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MEASUREMENT-BASED ANTENNA MISALIGNMENT
ANALYSIS AND ANGLE OF ARRIVAL ESTIMATION FOR
TERAHERTZ WIRELESS COMMUNICATION SYSTEMS

SUMMARY

As the demand for instant information and faster data transmission rates increases, the
bandwidth requirements of wireless communication systems are predicted to exceed
the capabilities of current millimeter-wave (mm-Wave) systems. To address this need,
Terahertz (THz) wireless communication systems have emerged as a promising option
for 6G and future wireless systems, offering a large contiguous bandwidth in the range
of 0.1 THz - 10 THz that is applicable for both indoor and outdoor communication.
However, the implementation of THz communication systems presents challenges due
to substantial propagation losses, molecular absorption, and the effects of antenna
misalignment on system performance.

This master’s thesis focuses on addressing the aforementioned challenges in THz
communication systems. Our primary objective is to analyze the effects of
antenna misalignment on system performance. To achieve this, we have designed
and implemented a comprehensive measurement system capable of accurately
characterizing the impact of misalignment on THz communication channels. By
conducting extensive experiments and measurements, we aim to quantify the
degradation in system performance caused by antenna misalignment and establish
a thorough understanding of the underlying mechanisms. Furthermore, we aim
to develop novel angle of arrival (AoA) estimation techniques specifically tailored
for THz communication systems. These techniques will leverage advanced signal
processing algorithms and innovative antenna array designs to accurately estimate
the arrival angles of incoming signals, even in the presence of misalignment. By
improving the accuracy of AoA estimation, we anticipate significant advancements
in beamforming, spatial multiplexing, and other key aspects of THz system design.

Through our research efforts, we strive to contribute to the development of more
efficient and reliable THz wireless communication systems for future generations. By
mitigating the impact of antenna misalignment and enhancing the accuracy of AoA
estimation, we envision THz systems that can achieve higher data rates, improved
coverage, and enhanced overall system performance. This work has the potential to
revolutionize wireless communication and pave the way for the seamless integration
of THz technology into various applications, including 6G networks, ultra-fast wireless
links, and high-capacity communication systems.

As a result, this master’s thesis examines the potential of the THz band for
wireless communication systems in the face of growing demand for data capacity
in mobile networks. The study highlights the limitations of conventional frequency
spectrums, such as the mm-Wave systems, and demonstrates how the THz band
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can overcome these limitations. The importance of comprehensive measurement
campaigns and new algorithms to estimate the AoA and address antenna misalignment
in THz wireless communication systems is emphasized. The thesis proposes a new
algorithm, the AoSA-gold-MUSIC, which is designed specifically for THz-enabled
space information networks (SINs) and is able to estimate AoA accurately while
being computationally efficient. The analysis of channel impulse and frequency
responses from the measurement campaign provides valuable insights into the behavior
of electromagnetic waves in different scenarios and shows how the THz band could
pave the way for next-generation wireless communication systems with disruptive
metrics. These metrics include data rates of up to 100 Gbps, latency as low as 0.1
ms, and high spectrum efficiency. The thesis underscores the need for further research
and development in the THz band and wireless communication systems to unlock its
full potential and meet the ever-increasing demand for data capacity and exchange of
information.

In Chapter 2, an overview of the issues related to antenna misalignment in THz
frequencies and the use of AoA estimation techniques as a potential solution is
provided. In particular, the importance of antenna misalignment in THz frequencies,
especially in the context unmanned aerial vehicles (UAVs) and SINs that are planned to
use THz frequencies is highlighted. Also, the relevance of AoA estimation techniques
in addressing the misalignment problem, specifically in the context of SINs that use
THz frequencies is discussed in this part of thesis.

In Chapter 3, in order to evaluate the impact of misalignment on THz communication
systems, a measurement setup is constructed in the MIILTAL facility located at
the Scientific and Technological Research Council of Turkey (TUBITAK) in Gebze,
Turkey. The setup is designed to model THz channels in the frequency range between
240 GHz and 300 GHz, and a signal model is defined to account for distance-dependent
path loss and the potential effects of misalignment. Measurements are being conducted
across a range of distances and angles using frequencies ranging from 240 GHz to
300 GHz. The distance intervals are ranged from 20 cm to 100 cm with 10 cm
increments. The angle intervals are measured at every distance from 0° to 30°, with
1° intervals from 0° to 15° , and 5° intervals from 15° to 20°. Valuable insights
into the behavior of electromagnetic waves in various scenarios is provided by this
comprehensive data set. The measurement campaign aim to investigate the impact of
varying distances and antenna misalignment on the channel frequency and impulse
response within this frequency range. The results of the study show that antenna
misalignment is a critical factor for THz wireless communication, with received power
being significantly affected by both the distance between antennas and the degree of
misalignment. These findings highlight the importance of precise antenna alignment
in the design and deployment of THz wireless communication systems.

In Chapter 4, a new method has been introduced to determine the AoA in THz
wireless systems with improved accuracy and reduced complexity. The chapter begins
by analyzing the channel model, which accounts for residual Doppler in systems
that use a uniform planar array (UPA) at both the transmitter and receiver. Then,
the array-of-subarrays (AoSA) architecture is used to describe the overall system
model for THz communication systems. The AoSA architecture is a commonly
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used technique in array signal processing, which divides a large array into smaller
subarrays to simplify the processing complexity. Finally, the results indicate that the
AoSA-gold-MUSIC algorithm outperforms the standard MUSIC algorithm in terms
of computational efficiency. Moreover, the performance of the AoSA-gold-MUSIC
algorithm is evaluated for different signal-to-noise ratio (SNR) values and varying
residual Doppler variance. This approach can have significant practical implications
for THz wireless communication systems.

This thesis explores the potential of the THz band for wireless communication
systems, specifically addressing the increasing demand for data capacity in mobile
networks. It highlights the limitations of conventional frequency spectrums, such
as mmWave systems, and demonstrates how the THz band can overcome these
limitations. The thesis emphasizes the importance of comprehensive measurement
campaigns and novel algorithms for accurate AoA estimation and addressing
antenna misalignment in THz wireless communication systems. It proposes a
new algorithm, AoSA-gold-MUSIC, designed specifically for THz-enabled SIN,
which offers efficient and accurate AoA estimation. The analysis of channel
impulse and frequency responses provides valuable insights into the behavior of
electromagnetic waves in different scenarios, showcasing the disruptive potential
of the THz band for next-generation wireless communication systems. The thesis
concludes by emphasizing the need for further research and development in the THz
band and wireless communication systems to unlock its full potential and meet the
ever-increasing demand for data capacity and information exchange.
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KABLOSUZ HABERLESME SISTEMLERINDE
OLCUM TABANLI HATALI ANTEN HIZALAMASI ANALIZI
VE GELIS ACISI KESTIRIMI

OZET

Anlik bilgi talepleri ve daha hizli veri iletim hizlarina olan ihtiya¢ arttikca,
kablosuz iletisim sistemlerinin bant genigligi gereksinimlerinin mevcut milimetre
dalga (mm-Dalga) sistemlerinin kapasitelerini asacagi ongoriilmektedir. Bu ihtiyaca
yanit olarak, Terahertz (THz) kablosuz iletisim sistemleri, 6G ve gelecekteki kablosuz
sistemler i¢in umut vaat eden bir secenek olarak ortaya cikmisti. Hem i¢ mekan
hem de dis mekan iletisimi i¢in uygulanabilen, 0.1 THz - 10 THz araliginda biiyiik
bir siirekli bant genisligi sunmaktadir. Bununla birlikte, THz iletisim sistemlerinin
uygulanmasi, 6nemli yayilma kayiplari, molekiiler emilim ve anten hizalamasinin
sistem performansi tizerindeki etkileri gibi zorluklar beraberinde getirmektedir.

Elde edilebilen yiiksek veri hizlar1 sayesinde, THz bandi bir¢ok farkli sektorde
pratikte kullamilabilir hale gelmektedir. Ornegin, tip sektoriinde, THz teknolojisi
sayesinde daha hassas teshis yontemleri gelistirilebilir. Bu yontemler, kanser gibi
hastaliklarin daha erken teshis edilmesini ve tedavi edilmesini saglayabilir. Savunma
sektoriinde ise, THz teknolojisi sayesinde, gizli nesnelerin tespiti ve izlenmesi
daha etkili bir sekilde gerceklestirilebilir. Uzay arastirmalari alaninda ise, THz
teknolojisi sayesinde, daha hassas Olciimler yapilabilecek ve daha uzak mesafelere
veri transferi gerceklestirilebilecektir. 6G teknolojisi ile birlikte, hiicrelerin Tbps
seviyelerinde islem hacmine c¢ikmasi beklenmektedir. Bu nedenle, THz telsiz
haberlesmenin hiicre ana baglantilarinda etkin bir rol tistlenmesi, daha yiiksek veri
hizlarina ulagilmasini ve daha fazla cihazin baglanmasini miimkiin kilacaktir. Bunun
yam sira, veri merkezlerinde kabinetler arasi iletisim ve veri transferinin THz
dalgalar ile gerceklestirilmesi, kablolama maliyetinin diisiiriilmesini saglayacak ve
merkezin dizayninda esneklik saglayacaktir. Bu da veri merkezlerinin daha etkin bir
sekilde yonetilmesine yardimci olacaktir. THz teknolojisi, 6zellikle yiiksek frekansh
dalgalarin kullanilmasindan kaynaklanan engelleri agarak, daha yiiksek veri hizlarina
ulagmay1 miimkiin kilan bir teknolojidir. Bu nedenle, arastirmalarin bu alanda devam
etmesi ve yeni teknolojilerin gelistirilmesi, kablosuz iletisim teknolojileri i¢in onemli
bir alan olmaya devam edecektir.

