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Abstract

The new “Tera-Era” visions extreme high speed wireless datatransfer of 100 Gb/s and beyond,

machines computing at rates of teraflops, and electronic devices performing operations on the

femtosecond time scale. The key to break this 100 Gb/s barrier by wireless means incites

numerous applications in wireless communications, material characterization, spectroscopy,

imaging, sensing, and screening. In fact, to achieve 100 Gb/s wireless links anywhere and

anytime, a bandwidth of several gigahertz (GHz) is enforced, best sheltered in the targeted

terahertz (THz) frequency range (f ~ 0.25 – 4 THz;λ~ 1.2– 0.075 mm) chosen for the research

projects. For instance, to transmit at 300 GHz, this carrierfrequency is the choice of fortune

for four reasons: (i) it is five times higher than the highest frequency of 60 GHz used in

wireless communications today; (ii) the atmospheric attenuation is of less extreme amounts

to no more than 2.8 dB/km while falling within the spectral windows; (iii) it procures a 47 GHz

of continuous bandwidth which is larger than the unified spectral resources globally available

for all kinds of wireless systems; and (iv) this former barely accessible spectral window due

to technological limitations allows a 100 Gb/s high throughput even with a simple modulation

scheme for short-range wireless communications. The wireless data transmission of 100 Gb/s

and beyond in the THz range is referred to asTHz Communications. Helping this technological

development is the rapid improvement in silicon germanium (SiGe), gallium nitride (GaN),

and graphene technology, so that THz science and technologybecomes a highly investigated

research topic.

Yet despite the various advantages offered, the venture of employing the targeted frequency

range in real world applications still sounds quite elusive. In order to realize the design of an

efficient and reliable THz indoor communication system in the presence of rough surfaces and

also taking into account the substantial research gaps, this dissertation aims to fill in these gaps
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by exploring and unfolding each of the four emphases described in the following:

Emphasis 1 ...to thoroughly study, analyze and model the THz wave characteristics

The THz frequencies pose unique challenges for channel modeling due to sparse and

extreme frequency selective behaviour of the propagation mechanism. In particular, the most

critical feature proven to provide important contributions in determining spatial and temporal

dispersion in the targeted frequency range is the diffuse scattering mechanism from rough

surfaces, a necessary design consideration constituting ahigh proportion of all the propagation

rays and hence, must be accounted for propagation modeling to accurately predict channel

characteristics.

Emphasis 2 ...to classify rough surfaces and propose the advances in THz scattering

models

A major challenge is the fact that at THz frequencies, dimensions of indoor building materials

(e.g., granular wallpaper, plaster walls) are comparable to or even larger than the wavelength

at hand and therefore these indoor materials which are normally now neglected and assumed

smooth become rough evidently and are to be taken into account. The four scattering models,

namely, Rayleigh-Rice (R-R), Effective Roughness (ER), classical Beckmann-Kirchhoff (cB-

K), and modified Beckmann-Kirchhoff (mB-K) are chosen to provide solutions for the

scattering problems and besides, they are widely accepted and developed in recent times.

Likewise, we also endeavor to demonstrate a comparison between these approximate models

along with their specific advantages and limitations.

Emphasis 3 ...to develop novel THz ray-tracing algorithms with distinct THz wave

characteristics to support the proposed THz scattering models

Conventional GHz ray-tracer has some limitations because the distinct THz propagation

mechanisms do not obey geometrical optics rules. Besides, the existing models and tools in

the lower frequency bands (i.e., 2.4 GHz, 5 GHz, Ultra-Wideband, 60 GHz) do not consider the

roughness of a material so profoundly smooth materials for GHz frequencies become rough

now at THz frequencies. In consequence, it demands ray-tracing algorithms or simulation

tools that can be employed for channel modeling at THz frequencies. In order to combat this

challenge, we developed our own THz ray-tracing algorithmsintegrating the aforementioned

THz scattering models of rough surfaces which can work on completely standalone basis.

Emphasis 4 ...to characterize indoor materials at THz frequencies using state-of-the-

art instrumentation and techniques
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This dissertation reports the first ever transmission measurements for a wide choice of indoor

material groups such aswood, plastic, paper, brick, glassandleatherat frequencies from 750

GHz to 1.1 THz using up-conversion (frequency-domain) method employingSwissto12system.

Both the reflection coefficients (S11, S22), and transmission coefficients (S12, S21) are measured

using this new and non-invasive electromagnetic technique. We reviewed various techniques for

converting S-parameters to complex dielectric propertiesi.e., frequency dependent refractive

index, absorption coefficient, relative permittivity, andrelative permeability. Until previously,

only THz time-domain spectroscopy (THz-TDS) system based on down-conversion (time-

domain) method has been employed. The details about the techniques employed to convert

S-parameters to frequency dependent refractive indexn( f ) and absorption coefficientα( f ) are

elaborated in Chapter 5.
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Zusammenfassung

Die neue “Tera-̈Ara” steht für extreme Hochgeschwindigkeitsdatenübertragungen von 100 G-

b/s und mehr, die drahtlos ermöglicht werden sollen, für Rechenleistungen von TeraFLOPS pro

Prozessor und für elektronische Schaltungen mit Schaltgeschwindigkeiten im Bereich von Fem-

tosekunden. Das Durchbrechen der 100 Gb/s Grenze im drahtlosen Bereich wird vielfältige

Anwendungen in den Bereichen drahtlose Kommunikation, Materialcharakterisierung, Spek-

troskopie, Bildverarbeitung, Sensorik und Screening erm¨oglichen. Tatsächlich wird zwin-

genderweise eine Bandbreite von mehreren Gigahertz (GHz) benötigt, bestens abgeschirmt

im angestrebten Terahertz (THz) Frequenzbereich (f ~ 0.25 – 4 THz;λ~ 1.2– 0.075 mm), um

überall und zu jeder Zeit drahtlose Verbindungen mit 100 Gb/s zu erreichen. Beispielsweise ist

aus den folgenden vier Gründen das Senden bei 300 GHz eine g¨angige Wahl: (i) es ist fünfmal

höher als die höchste derzeit verwendete Frequenz bei 60 GHz; (ii) die Dämpfung durch die At-

mosphäre ist mit 2,8 dB/km weniger stark als in benachbarten Frequenzbereichen; (iii) es stellt

ein zusammenhängendes Spektrum von 47 GHz bereit, mehr Bandbreite als alle derzeit betriebe-

nen Funksysteme zusammen erfordern; (iv) dieser früher aufgrund von eingeschränkten technol-

ogischen Möglichkeiten nur schwer zugängliche Frequenzbereich erlaubt Datenraten von 100

Gb/s selbst mit einfachen Modulationsverfahren für die drahtlose Nahbereichskommunikation.

Die drahtlose Datenübertragung mit Raten von 100 Gb/s und mehr im THz Bereich wird als

THz Kommunikationbezeichnet. Große Fortschritte in der Silizium-Germanium(SiGe), Gal-

lium Nitrit (GaN) und der Graphen–Technologie unterstützen diese Entwicklung, so dass die

THz Wissenschaft und Technologie ein schnell wachsender Forschungsbereich geworden ist.

Trotz der vielen Vorteile erscheint das Vorhaben, die Anwendungen im angestrebten Fre-

quenzbereich unter realen Bedingungen umzusetzen, doch noch sehr utopisch. Um ein ef-

fizientes und zuverlässiges THz Kommunikationssystem, das die in Innenräumen vorhande-
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nen rauen Oberflächen mit berücksichtigt, zu designen, ist es das Ziel dieser Dissertation,

Forschungslücken durch dasEntfaltender folgenden vierSchwerpunktezu schließen:

Schwerpunkt 1 ... sorgfältige Studie, Analyse und Modellierung der THz Wellen-

charakteristik

THz Frequenzen stellen einzigartige Herausforderungen andie Kanalmodellierung durch ihr

“sparse” und extrem frequenzabhängiges Verhalten derÜbertragungsmechanismen. Insbeson-

dere der diffuse Streumechanismus an rauen Oberflächen, die kritischste Eigenschaft, die

einen großen Einfluss auf die räumliche und zeitliche Strahlausbreitung im angestrebten Fre-

quenzbereich hat, sowie die notwendigen Design Abwägungen mit ebenfalls einem großen E-

influss auf die Strahlausbreitung, müssen beim Ausbreitungsmodel berücksichtigt werden, um

das Kanalverhalten akkurat vorhersagen zu können.

Schwerpunkt 2 ... Klassifizierung von rauen Oberflächen und Vorschlagen eines

fortschrittlichen THz Streumodels

Eine wesentliche Herausforderung bei THz Frequenzen stellen die Dimensionen der im

Innenraum verwendeten Materialien (z.B. Tapeten, Wandputz) dar, die vergleichbar oder sogar

größer als die genutzte Wellenlänge sind. Diese Materialien können deswegen nicht länger als

glatt angesehen und vernachlässigt werden, sondern müssen vielmehr als rau mitberücksichtigt

werden. Die vier Streumodelle, namentlich, Rayleigh-Rice- (R-R), Effective Roughness-

(ER), klassisches Beckmann-Kirchhoff- (cB-K) und modifiziertes Beckmann-Kirchhoff-Modell

(mB-K) sind zur Lösung des Streuproblems ausgewählt worden, sie sind in letzter Zeit

weitläufig akzeptiert und weiterentwickelt worden. Ich vergleiche diese Näherungsmodelle und

demonstriere spezifische Stärken und Einschränkungen.

Schwerpunkt 3 ...Entwicklung neuer Strahlverfolgungs Algorithmen für den THz

Bereich mit eindeutigen THz Wellencharakteristiken, die die vorgeschlagenen THz

Streumodelle untersẗutzen

Herkömmliche GHz Strahlverfolger kommen an ihre Grenzen,weil eindeutige THz Ausbre-

itungsmechanismen nicht den Regeln der Strahlenoptik (Geometrical Optics) folgen. Außerdem

werden bei den für den GHz Bereich (z.B. 2,4 GHz, 5 GHz, UWB, 60 GHz) existierenden Mod-

ellen und Simulationswerkzeugen die Rauigkeit der Materialien nicht mitberücksichtigt, denn

die im GHz Bereich hochgradig glatten Materialien werden bei THz Frequenzen rau. Konse-

quenterweise werden Strahlverfolgungs Algorithmen oder Simulations SW benötigt, die eine

Kanalmodellierung im THz Bereich ermöglichen. Als Antwort auf diese Herausforderungen
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wurde ein eigener THz Strahlverfolger Algorithmus entwickelt, der die zuvor genannten THz

Modelle der rauen Oberflächen einbezieht und völlig selbstständig arbeitet.

Schwerpunkt 4 ...Charakterisierung von Innenraummaterialien mit Hilfe von dem

Stand der Technik entsprechenden Messgeräten und –techniken

In dieser Dissertation wird über die allerersten jemals gemachtenÜbertragungsmessungen

an einer breiten Auswahl an Innenraummaterialien, wie z.B.Holz, Plastik, Papier, Stein,

Glas und Leder bei Frequenzen von 750 GHz bis 1,1 THz berichtet. Dabei kam die

Aufwärtswandelmethode (up-conversion method) (im Frequenzbereich) desSwissto12Systems

zum Einsatz. Sowohl die Reflexionskoeffizienten (S11, S22) als auch die Transmissionskoef-

fizienten (S12, S21) werden beide durch die neue und nichtinvasive elektromagnetische Technik

gemessen. Es werden mehrere Techniken zur Umrechnung der S-Parameter in komplexe dielek-

trische Materialeigenschaft, wie frequenzabhängiger Brechungsindex, Absorptionskoeffizient,

relative dielektrische Leitfähigkeit und relative Durchlässigkeit untersucht. Bis vor kurzem s-

tand nur die THz Zeitbereichs Spektroskopie (time-domain spectroscopy, THz-TDS) basierend

auf der Abwärtswandlung im Zeitbereich zur Verfügung. Die Details zur Umrechnung der S-

Parameter in den frequenzabhängigen Brechungsindexn( f ) und den frequenzabhängigen Ab-

sorptionskoeffizientenα( f ) werden in Kapitel 5 ausgeführt.
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Chapter 1
Introduction

By 2025 wireless data rates up to 1 Tb/s will be on demand [1, 2], helping to get through the

struggle in progress of multimedia technology, high-speedinternet, data and voice communica-

tions. For example, a forthcoming next generation video format, namely super hi-vision has a

resolution of 7680 x 4320, that is sixteen times larger than the current 1080p format, depending

on it’s frame rate and color depth requires more than 24 Gb/s data rate [3]. In addition, some of

the most promising 5G applications such as 8K 360 degree videos, vehicle-to-everything (V2X)

bidirectional communications, and augmented/mixed reality will require in the near future wire-

less data transmission capacity exceeding several hundredGb/s. In fact, public WiFi hotspots

serving users with such high-speeds and bandwidth-intensive wireless applications also tend to

deal with the rapid explosion of wireless data traffic in the coming years. More devices than

ever are making matters worse. In addition, the present industrial automation is relying on ca-

bles due to the limited range and mobility of the current WiFidata transmission capacity. In

other words, the current wireless networks are not yet on theforeseeable horizon of “wireless

everything” or “everything wireless”. In this work,wirelessrefers to the point-to-point radio

systems that propagate inside rooms as will be reasoned later. However, by exploiting the pow-

er and peril of terahertz (THz) frequencies, i.e. in the targeted frequency range of 250 GHz

to 4 THz, numerous applications for high-speed data links such as 5G cellular network, terabit

wireless local area networks (T-WLANs), terabit wireless personal area networks (T-WPANs),

cloud servers and ultrafast kiosk downloads are practically realizable. Therefore, development

efforts are being carried out on the THz technology components (sources, detectors, mixers, cir-

cuits, antenna technology etc.) at various research and development (R&D) centers across the

globe in order to overcome the scarcity in terms of spectrum,channel congestion and capacity
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limitations in the current wireless systems. Helping this development is the rapid improvement

in silicon germanium (SiGe), gallium nitride (GaN), and graphene technology [4, 5], so that

THz science and technology becomes a highly investigated research topic. Moreover, despite

the many announcements for the end of Moore’s Law, the data transmission rates in wireless

networks such as cellular, local, and personal area networks, kept on increasing now and then

at Moore’s Law pace; by about a factor of ten every five years, as illustrated in Fig. 1.1.

Figure 1.1: Wireless data rates’ growth approximately keeping up with the pace of Moore’s

Law increasing by a factor of 10 every five years. Figure adapted from Fig. 1 in [2].

1.1 Terabit Wirelss Communications at THz Frequencies

The 100 Gb/s barrier crossover by wireless means incites numerous applications not only in

wireless communications, but also in material characterization, spectroscopy, imaging, sensing,

and screening. It seems clear that to achieve 100 Gb/s wireless links, one requires either larg-

er swaths of spectrum, or very high spectral efficiencies. Inthe microwave regime, wireless

data capacity has been exploited by increasing spectral efficiency with advanced modulation

schemes and robust signal-processing techniques [6]–[9].However, realization of such high

data rates becomes quite challenging because of natural fundamental limitation of current tech-

nologies; limited bandwidth [3]. Likewise, the data rate provided by thebiologically friendly

technologies with frequencies above 10 THz, such as infrared (IR) and visible light communi-
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cations (VLC), are restricted due to several technical and safety limitations [10].

A promising approach to this bottleneck is to transmit in higher frequency bands instead,

where large swaths of spectrum are available. An incarnation of this approach is transmission

at millimeter-wave (mm-wave) frequencies (20−100 GHz), which has gained much attention in

the context of WiFi (802.11ad) [11] and 5G [12]. However, even the large bandwidths available

there (up to several GHz) may not be sufficient for many aforementioned future applications, so

a move to even higher frequencies becomes desirable, where extreme wide bandwidths (i.e., 20

GHz and beyond) are available as listed in Table 1.1. Fortunately, the two atmospheric spectral

windows centered at 300 and 350 GHz band offer 47 GHz of continuous bandwidth [13, 14]

with relatively low atmospheric attenuation. The wirelessdata transmission of 100 Gb/s and

beyond in the THz range is referred to asTHz Communications.

Table 1.1: Comparison: Conventional vs. THz channel.

About THz: What is it and why does the world need it?

Band 2.4 GHz 60 GHz 300 GHz 1 THz

Bandwidth 40 MHz ∼ 2 GHz = 47 GHz up to 110 GHz

Data rate 600 Mbps ∼ 4 Gbps ∼ 100 Gbps > 100 Gbps

Path loss @ 5 m = 54 dB ∼ 82 dB ∼ 96 dB ∼ 106 dB

Antenna type ∼ 3 dBi up to 25 dBi up to 35 dBi up to 40 dBi

At THz regime, the propagation mechanism primarily differsfrom the lower frequency

bands. For instance, the frequencies above 300 GHz are throbbed with significant atmospheric

attenuation outside spectral windows [15], notably largerfree space path loss [16], and high

penetration as well as reflection losses [17]. In addition, indoor building materials such as

granular wallpaper and plaster walls which are considered as smooth at lower frequencies (i.e.,

2.4 GHz, 5 GHz, Ultra-Wideband, 60 GHz) have become rough nowdue to the significantly

shorter wavelength at THz frequencies and thus scatter [18]. Further, the increasing trend of

using formidable range of raw materials (e.g., cinder block, limestone slab, cork sheet etc.)

for designing the interior of the indoor environments is on the rise. Consequently, the knowl-

edge of scattering properties of indoor building materialsis mandatory [19]. As such, higher

frequencies with shorter wavelengths lead to smaller sizedRF components including antennas.

Nevertheless, when constructing sub-THz designs, compactsizes and wide bandwidths are pre-

ferred. In addition, high gains are also paramount for thesedesigns in order to alleviate high
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propagation losses to sustain communication links. For instance, the highest gain antennas such

as horns owing to their well defined beam patterns with relatively low sidelobe structures are

quite useful. These horns coupled with additional beam collimating lenses are the best option

particularly in case of fixed radio links. Whereas electrically steered antennas will most likely

be used forin-roomT-WLANs. Moreover, less directive horns (with beam divergence) at both

transmitter (TX) and receiver (RX) will be sufficient for close proximity communications. It

should be emphasized that these unique features lead to developing new models to character-

ize the multipath THz propagation channel and consequently, extend the research of channel

propagation modeling. In fact, the transmission at THz bandis limited to indoor short-range

communication and the outdoor applications greatly rely online-of-sight (LoS) propagation of

a few tens of meters.

1.2 The Research Projects

The presented work is a part and parcel of two projects, namely, Tera50andMARIE M01. A

brief overview of the projects is summarized below:

Tera50 Project

The Tera50 is a part of the DFG-SPP (Deutsche Forschungsgemeinschaft - Special Priority

Program) funded by the German Research Council (Deutsche Forschungsgemeinschaft, DFG)

during the period 06/2012−08/2016 in the first phase.Tera50+in the second phase is scheduled

to span from 09/2016−09/2019. It is coordinated by IHP GmbH and as of today comprises of 11

research projects from 16 German universities. The key objective of the DFG priority program

SPP 1655 (Wireless 100 Gb/s and beyond) is to increase the data rates of mobile wireless sys-

tems from today (year 2012) of around 1 Gb/s to future 100 Gb/sand higher. Such an enormous

boost in the data rate by a minimum of two orders of magnitude requires either an extremely

high spectral efficiency or an extreme wide bandwidth of several tens of GHz or a trade-off

between them. In order to reach this ambitious goal, a suitable carrier frequency and band-

width are required under several constraints, including the worldwide regulation, the wireless

propagation effects and various technology constraints like power consumption, semiconductor

technology, processing performance, and circuit design.
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MARIE M01 Project

Whereas the vision of MARIE (Mobile Material Characterization and Localization by Electro-

magnetic Sensing), a Collaborative Research Centre / Transregio 196, is to precisely and dy-

namically characterize and localize even moving materialsin our daily surroundings. In order

to achieve this vision, suitable devices and overall systems are needed to carry out the local-

ization, characterization and visualization of materials. The final goal is the achievement of a

mobileMA teRIal TranscEiver that can either be interpreted as a novel compact sensory organ

that extends the human senses or, on a more industrial level,as a device that systematically

creates material maps for searching and classifying objects in arbitrary environments. MARIE

is also supported by the German Research Council. It is structured in three phases with a dura-

tion of 4 years each: in Static Lab (2017−2020), advances in technology are in the foreground

while the sensing frequency in the static lab environment stretches to 1.5 THz. Mobile Sen-

sor (2021−2024) addresses energy efficiency to enable mobility with anextended frequency

range towards 4 THz. Dynamic Environment (2025−2028) takes into account all remaining

challenges, by fusing with additional sensing principles,to ultimately achieve the vision of a

Mobile MAteRIal TranscEiver. The spokesperson and coordinator of the CRC/TRR 196 is my

advisor, Prof. Thomas Kaiser. As of today, 5 German universities and two Fraunhofer Research

Centers with 23 research projects are thriving for the MARIEvision.

1.3 Novelty of this Dissertation

The motivation behind this dissertation is a need worthy of further exploration. The primary

novelty aspects and significance of this work with respect tothe existing work on THz commu-

nication and material characterization are summarized as follows:

Novelty 1

Development of a novel self-programmed broadband THz threedimensional (3D) ray-tracing al-

gorithm (RTA) tool using MATLAB based graphical user interface (GUI) implementing the four

famous and widely used scattering models: (i) Rayleigh-Rice (R-R); (ii) Effective Roughness

(ER); (iii) classical Beckmann-Kirchhoff (cB-K); and modified Beckmann-Kirchhoff (mB-K)

to examine the implications of diffuse scattering on a channel for several different roughness-

es and dielectric constants of the random rough surfaces at THz frequencies. Unlike others,
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ER introduces two scattering radiation pattern models: Lambertian and Directive Model. The

main characteristics of these aforementioned models and the THz RTA are discussed in detail in

Chapters 3 and 4, respectively.This exceptional RTA is uniquely possessed by only three groups

in the world.

Novelty 2

We employ the B-K model to report the first results of channel capacities of indoor THz massive

multiple-input multiple-output (MIMO) channels considering smooth and rough surfaces for

both LoS and non-line-of-sight (NLoS) scenarios. We assumeN = 64 antennas at both TX and

RX. Besides, we consider both single-user MIMO (i.e., transmitting to each user independently)

and multi-user MIMO (i.e., transmitting to each user simultaneously) for computing the channel

capacity. As the rough surface gives rise to an influx of diffuse scattered paths in addition to

the specular reflected path, the anticipating multiplexinggain is found to apparently enhance

the channel capacity particularly for NLoS scenario (for a certain RX location and upon certain

degree of surface roughness). More detail hereafter in Chapter 4.

Novelty 3

We employ a THzSwissto12system to report the first transmission measurements for a wide

choice of indoor material groups such aswood, plastic, paper, brick, glassand leatherat fre-

quencies from 750 GHz to 1.1 THz using up-conversion (frequency-domain) method. By using

this new and non-invasive electromagnetic technique, THz material characterization kit (MCK),

Swissto12enables the measurement of both the reflection coefficients (S11, S22) and transmis-

sion coefficients (S12, S21). The frequency dependent complex dielectric properties of materials

(i.e. relative permittivity) are extracted from the scattering measurements using Nicolson-Ross-

Weir (NRW) method. Previously, only THz time-domain spectroscopy (THz-TDS) system

based on down-conversion (time-domain) method has been employed to determine the mate-

rials’ dielectric properties at THz frequencies.

Novelty 4

The author is obliged to be a part of the Tera50 project. During it’s course, the world-record

spectral efficient 64-QAM-OFDM Terahertz (325 GHz) transmission using the Tera50 system

6



1.4. Organization of this Dissertation

with a world-record high data rate up to 59.0625 Gb/s per 10 GHz RF channel bandwidth has

been demonstrated. Also, the world-record spectral-efficient 1024-QAM-OFDM 60 GHz over

the air transmission using the Tera50 system with a maximum data rate of 9.7656 Gb/s per

1 GHz RF channel bandwidth has been demonstrated. For more details on this joint work,

see [20].

