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ABSTRACT
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Electronics Engineering Ph.D Dissertation, July 2021

Dissertation Supervisor: Prof. Ozgiir Giirbiiz

Dissertation Co-Supervisor: Assoc. Prof. Mustafa Alper Akkag

Keywords: Absorption loss, bandwidth allocation, beam misalignment, colored
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path fading, non-terrestrial communications, terahertz communication.

Terahertz (THz) band (0.1-10 THz) communications shows a huge potential for the
prospective beyond 5G and 6G wireless systems, as the band offers large bandwidth
and data rates as compared to the existing sub 6 GHz bands, which are almost
saturated. Traditionally, the THz band has been employed for the sea-level-short
range communication, due to the large absorption loss the THz waves experience
by the water vapor molecules present in the atmosphere, which decreases across
higher atmospheric altitudes, where the communication over the THz band can be
highly leveraged among various practical aerial vehicles. In this dissertation, first,
we investigate path loss over the THz band (0.75-10 THz) at various atmospheric
altitudes, ranges and directions by realistically calculating the THz absorption loss.
Four practical altitudes are considered, corresponding to Drone-to-Drone (Dr2Dr),
Jet plane-to-Jet plane (J2J), Unmanned Aerial Vehicle-to-Unmanned Aerial Vehicle
(U2U), and near-space Space-to-Space (S2S) communications. Following compar-
ison and validation with two real-world experimental results from the literature
measured at the sea-level, Line by Line Radiative Transfer Model (LBLRTM) is
used to obtain realistic THz transmittance values for each altitude case and setting.
Numerical results show that as the altitude increases, the water vapor concentration
decreases, enabling the communication over the THz band to be more feasible as
compared to the sea-level communication. Moreover, the total usable bandwidth
results over the THz band exhibit that the upper bounds of 8.218 THz, 9.142 THz
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and 9.250 THz are usable up to the transmission distance of 2 km for J2J, U2U and
S2S communication cases, respectively. Next, the THz band is further explored for
the identical four aerial communications at the practical altitudes, variable direc-
tions and distances, under realistic weather and channel fading conditions, due to
beam misalignment and also multi path fading. A channel model for aerial com-
munications at THz band is proposed to calculate the common flat bands (CFB)
for frequency-selective path gain and the colored noise spectrums, both of which
are highly affected by the atmospheric conditions. An extensive capacity analysis is
presented, considering equal power (EP) and water-filling (WF) allocation, showing
that when there is no fading, capacity for aerial links is several orders of magnitude
larger than the sea-level capacity. For both the proposed CFB and the Standard
(STD) approaches, the sea-level capacity is enhanced by an order of magnitude for
the drones, which is doubled for the jet plane scenario, which is further tripled
for UAVs, which is again increased by another order of magnitude for the satellite
communications. When ergodic capacity is computed for the fading scenarios, it
is shown that the impact of fading vanishes at higher altitudes. Sea-level ergodic
capacity is increased by an order of magnitude for drone-to-drone communications,
providing several Tbps at 10 m, while 10s of Thps is achievable among jet planes and
UAVs, and several 100s of Thps is possible for satellites/cubesats at 1 km under fad-
ing, suggesting that THz band is a promising alternative for aerial communications.
Then, we consider various realistic mobility scenarios of THz-enabled Dr2Dr links
over the THz band (0.75-4.4 THz), also incorporating real drone mobility traces.
Additionally, we consider real THz antennas over the THz band (0.75-4.4 THz) un-
der various drone mobility scenarios for evaluating the true potential of utilizing the
THz band among drone communications. For maximizing the capacity, we propose
a channel selection scheme, MaxActive, which intelligently selects THz narrowband
channels promising the maximum capacity. Then, we propose a joint process of
channel selection, beamwidth adjustment and power control for the capacity maxi-
mization. Based on this joint process, we compare the MaxActive scheme with the
CFB scheme as well as the STD narrowband scheme in terms of capacity and spec-
tral efficiency using both WF and EP allocations. It is inferred that the beamwidth
misalignment highly affects the THz band Dr2Dr communication. Moreover, the
link performance of the MaxActive scheme even with EP approaches the MaxActive
and STD schemes with WF, while clearly outperforming CFB and STD with EP.

iv



OZET

TEZ BASLIGI

TEZ YAZARI: AKHTAR SAEED
PROGRAM ADI DOKTORA TEZI, TEMMUZ 2021

Tez Damismani: Prof. Dr. Ozgiir Giirbiiz
Tez Eg-Danigmani: Dog. Dr. Mustafa Alper Akkasg

Anahtar Kelimeler: Emilim kaybi, bant genigligi tahsisi, 1510 hizalamasi, renkli
giirtltii, Drondan - Drona iletigim, ergodik kanal kapasitesi, LBLRTM, ¢ok yollu

sontimleme, karasal olmayan iletigim, terahertz iletigimi.

Terahertz (THz) bant iletigimi (0.1 - 10 THz), neredeyse tamamiyla kullanilmig
olan mevcut 6 GHz alt bantlara kiyasla, cok biiyiik bant genisligi ve veri hiz sun-
dugundan; potansiyel 5G ve 6G kablosuz sistemlerinin 6tesinde biiyiik bir iletigim
potansiyeli sunar. Geleneksel olarak, THz bandi, atmosferde bulunan su buhar
molekiilleri tarafindan kullanilabilir. Bu molekiiller, THz dalgalarinin bulundugu
daha yiiksek atmosferik irtifalarda, azalan biiyiik emilim kayb1 nedeniyle, deniz se-
viyesinde kisa menzilli iletigim i¢in kullamilmistir. THz bandi, farkli hava araclar:
arasinda daha cok tercih edilebilir. Bu caligmada, ilk olarak, THz emilim kaybi
gercekei bir gekilde hesaplanmig ve farkl iletim mesafeleri ve yonleri dikkate ali-
narak, cesitli atmosferik irtifalarda THz band1 (0.75 - 10 THz) tizerinde yol kayb1
analizi aragtirilmigtir. Drondan - Drona (D-D), Jet ugagindan - Jet ugagma (J-J),
[nsansiz Hava Aracindan Insansiz Hava Aracina (IHA - THA) ve Yakin Uzay Uy-
dusundan Yakin Uzay Uydusuna (Y-Y) karsilik gelen dort pratik irtifa dikkate alin-
mistir. Literatiirde, deniz seviyesinde 6l¢iim yapan iki ¢alismanin deneysel sonuglari
kargilagtirilmig ve dogrulanmigtir. Bu dogrulamanin ardindan, her bir irtifa durumu
ve ayarina karsi, gercek¢i THz bant iletim degerlerini elde etmek igin “Satirdan
Satira Ismmimlh Transfer Modelleri (SSITM)” kullanilmigtir. Sayisal sonuglar, rakim
arttik¢a su buhar1 konsantrasyonunun azaldigini ve THz bandi tizerinden iletigimin,
deniz seviyesi iletisimine kiyasla daha uygun oldugunu gostermektedir. Ayrica, THz
bandi iizerinden toplam kullanilabilir bant genisligi sonuclari, J-J, IHA-IHA ve Y-Y
iletigimi i¢in; 8.218 THz, 9.142 THz ve 9.250 THz'lik tist simirlarin, 2 km’lik iletim



mesafesine kadar kullanilabilir oldugunu goéstermektedir. Ayrica, THz bandi, farkh
irtifa, yon ve mesafelerdeki hava araclar1 dikkate alinarak, gergek¢i hava ve kanal
zayiflamasi kogullar1 altinda, 151 hizasizhigi ve ¢ok yollu séniimleme nedeniyle ayni
dort hava iletigimi i¢in daha fazla aragtirilmigtir. Her ikisi de atmosferik kogullar-
dan oldukga etkilenen frekans secici yol kazanci ve renkli giiriiltii spektrumlar: igin
Ortak Dtz Bantlar1 (ODB) hesaplamak amaciyla THz bandinda hava iletigimi i¢in
bir kanal modeli 6nerilmistir. EG (Esit Gii¢) ve SD (Su Doldurma) tahsisi goz
oniinde bulundurularak, kapsaml bir kapasite analizi sunulmus ve zayiflama ol-
madiginda, hava baglantilar1 kapasitesinin, deniz seviyesi kapasitesinden birkag kat
daha biiyiik oldugunu gosterilmigtir. Hem 6nerilen hem de standart yaklagimlar igin,
deniz seviyesi kapasitesi, dronlar icin bir biiyiiklilk sirasma gore artiriir. THA’lar
icin ii¢ katina ¢ikan jet ucagi senaryosu igin iki katina ¢ikt1 ve uydu i¢in bagka bir
biiyiikliik sirasina gore artirildi. iletigim. S6nme senaryolar: i¢in ergodik kapasite
hesaplandiginda, soniim etkisinin yiiksek irtifalarda ortadan kalktigi gosterilmistir.
Deniz seviyesindeki ergodik kapasite, insansiz hava aracindan insansiz hava aracina
iletisim icin bir biiytikliik sirasina gore artirihir ve 10 m’de birkag Tbps saglarken,
Jet ucaklar1 ve IHA lar arasinda 10s Thps’ye ulagilabilir ve solma altinda 1 km’deki
uydular /kiipatlar i¢in birkag 100s Thps mumkiindiir. THz bandimin hava iletigimi
igin umut verici bir alternatif oldugu. Soéntimleme senaryolar: i¢in ergodik kapa-
site hesaplandiginda, yiiksek irtifalarda genis haberlesme menzilleri i¢in sontimleme
etkisinin ortadan kalktigi gosterilmistir. Ardindan, THz baglant1 kapasitesini ve
spektral verimliligi degerlendirmek icin gercek diinya D-D hareketlilik izlerini de
dikkate alan cegitli gercekci hareketlilik senaryolar1 goz oniinde bulundurulmus ve
boylece THz etkin D-D senaryolarim degerlendirilmigtir. THz bandi (0.75 - 4.4 THz)
iizerinde kapasiteyi en tist diizeye ¢ikarmak igin, maksimum kapasiteyi vaat eden
THz dar bant kanallarim akillica secen MaksAktif kanal se¢cim semasini 6énerilmek-
tedir. MaksAktif’i EG ve SD tahsislerini kullanarak, kapasite ve spektral verimlilik
agisindan ODB gemasi ve Standart Dar Bant (SDB) semasi kargilagtirilmigtir. EG’li
MaksAktif’in SD ile MaksActif ve SDB semalarina iyi bir sekilde yaklagtigi ve EG
ile ODB ve SDB’den acikca daha iyi bir performans gosterdigi sonucuna varilmistir.
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Chapter 1

INTRODUCTION

Wireless communications has been mostly implemented in the sub-6 GHz spectrum,
which is almost saturated. With the progression towards impending beyond 5G
systems and prospective 6G systems [1], telecommunication researchers and policy
makers have started looking into the higher frequency spectrum to meet the ever
increasing demand of data rates [2]. Towards this goal, the Terahertz (THz) band
(0.75-10 THz) is being considered as one of the prospective candidates, due to the
potential of providing large amount of bandwidth [3].The THz band (0.1-10 THz),
as shown in Fig. 1.1 [4,5], is envisioned as one of the key enablers towards ubiquitous
wireless communications beyond 5G accommodating a large number of connected

devices and ultra-high user data rates.

The THz band is located in between the millimeter wave (mmWave) and the far
infrared (IR) band and still considered one of the least investigated and exploited
regions in the electromagnetic spectrum although it offers a much higher band-
width than the mmWave range and more favorable propagation conditions than
the IR band. Similar to mmWave communications, THz band can be employed for
backhaul links for transmitting signals over large bandwidths among various base
stations. The THz band can also be considered as a replacement of optic fiber and
copper-based Local Area Networks (LANs) for macro and micro cell communica-
tions in remote and rural areas. Moreover, THz band can also be considered for
very-short range communications (whisper radio) including on-board communica-
tions, nano-sensors, etc. In addition to wireless communication, the THz band has
also been employed in other applications such as in sensing, imaging using high-
resolution spectroscopy. Recently, significant progress has been made with respect
to THz devices based on different technologies, and commercial THz systems are
anticipated to become a reality in the near future. For example, there is a common

understanding now that the THz communications will become an integral part of
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the upcoming 6G systems family [1,6].
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Figure 1.1 The terahertz band in the electromagnetic spectrum.

The intelligent information society of 2030 is expected to be globally information
driven, highly digitized, with the support of unlimited and near instant complete
wireless connectivity [7] and 6G will be the prime catalyst for achieving this target,
connecting everything in all dimensions, as well as concatenating almost all different
functions such as, communication, sensing, imaging, computing, caching, navigation,
control etc. for supporting all applications [8]. As wireless communications is rapidly
progressing towards 6G, the exponentially growing network traffic arises the need of
exploiting the electromagnetic spectrum above the existing sub 6 GHz bands, which
are almost saturated. A possible solution to this need is to utilize the THz band
as the bridge between the 5G mmWave band and the free space optics band [9,10].
THz band offers large bandwidth, favorable for very high data rate applications [11],
while at the same time promises huge antenna gains due to shorter wavelengths as

compared to the lower frequency bands [4,12].

Propagation in the THz band is highly affected by the absorption loss, which ac-
counts for the attenuation suffered by the EM wave since some of its energy is
converted into vibrational kinetic energy by gas molecules (e.g. water vapor) in the
atmosphere [13]. This absorption loss is highest at the sea-level, as the atmospheric
gas concentration is at the maximum [4,14,15]. For this reason, THz communication
at the sea-level has been studied mostly for very short range communications, such
as for on-chip communications [16] or for connecting data centers within up to 10

m.

For obtaining the THz absorption loss, certain radiative transfer tools have been
employed by the researchers working on THz band communications. For instance,
for identifying transmission windows at the sea-level communication, HITRAN on
the Web is employed for obtaining absorption coefficients in [17]. Again, considering

HITRAN, [18] presents channel modeling and capacity analysis up to 10 m under
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various transmit power allocations over constant narrowbands within 0.1-10 THz
[19]. In [20], a theoretical multi-ray channel model is presented for 0.06-10 THz
band at the sea-level, considering ranges up to 6 m. In [14], a distance-aware based
bandwidth adaptation resource allocation is proposed; a rate of 100 Gbps is reported
within 21 m, suggesting the THz band to be a feasible candidate of 5G cellular
network hot spots, wireless local area networks and wireless personal area networks
(PANSs) [4]. THz band (0.275-0.4 THz) is analyzed over distance ranging from 10 m
to 100 m as a possible candidate to the wireless fiber extenders in [21] considering
the joint impact of beam misalignment and multi path fading. It is shown in [21]
that the degradation effect of the beam misalignment and multi path fading on the

ergodic capacity can be countered by provisioning high transmit power levels.

1.1 Motivation: Terahertz Communication In
The Sky

The earth’s atmosphere has its maximum gaseous concentration at the sea-level,
which subsides at higher altitudes, leading up to our question: Can THz band be
utilized for wireless communication across high altitudes, for communicating aerial
vehicles? The existing aerial communication systems (see Fig. 1.2 for example sce-
narios at respective practical altitudes) operate at lower frequencies, and lately,
distributed aerial communications and computing platforms has been gathering at-
tention with the research advancements in 5G technologies, edge computing, and

machine learning [22].

Considering the state-of-the-art aerial communications, in [23], several drone com-
munication systems are proposed to offer bandwidths in the order of several 100
MHz in the ISM band, providing a backup link for bursty and non-homogeneous
data traffic demand, which can occur in natural disasters or in communal congre-
gation/gathering events (e.g., concerts [24]). Jet planes traditionally use the Very
High Frequency (VHF) bands for communicating with each other and with ground
stations [25]. High altitude Unmanned Aerial Vehicles (UAVs) and High Altitude
Platforms (HAPs) have recently proven to be effective communication relays between
satellites and earth stations (to substantially reduce propagation delays) typically
operate over L-band (0.5-1 GHz) and S-band (2-4 GHz) [26]. Satellites conven-
tionally employ microwave bands for communication links [27], where the L-band is
typically used for Global Positioning System (GPS) and satellite phones, C-band (4-
8 GHz) is used for TV networks, and Ka-band (26-40 GHz) is used for satellite-based
radars [28].
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Figure 1.2 Possible real scenarios of THz-enabled aerial vehicles across various at-
mospheric altitudes.

For aerial communications, a holistic investigation of THz band communication
among Vertical Heterogeneous Networks (V-HetNets) is suggested in [29], propos-
ing that the THz communication can be a possible candidate band for 6G and even
beyond for back-hauling and front-hauling small cells. V-HetNets include satellites,
HAPs, flying drone base stations, etc (Fig. 1.2). The effect of UAV hovering fluc-
tuations in the mmWave communication links under multi path fading is analyzed
in [30], where it is shown that extent of stability of the antennas mounted on the UAV
transceivers has considerable effect on the system performance, while provisioning
higher antenna gains does not surely improve the system’s performance. Therefore,
under the hovering fluctuations, antenna radiation pattern optimization is the key
governing the system’s performance. Geostationary Satellite-to-Earth links utiliz-
ing THz band is theoretically investigated in [31] by employing ITU atmospheric
model for obtaining the absorption effect over 0.1-0.5 THz band, showing that the
satellite-to-Earth links can possibly support up to 10 Gbps per GHz, given that high
gain power amplifiers and high antenna gains are supported. In [32], am atmospheric
tool is employed for analyzing Thps links between satellites and ground stations and
also among high altitude balloons and satellites. Line by Line Radiative Transfer
Model (LBLRTM) tool is utilized in [33] for analyzing transmittance analysis of the
THz band (0.75-100 THz) under pristine conditions. In the following, we provide
the THz band communication for drone-specific cases/scenarios that are available

in the literature.



Drones will soon inhabit our skies as they are easily available, reliable and low-cost
devices. The demand for such hovering drones is increasingly witnessed in civil and
government applications, as globally, many governments and industries have been
investing heavily in deploying the drone networks as per their requirements [34].
Typically, small drones with multi-copter-like functionalities are favorable due to
their cheap maintenance and convenient deployments [35]. In order to achieve a
certain mission, it is usually desirable to deploy a collection or swarm of drones in a
networked fashion [36]. Such drone networks or drone sensor networks can monitor
a large coverage area and the sensed data can be gathered with enhanced reliability,

resilience and fault tolerance under diverse conditions.

Recently, THz band has been considered for UAV communications. Aerial channel
models for UAVs communications over 2 GHz to 900 GHz under various weather
conditions (rain, snow and fog) is studied in [37], showing that the attenuation
caused by the rain is the most severe for mmWave bands, whereas the attenua-
tion at THz bands increases by the snow. Antennas and codebook designs at 28
GHz and 140GHz (sub-THz frequency for upcoming 6G systems) for UAV commu-
nications with realistic antenna simulations and flight patterns are studied in [38],
showing that the appropriate codebook design and multi-array configurations are
important particularly for long range applications, offering over 1 Gbps rate at 1 km
under moderate rain. In [39], a comprehensive survey is provided on Antennas On
Chips (AOCs) as a candidate for the 5G wireless systems, Wireless Sensor Networks
(WSNs), UAVs, Internet of Things (IoT), etc. The paper also provides the existing
AoCs with respect to specific applications over low-frequency bands, mmWave bands
and THz bands.

A wireless network with THz-based UAVs serving ground users are considered in
[40] with the goal of minimizing the transmission delays of both the uplink and
downlink by optimizing jointly the UAV location, bandwidth and transmit powers
of the served users. A sub-optimal solution to this problem is also proposed as
an iterative algorithm, showing a reduction in delay by up to 59.3 %, 49.8 % and
75.5 %, respectively, as compared to optimizing only the UAV location, bandwidth
allocation or the transmit power control. A heterogeneous network comprising of
UAVs and macro base station working at sub-6 GHz and small cells working at THz
frequencies is presented in [41], where it is shown that the ground users linked to
the THz-based small cells experience significant improvement rates in contrast to
those users which are connected to the tier of sub-6GHz. In [42], THz drone/UAVs
networks are studied by analyzing area spectrum efficiency and coverage probability,
showing that due to large path loss at the THz frequency of 0.35 THz, a larger UAVs

density is required for a certain coverage probability as compared to the lower carrier
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frequencies. In [43], THz Multiple Input Multiple Output (MIMO) Orthogonal
Frequency Division Multiplexing (OFDM) communication is considered between
two UAVs by studying estimation error bounds of the orientation and position.
It is concluded that the position accuracy at millimeter levels can be targeted by
minimizing the transmitter-receiver separation. In [44], outage probability is studied
for a single-cell network having a UAV as a decode-and-forward relay in full-duplex
mode, assisting a Base Station (BS) and extending its coverage over the THz channel.
Transmit power of the mobile device and the UAV with the objective of minimizing
the outage probability is derived and compared with the fixed power allocation,
showing that the outage probability is decreased by 20 % with the obtained optimum
power levels as compared to the fixed power allocation. In [45], UAVs and Intelligent
Reflective Surface (IRS) are employed for providing the THz communications over
240-400 GHz, with 20 GHz bandwidth of the sub-band, having the aim of maximizing

the minimum average rate of the UAVs.

Due to narrow transmission and reception beams, THz communication links be-
tween mobile aerial vehicles need to be frequently aligned. For instance, an optimal
beamwidth selection is presented in [46] for enabling high rate links between mobile
aerial vehicles. An adaptive beamwidth control for UAV communications operating
at THz center frequency of 0.3 THz, 10 GHz bandwidth is proposed in [47], where
a stochastic beam controlling scheme, LeTera is proposed. It is shown that LeTera
dynamically predicts the best beamwidth via echo state learning with statistical in-
formation of the UAV mobility patterns obtained using real mobility traces, with an
accuracy of 99 %, which in turn leads to a near-optimal capacity in mobile environ-
ments. The effect uncertainties due to the mobility of flying drones communicating
over the mmWave and THz band is studied in [48], showing that the micro-scale
mobility uncertainties has negligible effects on the link capacity, whereas the small
scale and large scale mobility instances pose a significant degradation in the link
capacity. The work of [48] is extended in [49], where LeBeam scheme is proposed
with the object of maximizing the expected capacity of the mmWave/THz band
links by dynamically obtaining the optimal beamwidth with respect to the mobil-
ity uncertainties. Based on the research works on the THz aerial communications

provided above, following open research issues are studied in this dissertation:

In [33], the atmospheric attenuation is investigated in detail using LBLRTM for
the frequency range [0.1-100 THz| under pristine conditions. It is shown in [33]
that LBLRTM can provide good atmospheric predictions for earth-to-space links.
Earlier in the literature, LBLRTM has been employed for the transmittance-based
atmospheric analysis [33,50,51]. However, extension of the transmittance-based

atmospheric analysis to the total path loss and the subsequent evaluation of total
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usable bandwidth at various atmospheric altitudes are not present in the literature.
Moreover, in the literature, although standard distance-dependent capacity com-
putation at the sea-level is available, considering various transmit power allocation
over constant narrowbands [18,19], however, the concept of an altitude-dependent
variable bandwidth approach based on common flat bands among the path gain and
the colored noise is not studied in the literature. Furthermore, for THz communica-
tion within drones under mobility, the authors in [48,49], considers only beamwidth
optimization, while considering only a single THz band for transmission. However,
to the best of our knowledge, joint channel selection over the THz band (0.75-4.4
THz) and the beamwidth adjustment considering realistic 3D beamwidths for Tx
and Rx drones is not present in the literature. Motivated by the open research areas
of THz aerial communications, in this dissertation, we study each of the above open
research areas in the literature. The contributions are provided in the subsequent

section.