Bununla birlikte, THz iletisim sistemlerinin uygulanmasi, 6nemli yayilma kayiplari,
molekiiler emilim ve anten yanlis hizalanmasinin sistem performans: iizerindeki
etkileri nedeniyle zorluklar ortaya ¢ikarmaktadir. Molekiiler emilim 6zellikle yiiksek
frekanslarda sorun olarak ortaya cikmaktadir bu yiizden THz frekanslarina baghdir
ve farkli molekiillerin farkli emilim spektrumlar1 vardir. Bu nedenle, THz sinyalleri,
yol boyunca karsilagtiZ1 molekiiller tarafindan emilim ile karsilasir ve sinyal giiciiniin
kaybedilmesine neden olur.
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Bu yiiksek lisans tezi, THz iletisim sistemlerindeki yukarida bahsedilen zorluklar1 ele
almay1 amaclamaktadir. Temel hedefimiz, anten hizalamasinin sistem performansi
iizerindeki etkilerini analiz etmektir. Bu amacla, anten hizalamasinin haberlesme
kanalina olan etkisini dogru bir sekilde karakterize edebilen kapsamli bir 6l¢iim
sistemi tasarladik ve uyguladik. Kapsamli deneyler ve oOlgiimler yaparak, anten
hizalamasinin neden oldugu sistem performansinin bozulmasini nicelendirmeyi ve
temel mekanizmalar1 ayrintili bir sekilde anlamay1 hedefliyoruz. Ayrica, 6zellikle THz
iletisim sistemleri icin 6zellestirilmis yeni gelismis varis agis1 (AoA) tahmin teknikleri
gelistirmeyi amaghyoruz. Bu teknikler, ileri sinyal isleme algoritmalart ve yenilik¢i
anten dizaynlarindan faydalanarak, hizalama sorunu olsa bile gelen sinyallerin varis
acilarin1 dogru bir sekilde tahmin etmeyi saglayacaktir. AoA tahmininin dogrulugunu
artirarak, THz sistemi tasariminin hiizme olusturma, uzaysal cogullama ve diger
onemli yonlerinde 6nemli ilerlemelerin kaydedilmesini bekliyoruz.

Arastirma cabalarimiz aracilifiyla, gelecek nesiller i¢in daha verimli ve giivenilir THz
kablosuz iletisim sistemlerinin gelisimine katkida bulunmay1 hedefliyoruz. Anten
hizalamasinin etkisini azaltarak ve AoA tahmininin dogrulugunu artirarak, daha
yiiksek veri hizlarina, gelistirilmis kapsamaya ve genel sistem performansina sahip
THz sistemlerinin miimkiin olacagimi diisiiniiyoruz. Bu calisma, kablosuz iletisime
katki saglayabilir ve 6G aglari, ultra hizli kablosuz baglantilar ve yiiksek kapasiteli
iletisim sistemleri de dahil olmak {iizere cesitli uygulamalara THz teknolojisinin
sorunsuz entegrasyonunun yolunu agabilir.

Ayrica bu yiiksek lisans tezi, mobil aglardaki veri kapasitesinin artan talebi
karsisinda kablosuz iletisim sistemleri icin THz bandinin potansiyelini incelemektedir.
Calisma, mm-Dalga sistemler gibi geleneksel frekans spektrumlarinin sinirlamalarini
vurgulamakta ve THz bandinin bu smirlamalar1 nasil asabilecegini gostermektedir.
THz kablosuz iletisim sistemlerinde AoA tahmini ve anten hizalamasinin ele alinmasi
icin kapsamli 6l¢iim kampanyalari ve yeni algoritmalarin onemi vurgulanmaktadir.
Tez, oOzellikle THz tabanli uzay bilgi aglart (SINs) icin tasarlanmis olan ve
hesaplama agisindan verimli olmasinin yani sira AoA tahminini dogru bir sekilde
gerceklestirebilen yeni bir algoritma olan AoSA-gold-MUSIC’i 6nermektedir.
Olgiim kampanyasindan elde edilen kanal darbe ve frekans yamitlariin analizi,
elektromanyetik dalgalarin farkli senaryolardaki davranisi hakkinda degerli bilgiler
sunmakta ve THz bandinin bozucu olgiitlere sahip gelecek nesil kablosuz iletisim
sistemlerinin yolunu agabilecegini gostermektedir. Bu olciitler arasinda, 100 Gbps’ye
kadar veri hizlari, 0.1 ms gibi diisiik gecikme siiresi ve yiiksek spektrum verimliligi
yer almaktadir. Tez, THz bandi ve kablosuz iletisim sistemlerinde daha fazla arastirma
ve gelistirme ihtiyacini vurgulayarak, potansiyelinin tam olarak agiga cikarilmasi
ve artan veri kapasitesi ve bilgi aligverisi taleplerinin karsilanmasi icin Onemini
vurgulamaktadir.

Tezin 2. boliimiinde, THz frekanslarinda anten hizalamasi ile ilgili sorunlarin
genel bir bakis1 sunulmus ve bir potansiyel ¢6ziim olarak AoA tahmin tekniklerinin
kullanimi ele alinmistir. THz frekanslarinda anten hizalamasinin onemi, ozellikle
THz frekanslarini kullanan insansiz hava araglart (UAVs) ve SINs baglaminda
vurgulanmistir.  Ayrica, SINs’lerin THz frekanslarini kullandigr baglamda, anten
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hizalamasi sorununu ele almak icin AoA tahmin tekniklerinin énemi bu tezin bu
boliimiinde detayl bir sekilde tartigilmigtr.

Bolim 3’te, yanhis hizalamanin THz iletisim sistemleri iizerindeki etkisini
degerlendirmek amaciyla, Gebze’deki Tiirkiye Bilimsel ve Teknolojik Arastirma
Kurumu’nda (TUBITAK) bulunan MILTAL tesisinde bir 6l¢iim diizenegi kurulmustur.
Kurulum, 240 GHz ile 300 GHz arasindaki frekans araliginda THz kanallarim
modellemek igin tasarlanmistir. Olgiimler, 240 GHz ile 300 GHz arasinda degisen
frekanslar kullanilarak bir dizi mesafe ve ac1 boyunca gerceklestirilmektedir. Mesafe
araliklar1 10 cm’lik artiglarla 20 cm ila 100 cm arasinda degismektedir. Ac¢i araliklari
0° ila 30° arasindaki her mesafede, 0° ila 15° arasindaki 1° araliklarla ve 15° ila 20°
arasindaki 5° araliklarla 6l¢iiliir. Bu kapsamli veri seti ile elektromanyetik dalgalarin
cesitli senaryolardaki davranislarma iliskin degerli bilgiler saglanmaktadir. Olgiim
calismalari, bu frekans araliginda degisen mesafelerin ve antenin yanlig hizalanmasinin
kanalin kompleks kazang tizerindeki etkisini arastirmay1 amag¢lamaktadir. Calismanin
sonuclari, anten yanlis hizalamasinin THz kablosuz iletisim i¢in kritik bir faktor
oldugunu ve alinan giiciin hem antenler arasindaki mesafeden hem de yanlis
hizalamanin derecesinden onemli 6lciide etkilendigini gostermektedir.

Bolim 4’te, THz kablosuz sistemlerde AoA’y1 gelismis dogruluk ve azaltilmis
karmagiklikla belirlemek i¢in yeni bir yontem tanitilmistir. Hem verici hem de alicida
tekdiize diizlemsel dizi (UPA) kullanan sistemler i¢cin THz frekanslarinda ¢alisan
SIN’lerin ani hareketlerinden dolay1r Doppler’in tam olarak kompanze edilemedigi
durumlarda ortaya ¢ikan artik Doppler’i hesaba katan kanal modeli analiz edilmistir.
Daha sonra, THz iletisim sistemleri i¢in genel sistem modelini tanimlamak ic¢in
alt diziler dizisi (AoSA) mimarisi kullanilir. ~ Bu mimari, MIMO verici ve
alicilarindaki yiiksek sayida kullanilan antenden kaynaklanan donanim karmasikligi ve
gii¢ tiiketimi problemlerine ¢oziim olmak i¢in daha az sayida RF zinciri kullanimina
olanak saglamaktadir. Son olarak, sonuclar AoSA-gold-MUSIC algoritmasinin hem
dogruluk hem de hesaplama verimliligi acisindan standart MUSIC algoritmasindan
daha iyi performans gosterdigini ortaya koymaktadir. Ayrica, AoSA-gold-MUSIC
algoritmasinin performansi farkli sinyal-giiriiltii oran1 (SNR) degerleri ve degisen
artik Doppler varyansi icin degerlendirilmistir. Bu yaklasimin THz kablosuz iletisim
sistemleri i¢in 6nemli pratik etkileri olabilir.

