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Abstract

Fifth-generation (5G) wireless communication is rapidly transitioning from concept to
global deployment. The fundamental technologies that facilitate 5G are millimeter wave prop-
agation, a massive multiple-input multiple-output (mMIMO) antenna array system, and the
deployment of ultra-dense networks. The forthcoming 6G wireless technology aims to increase
data rates, reaching an impressive 1Tbps with improved reliability and reduced latency to sup-
port emerging applications such as holographic communications, tactile and haptic internet,
and fully autonomous driving. The potential technologies for 6G under consideration are holo-
graphic MIMO, reconfigurable intelligent surface (RIS), artificial intelligence-assisted network
management, and terahertz (THz) spectrum for wireless communications.

THz spectrum is the next frontier in wireless communications, providing tremendously
higher contiguous bandwidth than mmWave propagation for data transmissions. THz wireless
can be a potential alternative to free-space optics (FSO) and mmWave technology for back-
haul/fronthaul terrestrial connectivity and last-mile access for the next-generation networks.
The THz band for wireless communications has appealing characteristics, such as contiguous
higher channel bandwidth in the license-free spectrum and robustness to atmospheric turbu-
lence due to the scattering effect. Although the THz band has been widely used for spec-
troscopy, imaging, and several other applications, its use for wireless communication is still
nascent. It is desirable to investigate statistical performance characterization and physical layer
algorithms for THz wireless communication as a proof of concept for the next-generation wire-
less systems. Further, integrating existing wireless technologies and infrastructure seamlessly
with THz communication is also essential to ensure a smooth transition and coexistence with
previous generations of communication systems.

THz propagation characteristics for wireless applications are challenging, which includes
higher path-loss due to molecular absorption, antenna misalignment errors, intricate signal fad-
ing, and transceiver hardware impairments. This thesis provides a detailed statistical charac-
terization and performance analysis of the THz band for wireless communication and develops
algorithms for integrating the THz wireless system with access, IoT, and cell-free network links,
considering the unique characteristics of THz propagation.

The thesis starts with an overview of THz wireless communication, emphasizing spec-
trum allocation, potential applications, and channel characterizations. Next, a general analy-

sis for multihop transmission is presented to extend the coverage range for the THz wireless



backhaul. The effect of dynamic shadowing due to human movement between transmitter and
receiver is also considered in the last link for a better performance assessment specific to the
THz propagation. Further, a comprehensive statistical performance for the integrated THz-RF
link are presented, demonstrating that existing RF access networks can be integrated with the
core network using the THz wireless backhaul as a potential alternative to the wireline fiber. A
distributed algorithm for aggregate node (AN) selection is presented for data collection from
an Internet-of-Things (IoT) network to an unmanned aerial vehicle (UAV). A triple technology
wireless backhaul consisting of mmWave, FSO, and THz is proposed to transfer collected data
to the core network. Leveraging unique characteristics of THz propagation, low-complexity al-
gorithms are proposed for cell-free wireless networks. Random access protocols are developed
ensuring successful transmission for multiple users with limited delay and energy loss, exploit-
ing the combined effect of random atmospheric absorption, non-linearity of fading, hardware
impairments, and antenna misalignment errors.

In summary, this dissertation provides a comprehensive performance evaluation and al-
gorithm design for THz wireless communication under diverse propagation environments to
efficiently deploy THz systems for 6G wireless communication integrated with the existing net-
work infrastructure. The proposed research investigates more exclusively the THz band for
wireless communications as a high-speed link and wireless backhaul support for access, 10T,

and cell-free networks.
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Chapter 1

Introduction

Wireless communication has evolved from simple telegraphy to sophisticated global net-
works, transforming the way people connect and communicate across the world [1-4]]. Pio-
neering work by Maxwell, Hertz, and Marconi in the late 19th century established the foun-
dations for understanding electromagnetic waves. Nyquist and Shannon later set crucial limits
on information transmission, laying the theoretical groundwork for subsequent advancements
[15,16]. The 1970s marked the birth of mobile communication with the introduction of the first-
generation (1G) cellular networks [7]. Subsequent decades saw the transition to digital com-
munication and the convergence of wireless with the Internet in the late 1990s and early 2000s,
giving rise to 2G, 3G, and 4G/LTE. The 2010s witnessed a pivotal moment with the deployment
of 5G networks, introducing unparalleled data speeds and low latency in augmented reality and
IoT. As we step into the future, ongoing research and development endeavors are focused on
6G, aiming to elevate connectivity, speed, and capabilities to new heights in the ever-evolving

landscape of wireless communication.

Fifth-generation (5G) wireless communication is evolving from a theoretical concept to
a global reality. This transition is made possible by fundamental technologies, including
millimeter-wave (mmWave) propagation, a massive multiple-input multiple-output (mMIMO)
antenna array system, and the widespread deployment of ultra-dense networks [8H11]. These
technologies collectively deliver high-speed and low-latency wireless connectivity, essential for
various applications and services. As 5G networks become more prevalent and advanced, the
groundwork for the forthcoming sixth-generation (6G) wireless technology is already being laid
[12]. The primary objective of 6G is to push the boundaries of wireless communication even
further. It aims to achieve substantially higher data rates, potentially reaching an impressive
1 Terabit per second (1 Tbps), while enhancing reliability and reducing latency. These im-
provements are crucial to support emerging applications that demand exceptional performance,
such as holographic communications, tactile and haptic internet experiences, fully autonomous

driving, high-precision manufacturing, and automation in various industries.

To realize the ambitious goals of 6G, several cutting-edge technologies are being consid-

ered. Holographic multiple-input multiple-output (MIMO) systems are on the horizon, which
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can provide a revolutionary approach to wireless communication [13-15]. Reconfigurable in-
telligent surfaces (RIS) can enhance wireless signal propagation and coverage by deploying
smart, adaptable surfaces in the environment. Artificial intelligence-assisted network manage-
ment will be pivotal in optimizing network performance, ensuring efficient resource allocation,
and enhancing security. Moreover, the exploration of the terahertz (THz) spectrum for wire-
less communication holds significant promise, offering distinctive possibilities for achieving
exceptionally fast and high-capacity wireless connections [[16-24]].

The THz spectrum represents the next frontier in wireless communication, offering sig-
nificantly greater and continuous bandwidth (ranging from 0.1 to 10 THz) when compared to
the propagation capabilities of mmWave for data transmission. THz wireless technology has
the potential to serve as an alternative to both free-space optics (FSO) and mmWave technol-
ogy for terrestrial backhaul/fronthaul connectivity and last-mile access in the next generation of
networks [25) 26]. THz systems possess attractive characteristics, including a continuous and
wider channel bandwidth within the license-free spectrum, as well as resilience to atmospheric
turbulence, unlike FSO communications [27/]]. THz communication can facilitate network den-
sification by adding more access points (APs) for the cell-free architecture. In situations where
traditional wire-line backhaul options such as digital subscriber lines (DSL) and optical fiber
may not be feasible, THz wireless systems emerge as a promising alternative for high-data-
rate transmission, contrasting with wireless backhaul/fronthaul operating in the RF/mmWave
frequency range [28]].

In light of the adoption of mmWave technology in 5G, it is advisable to explore the THz
spectrum for 6G wireless communication to address the challenges posed by the scarcity of
available spectrum. While the THz band has found applications in spectroscopy, imaging,
nano-communication, and various other fields, its utilization for wireless communication is
still in its early stages, primarily due to the challenges associated with achieving long-distance
communication. At the physical layer, THz propagation faces increased path-loss issues due
to factors like molecular absorption, misalignment errors in antennas, intricate signal fading,
and transceiver hardware impairments. The path-loss in the THz band is higher due to molec-
ular absorption of the signal at tiny wavelengths [29-32]. The effect of antenna misalignment
errors is also detrimental to THz performance, which occurs when transmit and receive anten-
nas fail to adequately align for line-of-sight (LoS) transmissions due to high directivity of the
signal beams, significantly limiting the physical communication range [33H36]]. In addition to
path-loss and misalignment issues, THz transmissions experience complex small-scale signal
fading. Simple fading models like Rayleigh and Rician distributions are insufficient to cap-
ture the random signal fluctuations at THz frequencies, requiring generalized fading models
[29-311 133, 134, 37-41]. Simple fading models such as Rayleigh and Rician are not adequate
to represent the random fluctuation of signal at THz frequencies requiring generalized fading
models. Transceiver hardware impairments (THI) represent another significant challenge, as

they inevitably degrade the performance of THz communication, especially at high data rates.
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These impairments arise from imperfections such as imbalances in in-phase and quadrature-

phase signal components, phase noise, and non-linearities in power amplifiers [42].

It is desirable for a thorough performance evaluation of THz wireless communication in
diverse propagation conditions, serving as a validation of the concept to enable the effective
integration of THz systems into 6G wireless communication. Moreover, developing physical
layer algorithms is imperative to seamlessly integrate THz wireless systems into existing in-
frastructure, including access networks, Internet of things (IoT), and cell-free networks. The
proposed research aims to assess the feasibility of THz wireless technology for terrestrial com-
munication in various real-world propagation scenarios and network setups, including backhaul,

fronthaul, and access links.

1.1 Literature Survey

In this section, an extensive review of the existing literature is undertaken to identify and

emphasize major research gaps in the field of THz wireless communications.

Back in year 2007, the author of the paper [[16] envisioned the utilization of the THz band
for short-range wireless communications and anticipated its practical implementation by the
year 2020. A conceptual discussion on short-range ultra-broadband THz Communications was
presented in [17]. The authors in [43] discussed the potential and feasibility of using THz
waves in the 100 GHz to 10 THz for future wireless communications and broadly investigated
enabling technologies and ongoing research. The authors in [18| [19] provided an overview
of the latest advancements in fundamental technologies for THz communications. They also
addressed various challenges and technical obstacles that must be considered when planning
to implement practical systems in the future. Various facets of Tbps radios operating within
the THz frequency spectrum have been addressed in [44]]. In their work presented in [20], the
authors successfully showcased a wireless connection that attained an impressive data rate of
100 Gbps while covering a 20-meter distance at a carrier frequency of 237.5 GHz. This was
achieved by integrating terahertz photonics and terahertz electronics, representing a significant

milestone in advancing high-capacity wireless communications.

The THz spectrum can provide tremendously high unlicensed bandwidth, which can be
a catalyst for next-generation wireless technologies. However, the path-loss in the THz band
is higher due to molecular absorption of the signal at extremely small wavelengths [29-32]].
In [29], the authors have presented an experimental characterization of the THz channel (300-
320 GHz). The effect of scattering and absorption losses on THz wavelengths in the absence
of white noise were examined in [30]]. Signal prorogation in the indoor environment with the
blockage effects by the walls and human bodies was analyzed in [31]. A spatial modulation
technique to mitigate the path-loss at THz frequencies using the properties of densely packed

configurable arrays of nano-antennas was presented in [32].
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In addition to the path loss, the THz transmissions undergo signal fading due to the multi-
path propagation [29-31} 133} 34, [37-41]]. The authors in [37] used the radiative transfer the-
ory with molecular absorption to present a propagation channel model for short-distance THz
transmissions. In [38], an experimental channel model in an indoor environment at 300 GHz
frequency for LOS and non-LOS scenarios was proposed. The authors in [39] have consid-
ered m-Nakagami fading to model a 4 x4 THz MIMO system. A shadowed Beaulieu-Xie (BX)
fading model was suggested in [40]. The authors in [41] used advanced channel characteris-
tics such as spherical wavefront, time-variant velocities, and space-time frequencies to model
a three-dimensional non-stationary channel for millimeter-wave and THz transmissions. Re-
cently, the generalized -y and fluctuating two ray (FTR) fading models are employed for THz
channels due to their tractability in performance analysis [34] [435]].

As is for any communication systems, THz systems are impacted by noise, interference
[46550], and antenna misalignment errors [33-36]. A simple and novel noise model and pa-
rameters fitting algorithm for THz band considering the molecular noise behavior has been
studied in [46]. An analytical model for interference in dense randomly deployed THz network
was presented in [47]. The authors in [48] proposed a model for channel noise inside human
tissues at the THz band considering the molecular absorption. The authors in [49] presented
a noise model for an intra-body system including Johnson-Nyquist, Black-body, and Doppler-
shift induced noise at THz frequencies. The effect of misalignment errors at higher frequencies
is inevitable even with highly directional signal beams. The authors in [36]] improvised antenna
gains for THz frequencies under the beam misalignment error due to the movement of anten-
nas. Significant research has recently been carried out to model the noise and interference for
THz systems [46-49]. Recently, a statistical model for antenna misalignment errors for the THz
system appeared in [S1].

Relay-assisted communication is a potential technique to deal with channel fading as well
as increase the data rate and extend the coverage range in wireless systems [52-54]. There has
been an extensive research on the relay-assisted multihop transmission for radio frequency (RF)
systems [55-H61] and FSO systems with antenna misalignment errors [62-67]. The authors in
[S5]] and [62] analyzed the exact outage probability of channel state information (CSI) assisted
(CA)-multihop transmissions over Nakagami-m and Gamma-Gamma fading channels, respec-
tively. In [S6], the authors used the method of induction to derive bounds on the performance
of CA and fixed gain (FG)-assisted multihop transmissions over Nakagami-m fading channels.
Similarly, the method of induction was used to derive bounds on the performance of CA and
FG-assisted multihop transmissions for FSO systems with Gamma-Gamma atmospheric turbu-
lence and antenna misalignment errors [63]. In [65]], an exact probability density function (PDF)
of FG-assisted multihop transmission for an FSO system with double generalized Gamma with
antenna misalignment errors was presented by generalizing the analysis for N hops using the
results obtained up to three hops. To this end, it should be mentioned that there is an extensive

literature on the decode-and-forward (DF)-based multihop relaying [66, 68-72]. However, the
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DF system requires each hop’s CSI for decoding. In [72], the DF relaying was used in each hop
for the mixed system consisting of multihop-assisted FSO and a single RF link. It should be
mentioned that the propagation characteristics and application scenarios for THz are different
from other state-of-the-art technologies such as RF and FSO.

In the context of THz, dual-hop THz-THz transmission has been studied in [/3-81]. The
authors in [73] presented a hybrid precoding design for the dual-hop MIMO THz network. In
[74]], the authors presented the outage probability analysis of a dual hop THz-THz system using
the DF relaying protocol. In [75], the authors analyzed the THz-THz dual-hop system with
fixed-gain relaying considering zero-boresight antenna misalignment errors, while the authors
in derived an upper bound on the performance analysis of a dual hop THz-THz link utilizing FG
amplify-and-forward (AF) relaying technique. The authors in [[76] suggested a relaying scheme
to optimize the network throughput for THz-band wireless communications. A multi-relay se-
lection strategy to mitigate the antenna misalignment and channel fading was proposed in [77/]].
The authors in [78] considered an AF relay for nano-scale THz transmissions without consid-
ering the effect of short-term fading. Considering Rayleigh fading, [[79] studied an AF-assisted
cooperative In-Vivo nano communication at THz frequencies. The authors in [80] proposed a
simplified hybrid precoding design for THz-MIMO communication system consisting of a two-
way AF relay with orthogonal frequency division multiplexing (OFDM). The outage probability
of a THz-THz relaying scheme with MIMO is presented in [81]. In [82]], an energy-efficient
multihop routing protocol for the THz wireless nano-sensor network has been proposed. The
authors in [83] investigate the beam-forming techniques for multihop RIS empowered THz
communications over Rician fading. A gap exists in the research when it comes to assessing the
effectiveness of multihop THz transmissions as a means to extend the communication range.

Incorporating a novel technology into the current network infrastructure is a crucial under-
taking when embracing new technological advancements. Mixed or integrated RF-FSO systems
have been extensively studied in [84-98]. A dual-hop RF-FSO relay system over the asymmet-
ric links was studied in [84]. The BER performance and the capacity analysis of an AF-based
dual-hop mixed RF-FSO were presented in [85]. The authors in [86] have investigated the
end-to-end outage performance, where the RF and FSO links were modeled as Rayleigh and
M -distributed, respectively. The authors in [87H89] have analyzed the FSO performance under
the turbulence and antenna misalignment errors using a dual-hop transmission with a single-
relay without direct transmissions. Recently, a dual-hop relaying combined with mmWave and
FSO technologies was studied in [91]. It should be emphasized that the FSO system experiences
entirely different fading channels (i.e., atmospheric turbulence) compared with the THz. Other
hetrogenous networks also exist such as RF-power line communications (PLC) [99], mmWave-
FSO[100} 101], PLC-visible light communications (VLC) [102], and RF-underwater wireless
communications (UWOC) [103]].

In the light of above, there is limited research on the RF-THz integrated network [33]]. The

authors in [33] considered the DF relaying protocol to facilitate data transmissions between
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the THz-RF mixed link. They have developed outage probability, average bit-error-rate (BER),
and ergodic capacity performance for THz-RF transmissions by deriving PDF and cumulative
distribution function (CDF) of the THz link in terms of incomplete Gamma function over a-p
fading with zero-boresight antenna misalignment errors. It is well known that o~ is a general-
ized model which includes Weibull, negative exponential, popular Nakagami-m, and Rayleigh

distribution as a particular case to model short-term fading at RF frequencies [[104].

Data collection in 10T networks can be challenging due to data volume, difficult terrain,
and energy limitations of 10T devices. In recent years, researchers have focused on addressing
the issue of efficient data collection in IoT networks [105H111]. The authors in [106] propose an
information-centric data collection algorithm, which supports the collection of multimedia sen-
sor data in the short-range between mobile devices and wireless sensors based on their moving
speeds. The work presented in [[107] focuses on a secure data collection scheme for an IoT-
based healthcare system using field-programmable gate array (FPGA) hardware-based ciphers
and secret cipher shared algorithms. In [[109], the authors have presented a thorough survey of
unmanned aerial vehicle (UAV)-assisted data collection technologies, including clustering of
sensor nodes, UAV data collection mode, and resource allocation. The authors in [[110]] have
addressed the issue of data collection maximization with an energy constraint UAV in an [oT
network. The authors in [111] investigate the use of UAVs to efficiently collect sensed data in
wireless rechargeable sensor clusters located in challenging terrains. It is desirable to develop

algorithms for distributed selection of AN for efficient data collection.

