both backhaul and access cases. The
algorithm evaluated a higher antenna height of 14m as the best solution for the
backhaul case. However, the optimal geometry for an access link is quite different. It
is also observed that the TX and RX need not be geometrically aligned to yield

minimum path loss because of the beam steering at both ends of the link.

Table 5.11 presents identical evaluations for NLOS at d = 200m. The results imply
that both TX and RX should be aligned to achieve optimal path loss in NLOS without
beam steering, unlike the LOS transmission with beam steering. For instance, the
model generated optimum path loss when antennas are located on the sidewalk closer
to the far wall, as in cases 1 and 2, or closer to the near wall as in cases 3 and 4. As

expected, properly aligned TX and RX ensure constructive interference between
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Table 5.11 SC deployment parameters optimized for NLOS for d = 200m.

Cases Parameter Range Optimum Minimum P No: of
(m) Value (m) (dB) iterations
. e = Tm d, 5-20 5.166
h. = Tm 81.844 7
de = Om erv O - ds 5018
e = Tm d, 5-20 6.521
2 |  =Tm 82.182 )
d[iw = 2m driw O - ds 6.03
ds = 20m hi 5-17 7.005
3 | M ="Tm 85.334 3
d, = 4m diw 0-20 20
zh S 2t hi 5-17 5
4 | M =15m 85.239 4
erv = 4m de O = 20 19985

different reflected paths. Another interesting observation is that a nominal antenna
height of 5-7m is adequate to achieve significant signal strength at even a larger range
of 200m. We have run the PSO algorithm with a population of 500 particle set and for
a maximum iteration of 10. On reducing the population to 50, the algorithm
converged to a higher path loss value, even with an increased iteration. Hence,
increasing the maximum iteration may not improve the efficiency of the optimization
problem, but a higher population can indeed provide a better optimal solution. The
convergence characteristic of the best path loss solution of the proposed PSO problem

is shown for a sample simulation case of an NLOS link (Case 1) in Figure 5.28.

The optimization model for deployment geometry is a novel contribution. Currently,
no results are available for optimizing the deployment geometry by integrating the
optimization algorithm with the mmWave directional channel model. Hence, it should
be noted that the performance comparison of simulated results with any existing

models is not provided at this time.
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Figure 5.28 Convergence characteristic of the UMi SC deployment geometry
NLOS system model for Case 1.

5.5 CHAPTER SUMMARY

In this chapter, we discussed the significant results of the proposed work highlighting
several vital insights. Through simulation results, we established the effectiveness of
deterministic channel models in modeling the sparse multipath structure of directional
mmWave channels. As illustrated, the directional mmWave outdoor channel could be
characterized realistically and with improved accuracy using the low complexity
proposed model called MiDDCM which integrates antenna gain into the channel IR
rather than considering them in the link budget. Several sample observations,
including received power, path loss, and capacity performance varying with antenna
HPBW, deployment parameters, and frequency, were provided. The model was
shown to effectively characterize various transmission scenarios and use cases that
cannot be assessed using traditional statistical channel models. The implication of
mmWave channel directionality in UMi SC outdoor channels was examined and
exploited in multiple ways using the custom ray tracing MiDDCM formulation. The
statistical parameters of the directional channel model are estimated, and the link
budget is performed. An accurate link budget helps to assess the link quality and
thereby aids the optimal choice of modulation and coding scheme to enhance system

throughput.
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CHAPTER 6. CONCLUSIONS AND FUTURE
WORK

6.1 CONCLUSIONS

The extended usage of smartphones and the penetration of new application scenarios
to cellular networks have accelerated the research on mmWaves to address the current
spectrum crunch. Channel study is a significant research area in the study of
mmWaves. The statistical models are elicited from measurement campaigns
conducted using channel sounding techniques and define channel model parameters
by their statistical moments. However, deterministic models offer physical insights by
modeling the interaction of rays with the surrounding environment. As MPCs are
generated purely based on the environment geometry, the channel description using
ray tracing is highly accurate and well suited for mmWave directional channel

characterization.

We have developed a deterministic ray tracing model and have evaluated it as a
prediction tool to examine the directional characteristics of an outdoor mmWave
channel 3D for the UMi SC scenario. Our MiDDCM framework not only models the
directional mmWave channel with reasonably well accuracy but also provides an
excellent advantage through its capability to characterize different usage scenarios
that are difficult to be modelled using statistical models. Our investigation shows that
the directional channel is non-fading up to a critical distance beyond which the signal
fluctuations increase as a function of distance. For optimal channel performance in
channels with UE/AP positioned misaligned with TX/BS in either horizontal or
vertical plane, it is shown that beam steering is desired. The channel validation with
standard models and measurements displayed good agreement for LOS, yet the NLOS
path loss varied due to the reduced specular reflections analysed by MiDDCM as well
as its modeling strategy of including the directional antenna effects in the path loss
slope itself. We have examined the power delay profile and delay spread for the

channel for varying input specifications. Our investigations on spatial diversity also
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show that antenna separations of few multiples of mmWave wavelength are required

to achieve significant signal strength.

Understanding that a detailed analysis of MPCs might not always be required,
particularly in channel analysis which requires understanding the path loss
distributions and not their instantaneous values, we devised a statistical approach
identical to the standard CI model to define the directional path loss distribution by
using curve fitting over the deterministic path loss data set. Through simulation
results, we tried to establish the inadequacy of traditional power-law path loss models
in capturing directionality. Accordingly, a novel correction expression as a function of
model geometry, antenna beamwidth, and separation distance has been established
and assessed through simulation. The obtained results using this corrected model
indicate a good consistency with the expected directional characteristics evaluated by
the ray tracer. Finally, the SC deployment geometry is attempted to optimize in terms
of any two deployment parameters to yield minimum path loss and several interesting

insights have been presented.

6.2 FUTURE RESEARCH DIRECTIONS

The model provides a good approximation of the UMi SC outdoor channel employing
directional transmission, and the validation displays only low discrepancies compared
to popular statistical models. However, the model considers only specular reflections
and by considering diffraction and scattering effects, the precision can be further
improved. The statistical learning of deterministic data is performed in this study for
the SISO channel with unobstructed LOS transmission. The study can be further
extended to analyse NLOS as well as the multi-antenna case for comprehensive
characterization. In this work, we have used the optimization strategy PSO to
typically optimize two free parameters. However, it is an interesting problem to
consider more free parameters and jointly optimize them to enhance accuracy but with

implementation complexity traded off.
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