Bu tez, kablosuz iletisim sistemleri i¢in THz bandinin potansiyelini arastirmaktadir
ve oOzellikle mobil aglardaki veri kapasitesinin artan talebini ele almaktadir.
Geleneksel frekans spektrumlarinin, 6rnegin mm-Dalga sistemlerinin sinirlamalarim
vurgulamakta ve THz bandinin bu sinirlamalart nasil asabilecegini gostermektedir.
Tez, kapsamli 6l¢iim kampanyalar1 ve THz kablosuz iletisim sistemlerinde dogru AoA
tahmini ve anten hizalamasinin ele alinmasi i¢in yeni algoritmalarin 6nemini vurgu-
lamaktadir. Ozellikle THz tabanli SIN igin 6zellestirilmis olan AoSA-gold-MUSIC
adli yeni bir algoritma Onerilmektedir ve hem etkin hem de dogru AoA tahmini
sunmaktadir. Kanal darbe ve frekans yanitlarinin analizi, elektromanyetik dalgalarin
farkli senaryolardaki davranis1 hakkinda degerli bilgiler sunmakta ve THz bandinin
gelecek nesil kablosuz iletisim sistemleri i¢in bozucu potansiyelini gostermektedir.
Tez, THz band1 ve kablosuz iletisim sistemlerinde daha fazla arastirma ve gelistirme
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ihtiyacim1 vurgulayarak, potansiyelinin tam olarak aciga cikarilmasi ve artan veri
kapasitesi ve bilgi aligverisi taleplerinin karsilanmasi i¢cin 6nemini vurgulamaktadir.

XXViil



1. INTRODUCTION

The potential for high-speed data transfer rates and increased spectral efficiency of
THz wireless communication systems have attracted significant attention in recent
years. The THz frequency range, which lies between the microwave and infrared
spectrums, offers unique opportunities for a wide range of communication and sensing
applications. With the growing popularity of UAVs and SINs, THz communication
systems have become increasingly important for these platforms. However, realizing
the full potential of THz systems in UAVs platforms and SINs requires addressing

several technical challenges, including antenna misalignment and AoA estimation.

Antenna misalignment, which refers to the deviation of the actual antenna orientation
from the intended direction, can have a negative impact on the performance of THz
communication systems. This misalignment can cause a reduction in signal quality,
increased error rates, and decreased data transfer rates. In UAVs platforms, antenna
misalignment can be caused by various factors, such as changes in the orientation of
the UAVs, environmental factors, and mechanical disturbances. Therefore, it is crucial
to accurately quantify and correct for antenna misalignment in THz communication

systems in UAVs platforms to ensure optimal performance.

Ao0A estimation, on the other hand, is a critical aspect of THz communication
systems, especially in SINs. AoA estimation refers to the process of determining
the direction-of-arrival (DoA) of a signal and can be used to improve the accuracy of
channel state information (CSI), which in turn can improve the overall performance of
communication systems. Ao0A estimation can also be used to enhance the accuracy
of beamforming algorithms, which are employed to improve the SNR and reduce
interference in THz systems. In SINSs, the residual doppler effect is also an important

factor to consider for the performance of the AoA estimation algorithms.

Fortunately, there are several approaches that can be used to mitigate the negative

impact of antenna misalignment on THz communication systems, including adaptive



beamforming algorithms and self-calibration techniques. Adaptive beamforming
algorithms can dynamically adjust the beam direction to compensate for misalignment
using information obtained from AoA estimation algorithms.  Self-calibration
techniques use a feedback loop to measure the deviation of the actual antenna
orientation from the intended direction and make adjustments to correct for
misalignment. AoA estimation algorithms play a critical role in both of these
techniques, providing the necessary information to dynamically adjust the beam
direction and correct for misalignment. By utilizing these techniques, it is possible
to improve the performance and reliability of THz communication systems and fully
realize the potential of this exciting technology. In conclusion, the importance of
addressing antenna misalignment and AoA estimation in THz communication systems,
particularly in UAVs platforms and SINs, cannot be overstated. This thesis explores the
impact of antenna misalignment on THz communication systems, as well as various
AoA estimation techniques, with the goal of improving the performance and reliability

of these systems.

1.1 Contributions

This thesis aims to address the challenge of antenna misalignment in THz
communication systems and improve the performance of these systems through AoA

estimation techniques.

Our contribution is threefold. First, comprehensive literature review of antenna
misalignment and AoA estimation techniques for THz communication systems, with
a focus on UAVs platforms and SINs in Chapter 2. In this chapter, the importance
of antenna misalignment in THz frequencies is discussed, particularly in the context
of UAVs. Furthermore, the chapter addresses AoA estimation techniques as a passive
solution to mitigate misalignment, specifically in the context of SINs utilizing THz

frequencies.

Second, the impact of misalignment on THz communication systems is examined in
Chapter 3. The results of a measurement campaign are then provided as a magnitude

of channel frequency and impulse responses, exploring the effect of different distances



and antenna misalignment on THz communication systems within the frequency range

of 240 GHz to 300 GHz. Chapter 3 has been submitted to arXiv.

Third, a novel method is introduced for determining the AoA in THz SINs systems,
which offers improved accuracy and reduced complexity in Chapter 4. The channel
model for SINs, employing UPA at both the transmitter and receiver, is initially
analyzed. Subsequently, the overall system model for THz communication systems is
described using the architecture of AoSA. Finally, results demonstrating the superior
performance of the AoSA-gold-MUSIC algorithm over the standard MUSIC algorithm
are presented. Additionally, the performance of the AoSA-gold-MUSIC algorithm is
evaluated under varying residual Doppler variance and different SNR values. Chapter

4 has been accepted to 2022 IEEE Future Networks World Forum (FNWF).

1.2 Outline

The remaining part of the thesis is structured as follows: In Chapter 2, a comprehensive
literature review is conducted, with a specific focus on antenna misalignment and AoA
estimation techniques in THz communication systems. The review gives particular
attention to the utilization of UAV platforms and their significance in the context of
SINs. Chapter 3 provides a detailed description of the measurement setup designed
for analyzing THz channels. The chapter also presents the measurement outcomes
within the same section. Chapter 4 presents a novel approach in THz SINs systems
for determining the AoA with decreased complexity. The thesis concludes with a

discussion of the findings and the future directions for research in this area.






2. A REVIEW ON TERAHERTZ WIRELESS COMMUNICATION SYSTEMS

In this chapter, an exhaustive state of the survey regarding THz communication
systems, effect of misalignment on THz frequencies and AoA estimation techniques
in THz communication systems. First, we will introduce the critical importance,
advantages and disadvantages of THz communication systems for next generation
wireless communication systems. Second, we will discuss the importance of antenna
misalignment in THz frequencies and assess the topic in the context of UAVs
that are planned to be used in these frequencies. Then, we will discuss AoA
estimation techniques as a solution to the misalignment problem and address the
topic in the context of SINs that are planned to use THz frequencies. According
to the International Telecommunication Union (ITU), it is anticipated that by 2030,
the worldwide volume of wireless data traffic will reach a staggering 5 zettabytes
per month, accompanied by a potential increase in the number of interconnected
devices surpassing 50 billion. As a result, industries and academia are actively
exploring possibilities beyond 5G and envisioning the advent of sixth-generation (6G)
networks [1]. Among the diverse and cutting-edge solutions being considered, THz
communications emerges as an immensely promising technology for the era of 6G
and beyond. THz communication refers to communications within the ultra-wide THz
band, spanning from 0.1 to 10 THz, and presents a highly favorable opportunity to
tackle the challenges of spectrum scarcity and capacity limitations encountered in 5G
networks [2]. The remarkable characteristics of THz communication, such as the
availability of vast bandwidths ranging from tens to hundreds of gigahertz and the
utilization of exceptionally short wavelengths, hold immense potential in addressing
the soaring demands of data-intensive applications. This technology is poised to enable
transformative applications including holographic telepresence, extended reality, and
ultra high-speed wireless backhaul. Therefore, similar to the initial vision and

subsequent implementation of mm-Wave communications in 5G, THz communication



is destined to play an indispensable role in the development of 6G and the future

landscape of wireless networks [3].