Recent research investigates various high-speed hybrid wireless backhaul networks as po-
tential alternatives to wireline optical fiber and DSL [1125119]. In [[112], the authors have ana-
lyzed a point to a multi-point communication system for multiple FSO and RF users employing
hybrid FSO-RF link. Another study [[114] presented a low-cost hybrid RF/FSO backhaul solu-
tion, where base stations are connected using optical fiber or hybrid links. In [[115], the authors
considered a hybrid FSO/RF backhaul network to provide seamless connectivity in rural ar-
eas. The work in [116] focused on a multiuser mixed RF and hybrid FSO/RF system, where
multiple mobile users transmit their data to an intermediate DF relay node through a virtual
multiple-input multiple-output MIMO RF link. In [117], a switching scheme was proposed for
a DF-relaying-based hybrid FSO/RF system using maximal-ratio combining (MRC) at the des-
tination. A study on the performance of a hybrid mmWave/FSO system was described in [118]]
and supported by Monte Carlo simulations. In [[119]], the authors proposed a hybrid FSO/THz-
based backhaul network to deliver high data rates to terrestrial mobile users through mmWave
access lines. Nevertheless, none of these studies have explored the simultaneous combination
of all three communication methods (mmWave, FSO, and THz), a possible approach for next-
generation wireless communication networks, particularly in high data rate and high bandwidth
applications. Note that combined approach for hybrid and mixed wireless communication has
also been studied in [120-124]].
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THz wireless technology holds the potential to play a vital role in access networks, particu-
larly in densely deployed networks with limited coverage, such as cell-free networks [[125-128]].
Specifically, cell-free networks are envisioned as a crucial wireless communication architecture
where multiple access points (APs) are strategically placed within a defined area to serve multi-
ple users in close proximity. Consequently, the distance between users and APs is significantly
reduced compared to traditional cellular systems. This inherent characteristic positions the THz
band as an ideal candidate for integration into multiuser cell-free networks [129-132].

THz wireless backhaul/fronthaul networks have been investigated specifically in the con-
text of single-user transmission [[75, 119, [124]], limited research have focused on the multi-user
THz wireless communications [133H137]. The authors in [133], the authors propose hybrid
beamforming applicable to situations involving single-users as well as multiple users. The au-
thors in [[134] introduced a communication system for a multi-user scenario in the terahertz
range utilizing a uniform circular array incorporating both downlink and uplink transmission
strategies. In [[135], the authors propose a sensing-aided THz wideband hybrid precoding for
multi-user environment. The authors in [136] address the channel estimation problem for an
reconfigurable intelligent surface (RIS)-aided THz multi-user multi-input single-output system
utilizing a two-stage channel estimation scheme. In [[137] presents a physical random access
channel preamble design for the 6G cellular communication systems in the sub-THz bands.

The use of THz band for cell-free wireless communication is studied in [|[129~132]]. The
authors in [129]] and [[130] list qualitative research directions for the use of THz in the cell-
free mMIMO systems. The work presented in [131] proposes employing the THz spectrum for
wireless backhaul connections connecting UAV base stations to central-processing unit (CPU).
The authors in [132] explores the vulnerability of THz wireless technology to physical-layer
jamming in the framework of cell-free mMIMO systems.

Multiuser interference cancellation has been studied extensively for cell-free wireless net-
work [[138-142]]. The interference cancellation requires complex signal processing at the CPU
and significant overheads. In this context, random access protocol can be a potential alternative
[91) [143-147]. The authors in [143]] introduce random access control strategies designed to
mitigate collisions and maintain system stability under high traffic loads by limiting the number
of transmissions and retransmissions. The authors in [144] present an adaptive protocol design
for ad-hoc networks in which mobiles learn the local topology and incorporate this information
to adapt their medium access probability (MAP) selection to their local environment. In [[145],
the authors use an adaptive-opportunistic ALOHA media access control protocol for unmanned
aerial vehicle-wireless sensor network (UAV-WSN) systems. In [146]], the authors propose a
random access scheme for an indoor optical wireless communication (OWC) massive IoT sce-
nario such that collisions occurring at access points are resolved by employing a centralized
interference cancellation that harnesses both spatial and temporal diversity. In [91]], the work
presents an adaptive transmission protocol to improve the performance of slotted ALOHA,

which transmits periodically in different time slots to minimize packet collisions. The work
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in [[147] proposes an adaptive random access protocol for massive IoT networks that exploits
nonorthogonal multiple access (NOMA) with short-packet transmissions and automatic request

and repeat (ARQ) strategy with a limited number of retransmissions.

Considering the literature discussed above, several research gaps become evident within
the field of THz wireless communications. These gaps include topics like multihop THz trans-
mission for extending range, the integration of RF-THz networks across diverse scenarios, data
gathering from challenging terrains, and the development of low-complexity multiuser THz

transmission techniques for short-range communications.

1.2 Motivation and Objective

This section provides insight into the motivation behind the proposed research, taking into

account the existing research gaps within THz wireless communication.

The existing relay-assisted THz wireless system is limited to dual-hop transmission with
antenna misalignment errors and short-term fading without considering the shadowing effect.
The multihop THz system extending the range of backhaul link has not been studied in the
literature. It is well-known that analyzing the performance of multihop transmissions, even
for single-parameter RF fading distributions is challenging, especially when multihop links are
assisted by the AF relaying. In general, the performance of multihop-assisted AF relaying is
approximated by expressing the resultant SNR as the product of SNR of individual links using
the inequality of harmonic and geometric mean. Further, the method of induction (generaliza-
tion for N hops realized through expressions derived for the first few hops) is applied to derive
the PDF, and thereby CDF of the multihop system [63]. Note that the mathematical induction
method is not applicable for THz transmissions under the combined effect of a-; fading with
antenna misalignment errors and requires novel approaches for its statistical analysis. More-
over, it is desirable to derive exact analytical expressions of a CA relaying, which serves as a

benchmark for all practical multihop systems employing AF relays [63].

The existing integrated RF-THz system has several research gaps. Firstly, the statistical
analysis is limited to integer values of the fading parameter, ;. Secondly, the assumption of
short-term fading being independent and identically distributed (i.i.d) with identical parameters
« and y for both the THz and RF channels may not be feasible considering two technologies
operating at different frequency bands. Existing analytical tools are readily applicable to an-
alyze the performance of THz-RF over i.i.d. fading. Moreover, there is a lack of asymptotic
results that could offer valuable insights into the relationship between antenna misalignment
errors and fading parameters, even in the context of the i.i.d. THz-RF mixed system. Further-
more, there is no analysis for average SNR and ergodic rate performance for THz-RF relaying.
Performance bounds, along with in-depth analyses of metrics such as outage probability, aver-
age signal-to-noise ratio (SNR), ergodic rate, and average bit-error rate (BER), are crucial for

real-time system parameter adjustments, contributing to the efficient deployment of THz-RF
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systems. Thirdly, the existing research primarily focuses on single-antenna RF systems. It re-
quires novel approaches to derive statistical results of the end-to-end system in a closed form
when the diversity combining technique is applied at the RF receiver and integrated with the
THz link over generalized fading channels.

Current research primarily focuses on collecting data from [oT devices to an AP or a UAV
with little emphasis on further transmitting it to the core network through a backhaul link.
Further, the algorithms used for data collection must be optimized, considering the energy con-
straints of IoT devices. Moreover, the backhaul must be capable of handling the amounts of
data generated by IoT devices while also providing high reliability. Thus, developing a low-
complexity data collection algorithm for IoT networks, coupled with a robust backhaul, is es-
sential to ensure seamless connectivity with the core network. The end-to-end data collection
performance from an [oT network in hard-to-access terrains transferred to the core network via
an intermediate UAV and a high-speed wireless backhaul should be investigated.

The current research on THz wireless communications is predominantly focused on its
application in backhaul/fronthaul connectivity with a model appropriate at the sub-THz band.
While conventional RF is commonly employed in access links, it is crucial to investigate mul-
tiuser transmission schemes based on random access designed for the THz band. Low complex-
ity multiuser transmission for cell free-network is possible by exploiting the combined effect
of random atmospheric absorption, non-linearity of fading, hardware impairments, and antenna
misalignment errors. The current model assumes a deterministic path-loss, suitable for stable
channel environments like backhaul/fronthaul scenarios. The multi-parameter a-7-x-p can fit
the experimental data at true THz frequencies more accurately in various scenarios. Existing
statistical analysis either neglects THI’s effect or provides approximate results when analyzing
the performance of the THz system combined with channel fading and antenna misalignment. A
more general THz model is required to facilitate the development of low-complexity algorithms
for multiuser THz transmission.

The efficiency of a random access protocol depends on the quantity of users seeking chan-
nel access. Unlike RF, THz signal propagation introduces heightened complexity, encompass-
ing factors such as losses from molecular absorption, short-term fading, antenna misalignment
errors, and impairments in transceiver hardware. Currently, there is no research available on a
random access protocol designed for a cell-free wireless network that capitalizes on the distinc-
tive features of THz signal propagation.

Motivated by the above discussion, the primary objectives of this dissertation are given as

follows:

* Extend coverage for THz wireless backhaul connectivity using multihop transmission.

* Analyze the integration of the THz backhaul link with access network over conventional

RF propagation.
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* Design distributed protocols for data collection from 10T network assisted by the hybrid
THz/mmWave/FSO technologies.

* Develop random access protocols for multi-user cell-free wireless networks exploiting

THz channel characteristics.

1.3 Contributions

The thesis consists of seven chapters and delves into the performance analysis and algo-
rithm design for THz wireless communication, along with its integration into various networks,
including access, IoT, and cell-free. In the subsequent sections, we provide a detailed overview
of the key contributions in each chapter of the thesis.

In the present chapter, we reviewed the related research work to point out various research
gaps in the study highlighting motivation to pursue the current research.

Chapter 2 reviews the THz system and its applications. We also explore different types
of channel models for signal attenuation, short-term fading, and antenna misalignment errors.
Also, an informal overview of the performance metrics for the THz system is presented.

In Chapter 3, we analyze the performance of a multihop-assisted THz link for both uplink
and downlink transmissions. We consider the AF relaying for the multihop system and employ
DF and AF protocols to interface with the end-user for uplink and downlink, respectively. We
consider the generalized independent and not identically distributed (i.ni.d.) a-u fading distri-
bution for the multihop link and the composite generalized- K shadowed fading for the end-user
link, both under the combined effect of antenna misalignment errors. We derive novel PDF and
CDF of the end-to-end SNR of the multihop backhaul link employing CA relaying for each
hop. We develop an upper bound for the FG relaying based multihop transmission by deriving
the exact PDF of the product of /N i.ni.d. random variables that are distributed according to
the product of a-4 fading and antenna misalignment errors. We develop statistical results of an
all FG-relayed downlink transmission by employing the FG protocol in the last hop to mix the
FG-multihop and access link in terms of the bivariate Fox’s H-function. We validate the derived
analysis using Monte-Carlo simulations and demonstrate the significance of multihop relaying
to extend the communication range for THz wireless transmissions under the effect of fading,
antenna misalignment errors, and shadowing.

In Chapter 4, we analyze the performance of integrated THz-RF link for data transmission
between the central processing unit of a core network and a user through an AP in a wireless
network over a-p fading channels. We consider a generalized model for the end-to-end channel
with i.ni.d. fading model for THz and RF links, the THz link with antenna misalignment errors,
and asymmetrical relay position between the source and destination. We derive a closed-form
expression of the CDF for the SNR of the THz link using the combined effect of a-u fading and
antenna misalignment errors. The derived CDF is also valid for non-integer values of  for a

generalized performance analysis over THz fading channels. We also analyze the performance
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of a mixed RF-THz wireless system assisted by a fixed-gain AF relaying by considering non-
zero boresight antenna misalignment errors with -y fading for the THz and generalized a-x-p
shadowed (a-KMS) fading [[148] for the RF link. Finally, we analyze the performance of a
two-tier system consisting of a single-antenna THz link and a multiple antenna receiver system
for RF transmission in an uplink wireless network.

In Chapter 5, we investigate end-to-end performance of data collection from an 10T net-
work in hard-to-access terrains transferred to the core network via an intermediate UAV and
a high-speed wireless backhaul link (BHL). We consider triple technology in the backhaul to
harness the diversity of three links without increasing the data rate of the backhaul. We de-
velop a self-configuring protocol for aggregate-node (AN) selection, which sends a data packet
collected from the IoT network to a UAV. We utilize a hybrid triple-technology wireless BHL,
which simultaneously transmits the information from the UAV to the core network using mW,
FSO, and THz links for high-speed and reliable data transmission. The inclusion of THz con-
nectivity into the current hybrid mmWave/FSO system brings about system diversity, resulting
in improved performance, increased reliability, and superior quality of service (QoS) in differ-
ent scenarios, particularly in challenging weather conditions. We also integrate the IoT network
and BHL employing the DF protocol at the UAV and analyze the physical layer performance
using the outage probability and average BER.

In Chapter 6, we develop a generalized statistical model for signal propagation at THz fre-
quencies encompassing physical layer impairments, including random path-loss with Gamma
distribution for the molecular absorption coefficient, short-term fading characterized by the a-
n-k-p distribution, antenna misalignment errors, and transceiver hardware impairments. Next,
we propose random access protocols for a cell-free wireless network, ensuring successful trans-
mission for multiple users with limited delay and energy loss, exploiting the combined effect
of random atmospheric absorption, non-linearity of fading, hardware impairments, and antenna
misalignment errors. We consider two schemes: a fixed transmission probability (FTP) scheme
where the transmission probability (TP) of each user is updated at the beginning of the data
transmission and an adaptive transmission probability (ATP) scheme where the TP is updated
with each successful reception of the data. We analyze the performance of both protocols using
delay, energy consumption, and outage probability with scaling laws for the transmission of a
data frame consisting of a single packet from users at a predefined quality of service (QoS).

Chapter 7 concludes this thesis by providing a summary, and indicating possible directions

for future research.



Chapter 2

Overview of THz Wireless

Communications

THz technology has garnered substantial attention within both the academic and industrial
communities for wireless communication [21524]. This heightened interest can be attributed to
the intriguing characteristics of THz waves, which include the availability of tens and hundreds
of gigahertz in bandwidth and the relatively low health risk associated with this frequency range.
Furthermore, as millimeter-wave communication systems continue to advance, researchers are
naturally shifting their focus toward the THz spectrum. In accordance with Shannon’s theory,
the expansive bandwidth offered by the THz frequency bands has the potential to support Tbps
wireless communication systems. This opens up exciting possibilities for various applications,
such as holographic communications, tactile and haptic internet experiences, fully autonomous
driving, high-precision manufacturing, and automation in various industries. These applications
collectively enhance the quality of services and provide users with superior experiences [12]].
Nevertheless, while THz technology holds promise for meeting the demand for exceptionally
high data rates, it is essential to acknowledge the presence of numerous technical challenges

that must be overcome [23, 24].

With growing congestion in the spectrum, even in the mmWave band, the focus of spec-
trum allocation is shifting towards the THz bands to accommodate various wireless communi-
cation applications. The primary aim of this spectrum allocation is to ensure the efficient and

interference-free operation of a wide array of wireless services as depicted in Fig. 2.1]

The THz band boasts diverse applications in fields like research and exploration, encom-
passing spectroscopy, astronomy, and material characterization. Further, it is used for imaging
and sensing tasks, such as security screening and medical diagnostics as shown in Fig. 2.2]
Furthermore, the THz band holds significant potential in domains including wireless commu-
nication, military and defense, and atmospheric and environmental research, owing to its vast
bandwidth and distinctive channel characteristics. THz wireless communication opens up pos-
sibilities for a wide range of indoor and outdoor applications, spanning from short distances of

a few meters to extended connections up to kilometers. In the context of backhaul, wireless
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Figure 2.1: Spectrum allocation for different wireless services.

point-to-point links are commonly employed to transmit data to the base stations, particularly
in areas where optical fiber infrastructure is unavailable. These areas include rural and remote
areas, developing regions, hard-to-access terrains, and temporary installations where installing
optical fiber is either challenging or not economically viable. In the case of fronthaul, wire-
less point-to-point links establish connections between a base station and the remote radio unit.

These systems typically require strict LoS conditions between the transceivers at both link ends.

The THz frequency band exhibits specific traits, including high-frequency attenuation,
molecular absorption, and distinctive scattering properties [29-32]. Further, using highly di-
rectional antenna radiation patterns to counteract high path loss often results in frequent beam
misalignments due to the relative movement of transmitting and receiving antennas [S1]. The
THI also plays a significant role in the performance of the communication systems at the THz
frequencies. These effects must be considered during the channel modeling process. Conse-
quently, the existing channel models intended for the RF band are unsuitable for the THz band,
as they do not account for various phenomena such as attenuation and noise introduced by
molecular absorption and scattering from particles of a size comparable to the very short wave-
length of THz waves [[149]. These considerations underline the necessity for developing new

models that effectively characterize the intricacies of the THz spectrum.

In the following, we describe channel models for THz wireless communication.

2.1 Deterministic Path-Loss Model

Path-loss in THz wireless communication refers to the reduction in signal strength as THz
waves propagate through the atmosphere. This loss occurs due to various physical phenom-
ena and interactions unique to the THz frequency range. Path loss is a critical consideration in
THz communication system design and analysis. Several factors contribute to path loss in THz

wireless communication such as Free-space path-loss, antenna gains, frequency, atmospheric
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Figure 2.2: THz Applications.

absorption and scattering. The deterministic path-loss H; for a THz wireless link is mathemati-

cally expressed as [34]:
Cy/ GtGT

1
H, = deeXP(_§k(f> 1,4, p)d) (2.1)

where ¢, f, and d respectively denote the speed of light, the transmission frequency and distance.
G, and G, are the antenna gains of the transmitting antenna and receiving antenna, respectively.
The term k(f, T, 1, p) is the molecular absorption coefficient depends on the temperature 7',

relative humidity ) and atmospheric pressure p
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where v = %’@. The term p,, (T, p) represents the saturated water vapor partial pressure

at temperature 7', and can be evaluated based on Buck’s equation. The values of the other
parameters are given in Table [4.1] [34]].

2.2 Antenna Misalignment Errors Model

Antenna misalignment error models in THz wireless communication are critical for un-
derstanding the impact of misalignment between transmitting and receiving antennas on signal
quality and system performance. Misalignment errors can significantly degrade THz communi-

cation links due to the highly directional nature of THz waves.
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Table 2.1: Parameters for the Molecular Absorption Coefficient k

Symbol Value Symbol | Value
Q1 0.2205 Qo 0.1303
qs 0.0294 qa 0.4093
qs 0.0925 06 2.014
qr 0.1702 qs 0.0303
Q9 0.537 q10 0.0956
c1 5.54 x 10737 Hz~* 4 —6.36 x 1072 Hz*
o —3.94 x 107% Hz? P 10.835 cm !
C3 9.06 x 10~ Hz ! Do 12.664 cm !