1.4 Organization of this Dissertation

The primary contribution of this dissertation is to comprehensively study the THz propagation

channel, deal with the scattering problem of random rough surfaces using advanced modeling

approaches and finally develop a THz RTA tool. Moreover, the characterization of indoor mate-

rials is also a major part of this in order to fulfil the vision of MARIE project, hence, contributing

to the mobile THz systems’ development. This dissertation is composed of 6 chapters and an

overview of each chapter is summarized as follows:

• Chapter 2: Terahertz Wave Characteristics

In this chapter, the formulae for THz multi-ray model are derived along with background

information about the distinct THz propagation and scattering mechanisms. However, no

attempt has been made to evaluate the impact of diffraction phenomena which I perceive

is present though pivotal at lower microwave regions only. This chapter opens with the

fundamental concepts of quantifying the smooth and rough surfaces, whilst the prime

focus will remain on the rough surfaces characterized with two statistical roughness pa-

rameters, namely, the standard deviation height and the surface correlation length. In

order to avoid repetition, the correlation length is discussed in the next Chapter 3 as it

is more relevant to the Gaussian rough surface topic elaborated there. Prior to this, an

analysis of the candle flame impact on ultra-broadband THz communication links across

a spectrum of interest from 300 to 310 GHz is experimentally performed to elaborate the

propagation loss factor. The dependencies of the reflectioncoefficient on three parame-

ters, polarization, grazing angle and frequency are also briefly analyzed. Some details of

the approval of IEEE Std 802.15.3d-2017 Standards for the lower THz frequency range

are also revealed.

The contributions of this chapter are the harbinger of one journal and three conference

papers:
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– F. Sheikh, M. Alissa, A. Zahid, Q. Abbasi, and T. Kaiser, “AtmosphericAttenuation Analysis in

Indoor THz Communication Channels”, IEEE AP-S Symposium onAntennas and Propagation and

USNC-URSI, pp. 1-2, Atlanta, USA, July 2019

– F. Sheikh, N. Zarifeh, and T. Kaiser, “Terahertz Band: Channel Modelling for Short-range Wireless

Communications in the Spectral Windows”, IET Microwaves, Antennas & Propagation, vol. 10, no.

13, pp. 1435-1444, October 2016

– F. Sheikh, M. El-Absi, Y. Gao, and T. Kaiser, “Terahertz Band: Analysis of Sounding Bandwidth and

Center Frequency on Power Delay Profile Model”, Antennas andPropagation Conference (LAPC),

pp. 1-5, Loughborough, UK, November 2015

– F. Sheikh, M. El-Hadidy, and T. Kaiser, “Terahertz Band: Indoor Ray Tracing Channel Model

Considering Atmospheric Attenuation”, IEEE AP-S Symposium on Antennas and Propagation and

USNC-URSI, pp. 1782-1783, Vancouver, Canada, July 2015

• Chapter 3: Advances in THz Scattering Models

In this chapter, we discuss surface scattering models divided into those that consider

the effect of surface roughness in the specular direction ofreflection only (i.e., R-R)

and those that additionally attempt to predict the implications of non-specular diffuse

scattering (i.e., ER, cB-K, mB-K) on channel models. These different scattering models

and their working methodologies followed by the models’ capabilities and limitations are

elaborated. The four models presented herein are probably the most well-known, and

perhaps the most widely accepted also. The basic physics of diffuse scattering, i.e., two

classes of surface and volume scattering open this chapter.Then, the nature of Gaussian

and non-Gaussian rough surfaces and their impact at THz frequencies are discussed. This

dissertation considers a homogenous, single layer, isotropic, and Gaussian random rough

surface. But prior to this the example environments in whichwe perform the simulations

are described.

The contributions of this chapter are a prelude to three conference papers:

– F. Sheikhand T. Kaiser, “A Modified Beckmann-Kirchhoff Scattering Model for Slightly Rough Sur-

faces at Terahertz Frequencies”, IEEE AP-S Symposium on Antennas and Propagation and USNC-

URSI, pp. 1-2, Atlanta, USA, July 2019

– F. Sheikh, Q. Abbasi, and T. Kaiser, “On Channels with Composite RoughSurfaces at Terahertz

Frequencies”, in Proc. 13th European Conference on Antennas and Propagation (EuCAP), pp. 1-5,

Krakow, Poland, April 2019

– F. Sheikhand T. Kaiser, “Rough Surface Analysis for Short-Range Ultra-Broadband THz Commu-

nications”, IEEE AP-S Symposium on Antennas and Propagation and USNC-URSI, pp. 1-2, Boston,

USA, July 2018
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• Chapter 4: Novel THz Ray-Tracing Algorithms

This chapter begins with a description of the GUI and the comprising elements of our THz

RTA. In addition to the ray-based methods, the self-developed ultra-broadband THz RTA

tool integrates the aforementioned THz scattering models of rough surfaces. All of the

basic propagation predictions’ quantities such as received and scattered power, path loss,

and the geometrical data of each path are generated as an output file with a few exception-

s. Importantly, the developed RTA also employs the criticalfeature of THz propagation

mechanisms such as specular reflection losses, diffuse scattering, depolarization, atmo-

spheric attenuation, and high reflection losses of indoor common building materials. At

present, our RTA tool does not consider any near zone fields. The chapter concludes with

discussion on the obtained results.

The contributions of this chapter are the harbinger of one journal paper (accepted) and

two conference papers:

– F. Sheikh, Y. Gao, and T. Kaiser, “A Study of Diffuse Scattering in Massive MIMO Channels at

Terahertz Frequencies”, accepted by IEEE Transactions on Antennas and Propagation, August 2019

– F. Sheikh, D. Lessy, and T. Kaiser, “A Novel Ray-Tracing Algorithm forNon-specular Diffuse

Scattered Rays at Terahertz Frequencies”, IEEE 1st Int. Workshop on Mobile THz Systems (IWMTS

2018), pp. 1-6, Velen, Germany, July 2018

– F. Sheikh, D. Lessy, M. Alissa, and T. Kaiser, “A Comparison Study of Non-specular Diffuse Scat-

tering Models at Terahertz Frequencies”, IEEE 1st Int. Workshop on Mobile THz Systems (IWMTS

2018), pp. 1-6, Velen, Germany, July 2018

• Chapter 5: Novel THz Material Characterization Techniques

In this chapter, a non-invasive technique based onSwissto12System (VNA-based) is in-

troduced for measuring both the reflection and transmissioncoefficients at frequencies

from 750 GHz to 1.1 THz. We characterized six (6) material groups comprising of 20

common indoor building materials and the complex dielectric properties of those mate-

rials are extracted from the scattering measurements usingNRW method. Furthermore,

another novel analysis technique such as Kramers-Kronig (K-K) relations is reviewed to

convert S-parameters to complex dielectric properties in contrast to the THz-TDS system

based on down-conversion method previously employed for these measurements.

The contributions of this chapter are a prelude to two conference papers:

– F. Sheikh, I. Mabrouk, A. Alomainy, Q. Abbasi, and T. Kaiser, “Indoor Material Properties Extrac-

tion from Scattering Parameters at Frequencies from 750 GHzto 1.1 THz”, IEEE MTT-S Interna-
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tional Microwave Workshop Series on Advanced Materials andProcesses (IMWS-AMP), pp. 1-3,

Bochum, Germany, July 2019

– J. Barowski, J. Jebramcik, I. Alwaneh,F. Sheikh, T. Kaiser, and I. Rolfes, “A Compact Measurement

Setup for In-Situ Material Characterization in the Lower THz Range”, IEEE 2nd Int. Workshop on

Mobile THz Systems (IWMTS 2019), pp. 1-5, Bad Neuenahr, Germany, July 2019

• Chapter 6: Conclusions and Future Challenges

Finally, in this chapter we suggest remaining challenges and future directions, reiterate

our contributions, and then conclude this dissertation.

The structure and main contributions of this dissertation along with the harmonious relationship

among the chapters are schematically shown in Fig. 1.2.

Figure 1.2: Schematic structure and main contributions of the dissertation.
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Chapter 2
Terahertz Wave Characteristics

The THz communication systems promise to transfer huge filesin the blink of an eye by offering

wireless data transfer of 100 Gb/s and beyond for indoor networks. Now, it is of interest in

this chapter to understand the distinct THz propagation mechanisms, which form the basis for

reliable high-speed and ultra-broadband mobile THz systemdesign. This chapter encompasses

research published in [13], [21]− [23].

2.1 Advances in THz Multi-Ray Model

We briefly describe the individual propagation mechanisms with the notion to provide an over-

all THz multi-ray model of the indoor THz wireless channel. Note that we mention only the

essential propagation mechanisms neglecting transmission, since indoor material thicknesses in

the order of few centimeters cause high transmission attenuations up to several 10 dBs for the

material groups chosen in this study (cf. Sec. 5.2). At THz frequencies, all the surfaces of

the common building materials reflect radio waves rather allowing transmission of the waves.

Thereupon, transmission never contributes to the multipath propagation for indoor scenarios

and can most often be disregarded at THz frequencies. While two major barriers, namely free s-

pace path loss (FSPL) and transmission attenuation (room entry or exit loss through walls), limit

the signal transmission distance and coverage range toin-roomscenarios. As mentioned earlier,

the termwirelesscites to the point-to-point radio systems propagating inside rooms. The THz

multi-ray model for LoS propagation (direct path), reflected (specular), diffracted and diffuse

scattered (non-specular) paths is expressed in Eq. (2.1).
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ERX = ELoS + ERef + EDiff + EScatt (2.1)
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Figure 2.1: Free space path loss vs. transmission distanced.

2.2 Free Space Propagation

LoS propagation is the most simplest mode in which the propagation path between TX and RX

does not consider any interaction with the absorbing or reflecting materials. It is also referred

to as free space propagation. The LoS electric fieldELoS received by an antenna RX accounting

for the polarization vector as well as corresponding antenna gainGRX, and related to the emitted

field ETX radiated by the TX antenna with polarization and antenna gain GTX is obtained from

[24] as

ELoS=
[
GRX

LoS

]∗
GTX

LoS LLoS ETX (2.2)

Furthermore, the FSPL can be calculated based on the Friis equation as a function of transmis-

sion distanced and signal wavelengthλ with the following definition in decibels (dB) [25]
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FSPL=

(
4πd

λ

)2

[dB] (2.3)

The Eq. (2.3) is only valid when the distance is greater enough to fulfill the far-field condition.

At THz regime, there is much more FSPL than at lower frequencies since it increases quadrat-

ically with the frequency assuming gain of the antennas is constant, as illustrated in Fig. 2.1.

This FSPL is the fundamental cause that even without any additional attenuation in the trans-

mission path of the THz wave, the received power is much lowerthan the transmitted power.

It poses a major constraint on the communication distance and makes THz regime a promising

candidate in delivering 100 Gb/s and beyond indoors rather than in outdoor applications.

2.3 Propagation Loss Factor of Atmospheric Attenuation

At THz frequencies, the LoS propagation is not only affectedby FSPL, i.e. spreading of ener-

gy, the power is also lost along a transmission path due to thephenomena called atmospheric

attenuation or molecular absorption. Therefore, the termLLoS from Eq. (2.2) includes both of

these losses. It is worth mentioning that the resonances forfrequencies below 100 GHz occur

at 24 GHz for water molecules and 60 GHz for oxygen, whilst thefrequency range from 100

GHz to 1 THz is dominated by only water molecules as evident inFig. 2.2. Conclusively, an
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Figure 2.2: Atmospheric attenuation resulting from oxygen absorptionand water vapor attenu-

ation (water content 7.5g/m3, pressure 1013hPa, and atmospheric temperature 20◦C).
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approximation of total free space loss for the traveling wave in THz regime thereupon can be

defined as the addition in dB of the FSPL and atmospheric attenuation loss

Total Free Space Loss [dB]= FSPL [dB]+ Atmospheric Attenuation Loss [dB]

Table 2.1: List of five potential spectral windows at THz frequencies with corresponding mini-
mum attenuations [26].

Window Number Center Frequency Bandwidth FSPL (at 5 m) Atmospheric Attn.

[#] [GHz] [GHz] [dB] [dB/km]

I 300 47 ∼ 96 > 3

II 350 47 ∼ 97 > 3

III 410 51 ∼ 99 12

IV 670 87 ∼ 103 38

V 850 111 105 51

Despite the atmospheric attenuation, there are certain spectral windows available forTHz com-

munication. For instance, spectral windows centered at 300 and 350 GHz carrier frequencies

offer 47 GHz of continuous bandwidth each with atmospheric impact amounts to no more than

2.8 dB/km, which allows a 100 Gb/s high throughput even with asimple modulation scheme

for short-range wireless communications [3].

Atmospheric attenuation values can vary hugely depending on the transmission distance,

frequency and the medium composition (i.e., how many molecules it interacts with). Between

250 GHz and 1 THz, five windows can be identified where the worst-case attenuation is below

100 dB/km based on the method described in the Recommendation P.676-10 from the Inter-

national Telecommunications Union (ITU) [26]. Table 2.1 lists associated carrier frequencies

of the five potential spectral windows available for wireless communications with the lowest

possible attenuations along with the bandwidths.

Meanwhile, in Fig. 2.3, the channel transfer functions (CTFs) are depicted by ignoring and

considering the atmospheric attenuation for LoS scenario.The geometry is given in Fig. 3.6

(second environment,cf. Sec. 3.3) where the TX and RX are at heights 2 m and 0.75 m

respectively, and separated by a distance of 5 m. In order to show the impact of atmospheric

attenuation only, the rough plaster walls and ceiling are modeled as ideally smooth surfaces

(σh = 0). The details about smooth and rough surfaces are given in Sec. 2.5 and Sec. 2.6.
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2.3. Propagation Loss Factor of Atmospheric Attenuation
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Figure 2.3: CTFs with and without considering the atmospheric attenuation for receiver loca-

tion RX-LoS.

As deduced the peak-to-peak frequency dependent variationof up to 87.5 dB atfc = 557 GHz

(water vapor resonances) is well evident. Conversely, it is0.1 dB at fc = 300 GHz (spectral

window). The atmospheric attenuation for short-range indoor wireless communications in LoS

transmission links can thus be neglected.
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Figure 2.4: CTFs with and without considering the atmospheric attenuation for receivers RX-

LoS and RX-NLoS.
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As expected, in Fig. 2.4 the results depict that the multipaths are comparatively more at-

tenuated for NLoS case. Moreover, in NLoS scenario most of the total received power contri-

bution comes from reflections. For LoS scenario, however, the contribution of reflection is less

poignant and the total received power depends highly on direct path. Unlike LoS, the peak-to-

peak frequency dependent variation of up to 138.5 dB atfc = 557 GHz, 87.8 dB atfc = 752

GHz, and 57.6 dB atfc = 988 GHz are ascertained. Nevertheless, atfc = 300 GHz (spectral

window) the atmospheric attenuation for both LoS and NLoS cases is identical.

2.4 Novel Findings from Candle Flame Analysis

To exploit the power and peril of THz frequencies in the presence of fire, a preliminary analysis

of candle flame impact on the ultra-broadband THz communication links across the spectrum of

interest from 300 to 310 GHz is investigated. The measurement setup is schematically illustrat-

ed in Fig. 2.5. This approach is based on recording the frequency dependent complex scattering

parameterS21 extracted from channel measurements using a Rohde & Schwarzvector network

analyzer (VNA) ZVA67 to study the variations in total received power and phase. AllS21, in ad-

dition to the system losses include the respective antenna gains (i.e., 25.5 dBi for horn antenna

and 9.7 dBi for open-ended waveguide antenna).

d

Figure 2.5: 300 GHz VNA-based channel sounder.

In Fig. 2.6, the open-ended waveguide and horn antenna are depicted. The channel mea-

surements are performed in a lecture room under LoS environment. The chosen distancesd

between TX and RX are 0.5 m and 1 m, respectively. Perfect phase coherence is mandatory

to get correct measurements for experimental analysis. Measurements are taken in different

scenarios with respect to distance between the two RS®ZC330extenders as well as the three

16



2.4. Novel Findings from Candle Flame Analysis

different antenna configurations namely, Horn-Horn, Horn-Open, and Open-Open. The number

of chosen sweep points are 801 and the output power level fromthe extender is -8 dBm. A two-

port TOSM (through, open, short, match) calibration is executed on the converter’s waveguide

ports considering our experiment’s parameters. A detaileddescription of the scenario is omitted

here because of it’s minor relevance in the results, found inthe author’s separate publication-

s [27,28].

(a) (b)

Figure 2.6: Measurement setup (a) Waveguide WM-864 (b) Horn antenna.

The transfer functions for the three scenarios are illustrated in Fig. 2.7 ford = 0.5 m and in

Fig. 2.8 ford = 1 m. The respective phase shift is also illustrated for the above mentioned dis-

tances later in Figs. 2.9 and 2.10. In the measurement process theS21 is calculated by averaging

10 snap shots taken at different time instances as

PL[dB] =−10log10

[
1
N

10

∑
i=1

|S21( fi)|2
]

(2.4)

The conclusions drawn from this work are:

• For both scenarios (i.e.,d = 0.5 m andd = 1 m) in all the three channel configurations (i.e.,

Horn-Horn, Horn-Open, Open-Open), the experimental results demonstrate that the THz

electromagnetic wave (EM) propagation is exposed to slightattenuation (i.e., amplitude)

in the course of free space propagation through candle flame and this is mainly caused by

water vapor attenuation. Hence, this slight attenuation does not pose any serious challenge

to the precise characterization and localization of materials at THz frequencies.

• For both distances and all of the three channel configurations in the considered scenarios,

we experimentally investigated the THz EM wave propagationconcluding that the wave

propagation is delayed (phase shifted). However, this phase shift is more prominent in

(both) Open-Open antenna configurations.
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Figure 2.7: Transfer functions for three channel scenarios: Horn-Horn, Horn-Open, Open-

Open ford = 0.5 m.
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Figure 2.8: Transfer functions for three channel scenarios: Horn-Horn, Horn-Open, Open-

Open ford = 1 m.

• The above results provide useful information for designing the ultra-broadband mobile

THz system. Meanwhile, adaptive beamformers on TX as well ason the RX sides play

a crucial role for precise localization of materials and adequately addressing the time-

variant nature of the THz wireless channel.

The beam spot size for free space propagation (after the beamexit from the horn antenna) is

bypassed. The beam spot size for 1 m distance is about 16.6 cm at f = 300 GHz in horizontal
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Figure 2.9: Phase difference with and without candle flame for three channel scenarios: Horn-

Horn, Horn-Open, Open-Open ford = 0.5 m at 801 frequency points forf = 300...310 GHz in

free space measurements.
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Figure 2.10: Phase difference with and without candle flame for three channel scenarios: Horn-

Horn, Horn-Open, Open-Open ford = 1 m at 801 frequency points forf = 300...310 GHz in

free space measurements.

and 12.5 cm in vertical, the measurements cannot be performed in the lab to study this, due to

safety reasons. Interestingly, horn antennas have a divergent beam (i.e., in their spatial structure

unless collimating lenses are used) where the beam spot sizegets larger at farther distances.
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Chapter 2. Terahertz Wave Characteristics

2.5 Reflection by a Smooth Surface

A reliable communication link can be guaranteed only if a THzcommunication system utilizes

indirect paths (i.e., reflections) as a backup. The direct paths could be completely blocked by

moving objects into the LoS propagation, such schemes have to rely on NLoS propagation paths

by making use of multiple reflections from the walls, floor andthe ceiling. The indoor propaga-

tion environments usually have dielectric and conducting materials in their surroundings. The

surfaces of these materials could be either smooth or rough.When an EM wave is incident on

a smooth surface, a portion of the wave is reflected and part ofthe energy is lost due to the

transmission into the material. This reflection can be perceived as specular in a single direction,

where the angle of incidence and reflection angle are equal. If the reflection point belongs to the

dimension of the surface, the first-order reflected field at the receiving pointO can be expressed

from [24] as

ERef(O) =
[
GRX

Ref

]∗
R GTX

Ref LRef ETX (2.5)

where

R = RRX


ΓTE ζ1

ζ2 ΓTM


RTX (2.6)

Please note that the path length of reflections inLRef is the path length from TX to reflection

point and then further from reflection point to pointO. The ζ1 andζ2 are cross polarization

coupling coefficients. For specular reflection paths, thesecoefficients are equal to zero [11].

Note thatRRX andRTX are the geometrical depolarization vectors from RX and TX, respective-

ly [29], explained in more detail later in Section 2.6.

At THz frequencies, in case of ideally smooth and homogeneous surfaces such as glass and

wood, the characteristics of the reflection can be describedby the well-known Fresnel reflection

coefficientΓ . The smooth surface Fresnel reflection coefficient depends not only on the electri-

cal properties (permittivity, permeability, and conductivity) of the reflecting material, but also

on the polarization, frequency, and grazing angle briefly explained below. Here, a definition

of grazing angle will be beneficial to comprehend the reason of our considering grazing angle.

The angle between the surface and the incident EM wave is the grazing angle in contrast to the

incident angle which is between the surface normal and the incident EM wave. The grazing

angle is sometime more useful particularly in case of small incident angles.
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2.5. Reflection by a Smooth Surface

2.5.1 Dependence of the Reflection Coefficient on Polarization

The Fresnel reflection coefficient expressions for perpendicular (ΓTE) and parallel (ΓTM) polar-

izations for smooth surfaces can be found in [30, p. 21], as

ΓTE( f ,Θi) =
ZcosΘi −Z0 cosΘt

ZcosΘi +Z0 cosΘt
(2.7)

and

ΓTM( f ,Θi) =
ZcosΘt −Z0cosΘi

ZcosΘt +Z0cosΘi
(2.8)

Here,Θi is the incident angle,Θt = arcsin(sin(Θi)Z/Z0) is the angle of refraction,Z0(=377Ω)

the free space impedance andZ the wave impedance of the reflecting material, calculated as

Z =

√√√√√
µo

εo

(
n2−

(
α c
4π f

)2
− j 2nα c

4π f

) (2.9)

whereµo, εo, c, and f are free space permeability, permittivity, velocity, and the frequency

of the incident wave, respectively.α the absorption coefficient andn the frequency dependent

complex refractive index of the smooth surface, and are given by

n=
√

εr , and εr = ε̃r − j ˜̃εr = ε̃r − j60λσ (2.10)

where ε̃r , ˜̃εr , λ and σ are the real part of the relative complex permittivity, imaginary part

of the relative complex permittivity, the wavelength at hand and the medium conductivity in

mhos/meter, respectively. The empirically computed complex dielectric constants(εr) of the

indoor materials at 300 GHz carrier frequency used in our modeling approaches are tabulated

in Table 3.1.

In case of smooth surface,ΓTM corresponds to vertical linear polarization, whilstΓTE corre-

sponds to horizontal polarization. Comparing these two reflection coefficients, one can see that

the response of horizontal polarization increases with increasing the incident angle, as indicated

in Fig. 2.11.

21



Chapter 2. Terahertz Wave Characteristics

0 10 20 30 40 50 60 70 80 90
Angle of Incident Θ

i
 [deg]

0

0.2

0.4

0.6

0.8

1

F
re

s
n

e
l 
R

e
fl

e
c
ti

o
n

 C
o

e
ff

ic
ie

n
t 

 Γ

Γ
TM

Γ
TE

Figure 2.11: Magnitude of reflection coefficientsΓTE and ΓTM from smooth plaster (ε̃r =

3.691, ˜̃εr = 0.217) at f = 350 GHz for angle of incidence between 0◦ and 90◦.

2.5.2 Dependence on the Grazing Angle

The minimum inΓTM occurs at the Brewster’s polarization angle (cf. Fig. 2.11), the angle where

the transmitted wave is completely absorbed by the surface but a sudden increase in the response

of vertical polarization is witnessed again with further increase of the grazing angle. In other

words, the grazing angle marks the sign change in the real part of the reflection coefficient for

parallel polarization. Furthermore, in case of very small grazing angle(Θi ≈ 0◦), we have

ΓTE = ΓTM (2.11)

Conversely, when(Θi ≈ 90◦), we get

ΓTE =−ΓTM (2.12)

2.5.3 Dependence on Frequency

The Fresnel equations have the frequency dependent refractive index and absorption coefficient

in the equation of wave impedanceZ, which means the reflectivity is also frequency dependent.

At THz frequencies, however, the refractive indices do not vary considerably with frequency
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2.5. Reflection by a Smooth Surface

for common indoor building materials [31]. In contrast, a significant increase of the absorption

coefficient with the frequency is conspicuous.

Coverage Simulations Attributive of Reflection Order of Multipaths

Fig. 2.12 illustrates the reflection order of path dependentcoverage simulations in terms of

relative received power. The simulation setup depicted in Fig. 3.6 (second environment,cf. Sec.

3.3) is 7 m in (length) x 7 m in (width) x 3 m in (height). An access point (TX) is assumed

at the pointsx = 6 m, y = 1 m, z= 2 m. Coverage maps are simulated with ray-tracing for

x= 0.125...6.875 m andy= 0.125...6.875 m in discrete steps of∆x= ∆y= 0.125 m inx andy

directions, respectively. All walls, the ceiling and floor are made of smooth plaster (i.e.,σh = 0

mm) with ε̃r = 3.691, ˜̃εr = 0.217. The furniture (tables, chairs, cabinets, wardrobe) ismade

of identical pine wood with̃εr = 1.734, ˜̃εr = 0.073 and considered smooth as well. The three

glass windows with̃εr = 6.656, ˜̃εr = 0.539 are also modeled smooth. Isotropic omnidirectional

antenna are used at both TX and RX ends. There are 729 receiverpoints (RXPs) covering

the entire office. Taking into account the worst-case coverage, all chosen RXPs are 0.25 m in

height. Ground reflections from the floor are also included. The diffraction around the edges

and wedges is disregarded for an isolated quantification of the reflection orders. Next, in case of

Fig. 2.12(d), up to three reflections (i.e., thrice reflectedpaths) are considered. We neglected the

multipaths that leave the office room and bounce back by setting the receiver sensitivity level

to -140 dBm. Such multipaths are too weak to be considered forcoverage map studies at THz

frequencies.