1.2 Thesis Contributions

In this dissertation, we study the THz band for the aerial communications with re-
alistic transmittance from LBLRTM. We perform path loss, total usable bandwidth
of four practical aerial communication scenarios with the constant noise model.
Then, we propose a variable bandwidth model with altitude-dependent THz ca-
pacity computations under both ideal channel and fading channel conditions using
colored noise model. Additionally, as a special case of aerial communications, we
consider THz communication for Drone-to-Drone (Dr2Dr) communications under
mobility, also considering real-world drone traces as well as real THz antennas. We
also propose another channel selection scheme, MaxActive, with the objective of
maximizing capacity under both water-filling (WF) and equal power (EP) alloca-
tions of the THz-enabled Dr2Dr link. Moreover, we propose a joint channel selection,
beamwidth adjustment and power control considering the MaxActive, Common Flat
Band (CFB) and Standard (STD) schemes for obtaining the capacity and spectral

efficiency. Our contributions and findings can be summarized as follows:

o We analyze the total path loss values at four atmospheric altitudes, in addition
to the sea-level communication. We observe that for the atmospheric altitudes
of up to 1 km, the absorption effects are significant. At 10 km altitude, the
total path loss exhibits mainly the free space spread loss behavior due to
negligible absorption at the altitude. For the altitudes above 16 km, the

absorption effect becomes negligible.

e The numerical results show that for the altitudes higher than 16 km, the entire
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THz band (0.75-10 THz) is usable as a single transmission window. Across
10 km altitude, a bandwidth of greater than 8 THz is usable, while for the
altitudes lower than 1 km, only the initial window of 0.75-1 THz is usable.

An altitude-dependent variable bandwidth communication model is developed,
where the common flat bands of path gain and noise are determined, followed
with the SNR and capacity computations for the determined jointly flat bands,
which are summed over the entire THz band. THz channel capacity (without
fading) is observed as a function of altitude, direction of transmission and
range. Detailed capacity analysis is pursued, considering the common flat band
and standard capacity computations, each using WF and EP allocations, for
four aerial communication scenarios of drones, jet planes, UAVs, and satellites,

under practical settings, various atmospheric weather conditions and fading.

Numerical results show that for both the proposed and the standard ap-
proaches, the sea-level capacity is enhanced by an order of magnitude for the
drones, which is doubled for the jet plane scenario, which is further tripled for
UAVs, which is again increased by another order of magnitude for the space
communications. When ergodic capacity is computed for the fading scenarios,
it is shown that the impact of fading vanishes at higher altitudes. Sea-level
ergodic capacity is increased by an order of magnitude for drone-to-drone com-
munications, promising several Tbps at 10 m, while 10s of Thps is achievable
among jet planes and UAVs, and several 100s of Tbps is possible for satel-
lites/cubesats at 1 km under fading, suggesting that THz band is a promising

alternative for aerial communications.

A novel bandwidth selection scheme, MaxActive, is proposed with the objec-
tive of maximizing the channel capacity of the THz-enabled Dr2Dr link under
mobility. The proposed scheme is evaluated under both WF and EP allo-
cations, also comparing with CFB and STD schemes under various realistic

mobility scenarios.

A realistic 3D antenna model is employed for THz-enabled Dr2Dr links un-
der mobility with beamwidth adjustment provision to promise uninterrupted
THz Dr2Dr links under mobility. Additionally, real THz antennas over the
THz band (0.75-4.4 THz) are also considered under various drone mobility
scenarios for revealing the true potential of employing the THz band for drone

communications.

It is observed that even with the EP allocation, the capacity offered by the

proposed MaxActive scheme with constant gain, 3D symmetric and asymmet-



ric beamwidths well approximates the capacity values of MaxActive, CFB and
STD with WF allocations.

o For the ideal, perfectly aligned scenario, the WF capacity and spectral effi-
ciency results with the constant gain, 3D symmetric beamwidths without ad-
justment are increased by an order of magnitude when the real THz antennas
are employed. Moreover, real THz antennas under real mobility traces offer
WEF capacity and WF spectral efficiency values, improved by five and three
orders of the magnitudes, respectively, as compared to the constant gain, 3D

asymmetric beamwidths without adjustment.

o Considering the state-of-the-art THz antennas and real drone traces, employ-
ing the THz band (0.75-4.4 THz) for THz band Dr2Dr communications can
promise WF-based capacity values in the order of several Gbps even if no
beamwidth adjustment is provisioned, while for the perfectly aligned mobil-
ity, up to 2.8 Tbps of capacity is achievable, with a WF spectral efficiency of
up to 11.88 bits/sec/Hz, depicting the potential of the THz band for Dr2Dr

communications.

1.3 Thesis Organization

The rest of the dissertation is organized as follows: Chapter 2 presents the THz band
propagation in the atmosphere. In Chapter 3, THz path loss and total usable band-
width analyses for four practical aerial vehicles are provided considering constant
noise model. In Chapter 4, for the identical four aerial scenarios, the capacity analy-
sis is provided under both ideal and fading conditions with colored noise model, also
presenting variable bandwidth approach with altitude dependent channel model. In
Chapter 5, THz band Dr2Dr communication is considered with real-world drone
mobility traces and real THz antennas, and a joint channel selection, beamwidth
allocation and power control is proposed for maximizing channel capacity. Finally,

the conclusions are provided in Chapter 6.



Chapter 2

TERAHERTZ PROPAGATION
IN THE ATMOSPHERE

2.1 Terahertz Absorption Loss

For analyzing THz propagation in the atmosphere, we require the radiative transfer
theory for computing the EM wave attenuation as it propagates across the atmo-
sphere [52]. This attenuation is due to the molecular absorption in the atmosphere,
where mainly the water vapor molecules induce this molecular absorption [4, 18].
Moreover, since the atmospheric gaseous concentration is at the maximum levels
at the sea-level, therefore, the THz band communication at the sea-level is highly
affected by this water vapor-based absorption, causing to limit the communication
at the sea-level to be up to only a few meters. Therefore, for computing the total
path loss, it becomes essential to incorporate the THz absorption loss in addition
to the free space spread loss, which is due to the spread of the THz waves as it
propagates across the atmosphere. The total path loss at THz frequency, f and
distance, d between Tx and Rx is obtained as the sum of the free space spread loss

in dB and the absorption loss in dB, as:

Apl(f: d) [dB] = Aabs(f7 d) [dB] +Aspread(fv d) [dB] : (2'1)

Agps(f,d) provides the absorption loss experienced by the THz through the atmo-
spheric propagation. This absorption loss is mainly due to the water vapor molecules

in the atmosphere, and can be derived from the transmittance, 7(f,d), as [17,18,33]:

Aabs(f> d) -

Fd) (2.2)
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and in dB scale,
Aaps(f,d)[dB] = 10logio Aaps ([, d) - (2.3)

Agpread(f,d) denotes the free space spread loss due to the attenuation experienced
by the THz wave while propagating through the atmosphere and the loss due to the

isotropic antenna, which is obtained as [18,53]:

Aua £, 0105] = 20010 (710 2.4)

For obtaining realistic Agps(f,d) for a given settings such as THz frequency range,
transmission distance, atmospheric composition, etc., across the THz band (0.1-10
THz), various radiative transfer tools are available. These radiative transfer tools
also enable to obtain 7(f,d) values [54,55], which is the absorption gain correspond-
ing to a given setting. Thus, 7(f,d) is the primary parameter for obtaining the THz
absorption. In the following, state-of-the-art radiative transfer tools are mentioned
for computing the THz absorption loss at the sea-level as well as at various altitudes

across earth’s atmosphere.

2.2 Radiative Transfer Tools

2.2.1 HITRAN on the Web

HITRAN on the Web (HotW) is an online tool widely used to assess spectral line
parameters of various atmospheric gases which is required for analyzing the radia-
tive transfer modeling and studying absorption spectra of gaseous molecules [56].
The tool is based on the standard HITRAN database [57] that comprises of the
infrared spectrum which is further extended to higher spectral regions spanning
from microwave up to ultraviolet (0.00001-25232.0 em ™). The tool offers to model
wavenumber profiles including transmittance functions, absorption functions and
absorption coefficients considering various parameters including pressure, tempera-
ture and transmission distance. The tool is based on the earlier developed Internet

information systems Spectroscopy of Atmospheric Gases (SPECTRA) [58].

2.2.2 am atmospheric tool

Another tool for the radiative transfer theory analysis is am atmospheric model [59].
am offers radiative transfer calculations considering electromagnetic wave propaga-
tion across the atmosphere covering wavelengths starting from microwave up to sub

millimeter bands. Specifically, am can be employed to model any problem involving
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a narrow beam propagation across a series of segment paths with a user-specified at-
mospheric composition, temperature and pressure considering local thermodynamic
equilibrium. Various spectra that can be obtained using the am tool include thermal

emission, absorption and excess delay.

2.2.3 Line by Line Radiative Transfer Model (LBLRTM)

For obtaining realistic transmittance values at different altitudes, in this thesis,
Line by Line Radiative Transfer Model (LBLRTM) tool is employed. LBLRTM is
based on the Fast Atmospheric Signature Code (FASCODE) program. The key fea-
tures of LBLRTM are arbitrary good spectral resolution, inclusion of both foreign
and self-broadened continuum models of water vapors, and extra continuum models
provided for carbon dioxide, nitrogen, oxygen and ozone gases. The minimum sup-
ported spectral limit in the LBLRTM is 0.75 THz, with the spectral resolution of
0.01 em~! (0.3 GHz) [50]. Identical to the HITRAN on the Web, LBLRTM employs
the Voigt line shape together with a personalized algorithm for linearly combining
the line approximation functions. Based on predefined atmospheric profiles, trans-
mitter and receiver atmospheric altitudes (in km), zenith angle (in degrees) between
the transmitter and receiver, LBLRTM calculates various atmospheric parameters
such as transmittance, radiance and optical depth. Hence, LBLRTM provisions
support for analyzing the atmospheric mean transmittance across various altitudes,
unlike HITRAN on the Web [56] which is traditionally employed for the atmospheric
analysis at the sea-level. LBLRTM has been widely considered as one of the best
models for the atmospheric based analysis typically used in radiative transfer appli-
cations, consisting of a wide spectral range, extending from the sub-millimeter to
the ultra-violet band. The Voigt line shape is employed together with an algorithm
for linearly combining functions for line approximation. In [33], the atmospheric
attenuation is investigated in detail using LBLRTM for the frequency range [0.1-100
THz] under pristine conditions. It is shown in [33] that LBLRTM can provide good
atmospheric predictions for earth-to-space links. Earlier in the literature, LBLRTM
has been employed for the transmittance-based atmospheric analysis [33,50,51]. In
this thesis, prior to employing the LBLRTM for obtaining realistic transmittance
values at various altitudes, directions of communication and ranges, in the following,

we validate LBLRTM with two experimental results from the literature.

2.2.4 LBLRTM Validation with Experimental Results

In this thesis, the LBLRTM is validated against the two existing experimental mea-

surement results in [60] over 0.75-2 THz and in [61] over 1-3 THz. For the validation

purposes, we obtain the power transmittance values by taking the square of the am-
12
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Figure 2.1 LBLRTM comparison with the am atmospheric model and HITRAN on
the Web. Communication at sea-level at transmission distance (d) = 6.18 m as
in [60].

Table 2.1 Simulation parameters as in [60].

LBLRTM am atmospheric model HITRAN on Web

Gas mixture = 51 % H20

1i e 7 in — 1
£ 750 GHz 2000 GHz 50 MHz Min. Wavenumber, WNmin = 25.01731 c¢m

US Std. 1976 Model T0 296 K Max. Wavenumber, WNmax = 66.71282 ¢m ™!
Wavenumber V1 = 25.01731 ¢m ™! lav. Temperature, T = 296 K

Wavenumber V2 = 66.71282 ¢m ™! ;}10513 95 mb Pressure, P = 1 atm

H1, H2 = 0 km T 21 C- mbar Cut-off on Intensity, Scut = 1.0E-28 cm/mol
ZANGLE = 90 deg b 6.18 m Line profile = Voigt

RANGEF = 0.00618 km Wing (W), #halfwidths = 50
App.function (AF) = No influence on the device

Optical path, L = 6.18 m

column h20 RH %51

plitude transmission (or transmittance) values presented in [60] and [61]. To further
observe the accuracy of the LBLRTM with other existing radiative transfer tools, we
compare the LBLRTM with two High-resolution Transmission molecular absorption
database (HITRAN) [62] implementations, using the am atmospheric model [59] and
the HITRAN on the Web [56] as the two theoretical benchmarks, since the THz-
band has been initially assessed at the sea level using HITRAN [17,18]. It is to be
noted here that we can compare LBLRTM with HITRAN over the entire considered
THz-band (0.75-10 THz). However, THz-band communication is a new topic in the
research community and the experimental works found in the literature are up to 3
THz. Therefore, we have included the am atmospheric model and HITRAN on the
Web results only up to 3 THz. The simulation parameters of the three-considered
tools are provided in Table 2.1 as in [60] and in Table 2.2 as in [61].

Figure 2.1 illustrates the transmittance as a function of frequency (0.75-2 THz) at

13
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Figure 2.2 LBLRTM comparison with the am atmospheric model and HITRAN on
the Web. Communication at sea-level at transmission distance (d) = 1 m as in [61].

d = 6.18 m as considered in Figure 5 of [60]. The transmittance curves obtained
using the LBLRTM are provided as the black-line, whereas the HITRAN-based
transmittance (51 % H2O as in [60]) are obtained via the am atmospheric model [59]
and HITRAN on the Web [56] as the yellow-line and blue-dashed line, respectively.
Table 2.3 summarizes the mean and standard deviation of absolute errors (u(]el)
and o(|e|)) of the three-considered tools with respect to the experimental data [60].
It can be seen that LBLRTM offers a reasonable o(|¢|), while the am atmospheric
model offers the least ju(|e]) and o(|e|) for the considered setting as compared to
LBLRTM and HITRAN on the Web. This shows that LBLRTM can be considered

for a reasonable theoretical approximation as compared to both the am atmospheric

model and HITRAN on the Web.

Figure 2.2 depicts the transmittance vs. frequency (1-3 THz) at d = 1 m as provided
in Figure 4 of [61], whereas p(|e|) and o(Je|) of the three considered tools are given
in Table 2.3. It can be observed that the LBLRTM curves closely approximate
the experimental data points, showing a slight better u(le|]) and o(|e|) of 0.1184
and 0.1253, respectively, as compared to that of the am atmospheric tool, which
are 0.1601 and 0.1402, respectively. HITRAN on the Web based transmittance
depicts the highest deviations. This shows that the LBLRTM can be considered

as a reliable tool for approximating the transmittance of real-world THz-band

communication scenarios.
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Table 2.2 Simulation parameters as in [61].

LBLRTM

am atmospheric model

HITRAN on Web

US Std. 1976 Model

Wavenumber V1 = 33.35641 em ™!
Wavenumber V2 = 100.06923 ¢m ™!
H1, H2 = 0 km

ZANGLE = 90 deg

RANGEF = 0.001 km

f 1000 GHz 3000 GHz 50 MHz
T0 296 K

layer

P 1013.25 mbar

T 23.6 C

h1lm

column h20 RH %30

Gas mixture = 30 % H20

Min. Wavenumber, WNmin = 33.35641 cm ™!
Max. Wavenumber, WNmax = 100.06923 cm ™!
Temperature, T = 296.6 K

Pressure, P = 1 atm

Cut-off on Intensity, Scut = 1.0E-28 cm/mol
Line profile = Voigt

Wing (W), #halfwidths = 50

App.function (AF) = No influence on the device

Optical path, L =1 m

In the subsequent sections, we assess the THz-band communication using the
LBLRTM at the sea-level up to the near space by unifying the study over 0.75-
10 THz, although the LBLRTM is validated with the experimental work up to 3
THz. This is because of the LBLRTM shows reasonable theoretical approximation
with the am atmospheric model and HITRAN on the Web, and it offers the pro-
vision to assess THz-band transmittance at variable altitudes, zenith angles, and

transmission distances [50,51,63], from the sea-level up to the space [33].

Table 2.3 Mean and standard deviation of the absolute error from the experimental
data as in [60] and [61]: LBLRTM, am atmospheric model (HITRAN) and HITRAN
on the Web.

Experimental Validation with [60] Experimental Validation with [61]

LBLRTM am (HITRAN) HITRAN on Web LBLRTM am (HITRAN) HITRAN on Web

&) 0.1359 0.0629 0.0877 0.1184 0.1601 0.1961

o(le]) 0.0896 0.0776 0.0821 0.1253 0.1402 0.2078

2.2.5 Modeling of Atmospheric Conditions Using LBLRTM

In this section, we investigate the variation of atmospheric conditions, i.e. , temper-
ature, pressure, and water vapor concentration as a function of altitude, considering

their implications for aerial communication scenarios by employing LBLRTM.

We model THz band communications at varying atmospheric altitudes by taking the
leverage of LBLRTM, which also provides six weather profiles, namely, Tropical, Mid
Latitude Summer, Mid Latitude Winter, Sub Arctic Summer, Sub Arctic Winter
and US Standard 1976. Fig. 2.3(a) shows the atmospheric temperature and pressure
variations as the function of the altitude. It can be observed that among all of
the six weather profiles, the temperature (left y-axis) decreases drastically as the
altitude increases, particularly across the altitudes of 10-20 km, making the THz
band an ideal candidate for establishing Thps communication links among cruising
jet planes, UAVs and HAPs. Moreover, it can also be seen that the atmospheric
pressure (right y-axis) follows a logarithmic relation with the altitude. The pressure

is at the maximum level at the sea-level (i.e. , 100 kPa) which is trivial, as the
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Figure 2.3 Variations in the atmospheric temperature and pressure (a), and water
vapor concentration (b) across the earth’s atmosphere for six different LBLRTM
weather profiles.

maximum atmosphere is concentrated at the sea-level. As the altitude increases
from 0 km up to about 10 km, the pressure decreases by an order of magnitude,
i.e. , from 100 kPa to nearly 10 kPa. This condition also favors high rate links in
the order of Thbps among cruising jet planes, UAVs and HAPs. From the 30 km
altitude on wards, the temperature starts rising again up to 50 km altitude, making
transmittance observed across these altitudes to be more colored. Finally, reaching
at the altitude of 90 km and above, the temperature drops to lowest levels, observing

the negligible pressure levels, highly favoring Thbps Inter Satellite Links (ISLs).

Fig. 2.3(b) illustrates the influence of altitude on the water vapor concentration
across the earth’s atmosphere for the six weather profiles in LBLRTM. The maxi-
mum water vapor concentration is observed at the sea-level for all of the six weather
profiles with the tropical weather profile offering the highest concentration of 11.02
% and the subarctic winter profile being the lowest at 0.667 %. As the altitudes
reaches 1 km, the water vapor concentration decreases exponentially, promising the
drone communications over the THz band with the communication links in the order
of 100 s of Gbps. At the altitude of 4 km, all of the three weather profiles offering
the highest concentrations i.e. , Tropical, Mid Latitude Summer and Mid Latitude
Winter converge to a lower water vapor concentration of merely 2 %. This exponen-
tial decreasing trend continues till the 6 km altitude, where all of the six weather
profiles exhibit the water vapor concentration of less than 1 %. Interestingly, for
the higher altitudes reaching 12 km, all of the six weather profiles offer negligible
water vapor concentration, i.e. , nearly 0 %. This shows that the THz band can
be highly leveraged for communication among aerial vehicles by the reduced water

vapor concentrations at higher altitudes. For instance, aerial vehicles flying at and
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above 10 km altitudes, such a cruising jet planes across 10-12 km, UAVs and HAPs
flying across 16-22 km, and even beyond i.e. , among ISLs between communicating
satellites and cubesats [64] across and above 99 km. It is to be noted here that
although LBLRTM provisions the radiative transfer analysis for the altitudes up
to 120 km, only the altitudes of up to 12 km are provided in Fig. 2.3(b), as the
water vapor concentrations above the 12 km altitude are negligible. Having pre-
sented the THz absorption loss, efficacy of LBLRTM and THz propagation in the
atmosphere, in the following chapter, THz path loss analysis for aerial vehicles is

presented followed by the total usable bandwidth analysis, in detail.
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Chapter 3

TERAHERTZ
COMMUNICATIONS AT
VARIOUS ATMOSPHERIC
ALTITUDES

As discussed in Chapter 2, wireless communication over the THz band (0.75-10
THz) highly suffers from atmospheric absorption loss at the sea-level. Hence, the
considered transmission distances are usually in the order of a few meters [4]. In this
chapter, we investigate the feasibility of employing the THz band (0.75-10 THz) for
communications at different altitudes among aerial vehicles, and we evaluate how
THz communications can leverage from the lower atmospheric gas concentrations
(mainly water vapor molecules) at high altitudes. We consider four aerial com-
munication cases, namely, Drone-to-Drone (Dr2Dr), Jet plane-to-Jet Plane (J2J),
Unmanned Aerial Vehicle to Unmanned Aerial Vehicle (U2U), and Space to Space
S2S communication as shown in Figure 3.1. For performance analysis, the open
source LBLRTM is utilized for realistically calculating the transmittance values for
each case. Thereafter, the absorption loss values are derived and are subsequently
incorporated with the spread loss for computing the total path loss. Conclusively,
the total usable bandwidths across the THz band (0.75-10 THz) are computed for
the each case by considering total path loss thresholds corresponding to the practical

transmit powers, antenna gains, Signal-to-Noise Ratio (SNR) level.

We present the THz band communications for the four practical aerial vehicle
communication cases as depicted in Figure 3.1 by considering various transmitter-

receiver orientations starting from vertical-up towards vertically-down communi-
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Figure 3.1 Aerial vehicle communication cases considered in the chapter and visual
illustration of the zenith angles between Tx and Rx aerial vehicles.

cations. As a bench mark, we also include the THz band communication at the

sea-level.

3.1 Path Loss Model

For the path loss analysis, the radiative transfer theory is employed usingLBLRTM
for computing the EM wave attenuation as it propagates across the atmosphere.
This attenuation is specifically due to the molecular absorption in the atmosphere.
For doing so, we need to compute the fraction of EM radiation which is passed
through the medium after experiencing the absorption, known as the medium’s
transmittance 7(f,d). According to the Beer-Lambert’s Law [18]:

r(fid) = 2= e M (3.1)

(3

where f denotes the EM wave’s frequency, d is the transmission distance, Fy and

P; refers to the passed and incident EM powers, while £ is the frequency-dependent



medium absorption coefficient. Mathematically, k(f) (in m™!) is defined as:

k) =S LB Qg ). 32
.9

where p and pg denote the system’s pressure and reference pressure, T and Tg7p are
the system’s temperature and standard temperature and pressure. Q%9 and ¢*9 are
the molecular volumetric density (in molecules/m?) and absorption cross-section
of isotopologue 7 of gas g. A detailed analysis covering the molecular absorption

can be found in [18].