To model antenna misalignment errors, we assume a Gaussian beam with a beamwidth (w,)
propagating over a distance z from the transmitter to the detector with aperture radius 7. When
there is a misalignment, the antenna misalignment error loss coefficient can be approximated as
[150]

272
h,(T;2) = Agexp (— wgeq> (2.3)
where 7 is the radial displacement between the centers of the beam and detector, A, is the
fraction of collected power at 7 = 0 derived through A, = erf(v)? with v = /7/2 r/w,
and w, as the beam width. Here, w.,, is the equivalent beamwidth at the receiver [150]. For a
statistical modeling of the antenna misalignment error, we can assume horizontal and vertical
displacements as Gaussian distributed 7, ~ N (j, 02) and 7, ~ N (p,, o), where 11 quantifies
the boresight and o2 is the variance of jitter. Assuming zero-boresight (i.e., pi, = p, = 0) and
equal jitter (o0, = 0, = 0,), the radial displacement 7 follows a Rayleigh distribution. We
define p = % Using the Rayleigh distribution of 7 and applying transformation of random
variables in (2.3), the PDF of h,, is given as [150]:

2
fu(2) = L5210 < 2 < A, (2.4)

= >
p
AO

Next, we use the generalized non-zero boresight statistical model for h,, [151]]:

2 S
pexp (557 ) 1 o Wieq In 5p
fhp(hp) = %hﬁ 7, (% QT’W) (2.5)
where s = /pu2 + ,ug is the boresight displacement with 1, and p, representing horizontal
and vertical boresight values, respectively, Sy is the fraction of collected power without antenna
misalignment errors, ¢ is the ratio of normalized beam-width to the jitter, and /,(-) denotes the

modified Bessel function of the first kind with order zero.
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Most of the literature provides statistics of the THz link over short-term fading and FSO an-
tenna misalignment errors. The antenna misalignment errors in the THz band for aerial/mobile

communication [S1, [152] are statistically modeled using the PDF
fo, (hp) = —p*In(hy)Bo~" (2.6)

where 0 < z < 1. p = \/% determines the severity of the misalignment errors, where wp
is the angular beamwidth (beam divergence) of the signal and oy is the variance of the angular
fluctuation, which models the effect of angular fluctuations at both the transmitter and receiver.
This model effectively captures the dynamics of UAV-assisted THz transmission. If the standard
deviation of the jitter o, — 0, the antenna misalignment errors parameter p will also approaches

Wz

to infinity (p = 5* — 00). Therefore, the PDF of antenna misalignment errors h,, will be zero,

that means there is no effect of antenna misalignment errors (i.e., h, = 1).

2.3 Short-term Fading Models for THz Link

Short-term fading models for THz wireless communication are essential for understand-
ing the rapid and momentary fluctuations in signal strength that occur over short periods of
time. These models help characterize the dynamic nature of THz channels. The choice of
a short-term fading model in THz communication depends on the specific characteristics of
the channel, including the presence of line-of-sight components, non-linearity of the channel,
multipath clusters, power level of signal components, and scattering level of the propagation
environment. We have used the following distributions to model the short-term fading in the

THz wireless link.

2.3.1 a-y Model

Recently, the authors in [[149] conducted extensive experiments in indoor environments to
model short-term fading of THz signal at a frequency of 143 GHz. It is shown in [149] that
classical fading models for the RF (Rayleigh, Rice, and Nakagami-m) lack fitting accuracy,
whereas the -y distribution provides an excellent fit. The PDF of the fading channel |h (| with
the o — p distribution for the THz link is given as

apt

fing1 () = Wx““‘l exp ( — u&) 2.7)

where (2 is the a-root mean value of the fading channel envelope. Here, o denotes the channel
non-linearity while p specifies the number of multipath clusters in the THz channel and T'(+)
denotes the Gamma function.

The a-p is a generalized short-term fading model which includes Weibull, negative ex-
ponential, Nakagami-m, and Rayleigh distribution as a special case [[104]. Recent experiment

campaigns validates a-p distribution for the short term fading in THz link at a 142 GHz carrier



Table 2.2: Shopping mall links parameters of the a-u distribution.

2.3. Short-term Fading Models for THz Link

Transmitter| Link Distance (m) | « W
Number
1 5.1 3.35467 | 1.11365
2 10.04 3.28199 | 1.71725
4 27.51 4.9364 | 0.31735
7 65.2 4.04712 | 0.44506
24 3.15 3.37619 | 2.77203
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frequency for a link length within 50 m [149, [153]]. A concise table of experimental data in a
Shopping mall is presented in Table [2.2][149].

2.3.2 FTR Model

The authors in [45] used the actual measurement data demonstrating the better fit of the
FTR model than the a-p at a frequency of 304.2 GHz. To model the small-scale fading in
the THz band, we also use the FTR fading channel. The FTR channel model is specifically
designed to capture the statistical properties of a received signal that consists of dominant spec-
ular components along with random fluctuations. It has been shown to provide a more accurate
representation of small-scale fading measurements in mmWave communications compared to
other fading models [154].

To model |hf;|?, we use the FTR fading channel with PDF given as [154]:

Z ﬁ’f“‘ ;”UZ)JH exp(—3%) (2.8)

Fingi2(2) =
where K is the ratio of the average power of the dominant component and multi-path, m is
the index of fading severity, and A denotes the similarity of two dominant waves. The term

o? represents the variance of diffused components such that 0? = for the normalized

2(1+K)
averaged SNR. The factor d; is defined in [154] and recently updated with an additional factor

in [155].

2.3.3 Generalized- X’ Model

In [[156], the generalized- K fading distribution is adopted to model the THz transmissions
in the access link. We consider the generalized- /X distribution to model the instantaneous power
|hi.|? (which includes the short term fading and random path gain) of the shadowed THz access
link [[157]]:

2pmA

f‘hkp(x) = —ZEmTA_

T(me)T(my) Koy (20V7), 2.9)
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where mq = 0,>0 denotes the severity of shadowing with factor ogg = 8.6860,,,

1
exp(c2)—1’
my>0is frequency dependent parameter characterizing the small-scale fading, m4 = mq +m,
and my; = mq — my are the distribution shape parameters of K, (.), which is modified Bessel
function of the second kind of v-th order, and I'(.) denotes the gamma function. Denoting & 4 ( f)

as the absorption coefficient, d 4 as the distance of the access link, GG 4 as the antenna gain, P, as

\/G%PAcp(ezxpg(J%/Q) (47r§Af
© = exp(ka(f)da) is the path loss due the molecular absorption of the signal transmission in

the THz band.

the transmit power, 7) as the path loss coefficient, we define b = )77, where

234 a-n-k-p Model

In [158], M. D. Yacoub proposed the a-n-+x-p model as the most flexible and compre-
hensive wireless channel fading model at high frequencies since it encapsulates various fading
characteristics such as nonlinearity of the propagation medium, number of multi-path clusters,
scattering level, and power of the dominant signal components. Later, Silva et al. [159] im-
proved the mathematical representation of the PDF and CDF of the channel envelope. The
multi-parameter a-n-x-p model encompasses a-p, k-pt, N-p, a-n-p, and a-k-p as the special
cases, and thus can fit the experimental data for mmWave and THz signals more accurately in a

variety of scenarios.

The envelope R of the a-n-k-p is given by [158][159]
Hax
R* =) (Xi+)\,) +ZY+)\% (2.10)
=1

where o denotes the non-linearity of the channel, u, and y, denote the number of multi-path
clusters of in-phase component and quadrature component, respectively, A,, and \,, are the
average values of the in-phase and quadrature components of the multi-path waves of the i-th
cluster, respectively, and X; ~ N(0,02) and Y; ~ N(0,0;) are mutually independent Gaus-
sian processes, where o2 and 05 are variances of in-phase and quadrature components of the
multi-path waves, respectively. In general, the a-n-x-p model is quantified by seven different
parameters, namely «, 1, k, i, p, q, and 7. To define these parameter, denote the power of

in-phase (z) and quadrature-phase (y) components of dominant (d) waves and scattered (s)
Psg

b
sy

_ sz+PLiy _ HzJFNy — Pd(L‘ Psz — (67 1 1 1
= PPt b= p=tEg = Pa /5= pss and 7 = {/E[R?]. It is worth mentioning

that by appropriately conﬁgurmg the parameters, we can obtain a range of fading models. The

waves as P, where a € {d,s} and b € {z,y}. Thus, we define the parameters as n =

specific parameter values for different fading models are detailed in Table[2.3]

The authors in [159] presented the PDF fz(r) of the envelope R in terms of the generalized
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Table 2.3: Special Cases of the Generalized a-n-x-u Fading Model

Models a n K ) P q
a-n-p « n 0 20 1 q
O-K-[4 o p K 20 1 q

a-p « p 0 W 1 q

- 2 n 0 L 1 q

K- 2 P K 7 1 q

n-K 2 n K 1 1 q
Nakagami-m 2 1 0 0.7 1 1
hoyt 2 3 0 0.5 1 1
Weibull 3 1 0 1 1 1
Rayleigh 2 1 0 1 1 1

Laguerre polynomial (L,,) and the regularized hypergeometric function (o F)):
a I % T.ozu—l r 0 r
Falr) = ((fu)) (g) " e < p§u> Z( €u p- n))
exp (%) n T —

I - 2 a0 2
LT (YR (s PO @.11)
6(n—p) o

where § = % and § = W It can be seen that the PDF fz(r) contains an infinite
series representation, which approximates the system performance when a finite number of

terms are used for the convergence of the distribution function.

2.3.5 Gaussian Mixture Model

For the THz link, recently, the authors in [160] have demonstrated through experiments
that short-term fading in outdoor THz environments can be precisely modeled using a Gaussian

mixture fading model. The PDF of the Gaussian mixture distribution is given by:

K exp ( _ (m;u;?)
figl (@) = Y _w :

p V2imo;

(2.12)

where the mean and standard deviation of the ¢-th Gaussian mixture component are denoted
by u; and o;, respectively. The number of Gaussian mixture components is represented by K,
and the weight of the i-th mixture component is given by w; € [0, 1] such that ) fi Jw; = 1
Table[2.4{showcases a brief summary of experimental data collected in an outdoor environment,

as documented in [[160]].
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Table 2.4: Fitting accuracy metrics of Gaussian mixture distribution with different values of

K.

Link Link Distance (m) KL R (dB) K
Tx,-Rx, 13.72 0.037 —15.41 | 4
Tx,,-Rx, 16.41 0.045 —16.71 | 11
Tx,,-Rx, 38.15 0.018 —18.09 | 10
Tx,,-Rx;, 57.11 0.015 —18.98 |13
Tx,-Rx, 127.86 0.064 —15.05 | 20

2.4 Transceiver Hardware Impairment Model for THz Link

THI in a THz link can significantly affect the performance and reliability of THz com-
munication systems. These impairments arise from various hardware components within the
transceiver and the challenges associated with operating in the THz frequency range.

The complex Gaussian distribution to model the THI has been thoroughly validated
through theoretical and experimental approaches, as described in [34, 42, [161-164]], and the
references therein. Thus, w; and w, denote the components for the residual hardware im-
pairment modeled statistically using Gaussian distribution as w; ~ CN(0,k?P), and w, ~
CN (0, k2 P|h;h|*) with factor k; and k, characterizing the extent of hardware imperfections in
the transmitter and receiver, respectively. The typical values of k; and k, is in the range of
(0-0.4) for the THz band as suggested in [34], while k&, = k. = 0 corresponds to an ideal
front-end.

2.5 Performance Metrics

The performance metrics of a wireless system, including average SNR, outage probabil-
ity, ergodic capacity, and average BER, hold significant importance in the context of wireless
communication. Average SNR is an important parameter since it indicates the signal quality,
helping to determine if the communication channel can maintain a clear and reliable connection.
Outage probability is crucial for assessing the system’s reliability, providing insights into the
likelihood of signal degradation, which is essential in critical applications where uninterrupted
communication is required. Ergodic capacity helps as analyze the long-term performance of
a wireless system, assisting in optimizing data transmission rates and resource allocation. Av-
erage BER is fundamental in ensuring data integrity, as it reveals the average number of bit
errors in received data. These metrics collectively enable network engineers and researchers to
fine-tune wireless systems, ensuring that they meet performance requirements, maintain data
quality, and guarantee seamless communication under various conditions, thereby enhancing
the overall user experience and system efficiency.

In the following, we present various performance metrics for the THz wireless system

to highlight the importance of our analytical results and techniques through comparisons with
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state-of-the-art approaches.

2.5.1 Average SNR

The SNR is an important parameter for a communication system, which provides a mea-

sure of received signal quality. We define the average SNR by taking the expectation operator
SNR = E{v} as

¢
SNR = / v fy(y)dy (2.13)
0

where ( is the limit of integration and f,(7) is the PDF of SNR v = £ °2 — yoh2, P is the

2
Tw

average transmitted signal power, h is the random channel coefficient, and noise variance o2,

2.5.2 Outage probability

Outage probability is a performance measure to demonstrate the effect of the fading chan-

nel. It is defined as the probability of failing to reach an SNR threshold value ~y,:
Pows = P(v < ym) = () (2.14)

where £, (7) is the CDF of SNR 7.

2.5.3 Ergodic capacity

Ergodic capacity is another important performance measure that denotes maximum trans-

mission rate with an infinitesimal probability of error:

1 —/0 logy (1 +7) fy(v)dy (2.15)

where f, () denotes the PDF of SNR .

2.54 Average BER

Average BER is a measure of occurrence of error in the transmitted bits and is a important
performance parameter for any communication system. The average BER of a communication
link with Gray coding can be expressed as [163]:

qp

P, = / P=le=F (~)d (2.16)

where F,(y) is the CDF of SNR ~, and p and ¢ are modulation-dependent parameters. Specif-
ically, p = 1 and ¢ = 1 denote the differential binary phase-shift keying (DBPSK), p = 0.5,
p=0.5and g = log,(M)/(8(M — 1)?) for M-ary pulse amplitude modulation (A/-PAM), and
p = 0.5, ¢ = 0.125 for non-return-to-zero (NRZ) on-off keying modulation.
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2.6 Meijer’s-G/Fox’s H-function

In this section, we describe Meijer’s G and Fox’s H-function, both of which have been
extensively utilized in the subsequent chapters to analyze wireless system’s performance. The
application of these functions is a widespread practice within the research community for the
analysis of complex fading channels, and it can be conveniently computed using built-in func-

tions provided by computational software like MATLAB and MATHEMATICA.

The single-variate Meijer-G function is defined as

—S)Hn F(l—aj—l—s)

7=1

Sds = Gmn
27T7’/ H] m+1 b +S) ] =n+1 F<a’3 _S) (

ap,--- ,ap> 2.17)

bl,"', q

Fox’s H-function is a generalized version of Meijer’s G-function and is defined as [160]
Hy" [z

The multivariate Fox’s H-function is defined as

Omimyna imriie | 5L g <aj LR ’O‘gr))lp' < 51)’%('1))1@1 v <C§T)’%('r)>1,p7.

PsqiD1,41;5 3Prsdr (bj;ﬂ](l), o ’5;‘7"))17(1 : (d§1 ’5](1)) o (dgr ’5(r >

/ [T T —a;+ X0, 0)°G)

e e TIL T = b+ 0 B Ty Tlay — 0y 046
vy =6V T T — m%)

o T T —dY) + 60 T, 1 T —22¢)

(alvAl)a (aQ)vAQ"' 7<ap’Ap)
(b17B1) (b27B2) (b B)

/ — B;s) [[)- 1F(1—aj+A-s)
HJ —mi1 (L —b; + B;s) jn+1 ['(a; — Ajs)

2°ds (2.18)

27m

X 25 d, (2.19)

Most of the mathematical functions can be represented using Meijer’s G or Fox’s H-
functions, which utilizes the inverse Mellin’s transform to represent a particular mathematical
function.

Define Mellin’s transform for a mathematical function f(z) as

o(s) = /000 ¥ f(2)dx (2.20)

Similarly the inverse Mellin’s transform is defined as

1 c+i00
f(z) = —/ x %p(s)ds (2.21)

210 Jolino

In the following, we illustrate the representation of f(x) = e~ using Meijer’s G function. The
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Mellin’s transform of f(z) = e~7 is given by

o(s) = /OO ¥ e dr = T\(s) (2.22)
0

which is denoted as Gamma function. Applying the inverse Mellin’s transform and the defini-

tion (2.17), the exponential function can be represented in terms of Meijer’s G function as

. 1 c+ioo i 1.0
et = [(s)r*ds = Gy | @

R (2.23)
c—100 0 )
Using the above approach, mathematical functions under certain conditions can be repre-

sented in terms of Meijer’s-G/Fox’s H-function for a unified performance analysis.

2.7 Chapter Summary

In this chapter, we have examined different channel impairments and presented statistical
models for path-loss, short-term fading, antenna misalignment errors, and transceiver hardware
impairments. Furthermore, we have presented a range of performance metrics for evaluation
of the THz system under consideration in this dissertation. In the next chapter, we develop

multihop THz transmission for extending the range of communication.



Chapter 3

THz Wireless Communication for
Extended Coverage: A General Analysis
for Multihop Transmission

3.1 Introduction

High-speed THz connectivity can be set in hard-to-access terrains more efficiently than
the infrastructure-based fiber-optic wireline link. Although THz wireless transmission has a
great potential to be a major disruptive technology, it suffers from higher atmospheric attenu-
ation caused by molecular absorption, hardware impairments, and misalignment errors when
the transmit and receive antennas do not align for line-of-sight (LOS) transmissions limiting
the physical range of communication significantly. Hence, it is desirable to devise methods for
extending the communication range of THz wireless systems under adverse propagation con-
ditions such as higher path loss, misalignment errors, and the shadowing effect between the
source and destination.

Cooperative relaying is a potential technique to extend the communication range and im-
prove the quality of system performance. The popular AF and DF relaying schemes have been
extensively investigated for RF [55-61, 168-70] and free-space optics (FSO) [62H67, (/1] over
various fading scenarios. Fixed-gain (FG) and channel-assisted (CA) are two practical ap-
proaches for AF relaying. In the FG relaying, the statistical information of the received signal
from the previous hop is used to control the gain of the relay. Moreover, the near-optimal CA

relaying uses instantaneous CSI of the previous hop to control the gain introduced by the relay

The research contributions in this chapter have been reported in these publications:

1. P. Bhardwaj and S. M. Zafaruddin, ”On the Performance of Multihop THz Wireless System Over Mixed
Channel Fading With Shadowing and Antenna Misalignment,” in IEEE Transactions on Communica-
tions, vol. 70, no. 11, pp. 7748-7763, Nov. 2022.