Note that the power of all incident rays is summed up at each point to average out unwanted

multipath fading effects. Multipath propagation in indoorenvironments is strongly affected by

the dimensions of the surroundings and density of furniture. From Fig. 2.12, we can deduce

that a reliable high-speed communication link can only be maintained when and if the THz

communication system relies on reflections as a backup. The direct paths could be blocked

completely by the intervention of mobile objects into the direct path with wavelengths around

1 mm at 300 GHz, such scenario has to consider multiple reflections from the walls, floor and

the ceiling. The key finding from these simulations is that; abetter coverage can be achieved,

if transmission paths with one and two reflections from walls, ceiling and floor are considered.

Recently, in experiment [32] the first specular NLoS link from a typical indoor wall has been

demonstrated at (discrete) THz frequencies, opening up a new horizon of scientific investigation
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Chapter 2. Terahertz Wave Characteristics

Figure 2.12: Coverage maps attributed of direct path and reflection orderof multipaths. TX at

the positionx= 6 m,y= 1 m,z= 2 m, 729 RXPs are 0.25 m in height, and atf = 300 GHz.

for NLoS THz communications. However, due to notably largerpath loss and high reflection

losses, higher order of reflections (i.e., 3rd order) may notcontribute to the multipath THz

channel.

2.6 Reflection by a Rough Surface

Reflection by a rough surface or diffuse reflection is the mostcritical and important propagation

phenomenon at THz frequencies. The diffuse reflection of EM waves is merely dependent on

the surface roughness, incident angles, complex refractive index of materials and wavelength at

hand. At THz frequencies, diffuse reflection tends to be particularly strong due to the increased

surface roughness and this causes an additional attenuation even in the specular direction of

reflection (cf. Fig. 6a−b in Ref. [19]). Generally speaking, when an EM wave is incident on a

rough surface, the phenomenon of diffuse scattering splitsthe wave into a specular and many
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2.6. Reflection by a Rough Surface

Figure 2.13: Specular reflection by a smooth (left) and diffuse reflections by a rough (right)

surface.

scattered paths. When a wave is scattered, the resulting reflections occur in many directions,

though certain privileged directions may receive more energy as depicted in Fig. 2.13. It is

noteworthy to mention that we deal withrandom rough surfacesthroughout this dissertation.

The reason is straightforward, the shape of the indoor roughsurfaces met in practise can merely

be described by a random function of coordinates, hence, described statistically. Henceforth, the

diffuse scattering from indoor surfaces should also be dealt as a statistical problem for finding

the statistical characteristics of the scattered field (distribution functions, moments, correlation

functions, etc.) from the statistical properties of the real physical surface [33].

Additionally, the surface topography of any real indoor material reveals that we are actually not

encountering periodic surfaces. Likewise, even little violations of periodicity lead to qualitative-

ly unique phenomena, namely, disappearance of specular lobe and distortion of the side lobes.

Besides, it is nonessential to investigate the fine structure of the scattered field, and a knowledge

of certain parameters of the reflected signal, averaged overa whole class of surfaces and reflect-

ing objects, proves sufficient [33]. As a matter of fact, the statistical approach to the solution of

scattering problems from a rough surface received broad acceptance in the past [30], [34]− [37].

2.6.1 Basic Geometry of Scattering

Let us assume the incident fieldETX, a harmonic plane wave of unit amplitude, is incident on

the random rough surface elementdS. The elevation angle of incidence is represented asΘi and

the elevation and azimuth reflected angles in the scattered region asΘr andΘs, respectively. To

avoid confusion while representing single scattered ray ina basic geometry, we actually need

two reflection angles to define it. One angle (Θr ) which goes from the normal (cf. Fig. 2.14, it

is z-axis) and the other angle (Θs) which goes from the incident plane (it isy-axis). However,
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Chapter 2. Terahertz Wave Characteristics

Figure 2.14: Illustration of the basic scattering geometry.

there are various other scattered rays also, not displayed in the figure. The angles are measured

with respect to thez-axis as schematically shown in Fig. 2.14.

Let the observation pointO is far above the selected rough surface to fulfil the far-fieldcondition.

The scattered field at the receiving pointO has the following expression:

EScatt(O) =
[
GRX

Scatt

]∗
R GTX

ScattLScattETX (2.13)

Notably, for diffuse scattering from rough surfaces now thetermsζ1 andζ2 in R are not equal

to zero. Rather, it is determined by the perturbation theory[38]. Moreover, due to the rough

surface, theΓTE andΓTM are also changed inR. Please see the modified reflection coefficients

in Sec. 2.5.3.

2.6.2 Statistical Description of Rough Surface

A surface categorized as rough in macro-scale might be smooth in micro-scale and vice ver-

sa [39]. Perhaps, surfaces can be rough in various ways, i.e., they can be periodically rough

like sinusoidal, saw-tooth or rectangular. Nevertheless,the surfaces just mentioned have one

common thing —they produce a scattered field. In consequence, there is a need to describe a

rough surface accurately and concisely. In more general terms, the physical characteristics of

a random rough surface are described by it’s simplest statistical functions, like the height and

slope distribution functions. These can be computed as non-cumulative or cumulative. Basical-

ly, these functions are computed as normalized histograms of the height or slope values. Note

that the height and slope distribution quantities belong tothe first-order statistical quantities,
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2.6. Reflection by a Rough Surface

thus, describing only the statistical properties of the individual points. To simplify the discus-

sion, a rough surface can be defined with the surface height having a non-zero varianceσh 6= 0

with respect to the mean heighth̄, which constitutes an absolutely smooth reference surface.

In Fig. 2.15, we show a rough surface with standard deviationheight of the surface roughness

σh = 0.10 mm, whilst the corresponding surface height histogram isillustrated in Fig. 2.16.

The average surface heighth̄ or the 1st-moment of the random variableh(r) at a positionr is

assumed zero. Thēh= 0 mm for any position on the surface warrants that the random fieldh(r)

is homogeneous.
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Figure 2.15: Rough surface withσh = 0.10 mm. The dotted lines in the figure indicate the

average surface height positions.
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Figure 2.16: Histogram of rough surface withσh = 0.10 mm from the Fig 2.15.
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2.6.3 The Rayleigh Method

To account for decrease in the reflected energy in specular direction due to the roughness of

materials in the THz range, Fresnel reflection coefficients must be multiplied by the Rayleigh

roughness factor [30]. Namely, the field reflected from the rough surface is reduced from that

of a smooth surface by this factor. Thus, the scattering losses for the specular reflections are

equal to the Rayleigh roughness factor(ρspec) expressed as

ρspec= e−
g
2 = exp

(
−8π2 f 2 σ2

h cos2 Θi

c2

)
, ρspec∈ [0,1] (2.14)

where,

g= σ2
h(2π f/c)2(cos(Θi))

2 (2.15)

or

g= k2σ2
h(cos(Θi) + (cos(Θr))

2

Here, g is the roughness parameter of a material,f the frequency of incident wave,σh the

standard deviation height of surface roughness,Θi the angle of incidence and reflection relative

to surface normal, andc the velocity of light. The parameterg, an interesting and simple means

of estimating the degree of EM roughness of a surface, i.e., if a surface can be qualified as

smooth(g= 0), slightly rough(g ≪ 1), moderately rough (g ≥ 1), or very rough(g ≫ 1) as

depicted from it’s reflection and scattering pattern in Fig.2.17.

Figure 2.17: Transition from specular reflection to diffuse scattering.The surfaces are: (a)

smooth, (b) slightly rough, (c) moderately rough, and (d) very rough. Figure adapted from

Fig. 5.1 in [30].

From Eq. (2.14), it is apparent that the roughness parameterg of a material depends on standard

deviation heightσh, angle of incidenceΘi , and the carrier frequencyf . Further, the consequence
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2.6. Reflection by a Rough Surface

of cosine function in theg formula indicates that the surface roughness impact for an impinging

wave is lower towards higher angles of incidence. The correspondingg values of the rough

materials, i.e., plaster x1, plaster x2, plaster x3 used in our scenario are illustrated in Fig. 2.18

for the frequency range between 100 GHz and 1 THz for two angles of incidence: 30◦ and 45◦.
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Figure 2.18: Calculated roughness parameterg of three different plasters (ε̃r = 3.691, ˜̃εr =

0.217) for angles of incidence 30◦ (top) and 45◦ (bottom).

The modified reflection coefficients for parallelΓ̃TE and perpendicular̃ΓTM polarizations in the

presence of rough surfaces taking into account the different standard deviation heights are then

Γ̃TE( f ,Θi) = ρspecΓTE( f ,Θi) (2.16)

also

Γ̃TM( f ,Θi) = ρspecΓTM( f ,Θi) (2.17)

From Eq. (2.17), it is apparent that̃Γ ( f ,Θi) is always smaller thanΓ ( f ,Θi). In [18], the

THz-TDS is used to measure the absorption coefficient and refractive index of rough surfaces

(i.e., granular wallpaper and concrete plaster). Then, thereflection coefficients for the specular

reflection are calculated using the conventional Fresnel equations. Next, the modified reflection
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Figure 2.19: Magnitude of (modified) reflection coefficient for angle of incidence between 0◦

and 90◦ at a frequency of 350 GHz for TE and TM polarized wave (material: plaster).

coefficientsΓ̃ are calculated from Eq. (2.16) and Eq. (2.17) owing to the roughness(g 6= 0)

of the investigated samples. By using the aforementioned procedure, the coverage simulation

results in [18] show good agreement with measurements upon comparison. Please note that

for materials which are optically smooth, the conventionalreflection coefficientsΓ do conform

with the measurements for long wavelengths (i.e., at lower frequencies) but deviate for shorter

wavelengths (i.e., at THz frequencies) by virtue of the roughness of the optically smooth indoor

materials that become evidently rough at THz frequencies and thus scatter. Consequently, this

entails channel models with surface roughness at THz frequencies and the novel scattering

algorithms [16]. Thus, in [18] this deviation is rectified byincluding the Rayleigh roughness

factor. We now employ this to calculate magnitude of the reflection coefficientsΓTE andΓTM,

shown in Fig. 2.19 as a function of angle of incidence at the center frequency 350 GHz, for

the three rough plasters used in our study’s scenario depicted in Fig. 2.20. The solid line (cf.

Fig. 2.19) is used as a benchmark for comparing smooth (i.e.,σh = 0) and rough plasters.

OnceΓ ( f ,Θi) and Γ̃ ( f ,Θi) are determined, then rearrangement of Eq. (2.16) or (2.17)

evaluates the Rayleigh roughness factorρspecas
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2.6. Reflection by a Rough Surface

ρspec( f ,Θi ,σh) =
Γ̃ ( f ,Θi)

Γ ( f ,Θi)
(2.18)

Coverage Simulations Attributive of Roughness

The diffuse reflection of EM waves is merely dependent on the surface roughness, incident

angles, complex refractive index of materials and wavelength at hand. At THz frequencies,

diffuse reflection tends to be particularly strong due to theincreased surface roughness and this

causes an additional attenuation even in the specular direction of reflection. In the above figures,

we have theoretically evaluated the influence of standard deviation heightσh in case of smooth

and rough plasters. However, in order to investigate the influence of different materials along

with their roughness on the 300 GHz propagation channel, simulations in a realistic environment

are indispensable. This expedites the perception of plausible TX/RX constellations and assists

in spotting out the materials that affect the quality of the THz links as a result of scattering.

These simulations are carried out in an empty office room of 7 m(length) x 7 m (width) x

3 m (height) which is an LoS cubic scenario. The TX is placed at the pointsx= 6 m,y= 1 m,

z= 2 m. There are once again 729 RXPs. Taking into account the table top terminals, RXPs

are chosen to possess aheight= 0.75 m. All walls and the ceiling are made of plaster identical

to the description already given previously in the coveragesimulations except for the floor. The

floor is covered by smooth polyvinyl chloride (PVC) withε̃r = 2.788, ˜̃εr = 0.069. Due to the

smooth flooring, only specular reflections from the floor are included. Up to twice-reflected

paths (i.e., 2nd order) are considered in the modeling. To maximize scattering contributions

and lower scattering losses, vertically polarized omnidirectional antennas are chosen at both TX

and RXPs. The diffraction (i.e., no objects) and transmission are neglected. Receiver sensitivity

level is once again set to -140 dBm.

The results in Fig. 2.20 show the impact of surface roughnesson the THz propagation

channel in terms of coverage maps obtained from ray-tracingsimulations under LoS scenario.

As deduced, the roughness (i.e., variable roughnessσh ranging from 0.05 to 0.25 mm) peculiar-

ly persists without any noticeable influence on the relativereceived power, where an average

attenuation of around 91.72 dB is recorded ignoring the surface roughness. Regardless of the

direct path, the scattering is quite significant in the points near to the walls and distant from the

TX. Nevertheless, the average attenuations forσh = 0.05 mm,σh = 0.10 mm,σh = 0.15 mm,

σh = 0.20 mm andσh = 0.25 mm are recorded as 92.08, 92.72, 93.13, 93.30 and 93.38 dB,
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Chapter 2. Terahertz Wave Characteristics

Figure 2.20: Coverage maps attributive of roughness dependence on the total received power

at 300 GHz for LoS scenario. TX at the positionx= 6 m,y= 1 m,z= 2 m and 729 RXPs are

0.75 m in height.

respectively. Intuitively, these almost identical average attenuations are perhaps highlighting

the effect of a dominant LoS path components (direct path) compared to the scattered channel

paths with almost negligible effect.
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Figure 2.21: Calculated magnitude of reflection coefficientsΓ̃TE andΓ̃TM for specular direction

on rough plaster (̃εr = 3.691, ˜̃εr = 0.217) at f = 300 GHz for incidence angleΘi = 45◦ and

standard deviation heightsσh from 0.05 mm to 0.30 mm.
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2.7. Diffraction

Furthermore, in Fig. 2.21 we calculate the modified reflection coefficientsΓ̃TE andΓ̃TM of

the corresponding material (rough plaster) used in all walls and ceiling taking into account the

different standard deviations of surface height to identify exactly how the material is impairing

the quality of THz links for first-order reflections.

2.6.4 Depolarization

Reflection by a rough surface is not only scattering the field towards non-specular directions but

also depolarizing it. This is the change in polarization of the incident wave on being scattered at

the surface, proportional to the surface roughness of the material in a distinctive manner. Thus,

one should distinguish between depolarization that occursdue to the scattering effects from a

rough surface and geometrical depolarization. Both of these polarization effects can be mea-

sured in terms of the cross-polar discrimination ratio (XPD), where an orthomode transducer

enables the vertically polarized transmitting signal to capture both horizontal (cross-polar) and

vertical (co-polar) signal components at the receiver end.The XPD is defined in [40] by the

expression

XPD= 10log10

(
PV

PH

)
(2.19)

wherePV andPH correspond to the received power of the vertical and the horizontal component,

respectively. In [40], it is shown that the depolarization is more dominant in case of rough

surfaces than that caused by smooth surfaces. Besides, the XPD becomes bigger for higher

incident angles but no dependency on distance was observed.Similarly, in [41], it is shown

that depolarization arises in backscattering from dielectric rough surface. However, in [42]

it is concluded that neither depolarization nor polarization dependence is found in scattering

from a perfectly conducting rough surface. Note that rough surface is often assumed to be

perfectly conducting such that the boundary condition is satisfied. Perhaps, the scattering from a

perfectly rough surface is also a convenient starting pointas an assumption for the development

of mathematical models.

2.7 Diffraction

Diffraction occurs when an obstacle with sharp irregularities (i.e., wedges, edges and circular

cylinders) and large dimensions as compared to the propagated wavelength comes between
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Chapter 2. Terahertz Wave Characteristics

Figure 2.22: Geometry for smooth edge/wedge diffraction.

TX and RX. Even a moving person blocking the path of an EM wave can be considered as

a diffracting object at THz frequencies [43]. Apart from persons, the diffracting objects in

an indoor environment are metallic or wooden edges of file cabinets, bookshelves, cupboards,

tables, workplace-privacy panels, open windows and doors.Due to diffraction phenomena,

the propagated wave bends around the obstacle and continuespropagating in the geometrical

shadow region (or incident shadow boundary) behind the obstacles, as evident from Fig. 2.22.

The well-known models with analytical description of the diffraction behaviour of many

different objects are the uniform theory of diffraction (UTD) [44] and the knife edge diffraction

(KED) [38]. The first approach not only holds valid for various objects with arbitrary dielectric

parameters, but also accounts for polarization in contrastto the latter approach. However, the

complexity of UTD is very high and it requires numerical solutions for path loss [45]. The first

order diffracted field at the receiving pointO can be expressed from [24] as

EDiff (O) =
[
GRX

Diff

]∗
GTX

Diff D(ϕTX,ϕRX) Q(dTX,dRX)LDiff ETX (2.20)

Based on (Eq. 2.20),EDiff depends onD andQ. The diffraction coefficientD is determined

by diffraction angles at objects and the boundary conditions. Likewise, the geometry factorQ

considers the distance from TX and RX to the edge or wedge. Thus far, a very few angular

dependent diffraction measurements at THz frequencies have been reported [43], [46]− [48].

In [48], the analysis of the frequency dependency on wedges (metallic cuboids) between 275

and 325 GHz is experimentally studied, and no significant dispersion of the diffracted wave is

34



2.8. Channel Performance at THz Frequencies

noticed. Moreover, the measurements show good agreement with the calculations based on the

UTD regardless of the polarization and angular range. To summarize, the UTD proves well-

suited for the diffraction modeling at 300 GHz from smooth surfaces.However, the diffraction

from rough surfaces at THz frequencies has not been studied yet.

2.8 Channel Performance at THz Frequencies

Fact that many radio scientists around the globe are interested in THz regime for wireless com-

munications is due to the overwhelming extreme wide bandwidths available which is essential

in terms of high capacity, flexibility and explicitly attractive for Tbps wireless applications.

Although scientists have to overcome certain device (components) as well as nontrivial wire-

less channel challenges, but steadily paving the way for theever-accelerating technological

advancement. For instance, an ultrahigh-speed IC for wireless front-end capable of wireless

transmission of 100 Gb/s in a 300 GHz band is recently reported [49] and this mixer circuit

applies a unique proprietary high isolation design technology with an Indium phosphide high

electron mobility transistor (InP-HEMT). This unique highisolation technology enlarges the

transmission bandwidth and improves the signal-to-noise ratio (SNR). As such, the compound

semiconductor transistors (i.e., GaAs, InP technologies)with superior high frequency perfor-

mance are particularly the choice of fortune for mm-wave andTHz frequencies, but low cost

and large volume manufacturing is unforeseeable. Nevertheless, in cell-phone amplifiers, the

largest production volume is indeed that of GaAs-based heterojunction bipolar transistor (HBT).

In addition, Si-based devices (SiGe and CMOS) are not out of picture. Recently, a CMOS single-

chip THz transceiver that can transmit or receive digital data at 80 Gb/s has been reported [50].

Moreover, SiGe technology is also dominant for delivering low power commercial solutions for

applications like local WiFi amplifiers and potentially forphased-array systems for 5G commu-

nication radios. Note that Si benefits from low-cost and tremendous integration capability with

8−12 levels of interconnect. Meanwhile, the maximum oscillation frequencyfmax of the latest

compound semiconductor transistor exceeds 1 THz [51, 52], and fmax of the SiGe bipolar tran-

sistor exceeds 500 GHz [53]. To summarize, several other functional circuits and components

such as amplifiers [54, 55], oscillators [56, 57], modulators/demodulators [58, 59], and phase

locked loops [60,61] are reported for THz applications.

Let us quantify the achievable data capacity of a short-range wireless communication of

THz wireless link of 5 m based on a simple link budget using Friis formula. The simplified
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link budget equations which determine the received powerPRX and the SNRdB at the RX can

be expressed as

PRX = PTX +GTX +GRX −20log

(
λc

4πd

)
−
(
αa( fc)d

)
−Xm (2.21)

The Shannon’s data capacityC can be represented as

C= Blog2(1+SNRdB) (2.22)

where SNRdB at the RX is

SNRdB = PRX− (N0+10log(B)+NF+M) (2.23)

wherePTX is the transmitted power,GTX andGRX are the gains for transmitter and receiver

antenna, respectively.λc andd are the wavelength at hand and distance, respectively.αa is the

atmospheric attenuation at frequencyfc andXm represents the excess loss, not included in the

FSPL.B is the system noise bandwidth,NF andM are the noise figure of the receiver and the

system margin, respectively. Note that for simplicity, alllosses and antennas are at 290K and

hence, the effect of losses is simply to reduce the signal level while the noise stays at the same

level. Besides, the thermal noise is assumed as additive white Gaussian noise (AWGN).
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Figure 2.23: Calculated Shannon’s maximum data capacity for spectral efficiency of 1 bps/Hz

and available data rates at a BER of 10−6 for different binary modulations.
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2.8. Channel Performance at THz Frequencies

Table 2.2: Most significant parameters for Fig. 2.23.

Parameter Symbol Value

Transmit power PTX 0 dBm

Carrier frequency fc 300 GHz

Wavelength λc 1 mm

Distance d 5 meter

Atmospheric attenuation αa 0.01 dB/m @fc

Excess loss Xm 0 dB

Noise spectral density No -174 dBm/Hz

Spectral efficiency η 1 bps/Hz

Noise bandwidth B Data rate× spectral efficiency

Total noise figure NF 15 dB

System margin M 10 dB

Bit error rate Pe 10−6

As previously mentioned, a spectral window centered at 300 GHz can be utilized that

offers 47 GHz of continuous bandwidth, which allows a 100 Gb/s high throughput even with a

simple modulation scheme. For this analysis, therefore, coherent and non-coherent amplitude-

shift keying (ASK) is assumed. Meanwhile, binary phase-shift keying (BPSK) with coherent

detection is also part of our analysis to calculate the required antenna gains for 100 Gb/s high

throughput. The antenna gains at both sides are considered equal for simplification. Table 2.2

gives the necessary parameters used in the calculation of Shannon’s data capacity considering a

bit error rate (BER) of 10−6.

For designing a very high speed 5 m wireless link that offers 50 Gb/s (cf. Fig. 2.23), the

THz communication systems employ an antenna gain between 32and 34 dBi dependent on the

modulation format. It is workable as THz frequencies leading to smaller-sized RF components

including antennas. For example, an antenna with a gain of 32dBi at 300 GHz has an effective

antenna aperture of about 126mm2, so that even antenna arrays with a large number of antennas

have a reasonable form factor. On the other hand, the physical area for the same antenna gain

at 5 GHz has drastically increased, unfeasible to be integrated into consumer electronics or at

user terminal, difficult if not impossible. At 300 GHz, the form factor compared to 5 GHz is at

least 60 times smaller.
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2.9 Development of THz Standards

In this section, we briefly discuss the current status of the regulation and standardization effort

of the physical layer (PHY) for the lower THz frequency range. THz technology has come of

age and the standards of IEEE 802.15.3d-2017 operating from252 GHz to 325 GHz, designed

for data rates of up to 100 Gb/s for intra-device communication (e.g., board-to-board commu-

nication), close proximity communication, wireless data centers and backhaul/fronthaul links,

are already approved [62]. Two PHYs modes are defined in the specification for the THz PHY,

namely, the single carrier (THz-SC PHY) and the on-off keying mode (THz-OOK PHY). The

two PHYs are mapped to the distinctive advantages in supporting specific applications. For

instance, the THz-SC PHY is aimed for extremely high data rates up to 100 Gb/s. Besides, it

is designed to support a wide range of modulations, namely,π /2 BPSK,π /2 QPSK,π /2 8-PSK,

π /2 8-APSK, 16-QAM, and 64-QAM. The modulations ofπ /2 BPSK andπ /2 QPSK are manda-

tory for THz-SC PHY, whilst the other modulations are optional. On the other hand, THz-OOK

PHY is designed to support low-cost and simple design. However, it supports a single modu-

lation scheme, on-off keying (OOK), and three forward errorcorrection (FEC) schemes. The

Reed Solomon code is mandatory here. The standard IEEE 802.15.3d-2017 provides 69 chan-

nels with eight ranges of channel bandwidths from 2.16 GHz to69.12 GHz.