Agps(f,d) provides the absorption loss experienced by the THz through the atmo-
spheric propagation. This absorption loss is mainly due to the water vapor molecules
in the atmosphere, and can be derived from the transmittance 7(f,d) prior obtained

by using LBLRTM, as [17,18,33]:

_ L kpa
Aabs(f: d) - T(f, d) =€ ) (33)
and in dB scale,
Aavs(f,d)[dB] = k(f)d10logige - (3.4)

Since LBLRTM provides the transmittance results 7(f,d) against a given setting,
(3.3) can be used to obtain the absorption losses Agps(f,d) directly using 7(f,d) for
a given transmission distance. k(f) can be obtained numerically from (3.3), based
on the obtained 7(f,d) values using the LBLRTM as [33,65]:

D Ine*Dd = —Inr(f,d) =k(f)d . (3.5)

Therefore,

k() = “2TLD oy (3.6)

The total path loss is obtained as the sum of the free space spread loss and the

absorption loss as:

Apl(fa d) [dB] = Aspread<f7 d) [dB] +Aabs(fv d) [dB] . (37)

Here, Agpreqd(f,d) denotes the free space spread loss due to the attenuation experi-
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enced by the THz wave while propagating through the atmosphere and the loss due
to the isotropic antenna, which is obtained as [18]:

Aspread(fd)[dB] = 20logig <47chd) . (3.8)

In this work, LBLRTM is used to obtain the transmittance values, 7(f,d) in (3.3)
at different altitudes for the aerial vehicle communication cases, thereby obtaining
the absorption loss Agps(f,d)[dB] in (3.4). In the following, we provide the path loss

analysis at various atmospheric altitudes, in detail.

3.2 Path Loss Analysis At Different Atmospheric
Altitudes

3.2.1 Sea-Level Communication

As our benchmark case, we consider the THz band communications at the sea-level
(altitude = 0 km) at d = 1 m, 10 m and 50 m. The reason here for not including
the THz band lower than 0.75 THz is the limitation of the LBLRTM as it has been

stated earlier in Section 2.2.3.

The transmittance curves of the sea-level communication case are provided in the
Figure 3.2a. It can be seen that by increasing the transmission distance, the trans-
mittance decreases substantially due to huge absorption losses at the sea-level. The
first effective range for the THz band communication at 1 m seems to be 0.7600-
0.9828 THz (greater than 70 %), which closely corresponds to the fourth transmis-
sion window ([0.77-0.92 THz]) as identified in [4] at 1 m distance. The reason for
a broader transmission window obtained here via LBLRTM can be justified by the
fact that the HITRAN-based results seem to be more attenuated in contrast to the
LBLRTM results as already discussed in Section 2.2.4. At 10 m, the observed THz
band having the transmittance values above 80 % are: 0.79-0.9 THz and 0.92-0.94
THz, while the absorption effect is much greater for the higher frequencies. For
d = 50 m, the maximum transmittance observed (55 %) at the THz frequency of
0.8474 THz. The transmittance values of greater than 50 % spans from 0.8165 THz
to about 0.8904 THz. For the higher frequencies from 0.9687-9.154 THz, the ab-
sorption effect is dominant, causing the transmittance values to remain less than 20
%. Figure 3.2b provides absorption losses (truncated at 200 dB to avoid masking of
the feasible THz band transmission windows) case obtained using the transmittance
results in Figure 3.2a. Clearly, the absorption loss values are huge enough partic-

ularly for the higher THz frequencies, showing that the losses contributed by the
21



absorption are highly affecting the communication across the THz band. At 0.917
THz (d = 50 m), the absorption loss is 24.19 dB, which is 19.354 dB greater as
compared to the absorption loss at d = 10 m. The total path loss Figure 3.2¢ shows
the huge absorption loss contributions to the spread loss. The mean total path vari-
ations with respect to the zenith angle, 674 for the sea-level communication with
transmission distances of 1 m, 10 m and 50 m are provided in Figure 3.2d, showing
that there is an increasing trend in the mean total path loss as d increases, while
there is no considerable effect of employing the vertically-up (74 = 0°), horizontal
(074 = 90°) or vertically-down (674 = 180%) communication on the mean total path

loss. This is due to the homogeneity in the atmosphere across the sea-level.
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Figure 3.2 Sea-level communication: d = 1 m, 10 m and 50 m, 674 = 0° (vertically-
up). (a) Transmittance vs. Frequency [THz|, (b) Absorption Loss [dB| vs. Fre-
quency [THz], (¢) Total path Loss [dB] vs. Frequency [THz|, and (d) Mean Total
Path Loss [dB] vs. Zenith Angle (0z4) [degrees].
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3.2.2 Drone-to-Drone Communication

As the first aerial communication case, we consider Dr2Dr communications, as drone
networks are emerging for many applications, such as military or disaster recov-
ery [66,67], which can leverage THz band communication, providing the high band-
width for exchanging high resolution images or videos. We consider such a case for
Dr2Dr communications over the THz band (0.75-10 THz) where two flying drones
are communicating with each other with the transmitter at a fixed altitude of 1 km
(Figure 3.1. d = 10 m, 50 m and 100 m are considered [68]. Figure 3.3a shows the
transmittance for the Dr2Dr case (d = 10, 50 m and 100 m) with respect to the
frequency (0.75-10 THz). On comparing Dr2Dr case of d 10 m with the sea-level
communication case at 10 m (Figure 3.2a), it can be observed that the band offering
the transmittance values of greater than 80 % is increased. i.e. 0.7824-0.911 THz
and 0.9228-0.9563 THz. This is due to the leverage by considering the higher altitude
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Figure 3.3 Drone-to-Drone communication: d = 10 m, 50 m and 100 m, 674 = 0°
(vertically-up). (a) Transmittance vs. Frequency [THz], (b) Absorption Loss [dB]
vs. Frequency [THz], (¢) Total path Loss [dB| vs. Frequency [THz|, and (d) Mean
Total Path Loss [dB] vs. Zenith Angle (674) [degrees].
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of 1 km instead at the sea-level, thereby observing comparatively lower absorption
loss values. The transmittance curves for d = 50 m with greater than 50 % values
become broader as compared to the sea-level communication results in Figure 3.2a.
Additionally, a narrow band of 0.9316-0.4995 THz is also offering the transmittance
of greater than 50 %. For d = 100 m, the highest transmittance value is observed
at 0.84 THz, which is 46.55 %. Figure 3.3b. depicts that the absorption loss val-
ues for the Dr2Dr case are lower as compared to the sea-level case. Figure 3.3c
illustrates that for d = 100 m, high antenna gains would be required to overcome
huge total path losses, which is trivial that as the transmission distance increases,
the total path loss also increases. Furthermore, Figure 3.3d shows that 874 = 0V
(vertically-up) offers the lowest mean total path values followed by 90" and 180°,
showing that the THz band communications can be leveraged more by traversing
up in the atmosphere, providing high data rate links for multimedia applications
which are typically vital in the disaster and military surveillance applications [68].
In contrast to the mean total path loss variations shown in Figure 3.2d, it can be
seen that for the Dr2Dr communication with d greater than 50 m, the zenith angle
starts influencing the transmission, i.e. the vertically-up communication offers the
highest transmittance values as compared to the horizontal communication, followed

by the vertically-down communication.

3.2.3 Jet Plane-to-Jet Plane Communication

Another practical case for the THz communications can be among cruising jet planes,
which typically fly at altitudes of about 10 km and above , which is the boundary
of troposphere and stratosphere [33]. We evaluate such a case, where a jet plane is
cruising at an altitude of 10 km, transmitting to another flying plane at d = 500 m,
1 km and 2 km.

Figure 3.4a depicts the transmittance for the jet plane communication case (d =
500 m, 1 km and 2 km). It can be observed that the transmittance curves for all
the three cases are mostly above 80 % for approximately the entire THz range [i.e.
0.75-10 THz] with intermittent absorption-based dips. This is because the water
vapor concentration at the high altitude of 10 km are extremely low as compared to
the lower altitudes, making the THz range (0.75-10 THz) a viable communication
band among jet plane-to-plane communications. By increasing d from 500 m to
2 km, the losses increase thereby decreasing the overall transmittance. For d = 2
km, the THz band (0.75-10 THz) still offers high transmittance values, maintaining
values greater than 80 % with the intermediate absorption loss-based dips. It can
be clearly seen from Figure 3.4b that observed absorption loss offers various bands

showing very minute losses. The first such band is across 0.755-0.986 THz. It is
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evident that due to very low absorption loss contributions over the band (0.75-10
THz), the total path loss values in Figure 3.4c follow the free space spread loss values
with a few sharp absorption peaks contributions from Figure 3.4c. d = 1 km still
offers low total absorption bands. The huge losses incurred due to larger propagation
distance of 1 km and 2 km should be countered by provisioning highly directional
antennas (high gains) at the transmitter and receiver of the communicating jet
planes. Furthermore, the zenith angle-based mean total path loss variations in
Figure 3.4d illustrate that 64 = 0° (vertically-up) offers the lowest mean total path
loss (i.e. highest transmittance), followed by 90° (horizontal) and 180" (vertically-
down). This also shows that establishing THz band communications towards a
higher altitude (vertically-up from 10 km to 12 km) offers the lowest absorption loss
values than communicating over the same altitude (horizontally at 10 km) or even

worse towards the lower altitude (vertically-down from 10 km to 8 km). It is to be
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Figure 3.4 Jet Plane-to-Jet Plane communication: d = 500 m, 1 km and 2 km, 674
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noted that here in the J2J case, the transmittance is highly influenced by the zenith

angle variations as compared to the sea level and Dr2Dr communication cases.

3.2.4 UAV-to-UAV Communication

THz band can provide high speed communication links among high-altitude UAVs,
which usually fly at altitudes in the order of several kilometers [69]. We consider
such a case for two UAVs communicating over the THz band (0.75-10 THz), where
the transmitting UAV is flying at an altitude of 16 km, while the receiving UAV
is considered at the transmission distances of 500 m, 1 km and 2 km from the
transmitter. The altitude of 16 km, which is in fact the stratospheric region of
the atmosphere [33], is considered to be highly suitable for the THz communica-
tions, as the water vapor concentrations are negligible at the altitudes of 16 km and
above [70].

Figure 3.5a provides the transmittance values for the U2U communication case,
d = 500 m. As compared to the J2J case corresponding to the identical transmis-
sion distance of 500 m, the transmittance values of the U2U case are much higher,
reaching mostly 99-100 % together with extremely sharp transmittance dips due to
the absorption losses. The transmittance values over the THz band (0.75-10 THz)
remain mainly above 90 % making the band still feasible for the greater communi-
cation distance of 1 km. The absorption losses in Figure 3.5b show near negligible
effect due to the higher atmospheric altitude of 16 km. The total path loss in Fig-
ure 3.5¢ confirms the negligible absorption effect, i.e. nearly free space spread losses
are observed together with highly sharp absorption peaks. The results show that at
the altitude of 16 km, U2U communications can still employ the THz band (0.75-
10 THz) for the communication distance of up to 2 km, provided that adequate
high antenna gains are supported to overcome the free space spread losses, while
transmitting over the lower absorption loss bands. It is to be noted here that the
effect of varying the zenith angle (i.e. 0° up to 180°) on the mean total path loss is
observed to be negligible for the U2U cases of d = 500 m up to 2 km, as illustrated
in Figure 3.5d.

3.2.5 Space to Space S2S Communication

The Space to Space boundary normally referred to as the Karman Space Boundary

starts at about 100 km [33,71]. From this altitude upwards, space regulations are

applied by various telecommunication regulatory bodies. Since the altitudes of low

perigee elliptical orbit satellites can be as low as 80-90 km [71], for this case, we

consider a possible satellite communication over the THz band (0.75-10 THz), where

a very low perigee satellite at 99 km is transmitting to another satellite at d = 500
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m, 1 km and 2 km, as considered in the earlier aerial communication cases.

Figure 3.6a provides the transmittance curves for the Space to Space S2S case,
highlighting that the transmittance curves for the distance of 500 m over the en-
tire THz band (0.75-10 THz) are always greater than 99.965 %, confirming the
approximate atmospheric absence at the altitudes of 99 km and above. Figure 3.6b
re-iterates the fact of the lack of atmospheric absorption at 99 km as the absorption
losses are approximately negligible at such altitudes. The results show that even by
increasing the transmission distance from 500 m to 1 km, the transmittance values
(Figure 3.6a) over the entire THz band (0.75-10 THz) are still greater than 99.27
%. Even for d = 2 km, the minimum transmittance values over the the entire THz
band (0.75-10 THz) remain greater than 98.3 %, promising the THz band to be a
viable communication band candidate for the satellite communications [72], partic-

ularly among ISLs [73, 74| supporting links in the order of Terabits per sec [Thps].
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Figure 3.5 UAV-to-UAV communication: d = 500 m, 1 km and 2 km, 674 = 0°
(vertically-up). (a) Transmittance vs. Frequency [THz], (b) Absorption Loss [dB]
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Figure 3.6 Space to Space S2S communication: d = 500 m, 1 km and 2 km, 674
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[dB] vs. Frequency [THz], (c) Total path Loss [dB] vs. Frequency [THz|, and (d)
Mean Total Path Loss [dB] vs. Zenith Angle (04) [degrees].

Moreover, these high rate links can also be realized among airborne high altitude
platforms and orbiting satellites [32], which can provide an intermediate relay link
between the satellite and the ground station networks. Results presented in this sec-
tion can also be used as a benchmark for the CubeSats [64, 74], which is a new and
innovation satellite technology. Figure 3.6¢ illustrates that the the Space to Space
S2S communication case exhibit merely the free space spread loss values, whereas
the effect of the zenith angles over the mean total path loss is seen to be negligible
in Figure 3.6d, identically to the U2U case.

3.3 Total Usable Bandwidth Analysis

In this section, we obtain total usable bandwidth for each of the four aerial vehicle

communication case as well as for sea-level by considering the vertically-up commu-

28



nication (i.e. 674 = 0°). As the first step, we compute Signal-to-Noise Ratio () as:
v = Pio+ Giot — Ap — P, (3.9)

where P;, is the transmit power level, which is equally-distributed across all bands,
Giot = Gz + Gy refers to the total transmit and receiver antenna gains, Ay is the
total path loss from (3.7), while the P, is the noise power level. Following the
approach as in [75,76], we compute P, by considering the bandwidth, B equal to
the spectral resolution of the LBLRTM, 0.3 GHz as:

P, =kgTB . (3.10)

Here kp corresponds to the Boltzmann constant = 1.38F — 23 m2?kgs 2K ! and T
is the thermal noise temperature in kelvin. By considering T'= 293 K, (3.10) in

dBm becomes,

Po[dBm] = —174+ 10log1gB = —89.23 dBm. . (3.11)

In this chapter, we assume the constant noise model in (3.10) and (3.11). The above
assumption of considering the bandwidth equal to the LBLRTM'’s spectral resolu-
tion means that, irrespective of the total available bandwidth across the considered
THz band (0.75-10 THz), we assess several fractional channels, each of them has a
bandwidth of 0.3 GHz [75].

It is worth-mentioning here that in this work, v values are considered to be at the
front of the receiver. In regards to the practical THz receiver design, Noise Figure
(NF) should also be introduced in (3.9). For instance, typical NF values considered
in the literature for THz band receivers vary from 0 dB (ideal receiver) to 9.56
dB [77]. Hence, for practical THz receivers, adding (in dB) the NF contribution
with P, into (3.9) would result in a substantial decrease in v values across the THz
band (0.75-10 THz). Therefore, P, and Gy values should be adjusted/increased

accordingly to achieve acceptable v levels.

For successful communication, SNR, v should be above a given threshold SNR, 7.

In other words,
Y2 Ven - (3.12)

Subsequently, the maximum acceptable path loss, namely path loss threshold,
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Agll(f, d) can be computed as [76]:

A}Z?(f,d)[dB] = Pio+ Grot —vin — P (3.13)

The path loss threshold for the sea-level communication as well as for the four
atmospheric altitude cases are obtained using (3.13) based on the transmit power,

gain and SNR threshold as provided in Table 3.1 and noise power from (3.11).

The total usable bandwidth (W) is computed as [76]:

Wiot = ZW]- , V j where Ay < Ag} . (3.14)
j

Here, W; refers to the usable bandwidth across 4% band, whose corresponding total
path loss values, A, are less than the total path loss threshold, Ag}. As an example,

the computation of W; for the Dr2Dr communication case for d = 10 m is illustrated

Table 3.1 Physical parameters considered in the chapter for the sea-level [76, 78],
Dr2Dr [79], J2J [80], U2U [81] and S2S [72,82] communication cases.

Value .
Symbol Parameter Sealovel Dr2Dr J2J U20 So5 UM
P, Transmit power 10 24 37 30 33.6 dBm
Gtz Transmit antenna gain 0,20,40 dBi
Gre Receive antenna gain 0,20,40 dBi
Yih SNR threshold 10 dB
P, Noise and interference power -89.23 dBm
1707
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d=10m, 6, =0° (Vertically-up) ]
160 | ZA P .
98 Path Loss Threshold A™
— 150} pl .
= L
<
% k 4
o 140 7
— [ 1]
= L ]
E 134l & o]
35 S S PO O Y > ]
= 130F W B
1) r 1
F
120 ]
110 L n n n 1 Il n 1 1 1 1 n n n n 1 n n n 1 n n PR 1 IR SR SR SR NN S T S
0.75 0.8 0.85 0.9 0.95 1 1.05 1.1

Frequency [THz]

Figure 3.7 Visual illustration of the total usable bandwidth: Total path loss vs.
frequency [0.75-1.1 THz] for the Dr2Dr case with d = 10 m and 674 = 0V (vertically-

up.)
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in Figure 3.7 (zoomed-in version of Figure 3.3c over the frequency range of 0.75-1.1
THz). Using the parameters of the Dr2Dr communication case from the Table 3.1,
Ag} from (3.13) corresponds to 134 dB. Hence, for the considered frequency range,
Wior 1s obtained as the sum of the bandwidths W7 and Ws. It is to be noted here
that this approach only provides the approximate upper bound of the total usable
bandwidth. Evaluating the exact total available bandwidth for the each case requires
considering the applicability of the state-of-the-art communication systems, which

is left as a future study.

Figure 3.8 illustrates the total usable bandwidth for the sea-level communication.
Clearly from Figure 3.8a, it can be seen that there is no usable bandwidth available
corresponding to the total antenna gain of 0 dBi, since the absorption losses are huge
at the sea-level. For 20 dBi total antenna gain, a total usable bandwidth of 0.2184
THz can be obtained at the transmission distance of 8 m, with a bandwidth decrease
rate of 496.74 GHz/m. While considering a 40 dBi gain provides a bandwidth of
1.192 THz corresponding to the same distance (i.e. 8 m), while the transmission
distance is increased up to 58 m, offering 16.22 GHz, with the decrease rate about
145.29 GHz/m. For a very high total antenna gain of 60 dBi (Figure 3.8b), a
transmission distance of up to 100 m can be supported with 0.1732 THz of the
bandwidth at 100 m. The observed decrease rate of 85.725 GHz/m for the 60 dBi
gain. This shows that the THz band can be employed at the sea-level up to 100 m

provided that highly directional antennas are employed.

Figure 3.9 illustrates the total usable bandwidth for the Dr2Dr communication case

up to the transmission distance of 100 m as considered in Section 3.2.2. Interestingly,
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Figure 3.8 Total usable bandwidth for the sea-level communication in the THz band
(0.75-10 THz): (a) Total antenna gain = 0 dBi, 20 dBi, 40 dBi, (b) Total antenna
gain = 40 dBi, 60 dBi.

31



it can be seen from Figure 3.9a that unlike the sea-level communication case, even
by considering the total antenna gain of 0 dBi, a bandwidth of 82.48 GHz is now
usable for a transmission distance of 4 m for the Dr2Dr communications. If the gain
is increased up to 20 dBi, a total usable bandwidth of 3.531 THz can be achieved
corresponding to the same distance of 4 m. While the identical 20 dBi gain supports
the transmission distance of up to 35 m, offering 0.05887 THz (58.87 GHz) of the
total usable bandwidth. The bandwidth decreasing rate observed against 20 dBi gain
is approximately 244.1 GHz/m. Higher gains of 40 dBi and 60 dBi are considered
in Figure 3.9b, showing the potential of the THz band communications among the
drone-based communications. It can be observed that providing the 40 dBi gain
can support the effective transmission distance up to 100 m, supporting 0.1728 THz
of the total usable bandwidth. If we further increase the total antenna gains up
to 60 dBi, 8.926 THz, 8.065 THz, 3.745 THz and 1.185 THz of the total usable
bandwidths are achievable against the transmission distances of 1 m, 4 m, 35 m and
100 m respectively. The decrease rate against for the 60 dBi gain from 1 m till 100
m is about 78.19 GHz/m.

Figure 3.10 provides the total usable bandwidth for the J2J communication case
over the THz band, against the transmission distances up to 2 km as considered in
section 3.2.3. Clearly, Figure 3.10a depicts that against the total antenna gains of 0
dBi, there is no usable bandwidth achievable. For 20 dBi, 0.235 THz of the usable
bandwidth can be supported having a decrease rate of 17.65 GHz/m. Against 40 dBi,
up to 18.02 GHz of the bandwidth is available at 1900 m. The decrease rate against
the 40 dBi gain from 50 m to 1900 m is approximately 4.88 GHz/m. By increasing
the gain up to 60 dBi, the total usable bandwidth (d = 1900 m) broadens from
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Figure 3.9 Total usable bandwidth for the Dr2Dr communication in the THz band
(0.75-10 THz): (a) Total antenna gain = 0 dBi, 20 dBi, (b) Total antenna gain =
40 dBi, 60 dBi.
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18.02 GHz (against 40 dBi) to 4.739 THz. Moreover, the supported transmission
distance is further extended, with 4.311 THz of the usable bandwidth at 2 km.
Figure 3.10b also includes a higher total antenna gain of 80 dBi, showing that even
at the transmission distance of 2 km, the total usable bandwidth is about 8.218 THz,
while the decreasing rate from 50 m to 2 km is about 0.5 GHz/m. Hence, promising
a great potential of utilizing the THz band among the jet plane communications,
offering Thps data rates. The availability of such a large total usable bandwidth
can be described by the fact that the altitude of water vapor scale across the earth’s
atmosphere is about 2 km, meaning that an altitude of 6 km is approximately over
95 % of the entire water vapor concentration [32].