2. V. U. Pai, P. Bhardwaj, and S. M. Zafaruddin, "Performance Analysis of Dual-Hop THz Wireless Trans-
mission for Backhaul Applications,” 2021 IEEE International Conference on Advanced Networks and
Telecommunications Systems (ANTS), Hyderabad, India, 2021, pp. 438-443.
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and, as a result, fix the power of the retransmitted signal[[167]].

Recently, there has been an increased research interest for mixed dual-hop THz relay-
ing systems [33} 74, [75]. In [33], the average bit-error rate (ABER) performance of a DF-
assisted THz-RF link in a backhaul-broadband access framework is studied over -y fading.
The a1 is a generalized short-term fading model which includes Weibull, negative exponential,
Nakagami-m, and Rayleigh distribution as a special case [[104]. Recent experiment campaigns
validates -y distribution for the short term fading in THz link at a 142 GHz carrier frequency
for a link length within 50 m [149, [153]]. To extend the range of THz transmissions, dual-hop
relaying has been investigated [74, [75]. In [74], the authors analyzed the performance of a
dual-hop THz-THz backhaul system employing the DF protocol with a-x fading model with
pointing errors for both the links. Considering similar fading distributions, the FG relaying was
studied for the dual-hop THz-THz system [/73]].

3.2 Motivation and Contribution

In the aforementioned and related research, relaying is limited to dual-hop, and the access
link operates over conventional RF frequencies. It is expected that the high bandwidth THz
transmissions can be employed for 6G radio access network (RAN). Although the THz radio is
immune to atmospheric turbulence and adverse weather conditions than the FSO technology, it
is susceptible to human movement between the transmitter and the receiver leading to dynamic
shadowing [[77,156]. In [156]], the generalized- K fading distribution is adopted to model the
THz transmissions in the access link. However, the effect of antenna misalignment errors is not
considered in [[156] for a better estimate of the THz performance. Moreover, the multihop THz
system extending the range of backhaul link has not been studied in the literature. It is well-
known that analyzing the performance of multihop transmissions, even for single-parameter
RF fading distributions is challenging, especially when multihop links are assisted by the AF
relaying. In general, the performance of multihop-assisted AF relaying is approximated by
expressing the resultant SNR as the product of SNR of individual links using the inequality of
harmonic and geometric mean. Further, the method of induction (generalization for N hops
realized through expressions derived for the first few hops) is applied to derive the PDF, and
thereby CDF of the multihop system [63]. Note that the mathematical induction method is
not applicable for THz transmissions under the combined effect of a-u fading with antenna
misalignment errors and requires novel approaches for its statistical analysis. Moreover, it is
desirable to derive exact analytical expressions of a CA relaying, which serves as a benchmark
for all practical multihop systems employing AF relays [63].

In this chapter, we analyze the performance of a multihop-assisted backhaul mixed with
a shadowed access link over the THz band for both uplink and downlink transmissions. We
consider the AF relaying for the multihop system and employ DF and AF protocols to interface
with the radio access link for uplink and downlink, respectively. We consider the generalized

1.ni.d. a-p fading distribution for the multihop link and the composite generalized- KX shadowed
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fading for the radio access link, both under the combined effect of antenna misalignment errors.

We list the major contributions of the chapter as follows:

* We derive novel PDF and CDF of the end-to-end SNR of the multihop backhaul link
employing CA relaying for each hop.

* We develop an upper bound for the FG relaying based multihop transmission by deriving
the exact PDF of the product of N i.ni.d. random variables that are distributed according

to the product of -y fading and antenna misalignment errors.

» Using the derived statistical results, we analyze the outage probability and ABER perfor-
mance for CA-multihop and FG-multihop systems. We also analyze the multihop trans-
missions for some special cases of the THz channel and present an asymptotic analysis in

high SNR regime for a better insight into the system behavior.

* We develop statistical results of an all FG-relayed downlink transmission by employing
the FG protocol in the last hop to mix the FG-multihop and access link in terms of the
bivariate Fox’s H-function. We analyze the N + 1-hop downlink system by deriving upper
bounds on the outage probability and ABER. Note that our derived analytical expressions
become exact for a single-relay (/N = 1) system resulting in a typical dual-hop mixed
transmission. We also analyze the performance of uplink transmission by employing the

DF relaying protocol in the first hop to mix the access link and CA-multihop.

* We derive asymptotic expressions of the outage probability and ABER in high SNR re-
gion and develop diversity order to provide design aspects of channel and system param-

eters for the integrated backhaul-access relaying transmissions.

* We validate the derived analysis using Monte-Carlo simulations and demonstrate the sig-
nificance of multihop relaying to extend the communication range for THz wireless trans-

missions under the effect of fading, antenna misalignment error, and shadowing.

3.3 System Model

We consider a multihop-assisted backhaul transmission mixed with a broadband access
link, both operating in the THz band. The transmission system consists of N+1 hops from the
source (5) to the destination (D), where N hops correspond to the backhaul connectivity and a
single link of the access network, as shown in Fig. 3.1l We consider both uplink and downlink
scenarios: signal transmission from the access node to the backhaul in the uplink and backhaul
to the access node in the downlink transmission.

We consider i.ni.d. a-yu distributed fading parameters {c;, y;}., combined with antenna
misalignment errors and deterministic path loss to model the channel of each hop of the back-

haul THz link. Of course, the a-p model has only been experimentally validated at a single
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Downlink
Uplink

Backhaul Link <—— Access Link ——
N+1 hops

Figure 3.1: Multihop relay-assisted backhaul transmissions integrated with shadowed access
link.

carrier frequency (142 GHz with a bandwidth of 4 GHz). The generalization of o~y distribution
may accurately model other THz frequencies by varying distribution parameters. However, this
needs to be validated through experimentation. Suppose the - fading model is not applicable
at a given THz frequency. In that case, a more generalized a-7n-x-p model [158] can be used
to parameterize the experimental data. The proposed analysis is also applicable for a-n-x-p
model since its infinite series representation resembles the a-p fading model mathematically.
Using AF relaying protocol and denoting G; as the gain of i-th relay with Gy = 1, the
received signal at the N-th relay is given by [63]. Note that there is a typo error in equation (17)
[63]]. In the second term of R.H.S., the product range should be from j = ito j = N — 1. Thus,

the received signal is given by

N N-1 N-1
yv =[] Gishiz + ) wi (H Gjhm) +wy, (3.1)
i=1 i=1 Jj=t

where z is the transmitted signal with power P; and w; is the additive white Gaussian noise
(AWGN) of the i-th relay with variance o2, and wy is the AWGN of the N-th relay. The
channel coefficient of the i-th hop is given as h; = hy,hy,hy,, which includes the path gain
hi;, short-term fading hy;, and antenna misalignment errors h,;. The path gain for the i-th
link is hy; = % exp ( — 3kid;), where c is the speed of light, G; and G, are the gains
of transmitting and receiving antennas, respectively, f is the frequency of operation, k; is the
absorption coefficient and d; denotes the link distance of the ¢-th hop such that d; = sz\il d; is
the total distance of the backhaul link.

We use the zero boresight statistical model for the antenna misalignment errors h,,; with

PDF [150]:

2 e
fhpi (hp) = jd; hgl 17 O S hp S S; (32)

where S; and ¢; depict antenna misalignment error parameters for the i-th power. Here, the
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term S; denotes the fraction of collected power when the transmitter and receiver antennas are
perfectly aligned, and ¢; denotes the ratio of normalized beam-width to the standard deviation
of the jitter.

Using and the PDF of o-y distribution [104, eq. (1)], the PDF of hy,;, = hyihy;,
which combines the effect of short-term fading and antenna misalignment errors is presented in
[33]:

fing, 1 (@) = Aiz® 'T(By, Cix™), (3.3)

—¢;
Sy Iy i —Pi i —Qy . . .
where A; = G5 pyi , B; = 2ti=%i gand (O, = 5% Here, o; and (; are the distribution
Q7T (1) i Q0

parameter of the i-th link. (; is the a; root-mean value of the fading channel envelope. We
Pilhy;|?

denote instantaneous SNR of the i-th link as v; = 7;|h;|?, where 3; = is the average

SNR of the 4-th link. Applying the transformation of random ~; = ¥;|h;|? and representing the
incomplete Gamma function using Meijer’s G-function, the PDF of the SNR for the -th hop

can be expressed as

Q4

_%i ¢ o
ANy 1G2,0<Cw2
— 5 Ui

! (3.4
B, 0/ '

We adopt both CA and FG AF relaying protocols for each hop of the multihop-assisted

(\]

%

backhaul link. The gain of the CA relay can be computed using the inverse of the channel of

the previous hop. Thus, using G? = | h1|2 in (3.1)), the end-to-end SNR with the CA relaying in

each hop is given by [S5]:

N g -1
e (52)]

=1

Note that (3.5) becomes an upper bound if the gain of the relay also includes the effect of
additive noise. Further, using G; = w,ig_

end-to-end SNR of the FG relaying [S3]:

N id}._l -1
%FVG=<ZH = ) . (3.6)
J

i=1 j=1

in (3.1)), where ¢; is a constant, we can obtain the

To this end, we interface the multihop backhaul with a single access link by applying DF and FG
relaying protocols for uplink and downlink transmissions, respectively. We take into account
the shadowing effect along with the channel fading and antenna misalignment errors for the
THz access link since the transmitted signal may be obstructed by the objects present in a
typical access network scenario. We denote the SNR of the access link as v4 = 79 |h4|?, where

ha = hih,, and 7Y is the average SNR of the shadowed access link. Here, h,, models the
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antenna misalignment error (with parameters S4 and ¢ 4) and h;, models the channel coefficient
of the access link. We consider the generalized- K distribution to model the instantaneous power
|hi|* (which includes the short term fading and random path gain) of the shadowed access link
[157]:

207 2K

Flmo)T(my) mar (20V/), (3.7)

Sz () =

where mq = 7, 0,>0 denotes the severity of shadowing with factor oqg = 8.68360,,

1
exp(o7)—

my>0 1s frequency dependent parameter characterizing the small-scale fading, m 4 = mq +my
and my; = mgq — m,, are the distribution shape parameters of /, (.), which is modified Bessel
function of the second kind of v-th order, and I'(.) denotes the gamma function. Denoting k 4 ( f)

as the absorption coefficient, d 4 as the distance of the access link, G4 as the antenna gain, P4 as

mQOmyg ( c )
G P pexp(o? /2) \4dmda f

¢ = exp(ka(f)da) is the path loss due the molecular absorption of the signal transmission in
the THz band.

the transmit power, 7 as the path loss coefficient, we define b =\/ " where

3.4 Multihop Terahertz Transmission for Backhaul Link

In this section, we derive analytical expressions for the PDF and CDF of the end-to-end
SNR of an N-hop THz wireless system. First, we develop statistical results of the CA-multihop
system in terms of multivariate Fox’s H-function. Next, we use Mellin transform to derive
the exact PDF and CDF of the product of N i.ni.d. random variables distributed according
to (3.4) and raised to a rational power. Finally, we present the outage probability and ABER
performance for CA-multihop and FG-multihop links.

3.4.1 Statistical Results

In the following theorem, we present PDF and CDF of the resultant SNR v{* (as given
in (3.5)) for the CA-multihop system. We use the moment generating function (MGF) for the
reciprocal of SNR in (3.5)) to find the CDF [55]]:

M_1_(s)
Pﬁmzwt%—l—) , (3.8)

5 s=1/v

where £71(-) denotes the inverse Laplace transform and s is the complex-valued variable. The
MGEF of sum of /N independent random variables ’YCLA of (3.5) is defined as
N

M#@zHMQ& (3.9)
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where the MGF of - is given by

Vi

M (s) = / T f ()

30

(3.10)

Theorem 3.1. Ifv; is the SNR of the i-th hop distributed according to (3.4)), then CDF and PDF

of the SNR for N-hop CA relaying in (3.3) are given as

where Qu(7) = {{(X, ~ %1%, 9) L {(1-XL,
and Qa(7) = {{(SL 1-5:% )} {(Bu.1). 0

Proof. The proof is presented in Appendix 3.1.

C1y T
,al
Vi A
; L @iy
T3 Q1E ; . GID
CN'YT 27
O‘N

%‘

(L)} fand Qo) = {{=}: {(B1, 1),

Cﬂ%
i
il glgy . (312
CN'YQTN 27
oN

Note that efficient computational programs are available for evaluating the multivariate
Fox’s H-function of (3.12)) and (3.11)) for the CA-multihop system. In the following Corollary,

we provide statistical results of the CA multihop system in terms of simpler functions consid-

ering special cases for the THz channel:

Corollary 3.1. 1. If~; is the SNR of the i-th hop distributed according to (3.4) with a;; = 2,
wi = 1 (i.e. Rayleigh fading) and negligible antenna misalignment errors ¢; — oo, Vi,
then the MGF of the end-to-end SNR for N-hop CA relaying is given as

QM—‘

Vo

H 22 kL

‘/_‘[] (3.13)

Vio

where K-, -] denotes the modified Bessel function of the second kind. We substitute N = 2
in (3.13)) to develop a statistical analysis for the dual-hop system over Rayleigh fading.
Using (3.13) with N = 2 in (3.8) and taking the inverse Laplace transform, we get the

<z;z.71’... ’O‘TN)};{(l,l),"‘ 7(171)]\7}}

1), (5% %), -+, (Bx,1),(0,1), (

SRzl
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CDF of the end-to-end SNR of dual-hop CA relaying with Rayleigh fading as F_, CA o () =

Y¢h (71 +72)
20h " (ie?) K |1, b The derived CDF expression is similar to [167],
V1202 1202

verifying our approach to the proposed analysis for multihop-CA transmission for THz.

2. If ~y; is the SNR of the i-th hop distributed according to (3.4) with o; = 2, u; = 2 (i.e.
Nakagami-2 fading) and higher antenna misalignment errors ¢; = 2, Vi, then the MGF
of the end-to-end SNR for N-hop CA relaying is given as

_ 11 [ 2\/‘/7:\5[] (3.14)

3. The CDF of the end-to-end SNR for N-hop CA relaying for the backhaul link with antenna

misalignment errors over composite (short-term fading with shadowing) fading channel

is given by
b2s
m 51477
A bmACbA(SA) S () 0,0:4,0, 4,0 Qs ()
F v)=1- H <—> H1,0,1,4, 1,4 : )
=1 V4 F(mQ)F(mg) v e |@a(7)
SNa*3avy
(3.15)

where Qa(7) = { {(XL, %51 )} (=} and Quy) = {{=} : {(mar.1).
(mar, 1), (257, 1), (352, 1), -+ (mar, 1), (man, 1), (2574,1), (554, 1) .

Proof. For part (a), we use the Rayleigh distribution PDF f. (y) — 771726_2%# in (3.9)), and
apply the identity [168], 3.324,1] to get the MGF in (3.13)). Further, we can use (3.8) and apply
the inverse Laplace transform to get the CDF for N-hop CA over Rayleigh fading channel. For
part (b), we use Q; = 2, u; = 2 and ¢; = 2 in (3.4)) to get the PDF of Nakagami-2 fading as

2'0

fri(w) = e S? . Applying a similar procedure for the proof of part (a), we get (3.14). For
part (c), we follow the similar procedure used to derive (3.11) of Theorem [3.1]using the PDF of

the generalized- K fading model combined with antenna misalignment errors, as presented in
Proposition [

Although multivariate Fox’s H-function can be evaluated using computational software
[169], it is desirable to simplify the analytical expressions in single-variate Fox’s H-function
for better insights into the system performance. Further, It is known that the FG relaying is
simpler than the CA-assisted technique requiring the CSI at each relay. However, analyzing
the exact PDF of the end-to-end SNR of the FG-multihop system as depicted in is quite
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complicated. Thus, we use an upper bound on 7§ [64]:

l

z\s.

1 N
W= H (3.16)

(N—i)

where ; =N+1—-4,(=C, ~ .

Proposition 3.1. If v, i = 1,2,--- , N are i.ni.d random variables with PDF f., (v), then the
PDF of vy in (3.16) is given by

i ( 7?@/]\,]_[@ iy (3.17)

where E[!] denotes the r-th moment:

Proof. We use the Mellin transform pair to develop exact PDF and CDF of (3.16). We know

that Mellin transform for a function ¢(z) is given as ¢(t) = [;~ 2"~ '¢(x)dz with inverse Mellin
transform as ¢(x) = 2%] J- x7"¢(t)dt. Expressing the r-th moment of yy in (316) as E[vy] =
fo Yy fon (7)]dy, we use inverse Mellin transform to get:
Fry (1) = 1L 7 "Elvy]dr. (3.18)
N v 2m)
Since random variables ;,7 = 1,- - - , N are independent, we substitute E[v},| = % HZN:1 GE[Y!]

in (3.18) to get (3.17), where the r-th moment is defined as

E[vy/] = /0 'Y%if% (7)dry. (3.19)

A straightforward application of the Fox’s H-function reveals that the PDF of the FG-
multihop in (3.17) can be presented using a single variate Fox’s H-function if the r-th moment
of the SNR for the i-th hop can be expressed using the ratio of Gamma functions.

Substituting (3.4) in (3.19) and applying the identity [170, 2.8], the r-th moment of the
SNR for the i-th hop can be computed as

! ) dy. (3.20)
B1,0

9 o
r o AN [T e Civz
E[y{] = 12N /0 Y 1G1,2( lg
Substituting v2 = ¢ with the identity [171} 07.34.21.0009.01], we solve (3.20):

~ 2

Ayt DI 1 BID(e)  on (24%)
iy F(eri+N¢i +1) iIN

Na;

E[]] = (3.21)
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In the following Theorem, we present PDF and CDF of vk to analyze the performance of
FG-assisted multihop system:

Theorem 3.2. If~; is the SNR of the i-th hop distributed according to (3.4), then PDF and CDF
of the SNR for N-hop FG-relaying in (3.16)) are bounded as

!

N L
Cz i/iN Ul(fy)
H il . Hgﬁ% — | e | (322)
? i=1 CriNai,y 2y
N o, (1)
AN 1,1
FFG Cz Hl 2N L 1\7), ) 7 323
TN H 1+2N,1+N P O]\?Zl (0’ 1)7 UQ(’Y) ( )

where Uy (7) = {(121—u1,1321) ,(gl—umm,( — 2 w) s (-2 F) Y and
Us(y) = {(— 2, 22), -, (-2, 25}

Proof. The proof is presented in Appendix 3.2. ]

It should be mentioned that the single-variate PDF and CDF derived in Theorem [3.2] can
facilitate in developing more insightful analytical expressions for the multihop system albeit
with an upper bound performance.