2.10 Concluding Remarks

A thorough insight into the basic propagation mechanisms atTHz frequencies is presented in

this chapter:

⇒ We neglected transmission phenomenon due to the resultant several 10 dBs transmission

attenuation losses for the material groups (wood, plastic, paper, brick, glass, leather) chosen in

this study, thus limiting the transmission distance and coverage toin-roomscenarios.

⇒ Similarly, the diffraction effect can also be neglected particularly for the indoor environments

under study due a number of reasons. Depending on the modeling environment, the diffraction

is either not present as in the case ofFirst andSecond Environmentswithout furniture and re-

flection points, respectively. Whereas in theThird Environment, the diffraction is present but

not taken into account to avoid elaborate computations and long simulation times spanning over

a few days.

⇒ The simulation findings point out that a better coverage can be achieved only if the transmis-
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sion paths with merely one and two reflections from walls, ceiling and floor are considered to

attain a reliable communication link relying on these as backup.

⇒ The simulations carried out in the spectral windows reveal that the atmospheric attenuation

for both LoS and NLoS scenarios in case of short-rangein-roomwireless communications can

be neglected. Nevertheless, atf = 300 GHz (spectral window) the atmospheric attenuation for

both LoS and NLoS cases is identical (0.1 dB).

⇒ The impact of candle flame on the ultra-broadband THz communication links is analyzed

with three different antenna configurations (Horn-Horn, Horn-Open, and Open-Open) for two

distances (0.5 m and 1 m) to demonstrate that the resulting slight attenuation in amplitude and

delay in phase pose no threat in precisely localizing and characterizing the materials or objects

at THz frequencies.

⇒ The coverage maps obtained from the ray-tracing simulations in case of LoS scenario unfold

the peculiar pattern of scattering being significant in the points near to the walls, distant from

the TX. Hence, the rough surface does not exert a dominating influence on the THz propagation

channels under LoS conditions when the effect of surface roughness in the specular direction of

reflection is considered.

⇒ Finally, a link budget calculation for designing a very highspeed 5 m wireless link that offers

100 Gb/s discloses that the THz communication system requires an antenna gain between 32 &

35 dBi for both the transmitter and receiver.
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Chapter 3
Advances in THz Scattering Models

In this chapter, the most famous diffuse scattering theories are adopted to establish a scattered

channel modeling approach and interpret the scattering phenomenon of indoor rough materials

at the frequency of choice. At THz frequencies, diffuse reflection tends to be higher due to the

increased surface roughness, thus causing an additional attenuation even in specular direction of

reflection (by the amount that is scattered into non-specular directions). The R-R vector pertur-

bation approach predicts diffuse reflection from opticallysmooth surfaces(σh/λ ≪ 1), whilst

B-K theories (classic and modified) in addition attempt to predict the angular distribution of the

scattered field from very rough surfaces(σh/λ ≫ 1). The composite rough surfaces consid-

ered in the aforementioned work have a Gaussian probabilitydensity of height and a Gaussian

correlation function. Moreover, ER model has also been chosen to study the diffuse scattering

phenomenon as proposed in [63]. In this approach, a sort of effective roughness is associated

with the objects’ infinitesimal surface element (tiles of rough material), which not only takes

into account real surface roughness but also the mean and statistical values of the object dis-

continuities. Then, the far-field component of the wave scattered by the surface elements, i.e.,

the field strength and power delay profile (PDP) is computed directly from the surface element

distance and orientation with simple analytical formulas.This chapter encompasses research

published in [64]− [66].

3.1 Physics of Diffuse Scattering in THz

The primary indoor materials encountered in this work are only solid surfaces. A general ty-

pology of the solid surface is shown in Fig. 3.1. Besides, most solid surfaces in nature have an
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Chapter 3. Advances in THz Scattering Models

inherent roughness, though they appear smooth or give a smooth feeling when touched physical-

ly. For instance, every sheet of paper (surface) in this dissertation may switch from very rough at

optical wavelengths, to slightly rough at submillimeter wavelengths, and smooth at microwave

wavelengths. Also, a surface that appears rough from a shorter distance may appear smooth

from a longer distance. Likewise, observing the surface from different locations may change

surface imperfections and a rough surface can be made to appear smooth. When studying s-

cattering, the solid rough surfaces are firstly broken down using the surface reflection theories

based on EM wave theory to distinguish between smooth and rough surfaces; further classifying

them. The EM wave theory uses Maxwell’s equations to study the wave propagation.

Figure 3.1: Flow chart for solid surface breakdown.

Homogeneous properties are constant throughout the solid,while heterogeneous properties vary.

Moreover, keeping statistical properties of rough surfaces in view, they can be categorized as

deterministic and random rough surfaces. A deterministic surface is one in which the surface

height fluctuation can be expressed as a deterministic function of the surface position and the

knowledge of the form of height function enables to determine the property of the whole surface.

Whereas, the surface height fluctuation of a random rough surface cannot be expressed in the

former way and is best described by using a random process. When elaborating the terms
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3.1. Physics of Diffuse Scattering in THz

isotropic and anisotropic, in the former one the surface height fluctuation is independent of the

surface direction whilst a vice versa situation describes the latter one. Henceforth, one may

want to use the property of roughness instead.

3.1.1 Surface and Volume Scattering

Generally, the scattered field behaviour points towards twoextremes, i.e., (i) surface scattering

and (ii) volume or subsurface scattering. Surface scattering is the case wherein scattering oc-

curs only on the border surface (exterior) between two different but homogenous media with

different electric and magnetic properties. The scattering on the exterior surface increases with

the increase in complex permittivity, whilst the reflectionand scattering pattern of surface scat-

tering depends on the surface roughness previously shown inFig. 2.17. Moreover, the models

for single scattering are quite different from multiple scattering (cf. Fig. 3.2). The multiple scat-

tering becomes prominent in case of highly scattering environments but might be neglected at

THz frequencies due to the extreme reflection losses. Thus, characteristics of surface scattering

are also cardinal in modeling the indoor multipath THz channel.

Figure 3.2: Schematic view of surface scattering.

In contrast to that, volume scattering is the scattering of EM wave in the subsurface (interior) of

a material, i.e., when EM wave transmits from one medium to another, it is scattered at different

levels and in different ways. Volume scattering arises whenthe incoming wave penetrates into

a medium. One might experience volume scattering together with surface scattering and either

of the two may vary depending on material properties. Thescattering coefficientis the deciding

factor to verify the contribution from the respective scattering extremes. Importantly, the choice

of roughness parameters (i.e., standard deviation height and correlation length) is crucial such

that the surface and volume scattering contributions are distinguishable in the angular behaviour

of the total scattering pattern.
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Figure 3.3: Models of single layered and multilayered surfaces.

As a rule of thumb, the standard deviation heightσh = λ/10 and the correlation lengthℓcr = λ

are previously considered to split the two extremes. The correlation length is described later in

Sec. 3.2.1. It is worth mentioning that the surface scattering contribution is most likely visible

close to the specular lobe, whilst the volume scattering is independent of scattering angles, in

fact almost constant everywhere in the diffuse lobe and hence, may be distinguishable at larger

angles where the surface scattering becomes negligible. The diffuse reflection of a plane wave

from single layered and multilayered rough surfaces is schematically shown in Fig. 3.3.

3.1.2 Coherent and Incoherent Scattering

Reflection at THz frequencies from typical indoor building materials that are slightly rough

(0 < g ≪ 1) comprises of three reflection components, i.e., the specular spike, the specular

lobe, and the diffuse lobe. The manner in which an incoming wave is reflected by a surface

is dependent on the microscopic shape of the surface morphology in addition to the surface

roughness, incident angles, complex refractive index, andwavelength at hand. The scattering

by which the phase is affected in a well-known and predictable way is called ascoherent scat-

tering. In other words, the scattered paths have non-random relative phases in the direction of

interest. The scattering from a slightly rough surface actually yields a combination of coherent

and diffuse components. However, the coherent component becomes more prominent when the

surface gets smoother. On the other hand, in case ofincoherent scattering, the scattered paths

have random relative phases in the direction of interest. Moreover, the scattered path lengths

are random too. Likewise, incoherent scattering is always weaker than coherent scattering.
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3.2. Rough Surfaces at THz Frequencies

3.2 Rough Surfaces at THz Frequencies

In this section, we interrogate the statistical description of random rough surfaces encountered

in indoor environments which may have implications on the throughput of THz communication

systems. The earlier discussion (cf. Sec. 2.5.2) encompasses surface profiles to be functions

of coordinatex only and their physical characteristics are further described by one-dimensional

(1D) distribution function namely height distribution function. These surfaces are termed as 1D.

In fact, most common random surfaces met in practise are two-dimensional (2D) interpreted as

functions of two spatial directions, i.e., the surface height h is expressed as a random function of

the two coordinatesx andy. Basically, the surface height distribution function describes the 2D

variation in surface elevation and azimuth above an arbitrary plane. Hereupon, to approximate

the scattering pattern of random rough surfaces, the roughness parameters and characteristic

functions are absolutely imperative. They are categorizedas Gaussian and non-Gaussian with

several approaches being used to describe the statistical nature of the surface. The random

rough surface considered in this study is homogeneous, single layered, isotropic and Gaussian

distributed.
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3.2.1 Gaussian Rough Surfaces

The behaviour of diffuse scattering of an incoming wave fromtypical indoor rough surfaces

inside rooms is ascertained by the statistical surface characteristics. The surface heighth as

already mentioned is a random function of the two coordinates x andy. The probability dis-

tribution of h then facilitates to figure out the shape of that surface. The surface heights of

indoor materials used in our simulated environments (cf. Sec. 3.3) are assumed to be Gaussian

distributed (i.e., the surface heights are normally distributed). In Gaussian height distribution,

surface height fluctuates systematically around the average surface height [39]. Let us consider

h normally distributed with average surface heighth̄= 0 and standard deviationσh. Then, the

probability distribution ofh is given by

ph(h) =
1√

2πσh
e
− h2

2σ2
h (3.1)

The standard deviationσh represents the surface roughness. This is among the most important

physical parameters but insufficient to express anything about the lateral distance between the

peaks and valleys of the surface profile. For instance, though apparently non identical, the rough

surfaces shown in Fig. 3.4 exhibit identical Gaussian distribution (i.e., h̄ andσh are same for

both surfaces). The reason for this difference in appearance is the surface correlation lengthℓcr.

The correlation length gives us the typical distance between two irregularities (peaks) on the

surface profile. It represents the lateral dimension of a rough surface. In other words, the corre-

lation length provides information whether the surface consists of densely packed irregularities

or slowly varying features. In brief, the two statistical parameters necessary for characterizing

indoor rough surfaces are: (i) the standard deviation height σh; (ii) the correlation length or cor-

relation distanceℓcr [67]. In fact, by varying these two statistical parameters one can generate

surfaces that match in appearance to almost any rough surface met in practise. It is notewor-

thy to mention here the use of an autocorrelation functionC(τ) of the surface to determine the

correlation length. The autocorrelation function is of fundamental importance in describing the

surface morphology of random rough surfaces. In particular, it gives the distance beyond which

two surface points can be considered independent of each other. The autocorrelation function

widely used and assumed mostly isGaussian. This normalized Gaussian autocorrelation func-

tion for the computation of the correlation length in a single dimension is expressed from [30,
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p. 81] as

C(τ) = e
− τ2

ℓ2cr (3.2)

Here,τ is the distance between two surface points(x1,y1) and(x2,y2) randomly selected at the

respective surface heightsh1 = h(x1,y1) andh2 = h(x2,y2). Hence, the correlation length is

the value of distanceτ for which the autocorrelation functionC(τ) drops toe−1 of it’s value.

Most noteworthy in this Eq. (3.2) is the assumption of an isotropically rough surface. However,

different rough surfaces may have different correlation functions and it is quite likely that other

autocorrelation functions may give a better fit to the measured surface data.

3.2.2 Non-Gaussian Rough Surfaces

In practice, the surface height distribution is not always Gaussian. A non-Gaussian rough sur-

face requires additional statistical parameters such as skewness and kurtosis, in addition to the

standard deviation heightσh and correlation lengthℓcr [39]. Thus, the fundamental question

arises as to how this non-Gaussian height distribution affects the total received and scattered

power, and what scattering models may be adopted for resolving these problems at THz fre-

quencies? Let us not delve deep in that and rather continue with the efforts mainly on Gaussian

rough surfaces and keep this research gap open for the time.

3.3 Scenarios Environments

As far as propagation in a real environment is concerned, theoffice room BB121 in our Institute

of Digital Signal Processing (DSV) has been modeled. This typical office room of 7 m (length)

x 7 m (width) x 3 m (height) covers both LoS and NLoS scenarios. In general, NLoS links

can either take the form of specular reflection, diffuse scattering (non-specular reflection) or

diffracted paths. Note that the diffraction effect can be neglected particularly for the indoor

environments considered in this study and shall be reasonedlater within each environment in

the following subsections. Up to twice-reflected paths (i.e., 2nd order) have been considered

in the modeling process unless otherwise stated. We have also neglected the multipaths that

bounce back and have path amplitudes lower than -200 dB by using the threshold function of

ray-tracer [68]. Note that the minimum path amplitude applied to the simulations is selected to

mindfully investigate the maximum influence of diffuse reflection omitting any paths with very

small power levels from the latter stages of the computations.
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An access point serving as the TX is positioned in a corner of the office just below the

ceiling at the pointsx = 6 m, y= 1 m, z= 2 m. The transmitting antenna is kept away from

any obstructions in order to provide maximum coverage. The transmit output power is 0 dBm.

Taking into account the table top terminals (i.e., laptops,tablets and cellular phones), all RXs

are chosen to have the 0.75 m height, unless otherwise indicated. Moreover, the simulations are

performed with isotropic omnidirectional antennas at bothTX and RX with radiation pattern

in the azimuth plane to realize an estimation of the maximum occurring multipath influence,

despite the demand of the THz frequencies for directional antennas of high gains. It is notewor-

thy to mention that the directional antenna though supportsthe multipath suppression and the

temporal dispersion, but simultaneously shows a high sensitivity against mispointing. Please

refer to [69] for antenna directivity impact and [70] for misalignment impact on THz indoor

channel characteristics.

The ceiling and walls are covered with rough plasters given in Table 3.1 possessing iden-

tical electrical parameters but with different statistical surface parameters of standard deviation

height and correlation length. The key idea is to use realistic statistical surface parameters mea-

sured by the authors in [18], and by varying these statistical parameters of rough plasters our

focus is to investigate and demonstrate the influence of degree of roughness on the 300 GHz

propagation characteristics. The floor is made of concrete and covered with ideally smooth

PVC, unless otherwise indicated. Hence, due to the smooth flooring, only specular reflections

are included from the floor. In order to attain coverage of thewhole office, maximize scatter-

ing contributions and lower scattering losses, verticallypolarized antennas are chosen at both

TX and RXs ends. The three glass windows 1.65 x 1.7 m2 each are modeled. These windows

are 1.05 m above the floor and separated by a distance of 0.45 m from each other. The white

board on the wall is an inactive object in the simulation environment. In Fig. 3.6, the pine wood

wardrobe of dimensions 2.25 x 2.6 x 0.1 m3 is clearly depicted. The wooden door towards the

corridor is 2.1 m high and 1.05 m wide. The other comparatively smaller door is 1.9 m high

and 0.8 m wide.

First Environment (Modeling)

At THz frequencies, the environment where channel modelingand measurements are of great

interest are offices, residential structures, conference rooms, corridors and libraries with dis-

tance up to 10 m. The simulated model of an empty office shown inFig. 3.5 is an LoS cubic

48



3.3. Scenarios Environments

scenario. The ultimate goal of this empty office model is to efficiently yield accurate predic-

tions on radio propagation key statistics including complex impulse responses, received signal

strengths for mobile locations, angular spreads, delays ofdirect/indirect rays, electric and mag-

netic field strengths, and interference measures. Besides,this empty environment is also the

choice of fortune to study the propagation channels when only the impact of roughness on THz

ultra-broadband channel is the focus of investigation. Theline-of-sight receiver (RX-LoS) is

chosen to have the 0.75 m height at the pointsx= 2 m,y= 4.4 m,z= 0.75 m. Hereupon, the

TX and the RX have a separation distance of 5 m. The diffraction in this empty office scenario

is not considered (i.e., no furniture).

Figure 3.5: 3D view of simulated empty office room BB121 (First Environment).

Second Environment (Modeling)

Figure 3.6 shows a simple environment which ascertains bothLoS and NLoS scenarios. The

RX-LoS and the non-line-of-sight receiver (RX-NLoS) are chosen to have the 0.75 m height

each at the pointsx= 3.5 m, y= 4.45 m,z= 0.75 m andx= 1.7 m, y= 2.75 m,z= 0.75 m,

respectively. The empty workplace has a height of 0.7 m, width of 1.8 m and length of 0.8 m.

This workplace is separated by metallic panel of 1.8 m x 0.55 mdimensions and pine wooden

tables with metallic legs. The TX and the two RXs are 5 m apart.This environment is the core

for all single-input single-output (SISO) propagation results. Please note that no diffraction is

observed when conducting simulations in the presence of an empty work space. The reason

being the absence of any reflection points that occur near sharp edges and wedges.
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Figure 3.6: 3D view of office room BB121 with an empty work place (Second Environment).

Third Environment (Modeling)

Fig. 3.7 illustrates the third environment which is rather complex. The seven workplaces have

a height of 0.7 m, width of 1.8 m and length of 0.8 m each. These workplaces are separated by

metallic panels of 1.8 m x 0.55 m dimensions and pine wooden tables with metallic legs. There

are five file cabinets, each having dimensions 1.5 x 1.6 x 0.4 m3 and characterized by 3 cm thick

pine wood. In order to reduce the complexity of the environment, all desktop computers and

TFTs are modeled with an identical material of polycarbonate (PC).

Figure 3.7: 3D view of office room BB121 with seven (7) work places (Third Environment).
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This environment is mainly used for MIMO propagation results. Diffraction from furniture

and other objects is not taken into account to cut down on the computational burden otherwise

leading to long simulation times spanning over few days in case of massive MIMO systems (cf.

Sec. 4.3) assumingN = 64 antennas at both TX and RX ends.

3.4 Frequency Dependence of Material Properties

In the lower microwave region (below 6 GHz) with a fairly longwavelength (e.g., the wave-

length is 60 mm at 5 GHz), reflections from common building materials hardly consider surface

roughness, and simply treat surfaces as smooth, flat and reflective. However, multiple works at

mm-wave frequencies such as [40,71,72], investigated the impact of surface roughness (diffuse

scattering) experimentally. The experiments in most of these works are setup for outdoor rough

surfaces with standard deviation heights of few centimeters. The authors in [19] measured the

statistical parameters of rough surfaces of indoor common building materials such as wallpaper

and plaster using commercially available equipment [73].Please note that the lateral and verti-

cal scan resolutions are the most important characterization parameters for surface roughness

measurements but not the carrier frequencies.

Table 3.1: Materials and their parameters used in ray-tracing (from [19,31,74]).

Material ε̃r ˜̃εr ℓcr σh

Plaster x (perf. smooth) 3.691 0.217 0.00 mm 0.00 mm

Plaster x1 (slightly rough) 3.691 0.217 1.30 mm 0.05 mm

Plaster x2 (slightly rough) 3.691 0.217 1.70 mm 0.15 mm

Plaster x3 (very rough) 3.691 0.217 1.80 mm 0.25 mm

Wood (perf. smooth) 1.734 0.073 0.00 mm 0.00 mm

PVC (perf. smooth) 2.788 0.069 0.00 mm 0.00 mm

Polycarbonate (perf. smooth) 2.750 0.011 0.00 mm 0.00 mm

Glass (perf. smooth) 6.656 0.539 0.00 mm 0.00 mm

The calculated relative standard deviations of the surfaceheight are 130µm and 50µm for

wallpaper and plaster x1, respectively. These standard deviations are comparatively small even

at mm-wave frequencies, and thus are usually neglected. On the contrary, the THz frequencies

have a wavelength on the order of several hundred micrometers (e.g.,λ 300GHz= 1 mm) which is

comparable to the surface deviation heights. Hence, the impact of roughness is to be investigat-

51



Chapter 3. Advances in THz Scattering Models

ed quantitatively. Thereupon, the empirical parameters ofthe materials used in our modeling

approach along with their standard deviation heights and correlation lengths are tabulated in

Table 3.1.
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Figure 3.8: Reflection Losses from combined Fresnel at 300 GHz with different incident angles

for materials listed in Table 3.1.
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Fig. 3.8 shows the reflection loss for common building materials at 300 GHz for different

incident angles corresponding to the experimentally calculated Fresnel reflection coefficient

in [74]. It is evident that the roughness of a surface costs far more reflection loss than done by

it’s electrical properties. Apparently, this higher reflection loss is also due to shorter wavelength

at THz frequencies. In contrast, for larger wavelengths thereflection loss is comparatively less.

Now, if rough plasters are assumed to be smooth (i.e., plaster x), the resulting reflection losses

are illustrated in Fig. 3.9 which clearly depict the dominance of material electrical properties.

3.5 Novel Solution of the Scattering Problem in THz

Among the major challenges at THz frequencies is the modeling of the most significant propa-

gation phenomenon of diffuse scattering, by which an incident ray may split into a specular and

several non-specular rays after bouncing off from rough materials. Notice that the scattering

problem of EM waves is still not completely solved and no exact closed-form solutions exist as

of yet. However, numerous approximate methods have been developed for wave scattering at

rough surfaces in order to predict and interpret experimental data. Amongst these, four popular

surface scattering models are: (i) Rayleigh-Rice model; (ii) Effective Roughness model; (iii)

classical Beckmann-Kirchhoff model; and (iv) modified Beckmann-Kirchhoff model. Pertain-

ing to the roughness characteristic, ER model [75] depends only on standard deviation height

σh which is irregular and arbitrary in distribution, whereas B-K model [30] considers not only

the standard deviation height which takes Gaussian hypothesis on the height distributions into

consideration, rather considers the irregularity or aperiodicity of surface roughness in spatial di-

rection also. This second statistical parameter is called correlation lengthlcr. In fact, by varying

these two statistical parameters one can generate surfacesthat match in appearance to almost

any rough surface met in practise. The main characteristicsof these aforementioned models

are summarized in more detail in the preceding subsections.In order to save the readers from

confusion, the ER model (cf. Fig. 3.13) and B-K model (cf. Fig. 3.14) are explained separately

based on two different scattering geometries.

3.5.1 Rayleigh-Rice (R-R) Model

The R-R approach can be seen as the most rigorous analytical solution of Maxwell’s equa-

tions for the limiting case of optically smooth surface (i.e., slightly rough surface). Rayleigh
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expressed optical smoothness by following the accurate criterion from [76] as

(4πσhcosΘi/λ )2 ≪ 1 (3.3)

Notice that Eq. (3.3) does not contain the scattering angle as an argument. The reason is straight-

forward, no assumptions are made regarding this angle when developing the theory. Thus, when

employing the R-R model, the incoherent diffuse scatteringis considered as multipath not di-

rected towards RX and is therefore neglected. Besides, the optically smooth surface check can

be a formidable figure depending on the composite surface or wavelength at hand. It is usually

formulated as:σh/λ ≪ 1. Unfortunately, there is no explicit number to decide whether the cri-

terion is fulfilled or not. For example, in [76] and [77] it is stated thatσh/λ should be smaller

than 0.01 and 0.05, respectively. However, in case of THz frequencies, the optically smooth

surface requirement is possibly reinstated owing to the extremely short wavelength. Therefore,

in our simulation model, we hypothetically assume that slightly rough surfaces haveσh = 0.15

mm andσh = 0.30 mm. We considerσh = 0 mm as a benchmark for conceptualizing ideally

smooth surfaces as opposed to rough surfaces.

The R-R theory is developed on the basis of boundary conditions for a perfectly conducting

surface. Besides, this theory takes polarization of the incident and scattered wave into account.