Figure 3.11 shows the total usable bandwidth for the U2U communication case
up to 2 km as considered in Section 3.2.4. The total antenna gains of 0 dBi can
not offer any usable bandwidth up to 50 m as shown in Figure 3.11a. For 20 dBi
gain, 9.261 THz of the bandwidth is usable at 50 m. Against 40 dBi gain and at 50
m, 9.261 THz of the total usable bandwidth is achievable supporting a maximum
transmission distance of up to 850 m with 57.09 GHz of the bandwidth, with a
decreasing rate of about 11.5 GHz/m. Having a higher gain of 60 dBi, 7.187 THz
of the bandwidth is usable at 850 m which is about 7.13 THz greater than the 40
dBi gain, supporting the bandwidth of 2.512 THz for even up 2 km. The decreasing
rate is approximately 3.455 GHz/m. If a highly directional total antenna gain of
80 dBi is provided as depicted in Figure 3.11b, interestingly, it can be seen that for
the entire-considered transmission distances from 50 m up to 2 km, the total usable
bandwidth maintain a near-constant of greater than 9 THz with a minute decrease
rate of 55.38 MHz/m. This shows that the THz band can be highly leveraged at the
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Figure 3.10 Total usable bandwidth for the J2J Communication in the THz band
(0.75-10 THz): (a) Total antenna gain = 0 dBi, 20, 40, 60 dBi, (b) Total antenna
gain = 60 dBi, 80 dBi.
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altitudes of 16 km and above, supporting high bandwidth links among the UAVs
and High-Altitude Platforms (HAPs) [69, 83].

For the Space to Space S2S communication case, the total usable bandwidths
are depicted in Figure 3.12. Similar to the J2J and U2U cases, there is no usable
bandwidth available against the total antenna gains of 0 dBi at 50 m, as shown in
Figure 3.12a. For 20 dBi gain, 0.295 THz of the bandwidth is available at 100 m,
with a decrease rate of 20.9 GHz/m. The 40 dBi gain can support a bandwidth of
24.06 GHz at 1350 m, observing a decrease rate of about 7.096 GHz/m. Increasing
the gain up to 60 dBi provides 6.991 THz of the bandwidth at the distance of 1350
m, which is 6.967 THz greater as supported with the 40 dBi gain. Even at a 2 km
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Figure 3.11 Total usable bandwidth for the U2U communication in the THz band
(0.75-10 THz): (a) Total antenna gain = 0 dBi, 20, 40, 60 dBi, (b) Total antenna
gain = 60 dBi, 80 dBi.
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Figure 3.12 Total usable bandwidth for the Space to Space S2S communication in
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Total antenna gain = 60 dBi, 80 dBi.
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distance, 4.475 THz of the total usable bandwidth can be utilized against 60 dBi,
having about 2.45 GHz/m of the decrease rate. If a very high total antenna gain
of 80 dBi is provided as shown in Figure 3.12b, a constant total usable bandwidth
of the entire 9.25 THz can be supported for the transmission distances from 100 m
up to 2 km, i.e. corresponding to 0 GHz/m decrease rate. This shows that the THz
band (0.75-10 THz) is an effective and efficient candidate for the ISLs among the
traditional satellites as well as CubeSats, providing Tbps links [64]. The achievable
total usable bandwidths together with the first transmission windows for each of
the four aerial vehicle communication case including the sea-level benchmark are

summarized in Table 3.2.

Table 3.2 Summary of the total usable bandwidth of the aerial vehicle communica-
tions cases over the THz band (0.75-10 THz).

Case [Altitude] Total Usable Max. Tx. Total Antenna First
Bandwidth [Hz] Distance [m / km)] Gains [dBi] Tx. Window [THz]
N/A N/A 0 dBi [N/A]
Sea-level [0 km] 0.02184 THz 8 m 20 dBi [0.7590-0.7808]
0.01622 THz 58 m 40 dBi [0.799-0.8152]
0.1732 THz 100 m 60 dBi [0.7927-0.9041]
0.08248 THz 4m 0 dBi [0.8211-0.8669]
0.05887 THz 35 m 20 dBi 0.8190-0.8560
Dr2Dr 1 km] 0.1728 THz 100 m 40 dBi %0.8192-0.8559%
1.185 THz 100 m 60 dBi [0.7697-0.9145]
N/A N/A 0 dBi N/A
0.2535 THz 150 m 20 dBi [0.7640-0.7711]
J2J [10 km] 0.01809 THz 1.9 km 40 dBi [0.7637-0.7725]
4.311 THz 2 km 60 dBi (0.7562-0.7739]
8.218 THz 2 km 80 dBi [0.7548-0.9868]
N/A N/A 0 dBi N/A
0.6302 THz 50 m 20 dBi [0.75-0.7505]
U2U [16 km] 0.05709 THz 850 m 40 dBi [0.75-0.7515]
2.512 THz 2 km 60 dBi [0.75-0.7519]
9.142 THz 2 km 80 dBi [0.75-0.7525]
N/A N/A 0 dBi N/A
0.205 THz 100 m 20 dBi [0.75-0.8005]
Space to Space S2S [99 km] 0.02406 THz 1.35 km 40 dBi [0.75-0.7740]
4.475 THz 2 km 60 dBi [0.75-1.805]
9.25 THz 2 km 80 dBi [0.75-10]

In this chapter, we have provided the extensive path loss analysis over the THz
band (0.75-10 THz) for various atmospheric altitudes and we have obtained the
total usable bandwidth over the THz band (0.75-10 THz) at those altitudes, for the
first time in the literature. With this study, we have highlighted the effectiveness
of the THz band at higher altitudes, where the absorption loss values are minimal,
providing high bandwidth and data rate links among flying aerial vehicles, including
drones, jet planes, UAVs and up to the orbiting satellites. Hence, this study can
serve as a reference for researchers studying the THz band communications among

aerial vehicles for realizing/manufacturing practical THz band transceivers.

It has been observed that between the altitudes of 1 km and 10 km, the zenith angle

influences the THz band transmittance considerably, particularly for greater trans-
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mission distances. This effect has been highly observed across the 10 km altitude
(J2J case) among the other atmospheric altitude cases. As the altitude is further
increased, the zenith angle influence on the transmittance becomes less significant
due to the negligible absorption losses at the higher altitudes, and as such, the total
path loss starts exhibiting to be merely the free space spread loss, as observed in the
U2U (altitude = 16 km) and Space to Space S2S (altitude = 99 km) communication
cases. It has also been noticed that for all of the four atmospheric altitude cases,
the vertically-up communication (74 = 0°) offers the lowest total mean path losses
in comparison to the other directions. Furthermore, the transmittance, absorption
loss and path loss values have been provided in the thesis as a guideline for the
researchers studying aerial vehicle communications in the THz band (0.75-10 THz).
Finally, it has been deduced that increasing the altitude of the THz band communi-
cation also increases the total usable bandwidth, due to the lower absorption losses
at the higher altitudes.

Numerical results show that for the altitudes of 16 km and above, the entire THz
band (0.75-10 THz) is usable as a single transmission window, as the absorption loss
values are negligible at such high altitudes. The altitude of 10 km still offers a total
usable bandwidth of 8.218 THz up to the transmission distance of 2 km provided
that a very high total antenna gain of 80 dBi is supported. For the sea-level case up
to 1 km altitude (Dr2Dr case), the initial THz band window (0.75-1 THz) is feasible

for communication.

Having analyzed the total usable bandwidths of various aerial communication cases
by considering the constant noise model and practical physical parameters, exploita-
tion of this usable THz bandwidth across the THz band (0.75-10 THz) for capacity
computations using colored noise model under realistic beam misalignment fading

and multi path fading is covered in the following Chapter 4 of this dissertation.
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Chapter 4

VARIABLE-BANDWIDTH
MODEL AND CAPACITY
ANALYSIS FOR TERAHERTZ
AERIAL COMMUNICATIONS

In this chapter, first, the THz propagation modeling in the atmosphere using
LBLRTM is presented. Then, altitude-dependent channel model with fading is
provided. Additionally, the colored noise model is considered for SNR and capac-
ity computations. For each aerial scenario under fading, Beam Misalignment (BM)
fading is considered while for near ground THz communications, i.e., drones, Multi
path (MP) fading is also considered into the channel model. Finally, the variable-
bandwidth approach is presented, which is also compared with the standard narrow-
band approach in terms of capacity for various practical aerial scenarios at different

altitudes, directions of communications, and ranges.

4.1 System Model

4.1.1 Communication Scenarios

As shown in Fig. 4.1 and Fig. 4.2, we consider aerial communications, where an aerial
vehicle (transmitter) is at an altitude, z;, transmitting to another aerial vehicle
(receiver) at zg over a transmission distance, d. The receiver can be at an arbitrary
zenith angle, 074 from the transmitter, which varies from 0° to 180°, indicating
vertically-up and vertically-down directions, respectively, as depicted in Fig. 4.2.

Directive antennas are considered both at the transmitter and receiver with narrow
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Figure 4.2 Illustration of zenith angle, #, 4 between transmitting and receiving aerial
vehicles and how it effects 29 for given z; and d values.

(Tx-Rx) beams pointing towards each other. Within this general model, we consider
four practical aerial communication scenarios at the following realistic, practical
altitudes: Drone-to-Drone (Dr2Dr) communication at z; = 100 m [84], commercial
Jet Plane-to-Jet Plane (J2J) communication at z; = 10 km [33], high altitude UAV-
to-UAV (U2U) at z; = 16 km [69], and Space-to-Space communication (S2S) at z;
= 99 km [64].

Next, we present the THz band channel and colored noise models, both incorporating
the effect of altitude in atmospheric propagation. Fading effects are considered in
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the channel model, considering 1) fading due to Tx-Rx BM, which can occur in all
of the scenarios, and 2) MP fading due to reflections, for the Dr2Dr scenario due to

obstacles, such as buildings, foilage, etc. which exist only at that altitude.

4.1.2 Channel Model With Fading

To characterize the THz channel between the transmitter and receiver in Fig. 4.1
and Fig. 4.2, we incorporate the path gain (free space spread and absorption), BM
fading and MP fading, in the total channel coefficient, h, as:

h=hihyhy, (4.1)

where hy, h, and hy are the path gain coefficient, BM fading coefficient, and the
MP fading coefficient, respectively.

Path Gain

The path gain in aerial THz communications depends not only on frequency and
distance, but also on the altitude through variations of temperature and water vapor
concentration (see Fig. 2.3), both of which affect THz propagation. The determin-

istic path gain coefficient, hi(f,z1,22,d) is calculated as:

hi(f,z1,22,d) = hs(f,d)ha(f,21,22,d) , (4.2)

where f is the frequency of the EM wave in hertz, z; and 29 are the atmospheric
altitudes in meters of the transmitter and the receiver, respectively, and d refers to

the transmission distance in meters.

hs(f,d) refers to the free space spread gain coefficient caused by the attenuation
experienced by the THz wave atmospheric propagation with the isotropic antenna,

which is calculated as [21]:

C

hs(f7d) = m )

(4.3)

where ¢ = 299792458 m/s is the speed of the EM wave in free space.

The absorption gain, he(f,z21,22,d) on the THz band electromagnetic (EM) wave,
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which is mainly caused by the water vapor molecules in the atmosphere, can be
obtained as [17,18,33]:

ha(f,21,22,d) = (r(f,T(z1,22),0(21, 22),d)) /2 | (4.4)

where T'(z1, z2) is the atmospheric temperature in Kelvin, and v(z1, 22) is the water
vapor concentration across altitudes z1,z9. 7(f,T(z1,22),v(21, 22),d) is the medium’s
transmittance defined as the ratio of the radiated to the incident EM powers, as per
the Beer-Lambert’s Law [54]. In this thesis, we employ the radiative transfer theory
[52] by obtaining the transmittance from LBLRTM for computing the attenuation
and noise of the EM wave, which is mainly caused by the water vapor molecules
present in the atmosphere. For the non-horizontal cases, i.e., z1 is not equal to
29, LBLRTM averages T'(z1,22) and v(z1,22) over the various atmospheric layers
that exist across z; and 29, thereby providing average transmittance values, i.e.
7(f,T(21,22),v(21,22),d). Moreover, since the atmospheric concentration changes
gradually (see Fig. 2.3), the bending phenomenon of the propagating THz waves

can be neglected.

Beam Misalignment

y A

Tx beam footprint

Maximum radius of Tx beam
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\./\
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Figure 4.3 THz beam propagation: (a) Effective area of the Tx-Rx beam footprints
at a transmission distance, d with Tx-Rx BM, and (b) Tx beam spread.

As depicted in Fig. 4.3, it is assumed that the receiver antenna (Rx) has a circular

beam detector with radius a, spanning over an effective area, A. Similarly, we also
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assume a circular beam for transmitter antenna (Tx) with a radius p at a distance,
d, where wy is the beam’s radius at d. Moreover, both the Tx and Rx beams are
taken to be on the positive x-y plane, while r is the BM error defined as the radial
distance among the Tx and Rx beams. Because of the symmetry of both the Tx
and Rx beams, h,, is only dependent on r = |r|. Hence, we further assume that r
is located over the x-axis. Consequently, the BM fading coefficient, h, representing

the fractional power collected across Rx with area, A at d can be expressed as [85]:

2r?
hy(r,d) = Ag exp <_w2> . (4.5)

eq

Here, weq is the equivalent beam-width of Tx, Ag is fractional power collected by
Rx at r = 0, which can be expressed as Ay = [erf(u)]2 , where u = % Here, a
d

is the radius of the Rx’s effective area, wy is the Tx beam footprint at distance, d.

2 2  erf(u)

2 2 : : —
Furthermore, wg, and wy are interrelated via wg, = w5~ cap(—u?) -

By considering independent and identically distributed Gaussian distributions for
the horizontal and the vertical displacement, one can obtain the probability density
function (pdf) of the radial displacement, r at Rx as the Rayleigh distribution as

follows:

r 2
fr(r)= i <2> : (4.6)

20%

Here, o5 is BM error displacement (jitter) along Rx. By combining (4.5) and (4.6),
the pdf of h, can be expressed as

S
fi(@) = et (4.7)
0

Weq

where ¢ = 5%, It is worth-mentioning here, that this BM fading model has been

employed extensively in various works on free space optical systems [85], as well as

in a recent work on THz wireless systems [21].
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Multipath Fading

For accommodating the MP fading effect, we model hy generically as o - p distri-

bution, having pdf as follows [86]:

apt 1 x
() =5—2 exp| —pu~—1| , 4.8
g (@) G p( uh? (4.8)

here, o > 0 is a fading parameter, whereas p and h} denote the fading channel
envelope’s normalized variance and a-root mean value, respectively. It is to be
noted here that the o - p distribution is a generalized form of many well-known
fading distributions e.g., Rayleigh (av = 2, = 1), Nakagami-m (o =2, and p is the
fading parameter) etc [86].

4.1.3 Colored Noise

The molecules present in the atmosphere not only induce attenuation, but they also
introduce noise [87]. This fact is considered as a noise factor affecting the EM wave
propagation across the THz band, and the parameter for measuring this is known

as the channel’s emissivity, € [18], mathematically expressed as

e(f,z1,20,d) =1—7(f,T(21,22),v(z1,22),d) . (4.9)

The molecular absorption-based equivalent noise temperature Ty;se (Kelvin), being

the chief source of noise across the THz band is calculated as

Tnoise(fa Zlazzad) :TOE(fa 217227d) ) (410)

where Tjy denotes the reference temperature in Kelvin. It is to be noted here that
Thoise(f,21,22,d) is mainly present across those THz band frequencies, where the
atmospheric absorption (mainly due to the water vapor molecules) is significantly

large.

For computing the equivalent noise power at the Rx side, the transmission band-
width needs to be specified, which depends on the atmospheric medium’s compo-

sition as well as d. Therefore, for a bandwidth, Af, the equivalent noise power,
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Po(f,z1,22,d,Af) (in Watts) can be computed as

Pn(f,zl,ZQ,d,Af):/AfN(f,zl,zz,d)df

(4.11)
=kp /Af Tnoise(fa Zl,ZQ,d)df,

where N is the noise PSD in Watts/Hz, kp refers to the Boltzmann constant,
(1.38E—23 m?kgs 2K ~!). Please refer to Appendix A for an in-depth analysis of
the deterministic path gain and noise across various atmospheric altitudes, transmis-
sion ranges, and zenith angles. Towards this end, we have provided the THz band
specific channel model for the total channel coefficient and the noise formulations,

which will be required for the SNR computations in the subsequent section.

4.2 Altitude-Dependent Variable Bandwidth
Model

As already discussed in Section 4.1 and shown in Appendix A, Fig. A.1 and Fig. A.2
in particular, not only the absorption gain across the THz band, but also the noise
is colored. For a simplified communication model, both the deterministic path gain
and the noise should be flat over a given transmission band, as the flatness over the
path gain implies flat fading, while the whiteness of the noise implies uncorrelated
noise samples, both of which simplify channel estimation and receiver design [88].
This leads up to our goal of finding those bands across the THz band (0.75-10 THz),
where both the path gain and the noise satisfy flatness within an acceptable level.
Naturally, the commonly flat bands vary with the atmospheric altitudes, which

results in our proposed altitude-dependent variable bandwidth model.

As an example of illustrating common flat bands among the total path gain and the
noise, we consider the settings, z; = zo = 100 m, d = 100 m, 74 = 90° (horizontal)
using US Standard 1976 weather profile in LBLRTM. Fig. 4.4 shows the path gain
(left y-axis) and the noise PSD (right y-axis) with the first two common flat bands
(highlighted as red). The first common flat band is found as (Af); = 0.1127 THz
ie. , [0.7902-0.9029 THz| centered at f; = 0.8465 THz, while the second one is
(Af)(i+1) = 0.0228 THz i.e. , [0.9278-0.9506 THz] centered at f(;;1) = 0.9392 THz.

We determine the commonly flat bands over the entire THz band (0.75-10 THz), in
an adaptive fashion with respect to the atmospheric altitude and the transmission

distance. We propose a method for computing common flat bands (Af); centered
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Figure 4.4 Visual illustration of the common flat bands among the path gain and
the noise: z; = zo = 100 m, i.e., 74 = 90° (horizontal), d = 100 m, reference
temperature, Ty = 296 K.

Algorithm 1: Finding common flat bands among path gain and noise

Initialization: Choose (Af)min, 7, and set i = 1
Step 1: Define search set X containing all path gain narrowbands
while i > 1 and (Af), is not empty do
Step 2: Find first fiin, fmae from X under (Af)min and 1 conditions
Step 3: (Af)'LX = fmaac - fmm
Step 4: Delete range( fmin, fmaz) from X
1 1+1
end
end while

Repeat Line 2 to Line 8 for Y containing all noise narrowbands, obtaining (A f )Z/

(Af); = (AN N
fi = fmin (of Line 10) + %

at f;, where i = 1, 2, 3...J among |h;|> and N. The LBLRTM’s spectral resolution,
Af = 0.3 GHz, which is an extremely fine narrowband. Therefore, in order to
maintain a flatness characteristic and to particularly avoid the peak transitions
being considered into a flat band, we consider a minimum bandwidth of 3 GHz,
expressed as (Af)min. For defining the cut-off frequencies, i.e., finin and fpar of
a flat band, a threshold needs to be defined. In [4], a threshold of 10 dB/km on
the absorption loss is considered to define a transmission window based on the total
path loss analysis. In this thesis, we define the distance-altitude adaptive threshold,
1, taken to be 10 dB/km across |i;|? and N, for each. Subsequently, we define a
search set, X storing all |h;|?> narrowbands, for obtaining the flat bands over |h|?,

as (Af );X satisfying both (A f)min and . This procedure is repeated for N using a
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search set, Y for obtaining (A f )2/ Finally, the common flat bands across |;|? and
N are obtained as (Af), centered at f;. It is to be noted here that 1 and (Af)min
are the design parameters, and the SNR and capacity results presented in this thesis

also depend on these parameters.

Having computed the common flat bands among the path gain and the noise, the
SNR, ~ across the i*" common flat band, where i(z1,22,d) = 1, 2, 3...I across the
THz band (0.75-10 THz) can be expressed as

Pi \W(fi,z1,20,d)]* G
’}/(fi,Zl,ZQ,d,(Af)i)) — gnifff21zi2zc2l (lf))T ’ (4.12)

where Pk refers to the transmit power across the i common flat band (i.e. , (Af),),
while Pr here is the total transmit power in Watts. Naturally, the v computation
would change with respect to a chosen power assignment, which are explained in the
subsequent section in detail. |h|? is the total channel gain derived from (4.1), G
refers to the total antenna gains, and P, is the noise power in Watts across (Af),
from (4.11). It is to be mentioned here that in this work, v values are considered to
be at the front of the receiver. In regards to the practical THz receiver design, Noise
Figure (NF) should also be introduced in (4.12). For instance, typical NF values
considered in the literature for THz band receivers vary from 0 dB (ideal receiver) to
9.56 dB [77]. Hence, for practical THz receivers, adding (in dB) the NF contribution
with P, into (4.12) would result in a substantial decrease in 7 values across the THz
band (0.75-10 THz). Therefore, Pr and G values should be adjusted/increased

accordingly to achieve acceptable v levels.

4.3 Capacity Analysis

In this section, we assess capacity, hence the potential of communication over the
THz band (0.75-10 THz) among the aerial vehicles by considering the realistic THz
band channel model as discussed in Section 4.1. The LBLRTM tool is used to obtain
the transmittance values, 7(f,T(z1,22),v(21,22),d) to obtain absorption gain and
emissivity, as required in (4.4) and in (4.9), respectively, for the four practical aerial
vehicle communication scenarios at various altitudes, zenith angles and transmission

distances.

Firstly assuming no fading, i.e., h = h;, we introduce an alternative capacity com-
putation which makes use of the common flat bands, (Af); among the path gain,
\hl\Q and the noise PSD, N obtained by Algorithm 1. More precisely, the it" com-
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mon flat band having a variable bandwidth, (A f); is tuned around the frequency f;,
where i(z1,22,d) = 1,2,3,...,1. In this way, the channel considered for transmission
comprises of only those bands, which are flat in common, i.e. , across both |hl|2 and
N. Hence, the sum capacity, Cy_gw, of the altitude-dependent variable bandwidth
model at a transmission distance, d and between Tx and Rx altitudes, z; and zo,

respectively, is calculated as:

I
Cy_pw(21,22,d) =) _(Af)i loga [1 +(fi, 21, 22,4, (Af)z)}
i=1
I .
= ; Pp |h(fiz1,22,d)* G
= 3(A1): o 1+ Glanal )

(4.13)

We consider two different power allocation schemes for dividing the total power

within frequency bands: In the EP allocation scheme, power of each common flat
Pr
S (A

is performed in two stages for our variable bandwidth approach. At the first stage,

band is found as Pk = (Af);. In the second scheme, WF power allocation

WF is performed among all common flat bands, i(z1, 22,d) = 1,2,3, ..., I, with respect

to the average SNR, 7; of each i (i.e., the average SNR of all Af = 0.3 GHz present

in 7), as follows [88]:
L w0 (4.14)

where P% is the optimal power assigned to the common flat band, 7, denotes the
SNR threshold, and is obtained by satisfying Zle (7% — %) = 1. Subsequently as
the second stage, we again perform WF by optimally distributing P} within each
common flat band, 7, comprising of Af = 0.3 GHz, which is the spectral resolution

of LBLRTM [18,19,50,51].