The utilization of the THz band, particularly carrier frequencies above 300 GHz,
presents a distinct set of challenges that have not been previously encountered at sub-6
GHz or mmWave frequencies [4]. These challenges encompass various crucial aspects.
Firstly, the THz band is characterized by significant spreading loss and a high level of
channel sparsity. Additionally, it exhibits a unique form of molecular absorption loss,
which is influenced by both the frequency of transmission and the distance covered.
Moreover, the propagation of THz signals is highly susceptible to blockages due to
the extremely short wavelengths involved. Even objects with small dimensions can
effectively impede THz signals, leading to potential disruptions. Furthermore, the
presence of substantial reflection and scattering losses results in the notable attenuation
of non-line-of-sight (NLoS) rays, highlighting the need for establishing reliable
line-of-sight (LoS) links [5]. Consequently, these distinct propagation phenomena in
the THz band necessitate the development of innovative communication and signal

processing mechanisms specifically tailored for THz communication.

2.1 Investigating the Effect of Misalignment on THz Frequencies

There will be a growing demand for faster data transmission rates to keep up
with the increasing amount of communication traffic [6] as next-generation wireless
communication systems evolve. THz wireless systems are expected to be a strong
option for 6G and future wireless systems because of their large contiguous bandwidth
and applicability to indoor and outdoor communication [7]. Furthermore, due to the
lack of allocated THz bands for specific active services worldwide, there exists a
significant opportunity to fulfill the demand for the required communication traffic

1n an extensive manner.

Along with their benefits, THz frequencies also come with high attenuation due to
molecular absorption and spreading loss [8], which limits the communication range in

this frequency region significantly.



Thus the more dense deployment of the THz communication systems is required. One
potential solution is the usage of the UAVs [9], especially where instant high-capacity
communication is required in densely populated environments. UAVs play a vital role
in numerous potential wireless system applications, including serving as aerial base
station (ABS). ABS deployment can significantly improve the coverage, reliability,

energy efficiency, and capacity of wireless networks [10].

Thus, UAVs are expected to play a crucial role in THz-enabled communication links,
which are expected to trigger also new opportunities and innovative services, thanks to

their 3D positioning capabilities and cost-efficient technology [11].

However, THz-integrated UAVs bring new challenges to the field. Although the
utilization of large antenna arrays with directional beamforming or highly directional
antennas at both the transmitter and receiver sides has been proposed as a solution
to reduce the high transmission loss in the THz frequency range, these systems
require accurate beam alignment. Nevertheless, the instability of UAVs caused by
wind or complex movements of UAVs, including uncontrolled tilts and rotations,
makes it difficult to maintain precise beam alignment, leading to an inevitable low
SNR. Thus towards 6G networks, when THz communication systems are realized, the
misalignment scenarios should be investigated comprehensively in terms of analyzing

and modeling their effects for the specific applications.

There have been numerous studies in the literature that analyze the effects of antenna
misalignment on THz communication systems. The majority of these studies have used
simulations to examine the effects of antenna misalignment analytically [12]-[15] in
different environments and at different frequencies of THz. For example, [12], and [13]
used simulations to examine the effects of antenna misalignment on communication
systems operating at 300 GHz in a simulated office environment, considering realistic
propagation conditions and different types of antennas. In [14], the performance of
multicarrier THz wireless system under misalignment fading is analytically evaluated.

The pointing error impairments under fog conditions are analyzed in [15].

On the other hand, there are measurement-based works that investigate the effect of

the misalignment [16,17].



The researchers focused on how the distance and misalignment between the transmitter
and receiver affect the received power in these systems and also evaluated the effect
of a single degree of misalignment on path loss in [16]. The performance of the THz
communication systems operating at different frequencies has been examined in case

of antenna misalignment in the [17].

Most importantly, the authors in [18] have designed a drone-based measurement
setup to investigate the effects of mobility uncertainties on mm-Wave/THz-band

communications between flying drones.

Furthermore, measurement, modeling, and analysis for THz wireless channels are

presented extensively in [6].

Maximizing the potential of THz communication systems requires a deep understand-
ing of their performance in realistic scenarios. As the realization of the UAVs with the
THz communication devices become increasingly prevalent, the effect of misalignment
becomes prominent. Thus, gathering application-specific measurements and analyzing
their impact on channel frequency response (CFR) and channel impulse response (CIR)

is crucial.

While the majority of the works have been done analytically to investigate the
effects of the different peculiarities, this study focuses on the impact of distance and
antenna misalignments on THz communication by conducting measurements using
the single sweep method. Even though there is several work has been done to
investigate this effect, there are no comprehensive measurements. For this purpose,
an application-specific measurement setup is used, which allows the collection of
measurements.  Also, considering the high bandwidth opportunity of the THz
frequencies, the measurements cover the 60 GHz band between 240 GHz and 300
GHz. The collected data is then analyzed by the CFR and CIR to gain insights about

the joint effect of the distance and misalignment.



2.2 Angle of Arrival Estimation for Terahertz-enabled Space Information

Networks

The realization of vertical networks in combination with terrestrial networks is
considered as a solution for extending wireless services to remote areas with
reduced latency [19]. SINs are ideal candidates to be the backbone of such a
network architecture due to their coverage and the ability to connect inter-space and
vertical networks with space networks [20]. According to National Aeronautics and
Space Administration (NASA)’s analysis, the growth factor of space communication
networks is expected to be around 10 in 30 years [21].  Additionally, to
support the increasing bandwidth requirements of future networks, new frontiers for
wireless communication systems are being explored, such as communication at THz
frequencies. However, THz frequencies come with the cost of molecular absorption
and path loss. Since molecular absorption is eliminated in space, the propagation losses

can be reduced by generating high-gain narrow beams with large antenna arrays.

Due to various hardware limitations, the traditional fully digital multiple-input
multiple-output (MIMO) system cannot be used in the THz band. As a result,
a cost-effective alternative, hybrid ultra massive multiple-input multiple-output
(UM-MIMO), which uses a smaller number of radio frequency (RF)-chains for
beamforming, is adopted [22,23]. There are three main types of hybrid MIMO
architecture: the fully-connected (FC) architecture [22], the AoSA structure [24], and
dynamic architectures [23], [25], [26]. Among these, the AoSA structure [24] has been
shown to provide a good balance between spectral efficiency and power consumption,
making the beam management techniques developed for this structure applicable to

any UM-MIMO system.

This makes the THz suitable candidates for SINs communications and thousands of
cross-linked low-orbit satellites can establish a mesh structure in space with tens
of terabits per second capacity. Such networks also have remarkable issues to be

considered; due to the high mobility of SINs and strong directivity of THz beams with



massive MIMO structure, accurate AoA estimation of the incoming signal becomes

more challenging.

In order to maintain a reliable and high-capacity communication link, accurate AoA
information is essential for beam alignment. As even a small misalignment of the beam
can result in a significant degradation of performance and even disruptions in precise

beam transmissions [27,28], it is important to ensure that the beam is properly aligned.

Additionally, such a system should be cost-effective and computationally efficient
while providing high-precision AoA estimation. The utilization of an AoSA structures
which allows the use of fewer RF-chains, has been proposed to reduce the hardware
complexity and power consumption concerns caused by the high number of antennas

on massive MIMO transceivers [29].

In this context, the application of graphene-based antennas with AoSA, which have a
smaller size than traditional antennas and allow for utilization of more antennas per
area with higher directivity, is becoming feasible even at THz frequencies [30]. Also,
the use of massive MIMO structures brings additional computational load to existing

AOA estimation algorithms.

The DoA estimation is a critical step in THz UM-MIMO communication systems.
It involves determining the direction from which the signals are coming. Typically,
the estimation is performed using a beamforming training (BFT) procedure, where
the receiver analyzes sets of pilot symbols using different beam configurations.
However, in order to maintain uninterrupted and reliable transmission, DoA tracking
is also necessary to account for changes in the channel. This involves continuously
monitoring the DoA and adjusting the beams accordingly. Despite its importance, DoA
tracking can add extra overhead and computational complexity to the BFT procedure.
Therefore, in order to take full advantage of THz UM-MIMO communication systems,
it is essential to have millidegree-level DoA estimation and millisecond-level tracking.
This requires precise and efficient methods for determining the DoA and tracking it
over time, while taking into account the unique properties of THz beams and the

acceptable transmission latency [31].
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Thus, more efficient AoA estimation algorithms are required to obtain precise AoA
information without loss of performance. Contemporary AoA techniques, which
are classified as on-grid and off-grid, can not meet AoA estimation requirements in
terms of efficiency and accuracy for THz enabled SINs. Because, on-grid methods,
such as compressive sensing (CS) based techniques, compute costly sparse support
vectors for AoA estimation [22]. Other on-grid schemes such as [32], [33] are highly
complex. Because the accurate AoA estimation is only possible when grid resolution
is increased, which brings extra search overhead. On the other hand, off-grid methods
such as MUItiple SIgnal Classification (MUSIC) [34], Estimation of Signal Parameters
via Rotational Invariant Techniques (ESPRIT) [35], and root-MUSIC [36] can achieve
higher estimation accuracy with more reasonable computational complexity compared

to on-grid methods.