Further, we can use Proposition [3.1] to develop the PDF of the FG-multihop transmission
for other wireless systems since the r-th moment of the SNR for the i-th hop can be expressed
using the ratio of Gamma functions for various fading channels of interest. In the following, we

present the r-th moment of the SNR for some special cases for the THz wireless system:

Corollary 3.2. If ~; is the SNR of the i-th hop distributed according to (3.4) with a; = 2,
i =1 (i.e. Rayleigh) with negligible antenna misalignment errors ¢; — 0o, Vi, then the r-th
moment of SNR is:

N+
1 Tll‘ —1
E[y]] = QQ%F(N + 1) ( 9272) . (3.24)

If v; is the SNR of the i-th hop distributed according to (3.4) with o; = 2, p; = 2 (i.e.
Nakagami-2) and higher antenna misalignment errors ¢; = 2, Vi, then the r-th moment of
SNR is:

Ty
1 rl; 2 v
ELY] = gy, F(N + 1) (W) . (3.25)

The r-th moment of end-to-end SNR for N-hop CA relaying for the backhaul link with antenna

misalignment errors over composite (short-term fading with shadowing) fading channel is
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given by

rl;

L ( - )NMQAF(% + 5+ man) U + 5+ ma)
WAQAF(mQ)P( ) \S47a % + 4y facma 4

E[{] =

7

(3.26)

Proof. The proof of part (a) and part (b) is a straightforward application of the identity [171}
07.34.21.0009.01]. For part (c), apply the identity [[171, 07.34.21.0009.01] on the PDF of the
generalized- K fading model combined with antenna misalignment errors, as derived in Propo-
sition 3.2 [

Note that we can use (3.24), (3.25)) and (3.26)) in (3.17) to develop PDF using single-variate
Fox’s H-functions for the above special THz systems.

3.4.2 Performance Analysis for CA-multihop and FG-multihop Backhaul

Transmission

In this subsection, we present analytical expressions for outage probability and ABER for
both CA-multihop and FG-multihop systems.

Outage Probability

The outage probability is defined as the probability of instantaneous SNR failing to reach
a threshold value. Thus, we can use v = v, in (3.11]) and (3.23)) to get the outage probability
for CA and FG multihop systems, respectively.

To get an insight on the outage behavior in high SNR regime, we can use [172] to com-
pute the residue of multiple Mellin-Barnes integrals at the dominant pole in for the
CA-multihop and apply series expansion of Fox’s H-function [166, Th. 1.7] in for an
asymptotic analysis for the FG-multihop system. However, the result of [172]] is not directly
applicable to the CDF form in (3.11)). Since the CA-AF and the DF protocols are asymptot-
ically equivalent at a high SNR, we can express WS}?OO ~ sz\il F%?(%h). Using in
E,(vn) = JJ™ fr(7)dy and applying [166] Th. 1.11], we get the asymptotic outage probabil-
ity for the CA-multlhop transmission as

b o B ai\ B
oa i . r(—Bi)F(g ) (CaF) L(B)L(3) (3.27)
& [T Br(+ g+ o) b |

i=1

To derive the outage probability of the FG-multihop system in high SNR region, we apply
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the asymptotic expansion of a single variate Fox’s H-function [166, Th. 1.7]

% Noyp, j _u —Nojrg
WFGOO . ﬂ CZAlCz “i zj\f: F<_ QZM )F<j_J - IU/]) (ﬁ ’7]]\7 ) 2L
- NO‘J J J Q—ZJ
w i=1 211 j=1 F(l + - )F(l + 2_]. - :u]) 7=1 CNO‘J'

i
) Ly —N¢;
D(-B0)D(1 4 = &) (X 5% \H

“ 1+ - a , (3.28)
T(1+5%) Ly

Using 72 = +°, Vi, and compiling the exponent of 7° in (3.27) and (3.28), the diversity
order of for both CA and FG multihop systems can be obtained as

MEA = MFC _mm{o‘;“ﬂ%} i=1,2,-- N (3.29)

The diversity order in (3.29) shows that multiple relay units in the backhaul link improve the
system performance.

ABER

The ABER of a communication system for a general modulation scheme over fading chan-
nel with CDF F'(«) is given by [173]

J

k o0

P=—— qﬁ/ AWPeT T E () d, (3.30)
2I'(p) ; 0 (%)

where the constants p, ¢, 0 and k£ determine the type of modulation scheme. Thus, we substitute
(3.11)) in (3.30) to get

N %k
_ A"V 25 H
PCA -1 v g /

oy 11 4T (p) g [ 2mi

i D(Bi = S)T(0 — ;) (

Pi @;S;
-2
[1,T(1 - S
N S
C’i) ' 1
X & a dS?, -[17
(H’_Yf F(_va1¢l+2”+1>

(3.31)

i=1

PitoiSi 1) e~y — q_(ZN oitos

i=1

l+p)r ZN ¢1+04 Si +p [168
3.381/4]. To represent the multiple Barnes integrals of (3.31) in terms of Fox s H-function

S;, and apply the definition of Fox’s H-function [170] to get the ABER of the

35
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CA-multihop:

7%
N A ‘%6 k 0,1;0,3;...;0,3 Cquﬂ?) Ti(y
HpCA iy 1 ,143U,95...5U,
PeN =1- Hi:l Tar(p) Zn:l mHl,l;&l;...;&l i T2(7 ) (3.32)
n ’S/,LT
—CNQ'S%) .
where T’ () = {{(1 p+ YN e ey (1 - By 1), (1,1), (1+¢21’o;1) (-

By, 1), (L1), (1455, 5) } pand To(y) = {{( 25, §:% - 9) {0 D). (0. D)a} .
To get the ABER for the FG-multihop system, we use (3.23) in (3.30) with the Fox’s H-
definition:

prG _ ﬂCZAZCZ_%L/ﬂ Ses i)
N - ]\704z 27‘(’] Lo ‘ ’
i=1 i=1
N F2rll+Baz+¢zI‘2Lli+ﬁ _
XH@ (R _ )T (Far +5) T(=n) dr| I, (3.33)
NLT(RE %) 00

where I3 = %(m SE L J S e dy = g P T(p — 1) [168] 3.381/4]. Thus, we use
the definition of Fox’s H-function [170] to express (3.33)) as

-ra 171 G4 " 722N
P€N - 11;[ Wl“(p) ; qan1+2N,2+N

% 7221q Hz 1(1 Hi, a) H (1 [e%] ’No;) (1 1) . (334)
e RN (R G

We can obtain asymptotic expression (not written for brevity) for the ABER in high SNR
region for the CA and FG multihop by applying the similar method used in deriving the asymp-
totic expressions for the outage probability.

In what follows, we use the statistical results of Theorem @ and Theorem @ to analyze

the performance of a mixed system consisting of multihop backhaul link with a shadowed access
link.

3.5 Performance Analysis of Multihop Backhaul Mixed with

Access Link

In this section, we analyze the end-to-end performance of a mixed system when an access
link is connected to the backhaul. We consider both uplink (UL) and downlink (DL) scenarios.

In the uplink transmission, the near-optimal DF relaying protocol is used to mix the access link
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with the CA-assisted N-hop backhaul link. The DF relay is more appropriate for the uplink
since perfect decoding of the transmitted signal can be achieved in the first hop between the
access and backhaul links. However, we use the FG relaying to integrate the backhaul and
access links in the downlink transmission since perfect decoding of the signal after many hops
in the backhaul may not be possible Moreover, we consider FG-multihop to realize an all FG
relaying protocol for the downlink transmission. It should be mentioned that the additional hop
between the backhaul and access network may not be readily included as an N+ 1- hop backhaul
transmission since the propagation characteristics of the access network may be different from
the backhaul.

In the following, we develop statistical results for the access link in the THz band consid-

ering the combined effect of short-term fading, shadowing, and antenna misalignment errors:

Proposition 3.2. If v, is the SNR of shadowed access link distributed according to (3.7), then
the PDF and CDF of the generalized- K fading combined with antenna misalignment errors:

1 pa—ma
T ) , (3.35)

pA—ma
My, MM, =5

bmA,y%flgb 2 L‘;m“ +1 b2’}/
f’YA (’7) = ma A( A) G?:g F
V4> T'(ma)L'(my) ATA

Dy oA Ly (0P |11 g
F(y) = Ly Gy 525 ormmas o ma |- (3.36)
742 F(mQ)F(mg) AVA|mar, myy, AT, A
Proof. The proof is presented in Appendix 3.3. -

In the next two subsections, we use (3.33) and (3.36)) to analyze the performance of the

mixed link for both uplink and downlink transmissions.

3.5.1 Uplink Transmissions

Assuming perfect decoding of the received signal, the resultant SNR of the mixed multihop

system for the uplink transmission is given by

v = min{y§", ya}. (3.37)

In the following subsections, we derive exact analytical expressions of the uplink trans-
missions. As such, we use results of Theorem [3.1] and Proposition [3.2] to analyze the system

performance.

Outage Probability
We use (3.11)) and (3.36)) at v = 4y, to get the outage probability of the uplink transmission
as [l174]]

———UL
OP " = F M) + Fy (ven) — F (ven) By (). (3.38)
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To derive the diversity order of the system, asymptotic expressions of the outage probabil-
ity in high SNR regime for both F0* (1) (as derived in (3.27)) and F,, () is required. To
get an asymptotic outage probability of the shadowed access link, we use the asymptotic series
expansion of the Meijer’s G-function at 7% — 0 [171}, 07.34.06.0006.01] in (3.36)):

pee B0 ()5 1S e el T o0t By

h f_y;lnTAF<mQ)F(mg) Jj=n+1 ( bk?) j —m+1 (]— - bj + bk
(3.39)
= by = Pa—ma s —ma
where b; = b, = { mas, may, 5 ——}andaj—{l 5 ’1+T}' Thus,
NS - ,

m q— m

p—n
the dlver51ty order for the access link is by + %A, where kK = 1,--- ;m. Using (3.27) and (3.39)
in 8) and applying 7Y = +° = 19, Vi, the dlversuy order of the uplink transmissions can be
expressed as

MYk = min{ 2“(2 g, %‘},1:1,2,..1\[. (3.40)

The diversity order in (3.40) shows that multiple relay units in the backhaul link improve the
system performance. Thus, the asymptotic performance becomes limited to short-term fading
and shadowing of the access link when sufficient higher NV and higher beam-width for signal

transmission in the access link is employed.

ABER

The ABER of the DF relaying system with gray coding be expressed as [62]]:

PPY = POM+ P, — PSMP.,,

(3.41)

where PO* (already derived in (332)) and P, , are the ABER of backhaul and shadowed access
link, respectively. To get P. 4, we use (3.36) in (3.30) and apply the definition of the Meijer’s

G-function:

5 [reas®Ee 1 r o r(ms)
ea — i . .
T (p),* T(mg)T(m,) 271 Je T(1+ 254+ 5)

SRVERLIUVED e SEOTIA

[(1+ 245ma — ) Si7a

I, (3.42)

—(BA+s+ m .
where I, = %(p) Z ¢ fo e Yy TF s Pl gy — ( p)F(TA +s ~|—p). Using I and
applying the definition of Meijer’s G-function in ( - the ABER for the access link can be
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expressed as:

D bmA¢A<S2) ey & -TA 32 ¥ol-5A—p 1 -TA 1+ _¢A_2mA
PeA = ma Z Qn G3’4 52 ¢)A7mA - X
2I(p)7 42 T(mq)l(my) n=1 anSAVA M, ML, 55— —

(3.43)

Similar to the outage probability, we can obtain the asymptotic expression of the ABER for the
uplink system.
3.5.2 Downlink Transmission

We apply the FG relaying to mix the FG-multihop and access links such that the end-to-end

SNR becomes

FG
DL _ _;fi 7;; , (3.44)

where ¢ = (E,, (14+7)~*)~! is computed using the semi-blind method of statistical information
of the received signal [53]. To analyze the all FG-multihop system, we need to derive the PDF
of the resultant SNR, as given in [53]]:

e = [ e () 0 (3.45)

In the following Theorem, we derive analytical expressions of the PDF fP"(z) and CDF F"(z)

using bivariate Fox’s H-function.

Theorem 3.3. If 75" is the SNR of N-hop backhaul link and 4 is the SNR of the shadowed
access link, then CDF and PDF of the resultant SNR in (3.44)) is given by

N

—m 1
DL( GiA; O g bmA¢A( 2) 5 A+11/) F0-102N:40 Y vy | Vi(v)
f H mA 1,0:2N,14+N:1,4 21, 752,7 V( )
i=1 2Na;7 2 T(mo)T(my)y i=1 Oy PATA 20
(3.46)

where V() = {{(1 LD B (g ) (o, 125), (=25 7)o (-
ox, o) {1+ 295 1 and Va(y) = {{ - Ji{(- 2, &) (-2, 29, (L) k

{(mar 1), (mar, 1), (2522.1), (- %2.1)} .

L ~

W Y [ Vi(y)
Y 52 — g

Cz a' ’Vth AfYA ‘/2 (7)

(3.47)

QAC a’bmAﬁﬁA(SA) AHw 0,1:1,2N:4,0 al
FP () H H;), H

Y 1,0:142N,24-N:1,4
i=1 2Nw;7,* T'(mo)I'(my)
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where ‘71(7) = {{(1_M 1 1)} {( —H1, ]\2/21) ’ ( —HN, ]\Q[IOCNN) (1_%7%)7'“ 7(1_

2R (L h s 25} and ) = {{ = F{0.0), (= & 8). (-
ﬁ—x,ﬁiﬁv)a(171)}%{(mM71)7(mMal)v(““%»lh(—7,1)}}-
Proof. The proof is presented in Appendix 3.4. [

In what follows next, we use the results of Theorem [3.3]to analyze the system performance

for the mixed THz transmissions.

Outage Probability

We derive an exact expression of the outage probability by evaluating the CDF in (3.47) at
v = Yn. We can also develop asymptotic analysis of the outage probability in high SNR regime.
However, the asymptotic expansion of the multivariate Fox’s H-function at the dominant pole
[172] can not be readily applied to the bivariate Fox’s H-function in (3.47)) since the average
SNR term appears in both numerator and denominator of the contour integrals. Thus, we ex-
pand the Mellin-Barnes integrals of the bivariate Fox’s H-function and adopt the asymptotic

expansion of the single-variate Fox’s H-function [166), Th. 1.11] by converting S; — —57. We
N Nazﬂz
2, °

Zf\; L ]\2[?} and poles of the second contour integral Ly: Sy = {"5*, may, ¢ —, =74}, Evalu-

ating the residues of the contour integrals at these poles with 3, = C' and ¥4 = 7; = 7, Vi, we

compute the corresponding poles of the first contour integral £;: S; = {mA+25 2,3 i

present the asymptotic expression of the outage probability in (3.48) for different scenarios de-
pending on the relative magnitude of channel and system parameters. Combining the dominant

terms of 7 in (3.48)), we get the diversity order of the system as

MDY = 'n{ 2“%%+ M,gb;}. (3.49)

ABER

Next, we analyze the ABER of the downlink transmission by substituting in (3.30)
to get

ATMA
2

_%i
a GAC;, “ ™A A(SE) )

— oy r-s
PeDL:[H L o 7/122_/ F<%+Sl+52)r—i é,)
sl ANT(p)ayy 2 T(mg)D(my) 27 /e (1—251)
U\ Sty Biai+oi i i i
% a Y Hi:lr( aj_¢ + %SOF(% + %Sl)
i=1 CZJ\Q’ZZ Hij\ilf(@%ﬁ—{—ﬁ—g&)r(&)

1 F(mM — SQ)F(mM — 52) (M 5’2) ma wa So
X % Lo F(l + ¢A—2mA _ 512) P( 7 - SQ) <51247A> dSQ ]7,

ds;

(3.50)
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p pa—my
2,¢ mp 2¢ b2¢ 2
T + T + T3 ——
( H(Sfﬂx) 12<5/2(A) 13(%%) )
2l;
N Na Neipg
C; 2L . .
X (H l—%h) o if % is the minimum ,
=1 71
b2¢ may b2w wa
Ty (—) + T ( + Tos -
- ( S%74 S374 5374
O_P7 ~ N2 No;
C,L‘Nal ’Yth 2l . ¢ . . .
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1= ’77,
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T3 ( H L l_%h> (2—¢) Lif % + myy is the minimum,
i=1 Fyﬁl SAIYA
2l;
N e *A PA—mA
cr 2 P 2
Ty (H ﬁ) ( A ) L if %4 is the minimum . (3.48)
1 AN Sava
\ 1= Vi
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T, = I, e braga(s3) E Ay T B0 (= 7 —ma ) T, 20 (72 = M5 4 )
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o (=252 ) (245 (50 112, (2 ) (-2)

. I, (=50 (55)

TOF(mM-i- 5 )F(mM-l— 5 )HN_IF(MZ—%)
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Table 3.1: List of Simulation Parameters

Parameter Value Parameter Value
THz carrier frequency 300 GHz [175]] « 1-2 [1153]]
THz signal bandwidth 10 GHz [175] W 0.5-2[1153]]
Antenna Gain (Backhaul link) 33 dBi[22] Q 1
Antenna Gain (Access link) 10 dBi O4B 2-8.6 [156]]
Transmit power 0-40 dBm me —
Noise PSD —174 dBm/Hz [175]] mgy 1-5
Noise figure 5 dB [175]] Oi 37
Antenna aperture radius (7) 10 cm ba 23—145
Jitter standard deviation (o) 5-20 cm [[150] w,/r 6 [150]

where I; = 70 370 g [ 477171 em " dy is solved utilizing [168] 3.381/4] to get ¢ T (p—
S1). Substituting /7 in (3.50) and applying the definition of Fox’s H-function [[170], we get the
ABER for downlink transmissions as

poL H@Ac %bwé’gf?) TS

=1 ANT(p)a m F(mn)F(mg)

- Xi(7)
H0122N40 ’YZ qn 1Y 351
; 1,0:114+2N,3+N:1,4 HCN“ SZWA () (3.51)
WhereXl(V) {{(1 )} {(1 M1, Noq) ’ (1_,MN7 ]\Q[LNN) (1_%7 ]\2[211) T (1_

v Ay (11)}; {1+¢A ma 1} band Xao(y) = {{= } {(n.1), (0,1), (= 2, 2), - (-
ox 2) (1,1)}; { (mar, 1), (mar, 1), (22524,1), (= %2,1) } .

The asymptotic expression of ABER for the downlink transmissions can be obtained by

following the similar procedure as adopted for outage probability with the same diversity order

expression, as given in (3.49).