According to the standard approach, the altitude dependent capacity, C's7p is com-
puted as:

K
— Pt |h(fi21,22,0) G
CSTD(Z1,Z2>d)—kZ::1Af logs {1+ o o AT | (4.15)

where f;. is a function of f; with £ = 1, 2, 3,.... K. Here, with the EP allocation,
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Pr is equally distributed over the entire THz band (0.75-10 THz), i.e., it is divided
among all constant narrowbands with Af = 0.3 GHz. The WF power allocation is
performed in a single stage by optimally distributing Pp over (0.75-10 THz) across
all constant narrowbands, £ = 1,2,3,..., K, each 0.3 GHz wide, by following the
similar approach as in (4.14), with Pﬁ as the optimal power assigned to the constant
narrowband, k, 7, denotes the SNR threshold, 7. is the SNR of k& by considering
that it is allocated the entire power budget. Here, 7, is computed by satisfying

Sia (5 -5) =1188)

Yo o Yk
For capacity under fading, we consider the ergodic capacity, by incorporating the
BM and the MP fading models in the channel coefficient, as h = hjhyhy, as pro-
vided in Section 4.1.2. The ergodic capacity of the variable bandwidth approach,
CE gy (21,22,d) is obtained by modifying (4.13) as

I i , 2
CFmvten et =2 (Lo o[+ Fpbftmgie])
=1 v

where [E(.) denotes the expectation over random realizations of the channel h subject

to fading.

Likewise, the ergodic capacity of the standard approach, C”SET plz1,22,d) is computed
by modifying (4.15) as

CgTD(Zl,ZQ,d) = Af ]E (
k=1

K
PE h(fi,21,20,d)* G
2. log: [1+ Tl;ﬂ(flcjczl,lZQ?d,(Af))T : (4.17)

In the following subsections, we first investigate the effect of altitude(s) on the
capacity in general, assuming no fading. Then, we consider the specific four aerial
communication scenarios under no fading and fading conditions. In all cases, the
proposed variable bandwidth capacity computation is compared to the standard
capacity computation, considering EP and WF power allocation schemes. At the
end, a summary table is provided for benchmarking horizontal communications at
different altitudes, corresponding to each scenario, also including the sea-level case

for comparison.

4.3.1 Effect of Altitude on Capacity

The variation of atmospheric conditions with altitude shown in Fig. 2.3 can be

leveraged for communications over the THz band (0.75-10 THz) due to the receded
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Figure 4.5 Channel capacity (no fading) as the function of Tx altitude, z; and zenith
angle, 074 at d = 0.1 km. For a given z; and 074 pair, z2 is found according to the
transmission distance d.

absorption effect as compared to that at the sea-level. In order to quantify this
potential, we consider the two channel capacity computations, Cy_gw and Csrp
approaches given in equations (13) and (15), respectively, as joint functions of z;
and 074 from 0° to 180° and d. For a given z; and 074 pair, 25 is found according to
the transmission distance d, and US Standard 1976 model is selected as the weather
profile in LBLRTM. EP and WF power allocations are considered for each approach,

as explained in the previous section.

For assessing the joint impact of z; and 674 on the capacity for the lower altitude,
Dr2Dr communications, Fig. 4.5(a) illustrates the Cy_pgw as the function of z
from 0 to 1 km, and 74 over 0°-180°, at d = 0.1 km. Pr is set as 24 dBm [79]
and Grp is taken as 60 dBi [89]. As depicted in this figure, employing the WF
scheme promises the highest capacity. For instance, at z; = 0.1 km and 074 = 0°,
Cv_pw_wrF offers 503.4 Gbps while with EP, it stands at 119.8 Gbps. Moreover,
particularly for 674 = 0°, capacity values of both the power allocation schemes
increment with increasing z; from 0.1 km to 1 km, as the atmospheric concentration
starts decreasing with the altitude. For comparing Cy _py approach, Fig. 4.5(b)
shows the capacity with the standard computation benchmark approach, i.e., C's7p
over the identical settings as chosen in Fig. 4.5(a). Evidently, both the Cy _py
and C'srp approaches with WF offer similar capacity values, whereas the Cy_ gy
with EP allocation visibly outperforms its standard approach counterpart over the
entire considered Tx altitude and zenith angle ranges. For instance, at z; = 0.1 km
and 074 = 0°, Csrp with EP offers 34.52 Gbps, which is 28.8 % of the capacity as
offered by its variable bandwidth counterpart. This infers that when only the EP

allocation is provisioned, the proposed variable bandwidth approach promises to be
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a viable approach to achieve higher capacity among Dr2Dr communications.
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Figure 4.6 Channel capacity (no fading) as the function of Tx altitude, z; and zenith
angle, 674 at d = 1 km. For a given z; and 074 pair, z3 is found according to the
transmission distance d.

Fig. 4.6 shows the variation of capacity with z; and 674 for higher altitudes, where
z1 is varying from 1 to 100 km, transmission distance is set as, d =1 km, Pr set
as 30 dBm [81], and G is taken as 80 dBi [90]. Fig. 4.6(a) and Fig. 4.6(b) show
capacity graphs of Cy_pgw approach with WF and EP allocations, respectively.
Clearly, there is no considerable capacity available over the entire considered zenith
angle ranging from 0° (vertically-up) to 180° (vertically-down) at z; = 0 km (sea-
level). z; = 10 km depicts a visible capacity increase, which is 10.7 Thps with the
EP scheme. This exponential increasing trend continues up to the z; = 30 km,
after which a decline in the capacity increase can be observed up to the 50 km
altitude. The main reason behind this fact is due to the increase in the atmospheric
temperature across the 30 km to 50 km altitudes, as shown earlier in Fig. 2.3(a) and
Fig. A.1 (Appendix A). This temperature increase causes the transmittance to be
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more colored, which in turn increases the noise color, resulting in fewer flat bands
across the noise. Hence, the total number of the common flat bands among the path
gain and the noise are decreased. Beyond z; = 60 km, the temperature declines
again making the noise less colored, subsequently widening the common flat band,
thereby increasing the capacity. Starting z; = 90 km, capacity values of greater
than 300 Tbps are achievable. Fig. 4.6(c) and Fig. 4.6(d) illustrate the capacity
3D graphs of Cgrp computation with WF and EP schemes, respectively. Unlike
the Cv_pw, Csrp is not substantially influenced by the temperature changes with
respect to the altitudes, as the standard capacity computation follows the constant
narrowband approach. However, as z; is further increased up to 90 km, the gap
between the two approaches reduces to even less than a Tbhps. Having analyzed the
joint influence of the altitude and zenith angle over the channel capacity under no
fading, next, we investigate the capacity in four aerial communication scenarios (at

the mentioned altitudes in Fig. 4.6), also considering fading.

4.3.2 Aerial Communication Scenarios

In this part, we assess the channel capacity performance of the four aerial scenarios
without fading by using (4.13) and (4.15), and with fading by considering (4.16)
and (4.17).

400 - - - 100 T T T T T T T T
—©—C, - Tropical —0—C, - Tropical
3501 —8—C,, . - Mid Latitude Summer | { —8—C, - Mid Latitude Summer
—0— Cy.py - Mid Latitude Winter 103 49— Cyyy - Mid Latitude Winter ||
3001 Coy e - US Standard 1976 o 1 Standara 1976
= @ =Cgy, - Tropical = @ =Cgy, - Tropical
- = B =Cgpp- Mid Latitude Summer Z 104k = B =Cgy - Mid Latitude Summer
2250 = @ = Cyyp - Mid Latitude Winter |4 b3 = & = Cgpp, - Mid Latitude Winter
<) Cgppy - US Standard 1976 <) Cppy - US Standard 1976
3
ey 200 210
b P, o o O o 5
g ——0—0—0—0—0—0—0—0—¢ g
150 = 5
o ©10% ¢
100
S S ek Ak ok e sl bt S EX LR TR S 10"
(=B =B =8=8=5- -8 -0 -8 ~8-8-0-0 10
0 150 180

30 .60 90 120
Zenith Angle (0,,,) [degrees] Transmission distance (d) [m]

(a) Capacity vs. zenith angle: z; = 100 (b) Capacity vs. distance: z; = 2z =
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Figure 4.7 Dr2Dr communication (no fading): Capacity analysis considering variable
bandwidth and standard approaches with EP allocation. Four weather profiles are
considered in LBLRTM.

As the first aerial vehicle communication scenario, we consider realistic Drone-to-
Drone (Dr2Dr) communication, where the Tx drone is at z; = 100 m, d = 100 m
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Figure 4.8 Dr2Dr communication (without and with fading): Capacity vs. distance
considering variable bandwidth and standard approaches with WF and EP alloca-
tions. US Standard 1976 weather profile is set in LBLRTM with z; = zo = 0.1 km,
074 = 90°.

between Tx-Rx drones, and the altitude of the Rx drone, 25 is determined by variable
zenith angle, 67 4. Pr is set as 24 dBm [79] and G as 60 dBi [89]. Fig. 4.7 shows
channel capacity under no fading, considering the water vapor effect via four weather
profiles in LBLRTM for both the variable bandwidth and standard computations
with EP allocation. Fig. 4.7 (a) depicts that over the entire 674 range from 0°
(vertically-up) to 180° (vertically-down, which corresponds to the drone to sea-level
case), no considerable variation in the capacity is seen, as the atmosphere is dense
and homogeneous around the lower (near-ground) altitudes, as shown earlier in
Fig. 2.3(a). The proposed variable bandwidth approach offers higher capacity values
than the standard benchmark, as at such lower atmospheric altitudes, water vapor
based absorption is huge, hence, transmitting equally over the entire THz band (0.75-
10 THz), irrespective of the flat bands or the peaks, is not a viable option. Instead,
transmitting over the common flat bands promises a substantially higher capacity.
The highest capacity is offered by the Cy _ gy approach using Mid Latitude Winter
weather profile with 175.6 Gbps, while the standard approach stands at 66.16 Gbps,
both at 074 = 0°. Fig. 4.7(b) illustrates the Dr2Dr capacity trend as the function
of the d from 1 m up to 100 m with 674 = 90° (horizontal). At d = 1 m, both
the capacity approaches offer near identically 81 Thbps. As d increases, the leverage
of the variable bandwidth approach over the standard benchmark becomes more
evident due to the absorption effect at the greater ranges. This shows that the THz
band promises to be an ideal candidate among drone-to-drone or even from drone-
to-ground communications for various practical applications including post disaster
monitoring, unexpected traffic demands and war technology, promising capacity

values in order of several 100 Gbps.
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Fig. 4.8(a) shows the capacity curves for the same settings as in Fig. 4.7(b) con-
sidering WF and EP power allocation schemes. As shown by this figure, applying
WF in both variable bandwidth and standard approaches provides similar capac-
ity values e.g., 497.7 Gbps at d = 100 m. For the case of the EP allocation, the
Cy_pw outperforms Cgrp at the ranges greater than 10 m. For instance, at d =
100 m, Cy_pw stands at 117.2 Gbps, which is 83.9 Gbps greater than C'grp at
the identical range. For analyzing the effect of fading, we consider first BM errors
as we obtain the ergodic capacity numerically by averaging capacity computations
over 50 realizations of BM fading model as provided in Fig. 4.8(b) considering os/a
= 5 (medium) and 10 (worst) with @ = 0.1 m [85]. Here, increasing os/a decreases
the ergodic capacity substantially. As an example, at d = 100 m and o5/a = 10,
C’{%BW with WF is 133.2 Gbps, which is just 26.7 % of the identical approach with
the no BM fading case (Fig. 4.8(a)). Similarly, C{_ gy, with EP at d = 100 m and
os/a = 10 is 21 Gbps, i.e., a considerable 96.2 Gbps capacity decline as compared
to the no BM fading case. With the EP allocation, still, the C&—BW outperforms
the CET D-

Next, we assess additional impact MP effect and in Fig. 4.8(c), we present the
ergodic capacity (average of 50 channel realizations), considering MP fading model
with @ = 2, p = 1 i.e., pure NLOS (Rayleigh) case and for a = 2, yu = 3 case
(where a weak LOS component present), each applied with BM fading with o5/a =
5. In general, increasing p from 1 to 3, which implies an improved LOS component,
increases the ergodic capacity by 17 % for both the C‘?_ g and CgT p computations
with WF, 28.07 % for CE_y, with EP and 14.8 % for CE,, with EP, each at d =
100 m. Furthermore, the ergodic capacity curves in Fig. 4.8(c) offer lower values as
compared to the only BM fading case (Fig. 4.8(b) with o/a = 5). For example, at d
= 100 m, C@—BW with EP with p = 1 offers 28.89 Gbps, while with the case of no
MP fading (Fig. 4.8(b), it stands at 49.15 Gbps. Finally, it can be concluded from
(Fig. 4.8(b)) and (Fig. 4.8(c)) that for the Dr2Dr scenario, the BM fading poses a
more severe deteriorating impact on the ergodic capacity as compared to the MP

fading.

Jet Planes

Another possible communication scenario over the THz band (0.75-10 THz) is among
cruising jet planes, flying at an altitude of 10 km and above, which is the boundary
of troposphere and stratosphere [33]. We consider the Jet Plane-to-Jet Plane (J2J)
communication scenario, where a Tx jet plane is cruising at z; = 10 km, while
the Rx jet plane is at a radial transmission distance, d and varying 6z (hence

varying zg) observed for the same four weather profiles (as drones). Pr = 37 dBm
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as in [80] and G = 80 dBi [91]. Fig. 4.9(a) provides the channel capacity (with
no fading) with EP allocation as the function of 074 at d = 1 km. Due to lower
water vapor concentration across 10 km altitudes in all four considered weather
profiles as previously shown in Fig. 2.3(b), capacity values in the order of tens of
Thbps are realizable for this scenario. Precisely, highest capacity values are observed
at 074 = 0° by the Mid Latitude Winter weather profile, which are 23.37 Tbps
and 22.62 Thps using Cy_pw and Cgrp, respectively. Evidently, increasing 64
from 0° towards 180° exhibits a capacity declining trend, which is justifiable by the
fact that establishing the THz band communication towards higher altitudes costs
lower absorption loss as compared to the transmission towards the lower altitudes.
Similarly for the two weather profiles of Mid Summer and Tropical, the capacity
values of both the Cy_pgw and Cgrp approaches are fairly close, converging to
a value of about 4.5 Thps as 674 approaches 180°. This depicts that employing
the constant narrowband i.e. , the standard approach starts approximating the
capacity curves of the proposed variable bandwidth approach due to the negligible
absorption gain contributions, promising the THz band to establish large data rate
links in the order of 10 s of Thps among cruising jet planes. Fig. 4.9(b) provides the
J2J capacity with EP allocation vs. d at 074 = 90° (horizontal). Capacity values
of greater than 1.3 Tbps are achievable at d = 2 km and 20 Gbps even at d = 10
km. This highlights that the THz band can be effectively employed among cruising

jet planes, establishing high data rate links at practical transmission ranges.
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Figure 4.9 J2J communication (no fading): Capacity analysis considering variable
bandwidth and standard approaches with EP allocation. Four weather profiles are
considered in LBLRTM.

Fig. 4.10(a) provides the capacity results with Cy_pw and Csrp approaches em-

ploying WF and EP allocation schemes for the J2J communication scenario, con-

sidering no fading and BM fading channels. Similar to Fig. 4.9(b), the capacity
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Figure 4.10 J2J communication (without and with fading): Capacity vs. distance
considering variable bandwidth and standard approaches with WF and EP alloca-
tions. US Standard 1976 weather profile is set in LBLRTM with z; = 29 = 10 km,
074 = 90°.

drastically decreases, as the range is increased to the order of kilometers. Also, both
capacity approaches with WF depict similar values, standing at 13 Tbhps at d = 1
km, which is 50% above that of the capacity results with EP. In Fig. 4.10(b) ergodic
capacity is obtained by BM fading model with o5/a = 5 and 10 with a = 0.5 m [92]
(again providing results which were averaged over 50 realizations). Numerically, at
d = 2 km with o5/a = 5, ergodic capacity of Cy_py with EP stands at 0.54 Thps,
while it is 3.734 Thps with no fading (Fig. 4.10(a)).

UAV

THz band can also be ideal for communicating UAVs and High Altitude Platform
(HAPs), which typically fly across 16 km altitude and above, i.e. , across the strato-
spheric atmospheric region [33]. The altitude on and above 16 km, in particular,
observe imperceptible water vapor levels, promising the THz band to be an ideal
candidate for Thps links among various realistic UAV scenarios [3]. We consider
such a UAV-to-UAV (U2U) scenario, where the Tx UAV is at z; = 16 km and the
Rx UAV is at a range, d and varying 674 range as earlier, hence varying zs. Pr is
set as 30 dBm [81] and G as 80 dBi [90]. Fig. 4.11(a) shows the capacity under no
fading with EP allocation as the function of 874 at d = 1 km with the four identical
weather profiles as in drones and jet planes scenarios. Interestingly, it can be seen
that the capacity curves of all of the four weather profiles closely approximate each
other with the Cy_pw approach with the US Standard 1976 offering the highest
capacity of 36.42 Tbps at 074 = 0° among the other weather profiles. The capacity

curves of the standard approach here, closely approximates the variable bandwidth
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computation, as the absorption is negligible at such a high altitude. Hence, trans-
mitting over the entire THz band (0.75-10 THz) divided into constant narrowbands
approximates the common flat bands approach. Fig. 4.11(b) provides the U2U ca-
pacity under no fading EP allocation as the function of the transmission range from
1 km up to 10 km considering 074 = 90°. Furthermore, it can be noticed that for the
entire considered range, the capacity results corresponding to all of the four weather
profiles with both the variable bandwidth and standard approaches follow nearly
identical exponential decaying trend. This is due to the fact that the altitude of 16
km observe negligible absorption effect due to absence of the water vapor molecules
at such a high altitude, promising the THz band to be an ideal communication band
candidate among high altitude UAVs and HAPs [69].
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Figure 4.11 U2U communication (no fading): Capacity analysis considering variable
bandwidth and standard approaches with EP allocation. Four weather profiles are
considered in LBLRTM.

Fig. 4.12(a) provides the capacity trend of the U2U scenario, considering both the
variable bandwidth and standard approaches with WF and EP allocation schemes
for each. Identically to the Dr2Dr and J2J scenario, for both the schemes with WF
closely approach their respective EP counter parts, as the atmosphere at 16 km lacks
substantial amount of water vapor concentration. Fig. 4.12(b) illustrates the BM
fading impact on the ergodic capacity of the U2U scenario. Similar to the scenarios
of Dr2Dr and J2J, o5/a = 5 and 10 are considered with @ = 0.5 m [92]. Clearly,
the BM fading significantly degrades capacity. For instance, at d = 2 km with o5/a

= 5, the ergodic capacity is an order of magnitude smaller than the capacity of no
fading case (Fig. 4.12(a)).
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Figure 4.12 U2U communication (without and with fading): Capacity vs. distance
considering variable bandwidth and standard approaches with WF and WP alloca-
tions. US Standard 1976 weather profile is set in LBLRTM with z; = 29 = 16 km,
074 = 90°.

Space

As our fourth aerial communication scenario, we consider a possible Space-to-Space
(S2S) communication scenario, where a low perigee Tx satellite orbiting at z; = 99
km is communicating with the Rx satellite at zo. Pr = 33.6 dBm [82] and G = 80
dBi [90].

Fig. 4.13(a) provides the capacity under no fading with respect to 074 at d = 1
km. Evidently, due to the lack of atmosphere at such a high altitude, no significant
capacity variation is observed among all of the four LBLRTM weather profiles with
Csrp now offering a negligibly higher capacity of about 0.2 % than Cy _pgy . This
is due to the near negligible absorption across 99 km altitude, the path gain exhibits
merely the spread gain with the noise almost flat with a few sharp peaks. Hence, the
Cgrp starts approximating the Cy _ gy with huge capacity values of greater than
282.5 Thps being achievable. Furthermore, unlike the U2U scenario, 67 4 variations
does not incur perceivable effect on the capacity, further reiterating the absence of
atmosphere across the space boundary. Fig. 4.13(b) depicts the capacity vs. distance
trend ranging from 1 km to 100 km. Thanks to the THz band, capacity values as
high as 221.8 Thps are achievable even at d = 10 km. Even at the largest considered
range of 100 km, up to 159 Thps of capacity is usable. Capacity results of the S2S
scenario infer that the THz band is a strong candidate for inter-satellite links (ISL)
among conventional satellites [73] and even among cubesats [64], orbiting over the
Low Earth Orbit (LEO) as an example, communication links in the order of several
hundreds of Tbps.
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Figure 4.13 S2S communication (no fading): Capacity analysis considering variable
bandwidth and standard approaches with EP allocation. Four weather profiles are
considered in LBLRTM.
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Figure 4.14 S2S communication (without and with fading): Capacity vs. distance
considering variable bandwidth and standard approaches with WF and EP alloca-
tions. US Standard 1976 weather profile is set in LBLRTM with z; = 29 = 99 km,
074 = 90°.

Fig. 4.14(a) depicts the capacity of the proposed variable bandwidth and standard
approaches with both the WF and EP allocation schemes under no fading. Evi-
dently, the capacity of all of the four instances offer near identical capacity values
varying from 283.7 Tbps to 159.4 Tbps for d ranging from 1 km to 100 km, respec-
tively. For analyzing the impact of the BM fading on the ergodic capacity of the
S2S scenario, Fig. 4.14(b) shows the ergodic capacity as the function of the identical
transmission range as considered in Fig. 4.14(a), with os/a = 5 and 10, where a
= 0.5 m [93,94]. In this scenario, BM fading slightly reduces the capacity with no
fading by about 3.2 % for the variable bandwidth and standard computations. After
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10 km range, interestingly, the impact of the BM fading diminishes and the ergodic
capacity are close to the capacity values under no fading (Fig. 4.14(a)). This is
due to the fact that increasing the transmission range results in a larger Tx beam

footprint, wy, coupled with lower fractional receive power, Ag. When wy becomes

Weq
20'3

considerably larger than the Rx beam and a given o, forcing the fraction ¢ =
to a larger value, we end up with no BM fading [95]. For this reason, THz band can
be preferred especially for long hauled ISLs [73] and cubesats [64], as link rates in
the order of hundreds of Thps can be provided even under BM fading.