However, AoSA based massive MIMO structures cannot directly take advantage of
these conventional off-grid approaches because of their efficiency considerations and
unique design. Thus, computationally efficient novel estimation methods should be
developed which can be able to obtain precise AoA from reduced RF-chains without

loss of performance in order to be used in AoSA based THz-enabled SINs.

Motivated by these issues and inspired by the work of [37], utilization of an
Ao0A estimation method based on a AoSA structure, namely AoSA-gold-MUSIC is
proposed for THz-based low-orbit SINs. The method consists of two stages and allows
obtaining precise AoA information while being computationally efficient. We evaluate
the performance of the proposed method for reliable beam training by addressing
misalignment and propagation loss in THz-enabled SINs. More importantly, a realistic
metric of residual Doppler is presented. This occurs when the Doppler cannot be
accurately compensated due to instantaneous rapid motion changes of SINs operating
at THz frequencies and results in AoA estimation errors. We also examine the effect

of the residual Doppler on AoSA-gold-MUSIC estimation performance.

Finally, to obtain correct AoA information with an error below 1°, the required

parameters for the system model, such as observation period parameters with the
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number of RF-chains and antennas, are also provided to ensure a stable and robust

communication link under residual Doppler effects.

2.3 Summary

In this chapter, we focus on the challenges and potential solutions for THz
communication systems. THz frequencies offer a large contiguous bandwidth that can
provide high-capacity communication in densely populated areas, but they also come
with high attenuation due to molecular absorption and spreading loss. To overcome
this, the usage of UAVs has been proposed, but accurate beam alignment is difficult due
to the instability caused by wind or complex movements. Therefore, investigating the
effect of misalignment is crucial for analyzing and modeling their effects for specific

applications.

The majority of previous studies have used simulations to analyze the effects of
antenna misalignment on THz communication systems, while others have conducted
measurements to investigate this effect. We contribute to this field by conducting
measurements using the single sweep method to analyze the impact of distance
and antenna misalignment on THz communication. We also propose a novel AoA
estimation method based on an AoSA structure for THz-enabled SINs. The proposed
method allows obtaining precise AoA information while being computationally

efficient and addresses the effect of residual Doppler on estimation performance.
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3. INVESTIGATING THE EFFECT OF MISALIGNMENT ON TERAHERTZ
FREQUENCIES

In the previous chapter, a comprehensive literature review was conducted, focusing on
antenna misalignment and AoA estimation techniques in THz communication systems.
The review provided valuable insights into the significance of antenna misalignment

and the potential solutions offered by AoA estimation techniques.

In this chapter, we examine the impact of misalignment on THz communication
systems. We present the results of our measurement campaign, which investigates
the impact of varying distances and antenna misalignment at the 240 GHz to 300 GHz

frequency range.

3.1 Signal Model

The effect of misalignment between transmitter and receiver is investigated for THz
channels in the anechoic chamber. To simplify the analysis part, the traditional linear,
time-invariant channel model approach is used. The received signal can be expressed

as

r(t) = x(t) xh(t) + n(1), 3.1

where x(f) is the tranmitted known pilot signal, i(¢) denotes the communication
channel and n(r) represents the noise. So, the channel at the baseband can be

represented as

L—1
h(t) =Y ape  PHNG (1 1), (3.2)
=0

where L, oy, and ¢; represent the number of multipath components, channel complex
gain, and delay for the /-th path, respectively. In the context of continuous-time signals,
especially for narrowband signals, channels are frequently represented as combinations
of impulse-like functions, typically Dirac delta functions, multiplied by amplitude
responses. These responses elucidate how the channel influences both signal amplitude

and phase, with gradual changes over time. Narrowband signals are characterized by
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slowly evolving amplitude and phase responses in relation to their central frequency.
As aresult, it is a common practice to model these responses as a summation of impulse
responses. These impulse responses can be convolved with the transmitted signal to

assess the channel’s effects and facilitate signal recovery.

As we have mentioned before, measurements have been carried out in a fully isolated
anechoic chamber, so we can assume there is only LoS signal transmission.

Thus, LoS channels can be derived for L =1 (3.2) as
h(t) = ape’®8 (t —1p), (3.3)

where ay, 6, and t) = d/c denote the LoS path complex gain, phase of the signal, and
propagation delay, respectively. Also, d is the distance between the transmitter and

receiver, and c is the speed of the light.

The free-space loss in an antenna system quantifies the power difference between the
transmitter’s output and that of an isotropic (0 dBi) antenna positioned at the receiving
location. This loss occurs because of how the transmitting antenna disperses its signal.
When a transmitting antenna emits a signal, it forms a spherical wavefront, but only
a fraction of this spherical wavefront is intercepted by the receiving antenna. In the
case of a free-space, far-field range, it is straightforward to calculate this loss using the

range transfer function.

FSPL 4 = 32.4420log fgu, +20logdn (3.4)

where d, f and c indicate distance between transmitter and receiver, operating

frequency and speed of light, respectively [38].

3.2 Measurement Setup and Methodology

In communication systems that operate at THz frequencies, a sensitive measurement
setup is required due to the very short wavelength of the electromagnetic waves
involved. THz waves have wavelengths in the range of 0.1 millimeters to 1
millimeter, which makes them much shorter than the radio waves used in traditional

communication systems.
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Figure 3.1 : Measurement setup

At these high frequencies, even small variations in the environment or in the
components of the system can have a significant impact on the quality of the signal.
Therefore, having a sensitive system is necessary to obtain accurate results. In this
study, a measurement system with 1° sensitivity, which can also move in the horizontal
axis, was designed at TUBITAK. Our THz experimental setup shown in Figure 3.1
is constructed in the MILTAL at the TUBITAK. The measurement setup consists of
four main hardware parts and mechanical parts. The mechanical structure consists of
two sliding platforms positioned opposite to each other and a linear guide rail. The
rail allows for adjusting the distance between the THz receiver and transmitter while
maintaining their alignment. Furthermore, there is a mechanism on the platforms for
precise angle adjustment at 1° intervals. This enables reliable measurements to be
taken in both perfectly aligned and controlled misalignment scenarios. Figure 3.2
shows a three-dimensional (3D) model depicting the mechanical components of the
measurement setup. Because of the low beamwidth at high frequencies such as THz,
the alignment between the transmitter and receiver needs to be very precise. So, the
extender modules have been installed in a mechanical system where we can precisely

change the distance and angles between the modules.

Hardware parts of the system are Agilent vector network analyzer (VNA) E8361A,
Oleson Microwave Labs (OML) VO3VNA2-T and VO3VNA2-T/R—A millimeter wave
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()
Figure 3.2 : A three-dimensional (3D) model depicting the mechanical components
of the measurement setup.

extender modules and N5260A extender controller [39]. We coupled the extender
modules, which work between 220 GHz and 325 GHz, to the VNA to analyze the
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misalignment impact at the THz frequency band due to the VNA’s 67 GHz frequency
limit. VO3VNA2-T/R—A multiplies the input RF signal between 12.2 GHz and 18.1
GHz with 18 in order to extend the 220 GHz to 325 GHz frequency range. Prior to
signal transmission, the test intermediate frequency (IF) and reference IF signals for
a VNA are acquired through the process of downconversion using mixers. After that
received signal passing through the channel is downconverted at the VO3VNA2-T, and
the resulting test IF signal is fed back to the VNA.

RF
122167arcna > XNxM [ >
— =

Low Pass Filter

VO3VNA2-T/R-A VO3VNA2-T

LO
> 18.1 G|
12.210 18.1 GHz
TX RX

Figure 3.3 : Block diagram of transmitter and receiver extenders

REF IF ~_ WR-03 WR-03 TESTIF
5(04300 MHz % < Q m MHz
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xM
TEjT IF % P Q B A Lo
510 300 MHz X 2210 18.1 GHz

Figure 3.3 provides a detailed block diagram of the measurement setup, along with the

up-conversion and down-conversion operations that are carried out on the extenders.

The source modules have been driven by an extended band WR-10 multiplier chain
with a WR-03 waveguide output interface. The WR-03 waveguide output power of the
VO03VNA2-T/R-A is around -23dBm. The extender characteristics are as follows; the
phase stability is £0.4dB in the range of £+8°, typical dynamic range is 75dB with the
minimum of 60dB [40]. Two Elmika-branded components are incorporated in a series
to the RF ports of the extenders for measurement purposes. The first component is a
WR-3 (220GHz-325GHz) waveguide, which is directly attached to the RF port of the
extender. The second component is a WR-3 horn antenna, which is directly mounted
at the end of the waveguide. Also, horn antennas have a gain of 24.8dBi at their center

frequency.

The operating frequency range is set to 240 GHz to 300 GHz because the magnitude
and phase stability of the extender modules has better performance in this range.