3.6 Simulation and Numerical Analysis

In this section, we demonstrate the performances of multihop-assisted backhaul mixed
with the shadowed access link using computer simulations. We validate the derived analytical
and asymptotic expressions with Monte-Carlo simulations by numerically evaluating Meijer’s
G and Fox’s H-functions. To compute Meijer’s G-function and single-variate Fox’s H-function,
we use the standard library in MATLAB and Mathematica, and use implementation codes of
bivariate Fox’s H-function and multivariate Fox’s H-function [169] [[176]. We consider varying
backhaul link distance in the range of dyy = 20 m to dyy = 100 m with equidistant relay
position and a fixed distance of d4 = 20 m for the access link. The absorption coefficient k; and

k 4 is calculated for both backhaul and access link using relative humidity 50%, atmospheric
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Figure 3.2: Performance of multihop THz backhaul link with 100 m.

pressure 101325 Pa, temperature 296° K at a carrier frequency 300 GHz [33]. We list the
parameters for channel fading, AWGN, and antenna misalignment errors in Table[3.1] As such,
we consider various non-linearity parameters o and multipath clustering p for the backhaul link
with varying shadowing severity (o4g) and short term fading (m,) in the access link. Unless
specified, we adopt higher antenna misalignment errors in the access link than the backhaul
link, i.e., ¢4 < ¢;, V1.

3.6.1 Multihop Backhaul Transmission

In Fig. we demonstrate the effect of system and channel parameters on the outage and
ABER performance versus transmit power for the backhaul link. We consider i.i.d. channel
parameters for each hop, which is a reasonable assumption for short link distances. The outage
probability improves with an increase in the fading parameter «; since the channel becomes
more linear, as depicted in Fig[3.2(a). The figure shows that a change in the parameter o; = 2
to o; = 3.5 requires 15 dBm less transmit power to achieve an outage probability of 5 x 1073
with the 4-hop CA system. Further, the FG-multihop transmission performs close to the CA-
multihop for highly non-linear THz channels. The benefit of multiple relays is also evident from
the figure when the direct link (N = 1) plot is compared with the 4 hop transmission. It can be
seen that the outage performance improves 100 folds for the 4-hop FG system compared with

the direct transmission at an average SNR of 30 dB.

In Fig. [3.2(b), we simulate i.ni.d. antenna misalignment errors for each hop to demon-
strate the ABER performance of the multihop system. We consider two scenarios of antenna
misalignment errors: standard deviation of jitter oy : 0, = 5+ ¢ cm fore = 1,2, 3,4 hops and
o 0s =174+ 1cmfor¢ = 1,2, 3,4 hops. The figure shows a significant degradation in the
ABER with an increase in the jitter. The FG-multihop performs close to the CA-multihop when
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Figure 3.3: Outage probability of the mixed dual-hop relaying system with mg = 1, ¢; = 37,
dym = 20 m, and d4 = 20 m.

the effect of antenna misalignment errors is high. Further, an increase in the number of hops
from N = 1to N = 4 reduces the required transmit power by 10 dBm and 5 dBm for the CA
and FG multihop systems, respectively.

In the next two subsections, we integrate the backhaul with the access and delve into the
inquisition “how many AF-assisted relays are required in the backhaul to extend the communi-
cation range with NV 4 1 hops to achieve at least the same performance of the mixed link with
the popular dual-hop system (N = 2) as a reference?”” Thus, we demonstrate the impact of the
number of hops in the backhaul link on the outage probability and ABER of the mixed link for
both uplink and downlink transmission. Unless stated otherwise, we consider the transmission
distance of the backhaul link dy;q = 20 m for the N = 2 scenario and the extended link distance

dyn = 50 m with multihop relaying at a fixed access link d4 = 20 m.

3.6.2 Uplink and Downlink Transmission for Mixed Backhaul-Access
Link

We plot the outage probability of the mixed relaying system for both uplink and downlink
in Fig. and We demonstrate the impact of channel fading, shadowing, and antenna
misalignment errors on the performance of the mixed system by considering a single relay (i.e.,
a typical dual-hop transmission with N = 1) to integrate the backhaul with the access system
in Fig. We vary channel characteristics of the access link at different shadowing factors
o4 = 2 and o4 = 8 at a short-term fading m, = 1 considering both lower (¢4 = 2.3) and
higher (¢4 = 14.5) antenna misalignment errors with the backhaul link consisting of two sets
a=2,u=2and o = 1.5, p = 1 with antenna misalignment error parameter ¢ = 37. Note

that ¢ = 37, ¢4 = 14.5, and 2.3 corresponds to the jitters variance of 03 = 5cm, Ug = 8 cm,
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Figure 3.4: Outage probability of the mixed multihop relaying system with mg = 1, ¢; = 37,
dym =50 mand dyg = 20 m.

and 20 cm, respectively [150]. We fix the link distance of 20 m for both the hops. It can be seen
from Fig. [3.3]that higher values of v and i improve the outage probability since an increase in «
and p reduces the non-linearity effect and improves multi-path clustering, respectively. Further,
Fig. [3.3] shows that an increase in the antenna misalignment errors (depicted by a decrease of
¢4 from 14.5 to 2.3) of the access link decreases the outage performance by a factor 10 when
a =2, u=2,and ¢ = 14.5 at a transmit power of 30dBm. Moreover, the outage probability is
significantly degraded when the shadowing factor is increased from 2 dB (less shadowing) to 8

dB (severe shadowing).

To this end, we choose judicially channel parameters in Fig. to demonstrate the diver-
sity order of the system. Note that m4 = mq + my and my = mq — m,, where mqg = 18.36
when o4 = 2 and mgq = 0.75 when o4 = 8. Using My, = min{%, %, A+ myy, ‘%A},
the diversity order is My, = % = 0.75 (when o« = 1.5 and px = 1) since % is the minimum
among other channel and antenna misalignment error parameters. Thus, the slope of plots for
a = 1.5 and p = 1 in Fig. [3.3]remains independent of other channel parameters i.e., oqp, ¢4,
and m,. However, when o = 2 and p1 = 2, the outage-diversity order M,,, = 0.62 depends
on the fading parameters of the access link when o4 = 8 and becomes M,,; = 1.15 when
04 = 2, which depends on the minimum of antenna misalignment errors of the backhaul and
shadowed links. Hence, the slope of the plots in Fig. [3.3| confirms our analysis of the diversity

order.

We demonstrate the impact of multihop relaying on the outage performance as illustrated
in Fig. [3.4(a) (for uplink) and Fig. [3.4(b) (for downink) by considering 045 = 2, ¢4 = 14.5,
a = 2, and ;o = 2. It can be seen that the outage probability of the mixed link significantly

improves with an increase in the number of relays employed in the backhaul link. As such the
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Figure 3.5: ABER of the mixed dual-hop relaying system with o5 = 5, ¢; = 37, dy = 20
m, and d4 = 20m.

uplink transmission with an N = 4 relays requires 10 dBm lesser transmit power to get a typical
outage probability of 3 x 1073, as shown in Fig. a). However, there is a 5 dBm transmit
power saving with the downlink transmission, as depicted in Fig. [3.4(b) due to the folding
of background noise from previous hops. Comparing the two AF relaying schemes, the FG-
assisted system requires 6 hops as compared with only 3 hops when the CA relaying is employed
to achieve a similar outage performance 2 x 10~* at a transmit power of 25 dBm. Further,
observing the scaling of outage probability with /V, it can be seen that the cumulative gain of
the AF-assisted multihop system (see Fig. [3.4(a) and Fig. [3.4(b)) reduces with an increase in
the number of hops advocating the use of a limited number of relays. Comparing the outage
probability in Fig. and plot with N = 4 in Fig. [3.4(b), it can be seen that the multihop
relaying in the backhaul extends the communication range from d; = 20 m to d; = 50 m with
similar outage performance using 3 relays providing an average of 8 m range extension with
each additional relay. The effect of multihop relaying N on the diversity order can also be
observed from the slope of plots, as shown in Fig.[3.4(a) and Fig. [3.4(b).

In Fig. we demonstrate the ABER performance of the mixed relaying system. We
compare the ABER performance of the N = 2 system (see Fig. [3.5) with N > 2 uplink (see
Fig.[3.6(a)) and downlink transmission (see Fig.[3.6(b)). Comparing Fig. [3.5] and 3.6 with the
outage probability in Fig.[3.3|and [3.4] we can draw similar conclusions since the ABER follows
a similar trend as that of the outage probability with for the same network configuration. We
investigate the impact of short-term fading m, of the access link on the ABER. Fig. [3.5|shows
that the ABER significantly degraded when the factor m, is reduced from 5 to 1. This happens

due to a decrease in the multi-path clustering, thereby worsening the channel condition. We can
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Figure 3.6: ABER of the mixed multihop relaying system with o4p = 5, ¢; = 37, dym = 50

m, and d4 = 20m.

compare Fig.[3.6(a) and Fig.[3.6(b) with Fig.[3.5]to infer that multihop relaying with additional
3 relays (i.e., N = 4) in the backhaul extends the communication link to 70m achieving the
similar ABER performance with NV = 1 system at a total link distance of 40m. Further, the
diversity order using ABER is Mp = % = 0.75 when oqg = 5 (i.e., mg = 2.5) witha = 1.5
and ;1 = 1 since the slope of the plots in Fig. [3.5|does not change with variation in other channel
parameters. However, with o = 2 and p = 2, the ABER-diversity order becomes Mp = 1.15
when m, = 5 and becomes Mp, = 3.25 when m, = 1. The slope of the plots in Fig.[3.5/and[3.6|
clearly demonstrate the impact of antenna misalignment errors, fading parameters, and number
of relays on the ABER performance.

In all the above plots, we validated the numerical evaluation of analytical and asymptotic
expressions with the simulation results. The figures show that the numerical computation of
the derived analytical expressions has an excellent agreement with the simulations for the CA-
multihop and uplink systems. However, there exists a gap between the derived upper bound and
simulation results when the number of relays becomes large for the FG-multihop and downlink
systems. Note that the derived expressions are exact for N = 2 uplink and downlink transmis-

sion systems.

3.7 Chapter Summary

In this chapter, we evaluated the performance of an N+1-hop THz system consisting of
an N-hop backhaul link and a single-hop shadowed radio access link over the THz band. We
modeled the backhaul with generalized i.ni.d a-p fading and the last link with a composite
generalized- K shadowed fading channel, combined with antenna misalignment errors and path

loss due to the atmospheric turbulence. We developed statistical results of the mixed N+1-hop
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link by deriving the exact and upper bounds of the PDF and CDF of the SNR for the CA-
multihop and FG-multihop systems integrated with shadowed access link using DF and FG
relaying protocols for uplink and downlink transmissions, respectively. We analyzed the impact
of multiple relays in the backhaul link for extending the communication range using outage
probability and ABER performance the mixed transmission system. The diversity order shows
that a sufficient number of relays can mitigate the effect of fading and antenna misalignment
errors in the multihop-assisted backhaul, limiting the high SNR performance of the mixed sys-
tem on the channel fading of the single-hop access link when a sufficient beam-width is used
in the access link for signal transmission. Extensive simulation and numerical analysis are pre-
sented to show that 4 relays are required to extend the backhaul range from 20 m to 50 m using
CA-assisted multihop relaying while few more relays are required for the simpler FG-assisted
multihop due to the folding of background noise from previous hops. The cumulative gain of
the AF-assisted multihop system reduces with an increase in the number of hops advocating
the use of a limited number of relays. Further, the simpler FG-multihop transmission performs

close to the CA-multihop when the non-linear characteristic of the THz channel increases.

The following chapter explores integrating a THz-RF link, aiming to establish seamless

connectivity between the THz backhaul and the traditional RF access network.

3.8 Appendix

3.8.1 Appendix 3.1: Proof of Theorem 3.1

Substituting (3:4) in (3-I0) and solving the inner integral [ 6*5/77 S “ldy =

MF(— % . azS1)

s with the definition of Fox’s H-function [170], we get

A32 C5% 1,1
Mo ()= H}5 |~ 5 (1,1) N (3.52)
' 2"—}/]\? ’7 ( i7]‘)7(071)7( 2 73)

Using (3.52) and (3.9) in (3.8) and applying the inverse Laplace transform with expansion of
the Fox’s H-function of (3.52)) in terms of Mellin-Barnes integral, we get

I [ L /Hz (T(B, — SOT(0 — ST ( — & — ai5:)

L ggnd 2mi HZ T(1-9)

x <H C"if) dSi] eds, (3.53)

i=1 VN

where L is contour integral for the Laplace inverse transform and £, is the the i-th Mellin-

Barnes integral. Changing the order of the integrals and solving the the inner integral
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= [.s (S, 2tpesi) e*Yds using [168, 8.315], (3.53) can be represented as

N N a;S;
A (s [ Y [ TN DB - SOL0 - S)0( = % — 248
P =1 =[S (5 [(% = r —
i=1 295 Hizl ( - z)
N Qi N S;
Civz2 ) ' 1 ]
X % o ds;|. (3.54)
(g ’?ANT F(_Zi\[1¢z+ % z+1)

We apply the definition of multivariate Fox’s H-function [[170] to get the CDF in (3.11). To get
the PDF, we differentiate (3.54]) with respect to ~y to get

¢i

) = [1 - ﬁ AW; [(%)N/ [T, T(B; - S)T(0 — S)r( 6 _ as)

i=1 L [[ie, (L —S))
N S,
Cl) : 1 }
X = — dS;| D |, (3.55)
(ZHI,YQ F(_val¢1+ i 1+1) ]
where D) = o V(ZN e ) = val mv(zyl g ) Hence, applying the defi-

nition of multivariate Fox’s H-function in (3.55)), we obtain the PDF in (3.12)) to conclude the
proof.

3.8.2 Appendix 3.2: Proof of Theorem 3.2
We use (3.21)) in (3.18)) to represent the PDF of AF-assisted multihop link as

H QNOW QWJ/H (

dr.

o) T + S
Hz . F( 27”[Z + ¢Z+az)
(3.56)

Finally, we apply the definition of Fox’s H-function [166] to get the PDF of 7y in

(3.22). Further, we use (3.56) in F fo fox (7)d7, and solve the resultant inner inte-
gral foy v " dy to 1—_: = VF(F( 3 ") in order to apply the definition of Fox’s H-function [[170] to

represent the CDF in (3.23)), which concludes the proof of Theorem 3.2

3.8.3 Appendix 3.3: Proof of Proposition 3.2
Transforming random variable 5, with PDF of (3.2)) for the access link as z = hf,, we get

2
G

f():—¢A APl 0<a< S (3.57)

Using the limits of PDF in (3.7) and (3.57), the PDF of |h4|* = hyh? is given by [174]:

brag T 1¢A52 A PA~ma g T
18, = T /0 3 )KmM(%\/;)dy. (3.58)
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Using the Bessel function in terms of Meijer’s G-function [177, eq (14)], we represent (3.58) as

prag sl S2 A (sa-ma_ _
R e A (O
0

C(ma)T(my) mar, mag

) dy.  (3.59)

Further, we apply the integral representation of Meijer’s G-function [[170] to express (3.59) as

bmAx A 1¢A<52) A+ q

= — [ T —s)T —5)(b*2)* Iy, 3.60
pa—mpg—2s ba—m
pa—m s 2 S2 S2) e T(£4574 —s .
where I, = fo MLy s ds = (Sg)A_mAQ_QS = ! 3 r(1+(¢’A) mA( 5 ). Finally,

we apply the definition of Meijer’s G- function in (3.60) with the transformation of the random

variable f., (v) = T L fu A( ) to get the PDF in (3:33)). Substituting (3:33) in [, f,,(v)d, and
solving the deﬁnlte 1ntegral involving a single Meijer’s G-function, we get CDF of SNR of the

shadowed access link.

3.8.4 Appendix 3.4: Proof of Theorem 3.3
Using (3.4) and (3.33) in (3.43), applying the definition of Meijer’s G and Fox’s H-
functions, and changing the order of integration. we get

() [H@AC zbmw( §3) T
i=1 QN(INA F( ma)L'(my)
[13, (o & 2o 1Y, T (8 + 25
271 o Hz 1p(¢n+a1+ 21, 51)

i S
T(mar — So)T(mar — So)T (245724 — So) (& 7 2\ %
o L[ Elmar = 5)C0mar = 5) ( 2) T ( b ) 4S,dS, | I,
2 a F(l—l—%—&)

(3.61)

(mA 24259 mTA¢S2F(—%—SQ)F(m2A +S1+52)

where Ig = [ (££%) - ) dx can be represented as 5
[168, 3.241/4]. Substituting I¢ in and applying the definition of bivariate Fox’s H-
function [178}, 1.1], we get the PDF of Theorem@]in (3.46).

We use the PDF (3:46) in [ f,(z)d~y and solve the resultant integral applymg the Mellin-
Barnes integral representation of the Fox’s H-function [[178, 1.1] to get the CDF in (3.47)), which

concludes the proof.



Chapter 4

THz Backhaul Transmission Integrated

with Access Network

4.1 Introduction

The propagation characteristics and application scenarios of THz technology distinguish it
from other contemporary technologies like RF and FSO communication. As we move toward
a complete shift to THz systems, it becomes imperative to seamlessly integrate THz commu-
nication with existing wireless technologies and infrastructure. This integration is important to
facilitate a smooth transition and harmonious coexistence with previous generations of com-
munication systems. Therefore, it is desirable to realize a mixed wireless link consisting of
backhaul/fronthaul and broadband access network both over THz wireless technology where
each hop of transmission being integrated using low complexity relaying protocols.

Generally, the devices are connected over the RF to a nearby AP, which transports data to
the core network through a high-speed back-haul link. The wire-line back-haul may consist of
DSL and optical fiber. However, wire-line links might not be feasible in some adverse situations
[28]]. In contrast to the wireless back-haul link over the RF frequencies, THz wireless systems

can be a promising alternative for high data rate transmission between the core and AP. Until
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the transition to a complete THz system, the communication link between a user and the AP
will continue on the conventional low-frequency RF transmissions. It is desirable to evaluate
the performance of a heterogeneous THz-RF link for the next generation of wireless networks.

Cooperative relaying is an efficient technique to integrate two heterogeneous networks.
The use of relaying at THz frequencies has recently been studied [33,74,76-80, 83]. However,
there is limited research on the RF-THz hybrid network[33]. The authors in [33]] considered the
DF relaying protocol to facilitate communication for a heterogeneous THz-RF system. They
analyzed the outage probability and average bit-error-rate of the mixed system by developing
PDF and CDF of the SNR considering i.i.d. «-pu fading for both the links. The authors in
[34]] have analyzed the ergodic capacity and outage probability for a single-link THz system by
deriving distribution functions for the combined effect of antenna misalignment errors[150] and
a-p fading [[104]].