A small parameter of this theory is the Rayleigh roughness parameter(ρspec). For a Gaussian

height probability density function, this term is equal to (cf. Eq. 2.14). If the electric fields are

summed up without phase information, the averaged receivedpower is given by

PRX = Pi1LoS+
Np

∑
k=1

Pk (3.4)

Here,Pi is the direct path and1LoS is the indicator function that is equal to 1 or 0 in case the

direct path is present or not, respectively.Np is the number of paths andPk is the time averaged

power of thekth specular path.Pi affected by the free space loss only is given as

Pi = PTX

(
λ

4πdi

)2 ∣∣gT,θ (θD,φD)gR,θ (θA,φA)+gT,φ (θD,φD)gR,φ(θA,φA)
∣∣2e−αa( fi)di (3.5)

wheredi stands for the path length between TX and RX,θD andφD give the direction in which

the ray leaves from the TX. Likewise,θA andφA point to the direction from which the ray arrives

at the RX, andαa( fi) is the atmospheric attenuation coefficient at frequencyfi for given path
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length. The generic equation for direction of arrival is given by

gθ (θ ,φ) =
√∣∣Gθ (θ ,φ)

∣∣ejψθ (3.6)

whereGθ is the theta component of the receiving antenna gain andψθ is the relative phase of

theθ component of the far-field electric field. Thereupon, the time averaged powerPk of thekth

specular path accounting for the reflection from rough surface in the THz range is

Pk =
Γ̃ λ 2

8πZ0

∣∣Eθ ,kgθ (θk,φk)+Eφ ,kgφ (θk,φk)
∣∣2e−αa( fi)dk (3.7)

whereEθ ,k andEφ ,k are the theta and phi components of the electric field of thekth path at

the RX, respectively.θk andφk give the direction of arrival. The modified Fresnel reflection

coefficient (i.e.,Γ̃ = ρspecΓ ) is previously explained (cf. Sec. 2.6.3) and the expressions for

conventional reflection coefficient (Γ ) for a smooth surface are given in Eq. (2.7) and Eq. (2.8).

At THz frequencies, diffuse reflection tends to be higher dueto the increased surface rough-

ness and this surface roughness causes an additional attenuation even in a specular direction of

reflection (by the amount that is scattered into non-specular directions). The surface scattering

process for diffuse reflection has been analyzed based on R-Rtheory (i.e., the specular losses

occur due to the diffuse reflection). Simulations are conducted in order to study the indoor

multipath propagation and it’s impact on the ultra-broadband THz channel by considering two

different degrees of surface roughness (i.e.,σh = 0.15 mm andσh = 0.30 mm), respectively.

And as a benchmark compared with the ideally smooth wall (i.e., σh = 0 mm).

The simulation setup is depicted in Fig. 3.5 (first environment, cf. Sec. 3.3). All walls,

the ceiling and floor are made of plasters(ε̃r = 3.691, ˜̃εr = 0.217) with focus to investigate and

demonstrate the influence of degree of roughness on the ultra-broadband 300 GHz propagation

characteristics. The multipaths between TX and RX are computed in terms of the frequency-

domain CTF according to Kirchhoff Approximation (KA), which accounts for specular losses

by introducing Rayleigh roughness factor calculated from the surface height distribution. The

time-domain channel impulse response (CIR) orh(t) is obtained via inverse fast Fourier transfor-

m (IFFT). Here it shall be noted that at each frequency point,the frequency dependent complex

impulse response (CxIR) of the channel has been computed with the corresponding number
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of multipaths, angle of arrival (AoA), angle of departure (AoD) and time of arrival (ToA) of

individual paths. The complete CTF is then obtained throughthe coherent addition of the indi-

vidual CxIR. We employ the tangent plane approximation to scattering properties of common

building materials in our propagation models which take Gaussian hypothesis on the height

distributions into consideration. For the sake of conciseness, we refer the reader to author’s

separate publication [66] for the detailed description of the scenario.

At THz frequencies, the multipath propagation characteristics are likely to vary significant-

ly over the band of interest in case the environment is surrounded by rough surfaces. This is

actually the case in our simulation model. Fig. 3.10 and Fig.3.11 depict the LoS results with

and without scattering. Upon dual analysis (cf. Figs. 3.10 and 3.11), in case of no scattering

(or no roughness) the highest frequency selectivity of the channel is observed. In contrast, the

impact of surface roughness on the THz propagation channel leads to hardening of the THz

channel. However, the average attenuation over the whole bandwidth in Fig. 3.10 is found to be

96.59, 97.02 and 97.04 dB forσh = 0 mm,σh = 0.15 mm andσh = 0.30 mm, respectively.
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Figure 3.10: CTF of ray-tracing simulation of twice reflected TE polarized plane wave when

considering smooth and rough surfaces.

Apparently, the relatively identical average attenuationobserved forσh = 0.15 mm and

σh = 0.30 mm is most probably due to the presence of a dominant LoS path (direct path) and

the scattered channel paths may exert little or no impact on the total received power. In other

words, varyingσh does not affect the relative scattered power in LoS case. Furthermore, if the
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surface roughness is not properly taken into account in the propagation modeling, the received

power levels for the worst scenario (i.e., frequency pointf = 307.4 GHz) are miscalculated up

to 28.3 dB and 30.5 dB forσh = 0.15 mm andσh = 0.30 mm, respectively. This approves the

necessity to include scattering in THz propagation modeling.

Next, Fig. 3.11 presents quite interesting results. Varying theσh from σh = 0.15 mm and

σh = 0.30 mm, it is evident that the longer paths are crossing the threshold limit because their

amplitudes are impacted. Thus, the surface roughness on onehand increases the scattering

richness but on the other hand decreases the channel strength.
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Figure 3.11: CIR of ray-tracing simulation of twice reflected TE polarized plane wave when

considering smooth and rough surfaces.

3.5.2 Effective Roughness (ER) Model

ER is a semi-empirical model described by Degli-Esposti andemploys two approaches to de-

fine the scattering coefficient [75]. The fundamental difference between the two approaches is

basically in defining the scattering parameterS.
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Figure 3.12: The scattering geometry of rough surface dS explaining ER model.

In our study and then later for implementation in our RTA tool, we choose ER model’s

approach which defines scattering coefficientS as a ratio of scattered energy with specular

direction given by

S=

∣∣Es
∣∣

∣∣Er
∣∣

∣∣∣∣
dS

(3.8)

whereEr andEs are the norms of the reflected and scattered fields on the surface element dS

(cf. Fig. 3.12), respectively. As dS is infinitesimal and therefore, the fields on it are assumed

constant. The intensity of the scattered fieldEs is evaluated based on a proper scattering coeffi-

cient along with a scattering pattern, both depending on thecharacteristics of common building

materials’ irregularities. Hereupon,S2 is the amount of the power which is scattered in all di-

rections at the expense of the reflected power only. Therefore, the power balance can be written

as

∣∣Ei
∣∣2

2η
dscosΘ1 = R2

∣∣Er
∣∣2

2η
dscosΘ1

+S2

∣∣Er
∣∣2

2η
dscosΘ1+PP

= R2Γ2

∣∣Ei
∣∣2

2η
dscosΘ1

= S2Γ2

∣∣Ei
∣∣2

2η
dscosΘ1+PP

HereR is the reflection loss factor,PP is the power which penetrates the wall, andΓ = |Er |/|Ei |.
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The factorR accounts for the specular power loss and is a well-known parameter of scattering

theory [78]. Note thatΓ andEr can be determined using the Fresnel reflection coefficients.

According to this approach, the overall power balance on thesurface element dS can be written

as

1= Γ2(R2+S2)+PP/Pi (3.9)

wherePi is the incident power density. In case of an ideally smooth wall (i.e., S=0, R=1), the

power balance becomes

1= Γ2+PP/Pi (3.10)

In principle by combining Eq. (3.9) and Eq. (3.10), we can eliminate thePP/Pi and a relation

betweenSandRcan be obtained as

R∼=
√

1−S2 (3.11)

Note that, adopting this approach whereSandR are both independent from the incident direc-

tion and therebyScan assume any value in the range [0,1].

Meanwhile, ER introduces two scattering radiation patternmodels:Lambertian ModelandDi-

rective Model. The main characteristics of these models are briefly discussed below.

Lambertian Model

This model has maximum power in the direction perpendicularto surface reflection without

considering the direction of incidence wave. From [75, 79],we can calculate the amplitude of

scattered rays as

dE2
2 = K2

oS2Γ2dScos(Θ1)cos(Θ2)

π
1

r2
1r2

2

(3.12)

whereKo =
√

60GTXPTX, andGTX andPTX denote gain and input power of the transmitting

antenna, respectively.

Fig. 3.13 depicts various radiation lobes (normalized scattering patterns) for Lambertian (for an

incidence angle 45◦) and Directive Models.
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Figure 3.13: Lambertian and Directive single-lobe diffuse scattering patterns at 300 GHz from

rough surface dS.

Directive Model

Similar to B-K model (explained later in this Sec.), the maximum scattering lobe is steered to

the direction of specular reflection. The respective expression is rewritten as

dE2
2 = E2

s0

(
1+cos(ΨR)

2

)αr

αr = 1,2, ...,N (3.13)

Here,αr is the parameter that sets width of the scattering lobe. The higher theαr , the narrower

the lobe. The expression for maximum amplitudeEs0 is

E2
s0 =

(
SK
r1r2

)2

Γ2dScos(Θ1)

Fαr

(3.14)

where

Fαr =
1

2αr

αr

∑
j=0

(
αr

j

)
I j (3.15)

andI j is then defined as

I j =





2π
j+1 i f j mod 2= 0

2π
j+1 f (Θ1) i f j mod 2 6= 0

(3.16)

where

f (Θ1) = cos(Θ1)

j−1
2

∑
ω=0

(
2ω
ω

)
sin2ω(Θ1)

22ω (3.17)
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3.5.3 Classical Beckmann-Kirchhoff (cB-K) Model

The cB-K model is derived from the analytical model. It’s theory is more realistic and provides

more insight of the physical processes involved in the surface scattering. More realistic in con-

trast to R-R, since cB-K accounts for the diffuse reflection impact from rough surfaces in both

specular and non-specular directions. The cB-K model is validated against ultra-broadband

measurements [80] and it is applicable to both dielectric and metallic surfaces. However, the

cB-K theory is a scalar treatment; i.e., the wave scatteringtheory accounts only for the distribu-

tion of energy, and does not account for more complex effectssuch aspolarization. The B-K

theory is derived from the Helmholz integral [67] and it predicts a symmetrical scattered field

distribution around the specular direction under some assumptions forslightly andvery rough

surfaces[30]. The details of the theory along with it’s derivation are described comprehensively

in the monograph by Beckmann and Spizzichino [30] and the keysteps involved in the deriva-

tion of the model are only mentioned. But let us summarize theassumptions under which cB-K

model is derived. Perhaps being forthright and honest, these assumptions ensure the validity

of B-K model and it is not fair to withdraw any of the below listed assumptions at the cost of

mathematical simplicity.

Assumptions

1. The surface is perfectly conducting.

2. The radius of curvature of surface irregularities is large compared with the wavelength of

the incident field.

3. Shadowing and multiple scattering (cf. Fig. 3.2 b) is neglected.

4. The reflection coefficient of the surface has unity magnitude.

5. The incident wave is plane and linearly polarized with theelectric field vector in the plane

of incidence or perpendicular to it.

6. The observation point (i.e.,P) is sufficiently far from surface for the scattered waves to

be exactly planar.

7. The rough surface has a Gaussian probability density of height and a Gaussian correlation

function.
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The field scattered by a surface in any direction can be determined from the field present

at the surface. Let us assume the incident fieldEi , a harmonic plane wave of unit amplitude, is

incident at the rough surface elementdS. The elevation angle of incidence is represented asΘi

and the elevation and azimuth reflected angles in the scattered region asΘr andΘs, respectively.

The angles are measured with respect to thez axis as shown in Fig. 3.14. The total scattered

field Es at a pointP far above the rough surface is given by

Es(P) =
1

4π

∫ ∫

S

(
Ei

∂ψ
∂n

−ψ
∂Ei

∂n

)
dS (3.18)

This is called theHelmholtz Integral. It’s complete derivation is provided in [30]. Here,S is the

reflection surface,n is the normal to the rough surface element at the considered point, andψ

is a continuous scalar function given by

ψ =
ejkr ′

r ′
(3.19)

where, j=
√
−1 andk= 2π/λ is the propagation constant of the reflected wave.Ei and∂Ei/∂n

are the field and it’s normal derivative ondS. The exact values of these two quantities in general

are unknown. The KA orTangent Plane Approximationmay be used in approximating the

values of the field and it’s normal derivative at each point onthe surface and then evaluating the

integral in (Eq. 3.18). This approximation breaks down if the roughness includes sharp edges

or sharp points compared to the wavelength of the incident wave. Thus, the field at a point on

the rough surface is equal to the field that would be present ona tangent plane at that point.

Moreover, to calculate the local scattered fieldsEs, the KA treats the facets (rough surface

elements) of a rough surface as tangent planes and applies the Fresnel reflection coefficientΓ .

Within this approximation the field on the surfaceSbased on [30, p. 20] is defined as

Es= (1+Γ )Ei (3.20)

In general, the characteristics of the reflection can be described by the well-known Fresnel

reflection coefficient only in case of an ideal smooth surface. Although, we have considered a

rough surface, the KA is still applicable due to it’s assumption of a rough surface that is however

locally smooth.
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Figure 3.14: Geometry of scattered angles from a rough surface elementdS, I is the incident

plane andS is the scattering plane explaining B-K model.

In case of very rough surfaces, the reflection behaviour of the wave is dominated by the

scattering phenomena. We introduce a scattering coefficient from [30, p. 22]

ρ =
Es

Er
(3.21)

Here,Er is the field specularly reflected(Θi=Θr) by a smooth and perfect conducting surface of

similar dimensions as the rough one, and under the same angleof incidence at the same distance

by considering vertical polarization. From [30, Appendix A], we have

Er =
jkAcos(Θi)ejkr0

πr0
(3.22)

Area A = lx ly is the rectangular surface area. The Kirchhoff solution requires the lateral dimen-

sion lx andly of the areaA to be much greater than the wavelength, i.e.,lx ≫ λ andly ≫ λ .

It is worth remarking that to attainρ , in general an integration of the scattered field over

the whole surface needs to be performed. However, usually rough surfaces found in indoor en-

vironments with common building materials (i.e., wallpaper and plaster) have randomly rough

Gaussian height distributions at THz frequencies [19].

From a complex quantityρ in Eq. (3.21), we determine the mean value of|ρ |2

〈
ρρ∗〉=

〈
|ρ |2

〉
=

〈∣∣∣∣∣
E2

s

E2
r

∣∣∣∣∣

〉
(3.23)
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Here, the operator〈.〉 is an ensemble mean which represents a statistical average,and (.)∗

denotes the complex conjugate.

Now, assume a rectangular surface of area A =lxly with infinite conductivity. In general,

the average scattering coefficient of an incident wave on a rough surface of angleΘi , scattered

at anglesΘr andΘs, respectively, is determined by the following expressions[30, p. 88]

〈
ρρ∗〉

∞ =

(
ρ2

0 +
πℓ2

crF
2

A

∞

∑
m=1

gm

m!m
e−

v2
xyℓ

2
cr

4m

)
e−g (3.24)

Here,ρ0 the scattering coefficient of a plane surface with area A =lxly is given by

ρ0 = sinc(vxlx)sinc(vyly) (3.25)

From trigonometry it follows,

vx = k(sin(Θi)−sin(Θr)cos(Θs)) (3.26)

vy = k(−sin(Θr)sin(Θs)) (3.27)

vxy =
√

v2
x +v2

y (3.28)

The geometrical factor, a function of incident and scattered angles is given as

F =
1+cos(Θi)cos(Θr)−sin(Θi)sin(Θr)cos(Θs)

cos(Θi)(cos(Θi)+cos(Θr))
(3.29)

The quantityg, a measure of phase variation introduced by surface roughnessσh is expressed

as

g= (vzσh)
2 = σ2

h(2π f/c)2(cos(Θi) + (cos(Θr))
2

From expression in Eq. (3.24), it is apparent that the average scattering coefficient consists of

two terms. The first termρ2
0e−g describes the influence of the scattering in the direction of

specular reflection (i.e., specular spike component) only,and the succeeding (second) term cor-

responds to the diffusely scattered field (i.e., side lobes components). The average scattering

coefficient with different surface height distributions isschematically depicted in Fig. 3.15. Fur-

ther, in Fig. 3.16 it is apparent that the incident power is reflected and scattered in and around

the specular direction with an attenuation of 20.93 and 37.03 dB, respectively.
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Figure 3.15: Simulated scattering coefficient at 300 GHz of the plaster xi , (r ′ = 5 m).

Owing to Eq. (3.24), B-K model uses two statistical parameters to characterize rough sur-

faces: (i) the standard deviation heightσh; (ii) the correlation lengthℓcr. In general, the height

values of the topographic surface features on the mean surface level are measured at equally

spaced digitized data points. On the other hand, the correlation lengthℓcr is defined as the

lag-length at which the Gaussian correlation function drops to 1/eof it’s maximum [67].

The exponential series given by the summation in the lobe component can be approximated

for slightly rough(0< g≪ 1) and very rough surfaces(g≫ 1). The approximation results in

simpler expressions of the scattering coefficient for thesetwo extreme surface conditions are

〈
ρρ∗〉

slightlyrough=

(
ρ2

0 +
πℓ2

crF
2g

A
e−

v2
xyℓ

2
cr

4

)
e−g (3.30)

〈
ρρ∗〉

veryrough=
πℓ2

crF
2

Av2
zσ2

h

e
− v2

xyℓ
2
cr

4v2
zσ2

h (3.31)

Importantly, the above approximation in Eq. (3.24) assumedthe surface to be a perfect

conductor. Indeed, the materials used in our study are not perfect conductors. Next, in order to

approximate the average scattering coefficient for finite conductors, we average the conventional

Fresnel reflection coefficient (Γ ) over the entire surface area and use the resultant value (〈Γ 〉)
as a constant in the Helmholtz integral [67]. Finally, for finite conducting surfaces, the average
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scattering coefficient becomes

〈
ρρ∗〉

finite =
〈
Γ Γ ∗〉〈ρρ∗〉

∞ (3.32)

Therefore, the mean scattered power is given by

〈Ps〉=

∣∣∣E2
s

∣∣∣
2Z0

=

∣∣∣E2
r

∣∣∣
2Z0

〈
ρρ∗〉

finite (3.33)

Likewise, the incident power is

〈Pi〉=

∣∣∣E2
i

∣∣∣
2Z0

(3.34)

Thus, the average power reflection coefficient of a surface areaA, specifying the scattered field

in a distancer ′ from surface to the observation pointP relative to the incident powerPi leads to

[30, p. 89] and let
∣∣∣E2

i

∣∣∣= 1

〈
Rpower

〉
scattered=

〈Ps〉
〈Pi〉

= 〈|E2
r |〉
〈
ρρ∗〉

finite (3.35)
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The significance of this result can be seen once we substitutethe value ofEr from Eq. (3.22),

we find

〈
Rpower

〉
scattered=

4A2cos2(Θi)

λ 2r ′2
〈
ρρ∗〉

finite (3.36)

Similarly, for the direction of specular reflectionΘr = Θi ,Θs= 0, we have

〈
Rpower

〉
specular=

〈
ρρ∗〉

finite =
〈
Γ Γ ∗〉〈ρρ∗〉

∞ (3.37)

sinceρ0 = 1 for vxy = 0, Eq. (3.24) is rewritten as [30, p. 93]

〈
ρρ∗〉

∞ = e−g (3.38)

Substituting Eq. (3.38) in Eq. (3.37), we obtain

〈
Rpower

〉
specular=

〈
ρρ∗〉

finite =
〈
Γ Γ ∗〉e−g (3.39)

3.5.4 Modified Beckmann-Kirchhoff (mB-K) Model

A modified B-K theory is attained by replacing the geometrical factor (F-factor squared) used

by Beckmann in Eq. (3.24) with the cos(Θi) in Lambert’s cosine law. We can rewrite this for

slightly and very rough surfaces as

〈
ρρ∗〉

slightlyrough=

(
ρ2

0 +
πℓ2

crKg
A

e−
v2
xyℓ

2
cr

4

)
e−g (3.40)

〈
ρρ∗〉

veryrough=
πℓ2

crK

Av2
zσ2

h

e
− v2

xyℓ
2
cr

4v2
zσ2

h (3.41)

The renormalization constantK in this reformulation of scalar diffraction theory is givenby the

following expression

K =

∫ ∞

α=−∞

∫ ∞

β=−∞
L(α,β −β0)dα dβ

∫ 1

α=−1

∫ (1−α2)
1
2

β=−(1−α2)
1
2

L(α,β −β0)dα dβ

(3.42)
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The details about the variables used in Eq. (3.42) are given in [81]. This model can be worthy of

use for the solution of scattering problems in volume scattering whilst it accommodates larger

scattering angles.

3.6 Concluding Remarks

In depth studies on the general typology of the solid surfaces are elaborated in this chapter:

⇒ The four widely accepted scattering models, R-R, ER, cB-K, and mBK are chosen for re-

solving the scattering problems at THz frequencies.

⇒ A general classification of solid surfaces is presented and thorough studies of the material

properties reveal that the roughness of a surface accounts far more reflection loss than done by

it’s electrical properties. However, if these rough materials are assumed to be smooth then these

reflection losses clearly depict the dominance of the electrical properties. Thus, concluding that

the property of surface roughness plays a vital role in the diffuse scattering phenomenon.

⇒ The surface scattering characteristics are considered as cardinal in modeling the indoor mul-

tipath THz channels. Hence, the scattered field behaviour iselaborated with reference to the

extremes, namely surface scattering and volume scattering. The multiple scattering experienced

in case of highly scattering environments can be disregarded at THz frequencies due to the ex-

treme reflection losses. The scattering coefficient resultsfrom B-K model back up this finding.
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The THz Regime, sometimes referred to as the ”forbidden region” due to technological limita-

tions along with the enormous potential of THz communication technology particularly for

short-range wireless communication extends the research of channel propagation modeling.

The existing models and tools in the lower frequency bands (i.e., 2.4 GHz, 5 GHz, Ultra-

Wideband, 60 GHz) do not consider the roughness of a materialprofoundly because materials

smooth for GHz frequencies become rough now for THz frequencies. In consequence, it calls

for such simulation tools or RTAs that can be employed for channel modeling at THz frequen-

cies. There are rigorous numerical simulation techniques close to Maxwell’s equation to solve

the scattering problem of random rough surfaces such as the method of moments (MoM) [82],

finite-difference time-domain (FDTD) [83] and time-domainintegral equation [84]. A major

drawback of these techniques is that they require intensivecomputations along with a detailed

description and information of the simulation scenario. Such limitations and restrictions tend to

affect the accuracy of the results. Meanwhile, such techniques are ruled out for very short wave-

lengths≤ 5 mm [85]. Thus, ray-tracing is a simple and reliable technique based on Geometrical

Optics (GO) used to produce accurate deterministic description of the wave propagation. For

many years, ray-tracing has been at the forefront in channelmodeling of mm-wave indoor

communications for multi-gigabit wireless transmission,whilst most of the ray-tracing tools

currently provide modeling up to GHz frequencies only. The conventional GHz ray-tracer (RT)

has some limitations when considering channel modeling in the THz region because the distinct

THz propagation mechanisms do not obey the GO rules. Hence, this warrants a high demand for

developing an RTA which can also consider these distinct THzpropagation mechanisms such as

specular reflection losses, diffuse scattering, depolarization, atmospheric attenuation and high

69



Chapter 4. Novel THz Ray-Tracing Algorithms

reflection losses of indoor common building materials. In order to approach this challenge, we

developed our own novel THz 3D RTA tool based on GUI integrating the most famous THz

scattering models of rough surfaces (mentioned in Chapter 3). This self-programmed 3D RTA

tool using MATLAB can work completely standalone. Moreover, the RTA can be integrated

into any commercial RT tools. The novel THz RTA is validated by comparing the path loss

results against measurements in [17] at THz frequencies formodeling both LoS and NLoS sce-

narios and employing B-K model for correctness and comparison. Furthermore, this RTA tool

does not currently consider any near zone fields. The RTA can be applied to different indoor

scenarios such as offices, residential structures, conference rooms, corridors and libraries.This

one of a kind exclusive RTA is merely owned by three groups in the world.

This chapter begins with an overview of GUI of the main windowunveiling it’s distinct

features in the calculation engine in Section 4.1. Then, Section 4.2 takes the discussion further

with the major outputs of propagation predictions in terms of quantities such as received and

scattered power, AoA, AoD, ToA, CxIR, CTF, and PDP. Finally,Section 4.3 continues with the

self-programmed RTA tool to investigate the indoor multipath propagation and it’s impact on

massive MIMO channels considering smooth and rough surfaces by employing the B-K model.

Channel capacities of indoor THz massive MIMO channels withdifferent surface roughness

for both LoS and NLoS scenarios are calculated. This chapterembodies research published

in [16,86,87].