Before measuring the s-parameters, we calibrated the extender modules by connecting
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Table 3.1 : Measurement parameters

Description Value

Operating frequency 240 GHz - 300 GHz
Bandwidth 60 GHz

Measurement frequency points 4096

IF bandwidth 100 Hz

Spectral resolution 14.648 MHz

Antenna misalignment 0°:1°:15°and 15°:5°:30°
Distance (cm) 20:10:100 cm

the transmitter and the receiver module’s waveguide ports for realible channel
characteristics results. The process of calibration starts by first removing the WR-3
antennas at the ends of the two extenders and connecting the extenders to each other by
joining both wave-guides. This creates a direct connection between the two extenders
via the wave-guides. The calibration process is then initiated through the software
that manages the VNA. The Figure 3.4 displays the end-to-end connection between

the transmitter and receiver during the calibration. The results of the calibration are

compensated and saved as complex S,; parameters for each measurement point.

\
\

Figure 3.4 : Connection of transmitter and receiver for calibration process

Following calibration, 4096 points with an IF bandwidth of 100 Hz are used to measure

the 60 GHz band.
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Figure 3.5 : Maximum values of the channel impulse response for all distances and
antenna misalignment degress
The 240 GHz to 300 GHz frequency range is measured using OML extenders equipped
with standard gain horn antennas. The spectral resolution is set at 14.648 MHz as each
spectral measurement is associated with 4096 frequency points. The measurement
system comprises calibrated connectors and cables, ensuring accurate measurements.
To analyze the effect of distance and antenna misalignment in the THz wireless
channel, measurements were taken with the help of the rail and angle alignment
system, which allows elevational angle change with the precision of 1° at each distance
setting. Meanwhile, the position and angle of the receiver module were changed
by keeping the receiver fixed. For the sake of simplicity, only horizontal antenna
misalignment is considered. For each case, the parameter S, parameters are stored

as complex numbers in Agilent VNA E8361A.

3.3 Measurement Results

In this section, we delve into the measurement results of our THz communication
system, with a particular focus on the joint impact of antenna misalignment and

distance-dependent signal loss. Notably, we encountered inconsistencies in our
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Figure 3.6 : Magnitude of the channel frequency response with 0°,5°,10° and 15°
antenna misalignment at 20 cm and 80 cm distances
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Figure 3.7 : Magnitude of the channel impulse responses with 0°,5°,10° and 15°
antenna misalignment at 20 cm and 80 cm distances

measurements between the frequency range of 270 GHz and 300 GHz, which could

be attributed to various factors such as the sensitivity of our measurement equipment
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to the THz frequency range, environmental conditions, and inherent uncertainties in
THz signal propagation. So, the measured values beyond 270 GHz have not been
included in the simulation results. Recognizing these limitations is crucial for the

accurate interpretation of our results.

The magnitude of channel complex gains, as depicted in Figure 3.6, reveals the
substantial influence of antenna misalignment and distance on the THz channel.
Increasing misalignment angles result in a pronounced reduction in signal strength,
a phenomenon exacerbated by the narrow beamwidth characteristic of THz antennas,
underscoring the critical importance of precise alignment for optimal system

performance.

Furthermore, our time-domain analysis, illustrated in Figure 3.7 through an inverse
Fourier transform (FT) of measurement data, provides deeper insights into how
antenna misalignment affects the channel. When we examine the x-axis, the left figure
represents a channel impulse response where there is a 20cm distance between the
transmitter and receiver. On the other hand, in the right figure, the channel impulse
response shows a significantly longer distance of 80cm between the transmitter and
receiver. This analysis unveils signal dispersion and temporal variations, essential for
system design and synchronization strategies. Examining the CIR in Figure 3.5, which
combines distance and antenna misalignment measurements, allows us to discern
dominant channel response characteristics by considering maximum CIR values for
different distance and angle combinations. In addition, the direct numerical value
equivalents of these measurement pairs are given in the Table 3.2. This information
is invaluable for designing adaptive modulation and coding schemes to mitigate the

combined effects of distance and misalignment.

Antenna misalignment is an indispensable concern for THz communication systems
in UAV, as it has a direct impact on the received power. The distance between the
transmitter and the receiver plays a crucial role in path loss, which inevitably results
in a decline in the received power. In addition, when the transmitter and receiver
antennas are misaligned, the issue of power loss is exacerbated, causing a further

decrease in the received power. In this context, the development of fast and robust
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Table 3.2 : Magnitude of the channel impulse responses at all distances and antenna
misalignments

0° 5° 10° 15° 20° 25° 30°
20cm -11.88 -12.51 -14.09 -16.24 -18.89 -21.56 -24.64
30cm -12.93 -13.67 -15.47 -17.89 -20.85 -23.58 -26.85
40cm -14.21 -15.03 -17.01 -19.76 -23.12 -26.45 -30.31
50cm -14.83 -15.69 -17.70 -20.37 -23.53 -26.62 -30.42
60cm -15.77 -16.60 -18.58 -21.28 -24.52 -27.41 -31.67
70cm -16.46 -17.66 -19.91 -22.96 -26.36 -27.84 -31.60
80cm -17.35 -18.96 -21.86 -25.13 -29.72 -32.42 -40.10

beamforming and beam tracking algorithms is imperative for UAVs equipped with
THz communication systems. The compensation for both distance and misalignment
is necessary to maintain the desired level of received power, thus ensuring reliable

communication in UAVs operating with THz systems.

3.4 Conclusion

The increasing need for high data rates and the growing number of wireless devices
has led to substantial interest in employing THz communication systems as a possible
solution. In this pursuit, UAVs have emerged as a promising solution to address various
challenges posed by modern communication needs. Nonetheless, within the promising
potential of THz communication via UAVs, it becomes evident that one critical factor

demands our utmost consideration: the effects of misalignment.

Effective communication in THz systems via UAVs depends on the precise alignment
between transmitting and receiving antennas. This alignment serves as the cornerstone
of reliable, high-quality communication. Even minor deviations from the optimal
alignment can yield substantial impacts on signal quality and overall system
performance. Recognizing this, it becomes imperative to address and understand the

implications of misalignment thoroughly.

Our study sought to evaluate the repercussions of varying distances and levels of
antenna misalignment within the challenging THz frequency range of 240 GHz

to 300 GHz. We conducted these measurements in a controlled environment, an
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anechoic chamber, to isolate and assess these factors systematically. The results were
illuminating, underscoring the considerable influence that both distance and antenna
misalignment exert on THz communication systems. These findings unambiguously
emphasize the non-negotiable importance of precise alignment for optimal system

operation.

While previous research has explored LOS and NLOS channels in the domain of
THz communication, the challenges introduced by misalignment remain relatively
uncharted territory, especially in the context of UAV-assisted systems. Consequently,
there exists an evident research gap demanding our attention—a comprehensive

understanding of the effects of misalignment in these dynamically evolving scenarios.

In anticipation of addressing the challenges posed by misalignment, our forthcoming
chapter will introduce an innovative solution: an AoA estimation algorithm. This
algorithm promises to offer a pragmatic approach to mitigating the impact of
misalignment, balancing both low complexity and high accuracy. It is imperative to
recognize that while this algorithm presents a valuable tool, achieving and maintaining
proper alignment between antennas will remain an overarching consideration for

reliable and efficient THz communication.

In conclusion, our study of THz communication alongside UAV's uncovers a landscape
full of possibilities and difficulties. Misalignment poses a major challenge, and our
research highlights its significant influence. As we explore the uncharted realm of
UAV-supported THz communication, the AoA estimation algorithm offers a promising
way to improve the reliability of these systems. However, it’s important to remember
that achieving and maintaining proper alignment is a key factor for the success of THz

communication systems.
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4. ANGLE OF ARRIVAL ESTIMATION FOR TERAHERTZ-ENABLED
SPACE INFORMATION NETWORKS

After highlighting the significance and impact of antenna misalignment in THz
communication systems through a measurement-based analysis in the previous
chapter, we introduce a new method for determining the AoA in THz SINs systems
with improved accuracy and reduced complexity in this chapter. The channel model
for SINs, where both the transmitter and receiver use UPA, is analyzed. The overall
system model for THz communication systems is then described using the AoSA
architecture. Finally, results that demonstrate that the AoSA-gold-MUSIC algorithm
outperforms the standard MUSIC algorithm in terms of computational efficiency are
given. Additionally, the performance of the AoSA-gold-MUSIC algorithm is evaluated

for varying residual Doppler variance and different SNR values.

4.1 System and Channel Model

In this section, first, we examine the channel model in the context of the SINs
where both transmitter and receiver are equipped by N, x N, UPA antenna elements
in the x — z plane, as shown in Figure 4.1. Then, the overall system model for
THz communication systems constructed by AoSA architecture is described. In this

chapter, we consider the sampled signals and hence our signal model becomes discrete.