Table 4.1 provides a summary of the capacity and ergodic capacity results of the
considered aerial communication scenarios, also considering the sea-level communi-
cation [14], under both no fading and fading cases. Clearly, as compared to the no
fading cases in each scenario, the BM fading degrades the ergodic capacity of the
aerial links by about 3.2 % to 38 % due to random fluctuations. These fluctuations
in the communicating aerial vehicles mainly induce Tx-Rx antenna gain mismatches,
which should be kept minimized, although can not be completed eliminated in prac-
tical aerial links [96]. One way to minimize the BM fading effect is to employ Tx-Rx
antenna stabilizers into the communicating aerial vehicles [30]. Another way to
subside the BM fading impact is to provision higher transmit power levels, causing
the Tx antenna to collect more of the transmitted power [21]. Moreover, both the
approaches with WF power allocation exhibits similar ergodic values, with the stan-
dard approach narrowly outperforming the proposed variable bandwidth approach
by 0.21 % to 6.37 %. However, it is evident that under the EP allocation, the er-
godic capacity of the variable bandwidth approach under both the BM fading and
the MP fading outperforms its standard counterpart by 80 % and 32 % at sea-level
and 100 m altitude (drones), respectively. Finally, it can be concluded that even
under the BM fading, the ergodic values of several 10s of Thps are realizable for J2J
and U2U scenarios, and even up to several 100s of Tbps for the S2S, truly depicting

the potential of the THz band for aerial communications.

In this chapter, we have provided an extensive analysis of the THz band (0.75-10
THz) communication for four practical aerial vehicle scenarios, namely, drones, jet
planes, high altitude UAVs, and satellites, at various practical altitudes, transmission
distances, zenith angles, and considering fading conditions of MP fading and BM
fading. Incorporating LBLRTM, a channel model for aerial communications at THz
band has been obtained to calculate frequency-selective path gain and the colored
noise spectrums, where both are severely affected by the water vapor concentrations
across the atmosphere. We have also proposed a novel approach for computing THz
capacity by considering only the common flat-bands among the path gain and the

noise PSD, in comparison with the standard approach based on only flat channel
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response, both considered with WF and EP allocations.

The capacity analysis points out that the THz channel capacity without fading is im-
proved under both WF and EP allocations at higher atmospheric altitudes: For both
the proposed and the standard approaches, the sea-level capacity is enhanced by an
order of magnitude for the drones, which is doubled for the jet plane scenario, which
is further tripled for UAVs, which is again increased by another order of magnitude
for the space communications. When ergodic capacity is computed for the fading
scenarios, it is shown that the impact of fading vanishes at higher altitudes. Sea-level
ergodic capacity is increased by an order of magnitude for drone-to-drone commu-
nications, providing several Tbps at 10 m, while 10s of Tbps is achievable among
jet planes and UAVs, and several 100s of Thps is possible for satellites/cubesats at
1 km under fading, suggesting that THz band is a promising alternative for aerial
communications. The BM fading can be minimized by employing Tx-Rx antenna
stabilizers, or by increasing the transmit power levels. Nevertheless, for the longer
ranges, the BM fading diminishes as the Tx beam footprint becomes larger than the

Rx beam.

Having presented the THz capacity of various aerial communication cases by con-
sidering the colored noise model and practical physical parameters under both ideal
and fading channel environments, exploitation of the large THz bandwidth in a cog-
nitive fashion and the problem of beam misalignment under mobility for a special

case aerial vehicles, i.e., drones are covered in the Chapter 5 of this dissertation.
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Chapter 5

CHANNEL SELECTION
SCHEME FOR
TERAHERTZ-ENABLED
DRONE COMMUNICATIONS

In this chapter, drones for THz communications are considered under various mo-
bility instances. Similar to Chapter 3 and Chapter 4, LBLRTM tool is employed for
obtaining realistic transmittance values at various altitudes, ranges and directions
of communications. First, a 3D communication model of THz-enabled Dr2Dr link
is considered, with Tx-Rx misalignment instances due to mobility. Then, a capacity
maximization problem is formulated by jointly selecting THz channels and the Tx-
Rx 3D antenna beamwidths of a realistic 3D sectored antenna model. Subsequently,
a channel selection scheme is proposed for solving the capacity maximization prob-
lem. Finally, for various realistic Dr2Dr mobility scenarios, the proposed channel
selection scheme is compared in terms of capacity and spectral efficiency with the
CFB and STD approaches under both WF and EP allocations. Furthermore, real
mobility traces and practical THz antennas are considered for truly revealing the

potential of THz band for drone communications.

We consider realistic THz band Dr2Dr communication, where a drone Tx is at an
altitude, z7,, transmitting to another drone Rx at zp, altitude over a transmission
distance, d as shown in Fig. 4.1. The Rx drone can be at an arbitrary zenith angle,
@Ry from the transmitter, which varies from 0° to 180°, indicating vertically-up and

vertically-down directions, respectively, as depicted in Fig. 4.2.
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5.1 Channel Model

As presented in Chapter 4, we consider the channel model among drones without
fading, i.e., LOS channel. Therefore, with h = h; into (4.1), the SNR at time, ¢,
~t across the k" narrowband, where k = 1, 2, 3...K across the THz band (0.75-4.4

THz) can be expressed as

Plorar 1P(fr, 210, 2Re, 4)* G
. ) ) 1 (A _ Protal s Tz <Rz Total 51
Y (fkaZT yZRxs ’( f)) Pn(fkaszaszvd’ (Af)) 7 ( )

where PF . . refers to the transmit power of the k'* narrowband (i.e. , (Af)), while
Protqr denotes the total transmit power in Watts. Evidently, the v computation
would vary with respect to a chosen power allocation, which are explained in the
following in detail. |A(f, 272, 2Rz, d)|? is the path gain derived from (4.2), P, denotes
the noise power in Watts across (Af) from (4.11), and G, is the total antenna

gains (Tx and Rx antennas combined).

In this chapter, identical directive antennas are considered both at the Tx and Rx
with narrow Tx-Rx beams pointing towards each other, which may get misaligned
due to mobility of the Tx and Rx drone, as depicted in Fig. 5.1. For obtaining
GtTotal for v* computations in (5.1), in the following, we consider 3D and 2D sectored

antenna models for realistic directional THz propagation, in detail.
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|
|

|
|
|

/
|

/
/
'

/

PRx

- N -

Figure 5.1 Illustration of Tx-Rx antenna boresights under misalignment and perfect
alignment.

5.2 Antenna Models

For incorporating the effect of mobility on Tx and Rx antenna beam misalignment

and its subsequent effect on SNR computations, we consider sectored 3D antenna

model and sectored 2D antenna modelfor realizing high gain THz Tx and Rx beams.
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In what follows, we provide computations of the total antenna gains based on dif-
ferent antenna alignments due to mobility by employing each of the two antenna

model.

5.2.1 Sectored 3D Antenna Model

We consider the 3D sectored antenna model for the antenna gain computations [97].
The gain can be computed as: 1) Significant sidelobe gain and 2) Negligible sidelobe

gain.

Without Side Lobe Gain

In this model, the antenna is able to transmit in 3D, i.e., in all six directions. The
gain is high in a direction specified by 3D elevation and azimuth beamwidths, while

for the other directions, a low sidelobe gain is defined. Mathematically,

B ST Y\t Yo-1s t Vbt
Gt L =y Zf‘A¢Rx_Tx‘ < 55— and ’AHRI_M‘ < oTe
w¢_Tx7¢9_Tx .
2y otherwise
(5.2)

Similarly, the antenna gain of the receiver is obtained as,

A ¢ Yo Ra ¢ Yo Ro
Gyt gt = A zf‘A(ﬁRw_Tx‘S 52 and ‘AeRx_Tx’g Bz
R 2 otherwise
(5.3)

where Gt t and Gt t denote the antenna gains of the transmit-
¢¢—Tm71/]9—Tw w(i)—Rw”(/)O—Rw

ter and the receiver, respectively, at time, ¢, wg_Tx 1/1@_%6 are the elevation and
azimuth beamwidths of the transmitter, and wéf R wg? R are the elevation and az-
imuth beamwidths of the receiver. Agthx_ Ra> A@th_ Rra» are the angular differences
(elevation and azimuth, respectively) of the transmit and the receive antennas with
respect to the bore-sight lines, and z is the gain of side lobe level over a range of
0<zx 1.

With Side Lobe Gain

In this model, a high gain mainlobe antenna gain is considered. Therefore, the

sidelobe antenna gain subtraction from the main lobe gain can be neglected. Math-
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ematically,

dm—(dm—yl o Wb )z Vo
Gd) . _ wéf;ﬂféizwi T , Zf‘A(bRx Tzl = £ and ‘A@Rx Tw < 82T )
e 2 otherwise
(5.4)
Likewise, the antenna gain of the receiver is obtained as,
dr—(Am—pl L Wb 5 )z wti i o
G t wt = ¢;7§m¢27Ri - ’ f‘A(me Tx| = . and ‘AQRI Tx S 92R .
T 2y otherwise
(5.5)

5.2.2 Sectored 2D Antenna Model

We also consider the well-known 2D sectored antenna model for the antenna gain
computations [98]. 2D sectored antenna is a slice of a 3D sectored antenna at a

given planar direction. Here, the antenna gain of the transmitter is given as;

Without Side Lobe Gain

t
w@—Tﬂ;

2 (5.6)

2
Gyt = w(ta—ﬂm«’ Zf’AeRxTx -
0—Tzx

z, otherwise

Likewise, the antenna gain of the receiver is obtained as,

2 wéfRzQ
t ) Zf‘AeRwa‘ < ,

G t — ¢6—Rx (57)
Yo_Re .
o-he z, otherwise
With Side Lobe Gain
27 (27T w() Ta: Ae < wg—Tac
Gy = B [haira| < 757 (5.8)
ot zZ, otherwise
Similarly, the antenna gain of the receiver is obtained as,
2 (27r wg be wé—Rx
Gz/;t = Vo Ra ’ lf‘AeRm Tx‘ =7 (5.9)
ot 2, otherwise
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In this chapter, we consider sidelobe gain as z = 0.1 for Tx and Rx each. Hence,
the effect of subtracting the side lobe gain from the main lobe gain is negligible.
Therefore, we consider the 3D sectored antenna model with symmetric beamwidths
of Tx and Rx each, without side lobe gain subtraction. Additionally, the 3D sectored
antenna model with asymmetric Tx and Rx beamwidths are also presented for an
example scenario of drone mobility. Moreover, for the comparison purposes, the
2D antenna model is also considered for the ideal mobility scenario, i.e., perfectly

aligned mobility, as discussed later in Section 5.4 of this chapter.

Grotar = (G ) (G (5.10)

t t t t
wd)—Tw”(/)O—Tw w¢—Rm’¢9—Rz

In dB,

GtTotal [dB] = 1Ologlo(GtTotoLl) . (5'11)

We assess capacity, over the THz band (0.75-4.4 THz) between the Dr2Dr link by
considering the realistic channel model as discussed in Section 5. The LBLRTM tool
is employed to obtain the THz transmittance values, 7(f,T (214, 2Rz),V(272, 2Rz ), d)
for obtaining THz absorption gain and emissivity, as needed in (4.4) for the path
gain computations and in (4.9) for the colored noise calculations, respectively, for
the realistic THz band Dr2Dr communication scenarios at various elevation/zenith

angles, azimuth /horizontal angles, and transmission distances.

The altitude dependent capacity of the CFB scheme, Copp, at time, t, is given
as [15]:

M
OtCFB(ZTmaZRxad) = Z (Af)m loga [1 +7t(fm>ZTx7ZRx7da (Af)m)}
m=1 (5.12)

M
_ Pyt |h(fm21a, 2R @) Glrorg
= > (Af)m loga [1+ Ttén(fm,ZTzzRﬁd,(Af)ﬁtl] :

m=1

The WF and EP allocation for the CFB scheme is performed as discussed in Chap-
ter 4.

According to the STD scheme, the altitude dependent capacity, C'spp at time, ¢, is
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computed as:

K
t _ PE oo W2 2Red) 2 Glrpg
Csrp(ere: 2Rerd) = ,;Af 1092 [1 e e dam | o (613)

Here fj is a function of f,, with k£ = 1, 2, 3,...,K. Here, for the STD scheme, WF

and EP allocations are performed as provided earlier in Section 4.

Spectral efficiency at a given time, t, SE!(27,, 2rs,d), is defined as the achievable
capacity, C* per unit bandwidth (Hertz here). Mathematically, For the CFB scheme
[15],

M

t = PTn;’ a Gt ola. >
SEcrp(2Te) 2Re, d) _mzz1l092 [1 + T S e (bits/sec/Hz),
(5.14)
For the STD scheme,
) - PlotalGlrotal '
SESTD(ZTxa ZRzx) d) = kgllOgQ {1 + Lpl(fk3ZTI,ZRI,j)aPn(fk:)Z;‘m,ZRmad7(Af)) (bZtS/SGC/HZ),
(5.15)

5.3 Channel Selection For Capacity Maximiza-
tion

To maximize the capacity of the THz-enabled Dr2Dr link under mobility, we incor-
porate various parameters affecting the capacity at a given time, ¢, such as the 3D
coordinates, elevation and azimuth beamwidths, and azimuth and elevation bore-
sight angles of each of the Tx and Rx drones. Additionally, we consider the THz
band, B (0.75-4.4 THz) comprising of the narrowbands, each A f = 0.3 GHz wide,
which is the spectral resolution of the LBLRTM tool. For maximizing the THz-
enabled Dr2Dr link capacity over the THz band (0.75-4.4 THz), we formulate the
capacity maximization problem by considering the THz narrowbands selection as

follows:

i . NB t t t t t t
Given: Prota, Qf € B, A f (:L‘Tx’yTx7zTa:)7 (xRx7ny7ZRx>’ gb%x’ H%m’ ¢?%x’ QORW

66



wgcz)ﬁ—TaN wg—Tx’ w;—Raﬂ 77Dg—Rx

max C" . (5.16)
oQNB e B
fi:l
The problem in (5.16) requires permutations over all narrowbands channels (each 0.3
GHz wide) across B = 0.75-4.4 THz, which is practically impossible considering the
state-of-the-art computations. Therefore, we propose an intelligent way of selecting
only those channels, Qﬁy B ¢ B, which would provide the maximum capacity for a

given set of Tx-Rx beamwidths, in the subsequent subsection.

5.3.1 MaxActive Scheme

For solving the capacity maximization problem (5.16), we propose a novel way of
selecting the channels as given in Algorithm 2, which we have termed as MaxActive
channel selection scheme. MaxActive is a Brute force search based algorithm for
finding the global maxima of the capacity. Initially, we find the narrowband fre-
quency (channel) corresponding to the maximum SNR, and set it as threshold (line
4). Then, we compute the capacity (line 9) considering the initial channel frequency.
Afterwards, we lower the SNR threshold (line 10) and consider all those narroband
channel frequencies with the SNR above the updated threshold SNR. These fre-
quencies are named as active frequencies. Next, we find capacity considering all
the active frequencies. This process (line 7-11) is repeated till the threshold reaches
zero. Finally, we find the maximum capacity among all the capacity values (line
13) that have been computed corresponding to the each considered threshold. This
is depicted in Fig. 5.2, where it can be seen that for each iteration j, initially, the
capacity is increasing up to a global maxima, after which the capacity values decline,
until completing the algorithm loop index, j. Moreover, the MaxActive algorithm

returns all the active channels corresponding to the maximum capacity (line 13).

To this end, we have formulated the Dr2Dr link capacity maximization problem in

(5.16), which is solved using the proposed MaxActive channel selection algorithm.

For performing the beamwidth adaption, we consider 3D symmetric beams (5.2) and
(5.3) by increasing the elevation, azimuth beamwidths of both the Tx and Rx drone
antennas, so that the THz communication is sustained within the main lobe of both
Tx and Rx under mobility. However, the beamwidth adaptation has a trade-off:
On one hand, increasing the beamwidths promises the THz Dr2Dr link within the
high gains of the Tx, Rx main lobes as compared to the very low gain of the side

spherical lobes. On the other hand, increasing the beamwidths decrease the total
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Algorithm 2: MaxActive channel selection scheme for the capacity maximiza-
tion.

Af, As

2Tw, 2Ra>d

j=1

fo S foK

sj =max (Y(f, 214, 2Re,d, Af))
C(ij—1)=0

while j < K do
Find f:v(f,sz,sz,d,Af) > s;
C(j) =X Af log2(1+(fis 272, 2Re, d, A S))
554 5;—As
jg =7+1
end

end while
Return maz(C(i) | {i=1,....,K})
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Figure 5.2 Visual depiction of the global maxima of the THz-enabled Dr2Dr link
capacity via MaxActive algorithm iterations.
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antenna gains.

5.3.2 Joint Channel Selection, Beamwidth Adjustment and

Power Control

The problem in (5.16) requires only the channel selection for maximizing the THz-
enabled Dr2Dr link capacity, which is solved using the proposed MaxActive Algo-
rithm. However, due to the mobile nature of the drones, the Tx and Rx THz beams
can frequently get misaligned, causing to degrade the capacity at a given time in-
stant, t. Hence, the Tx and Rx beamwidth adaptation with respect to the drone
mobility will ensure higher capacity values as compared to the fixed beamwidths.
Additionally, due to the distance-dependent nature of the THz transmission windows
(channels), controlling the transmit power levels of each channel will also promise
larger capacity values as compared to the equal power allocation. Therefore, in the
following, we provide a joint channel selection, beamwidth adjustment and power
control for maximizing the Dr2Dr link capacity, considering that the total antenna
gain is independent, whereas the channel selection is dependent on the total an-
tenna gains. we formulate the capacity maximization problem by considering the

joint channel selection, beamwidth adjustment, and power control as follows:

i . NB t t t t t t
Given: Proal, Qf € B A f (me’yT:szx)? (‘TR:E?yR:v?ZRx)’ Qs%x’ Q%m’ ¢?%x> 0%{3:7

w((;)—T:w wg—T:r’ w:;ﬁ—Rx? w;—Rx

max -t (5.17a)
Q;V;iBl € BWYe,0—Te¥6,0— RerProta
s.t. ¢§>—Tm:w3—T$ < wfb—Ta:awg—T:v < wz&n—a%mawgn—a%m , Vit e T (517b)
s.t. 1/1271{3;,1?371-23: < ¢3>fo;¢§fo < w;nf}c%wignfﬁx , Vit eT (5'17C)
K
s.t. S Phorar < Prota (5.17d)
i=1

For solving the problem in (5.17), we propose a step-by-step process of the
joint beamwidth adaptation, power control and channel selection as shown in
Flowchart. 5.3. The joint process starts with the first step of the beamwidth adap-
tation of both the Tx and Rx drone antennas. This process, as described earlier,
involves broadening the elevation and azimuth beamwidths of both the Tx (hov-
ering) and Rx (mobile) drone antennas, so as to keep the THz Dr2Dr link under
mobility to communicate over the main lobe at the cost of losing some of the total

antenna gains. Based on the adjusted beamwidths, at the end of this first step,
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Power, Narrowband Channels,
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Tx-Rx 3D Orientation
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Figure 5.3 Joint channel selection, beamwidth adjustment and power control for
the capacity maximization of the THz band Dr2Dr communication: The total an-
tenna gain is independent of selected bandwidth for capacity maximization, while
bandwidth selection is dependent on the total antenna gain.
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the total antenna gain at time, ¢ is evaluated, which is provided to the second step
of power allocation choice, i.e, EP or WF. The EP allocation distributes the to-
tal transmit power equally over all the constant narrowbands across 0.75-4.4 THz,
whereas the WF, in addition to the optimal power allocation over the narrowbands,
also at times, deselect some of the narrowbands, which are usually at very high THz
absorption peaks. All in all, the selected bands, called as Band-1, are provided to the
MaxActive, CFB, or STD scheme, whichever is selected. MaxActive, as described
above, selects only those narrowbands, which provide the maximum capacity. CFB,
as proposed earlier in [15], considers common flat bands (which are sets of narrow-
bands within itself) between the total path gain and noise power spectral density.
STD, the benchmark scheme, considers all narrowbands across 0.75-4.4 THz. At the
end of this 3rd step, again we select a set of narrowbands, called as Band-2. Here,
Band-1 and Band-2 are compared till Band-1 is equal to Band-2, thus providing us
the optimal channels, adjusted total antenna gains, and optimal power, all of which

are utilized to compute the sum capacity of the THz-enabled Dr2Dr link.

5.4 Performance Under Mobility

Having formulated the joint channel selection, beamwidth adjustment and power
control for the capacity maximization of the THz band Dr2Dr communication, in
the following section, we consider four realistic mobility scenarios of THz Dr2Dr
link, including: (1) Perfectly aligned scenario, (2) Misaligned scenario via diagonal
mobility, (3) Misaligned scenario via mobility over azimuth, and (4) Misaligned
scenario via mobility over elevation. We assess the performance of THz-enabled
Dr2Dr link under the mobility scenarios by evaluating channel capacity and spectral
efficiency. Moreover, we also consider real mobility traces for the Dr2Dr link as our
fifth scenario. Finally, real THz antennas available over the THz band (0.75-4.4 THz)
are also employed under three different mobility scenarios to reveal the potential of

THz band for drone communications.

5.4.1 Scenario 1: Perfectly Aligned Scenario

As the ideal, benchmark Dr2Dr mobility scenario, we consider the Tx drone hovering
at (0 m,10 m,100 m), while the Rx drone hovering initially at (0 m,11 m,100 m)
starts moving away from the Tx drone at Vj, 10 m/s as shown in Fig. 5.4(a), whereas
the Fig. 5.4(b) shows the Tx-Rx distance from ¢ = 0 sec up to ¢ = 10 sec. The
3D sectored antenna model is considered with symmetric elevation and azimuth

beamwidths for the Tx, Rx drones, which are set as 10° at ¢t = 0 sec.

Fig. 5.5(a) and Fig. 5.5(b) depict the trend of the beamwidths and the resulting total
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Figure 5.4 Perfectly aligned scenario: Tx drone is hovering while Rx drone is moving
away from Tx.

antenna gains for the perfectly aligned scenario with 3D and 2D sectored antenna
models, respectively. It can be seen that due to the perfect alignment of Tx-Rx
drones at all ¢, the transmission is maintained in the initially set 10° azimuth and
elevation beamwidths of the Tx and Rx drones, resulting in the total antenna gain of
around 52 dB for the 3D antenna model, while it is about 30 dB for the 2D antenna

model.
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Figure 5.5 Trend of the Tx, Rx beamwidths, Tx, Rx boresight differences, and the
corresponding total antenna gains for the perfectly aligned mobility scenario.

Fig 5.6 and Fig. 5.7 show the frequency bands with 3D symmetric antenna model

and 2D antenna model, respectively, which are obtained using the three considered

bandwidth selection schemes with the WF and EP for each. For the case of Max-

Active, it can be observed that the bands obtained using both the WF and EP
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allocation schemes closely approximate each other particularly at the transmission
distances greater than 1 m. This is because in the MaxActive scheme, the channels
are iteratively selected based on high SNR values, even for the EP, till the maximum
capacity is achieved, while the WF is readily the optimal solution for the capacity
maximization. From this, we can infer that by using MaxActive, even employing
the EP promises the near optimal capacity. For the case of the CFB scheme, WF
provides similar bands as compared to the MaxActive approach with WF, as the
CFB scheme initially eliminates the high absorption bands, while CFB with EP
provides bands with intermittent discontinuities, where the absorption peaks are
present. Finally, for the STD scheme, the bands with WF are identical as compared
to the MaxActive with WF. Moreover, with EP, the STD scheme considers all nar-
rowbands over 0.75-4.4 THz, which is trivial. However, this is the most inefficient
way of channel selection over the THz band, as the channels with the absorption
peaks are also selected for transmission, leading to a substantial degradation in the

channel capacity.
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Figure 5.6 Selected bands for the perfectly aligned scenario with 3D symmetric
antenna model.