Figure 4.1: GUI of our RTA tool.
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4.1 Ray-Tracing Algorithm (RTA) GUI

Fig. 4.1 shows the main window of the GUI. The GUI system for our RTA tool is a user friendly

interface, thus can be operated without any prior MATLAB experience to simulate THz sce-

narios. This THz RTA delivers results in a number of ways. Forinstance, it provides visual

presentations of some results such ascoverage maps, power distributions, angular distribution-

s, PDPs, andCIRswithin the modeled environment. All output files produced bythe RTA are

in a readable ASCII format. The RTA is also capable of importing user defined antenna patterns

from full-wave electromagnetic simulators such as CST Microwave Studio. The antenna can

also be chosen from the main window using check box feature under “Antenna” tab. The user

has the choice to select from two predefinedisotropicandomnidirectionalantennas. Whereas

the location and position of the antenna can be set in a “.txt”file. To include the polarization

impact on the channel model, polarization characteristicsof both antennas and the propagation

channel can be selected. Note that the geometrical depolarization is treated utilizing the Jones

calculus [88].

Figure 4.2: Square tiling of the rough surface (i.e., rough plaster walls and ceiling).

The user can also input the roughness parameters such asσh, ℓcr, along with theεr to

simulate and study the influence of rough materials on the ultra-broadband THz propagation
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Figure 4.3: Real environment of the office room BB121.

characteristics. A rough surface area gives rise to many diffuse scattered paths (i.e., side lobe

components) around the specular reflection point (i.e., specular spike). Therefore, the so called

active scattering regionhave to be identified carefully in the form of N x N tiles aroundeach

specular point in order to collect all the energies of dominant side lobes. Hence, instead of

considering the entire surface area as a single tile, we divide the surface into smaller square tiles

as shown in Fig. 4.2. The smaller tiles allow for a higher simulation precision by computing

comparatively much highly attenuated rays (e.g., 10 timesℓcr compute up to - 230 dB for Nx,

Ny = 20 x 20). As in B-K model, the tile size side length has to beselected based on the

ℓcr. The correlation term already mentioned in the Eq. (3.24) also points towards this selection.

Meanwhile, in our modeling approach, we consider multipathcomponents with minimum path

amplitude up to -200 dB.

4.2 SISO Propagation and Channel Modeling

The simulation model defined for SISO systems is depicted in Fig. 4.3.

4.2.1 Received and Scattered Power

Simulations are conducted to evaluate the total received and scattered power of a rough plaster

(in walls and ceiling) with different degrees of surface roughness in a real office environment.

The total received power is composed of the specular reflection power and diffused scattered

power. As the frequency increases, the surface changes fromsmooth to very rough and therefore,

more power is diffusely scattered. Consequently, the ratioof specular power to the total power

starts damping from maximum to minimum, lower enough to be neglected. The total received
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powerPtot can be summarized with the following expression

Ptot(RX) =
〈
Rpower

〉
specular+

〈
Rpower

〉
scattered (4.1)

As already proved in the author’s work [16], the ER model withit’s two approaches can

also be employed for channel modeling at THz frequencies. In[17], B-K model is already

validated at THz frequencies, wherein measured and simulated channel impulse responses show

very good agreement. Now, the comparison of ER and B-K modelsbased on total received and

scattered power is performed. In this simulation setup (cf. Fig. 4.3), there are five rough surfaces

in total. The four walls, and one ceiling is modeled rough in this study. These five rough surfaces

are divided into smaller square tiles with side lengths equal to 10 times the surface correlation

lengthℓcr. Besides, 20 x 20 tiles around each specular point applying to both scattering models

are considered. The authors in [80] have already well-reasoned this quantity to be sufficient to

get accurate results. The floor is covered with smooth polyvinyl chloride. Due to the smooth

flooring, only specular reflections are included from the floor. Up to twice-reflected paths have

been considered in the modeling process. In order to compareboth the models, the simulation

results are illustrated for both LoS and NLoS scenario in Fig. 4.4 and Fig. 4.5. For this study,

particular attention is diverted to the NLoS scenario due toit’s imminence in terms of coverage

and performance.

The results depict the same fundamental concept that the total received power depends on

random rough surfaces in the simulation environment and decreases with increasing the degree

of surface roughness especially for NLoS scenario. Please note that in NLoS scenario, most of

the total received power contribution comes from diffuse scattering. For LoS scenario, however,

the contribution of diffuse scattering is not poignant and the total received power depends highly

on direct path power. Interestingly, the obtained results also point out that Directive model for

αr = 1 is more closer to B-K model than any other scattering pattern (i.e., Lambertian model and

Directive model with different alpha values). It should be noted that in LoS scenario, the results

obtained for Lambertian model demonstrate an error on scattered power which is significant

relative to total received power as depicted in Fig. 4.4. Next, in order to numerically verify

the deviation error of total received power between ER-Lambertian, ER-Directive, and B-K

models, the root mean square error (RMSE) method with reference to B-K model is employed

and tabulated in Table 4.1.
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Table 4.1: Deviation error of scattering models.

RMSE of total received power with reference to B-K model
Scenario Method Error

LoS Lambertian 0.64
LoS Directive 0

NLoS Lambertian 0.729
NLoS Directive 0.089

4.2.2 Angle of Arrival / Angle of Departure (AoA/AoD)

At THz frequencies, due to the diffuse scattering mechanism, any reflection from the rough

surfaces forms a cluster. However, the number of detectableclusters is usually small because of

high reflection and penetration losses from rough materialslater elaborated in Chapter 5.

The significant steps of identifying clusters in the simulation process are as follows:

1. To determine the specular reflection points either with anRTA (minimum path amplitude

-150 dB).

2. To create 20 x 20 square tiles around each specular point with scattering area equal to

M times correlation length. In [80], it is affirmedM = 10 times gives a considerable

difference between input power of the transmitting antennaand scattered paths around -

200 dB.

3. To take account of all angles (incidence, reflection, and scattering angle) for each path.

4. To compute the individual powers of all the scattered multipaths from the tiles by applying

the respective equations from both models.

5. To calculate the received power by summing up the contributions of all the paths scattered

from the tiles and applying the respective equations from both models.

Simulations are conducted to evaluate the relative received power of a rough plaster with sur-

face roughnessσh = 0.15 mm including the angular and temporal information of the scattered

multipaths with respect to the specular reflection directions.

The results in Fig. 4.6 show the impact of surface roughness on the THz propagation chan-

nel and it’s influence on the received power in the specular direction. AoAs for LoS and NLoS
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0 45 90 135 180
0

90

180

270

360
Relative received power [dB]

-220

-200

-180

-160

-140

-120

-100

1st order reflection
  (smooth surface)

1st order cluster 
 (rough surface)

(d) AoD distribution of RX-NLoS

Figure 4.6: Relative received power of AoA/AoDs in the azimuth and elevation plane of the

office room. The frequency is 300 GHz,ℓcr = 1.7 mm,lx = ly= 10ℓcr, andσh = 0.15 mm.

scenario have identical received power distribution for all the multipath. The non-specular mul-

tipaths around the specular reflection path emerge when the incident path hits the rough surface.

However, only dominant paths around the specular reflectionare considered in the simulation

process (i.e., in our case is a maximum of 400 non-specular diffuse scattered paths). The RTA

simulates this phenomenon accurately and agrees well with literature which is already affirmed

in the previous section. The threshold function of the RTA isused with the path loss threshold

set to -200 dB. However, below this limit, the contribution from the diffuse scattered paths to

the total received power is quite less. Moreover, AoDs’ power distribution shows fewer clusters

than AoAs. Owing to the fact that for second-order reflections, RTA considers only specular

paths from the first encountered surfaces by neglecting the diffuse scattered multipaths. This is

due to the already reduced power of the scattered multipath after hitting the first surface. For

LoS scenario, about 7944 specular and non-specular paths are considered. On the other hand,
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4.2. SISO Propagation and Channel Modeling

the RTA has found only 2568 valid multipaths for NLoS scenario.

4.2.3 Time of Arrival (ToA)

Fig. 4.7 shows the clustered behaviour of time of arrival (ToA) distribution for azimuth plane

with respect to AoA. The multipaths arrive with particular ToAs based on the different path

lengths traversed by them. Based on geometrical analysis, the specular reflection should arrive

earlier and consequently consume shorter ToA relative to scattered paths with longer ToAs (due

to larger paths). Our simulation results affirm that such relation of ToA and AoA does not

hold for all clusters due to their dependency on the complex propagation environment. Hence,

conform with that already published in literature. Unlike AoA/AoD, the clusters of ToA form

a cone shape. Similar to AoA/AoD, the reflection paths which are closer to each other are

combined to form a big cluster.
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Figure 4.7: Relative received power over ToA and AoA in the azimuth planecorresponding to

Fig. 4.6.

4.2.4 Channel Impuse Response (CIR)

The total propagation between a TX and a RX is defined by it’s multipaths. At THz frequencies,

the multipaths also form a cluster pattern of CIRs around specular paths and their amplitudes

decay exponentially with time as depicted in Fig. 4.8. Also in this case, the specular paths of

respective clusters arrive earlier at the RX with respect tothe diffuse scattered paths. Moreover,

the multipaths’ amplitudes reduce proportionally due to the influence of surface roughness on

those with larger lengths. Further, the CIR results from theabove figures closely resemble the
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Figure 4.8: CIR of multipaths at RX-LoS employ the B-K model. The frequency is 300 GHz,

ℓcr = 1.7 mm,lx = ly= 10ℓcr, andσh = 0.15 mm.

Saleh-Valenzuela (SV) model [89,90]. Similarly, [91] has also reported the resemblance of their

simulation results for THz indoor channel with this SV model. However, further experimental

work of author [27] is still ongoing to augment the results mentioned in this research.

4.2.5 Channel Transfer Function (CTF)

In order to demonstrate a comparison between the surface scattering models along with their

specific advantages and limitations, the ultra-broadband channel behaviour by using our self-

developed RTA in terms of the frequency-domain CTF dynamicsat 3201 frequency points for

f = 300...310 GHz in LoS and NLoS scenarios is simulated. Fig. 4.9 and Fig. 4.10 depict the

CTF results for the respective R-R, cB-K and mB-K models for Fig. 3.6 scenario. For LoS

case, the respective average attenuation over the whole bandwidth is 97.02 dB, 100.86 dB and

101.59 dB. Meanwhile, the standard deviation for the respective models is 1.70, 5.96 and 5.29.

However, for NLoS case the respective average attenuation is 110.09 dB, 109.90 dB and 107.95

dB with the standard deviation being 5.51, 5.46 and 5.20, respectively.
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Figure 4.9: Comparison of CTFs between classical B-K, modified B-K, and R-R models in

presence of slightly rough surfaces at RX-LoS (x = 3.5 m, y = 4.45 m, z= 0.75 m). The

surface correlation length isℓcr = 1.7 mm,lx = ly= 10ℓcr, andσh = 0.15 mm.
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Figure 4.10: Comparison of CTFs between classical B-K, modified B-K, and R-R models in

presence of slightly rough surfaces at RX-NLoS (x = 1.7 m, y = 2.75 m, z= 0.75 m). The

surface correlation length isℓcr = 1.7 mm,lx = ly= 10ℓcr, andσh = 0.15 mm.
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4.3 MIMO Propagation and Channel Modeling

The study of the propagation channels is not only an interesting research topic in itself, rather

has important applications for the investigation of massive MIMO systems, which can im-

prove the link capacity and/or reliability of wireless communication systems [92]. In massive

Multiuser-MIMO (MU-MIMO) systems an access point uses numerous antennas to serve sever-

al single-antenna terminals using the same time/frequencyresources. The performance of these

systems may be affected directly by the diffuse propagationenvironment at THz frequencies.

Hence, the motive here is to observe how the aforementioned unique propagation characteristic-

s with diffuse scattering phenomena that depend on materialproperties (e.g. surface roughness,

permittivity) map onto communication system characteristics such as capacity. Further, as the

rough surface gives rise to an influx of multiple scattered paths (diffusely scattered field compo-

nents) in addition to the specular reflected path, the anticipated multiplexing gain can apparently

enhance the channel capacity.

Therefore, an indoor THz communication system is investigated , where a single array

with multiple antennas is used to compensate for the high path loss. Specifically, we analyze

the ergodic capacity for the THz system. Besides, this studyis the first to consider the impact of

diffuse scattering on massive MIMO over NLoS channels at THzfrequencies. In the capacity

analysis, we express the channel capacity into two parts, one is the capacity introduced by

specular reflection, the second is the one introduced by scattered rays. Thus, our goal is to

analyze the relationship between the capacity and the roughness factor, as well as the capacities

introduced by different rays.

The foremost contributions of this study are summarized as follows:

• The implementation of ray-tracing algorithms developed for this study applying the ex-

tended Kirchhoff scattering model as proposed by Beckmann to the rough surfaces at THz

frequencies.

• An analysis of how much leverage a massive MIMO system can possibly obtain out of

high degrees of surface roughness factor creating an influx of scattered paths.

• Results for the achievable channel capacity of the scattered propagation environment in

indoor LoS and NLoS THz massive MIMO channels.

• A tradeoff between rich multipath and high RX power in THz massive MIMO capacity.
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Figure 4.11: Real environment of the office room BB121.

4.3.1 Single User-MIMO Channel Capacity

Due to the fact that the simulations for this present study are carried out indoor in a small

office room, and only in the atmospheric spectral window, we have neglected the atmospheric

attenuation since it’s impact amounts to no more than 2.8 dB/km [3]. The modeled environment

is shown in Fig. 4.11. Please note that in Fig. 4.11 (b) only those surfaces (faces) from our RTA

are shown where first- and second-order reflections have occurred. Besides, simulations are

conducted to evaluate the channel capacity for three rough plasters with different degrees of

surface roughness. The key idea here is to use realistic statistical surface parameters measured

by the authors in [18], and varying these for rough plasters as given in Table 3.1 with the target

to investigate and demonstrate the influence of degree of roughness on the 300 GHz propagation

characteristics.

We illustrate the channel capacity results on the formerly presented ray-tracing based sta-

tistical THz channel model with multiple-antenna configurations. Fig. 4.11 depicts the layout

of the simulated environment, comprising of one TX, 4 LoS receivers (RX-LoS) and 4 NLoS

receivers (RX-NLoS), distributed at 8 different locationsin total. The transmitting antenna is

an 8 x 8 planar array, kept away from any obstructions in orderto provide maximum coverage.

So, N = 64 antennas are assumed at both TX and RX ends. It is also assumed that both TX

and RX have perfect channel state information, since beamforming at both TX and RX is neces-

sary to compensate the severe path loss in THz. Besides, we consider both single-user MIMO

(i.e., transmitting to each user independently) and MU-MIMO (i.e., transmitting to each user

simultaneously) for computing the channel capacity. At theTX side, waterfilling-based power
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allocation is used to achieve maximum capacity, resulting in the MIMO channel capacity [94]

C=
N

∑
n=1

log2(1+
pn

σ2λ 2
n) (4.2)

whereλn is thenth singular value of the channel matrixH; pn is the allocated power on thenth

data stream obtained from the waterfilling algorithm, satisfying ∑N
n=1 pn = PT; SNR is defined

as the ratio of the total transmitted powerPT over the noise varianceσ2. It is noteworthy to

mention that an increase in capacity is expected when the SNRis kept constant owing to the

increase in the channel richness. To obtainergodiccapacity, we simulate a wideband channel

with 10 GHz bandwidth at the carrier frequency of 300 GHz. It is worth mentioning that the

roughness is assumed (or approximated) to be constant over 10 GHz bandwidth (cf. Fig. 2.18

at 300 GHz). The channel is divided into 103 subchannels whose capacity is calculated by

Eq. (4.2) and then averaged to obtain the ergodic capacity.

-10 -5 0 5 10 15 20 25 30

SNR [dB]

0

20

40

60

80

100

120

140

160

S
p

ec
tr

al
 E

ff
ic

ie
n

cy
 [

b
it

s/
s/

H
z]

Smooth = σ
h
 = 0 mm

Plaster x1 = σ
h
 = 0.05 mm

Plaster x2 = σ
h
 = 0.15 mm

Plaster x3 = σ
h
 = 0.25 mm

(a) LoS1

-10 -5 0 5 10 15 20 25 30

SNR [dB]

0

20

40

60

80

100

120

140

160

S
p

ec
tr

al
 E

ff
ic

ie
n

cy
 [

b
it

s/
s/

H
z]

Smooth = σ
h
 = 0 mm

Plaster x1 = σ
h
 = 0.05 mm

Plaster x2 = σ
h
 = 0.15 mm

Plaster x3 = σ
h
 = 0.25 mm

(b) LoS2

-10 -5 0 5 10 15 20 25 30

SNR [dB]

0

20

40

60

80

100

120

140

160

S
p

ec
tr

al
 E

ff
ic

ie
n

cy
 [

b
it

s/
s/

H
z]

Smooth = σ
h
 = 0 mm

Plaster x1 = σ
h
 = 0.05 mm

Plaster x2 = σ
h
 = 0.15 mm

Plaster x3 = σ
h
 = 0.25 mm

(c) LoS3

-10 -5 0 5 10 15 20 25 30

SNR [dB]

0

20

40

60

80

100

120

140

160

S
p

ec
tr

al
 E

ff
ic

ie
n

cy
 [

b
it

s/
s/

H
z]

Smooth = σ
h
 = 0 mm

Plaster x1 = σ
h
 = 0.05 mm

Plaster x2 = σ
h
 = 0.15 mm

Plaster x3 = σ
h
 = 0.25 mm

(d) LoS4

Figure 4.12: Channel capacity of LoS1–LoS4.

Fig. 4.12 plots the MIMO ergodic channel capacity for four LoS receiver locations. It is
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observed that the diffuse scattering reduces the channel capacity. In LoS2 and LoS3 locations,

even a minor roughness, i.e., 0.05 mm can drastically degrade the channel capacity. In contrast,

for σh = 0.15 mm a significant degradation of the channel capacity canbe observed in LoS1

and LoS4 locations. However, when theσh > 0.15 mm the channel capacity further decreases

only slightly with increasing roughness in all LoS locations. Fig. 4.12 implies that the diffuse

scattering is unfavorable in the LoS scenarios. Intuitively, as the surface roughnessσh increases,

the power of the scattered channel paths tends to be negligible compared to that of the strong

direct path. As a result, the degree-of-freedom of the MIMO channel tends to one (no spatial

multiplex gain), which is obviously unfavourable to MIMO channel capacity. In case of smooth

environments, the prominent difference in capacity at 30 dBSNR between the four LoS receiv-

er locations is due to the total number of reflections received for that particular location, i.e.,

LoS1 exhibits 9 reflections in contrast to the 14 reflections for LoS3. Here, the minimum path

amplitude -150 dB is applied. However, in case of rough environments the observed prominent

difference due to the multipaths alters depending on the origin of the paths as to whether it is

reflected from smooth or rough objects in that environment.

Next, the NLoS scenarios are presented in Fig. 4.13. Unlike the negative impact of the

diffuse scattering on the channel capacity in LoS case, the diffuse scattering can potentially

boost the channel capacity in NLoS locations. For example, in NLoS2 and NLoS3, capacity of

all the channels with rough surfaces is much higher than thatof the smooth ones. This is due to

the rich scattering introduced by surface roughness. It is noteworthy to mention that the reason

behind the capacity reduction for NLoS4 location is due to the least number of specular and

scattered paths. However, it should be noted that surface roughness is not always advantageous

to the channel capacity as observed in NLoS1 and NLoS4. For NLoS1, even a higher roughness

of 0.25 mm can degrade the channel capacity. This degradation is probably due to the power

loss of the diffuse scattering. The diffuse scattering actually increases the scattering richness

and simultaneously decreases the channel strength. Basically, the scattering phenomena leading

to spatial whitening can increase the capacity, unless it isassociated with a loss of SNR. This

is the reason why diffuse scattering has different effects on channel capacity in NLoS scenarios.

It should be noted that in LoS scenarios as shown in Fig. 4.12,the direct path component

rather than the multipath richness impose the main impact onthe channel capacity. This is the

reason why we cannot observe these different effects in LoS scenarios. From the observations

in Figs. 4.12 and 4.13, we witness that the diffuse scattering affects the capacity of massive

MIMO negatively in the presence of a direct path and positively when there is no direct path.
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Figure 4.13: Channel capacity of NLoS1–NLoS4.

4.3.2 Multi User-MIMO Channel Capacity

The channel capacity of single-user MIMO (SU-MIMO) is plotted graphically in Fig. 4.12 and

Fig. 4.13. Observing the MU-MIMO, let us suppose that the TX still has N = 64 antennas, but

for RX we only have one antenna in each RX location. Consequently, we have one 64-antenna

TX and 8 single-antenna users as RX. The results for channel capacity are shown in Fig. 4.14(a)

and (b) for LoS and NLoS, respectively. For LoS case similar to the SU-MIMO, the diffuse

scattering degrades the channel capacity. Note that the diffuse scattering makes the power of

scattered paths too low, and the capacity mainly depends on the angular difference of the direct

path of each user. Since AoDs of LoS1−LoS3 are very similar as shown in Fig. 4.11 (a), the

capacity of the rough channel exhibits large degradation compared to that of smooth channel.

For the NLoS case, as shown in Fig. 4.14(b), we can see that thediffuse scattering can boost the

channel capacity at high SNR, thanks to the rich scattering introduced by the diffuse scattering.
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Figure 4.14: Channel capacity of MU-MIMO withN = 64 TX antennas and 4 single-antenna

users as RX.

4.4 Concluding Remarks

This chapter unveils the need for developing a THz RTA to overcome the conventional GHz RT

limitations:

⇒ We developed a novel THz 3D RTA tool based on GUI with distinctTHz wave characteristics

to support the proposed THz scattering models. We integrated the most famous THz scattering

models of rough surfaces, mentioned in the previous chapter, to develop this self-programmed

RTA tool using MATLAB. The THz RTA has been validated by comparing the path loss against

measurements from the literature of an earlier publicationby modeling similar LoS and NLoS

scenarios for correctness and comparison.

⇒ The GUI system for our RTA tool is a user friendly interface, thus can be operated with-

out any prior MATLAB experience to simulate THz scenarios. Apart from the major outputs

of propagation predictions in terms of quantities such as received and scattered power, AoA,

AoD, ToA, CxIR, CTF, and PDP, our RTA delivers results in a number of ways. For instance, it

provides visual presentations such as coverage maps, powerdistributions, angular distributions,

PDPs, and CIRs within the modeled environment. All output files produced by the RTA are

in a readable ASCII format. This THz RTA is also capable of importing user defined antenna

patterns from full-wave electromagnetic simulators such as CST Microwave Studio. The user

can also input the roughness parameters such asσh, ℓcr, along with theεr to simulate and study

the influence of rough materials on the ultra-broadband THz propagation characteristics.

⇒ Upon comparison of the scattering models, our simulation results affirm that the ER model

though proposed for channel modeling at 60 GHz can be employed for modeling THz channels
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as well.

⇒ Finally, the channel capacity results on the ray-tracing based statistical THz channel model

with multiple antenna configurations illustrate that the diffuse scattering enhances the channel

capacity due to the contribution from strong multipaths in case of NLoS scenario. This capacity

increase further owes to the spatial multiplexing gain. Thesimulation results conclude that the

influence of diffuse scattering is not desirable in LoS scenario. However, the high multipath

observed in the NLoS scenario is a desirable characteristicfor a THz communication channel.
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Chapter 5
Novel THz Material Characterization

Techniques

During the last decade, THz frequency region, 0.3−1 THz, has been massively studied and

expected to be one of the possible resources exploited for future wireless communication net-

works beyond 5G. Wireless transmission over this band will offer several advantages such as

Tb/s channel capacities, and small size transceivers [95].However, this technology needs to

address a couple of challenges in order to yield outstandingperformances. In fact, THz applica-

tion extends to security, medical, biology, aerospace technology, and nondestructive evaluation

of materials used in airplanes, such as foams, plastic, and fiberglass composites [96]. Therefore,

characterization of material dielectric properties at these frequencies is of paramount impor-

tance. It has to be accomplished with high precision throughappropriate measurement and ex-

traction techniques. While material characterization is extensively investigated at lower frequen-

cies, published information is still scares for applications within the THz frequency spectrum

region of interest. In fact, the main techniques for characterizing dielectrics at THz frequencies

are namely, time-domain spectroscopy (frequency down-conversion) and measurements using a

VNA (frequency up-conversion) [97]. Nevertheless, the selection of the most suitable measure-

ment method (i.e., free space or guided wave transmission line methods etc.) depends on some

parameters such as the material phase, specimen size/shape, temperature, anisotropy, inhomo-

geneity, and frequency range [98]. Specifically, this work reports the first ever transmission

measurements for a wide choice of indoor materials such aswood, plastic, paper, brick, glass

andleatherat frequencies from 750 GHz to 1.1 THz using up-conversion (frequency-domain)

method employingSwissto12system. The common as well as novel inversion methods used
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to convert the calibrated scatter data into intrinsic material parameters (e.g. permeability and

permittivity) are also outlined. To push our sleeve fartherup, some of the sources of errors in

frequency up-conversion based measurement systems are also discussed.