The channel matrix H for the THz massive MIMO can be expressed as

H = oe/agy (0, Orx) arx (Brx, P12) (4.1)

where o denotes complex path gain and € represents residual Doppler, which occurs
when the Doppler cannot be fully compensated for due to the high mobility and instant
movements of SINs operating at high frequencies [41,42]. Also, 0 denotes the azimuth
angle defined between the y axis and the signal’s projection on the x-y plane, and ¢
denotes the elevation angle defined between the signal and the x-y plane agy (6, 9x)

and transmitter ary (6, ), respectively. Since we consider the same UPA elements
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Figure 4.1 : The system architecture of the AoSA massive MIMO enabled SINs
operating at THz frequencies.

for both the transmitter and the receiver, the array steering vectors can be expressed
as [43]

3(97 ‘P) = \/N;TN; 1, .. ,ej2ﬂd(nxsin600s¢+nzsjn¢)//1

4.2
ej27td((Nx—1)sin@cos¢+(NZ—l)sinq))//’L]T (4.2)

where n, = 1,2,3,....Ny — 1 and n, = 1,2,3,..., N, — 1 represent the index of the
anntena elements in the UPA. Also, A and d = A/2 denotes the wavelength and
antenna spacing, respectively. For simplicity, we can assume there is only a
LoS communication link between SINs in this study since directional beams can
be generated with massive MIMO and THz signals also, there are few reflection

components in space.

Overall system structure with AoSA is shown in Figure 4.1. The antenna array
consists of a total Ny = N, x N, antennas and which are connected to a number of
Nrr RF-chains where Ngr << Ny4. The one RF-chain also corresponds to a subarray
in the antenna array, thus each subarray consists of Ny = N4 /Ngr antennas [44]. Also,
it is assumed that codewords are used in the signal transmission. The received signal

for the ¢ codeword can be written as
Y. = WHHF P + WHn, (4.3)

where n ~ €4 (0, 62) each element of the complex additive white Gaussian noise
(AWGN), F, € CNa>*Ner - and W € CNa*Ner denote analog precoding and combining

matrices, respectively. These two matrices are being used to update the values of the
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phase shifters in the transmitter and receiver during the beamforming process. Used
in AoA estimation, P € CVrF*M? s the transmitted pilot symbol matrix with N, pilot

transmission instants and the columns of the P orthonormal to each other [45].

Algorithm 1 Generate Pilot Symbol Matrix

function GENERATESYMBOLMATRIX(Np)
Create a complex vector which is length of Np

1:

2

3 Apply QR decomposition to complex vector which is created in Step 2.
4: R + diag(diag(R)/abs(diag(R)))
5

6:

P+~ QxR
end function

P can be generated by the pseudocode given in Algorithm 1 where the orthonormal
basis is obtained by using QR decomposition of the complex vector of Np length. We
multiply Y, with PH and the result can be obtained as
Y¢ = WHHFPP! + wHppH,
(4.4)
= WHHF + N,

where N¢ = WHnPH ¢ CNrr>xNkr
Since it is assumed that the pilot symbols used in the transmitter are known by the
receiver, the pilot symbol matrix is used as the match filter on the receiver side [46].
As a result, the collected signal at the RF-chains for a total of C codewords can be
expressed as

Y = WHagyae”™ally F +N, (4.5)

where Y € CNrr*NrrC gnd N € CNer *NerC denotes collected noise matrix.

4.2 AoSA Based GOLD-MUSIC for AoA Estimation

In this section, firstly, the processing steps of the received signals by utilizing the AoSA
scheme for AoA estimation are described. Then, the estimation process of the AoA

with gold-MUSIC is given.

Initially, it is assumed that signals of 7" observations are collected at the receiver, and
AO0A estimation is done by these acquired signals. For the processing of the acquired

signals in the system, 7" combining matrices W are stacked together to obtain the radio
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power in all directions. The combining matrix for the subarrays is given by

1
Wi DNg+ 1 jNs, (= 1) T+ = TN,

Xu, (4.6)
where j =1,2,3,....Ngr and t = 1,2,3,..., T represent the index of the W. Also u
stores phase shifter values of the each antenna element in one subarray and it is given
as

u=[e/2F0 Q2R L. p2MONG] @.7)
where ®; .y, indicates the phase shift coefficient which is generated randomly by the
® ~ % (0,1). Tt is used to generate different beams [47]. Also, the F and W have
identical forms; the only difference is that the F is constructed on the transmitter side
by the codewords, which store randomly generated phase shifter values, similar to the
(4.7), while W is constructed on the receiver side by the codewords. As a result, the F

can be denoted in the same way as in (4.6) with (4.7) [48].

Considering the W, F as denoted in (4.6) and the channel matrix in (4.1), the th

observation at the j* RF-chain can be stated as
. _—wH j2ne . H .
Yjr = W(jf1)N5+1:st,j,taRX(j—1)N5+1:jNS,j X e aryF+Nj;. (4.8)

After the T observations, total observation matrix for the jth RF-chain with the

concatenation of {y jJ}tT:l can be represented as

v T T 1T _ w72t H N
Yj: |:yj717"'7yj7T:| :B]’ae] neaTxF+Nj (49)
< < T .
where Y; € CT*MC and N; = [NL] yen ,Nij} € CT*NC with
T T
= (ngl)N +1:Ns, j, 1 3RX (- 1)Ng 1N j) pee
BJ — S <JINS T STHJNG T (4.10)
N WH._ s . ARX, . LN
(J=1)Ns+1:jNg, jt SR -1)Ng+1:jNg. j

where B j € CT*!. Finally, we can represent all observations for all RF-chains in the

Ao0SA structure with the combination of {Y j}zjvi‘i as below

- — — T . _
Y= [YT, . ,YJTVRF] = Baeall F 4+ N. @.11)
In order to estimate AoA from the observed signal in (4.11) with the MUSIC algorithm,

the covariance matrix of Y is calculated as follows

R, = — YY" (4.12)



Then, to reveal the signal and the noise subspaces, the eigenvalue decomposition is

applied to the Ry and it can be expressed as
R, = UL, UM + U, E,UY (4.13)

where X; € C'! contains eigenvalues of the signal subspace and X, €
CWreT=1)x(NerT=1) contains eigenvalues of the noise subspace. Also, Us € CNreT*1
denotes the corresponding eigenvectors of the signal subspace, and similarly U, €
CWrrT=Dx(NerT—1) denotes the corresponding eigenvectors of the noise subspace. The
AoA estimation can be obtained by exploiting the orthogonality between signal and

noise subspaces.

Algorithm 2 AoSAGoldMUSIC
1: function AOSAGOLDMUSIC(Y, searchAngles, W, T)

2: Calculate covariance matrix of Y using Eq. 4.12

3: Apply eigenvalue decomposition to the covariance matrix in order to get noise
and signal eigenvectors.

4: Create the low-resolution angle pairs matrix of binary combinations of each 6

and ¢ angle to fully scan the angle space.

5: for s < 1,length(anglePairs) do
6: arx < generateSteering Vectors(anglePairs(s))
7: Create the B vector according to Eq. 4.10
8: for k <+ 1, Ngr do
9: Create the (6, ¢) vector in Eq. 4.14.
10: end for
11: Create the pseudo spectrum vector using (4.16)
12: end for
13: Find the peak point in the pseudo spectrum.
14: Repeat lines 4-11 with higher resolution around the pre-estimated AoA to

estimate a finer AoA.
15: end function

To be able to do this, the array steering vector s(6,¢), which scans all elevation and

the azimuth angles of the received signal, is generated as follows

WI({'lequ"N TARX ()N 1jNg, 0
s(6,9) = j 21 s+1:jNs.,J, J=1)Ng+1:jNg,j ' (4.14)
s W 1N+ 1: N, . T BRX - g 1.

When the values scanned by the array steering vector coincide with the direction of

the incoming signal, the following holds true, s(8,¢)U, = 0 and the AoA can be

estimated with

(6,0)music = argminst(6,¢)U,Ulls(60, ¢). (4.15)
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Table 4.1 : Simulation parameters of Figure 4.2 for RMSE comparison

Notations Description Value
fe Carrier frequency 300 GHz
Ny Number of antennas at Tx and Rx 1024
NrF Number of RF chains at Tx and Rx 4,8,16
¢ and 6  Azimuth and elevation angles at Tx and Rx % (—90,90)
T Observation time 4,8,16
€ Residual Doppler % (—0.5,0.5)
Np Length of the pilot symbol vector Ngrr

However, to obtain spectral peaks, AoA can be represented with the pseudo spectrum

function as follows

IO p—

(6, 9)U,UPs(6,9)" 10

Because of the high speeds of the satellites, the AoA should be estimated quickly in
order to maintain a continuous communication link. Due to the fact that the array
steering vector in (4.14) is directly proportional to the number of antennas, the size
of the s(6,¢) can be large in massive MIMO systems. As a result, scanning the
entire angular spectrum using a high-resolution array steering vector in the MUSIC
algorithm increases the estimation load. Instead, the gold-MUSIC algorithm, which
is a two-stage scanning method, initially uses the low-resolution array steering vector
to discover the spectral region roughly where the true AoA is located. Then, it can
provide a sharper and faster estimation of AoA by utilizing a higher resolution array
steering vector by scanning the pre-estimated spectral area. Thus, in this study, we
adopted the gold-MUSIC algorithm for the AoSA structure, and the pseudocode of

gold-MUSIC run in context of the particular system proposed is given in Algorithm 2.