5.4.2 Scenario 2: Misaligned Scenario via Diagonal Mobility

As the second mobility scenario for THz-enabled Dr2Dr link, we consider the Tx
drone hovering at (0 m, 10 m, 100 m) for all observed time instances, i.e., from ¢ =
0 sec to 100 sec, while the Rx drone, which is initially hovering at (0 m, 11 m, 100
m), starts moving away diagonally from the Tx drone, maintaining a step of 10 m

at each t, as shown in Fig. 5.8.
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Figure 5.7 Selected bands for the perfectly aligned scenario with 2D antenna model.
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Figure 5.8 Misaligned scenario via diagonal mobility: Tx drone is hovering, Rx is
moving away diagonally from Tx.
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For the scenario of misaligned via diagonal mobility without beamwidth adjustment,
Fig. 5.9(a) shows the trend of the Tx, Rx beamwidths, azimuth and elevation bore-
sights differences and the resulting total antenna gains. It can be seen that due
to the diagonal motion of the Rx drone over the XY plane, the azimuth boresight
difference, which was initially at 0 degrees at t = 0 sec, starts increasing at t =
1 sec due to the incurred misalignment of the Tx and Rx boresights. This causes
the total antenna gain to drop from 52 dB (main lobe gain at t = 0) to -20 dB
(side lobe level gain). Hence, there is a need to adjust the Tx-Rx beamwidth adap-
tively to compensate for the misalignment in the mobile Dr2Dr scenarios. With
the beamwidth adjustment, Fig. 5.9(b) provides the trend of adjusting the Tx, Rx
beamwidths with respect to the azimuth boresight misalignment. Both the Tx, Rx
beamwidths start adaptation at t = 1 sec, when the azimuth boresight of the Tx, Rx
antennas observe the misalignment. This in turn results the total antenna gain to
be maintained within the main lobes, i.e., 14.14 dB, without switching the transmis-
sion over the slide lobe levels of -20 dB. This highlights the efficacy of employing the
beamwidth adjustment in the mobility where the misalignment can cause substantial

degradation in the antenna gains.
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Figure 5.9 Trend of the Tx, Rx 3D beamwidths, Tx, Rx elevation and azimuth
boresight differences, and the corresponding total antenna gains for the misaligned
scenario via diagonal mobility.

For the misaligned scenario via diagonal mobility, Fig 5.10 and Fig. 5.11 show the
selected bands without and with beamwidth adjustments, respectively, for the three
considered band selection schemes with WF and EP for each. WF in all the three
schemes depict similar bands as shown earlier in Fig 5.6, with the MaxActive with EP
is approximating the WF counterpart. CFB with EP again depicts discontinuities

across high absorption frequencies, whereas the STD with EP considers the entire
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band across 0.75-4.4 THz.
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Figure 5.10 Selected bands for the misaligned scenario via diagonal mobility without
beamwidth adjustment.

The effect of beam misalignment can be clearly observed in Fig. 5.12 by comparing
capacity trend of the cases of perfectly aligned with 3D the symmetric antenna
model and the misaligned scenario via the diagonal mobility with the 3D symmetric
antenna model. For instance, with the perfect alignment at d = 100 m, capacity
values of all of the three considered schemes with WF allocation stands at about
207 Gbps, which is 83.8 Mbps for the case of the misalignment via diagonal mobility
with the beamwidth adjustments. Moreover, when the beam adjustment is not
provisioned, the capacity further drops down to 32.6 kbps. Similar trend can be
observed with the EP allocation for the three considered band allocation schemes.
Since the 2D antenna model is only a slice of the actual 3D antenna model in the
azimuth plane, which is also evident from the total antenna gains as shown earlier
in Fig. 5.5, therefore, the capacity values obtained using the 2D antenna model
are lower as compared to the capacity computed using the 3D symmetric antenna

model.

Fig 5.13 provide the spectral efficiencies of the perfectly aligned scenario with both
3D symmetric antenna model and 2D antenna model, and misaligned scenario via

diagonal mobility with 3D symmetric antenna model without and with beam ad-
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Figure 5.11 Selected bands for the misaligned scenario via diagonal mobility with
beamwidth adjustment.

justment. Evidently, the perfectly aligned (ideal) case promises the highest spectral
efficiency values for each of the three band allocation schemes with WF and EP al-
locations, followed by the misaligned with beam adjustment and misaligned without
beam adjustment. For instance, at d = 100 m, MaxActive with EP stands at 1.837
bits/sec/Hz, which drops by two orders of magnitude for the misaligned with beam
adjustment case, which is further dropped by two orders of magnitude for the mis-
aligned without beam adjustment case. Similar trends can be observed for the CFB
and STD schemes with EP allocations. CFB with EP at d = 100 m for the aligned
case is 0.119 bits/sec/Hz, which is dropped by 2 orders of magnitude for the mis-
aligned with the beam adjustment case, which is further decreased by four orders of
magnitude for the misaligned without beam adjustment case. Finally, STD with EP
at d = 100 m, which is 0.004 bits/sec/Hz, is decreased by four orders of magnitude
for the misaligned with beam adjustment case, which is further declined by three
orders of magnitude for the case of misalignment without the beam adjustment case.
With the 2D antenna model, the perfectly aligned scenario provides lower spectral
efficiency values as compared to the 3D symmetric antenna model. Having shown
that the 3D symmetric antenna model results are more realistic as compared to the
2D antenna model for the perfectly aligned scenario, in the subsequent scenarios, we

consider only the 3D symmetric antenna model for the performance under mobility
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analysis.

5.4.3 Scenario 3: Misaligned Scenario via Mobility Over
Azimuth

As the third realistic THz band Dr2Dr communication scenario, we consider the Tx
drone hovering at 100 m altitude, whereas the Rx drone is moving across the Tx
drone in a semi-circular fashion over the azimuth (horizontal) plane while maintain-
ing the Tx-Rx distance, d = 20 m, as shown in Fig. 5.14. At ¢ = 0 sec, the boresights
of both the Tx and Rx drones are aligned, while starting ¢ = 1 sec and on wards,
the Rx drone due to the semi-circular mobility starts getting misaligned from the

Tx drone.

|
101 a%;x DDrone
x Drone 30 e ®e

100.5 °
.... o9 °

£ 100 : b ) 25 o ~KTx Drone L
: [ ) @ Rxat t=0sec Rx Drone °
® Tx att=0secto 10 sec X2 =
99.5 '. N% b S200 @ °
/
99 .Rxan=105ec ¢(1)0 Z100 ° ~20m °
30 X-20 Z100 Rxatt =10 sec Tx att=0secto 10 sec Rxatt=0sec
Y10 20 X -20 X0 X 20
Z100 Y 10 Y 10 Y 10
20 Z 100 | Z100 Z 100
0 e
- -2 -1 1 2
Yim 1020 X N m
(a) Tx and Rx drones in 3D (b) Tx and Rx drones in 2D

Figure 5.14 Misaligned scenario via mobility over azimuth: Tx drone is hovering,
while Rx drone is moving around Tx over the azimuth (horizontal) plane.

For the misaligned scenario via mobility over azimuth, Fig. 5.15 illustrate the trend of
the elevation and the azimuth beamwidths of the Tx and Rx antennas, the differences
of the boresight elevation and azimuth angles of the Tx and Rx antennas (all at left
y-axis), and the total antenna gain (right y-axis) with respect to the elapsed time,
t. It can be seen that due to the semi-circular motion of the Rx drone across the Tx
drone, the boresight difference of the Tx and Rx azimuth angles is increased starting
t = 1 sec, which in turn makes the Tx-Rx beamwidth adjustments so as to keep the
THz-enabled Dr2Dr link within the main lobes. Consequently, with the increase
in the beamwidths, the total antenna gain drops. This trend continues till ¢ = 18
sec, when the Rx drone reaches directly on the opposite side of the Tx drone with
respect to its initial position, corresponding to the azimuth boresight difference of
180°. At this instant, the beamwidth adjustment makes the beamwidths (elevation
80



and azimuth) of both the Tx and Rx antennas equal to 360%, i.e., the isotropic

radiation pattern.
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Figure 5.15 Trend of the Tx, Rx 3D beamwidths, Tx, Rx elevation and azimuth
boresight differences, and the corresponding total antenna gains for the misaligned
scenario via mobility over azimuth scenario.

Fig. 5.16 and Fig. 5.17 illustrate the trend of the selected bands for the considered
scenario without and with beamwidth adjustments, respectively. When compared
to Fig. 5.17, for the WF allocation in particular, it can be seen that there is a
considerable decrease in the selected bands when no beamwidth adjustment is pro-
vided. This is due to the fact that the beamwidh adjustment ensures higher total
antenna gains, while without adjusting the beamwidths causes the THz-enabled
Dr2Dr link to shift the THz transmission to the slide lobe level of the Tx and Rx
antennas. Therefore, adjusted antenna gains favors higher SNR values, leading to
larger number of observed/feasible bands for communication with the WEF alloca-
tion. MaxActive with EP allocation again provides similar bands as compared to
the MaxActive with WF allocation, due to the nature of the capacity maximization
of the MaxActive algorithm. CFB with EP shows the band discontinuities due to
the elimination of the bands across the high THz absorption peaks. Finally, the
STD with EP considers the entire band (0.75-4.4 THz) for the transmission, which

is trivial.

Fig 5.18(a) provides the capacity of the azimuth scenario without beamwidth ad-

justment. It can be observed that as soon as the Rx drone starts the azimuth motion

across Tx, the Tx and Rx boresights get misaligned, the transmission shifts towards

the side spherical lobes of both the Tx and Rx drones. This causes the capacity to

drop below to 10 Mbps levels. For instance, for MaxActive EP allocation without

beamwidth adjustment, the capacity at t = 1 sec is less than 10 Mbps, while with
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Figure 5.16 Selected bands for the misaligned scenario via azimuth mobility scenario
without beamwidth adjustment.
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Figure 5.17 Selected bands for the misaligned scenario via azimuth mobility with

beamwidth adjustment.
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beamwidth adjustment, Fig 5.18(b) depicts that corresponding to the same time
instant, the capacity is maintained at substantially higher levels as compared to the

no beamwidth adjustment case. i.e., 714 Gbps.
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Figure 5.18 Capacity comparison of the channel selection schemes with WF and EP
allocations for the misaligned scenario via azimuth mobility.

Fig. 5.19(a) illustrates the spectral efficiency for the azimuth scenario under no
beamwidth adjustment, where the degradation impact of the azimuth misalignment
on the spectral efficiency can be clearly seen. For example, for MaxActive with
EP with beamwidth adjustment, as soon as the misalignment over azimuth takes
place from ¢ = 0 sec to 1 sec, the spectral efficiency drops from 4 bits/sec/Hz to
3 bits/sec/Hz. With beamwidth adjustment, i.e., Fig. 5.19(b), MaxActive with EP
from t = 0 sec to 1 sec maintains the spectral efficiency values of 4 bits/sec/Hz to
0.003 bits/sec/Hz, i.e., by three order of magnitude.

5.4.4 Scenario 4: Misaligned Scenario via Mobility Over

Elevation

For Rx mobility over the elevation/zenith plane, Fig. 5.20(a) and Fig. 5.20(b) il-
lustrate the Tx and Rx drones in 3D and 2D depictions, respectively, where Tx is
in hovering position while the Rx drone is moving around the Tx drone over the

elevation plane and maintaining the inter-Tx and Rx drone distance, d = 20 m.

For the Rx drone motion over the elevation plane, Fig. 5.21(a) and Fig. 5.21(b)
illustrates the trend antenna beamwidths, elevation and azimuth boresight angle
differences of the Tx and Rx drone antennas, and the corresponding total antenna

gains without and with beamwidth adjustment, respectively. For the beamwidth
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Figure 5.19 Spectral efficiency comparison of the channel selection schemes with WF
and EP allocations for the misaligned scenario via azimuth mobility.
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Figure 5.20 Misaligned scenario via mobility over elevation: Tx is hovering while Rx
is moving around Tx over the vertical plane (elevation).

adjustment case, it can be observed that due to the Rx motion over the eleva-
tion/zenith plane, the elevation angle difference of the Tx and Tx antenna boresight
angles starts increasing at ¢ = 1 sec, which in turn leads to the increase in the
beamwidths, consequently decreasing the total antenna gains. This trend contin-
ues as the Rx drone moves semi-circularly over the elevation plane across the Tx
drone, till it reaches directly below the Tx drone at ¢ = 18 sec, where the elevation
boresight difference reaches 180°, making the adjusted beamwidths to be at 360°,
where the corresponding total antenna gains reaches near -10 dB value. This gain

is still above the total antenna gain side lobe level of -20 dB, as shown for the no
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beamwidth adjustment case in Fig. 5.21(a).
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Figure 5.21 Trend of the Tx, Rx 3D beamwidths, Tx, Rx elevation and azimuth
boresight differences, and the corresponding total antenna gains for the misaligned
scenario via mobility over elevation.

Fig. 5.22 provides the trend of selected bands without beamwidth adjustment for the
elevation scenario. Similar to the case of the azimuth scenario, all the three channel
selection schemes with WF shows a considerable decrement in the bands as compared
to the selected bands for the elevation scenario with beamwidth adjustment, due to
the adjusted main lobes, hence promising larger antenna gains. Additionally, for
the EP allocation, MaxActive depicts similar values as that of MaxActive with WF|
while CFB and STD with EP allocation provides similar trends as compared to the

earlier mobility scenarios at d = 20 m.

Fig. 5.23 provides the trend of the selected bands for the three considered channel
selection schemes, each with WF and EP allocations. Similar to the earlier scenarios
of the Rx motion over azimuth around Tx, Rx moving diagonally away from Tx,
and the perfectly aligned case, WF allocation for each MaxActive, CFB, and STD
provide similar bands at d = 20 m, whereas the MaxActive with EP again well
approximates the selected bands of the MaxActive with WF allocation. Finally, the
CFB EP provides discontinuous bands, due to the clipping of the bands across the
high THz absorption peaks, and STD with EP considers the entire band for the

transmission, as also seen in the earlier mobility scenarios.

For comparing the capacity with and without beamwidth adjustment, Fig. 5.24 pro-
vides the capacity with respect to the elevation/zenith angle. Clearly, the beamwidth
adjustment maintains the capacity values considerably. It can be observed that the

beamwidth adjustment plays a vital role in maintaining higher capacity values as
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Figure 5.22 Selected bands for the misaligned scenario via elevation mobility without

beamwidth adjustment
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Figure 5.23 Selected bands for the misaligned scenario via mobility over elevation
with beamwidth adjustment.
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compared to the no beamwidth adjustment case, where the transmission is sustained
in the side spherical lobes of the Tx and Rx drones. For instance, even at 90° eleva-
tion angle, the capacity values of MaxActive, EP offers capacity of 1 Gbps for the
misaligned with beamwidth adjustment case, whereas for the no beamwidth adjust-

ment case, it stands at 10 Mbps, i.e., a capacity degradation of two orders of the

magnitude.
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Figure 5.24 Capacity comparison of the channel selection schemes with WF and EP
allocations for the misaligned scenario via mobility over elevation.

For evaluating the spectral efficiency of the three considered channel selection
schemes, Fig. 5.25(a) and Fig. 5.25(b) depict that spectral efficiency for the ele-
vation scenario with respect to the elevation angle without and with beamwidth
adjustment, respectively. MaxActive with EP offers the highest spectral efficiency
values over the entire considered elevation angle range, for both the cases without

and with beamwidth adjustments.

Having presented four realistic Dr2Dr mobility scenarios, it is concluded that the
beamwidth misalignment caused by the drone mobility highly affects the per-
formance of THz-enabled Dr2Dr links.

promises higher capacity and spectral efficiency values, which is a trade-off between

Provisioning the beamwidth adjustment

the perfectly aligned (ideal) mobility and the misaligned scenario without beamwidth
adjustments. Moreover, on comparing the perfectly aligned scenario and the worst
case scenario, i.e., motion over azimuth/elevation without and with beamwidth ad-
justments at d = 20 m, the capacity values are degraded by 6 and 5 orders of the

magnitudes, respectively.

87



—_
o
N

MaxActive, WF
—e— CFB, WF

A —e—STD, WF
K NG MaxActive, EP
3 * | == CFB,EP
“ \)\ — o= STD,EP
of A\ .

MaxActive, WF
—=k— CFB, WF
—e— STD, WF

MaxActive, EP
=%~ CFB, EP
= o= STD,EP

—_
o
N
- X

Spectral Efficiency (SE) [bits/sec/Hz]
Spectral Efficiency (SE) [bits/sec/Hz]

-
S
e

—_
o
o
—_
o
o
>*

-
S
o

)
N
-
*
/

-

-
S
IN
-
-
S
IN
L4

-

i
10 ?(—*-A"k**ﬁ—k-*-k-k**%-ﬂ—*-*ﬂk

& = 0-0-0—0-0-0 ¢ ¢=~0-0—0=0-0 & & O

S
D
4
¢
’
?
?
I

-
S
@®

30 60 90 120 150 180 30 60 90 120 150 180
Elevation/Zenith Angle (¢) [degrees] Elevation/Zenith Angle (¢) [degrees]

(a) Misaligned, without beamwidth (b) Misaligned, with beamwidth
adjustment adjustment

o
o

Figure 5.25 Spectral efficiency comparison of the channel selection schemes with WF
and EP allocations for the misaligned scenario via mobility over elevation.

5.4.5 Scenario 5: Misaligned Scenario via Real Mobility

Traces

As a special mobility case, we consider real drone mobility traces for THz-enabled
Dr2Dr links [49]. Fig. 5.26(a) shows the mobility of Tx and Rx drones with respect
to the real drone traces. Initially, at ¢ = 0 sec, both Tx and Rx drones are 20 m
apart, as depicted in Fig. 5.26(b). Starting ¢ = 1 sec, the inter Tx-Rx distance
starts varying due to the random mobility from the real traces. This distance keeps
increasing up to t = 3 sec, when the Tx, Rx drone separation starts decreasing. It is
to be noted here that although the drones can come closer to each other due to real
traces, however, the initially-aligned Tx and Rx boresights can remain misaligned

due to the orientation of the drones.

As the drones move randomly in both elevation and azimuth planes in the real
mobility traces scenario, we consider 3D sectored antenna model with asymmetric
Tx, Rx beamwidths, so that the beamwidth adjustment can ensure the THz link is
maintained in the main lobes, while maintaining highest possible total antenna gains.
Fig. 5.27(a) provides the trend of the 3D beamwidths, boresight angle differences and
the corresponding total antenna gains for the misaligned scenario via real mobility
traces without beamwidth adjustment. It can be observed the as soon as t = 1
sec, the Tx, Rx boresights get misaligned due to the random mobility of the drones,
causing the THz link to shift to the side lobe transmission, i.e., -20 dB total antenna
gains. By provisioning the beamwidth adjustment as depicted in Fig. 5.27(b), due
to the boresight misalignments, the 3D asymmetric beamwidths of both Tx and Rx
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Figure 5.26 Misaligned scenario via real mobility traces: Both Tx and Rx drones are
moving with respect to real mobility traces scenario.

drones perform adjustments, promising the THz link over the main lobes, with higher
antenna gains as compared to the no beamwidth adjustment case. For instance,
even at t = 5 sec, the beamwidth adjustment offers a total antenna gain of 14.14
dB. Hence, under real mobility instances, the beamwidth adjustment plays a vital

role in maintaining the THz links.
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Figure 5.27 Trend of the Tx, Rx 3D asymmetric beamwidths, Tk, Rx elevation and
azimuth boresight differences, and the corresponding total antenna gains for the
misaligned scenario via real mobility traces.

Fig. 5.28 and Fig. 5.29 provide the trend of the selected bands for the misaligned
scenario via real mobility traces without and with beamwidth adjustment, respec-
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tively. As seen in earlier mobility scenarios 1-4, the beamwidth adjustment plays
an important role in selecting larger number of THz channels in all three channel
selection schemes as compared to the no beamwidth adjustment. MaxActive with
EP still promises to be the best choice for the channel selection as compared to the
CFB and STD schemes. The impact of real mobility on the selected channels is
more dominant for the case of no beamwidth adjustment, and can be seen among
all the cases with WF and MaxActive with EP. For example, with WF allocation
for all the three schemes, the number selected channels decrease with elapsed time

due to the incurred misalignment caused by the real mobility traces.
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Figure 5.28 Selected bands for the misaligned scenario via real mobility traces with-
out beamwidth adjustment.

Fig. 5.30(a) provides the capacity of the three channel selection schemes with both
WF and EP allocations versus elapsed time for the mobility with real traces scenario.
As soon as the Tx and Rx beams get misaligned at ¢t = 1 sec, due to no beamwidth
adjustment, the THz-enabled Dr2Dr link transmission shift towards the side lobe
level, i.e., -20 dB, causing to degrade the capacity of greater than 1 Thps to less
than 10 Mbps. This shows the importance of adapting the Tx and Rx beamwidths
to maintain high rate capacity values in real mobility instances. With beamwidth
adjustment, Fig. 5.30(b) shows that substantially higher capacity values can be
maintained as compared to the no beamwidth adjustment case. For instance, at
t = 5 sec, MaxActive with EP offers about 70 Gbps, whereas with no beamwidth
90
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Figure 5.29 Selected bands for the misaligned scenario via real mobility traces with

beamwidth adjustment.

adjustment (Fig. 5.30(a)), it stands at 180 Mbps.
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Figure 5.30 Capacity comparison of the channel selection schemes with WF and EP

allocations for the misaligned scenario via real mobility traces.

Fig. 5.31(a) illustrates the spectral efficiencies of MaxActive, CFB and STD channel
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selection schemes with WF and EP allocations for the real mobility trace scenario
without bandwidth adjustment. Similar to the earlier mobility scenarios considered
in this chapter, the MaxActive with EP offers highest spectral efficiency as compared
to all other cases, with both WF and EP allocations. Same trend can be observed for
the beamwidth adjustment, i.e., Fig. 5.31(b). However, the beamwidth adjustment
ensures that the spectral efficiency values of all the three schemes remain at higher
levels as compared to the no beamwidth adjustment provision. For instance, at t = 3
sec, MaxActive with EP and beamwidth adjustment offers greater than 1 bit/sec/Hz,
while it stands at 0.05 bits/sec/Hz with no beamwidth adjustment provision, clearly
depicting the efficacy of provisioning the beamwidth adjustment of THz-enabled

Dr2Dr links in the real mobility instances.
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Figure 5.31 Spectral efficiency comparison of the channel selection schemes with WF
and EP allocations for the misaligned scenario via real mobility traces.