So far, there are not many investigations for characterizing intrinsic properties of materials

at THz frequencies. In [99] the measured complex dielectricand magnetic properties of liquid

and solid biological tissues removed from human arteries atfrequency range of 110 to 170 GHz

are presented. The evaluation of the dielectric propertiesis performed using the Nicolson-Ross-

Weir (NRW) conversion process. In [100], an extensive calculation analysis of substrate per-

mittivity, characteristic impedance, total loss, and dielectric loss tangent is presented for up to

500 GHz frequency range. Furthermore, THz Metamaterial samples are characterized in [101].

In [31], the characterization of the dielectric propertiesof a variety of common building and

plastic materials between 100 and 1000 GHz using THz-TDS transmission system is present-

ed. In fact, the existing reports regarding dielectric properties of indoor materials are limited,

i.e., leather and mirror glass are not characterized yet. Therefore, providing a new database of

dielectric properties based on a very sophisticated material characterization kit (MCK) already

validated in [102] is worth having. The presented results are a part of the larger measurement

campaign seeking material parameters of a variety of indoormaterials between 0.75 and 1.1

THz. Next, this research work is presumed to be quite useful and helpful for accurate mod-

eling of future indoor wireless communication channels at THz frequencies. In addition, the

measured material parameters may also prove beneficial for investigation and development of

high-speed wireless networks. This chapter entails research published in [103,104].

5.1 State-of-the-art Spectroscopic Technique in THz

THz Spectroscopy is one of the rapidly evolving field of THz technology with major appli-

cations in medical imaging, security screening, scientificspectroscopy, communications, and

many more. It is based on the strengths of emission or absorption specifications for rotation-

al and vibrational excitations of the molecules from material specimen in THz region. More

precisely, many molecules especially chemical and biological ones, provide fingerprint spectro-

scopic lines in the THz spectral region from 300 GHz to 10 THz.Thereupon, intrinsic material

parameters can be identified by their characteristic resonant peaks. Honestly speaking, the THz

waves can be thought of as a new addition to the electromagnetic spectrum occupying the region

between microwaves and infrared, as shown in Fig. 5.1.

88



5.1. State-of-the-art Spectroscopic Technique in THz

Figure 5.1: The EM spectrum from radio waves to optical region, highlighting the location of

the THz Region.

From a spectroscopic point of view, the THz spectral region from 300 GHz to 10 THz has

not yet seen the technological development of optical or microwave frequencies with the result

that commercial spectrometers covering the entire spectral range are so far not widely available.

This is primarily due to the difficulty of generating and detecting THz frequencies. Broadly s-

peaking, to measure intrinsic material spectroscopic responses, the state-of-the-art THz systems

based on time-domain and frequency-domain methods are classified as follows: (i) THz-TDS

systems [31]; (ii) THz quasi time-domain spectroscopy (THz-QTDS) systems [105]; (iii) contin-

uous wave THz (cw-THz) systems [106]; and (iv) frequency modulated continuous wave (FM-

CW) radar transceiver systems [107]. However, each method is confined to specific frequencies,

materials and applications in it’s own constraint. In addition, MCK developed bySwissto12is

now commercially available (cf. Fig. 5.3a) which in conjunction with VNAs enables the mea-

surement of both the reflection coefficients (S11, S22) and the transmission coefficients (S12, S21)

in the WM-250 (or equivalent WR-01) waveguide band that supports frequencies from 750 GHz

to 1.1 THz, explained briefly in following section.
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5.2 Measurement Techniques

A number of techniques exist for characterizing of materials’ dielectric and magnetic properties

at THz frequencies. In practise, different techniques workbetter for different spectroscopic

information or types of measurements. However, two eye catching techniques namely free

space [108,109] and waveguide measurement (or transmission/reflection (T/R) line) techniques

[102,110], are proven commonplace among VNA-based THz material characterization research

community due to their ease of use along with reasonable accuracy explained below in brief.

5.2.1 Free Space Technique

Free space methods are based on placing a sample (i.e., unknown material specimen) in the s-

pace between the transmitting and receiving antennas and then let a plane EM wave pass through

it [111]. The measurement principle depends on the fact thatphase and attenuation of the pass-

ing or reflecting wave varies according to the material’s properties which are defined by the

relative complex permittivityεr expressed by the [111] as

εr =
ε
ε0

= ε̃r − j ˜̃εr = ε̃r − j
σ

ωε0
(5.1)

where ε̃r is the real part of permittivity, and is often called permittivity for short. ˜̃εr is the

imaginary part of permittivity and referred to as the dielectric loss factor. The loss factor is

related to the energy absorption from the material. In the above definition,̃̃εr is always expected

to be a positive number since energy conservation dictates that a passive material cannot exhibit

gain [112]. Thereupon, the loss factor should not be negative. Next,σ is the conductivity of

the sample,ε0 = 8.854 x 10−12 F/m being the permittivity of vaccum which is a fundamental

constant of nature, andω = 2π f refers to the angular frequency of the THz waves.

Another quantity, a loss tangent tanδ is often introduced which is also associated with the

energy absorption of a material specimen, defined as the ratio of the imaginary part to the real

part of complex permittivity as

tanδ =
Im(εr)

Re(εr)
(5.2)
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As such, Eq. (5.1) can be expressed from [111] as

εr = ε̃r(1− j tanδ ) (5.3)

Similarly, the complex relative permeability of the material relative to free space is defined

as [113]

µr = µ̃r(1− j tanδ ) (5.4)

To derive the complex relative permittivityεr(ω), the reflectionΓ(ω) and transmission

T(ω) coefficients need to be obtained first. Then, by assuming the material sample thickness

asd, the transmission coefficient excited with a free space transversal EM wave propagating

through the material specimen with permittivityε = ε0εr , and permeabilityµ = µ0µr can be

expressed as

T(ω) = e−jω√µεd = e−j ω
c
√µrεrd (5.5)

And the reflection coefficient is

Γ(ω) =

√
µr
εr
−1

√
µr
εr
+1

(5.6)

From [114], without considering multiple reflections inside the material the scattering parame-

ters of the sample at the surfaces are given by

S11 =
Γ(1−T2)

1−Γ2T2 (5.7)

S21 =
T(1−Γ2)

1−Γ2T2 (5.8)

Once calibrated and processed,S11 andS21 are determined, then an inversion algorithm is ap-

plied to Eq. (5.7) and Eq. (5.8) for extracting material parameters. These inversion methods

are derived by solving the boundary value problem of a plane wave interacting with a planar

slab of material specimen [112]. For instance, in case of nonmagnetic materials (i.e.,µr = 1)

the complex relative permittivityεr can be determined by employing Eq. (5.8) as a root-finding

problem and applying the Newton Raphson method as describedin [114]. On the other hand,

one can obtain the relative permittivity as well as the relative permeability from the Eq. (5.7)

and Eq. (5.8) according to Nicolson-Ross approach [115], one of the numerical approaches used
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in this study.

Advantages of free space technique

Free space methods (i.e., focused beams) for measurements of dielectric and magnetic proper-

ties of materials are preferred over waveguide measurementtechniques for the following main

reasons:

• For materials such as plasters, ceramics, and composites this technique is favorable owing

to their inhomogeneity due to the variations in manufacturing processes. Because of

inhomogeneity the unwanted higher order modes (cf. Sec. 5.4 for details) can be excited

at an air-dielectric interface in case of waveguides.

• The techniques for free space characterization of materials are nondestructive and non-

contact. Thus, allowing reflection and transmission measurements without any physical

contact with the sample. Because of this feature, these methods have a distinct advantage

over waveguide techniques concerning the dielectric measurements at high temperatures.

• The use of free space techniques is most favorable because there is no interface between

the material specimen and guide wall. For instance, in the waveguide methods it is nec-

essary that the waveguide cross section completely spans the space within the material

with negligible air-gaps. The unusually large systematic errors sometimes experienced

are an aftermath of the air-gaps, when present between the waveguide walls and the sam-

ple preferably guide the THz energy through these rather than the specimen. However, in

case of free space systems, the energy is confined to an area within a large specimen so

that no air-gaps exist.

Disadvantages of free space technique

• Requires flat and relatively large sized specimen, which can be troublesome owing to the

expenses and manufacturing impracticality. Furthermore,due to the large sizes of the

samples the transmitted signal level becomes too low for theaccurate measurement of

changes in frequency [116].

• Most commonly used for measurement of samples with medium loss.

• Multiple reflections between antenna and surface of sample.
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• Diffraction effects at the edge of the sample.

As portrayed in the Figs. 5.14−5.10, the high losses of common indoor building materials at

THz frequencies make this method seemingly unfavourable.

5.2.2 Waveguide Measurement Technique

Waveguide measurement techniques or transmission/reflection line methods involve placing a

sample in a section of waveguide and measuring the two port complex scattering parameter-

s with a VNA. From these measured parameters after post processing, e.g., applying NRW

method [115, 116], the intrinsic properties such as dielectric permittivity and magnetic perme-

ability of the specimen can be calculated. The scattering parameters represent the signals that

are transmitted (S12, S21) and reflected (S11, S22) by a material specimen when an incident

wave is directed at the sample. It is noteworthy to mention that the intrinsic properties of a

material are typically independent of the size and shape of amaterial. However, the scattering

parameters depend on geometrical factors such as thickness, roughness, and angle of incidence.

Calibrations for the waveguide are accomplished using short circuit for each end of waveguide

and transmission with and without the sample holder.

Advantages of waveguide technique

• Waveguide techniques are commonly used for measurement ofsamples with medium to

high loss.

• It can be used to determine both the permittivity and permeability of material specimen.

• Relatively smaller sample size at THz frequencies.

Disadvantages of waveguide technique

• Measurement accuracy is limited by the air-gap effects.

• Low accuracy when the sample length is the multiple of one-half wavelength in the mate-

rial.

At THz frequencies, the common indoor building materials have high reflection and pen-

etration losses [117]. In addition, the incident angle to the material increases the penetration
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loss through increased path length inside the material. Consequently, VNA-based waveguide

measurement techniques intransmission modeare the most favorable with an incentive to get

on board [118].

5.3 Measurement Characterization KitSwissto12

The potential of modern THz systems in material characterization offers a unique solution in

imaging, sensing, spectroscopy and communication. Meanwhile, the academia as well as indus-

try are reviewing how this emerging THz field might be implemented in a variety of “real world”

applications by sharing their experimental database to theworld, ranging from the materials’ di-

electric properties [120], to material surface textures [121] and the molecular spectroscopic

database [122].

Figure 5.2: Schematic diagram ofSwissto12MCK.

The experimental system for the THz transmission measurements in this study comprises of

three parts, vector network analyzer (VNA), theSwissto12MCK waveguide system, and two fre-

quency extension modules for measuring different indoor materials in the frequency range 750

GHz to 1.1 THz as shown in Fig. 5.2. The chosen THz frequenciesare produced by the VNA

using the extension modules and the output signal then traverses through a rectangular waveg-

uide. The interconnecting gap between the rectangular frequency extension module waveguide

and MCK’s corrugated waveguide is bridged by a corrugated conical horn antenna at the narrow

aperture transiting from a circular to rectangular waveguide. The purpose for this transitional

waveguide design is to accomplish the THz transmission in anenclosed environment with min-

imal losses as shown in Fig. 5.3a. The transitional horn or corrugated converter is connected
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(a) MCK and VNA (b) Material Samples

Figure 5.3: The 0.75 to 1.1 THz VNA system at University of Glasgow.

to the rectangular waveguide with adjustable flanges which are of standard size for the VNA

extenders accommodating a compatible design for the waveguide converter components. Fur-

thermore, the left hand segment of the setup is fixed as opposed to the movable right one for

the ease of characterizing material samples with differentthicknesses. Two-port short, open,

load, and through (SOLT) WR-01 waveguide standards are acquired to calibrate the measure-

ment equipment. This calibration streamlines the systematic errors between VNA transceivers

and waveguide flanges. As the indoor materials are not chemically pure, we have selected t-

wo locations and recorded three readings for each at laboratory temperature 18◦C±0.2◦C with

humidity 30%±2%.

5.4 Description of Material Samples

We have characterized six common indoor building material groups encountered in the indoor

wireless propagation channel. In addition to channel modeling, the study of propagation through

different indoor materials can expedite the development ofa basic theory for pulse shaping and

receiver design. The knowledge of material samples’ thicknesses is mandatory in extracting the

material parameters and hence, the average of the thicknesses of 20 indoor materials categorized

in six material groups measured at five different locations is tabulated in Table 5.1. However,

in view of the limitationsonly 9 materialsnamelyW1, W2, W3, W4, W5, A1, A3, B2 and

B3 are chosen from Table 5.1. The electrical parameters of these three smooth (A1, A3, B2)

and remaining six slightly rough (W1, W2, W3, W4, W5, B3) are then obtained using FMCW

radar system in [123] but with a THz source of 250 GHz, furthertabulated in Table 5.2. These
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measured electrical parameters at 250 GHz are considered constant at the carrier frequency of

interest as well affirmed by [31].

Table 5.1: List of measured materials with their thickness.

Material group ID Sample Thickness

Wood

W1 High-Density Fiberboard (Thick) 7.5 mm

W2 High-Density Fiberboard (Thin) 5.5 mm

W3 High-Density Fiberboard (Underlay wood fibre) 12 mm

W4 Bamboo (hard wood) 14 mm

W5 Natural wood 10.5 mm

W6 Pine wood 8.9 mm

Plastic

A1 Glass-look cast acrylic 4.75 mm

A2 Vinyl flooring 4.5 mm

A3 Vinyl tile sheet 1.2 mm

Paper

P1 Ingrain wallpaper 0.6 mm

P2 Carton (white corrugated) 2.5 mm

P3 Hardboard paper 3.9 mm

P4 Hardboard with paper 3.92 mm

Brick

B1 Clay brick 12 mm

B2 White ceramic wall tile (plain) 6.5 mm

B3 Brown ceramic wall tile 9.7 mm

Glass
G1 Window glass 3.85 mm

G2 Mirror glass 2.9 mm

Leather
L1 Synthetic leather (Faux) 4.5 mm

L2 Genuine leather (brown) 1.4 mm

Measured Scattering Parameters

We employed the (VNA-based)Swissto12MCK THz transmission waveguide measurements

system corresponding to waveguide band WM-250 for measuring scattering parameters (S21

and S11). These measuredS21 and S11 of all the six material groups namely,wood, plas-

tic, paper, brick, glassand leather at frequencies from 750 GHz to 1.1 THz are illustrated

in Figs. 5.4−5.15.
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Figure 5.4: Measured S-parameterS21 [dB] versus frequency of indoor materials using MCK

system(Material Group: Wood).
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Figure 5.5: Measured S-parameterS11 [dB] versus frequency of indoor materials using MCK

system(Material Group: Wood).
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Figure 5.6: Measured S-parameterS21 [dB] versus frequency of indoor materials using MCK

system(Material Group: Plastic).
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Figure 5.7: Measured S-parameterS11 [dB] versus frequency of indoor materials using MCK

system(Material Group: Plastic).
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Figure 5.8: Measured S-parameterS21 [dB] versus frequency of indoor materials using MCK

system(Material Group: Paper).
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Figure 5.9: Measured S-parameterS11 [dB] versus frequency of indoor materials using MCK

system(Material Group: Paper).
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Figure 5.10: Measured S-parameterS21 [dB] versus frequency of indoor materials using MCK

system(Material Group: Brick).
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Figure 5.11: Measured S-parameterS11 [dB] versus frequency of indoor materials using MCK

system(Material Group: Brick).
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Figure 5.12: Measured S-parameterS21 [dB] versus frequency of indoor materials using MCK

system(Material Group: Glass).
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Figure 5.13: Measured S-parameterS11 [dB] versus frequency of indoor materials using MCK

system(Material Group: Glass).
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Figure 5.14: Measured S-parameterS21 [dB] versus frequency of indoor materials using MCK

system(Material Group: Leather).
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Figure 5.15: Measured S-parameterS11 [dB] versus frequency of indoor materials using MCK

system(Material Group: Leather).

The fact that the values ofS21 for all six groups are quite low indicates the high losses

during transmission. These materials can thus be regarded as high-loss materials. Perhaps, the

transmission attenuation, thickness of the sample and it’spermittivity, surface scattering, and
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absorption in the material samples result in these losses. TheS21 values for all material groups

indicate considerable variation as apparent from the illustrations. For instance, theS21 values

for W1, W2, W3, W4, W5 andW6 at 1 THz are -52.09, -49.08, -48.51, -48.95, -48.62 and

-48.43 dB, respectively. Similarly, forA1 andA3 theseS21 values at 1 THz are -40.4 dB and

-24.65 dB, respectively. Meanwhile, an 8.65 dB difference betweenS21 values for materialsA1

andA3 is conspicuous in Fig. 5.6 at 750 GHz. Lastly, forB1, B2 andB3 the correspondingS21

values at 1 THz are -52.66, -49.6 and -46.77 dB. The recorded data reveals that theS21 values

are not only influenced by the thickness but the texture or inner structure of any material may

also impact these values. It is also noteworthy to mention here that the thickness may influence

the scattering parameters but indeed causes no impact on theintrinsic properties of any material.

The variation inS11 also exhibits an eminent frequency dependence being a function of

the thickness of the sample as well as it’s permittivity. However, the recurrent big dip at 1.08

THz in S11 for all material samples is likely attributed to absorptionlines rather than errors

and discrepancies in the measurement process or due to the physical behavior of the material

samples [119].

Rayleigh Roughness Factor

In Fig. 5.16, the Rayleigh roughness factorρspecillustrates the impact of scattering and surface

roughness on the 6 rough material samples versus frequency as the remaining 3 material samples

from Table 5.2 are smooth.

Table 5.2: Measured parameters of materials.

Mat. group ID ε̃r ˜̃εr σh Thickn.

Wood

W1∗∗ 3.88 0.192 0.0468 mma 7.5 mm

W2∗∗ 3.23 0.10 0.0503 mma 5.5 mm

W3∗∗ 4.06 0.152 0.0115 mmb 12 mm

W4∗∗ 2.86 0.474 0.0111 mmb 14 mm

W5∗∗ 3.08 0.123 0.0122 mma 10.5 mm

Plastic

A1∗ 2.64 0.0190 0.0000 mm 4.75 mm

A3∗ 2.4 0.0340 0.0000 mm 1.2 mm

Brick

B2∗ 4.0 0.0820 0.0000 mm 6.5 mm

B3∗∗ 4.20 0.10 0.0950 mma 9.7 mm

∗smooth surface ∗∗rough surface
aµsurf Confocal MicroscopebProfilometer XP-Plus 200 Stylus
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The measured modified reflection coefficient is divided by theconventional reflection co-

efficient to obtain the Rayleigh roughness factor (cf. Eq. (2.18)). One is most likely able to

extract a general rule from Eq. (2.14) that the Rayleigh roughness factor decreases with the

relative increase in surface roughness, as is well evident from Fig. 5.16. Perhaps, the decrease

in ρspec is only due to the impact of surface roughness as the angle of incidence is fixed, i.e.,

cos(0◦) = 1, and thus causes no influence. It is evident that the material sampleW4 is amongst

the least rough whereasB3 is the most rough material. The Rayleigh roughness factor thus

assorts the materials samples from most to least rough in this order, i.e.,B3, W1, W3, W2, W5

andW4.
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Figure 5.16: Calculated Rayleigh roughness parameterρspec versus frequency for six rough

materials at angle of incidence 0◦ (i.e., transmission geometry).

5.5 Propagation of EM Waves in Dielectric Materials

There are multiple reflections between material and air in the measuring system, so we cannot

simply regardS11 as the reflection coefficient andS21 as the transmission coefficient of the

given material. A unit amplitude wave incident on the air-sample surface in the measuring

system is shown in Fig. 5.17, the relationship between the T/R coefficient of the material and

the scattering parameter can be deduced from [124].
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Figure 5.17: Multiple reflections at the air-sample interfaces in the system.

The total reflection coefficientΓin of this section is equal to the sum of all reflections at the first

surface of the material. It can be expressed as

Γin = Γ1+T12T21Γ3e−2jθ +T12T21Γ2(Γ3)
2e−4jθ + · · · (5.9)

This equation can be simplified as

Γin = Γ1+T12T21Γ3e−2jθ
∞

∑
n=0

Γn
2Γn

3e−2jnθ (5.10)

Here, we approximateS11 to Γin, so the equation can be further simplified as

S11 = Γ1+
T12T21Γ3e−2jθ

1−Γ2Γ3e−2jθ (5.11)

Assuming that a wave is incident from first to second material, the reflection coefficientΓ12 at

the surface between these two materials can be given as

Γ12 =
z2−z1

z2+z1
(5.12)

wherez1 is the wave impedance in first material andz2 is the wave impedance in second material.
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From Eq. (5.12), we can get the reflection coefficients of the material as depicted in Fig. 5.17

Γ1 =−Γ2 =−Γ3 (5.13)

This meansΓ = Γ1. By defining

T12 = 1+Γ2

T21 = 1−Γ1

(5.14)

and the transmission coefficient of the materialT can then be written as

T = e−jθ (5.15)

Substituting the obtained calculations from Eq. (5.13), Eq. (5.14) and Eq. (5.15) into Eq. (5.11)

gives the relationship betweenS11 and T/R coefficient of the material as

S11 =
Γ(1−T2)

1−Γ2T2 (5.16)

Similarly, S21 is calculated by summing up all the transmissions at the second surface of the

material and then the relationship betweenS21 and T/R coefficient of the material is expressed

as

S21 =
T(1−Γ2)

1−Γ2T2 (5.17)

The Eq. (5.16) and Eq. (5.17) exhibit the relationship between the T/R coefficient of the material

and the measured scattering parameters. This gives an insight into almost all of the methods uti-

lized for extracting material properties from their corresponding scattering parameters including

the NRW method and the one based on K-K relations mentioned later in this chapter.

5.6 Novel Analysis Techniques

5.6.1 Nicolson-Ross-Weir (NRW) based Methods

Basic NRW Method

The NRW method is an extraction method to retrieve the complex relative permittivity (εr = ε̃r −
j ˜̃εr) and complex relative permeability (µr = µ̃r − j ˜̃µr ) of the measured material by measuring
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transmission and reflection [115]. In this system the transmission coefficient is expressed as

T = exp(−γd) (5.18)

whered is the thickness of the material,γ is the propagation constant, defined as

γ = jω
√

µ0ε0

√
µrεr − (

ωc

ω
)2 (5.19)

ω is the angular frequency andωc is the angular cutoff frequency. The measuring system used

in this work can be regarded as a free space measurement, the angular cutoff frequency is then

ωc = 0. µ0 is the permeability of vacuum andε0 is the permittivity of vacuum. The speed of

light is c= 1√µ0ε0
. These values are substituted in Eq. (5.19) to get

γ = j(ω/c)
√

µrεr (5.20)

The transmission coefficient can then be calculated withεr andµr

T = exp[−j(
ω
c
)
√

µrεrd] (5.21)

The reflection coefficient in our measuring system can be expressed as

Γ =
z−z0

z+z0
(5.22)

with

z=
jωµ0µr

γ
z0 =

jωµ0

γ0
(5.23)

wherez0 is the wave impedance in the air andz is the wave impedance in the material. So

Eq. (5.22) can be elaborated as

Γ =

γ0
γ µr −1
γ0
γ µr +1

(5.24)

From Eq. (5.20), we getγ0
γ = 1√µrεr

. So the reflection coefficient is given as

Γ =

√
µr
εr
−1

√
µr
εr
+1

(5.25)
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In the NRW algorithm, based on Eq. (5.16) and Eq. (5.17) mentioned in the last section, let us

assume
V1 = S21+S11

V2 = S21−S11

(5.26)

and

K =
1−V1V2

V1V2
=

S2
11−S2

21+1
2S11

(5.27)

The reflection coefficient can then be expressed in terms of scattering parameters as

Γ = K±
√

K2−1 (5.28)

Depending on the|Γ| ≤ 1, the value ofΓ is either positive or negative. The transmission coeffi-

cient is given by

T =
V1−Γ
1−V1Γ

=
S11+S21−Γ

1− (S11+S21)Γ
(5.29)

The Eq. (5.28) and Eq. (5.29) enable one to extract the reflection coefficientΓ and transmission

coefficientT from the scattering parameters.

The values ofΓ andT are thus obtained and their relationship withεr andµr is also been

retrieved. The above information is employed to calculateµr andεr . Hence, from the Eq. (5.25)

we can get
µr

εr
= (

1+Γ
1−Γ

)2 = c1 (5.30)

and from the Eq. (5.21) we obtain

µrεr =−[
c

ωd
ln(

1
T
)]2 = c2 (5.31)

Thus,

µr =
√

c1c2 (5.32)

εr =

√
c2

c1
(5.33)

The refractive index is then given by

n=
√

εrµr (5.34)

Theoretically, the relative complex permittivityεr and relative complex permeabilityµr can be

calculated eventually fromS11 andS21. The flowchart of the basic NRW method is shown in

Fig. 5.18.
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Figure 5.18: Nicolson-Ross-Weir method for calculating dielectric permittivity.