4.3 Simulation Results

In this section, the error performance of the proposed AoSA gold-MUSIC algorithm

for SIN is analyzed with a Monte Carlo simulations for different parameters.

We considered a scenario where two SIN communicate with each other through LoS
transmission at the center frequency of 300 GHz. The number of antennas for both

transmitter and receiver are set to be N4 = 1024. The number of RF chains is evaluated

30



RMSE (°)

—O— Np=4. T=4 |
—# Ng =8 T=4 ]
coopgers N =8, T=8
—8— Ng=16, T=8
_Q_ Nge=16, T=16
O Ngg=4, T=4-MUSIC
QO Ngg=8,T=4-MUSIC

-5 0 5 10 15 20
SNR (dB)
Figure 4.2 : RMSE performance of the proposed method and traditional MUSIC
algorithm for the SIN for different Ngr and 7" where the residual Doppler variance is

set as 0.08.

1072

as Ngr = 4,8,12. Also, azimuth and elevation angles are generated randomly from
2 (—90,90). In addition, € is assumed to follow the uniform distribution and generated

randomly from % (—0.5,0.5) [42].
The simulation parameters for Figure 4.2 and Figure 4.3 are summarized in Table 4.1.

According to the simulation parameters given in Table 4.1, the AoA estimation error
performance based on the AoSA gold-MUSIC with the residual Doppler is investigated
in Figure 4.2. The variance of the € is set as 0.08. It is shown that the AoSA
gold-MUSIC has almost identical performance compared to the MUSIC algorithm.
Also, the root mean square error (RMSE) performance of the AoSA gold-MUSIC for
various residual Doppler levels with varying SNR values is shown in Figure 4.3. The

RMSE formula can be expressed as

RMSE:\/E[(é—9)2+(q3—¢)2], (4.17)

where 6 and ¢ are the estimated elevation and azimuth angle, respectively. Also, unit

of the RMSE is degree.
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The parameters for this analysis are set to be Ngr = 16 and T = 8. It is observed that

the AoA estimation error for SIN remained below 1° for all SNR values.

Figure 4.3 : Effect of the SNR and the residual Doppler to the RMSE

The overall computational complexity of the MUSIC and can be given as
O((NgrT)? + (Ngr)? x %’), where R4 = 0.01° denotes the grid resolution of the
array steering vector. The first term &((NgrT)?) in MUSIC algorithm complexity
analysis, comes from eigenvalue decomposition of covariance matrix and second term
O ((Ngr)? x %) comes from scanning the angular spectrum with the given resolution.
In the gold-MUSIC algorithm computational complexity reduced to & ((NgrT)3). As
a result, AoSA-gold-MUSIC can provide precise AoA information for THz enabled

SINs while it is computatioally efficient compared to the MUSIC algorithm.

4.4 Conclusion

In the previous chapter, we conducted a measurement-based analysis to examine
the impact of antenna misalignment on received power in THz communication
systems. The results revealed that even small misalignment angles, on the order
of a few degrees, can cause a significant effect on channel complex gains. This

problem can be particularly critical in mobile platforms like UAVs, where maintaining
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precise alignment becomes more challenging due to various motion dynamics.
Therefore, ensuring accurate antenna alignment is of utmost importance to maintain
the performance and reliability of THz communication systems in such mobile

scenarios.

In this chapter, firstly, we addressed the importance of accurate estimation of the AoA
in the massive MIMO enabled SINs operating at THz frequencies. In addition to
this, we introduced the residual Doppler effect, which can lead to significant AoA
inaccuracies in the practical scenarios of THz enabled SINs. Furthermore, to have
a low-hardware complexity with a cost-efficient framework for the massive MIMO
we considered AoSA structure for the THz enabled SINs. In this direction, we
proposed the AoSA-gold-MUSIC algorithm based on AoSA structure to estimate AoA
accurately in THz enabled SIN with reduced complexity. We demonstrated that the
proposed AoSA-gold-MUSIC can estimate the AoA with high accuracy while being
computationally efficient compared to the MUSIC algorithm. We also provided AoA
estimation performance of the AoSA gold MUSIC algorithm under varying residual

Doppler variance for different SNR values.
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S. CONCLUSION AND FUTURE DIRECTIONS

With the exponential growth in demand for data capacity in mobile communication
networks, the predicted data capacity requirements for the future are expected to
reach several terabits per second (Tbps). However, conventional frequency spectrums
such as the mm-Wave systems used in fifth-generation (5G) cellular networks offer
limited available bandwidth, making it difficult to support such high data capacity
requirements. To address this challenge, researchers are exploring new frequency
spectrums, such as the THz band, which is considered the most promising candidate
to overcome these limitations. Preliminary studies are underway to enable wireless
communication in the THz band, which has the potential to achieve Tbps data rates

and support disruptive metrics in wireless communication systems.

The THz band offers a wider bandwidth and has emerged as a promising candidate to
overcome the spectrum scarcity constraint in wireless communication systems. With
the potential to support data rates of Tbps, the THz band could be a key requirement
for future communication systems. While preliminary studies are being conducted to
enable its usage, the THz band remains largely unexplored in the realm of wireless
communication systems. However, delving into the THz frequency range in wireless
communication systems offers numerous opportunities for new services and innovative

applications.

In particular, THz-empowered UAVs could play a significant role in enabling the
deployment of sixth-generation (6G) networks. With the potential for enormous
connectivity density of more than 10 million devices per 1 km?, improved energy
efficiency, and high data transmission reliability, the THz band could pave the way for
a new era of wireless communication systems with disruptive metrics. These potential
benefits encompass achieving data rates ranging from 10 to 100 Gbps, achieving
end-to-end latency below 0.1 ms, attaining microsecond-level jitter performance,

achieving a spectrum efficiency of 100 bps/Hz, ensuring 99.99999% reliability in data
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transmission, and achieving millimeter-level resolution and accuracy for positioning
and sensing purposes. As such, the exploration of the THz band in wireless
communication systems is of great interest to researchers and industry experts alike, as
it could potentially transform the way we communicate and exchange information in
the future. However, to enable wireless communication in the THz band and explore its
potential for novel applications, such as on mobile platforms like UAV's and satellites,
there is a need to conduct comprehensive measurement campaigns and develop new

algorithms specifically designed for this frequency range.

In order to enable wireless communication in the THz band and explore its potential
for novel applications on mobile platforms like UAVs and satellites, it is necessary
to conduct comprehensive measurement campaigns that address the challenges of
antenna misalignment due to platform movements. To mitigate the effects of antenna
misalignment, new algorithms should be developed to estimate the AoA, specifically
designed for this frequency range. This could include beamforming techniques, which
have been shown to be a promising candidate solution for the problem of antenna
misalignment. Therefore, conducting measurement campaigns and developing new
algorithms for AoA estimation and beamforming are critical steps towards enabling

the usage of the THz band in wireless communication systems.

This thesis has highlighted the challenges of THz wireless communication, including
the importance of accurate estimation of AoA in massive MIMO enabled systems
operating at THz frequencies and the essential role of antenna alignment in THz
wireless communication. To address these challenges, a wide measurement campaign
was organized within the scope of this thesis, and a measurement setup was designed
at TUBITAK to take measurements at various distances and angles in the 240-300
GHz range. The measurement setup was used to collect data at 10 cm intervals
ranging from 20 cm to 100 cm distances, and from O degrees to 30 degrees. The
analysis of the channel impulse and frequency responses from these measurements
revealed that the channel complex gains varies not only with the distance between
transmitter and receiver but also with frequency. Additionally, the findings from the
measurement campaign and analysis highlight the need for developing new algorithms,

such as AoA estimation and beamforming techniques, to mitigate the effects of antenna
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misalignment in THz wireless communication systems. To address these challenges,
this work proposed a new AoSA-gold-MUSIC algorithm based on the AoSA for THz
enabled SINs with reduced complexity. The proposed algorithm accurately estimates
AoA while being computationally efficient, with higher accuracy compared to the
MUSIC algorithm. By addressing these challenges and investing in further research
and development, the full potential of the THz band can be unlocked, leading to a new
era of wireless communication systems that meet the ever-increasing demand for data

capacity and exchange of information.

Overall, this thesis has laid the groundwork for further research and development in the
THz band and wireless communication systems in 6G networks, providing valuable
insights into the challenges and potential solutions for achieving high-speed, reliable,

and energy-efficient communication.
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