It is a well-known fact that the FG-AF relaying possesses desirable characteristics of lower
computational complexity and does not require continuous monitoring of the CSI for decoding
at the relay [S3]. There is limited research on AF relaying for THz systems. The authors in
[78]] considered an AF relay for nano-scale THz transmissions without considering the effect
of short-term fading. Considering Rayleigh fading, [79] studied an AF-assisted cooperative
In-Vivo nano communication at THz frequencies. The authors in [75] analyzed the THz-THz
dual-hop system with FG relaying considering zero-boresight pointing errors. It should be
mentioned that the AF relaying has been extensively studied for various wireless technologies
such as RF-RF [33, [179], RF-FSO [97, [180], RF-PLC [99]], mmWave-FSO[100, [101], PLC-
VLC [102]], and RF-UWOC [103]].

It should be mentioned that the mixed system of FSO (operating over different frequency
band than RF and THz) interfaced with multi-antenna/multi-user RF system has been exten-
sively investigated [92-96, 98]].

4.2 Motivation and Contribution
The initial publication introducing mixed THz-RF with DF relaying [33]] provided statis-

tical analysis for the average BER and the outage probability. However, derived distribution
functions are valid only for integer values of the fading parameter p. It should be noted that
non-integer values of  can provide flexibility to match with measurement data at a fixed « for
THz applications. Further, the short-term fading is assumed to be symmetric with the same
parameters « and p for both THz and RF channels. The symmetric model might not be possible
considering two technologies operating over the different spectrum. Existing analytical tools
are readily applicable to analyze the performance of THz-RF over i.i.d. fading. Still, there
is no asymptotic results to provide insightful dependence of antenna misalignment errors and
fading parameters even for the i.i.d. THz-RF mixed system. Moreover, there is no analysis
available in the open literature for the average SNR and ergodic rate performance for the THz-

RF relaying. Performance bounds with insightful analysis on the outage probability, average
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SNR, ergodic rate, and average BER are desirable for real-time tuning of system parameters for
efficient deployment of the THz-RF system.

While scanning the related research for the mixed RF-THz network, we found that a single-
antenna RF system has been considered. In general, RF base-station (BS)/AP employ multiple
antennas to harness spatial diversity to deal with the signal fading and thus enhance the system
performance. Further, the channel fading affects both the RF and THz links besides the fact
that attenuation is higher for the THz which can be mitigated by considering shorter THz link
distance. To make the RF signal energy level comparable to the THz for a cooperative relay
system, we need to increase the energy level of the RF signal using multiple antennas. The
performance analysis of a fixed-gain AF relaying for multi-antenna RF over o~ channel fading
mixed with high frequency technologies (such as FSO and THz) is not available in the literature.
It requires novel approaches to derive statistical results of the end-to-end system in a closed-
form when the diversity combining technique is applied at the RF receiver and integrated with
the THz link over generalized fading channels.

In this chapter, we analyze the performance of an integrated THz-RF link for data trans-
mission between the central processing unit of a core network and a user through an AP in
a wireless network over a-p fading channels. We analyze the performance of integrated RF-
THz wireless systems assisted by DF and FG-AF relaying protocols by considering non-zero
boresight and generalized antenna misalignment errors. We also analyze the performance of a
two-tier system consisting of a single-antenna THz link and a multiple antenna receiver system
for RF transmission in an uplink wireless network. The major contributions of the chapter are

as follows:

* We consider a generalized model for the end-to-end channel with i.ni.d. fading model
for THz and RF links, the THz link with antenna misalignment errors, and asymmetrical

relay position between the source and destination.

* We derive a closed-form expression of the CDF for the SNR of the THz link using the
combined effect of a-p fading and antenna misalignment errors. The derived CDF is also
valid for non-integer values of p for a generalized performance analysis over THz fading

channels.

* We provide statistical results on the SNR by deriving PDF and CDF of the THz link under
the joint effect of deterministic path-loss, -y short-term fading, and generalized antenna

misalignment errors model.

* We develop PDF and CDF of the end-to-end SNR of the integrated system by employing
both selection combining (SC) and maximal ratio combining (MRC) diversity techniques
for the multi-antenna equipped RF receiver over i.ni.d a-p fading channels with a statis-

tical model for the antenna misalignment in the THz link.
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* We analyze the performance of the THz-RF integrated system by deriving analytical ex-
pressions of diversity order, moments of SNR, ergodic capacity, and average BER in terms
of system parameters. It requires novel approaches to deal with the product of a rational
polynomial and two incomplete Gamma functions with dissimilar rational arguments in

the generalized i.ni.d model.

4.3 Integrated THz-RF Wireless Link
4.3.1 System Model

We consider a wireless system where a user terminal lies in a highly shadowed region to
the source, which precludes direct RF transmissions. To facilitate transmissions, we consider a
dual-hop THz-RF system where a source node communicates with the destination node through
a relay node employed with the DF protocol, as illustrated in Figid.1] The considered system
may find applications in ultra-dense heterogeneous small cells, cell-free wireless networks, and
to establish communication links in difficult-to-access terrain. For small cell and cell-free sys-
tems, the THz link can be deployed for backhauling/fronthauling with the central processing
unit as the source, AP for relaying, and RF link for radio access. The THz link can also bridge
a difficult-to-access terrain where wireline connection is infeasible to solve the last mile con-
nectivity over RF. It is reasonable to assume that the two hops might experience asymmetrical
channel fading considering two different technologies operating over the different spectrum for
these applications.

We establish the communication of the first hop (i.e., between the source and the relay)
by the THz transmission while the RF is used in the second hop (i.e., between the AP and
the user). The authors in [33) 34] have considered the generalized -y fading to analyze the
THz communications while the FTR short-term fading model is adopted in [45)]. The a-pu is
a generalized model that includes other fading models such Rayleigh and Nakagami-m as a
particular case, and can accurately model the THz channel by adapting o and p parameters. It
should be noted that the FTR model consists of an infinite sum to generate the PDF, which can
provide an approximation on the system performance with a finite number of terms. Thus, we
consider the generalized -y short-term with i.ni.d fading for THz and RF links with parameters
a1, i1 and oo, o to model the THz and RF links, respectively. We also consider antenna
misalignment errors as a channel impairment for the THz link in addition to the short-term
fading and path loss.

In the first hop, the received signal y; at the relay is expressed as
y1 = Hyihyihyis +wy 4.1)

where s is the transmitted signal in the THz band and w; is the additive noise with variance
o2,. The terms hy and h, ; model the channel coefficient due to short term fading and antenna

misalignment errors, respectively. The deterministic path gain ;; is dependent on antenna
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gains, frequency, and molecular absorption coefficient as given in [34]]:

VGG, 1
Hyy = =g o=k T4 p)d) (42)

where ¢, f, and d respectively denote the speed of light, the transmission frequency and distance.
G, and G, are the antenna gains of the transmitting antenna and receiving antenna, respectively.
The term k(f, T, v, p) is the molecular absorption coefficient depends on the temperature 7',

relative humidity v and atmospheric pressure p

q1v(q2v + g3) q6v(qrv + gs)
(qav + q5)* + (%OC —p1)? (v + q0)? + (ﬁ — D2)

k(faT7¢ap): 2+le3+C2f2+03f+C4

4.3)

where v = %’@. The term p,, (7', p) represents the saturated water vapor partial pressure

at temperature 7', and can be evaluated based on Buck’s equation. The values of the other

parameters are given in Table II [181].

The PDF of zero-boresight antenna misalignment errors h,, ; is given as [150]:

fhp,l (hp) = %hg—l’o S h’p S S07 (44)
0

where Sy = erf(v)2 with v = /7 /2 (1 /w.) and w, is the beam-width, ¢= —% with W2, as the

4042

. . . . . . 2 _ 2 2
equivalent beam-width at the receiver, which is given as w? = wy/merf(v)/(2v exp(—v?)),

and o is the variance of antenna misalignment errors displacement characterized by the hori-

zontal sway and elevation [[150].

The short term fading |/ ;| with the o — 1 distribution for the THz link is given as

2t
Qb

arp— x*
finga(x) = Qam—F(m)x - exp (— fh1 Qam) (4.5)

where (2 is the a-root mean value of the fading channel envelope.

Using (#.4) and (.3), the PDF of the combined short term fading and antenna misalign-

ment errors |h,r1| = |hyhysq| is given as [34]:
£
o (o — ¢ S5
= ¢S, r o 4.6
f|hpf,1|<x> ¢ 0 Q¢F(M1) ( o y M1 ot X ( )

In the second hop, assuming that the signal received through the direct link is negligible,

the received signal y» at the destination is expressed as

Yo = Hl,ghﬁgg + wo (47)
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Figure 4.1: Relay assisted THz-RF wireless link.

where 5 is the decoded symbol at the relay, /5 is the channel path gain of RF link, w, is the
additive noise with variance o2, and h; is the short-term fading with a-p distribution for the
RF link, which is

— aMSQ let —1 x*?
f|hf’2‘(l') = mw 212 exp <— Mgw) (48)

In what follows, we use the distribution functions of channel fading and antenna misalign-

ment errors to analyze the performance of relay-assisted THz-RF system.

To this end, we denote instantaneous SNR of the THz link as v, = 91 |h,|* and the instan-
taneous SNR of RF as v, = 4»|hs|*, where 71 = %“‘2 and ¥, = %“F are the SNR terms
without fading for the THz and RF links, respectivel;f Using (@.6), wewzan represent the PDF
of the THz link in terms of SNR

Ful) = 5= (VA7) T (B cu (v (49)

L2

aq
where A; = ¢S§¢Qfﬁ(m), B, = 0‘1’;11_‘]5, and Oy = &3:.5,"".

Similarly, we can express (4.8)) in terms of SNR for the RF link as

_ Asary —\ 2271 By (VA -
Fo) = s (VATe) e (vir) (4.10)



4.3. Integrated THz-RF Wireless Link 57

= QTQ (Mo — _cf) L % ag (g —
Pout N P()t . e 2(772) — (l) (2 1) Alcl 1o BQ(;/Q) 352_1< ( 1)
- [(p12) V2 ¢ ['(p2) V2
2 £ v > & v = ol =1)
(rm -+ (1))@ (1) 7 =) Trguept(2) ]
M 71 1
(4.12)
Syt (11 Iy ()} o 32
Pout%P“tzo—’“(———Xl) +M(1) L (1)
o F(/ul) H1 By M P(Hl) Y1 F(,ug),ug Y2
(4.13)

H2
where Ay = 2 and B, = 42

Finally, the CDF of the SNR for the RF link:

F.

Y2

(4.11)

(v)=1- <F<“2> Bg(m)a2)>

['(p2)

In what follows, we analyze the performance of the integrated THz-RF system. First, we
derive a closed-form expression on the CDF of THz link over i.ni.d a-p fading channel with
antenna misalignment error. Next, we use the derived PDFs and CDFs to analyze the outage
probability, moments of SNR, ergodic capacity, and average BER performance of the THz-RF

relay system.

4.3.2 Cumulative Distribution Function of THz Link

In the following, we derive a closed-form expression of the CDF for the THz Link.

Theorem 4.1. If ¢ and S, be the parameters of antenna misalignment errors, and o and |1,
are the fading parameters, then the CDF of the THz link is given by

F,(v) = % {7(/11,01(\/W)m) + Of% <\/W)¢F<Bl,01<m>al>}
(4.14)

Proof. Using @9) and substituting (+/~/ 71)0“ =t , the CDF of SNR for the THz link is given
by

Fu(v) = ttas I)P(Bh Cit)dt (4.15)

B é/(m)‘”

al 0
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To solve the above integral, we use the following identity:
1
/xblF(s, x)dx = ~% (2T (s,2) + T(s + b,z)) (4.16)

Applying the limits of (.13) in the indefinite integral of {.16), we get (d.14). |

It can be seen that the CDF in (4.14)) consists of gamma and incomplete gamma functions
and is applicable for continuous values of x, in contrast to [33]], which is applicable only for
the integer values of ;. Further, the derived CDF might facilitate performance analysis in
closed-forms.

Finally, we provide the distribution functions of the relay-assisted system. Since ~y; and

are independent, the expression of end-to-end SNR with DF relaying is given as:

v = min(7y,y2) (4.17)

Thus, the CDF and PDF of v can be given as [[174]

F,(v) = F,(7) + F,(v) = F, (V) Fu(v) (4.18)

) =500+ (7)) = [ (W EL () = Fy (7)) £, () (4.19)

where f,, (), f-,(7) are the PDF of the THz and RF link, respectively. Similarly, F’,, () and
F.,(7y) are the CDF of the THz and RF link, respectively.

Corollary 4.1. 1. An exact expression for the outage probability is Py = F., ("), where
F, () is given in (4.18) and vy, is the threshold value of SNR.

2. Asymptotically, for a low SNR regime, an expression of the outage probability P2, is
given in (4.12).

3. Asymptotically, for a high SNR regime, an expression of the outage probability PSS, is
given in @.13).

4. The diversity order M°" of the THz-RF relay-assisted system using the outage probability
is given by

MO — min 041#1’ 042/12’ ? (4.20)
2 2 72

Proof. Proof for part (a) is trivial. For part (b), we use the asymptotic expression of
lim, oo I'(a,2) = e *2* ! [182] in @.I8) containing F, () (see (@.I1)) and F,,(7) (see
(4.14)). For part (c), we use F,, (Vn) + F, (Vin) >> F, ('Vth)F'yz (74n) and lim, o y(s,7) =
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(n) Alc ay ,.Yna 2/, 1
SNRyy = SNR; + ———
I'(p2)on (2m)t 2
G2a1 200 A(OQ? - ((bl__fn - Bl))? A(a27 I ( a1 )) (0517 1) B;alafal
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where By = Ba\/71 /7 and C = C1/7a /1.

x*/s [182] in @.18)), to get (4.13)). For part (d), the diversity order can be obtained using the
exponent of SNR (i.e., dominant terms of the outage probability at high SNR) in (#.13). |

The expression of diversity order in (4.20) shows that the effect of antenna misalign-

ment errors can be mitigated if the normalized beam width is adjusted sufficiently to get

¢ > min{oy g, asps .

4.3.3 Statistical Analysis of SNR

In this subsection, we derive the nth moment of SNR, which can be used to analyze other
statistical parameters such as average SNR and amount of fading (AoF). The AoF is a key
performance parameter to analyze the severity of channel fading.

Using (4.19), the n-th moment of SNR for the relay assisted system under the considered

fading channel is given as

SNR™ = /0 " £y ()dy 4.21)

We denote SNR; = [ " f,, (v)d~ the n-th moment of THz link, SNRy = [ 7" f,, (v
the n-th moment of RF link, SNR13 = [~ f, () Fy, (7)dv, and SNRoy = [[% 4" f, (7) ( )dv
In the following theorem, we derive the n-th moment of SNR considering the generalized i.ni.d.

fading model.
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Theorem 4.2. Let ¢ and Sy be the parameters of antenna misalignment errors of the THz link.
If o, py and as, o are the fading parameters of THz and RF links, respectively, then the n-th
moment of SNR of the relay assisted THz-RF link is given as:

SNR"™ = SNR;" + SNR;” - SNR},’ — SNRy; (“424)
where
A Cf(¢2fn%nr(a131+¢+2n) Bif%,?nr(%_hu)
SNRV=L T SRRV 2 2w P (4.25)
20+ ¢ ['(p2)

SNR&Z), and SNR;TIL) are given in (4.22) and (4.23)), respectively.

Proof. The proof is presented in Appendix 4.1. [

It should be noted that mi”’ and mén) are the n-th moment of SNR for the THz and
RF links, respectively. Note that popular computational software packages, e. g., MATLAB
and MATHEMATICA have a built-in function for Meijer’s G computation. In the following
Lemma, we describe a special case of Theorem 4.2 by considering the i.i.d model where short-

term fading between source to relay and relay to destinations is identical.

Lemma 4.1. Let ¢ and Sy be the parameters of antenna misalignment errors, and «, |1 be the

fading parameters, then the n-th moment of SNR of the relay assisted THz-RF link is given as

SNR"™ = SNR” + SNRYY - SNR(Y — SNRYY (4.26)
where
_(ot2n
SRR _ MO (et
SNR; ' =
2n+ ¢
2n
—
SR G B L ) (4.27)
I'(p)
(n (n 1 j—ot2n ap+ ¢+ 2n
SNR\):SNR\)—[AB @ ”<FB F()
12 1 (6 + 2n)0(n) 1D9 M (T(B1) o
‘l—B,_BchlF Oé(Bl +N) +¢+2n
2 1 o
- [aB 2n o(B +¢+2n aBita 2n (428)
. oz2F1[ l—tjﬂ_ ) ( 1+/2 N a+¢+ ,*%]
aB1+ ¢+ 2n
~ B 2 C
—I'(B1) 211 |:B17 aBritp) tot n, 1+ By, —}]>>]
« B
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=
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DL+ 3+ 20) o P [1+ B o, 1+ 34 20,24 22 4 1, — 7]
. (_ ap+a+2n (4.29)
_ + B+ 1)+ ¢+2

+(ap+a+ ¢+ 2n) 1F(a(“ ! a) ¢ %)%
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211 5 ; 5 ; " G
Proof. The proof is presented in Appendix 4.2. [

The derived expressions of the n-th moment of SNR in Theorem 4.2]and Lemma [.T] can
be used to find the average SNR of the relay assisted link by substituting n = 1 in (4.24)) and

(@.26)). Further, a closed-form expression for the 2" order AoF is expressed as

anp (2
AoF = SN—R -1 (4.30)

(SNR™M)2

Although the derived expressions in (4.24)) and (4.26)) involves standard mathematical func-

tions, it is desirable to simplify further the analysis under practically relevant scenarios in order
to provide insights on the system behavior. Thus, we present much simplified expressions of the
average SNR by considering some specific fading conditions and antenna misalignment error

parameters in the following Corollary 2.

Corollary 4.2.  [. Considering the THz-link as the Nakagami-m fading (cy = 2, 1 = 2)
with antenna misalignment error parameter ¢ = 2, and the Rayleigh fading (ay = 2

o = 1) for the RF-link, the average SNR of the relay assisted link is given as

1
SNR =7, + 29, — 255 %% (% — 2>
(\/ /72 + 2562>
L <2(1 +2853)+6 — (1 + 2502)2)
7 (1+25,2)

(4.31)

2. Considering the THz-link (cv;—00, 11 = 1) as a linear Weibull fading with ¢ = 2, and the
Rayleigh fading (oo = 2 s = 1) for the RF-link, the average SNR of the relay assisted
link:

SNR = 7, — (4.32)

Proof. Using n = 1 and f,() from (.19) in (4.21)) with special cases of  and ;. enumerated
in (a) and (b), and applying the standard procedure, we can get (¢.31)) and @.32). [
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The special case in (4.31]) considers popular fading models, which significantly simplifies
the analysis comparing with Theorem [4.2] Further, the scenario in (b) is chosen to provide
insights on the performance asymptotically. As the parameter a; — oo (highly linear behavior
i.e., good channel conditions), the performance should be determined by the RF link with finite
iy, which is verified using (.32).