The NRW method is non-iterative, simple in calculation and high in precision. However,

there are some problems in the basic NRW method. Thefirst oneis the existence of “thickness

resonance”. It means, in the no-loss or low-loss materials,when some frequencies satisfyd =

mλg
2 , m= 1,2,3, · · · , whereλg is the wavelength within the sample, there will be thenT =

exp[−j(ω
c )
√µrεrd] → ±1. So theS11 determined by Eq. (5.16) is close to 0,|S11| → 0, and

similarly |S21| → 1 [125]. The abnormal phenomenon at these frequency points also influences

the results ofεr andµr . But the thickness resonances do not occur for higher loss materials as

is the case in our work, depicted in Fig. 5.19

In order to reduce this error for the low-loss materials, onemay generally control the thick-

ness of the sample to be less thanλg
2 . The best thickness of a sample isλg

4 with minimum

error. However, at higher frequencies, for example, 0.75∼ 1.1 THz as in this work, the half

wavelength in the sample is less than 1 mm. So it is almost impossible to getd <
λg
2 , thus at

high frequencies the “thickness resonance” is hard to avoidfor low-loss materials. Moreover,
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Figure 5.19: Transmission coefficientT

even if the thickness of the material can be limited for lowerfrequencies, a very thin thickness

will affect the accuracy of the measurement. This problem seriously restricts the use of NRW

method.

Thesecond problemis the multi-value ofln( 1
T ).

1
T is constant which has a unique solution.

But ln( 1
T ) has many values from the complex number1

T

ln(
1
T
) = ln| 1

T
|+ j[arg(

1
T
)+2mπ ],m= 0,1,2, · · · (5.35)

Here,arg( 1
T ) represents calculating the argument of1

T in the range[−π ,π ]. We can see that

the imaginary part ofln( 1
T ) is multi-valued and each value differs by 2mπ . In the mathematical

algorithm, one generally takes the solution of the whole imaginary part ofln( 1
T ) in the range of

[−π ,π ], which may lead to an error in the result.

Defining the value ofm as

m= int(
d
λg

) (5.36)

Here, int means integer. In the common NRW method, the need is ford <
λg
2 , at least at the

start frequency pointd <
λg
2 (a stepwise method mentioned below is applied to this situation),

by defaultm= 0 and the imaginary part ofln( 1
T ) in the range[−π ,π ] is proper.

However, for high frequencies such as THz the situation becomes more complex. In this
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case,d is required to be quite greater thanλg, such thatm 6= 0 is definite. When using the basic

NRW method, it may result in a huge error, and the result is even nonphysical as presented in

Fig. 5.20. Due to the unknown material properties,λg is hard to define, hence this makes the

evaluation ofm challenging as well. Later in this section, an NRW method based on group

delay unfolds the proper way to obtainm.
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Figure 5.20: Relative permittivity base on basic NRW method

Stepwise NRW Method

In Eq. (5.35), we consider the imaginary part ofln( 1
T ) ranging from−π to +π for the basic

NRW method, if it exceeds this range, the results still jump back to the range[−π ,+π ], i.e.,

randomized results due to the phase ambiguity. Hypothetically, we considerN frequency points,

f1, f2, f3, · · · , fN, with the corresponding transmission coefficientsT1,T2,T3, · · · ,TN. By using

the constraint of the changes between the imaginary part ofln( 1
Ti−1

) andln( 1
Ti
) (2≤ i ≤ N), the

problem of multi-values can be tackled [126].

φi = φi−1+arg(
1
Ti
1

Ti−1

) = φi−1+arg(
Ti−1

Ti
) (5.37)
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Figure 5.21: The flowchart of operation process forln 1
T

whereφi is the imaginary part ofln( 1
Ti
). Finally,φN can be written as

φN = φ1+
N

∑
i=1

arg(
1
Ti
1

Ti−1

)

= φ1+
N

∑
i=1

arg(
Ti−1

Ti
)

(5.38)

In the frequency band, Eq. (5.37) ascertains∆φ = φi −φi−1 ≤ π , which determines the unique

solution ofφi , so that there is no ambiguity ofln( 1
T ). The only problem is to determine the value

of φ1, all other values ofφ at the frequency points afterwards can be obtained by the previous

values. In the common stepwise NRW method,φ1 is in the range from−π to +π by default.

After getting the result ofφ , ln( 1
T ) without ambiguity can be calculated from the following

equation

ln(
1
T
) = ln| 1

T
|+ jφ (5.39)

The flowchart for the evaluation steps of operation process for ln 1
T based on the stepwise NRW

method is shown in Fig. 5.21. The other part of the stepwise NRW method is complete in

harmony with the basic NRW method.

The prerequisite of the stepwise NRW method is that the startfrequency is low, and it
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satisfiesd <
λg
2 , in order to guaranteem1 = 0. With λg =

vg
f andvg =

c√εr µr
(vg is the velocity

in the material), the deterministic formula of start frequency is given as

f1 <
c

2d
√εrµr

(5.40)

If the starting frequencyf1 satisfies this formula, thenm1 = 0 andφ1 is directly defined in the

range of[−π ,+π ], therefore, we can just use the stepwise NRW method to get theresult.

The stepwise NRW method is an improvisation of the basic NRW method, because in most

cases, it is unrealistic that all the frequencies on the frequency band satisfyd <
λg
2 , which leads

to the fact that the results of the basic NRW method are often inaccurate. In comparison, the

stepwise NRW method only limits the start frequency, but does not limit the other frequencies,

even if the following frequencies become higher and higher,resulting inm 6= 0, if φ is out of

the range[−π ,π ], the stepwise NRW method can still work, which offsets the error caused by

multi-value.
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Figure 5.22: Relative permittivity based on a stepwise NRW method

From Fig. 5.22, it is evident that the relative permittivityobtained based on the stepwise

NRW method is more smooth and steady than the one obtained from the basic NRW method.

But at higher frequencies such as THz as depicted in the figure, the result is still nonphysical.

The main reason being is the start frequency in this work is 0.75 THz, thus making it impossible

to achievem1 = 0, hence we still need to evaluatem1 to get theφ1. In contrast the advantage is
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that we need them merely at the start frequency (m1), instead of calculating the values ofm for

each of the frequency points.

Basic NRW Method based on Group Delay

For NRW method at THz frequencies, the key problem is to determine the value ofm in order

to overcome the issue of multi-values. If the cutoff frequency of the waveguide (fc) is known

for the transmission/reflection line method, we can getλg through the formulaλg =
λ0√

1−(
λ0
λc
)2

,

and thenm is obtained fromm= int( d
λg
). For the free method the value ofm can be evaluated

by comparing the calculated group delay with the measured group delay.

The group delay directly obtained by the measurement is defined as

τmeas=− 1
2π

dϕ
d f

(5.41)

whereϕ is the phase of the transmission coefficient T.

The calculated group delay is

τcalc= d
d

d f

√
εr µr

λ 2
0

− 1
λ 2

c
(5.42)

In this work it can be rewritten as

τcalc = d
d

d f

√
εr µr

λ 2
0

(5.43)

Firstly, we should calculateεr andµr whenm takes a series of values based on the basic NRW

method. Secondly, we can get theτcalc at each frequency point from Eq. (5.43), whereτcalc

is a series of values for each frequency point correspondingto the value ofm. Finally, the

τcalc and theτmeasare compared for each frequency point to determine the proper m. When

τcalc(m= k)− τmeas≃ 0, at this frequency the most suitablem value ism= k.

A prerequisite for this method is that the spacing between adjacent frequency points is

small enough so that the phase ofT changes less than 360◦ from this frequency point to the

adjacent one. Also because of the small frequency spacing, the change ofεr andµr between

adjacent frequencies is so small that it can be neglected [127].

In Fig. 5.23, our results reveal an undesirable phenomenon wherem takes a different range

and the optimal solution ofm changes, thus changing theεr . This maybe due to the excessive
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m: 0~30

(a) m : 0∼ 30
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(b) m : 0∼ 50

Figure 5.23: Relative permittivity for the different range ofm : 0∼ 30 andm : 0∼ 50.

spacing of adjacent frequencies,∆ f = 1.75 GHz in our work, giving errors in the results. This

problem may be avoided by selecting more frequency points inthis frequency band, but for the

measured data another method is introduced to overcome thislimitation, which is an extraction

elaborated in K-K relations later in Sec. 5.6.2.

Stepwise NRW Method based on Group Delay

In the NRW method based only on group delay, the loop calculation in the range ofm is to be

done at each frequency point, then this calculation cycle from the first frequency to the last one

is repeated, which requires a lot of operational steps. But if we combine the group delay and

stepwise NRW method, this greatly reduces the amount of computation. One can only use the

group delay to estimate the proper value ofm at the first frequency so that the value ofln( 1
T ) at

the first frequency can be obtained, then the rest of the calculation is performed by the stepwise

NRW method.

Table 5.3: Elapsed times of the programming.

The range ofm Group delay (seconds)Combination (seconds)
0∼ 30 4.04 0.20
0∼ 50 6.62 0.56

The NRW method based on group delay only and the other one thatbased on a combination

of group delay and stepwise yield similar results as shown inFig. 5.24, but the elapsed time of

the combination is comparatively more faster and less, Table 5.3 shows the different elapsed

times.
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Figure 5.24: Comparison of relative permittivity.

5.6.2 Kramers-Kronig (K-K) Relations based Method

Kramers-Kronig Relations

K-K relation is essentially a special case of the Hilbert transform, it describes the relationship

between the real and imaginary parts of the response function. Hilbert transform can be regarded

as a convolution of the input signalu(t) with the signal 1
πt , which means extending the real-

valued signal to the complex plane as

H[u(t)] = u(t)⊗ (
1
πt

) =
1
π

P
∫ ∞

−∞

u(τ)
t − τ

dτ (5.44)

where P denotes the cauchy principal value integral. If the system has causality, that is, whent <

0, u(t) = 0, the real part and imaginary parts of the response functionu(w) are not independent,

which are further from a pair of Hilbert transform pairs. TheHilbert transform can evolve into

K-K relations [128], it can then be written as

Re{u(w)}= 1
π

P
∫ ∞

−∞

Im{u(ω ′
)}

ω ′ −ω
dω

′

Im{u(w)}= 1
π

P
∫ ∞

−∞

Re{u(ω ′
)}

ω ′ −ω
dω

′
(5.45)

Consideringu(t) is the real-valued function, we get

u(−ω) = u∗(ω) (5.46)
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where * means the complex conjugate. SoRe{u(ω)} is an even function,Im{u(ω)} is an odd

function and both are rewritten as

Re{u(ω)}= Re{u(−ω)}

Im{u(ω)}=−Im{u(−ω)}
(5.47)

Substituting the above formula into Eq. (5.45) gives

Re{u(w)}= 2
π

P
∫ ∞

0

ω ′
Im{u(ω ′

)}
ω ′ −ω

dω
′

(5.48)

Im{u(w)}=−2ω
π

P
∫ ∞

0

Re{u(ω ′
)}

ω ′ −ω
dω

′
(5.49)

In the optical response function determined by the causal relationship, it’s real and imag-

inary parts are not independent of each other. For example, the complex refractive index

(n= η + jκ) describes the interaction between waves and materials from a macroscopic view-

point. The real partη is related to the phase velocity of the wave in the medium (η = c
vg

),

and the imaginary partκ is generally positive, representing the attenuation of thewave in that

medium. Whenw → ∞, n(w) → 1, then the K-K relations connecting the real and imaginary

parts of the refractive index can be written as:

η(ω)−1=
2
π

P
∫ ∞

0

ω ′κ(ω ′
)

ω ′ −ω
dω

′
(5.50)

κ(w) =−2ω
π

P
∫ ∞

0

η(ω ′
)

ω ′ −ω
dω

′
(5.51)

It can be seen from the Eq. (5.50) and Eq. (5.51) that if eitherone of the real or the imaginary

part is determined, then the other one is also calculated. Wecan use this to solve the multi-value

problem in the extraction of the material properties from scattering parameters.

The Method based on Kramers-Kronig Relations

In Fig. 5.25, the flowchart of the K-K relation based method isdepicted. The S-parameters are

previously derived in Eq. (5.16) and Eq. (5.17). Now, after substituting the value ofT = e+jk0nd

derived from Eq. (5.21) by [115,130], the equation can rewritten for the above S-parameters as

S11=
Γ(1−T2)

1−Γ2T2 =
Γ(1−e+2jk0nd)

1−Γ2e+2jk0nd (5.52)
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Figure 5.25: Flowchart of method based on K-K relations.

S21 =
T(1−Γ2)

1−Γ2T2 =
e+jk0nd(1−Γ2)

1−Γ2e+2jk0nd (5.53)

The reflection coefficient of the material specimen is

Γ =
z−z0

z+z0
=

Z−1
Z+1

(5.54)

Here,Z is the normalized impedance. From the above equations, we obtain

Z =

√
(1+S11)2−S2

21

(1−S11)2−S2
21

(5.55)

T =
S21

1−S11Γ
(5.56)

Let us assume working with passive materials, there is no gain in the material, soRe(Z) ≥ 0,

Im(n)≥ 0, also the|T| ≤ 1, then the value ofZ can be derived. After determining this, we get
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the value ofΓ from Eq. (5.54), and the value ofT from Eq. (5.56). The refractive indexn can

then be expressed withT as

n=
1

k0d
{Im[ln(T)]+2mπ − jRe[ln(T)]}

=
1

k0d
{Im[ln(ejk0nd)]+2mπ − jRe[ln(ejk0nd)]}

(5.57)

wherem is some integer.T is expressed as

T = ejk0nd (5.58)

Now, the real and imaginary parts of the refractive index areexpressed separately

η = Re(n) =
Im[ln(ejk0nd)]

k0d
+

2mπ
k0d

= n0+
2mπ
k0d

(5.59)

κ = Im(n) =−Re[ln(ejk0nd)]

k0d
(5.60)

The above expression reveals that the imaginary part of the refractive indexκ is well-determined,

but the real part of the refractive indexη is multi-valued. Therefore, by utilizing the K-K rela-

tionships to evaluate the value ofη by usingκ from the Eq. (5.50) is given as

ηkk(w
′
) = 1+

2
π

P
∫ ∞

0

wκ(w)
w2−w′2dw (5.61)

Now we get an estimated valueηkk of η by using the K-K relations, we then compareηkk and

η0 to find the value ofm.

m= Round[(ηkk−η0)
k0d
2π

] (5.62)

whereRound()means taking the nearest integer. From Eq. (5.57) the refractive indexn is finally

determined as
n=

√
εr µr

Z =

√
µr

εr

(5.63)

Accordingly, the relative permittivity and relative permeability are derived as

εr =
n
Z

(5.64)
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µr = nZ (5.65)
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Figure 5.26: Refractive index of method based on K-K relation for material B2.

Fig. 5.26 depicts the measured refractive index of materialB2 as a function of frequency

using the above equations. As can be inferred, after comparing with the NRW method based

on group delay, the method based on K-K relationships is not solemnly affected by the thick-

ness of the sampled, nor does it require the interval between adjacent frequency points to be

sufficiently small. But it also has limitations as can be seenfrom the Eq. (5.61) that the integral

is 0→ ∞, so the scattering parameters measured should be in the entire frequency range, but

beyond possibility. The frequency range obtained in the experiment must be limited, which will

truncate the integral, resulting in inaccurate results, just approximations. For example, it can be

observed in the Fig. 5.26 thatηkk has a rapid change at the beginning and end of the frequency

range, which is most likely due to the truncation integral. In order to reduce the errors caused

by the finite frequency range, we can adopt the largest possible frequency range offered by the

measurement equipment, or use the subtractive K-K relations, which are generally divided into

singly subtractive K-K relations (SSKK) and multiply subtractive K-K relations (MSKK). Be-

sides, as can be seen from Eq. (5.62) the value ofm is determined depending on it’s relation

with η andηkk. Hence,m takes a series of values depending on the closeness of theη andηkk
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curves at that frequency point. The equation can be obtainedas follows

η(ω
′
)−η(ω

′′
) =

2
π

P
∫ ∞

0

wκ(w)
w2−w′2dw− 2

π
P
∫ ∞

0

wκ(w)
w2−w′′2dw

=
2(ω ′2−ω ′′2)

π
P
∫ ∞

0

wκ(w)
(w2−w′2)(w2−w′′2)

dw
(5.66)

whereη(ω ′′
) is a priori known refractive index at a reference pointω ′′

. MSKK is similar to

SSKK, but requires more reference points.

In the SSKK, the real refractive index at a single frequency point inside the frequency range is

to be known, hence measured beforehand serving as a reference point to improve accuracy of

K-K relations.

5.7 Concluding Remarks

This chapter unravels the issue of material characterization in the THz spectrum:

⇒ The frequency dependent material parameters such as permittivity, refractive index and ab-

sorption coefficient are mandatory to analyze and model the wave propagation mechanism.

Hence, this work reports the first ever transmission measurements for six (6) material group-

s comprising of 20 common indoor building materials at frequencies from 750 GHz to 1.1 THz.

⇒ The commercially available VNA-basedSwissto12system is employed for characterizing

the chosen materials on the basis of their dielectric properties, extracted from the scattering

measurements using novel analysis techniques.

⇒ The low values ofS21 for all six groups signify the high losses during transmission thus

regarding these as high-loss materials. These losses perhaps attribute to the transmission atten-

uation, thickness of the sample and it’s permittivity, surface scattering, and absorption in the

material samples.

⇒ A number of novel analysis techniques such as K-K relations are reviewed to carry out the

conversion of S parameters to complex dielectric properties replacing the conventional THz-

TDS system based on down conversion method employed previously for similar measurements.
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Chapter 6
Conclusions and Future Challenges

This dissertation is another one pacing forward with the aimto achieve 100Gb/swireless links

anywhere and anytime. The line of action towards fulfilling this target first and foremost calls

for a thorough study of the basic propagation mechanisms followed by the detailed typology

of the surfaces along with the solutions posed by the diffusescattering from rough surfaces.

Finally, the development of a novel RTA to overcome the conventional GHz ray tracer’s limi-

tations and material characterization on the basis of dielectric properties is successfully carried

out/accomplished to analyze and model the wave propagationmechanism.

Each chapter of this dissertation is a link in the chain of actions. The notable conclusions rather

contributions from this work are:

6.1 Conclusions

Impact Of Candle Flame On THz Communication Links→ Three different antenna configu-

rations (Horn-Horn, Horn-Open and Open-Open) are employedto contemplate the impact of

candle flame on the ultra-broadband THz communication across the spectrum of interest from

300 GHz to 310 GHz. The channel measurements are performed for two different distances i.e.,

0.5 m and 1 m. The findings from this work demonstrate that the THz electromagnetic wave is

exposed to slight attenuation mostly caused by the water vapour attenuation. The wave propa-

gation is delayed (phase-shifted) and comparatively more prominent in the Open-Open antenna

configuration. However, this slight attenuation does not cause any hindrance in the characteri-

zation and localization of materials at THz frequencies.
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Impact Of Surface Roughness On The THz Propagation Channels→ The coverage map results

obtained from the ray-tracing simulations in an LoS environment pinpoint to the peculiar pat-

tern of scattering. The scattering phenomenon significantly persists in the points near to the

walls and distant from the TX. The almost identical average attenuations for varied degrees of

roughness recorded from our simulations in LoS scenario highlight the effect of a dominant

direct path as opposed to the scattered channel paths with almost negligible effect.

Comparison Of The Surface Scattering Models→ Diffuse scattering is among the major chal-

lenges at THz frequencies when modeling the THz propagationchannels. A thorough study

on the four (4) widely accepted scattering models (R-R, ER, cB-K and mB-K) along with their

comparison is presented in this work as a step towards resolving the scattering problem. A note-

worthy finding from this comparison and further affirmed by the simulation results as well is

that the ER model can be considered a good choice modeling THzchannels, though proposed

for channel modeling at 60 GHz.

Novel Ray-Tracing Algorithm→ The limitations of the conventional GHz RT and the smooth

materials turning rough now at THz frequencies are the two main reasons that compelled us to

develop our own THz RTA for channel modeling at THz frequencies. This self-programmed

3D RTA is developed by integrating the above mentioned scattering models for rough surfaces

and can work completely on standalone basis. The GUI for our RTA can be operated without

any prior MATLAB experience to simulate THz scenarios thus catering users of all levels.

Novel THz Material Characterization Techniques→ This dissertation proclaims the first ev-

er transmission measurements for six (6) material groups (wood, plaster, paper, brick, glass

and leather) at frequencies from 750 GHz – 1.1 THz employing theSwissto12system using

up-conversion (frequency domain) method. The characterization of the material dielectric prop-

erties assists in analyzing and modeling the wave propagation at these frequencies.

6.2 Future Challenges

The most difficult aspect of this dissertation has been declaring it finished. Some further inter-

esting and promising research topics are summarized as follows:
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Diffraction From Rough Surfaces At THz Frequencies→ The diffraction encountered at THz

frequencies is still a topic that warrants further study andresearch. Particularly, for desktop

scenarios where a variety of common desktop item can serve asan obstructive purpose for d-

iffraction. Prior research affirms that UTD is a well suited approach for the diffraction modeling

at 300 GHz from smooth surfaces. However, this approach has not been studied yet for rough

surfaces at THz frequencies. This topic hence awaits to be explored and further investigated for

resolving the problem of diffraction at THz frequencies.

Full Coverage With NLoS Communication Channels→ The measurements carried out for the

chosen six material groups report that all of these undergo reflection losses except for compara-

tively less loss witnessed in the case of wood. Hence, in order to attain a full coverage free of

or with minimal reflection loss, the idea of introducing reflection mirrors can be a good bait for

further research.

Horn Antenna Misalignments→ The horn antennas interestingly have a divergent beam in their

spatial structure where the beam spot size gets larger at farther distances, unless collimating

lenses are used. In future, a study on the horn antenna misalignments (horizontal-, vertical-,

angular-displacements) can be an interesting topic particularly with a concomitant in-depth s-

tudy on the beam spot diameter.

Non-Gaussian Distributed Rough Surfaces→ This dissertation probed and studied the Gaus-

sian rough surfaces and their impact at THz frequencies. However, the non-Gaussian surfaces

are left unexplored in this work. The study of the non-Gaussian height distribution effects on

the total received and scattered power can open up new horizons for channel modeling at THz

frequencies. This can be elaborated by adopting suitable scattering models for resolving the s-

cattering problems similar to those experienced in case of Gaussian rough surfaces. Meanwhile,

embedding directly the 3D surface topography measurement data obtained from the surface

measurements instruments into the RTA can be an interestingadvancement in future.

THz Scattering Models→ A comparison of the widely accepted THz models (R-R, ER, cB-K

and mB-K) is already presented in this study work in terms of the frequency-domain CTFs for

f = 300...310 GHz in LoS and NLoS scenarios. However, in order to evaluate the suitability of

these aforementioned models as to which one proves more suited for which scenario, one needs
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to refer back to the measurements.

Photo-realistic GPU-enabled 3D THz Ray-tracer→ The novel 3D THz ray tracer employed

in this study for flat surfaces only can be futuristically enhanced into a photo-realistic GPU-

enabled 3D THz ray tracer. This visionary enhancement can bethen employed for non-flat

surfaces as well with comparatively expedited results.

Reflected Multipaths→ The elaboratein-roomstudy on the chosen material groups can be aug-

mented further to assay the reflected paths achievable with maximum path lengths for each of

these materials. This may take the deployment of THz wireless communications a step further.

Look Through Distant Objects→ A huge leap in the THz spectrum is already witnessed but

the envisioned future awaits prospective applications overpowering the frames of mind once

the look through experiments already accomplished for nearby indoor materials employing the

Swissto12system are taken a step further to look through distant objects. This will bring out

the THz (or T-wave) from the confined in-room scenarios to achieve multi-room radio coverage

thus facilitating several new applications in human-to-human, human-to-thing, and thing-to-

thing communications, beyond thought in the past.

This brings the dissertation to an end. However, the challenges summarized above open up new

avenues for future research.
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[19] C. Jansen, S. Priebe, C. Möller, M. Jacob, H. Dierke, M.Koch, and T. Kürner, “Diffuse

Scattering From Rough Surfaces in THz Communication Channels”, IEEE Transactions

on Terahertz Science and Technology, vol. 1, no. 2, pp. 462-472, Nov. 2011

[20] M. F. Hermelo, R. Chuenchom, V. Rymanov, T. Kaiser, F. Sheikh, A. Czylwik, and
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