Having considered the real mobility for THz-enabled Dr2Dr links, it can be con-
cluded that the real motion of drones highly affect the Tx and Rx boresight mis-
alignments, causing to degrade the capacity without beamwidth adjustment by up
to 6 orders of the magnitude even with the WF allocations. However, with the
beamwidth adjustment of 3D asymmetric beamwidths, WF-based capacity values
of up to 45.7 Gbps are achievable, while the STD scheme with EP offers capacity
values of up to 2.3 Gbps.
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5.5 Performance Under Mobility With Real THz

Antennas

In this section, MaxActive, CFB and STD channel schemes, each with WF and
EP allocations are evaluated under three mobility scenarios by employing real THz
antennas. We consider practical THz antennas over the frequency range of 0.75-1
THz [99], 1.24-1.4 THz [100], 1.7-2.1 THz [101], and 3.4-4.4 THz [102], as discussed

in the following, in detail.

A wide-band THz H-plane dielectric high gain horn antenna based on silicon (Si)
technology with an operating frequency ranging from 750 to 1000 GHz is designed
by [99]. The measured gain of this antenna is larger than 8 dBi within the operating
bandwidth with a peak gain of 11.7 dBi at 892 GHz. This antenna is a promising
candidate for various THz systems due to its planar circuit integration and Silicon

fabrication compatibility.

Another THz antenna for the frequency range of 1250 to 1400 GHz was developed
by [100], using graphene for fixed-beam reflectarray antennas. Graphene’s unique
electronic band structure leads to a complex surface conductivity at THz frequencies,
which allows the propagation of very slow plasmonic modes leading to a considerable

reduction of the antenna size, without compromising the performance.

A reflectarray antenna based on square graphene patches is proposed by [101]. This
antenna is optimized to demonstrate low cross polarization, low side-lobe level, good
return loss, and excellent beam circularity over the 1700-2100 GHz frequency range,

having a prototype of 31.7 dBi directivity.

A helix micro electro-mechanical systems (MEMS) based 3D on-chip antenna op-
erating at 4 THz is realized on a silicon substrate [102]. This antenna is suitable
for 2.8 THz to 4.4 THz operating frequency band. The simplicity, compactness, low
cost and easy integration characteristics are the primary reasons for this antenna to

be the designers choice for THz applications.

For depicting the true potential of the THz band (0.75-4.4 THz) for communication
between drones, in the following, we employ the real THz antennas as considered
in Fig.5.32 for the three mobility scenarios of perfectly aligned scenario, misaligned

scenario via mobility over elevation, and misaligned scenario via real mobility traces.
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Figure 5.32 3D gain radiation pattern of real THz antennas over 0.75-4.4 THz with
operating frequency ranges of: (a) 750-1000 GHz [99], (b) 1250-1400 GHz [100], (c)
1700-2100 GHz [101], (d) and (e) 3500-4400 GHz [102]. The practical antennas vary
in the 3D gain radiation patterns at each selected frequency of operation and have
fixed 3D gain radiation pattern i.e., no beamwidth adjustment.

5.5.1 Perfectly Aligned Scenario

As the first instance employing the real THz antennas, we consider the perfectly

aligned scenario as considered earlier in Section 5.4.1.

Fig. 5.33 depicts the selected bands by the three channel selection schemes, each
with WF and EP allocations for the perfectly aligned scenario with the real THz
antennas. Clearly, WF allocations in all the considered schemes offer similar bands,
showing the distance-dependent trend of the THz narrowbands, i.e., the number
of selected bands reduce with the increase in the transmission range. With EP
allocation, MaxActive selects less number of bands as compared to the CFB and
STD schemes with EP allocations. This is because with the real THz antennas, THz
Tx and Rx beamwidths are different for each frequency, hence the corresponding
total antenna gains vary. Therefore, the SNR values drop to low levels, causing
MaxActive with EP to select fewer number of bands as compared to the MaxActive
with WEF' allocation.

For the perfectly aligned scenario with the real THz antennas, Fig. 5.34 depicts the

capacity of the three channel selection schemes, each with WF and EP allocations,
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Figure 5.33 Selected bands for the perfectly aligned scenario using the real THz

antennas.

as the function of range from 1 m to 101 m. All of the considered schemes with WF

allocations provide similar capacity values over the entire range, ranging from 44
Thps at 1 m to 2.90 Tbhps at 101 m. Here, again, MaxActive with EP outperforms
CFB and STD schemes with EP allocation over 1 m to 100 m, offering 15.48 Gbps

at 50 m.
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Figure 5.34 Capacity comparison of the channel selection schemes with WF and EP
allocations for the perfectly aligned scenario with real THz antennas.
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Fig. 5.35 provides the spectral efficiency of the three channel selection schemes,
each with WF and EP allocation with respect to the transmission distance. It can
be clearly observed that the MaxActive with EP marginally outperforms CFB and
STD schemes with EP allocation, particularly over the ranges of 1 m up to 80 m,
promising to be the most efficient channel selection scheme in terms of spectral
efficiency. For instance, at d = 81 m, spectral efficiency of MaxActive with EP
allocation is 5 orders of magnitude higher than the spectral efficiency of the STD

scheme with EP allocation.
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Figure 5.35 Spectral efficiency comparison of the channel selection schemes with WF
and EP allocations for the perfectly aligned scenario with real THz antennas.

5.5.2 Misaligned Scenario via Mobility Over Elevation

We also consider the misaligned scenario via mobility over elevation as illustrated
earlier in Section 5.4.4 by evaluating the THz-enabled Dr2Dr link performance at d

= 20 m using the real THz antennas.

Fig. 5.37 provides the capacity with respective to the elevation angle ranging from
0° to 180°. It can be seen that the capacity values are similar for all the three
channel selection schemes with WF allocation, having a maximum value of about
11 Thps at 0°, where both Tx and Rx antennas are perfectly aligned, i.e., t = 0
sec. Moreover, with EP allocation, MaxActive still outperforms the CFB and STD
schemes, offering a highest value of 303.4 Gbps at 0° elevation angle. Here, again,
STD with EP offers the lowest capacity values over the entire elevation angle range.
The results in Fig. 5.37 reveal that it is practically possible to achieve capacity values
in the order of several 100s of Gbps up to 20 m range even with EP allocation using

the state-of-the-art THz antennas.
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Fig. 5.38 provides the spectral efficiency trend of the three channel selection schemes
for the mobility over elevation scenario with real THz antennas. As seen in the
earlier two mobility scenarios with real THz antennas, all the three channel selection
schemes with WF' allocation promise similar and highest spectral efficiency values
as compared to the cases of EP allocation. With EP allocation, interestingly, it can
be seen that the MaxActive offers much higher spectral efficiency values, i.e., up to
3 to 4 orders of magnitude higher as compared to the CFB and STD schemes over
the entire elevation angle range. This shows that the MaxActive scheme with EP is

highly favorable for practical THz systems in regards to the spectral efficiency.
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Figure 5.38 Spectral efficiency comparison of the channel selection schemes with WF
and EP allocations for the misaligned scenario via mobility over elevation with real
THz antennas.

5.5.3 Misaligned Scenario via Real Mobility Traces

As another practical scenario, we employ real THz antennas into the real mobility
traces scenario, as presented earlier in Section 5.4.5. Initial Tx-Rx distance is set as
20 m with Tx at (0 m,10 m,100 m) and Rx at (0 m,30 m,100 m). Fig. 5.39 shows
the selected bands by each of the three channel selection schemes with both WF
and EP allocations. Clearly, with WF allocations, the three schemes select similar
bands over the THz band 0.75-4.4 THz. However, with EP allocation, MaxActive
selects fewer number of bands as compared to the earlier mobility scenarios due to
variable antenna gains of the practical THz antennas with no beamwidth adjustment.
Another reason is that the real THz antennas offer narrow THz beams across main
lobes, with negligible side lobe gain levels. Hence, as soon as the Tx-Rx beams get
misaligned, the total antenna gains drop, causing low SNR levels. For the CFB

and STD schemes with EP allocations, the trend of selected bands are similar as
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observed in earlier mobility scenarios of this chapter.

5 5 5
] [] ] [ ] .
R _4t a1
N N N
ell ! ell ! ell !
83 €3 €3
z 3 )
c c =
S2) | 1oed Saf | &g Sof | 1otk
g g g
T 1 [ s 1 [ s | 11
£ I T T I A B I L I O T T I I I I Hrrrerornae
0 0 0
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
Time (t) [sec] Time (t) [sec] Time (t) [sec]
(a) MaxActive, WF (b) CFB, WF (c) STD, WF
2.2 5 5
) AR RN
T Tiiiiiiiii g
E E ' ’ ! [ ] I E
€16 <3 =3
oy 3 )
$14 c <
1 N AL e
T L2 i 1 [ 11 [ s 1 1 [ |
L o I T T I I B B T T I B A
0.8 0 0
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
Time (t) [sec] Time (t) [sec] Time (t) [sec]
(d) MaxActive, EP (e) CFB, EP (f) STD, EP

Figure 5.39 Selected bands for the misaligned scenario via real mobility traces and
real THz antennas.

Fig. 5.40 provides the capacity comparison of the three channel selection schemes
with both WF and EP allocations for the misaligned scenario via real mobility traces
with real THz antennas. It can be seen that at ¢ = 0 sec when both Tx and Rx are
aligned, capacity values of about 11 Thps are realizable using WF allocations with
all the three schemes, while MaxActive with EP allocation offers about 298.8 Gbps,
outperforming the CFB and STD schemes with EP allocation. Starting ¢ = 1 sec,
the real mobility of Tx and Rx drones causes the boresight misalignments, hence the
overall capacity is reduced. This trend continues till ¢ = 5 sec, where all the three
schemes with WF offer capacity values of about 10 Mbps, whereas with EP, all the

three schemes converge to the negligible capacity values, in the order of a few bps.

Fig. 5.41 provides the spectral efficiency with respect to time for the mobility with
respect to the real traces and the practical THz antennas. Similar to case of the
mobility over elevation scenario with real THz antennas in Fig. 5.37, all the three
schemes with WF' allocations offer highest spectral efficiency values, ranging from
13.09 bits/sec/Hz at t = 0 sec, up to about 300 mbits/sec/Hz at t = 5 sec. Moreover,
again, MaxActive with EP clearly outperforms CFB and STD with EP allocations,
by up to 5 order of magnitude. This shows the efficacy of employing the MaxActive
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Figure 5.40 Capacity comparison of the channel selection schemes with WF and EP
allocations for the misaligned scenario via real mobility traces and with real THz
antennas.

scheme with EP allocation for real drone traces and real THz antennas, promising

highly spectral efficient THz communication systems.
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Figure 5.41 Spectral efficiency comparison of the channel selection schemes with WF

and EP allocations for the misaligned scenario via real mobility traces and with real
THz antennas.

For the perfectly aligned scenario, it is observed that the WF capacity and spec-

tral efficiency results with the constant gain, 3D symmetric beamwidths without

adjustment are increased by an order of magnitude when the real THz antennas

are employed. Moreover, capacity values for the mobility over elevation scenario

with constant gains, 3D symmetric beamwidths without adjustment are improved

by four orders of the magnitude when real THz antennas are considered. Lastly, the
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real THz antennas under real mobility traces offer WF capacity and WF spectral
efficiency values improved by five and three orders of the magnitudes, respectively,
as compared to the constant gain, 3D symmetric beamwidths without adjustment.
Conclusively, it can be inferred that considering the state-of-the-art THz antennas
and real drone traces, employing the THz band (0.75-4.4 THz) for THz band Dr2Dr
communications can promise WF-based capacity values in the order of several Gbps
even if no beamwidth adjustment is provisioned, while for the ideal mobility case,
i.e., perfect alignment, up to 2.8 Thps of capacity is achievable, with a WF spectral
efficiency of up to 11.88 bits/sec/Hz, depicting the potential of the THz band for

Dr2Dr communications.

5.6 Complexity

Having proposed the joint channel selection, beamwidth adjustment and power con-
trol for capacity maximization via three schemes, i.e, MaxActive, CFB [15] and
STD [18], the time complexity of the channel selection, power control and beamwidth
adjustments will also affect the performance of the THz-enabled Dr2Dr link under
mobility scenarios. For instance, on comparing the three channel selection schemes
with EP allocation, STD scheme promises to be the simplest scheme since it con-
siders all the THz narrowband channels for the transmission, while EP allocates
the total transmit power equally over all the channels with negligible complexity.
However, STD with EP provides the least channel capacity, since those channels will
also be considered for transmission, where there are large absorption peaks, caus-
ing to degrade the capacity substantially. CFB scheme with EP allocation offers
a higher complexity as compared to the STD with EP allocation, where the com-
plexity contribution is mainly due to the selection of jointly flat bands between the
total path gain and the colored noise PSD, while promising higher capacity values
as compared to the STD with EP allocation, as presented in Chapter 4. Finally,
MaxActive scheme, as proposed in Chapter 5, with EP allocation shows to be the
most complex scheme as compared to the CFB and STD counterparts, where the

channels are selected iteratively based on high SNR levels across the entire THz
band

As compared to the EP allocation having the negligible complexity, WF allocation
has a worst case complexity of 2%, where k is the number of the THz narrowband
channels [103]. Considering the STD scheme with WF provides the variable power
allocation as well as deselecting the channels having high absorption peaks, thereby
promising highest capacity values for a given mobility setting. Moreover, CFB with

WF also provides similar capacity values as compared to the STD scheme with WF.

101



Lastly, MaxActive with WF allocation selects identical channels as compared to the
STD with WF allocation. It is worth-mentioning here that MaxActive with even EP
provides approximately the similar channels as offered by MaxActive and STD, each
with WF allocations. Hence, MaxActive with EP promises to be a good complexity
trade-off between MaxActive and STD with WF allocation, and STD and CFB with
EP allocations. Finally, for addressing the beam misalignment, the beam training
overhead e.g., via exhaustive search [104], will also contribute to the overall time
complexity of the THz-enabled Dr2Dr links, as the communicating drones can get
misaligned at each time instant, ¢, thereby arising the need to frequently re-align

the Tx-Rx beams for achieving the maximum capacity values.
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Chapter 6

CONCLUSIONS

In this dissertation, THz band communication has been presented for practical
aerial scenarios at various atmospheric altitudes, directions and ranges by lever-
aging LBLRTM for obtaining realistic THz transmittance values corresponding to
each aerial scenario setting. First, LBLRTM is employed for THz path loss and
total usable bandwidth analyses for four practical aerial vehicle scenarios at vari-
ous atmospheric altitudes considering constant noise model. Afterwards, capacity
analysis has been presented under both no-fading and fading channel environments
of the identical four aerial scenarios considering colored noise model. In the end,
we have proposed joint channel selection, bandwidth adjustment and power control
scheme, and provided a comprehensive mobility analysis. Detailed conclusions are

provided as follows.

Considering the THz band (0.75-10 THz), path loss and total usable bandwidth
analyses have been presented for four practical aerial scenarios including drones, jet
planes, high altitude UAVs and satellites. We have shown that the THz band can be
highly leveraged at high atmospheric altitudes, where almost the entire THz band,
9.25 THz wide, becomes feasible for communication as a single transmission window

due to negligible water vapor concentrations at high atmospheric altitudes.

Secondly, we have assessed capacity and ergodic capacity of the aerial scenarios
under no-fading and fading channel environments, respectively, also proposing an
alternative way of computing altitude-dependent capacity based on variable band-
width approach, considering CFBs between total path gain and noise, also comparing
the variable bandwidth approach with the STD narrowband approach using both
WEF and EP allocations. The capacity analysis points out that the THz channel
capacity without fading is improved under both WF and EP allocations at higher
atmospheric altitudes: For both the proposed and the standard approaches, the
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sea-level capacity is enhanced by an order of magnitude for the drones, which is
doubled for the jet plane scenario, which is further tripled for UAVs, which is again
increased by another order of magnitude for the satellite communications. When
ergodic capacity is computed for the fading scenarios, it is shown that the impact
of fading vanishes at higher altitudes. Sea-level ergodic capacity is increased by an
order of magnitude for drone-to-drone communications, providing several Thps at
10 m, while 10s of Tbps is achievable among jet planes and UAVs, and several 100s
of Thps is possible for satellites/cubesats at 1 km under fading, suggesting that
THz band is a promising alternative for aerial communications. The beam mis-
alignment fading can be minimized by employing Tx-Rx antenna stabilizers, or by
increasing the transmit power levels. Nevertheless, for the longer ranges, the beam
misalignment fading diminishes as the Tx beam footprint becomes larger than the

Rx beam.

Lastly, as a special case of the aerial communications, i.e., for drones over the THz
band (0.75-4.4 THz), a scheme termed as MaxActive is proposed with the objective
of selecting the channels for obtaining the maximum capacity. Then, we have con-
sidered the channel capacity maximization by proposing a joint channel selection,
beamwidth adjustment and power control. Considering realistic 3D antenna model
for THz beams, we have incorporated beamwidth adjustment of the Tx-Rx drones
antennas to ensure communication over the high gain main lobe even under mobility
uncertainties. Based on the joint process, various realistic Dr2Dr mobility scenarios
are analyzed and capacity and spectral efficiency are obtained using MaxActive, also
comparing with CFB and STD schemes with both WF and EP allocations.

For performance comparison, we have considered real drone mobility traces as well
as real THz antennas to evaluate the true potential of Dr2Dr link performance un-
der mobility. We have illustrated that due to mobility, Tx and Rx antennas observe
frequent misalignments, causing a substantial degradation in the link performance,
i.e., channel capacity and spectral efficiency of the three channel selection schemes.
Results reveal that the beam misalignment degrades the link performance substan-
tially. Also, the capacity of MaxActive even with EP allocation approximates the
capacity of STD and MaxActive with WF, whereas MaxActive with EP clearly out-
performs CFB and STD with EP allocation under all mobility scenarios. In regards
to the spectral efficiency up to 100 m range, MaxActive EP outperforms CFB and
STD schemes even with WF allocations. Numerical results further show that with
the state-of-the-art THz antennas and real drone traces, employing the THz band
(0.75-4.4 THz) can promise WF-based capacity values in the order of several Gbps
even if no beamwidth adjustment is provisioned, while for the ideal mobility case,

i.e., perfect alignment, up to 2.8 Thps of capacity is achievable, with a WF spectral
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efficiency of up to 11.88 bits/sec/Hz, depicting the potential of the THz band for

Dr2Dr communications.

Overall, we have illustrated that due to the mobile nature of the aerial vehicles
including drones, jet planes, high altitude UAV and satellites, THz beams can get
misaligned frequently causing the link performance degradation, e.g., channel ca-
pacity. Therefore, future research works for THz communications across various
atmospheric altitudes should include employing the Tx-Rx antenna alignment tech-
niques including antenna stabilizers, UM-MIMO arrays with smart beamforming
techniques between communicating aerial vehicles by intelligently adjusting beam
patterns, i.e., beam-steering, thereby promising uninterrupted high rate THz links
between mobile aerial vehicles. Additionally, the beam-steering will also enable the
aerial vehicles to transmit over multiple spots, e.g., drones-to-ground, satellites-to-
HAPs/UAVs, satellites-to-jet planes, and so on. Also, extending the work presented
in this dissertation to heterogeneous communication (inter-scenario) use-cases, such
as drones to satellites, jet planes to satellites, jet planes to UAVs etc., as well as for
cases when Tx and Rx are not at the same latitude would provide additional insights
for realizing THz band communications in the air. Additionally, for the low alti-
tude THz communications such as at the sea-level and drones, random atmospheric
anomalies such as atmospheric ducting and the resulting humidity variations affect-
ing the THz communication needs further investigation. For the high altitudes, i.e.,
THz space communications between 80 km to 600 km, incorporating the loss due to
the ionospheric effects into the overall THz path loss is also left as a future work.
Other research directions for THz band communications can include devising novel
test-beds for real THz experiments, considering practical THz noise figure levels. Ad-
ditionally, role of artificial and machine learning in addressing challenges of the THz
band communication across all layers will be an important future research avenue,
such as in channel estimation, UM-MIMO, IRS, spectrum management (cognitive

radios), Mobile Edge Computing, etc.
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Appendix A

Influence of Atmospheric Altitude

on Path Gain and Noise

b 11
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(a) z1 = 29 = 10 (b) z21 = 29 = 20 (C) 21 = 29 = 40 (d) z1 = z9 = 100
km. km. km. km.
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Figure A.1 THz band deterministic path gain and noise PSD at various atmospheric
altitudes, each at d=100 m.

Fig. A.1 depicts the path gain (left y-axis) and the noise PSD (right y-axis) as the
functions of frequency over the THz band (0.75-10 THz) at various atmospheric al-
titudes with 21 = 29, i.e., horizontal communication (fz4 = 90°) at d = 100 m, using
US Standard 1976 model in LBLRTM. At z; = 22 = 10 km, Fig. A.1(a) shows that
the absorption contributions are considerable, while the noise follows color charac-
teristics. At 21 = 29 = 20 km (Fig. A.1(b)), interestingly, although the absorption
contributions are significantly lowered, however, unlike z; = 29 = 10 km case, the
noise becomes highly colored. Furthermore, at z; = z2 = 40 km (Fig. A.1(c)), the
path gain starts exhibiting negligible absorption contributions, behaving approxi-
mately as mere spread gain with the noise still observing higher color, due to the
temperature variations as shown earlier in Fig. 2.3(a). Finally, reaching z; = z9 =
100 km (Fig. A.1(d)), where there is an approximate atmospheric absence, the total
path gain shows mere spread gain characteristics, while the noise depicts negligibly
lower levels with intermittent sharp peaks. This infers that although the path gain

exhibits entire considered band as flat, the noise trend makes it unrealistic for the
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Figure A.2 Deterministic path gain and noise PSD at z; = 10 km, d = 1 km, and
z9 is varying with respect to zenith angle settings.

flat constant narrowband transmission over the entire band. Rather, a need arises
to determine those flat bands which are commonly flat, i.e. , across both the path

gain and the noise PSD.

Fig. A.2 captures the absorption effect on the deterministic path gain (4.2) across
various atmospheric layers by considering various 074, i.e. 0° (vertically up), 45°
(slant-up), 90° (horizontal), 135° (slant-down), and 180° (vertically-down), hence
varying receiver altitudes (z2). US Standard 1976 weather profile is set in LBLRTM.
Thanks to LBLRTM, the path gain trend illustrates that traversing across dif-
ferent atmospheric layers induces variations in the absorption. More specifically,
Fig. A.2(a)-(b) shows that the least-affected absorption is across the vertically-up
direction (0°), followed by 45°, 90°, 135° with the worst zenith angle being 180°.
Furthermore, even the noise is indeed effected by the atmospheric variations, as the
noise is a function of transmittance from (4.9)-(4.11). In more detail, the noise PSD
is favorable, i.e., at lower levels for the cases of traversing-up across the atmosphere,

due to the lower atmospheric concentrations at higher altitudes.
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