4.3.4 Ergodic Capacity

In contrast to the conventional RF-RF relaying, there is no pre-log factor 1/2 in the ergodic
capacity formulation even with half-duplex relaying since both THz and RF technologies
operate on different carrier frequencies. Further, we assume that the relay requires negligible
processing time to implement the DF protocol.

In the following Lemma, we use in to derive analytical expression of the
ergodic capacity for the relay-assisted system considering the i.i.d fading model. We denote
= [y 10gy(1 + ) fy, (7)dy the ergodic capacity of THz link, 7, = [ logy(1 4 ) f, (7)dy
the ergodic capacity of RF link, 712 = [~ 1og, (1 + ) f5, (7) Fy, (7)dy, and 21 = [ log, (1 +

Y) f1o (V) iy, (7)dy. We denote by Bl = Bay/71 /72 and C = O1\/W-

Lemma 4.2. If ¢ and S, are the parameters of antenna misalignment errors, and «, | are the
fading parameters, then an expression on the ergodic capacity of the relay assisted THz-RF link

is:

n="+n2 — M2 — 7M1, (4.33)
where
_9
Ao T(p) (= 2(a + ¢In(Ch)) + adln(F1) + 2¢9(0, 1))
m 2 5 (4.34)
ap?In(2)
> —2In(By) + aln(72) + 2¢(0, u) 4.35)
aln(2)
2141 By 1~4-2(1_Q—K‘ 1 ‘171‘01 71?;>
~ 7y 4+ “ o — 4.36
e = M Z 0,0:2:0 B B,,01,0| B} B ( )
& —& () ¢ 3
Fay 7 (A101 F(M))ﬁ I 24, A0 *C1B, 0,1:4:2 (1 —p—g 1 ‘1 1 01 Ve )
2 o 2 C(p)on(2)a 0,0:2:0 — By,0/1,0| B2’ By
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_Mzi 241 A,C) > CF(By+Cp ) HF 3 L 1=p| 75 4.37)
adln(2)k! 2\ 1,0 |Ba+C ’
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Proof. The proof is presented in Appendix 4.3. |

Note that 77,5 and 7)2; has been expressed in terms of 7; and 7, respectively. Further, the
derived expressions of the ergodic capacity of THz (see (4.34)) and RF (see (4.35))) links can
be used to compare the performance of the relay-assisted system with direct links. It should be
noted that the authors in [34]] have derived an upper bound on the ergodic capacity of the THz
link.

Analyzing the ergodic capacity of the relay-assisted system with i.ni.d fading using the
PDF of in becomes intractable since the integral contains the product of a loga-
rithmic function and two incomplete Gamma functions with different rational arguments. Con-
sidering integration by parts with log, (1 + ) as the first term and f, () as the second term, the
ergodic capacity can also be expressed using the CDF of SNR [[183]

1= [ 00 B “38)

Now, we derive analytical expressions of the ergodic capacity of the relay-assisted system
by considering the CDF-based formula in (4.38). Expressing F,,(y) = 1 — F! (v), where

FL,(7) = 2P and using @ET8) in @38), we get

= @ /000(1 +9) T EL () = F, (M E, (7))dy (4.41)

Observing ({#.41)), a closed-form expression of the first term of integral can be readily
obtained. However, the challenge lies in solving the integral of product of a rational polynomial
and two incomplete Gamma functions with dissimilar rational arguments. We use 1 + v =~ =,
an asymptotic approximation on an incomplete Gamma function, and a representation of the
rational arguments to develop a tight approximation and an asymptotic expression (in terms of
simpler Gamma function) at high SNR on the ergodic capacity of the relay-assisted system for

the i.ni.d fading model, as given in the following Theorem.

Theorem 4.3. Let ¢ and Sy be the parameters of antenna misalignment errors of the THz link.
If aq, py and oo, o are the fading parameters of THz and RF links, respectively. The ergodic

capacity of the relay assisted link can be approximated as

i~ Fylar, s, g, p2, @, So) (4.42)
and asymptotically at high SNR, the ergodic capacity is given by

0> = F° (o, g, pa, pia, ¢, So) (4.43)

where -7:17(0417(12%51,/12:9257 SO) and F7C7>0<Oél7a27,ula,u27¢7 SO) are given in " and "
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where aj, = a; = {12,0,0} and ¢ = ¢; = {1, 1,2} ; b, = b; = {p2,0} 5 ¢ = ¢; = {0, =21
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Ly e ) (clf—y;% g] (4.40)
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respectively.

Proof. The proof is presented in Appendix 4.4. [

Since the derivation for the ergodic capacity in (4.39)) involves the use of 1 + v ~ 7 in one
term and application of asymptotic approximation on the incomplete Gamma function once (see
(4.103)), the derived approximation can be accurate for various system parameters of practical
relevance. We examine the accuracy of derived approximation and asymptotic analysis using
computer simulations and numerical analysis in Section I'V.

Although the ergodic capacity can be computed using functional representation of Meijer
G and Gamma function, we present simplified analysis on the ergodic capacity for some specific

fading channel conditions and antenna misalignment error parameters:

Corollary 4.3. 1. Considering the THz-link as Nakagami-m fading (o, = 2, py = 2) with
antenna misalignment errors parameter ¢ = 2, and the Rayleigh fading (ay = 2 j1o = 1)

for the RF-link, the ergodic capacity of the relay assisted link is given as

1= (o + 285 *41) 2250 (0, 52 + 255 %91)
In(2)(32 + 2S5°7)
G225 (0, 9, 4 25524

i+ n(2) (4.44)

77]:

2. Considering the THz-link (cv;—00, 1 = 1) as a linear Weibull fading with ¢ = 2, and
the Rayleigh fading (oo = 2 puy = 1) for the RF-link, the ergodic capacity of the relay

assisted link:

€W2F(O, ’72)

In(2) (4.45)

ﬁ:

Proof. Using F,(v) from (4.18) in (4.38) with special cases of « and ;1 enumerated in (a) and
(b), and applying the standard procedure, we get (d.44) and (4.45). [

The special case in (4.44)) is a simplified expression of the ergodic capacity with Nakagami-
m and Rayleigh fading channels. Further, the scenario in (b) is chosen to show the effect of
imbalance of fading channels in both the links: as the non-linearity of fading channel reduces

to a« — oo (i.e, good channel conditions), the performance is determined by another link with

finite « (see (4.49)).
4.3.5 Average Bit Error Rate

In this subsection, we derive the average BER of the relay-assisted THz-RF link. Using
(4.18)) in (2.16)), we can obtain a closed form expression of the average BER by solving three
integrals with F., (v), F,,(7), and F,, (v)F,,(v) in (2.16). However, the average BER for the
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¢ — a
P, = A0 “' () + A7, ° ¢afb+ = <Bl 7)4 % G4,Oél A(ala - ¢J;2p)7 A(27 1) @
et 26 26T (p)(27) 2 rovt\  A(2,By), A(2,0) 4¢t1)
_$ — a
A0 201 Do T aay (Alar, 1—p),A(2,1) (€ 7 pen (4.47)
26T (p)(2m) 2 Zrond\ A(2, 1), A(2,0) 4q'*1) '
L 21 _o2
P 2 = 1 _ 2(MQ_E)O“/Q i 4,00 (A(a2> 1 - p)a A(2a 1)‘ (BQ/VQ ) a2a2> (4 48)
T2 aN(p)D(we)(2m)F T A2, k2), A(2,0) 4q(a2)

DF relaying with Gray coding can also be expressed as [[184]:
Pezpel+p€2_2pelpe2 (446)
where P.; and P., denote the average BER of THz and RF links, respectively.

Theorem 4.4. Let ¢ and Sy be the parameters of antenna misalignment errors of the THz link.
If o, py and o, o are the fading parameters of THz and RF links, respectively, then an exact
expression of average BER for the relay assisted THz-RF link is given as:

Pe:pel+p62_2pelpe2 (449)

where P, and P., are given in @.47) and @&.43)), respectively. and asymptotically at high SNR,
the average BER is given by

_¢ _¢
AG T (n) 1 A Pgh

-

P = T 5+ TR
v Z Hk 1,k#j ( (117_);)(% + bj%) (Cl(q,,yl)_%)bj
= o (4.50)
A1C1 i Z | k) g(l - CJ);(P+ %) (Cl(qﬂ_yl)_%)cj
, —ds Loz N
B 2F(p)1F(M2) > st (;Zgl _dcjzj)r ) (e
where b, = b; = {By,0}, ¢, = ¢; = {p1,0} and dj, = dj = {2, 0}.
Proof. See Appendix 4.5. |

In what follows, we discuss few simplified scenarios to derive insights on the average BER

performance of the THz-RF system.
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Corollary 4.4. 1. The diversity order MBPR using the average BER performance of the
THz-RF relay assisted system is given by

JMBER _ min{@lﬂl Qg [ ?} 4.51)

2 7 2 72
Note that the BER-diversity order is same as the outage-diversity order in (4.20).

2. Considering the THz-link as Nakagami-m fading (oy = 2, uy = 2) with ¢ = 2, and the
Rayleigh fading (ov; = 2 1 = 1) for the RF-link, the average BER of the relay assisted
link is given as

_ 1 1 14 3%,

p=1-— - . 4.52
1+9 2(1+ 250*271 + %) (14 27%)? ( )

3. Considering the THz-link (cv;—00, 11 = 1) as a linear Weibull fading with ¢ = 2, and the
Rayleigh fading (as = 2 s = 1) for the RF-link, the average BER of the relay assisted
link:

_ 25,7

po=t 0 (4.53)
L+

Proof. For part (a), the diversity order can be readily obtained using the exponent of SNR

(i.e., dominant terms of the average BER at high SNR) of the asymptotic expression in (4.50).

Using F, () from in (3.30) with special cases of « and p enumerated in (b) and (c), and

applying the standard procedure, we can get (4.52)) and (4.53). [

The results in Corollary simplifies the average BER performance at high SNR and for
a few values of o and p in order to provide insights on system behavior analytically. In the next
section, we demonstrate the performance of the proposed relaying scheme for various values of

«, [, and other system parameters.

4.4 Simulation and Numerical Results

In this section, we use numerical analysis and Monte Carlo simulations (averaged over
108 channel realizations) to demonstrate the performance of the THz-RF relay assisted system.
Although a direct link between the source and destination may not exist, we compare the per-
formance of direct link with THz and relay-assisted transmissions for various scenarios. We
consider the THz link with a distance in the range of 30 — 50 m. This range is typical for
the THz link, as adopted in [25} 33} 134]. To compute the path loss for the THz link, we con-
sider relative humidity, atmospheric pressure, and temperature as 50%, 101325 Pa, and 296°K,
respectively. The parameters for the calculation of the molecular absorption coefficient k are
provided in Table For parameters Sy and ¢, we need radius r; of the receiver antenna’s
effective aperture area A.. Using A, = 72 = \2Gy /4 [183], we can get 1 = \\/G1/2T,
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(a) Different values of pq with a1 = 2, a9 = 2, ue = 1. (b) Different values of a; with gy = 1, a0 = 2, o = 4.

Figure 4.2: Outage probability performance of relay-assisted THz-RF wireless link at v, =

4dB with ¢ = 28.9576 and Sy = 0.054.

Table 4.1: Parameters of the molecular absorption coefficient &k

Symbol Value Symbol | Value

q3 0.0294 qa 0.4093

qs 0.0925 s 2.014

q7 0.1702 qs 0.0303

Q9 0.537 q10 0.0956

c1 5.54 X Cyq —6.36 X
10737 Hz =3 1073 Hz 3

Co -3.94 X Ja 10.835
10725 Hz 2 cm™!

c3 9.06 X Do 12.664
1014 Hz ! cm™!
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Table 4.2: List of Simulation Parameters

69

Parameter Value
THz carrier frequency 275 GHz
RF carrier frequency 6 GHz
THz signal bandwidth 10 GHz
RF signal bandwidth 20 MHz
Noise PSD —174 dBm/Hz
Noise figure 5dB
Antenna Gain (dBi) 55 (THz), 25 (RF)
a1, Qg 1—-6
M1, U2 05—14
Q 1
D, q 1,1 (DBPSK)
Jitter standard deviation | 5 — 12 cm
(05)
Antenna aperture radius | 10 cm
(r1)

where (5, is the receiver antenna gain of the THz link. To simulate the antenna misalignment
error, we consider the normalized beam-width w, /r; in the range of 6 to 12. The RF link dis-
tance is taken up to 50 m, which is reasonable when users are connected to a nearby AP in a
cell-free architecture. We compute the path gain /1, , of the RF link using the 3GPP path loss
model 32.4+17.31log;y(d2) +2010g,,(107% f5), where d5 (in m) is the distance and f5 (in Hz) is
the carrier frequency of the RF link. We use AWGN power of —69.4 dBm of the THz link over
a bandwidth of 10 GHz and —104.4 dBm of the RF link over a bandwidth of 20 MHz [[175]].
Other simulation parameters for THz and RF systems as presented in Table 4.2]

First, we demonstrate the outage probability performance of the relay assisted system, as
shown in Fig. by considering o, = 5.66cm and normalized beam-width w,/r; = 6. In
Fig. 4.2, we show the impact of the parameter ;. on the outage probability by adopting the RF
link as Rayleigh fading as = 2, o = 1, and the THz link as the Nakagami-m fading oy = 2
at different 1. The outage performance improves with an increase in the parameter x4 since an
increase in y; accounts for dense clustering in the fading channel (i.e., good channel conditions).
A very low value of ;11 < 1 (i.e., worse channel conditions, a typical scenario for the THz link)
shows significant degradation in the outage performance. The derived CDF in Theorem [.1]
allows the computation of the outage probability for continuous (non-integer) values of i,
which is necessary to evaluate the performance for a broader range of j;, especially when
11 < 1. Note that the plots for 4 = 1.5 and ¢ = 2 overlap with each other. It should be
emphasized that the state of art research use only integer values of y; to compute the CDF of
the THz link [33]. Further, we show the effect of the non-linearity parameter o; on the outage
probability. In Fig. 4.2(b), we consider oy, = 2, py = 4 (Nakagami-m fading with higher
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Figure 4.3: Average SNR performance of relay-assisted THz-RF wireless link.
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Figure 4.4: Ergodic capacity performance of relay-assisted THz-RF wireless link.
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clustering) for the RF link and p; = 2 with different a; of the THz link. The outage probability
improves with an increase in the parameter o (i.e., a decrease in the non-linearity of the THz
fading). The outage probability dramatically improves with an increase in the parameter «;: a
factor of 10* decrease in the outage probability when the parameter o increases from 1 to 3 at
the same 10 dBm of transmit power.

Observing Fig. and Fig.[4.2p, it can be emphasized that the diversity order depends on
a— . parameters of either of the links since the parameter ¢ is higher (low antenna misalignment
errors) due to strong beam-width w, = 0.6. As such, analysis in (4.20))) shows that the diversity
order M = p; depends on the THz link when p; < 1, and after that, there is no effect of
the parameter /1 since the diversity order becomes M = 1, which is confirmed in Fig. 4.2p.
Similar conclusions on the outage probability behavior on the parameter «; can be inferred
from Fig. 4.2b.

Next, we demonstrate the effect of antenna misalignment errors on the average SNR and
ergodic rate performance of the relay-assisted system with o, = 10.61cm, as shown in Fig. 4.3
and Fig. 4.4, We consider Rayleigh fading («s = 2, p1o = 1) for the RF and Nakagami-m fading
(a1 = 2, up = 4) for the THz link with different values of normalized beam-width w, /r;.
Fig. 4.3(a) and Fig. #.4(a) demonstrate that the effect of antenna misalignment errors can be
minimized by decreasing the normalized beam-width. It should be noted that the model of
antenna misalignment errors in #4) is applicable when w, /r; > 6. In Fig. 4.3(b), we compare
the performance of mixed THz-RF transmissions with direct RF and THz. It can be seen that
the relay-assisted system provides a significant (around 5 dB) than the direct transmissions.
There is a significant increase of 2 bits/sec/Hz in the ergodic rate performance, as shown in
Fig. d.4(b). Although the direct link performance of THz and RF are almost similar, the THz
has an enormous bandwidth (in the range of 10 GHz) in comparison to the RF to get an enhanced
channel capacity. It should be noted that the throughput of the THz-RF system is limited by the
bandwidth of RF link.

Finally, we demonstrate the average BER performance in Fig. with o5 = 10.61cm.
We show the effect of fading parameter «; and normalized beam-width w, /r; on the average
BER in Fig. #.5(a). The figure shows a dramatic improvement in the average BER with an
increase in o from 1 to 2.5. However, the effect of normalized beam-width w, /r; on the
average BER is nominal. In Fig. 4.5(b), we show the impact of relay location on the average
BER performance for a link distance of 80 m. It can be seen that a shorter THz link provides
significant performance for the THz-RF relay system since the path loss at the THz frequencies
is high.

In all the above plots (Fig. to Fig. |.5), we verify our derived expressions (by directly
evaluating equations @.13)), @.18)), (4.26), (.39), @.40), (@.46), and (@.50)) with the simula-

tion and numerical results. We use MATLAB function ‘meijergG(a,b,c,d,z)’ to compute the

Meijer G functions involved in closed-form expressions. It can be seen that the derived ana-

lytical expressions of the outage probability and average SNR for both i.i.d and i.ni.d fading
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Figure 4.5: Average BER performance of relay-assisted THz-RF wireless link.

scenarios and average BER for the i.i.d. fading have an exact match with the simulation results.
The analytical results of ergodic capacity and average BER for the i.ni.d fading can overesti-
mate/underestimate the exact results due to asymptotic bound I'(a, x) — e %22~ ! in few terms
of integration. However, Fig. 4.4 and Fig. 4.5 show that the difference between analysis and
simulation is indistinguishable. Further, the analytical results of ergodic capacity for the i.i.d
fading are very close to the exact even with approximation log,(1 + z%) ~ alog,(1 + ). Fur-
thermore, it can be observed from Fig. §.2|(a), Fig. #.4(a), and Fig. 4.5(a) that the asymptotic
results are very close to the exact for a wide range of transmit power since average SNR is
reasonably high for considered link distances. Indeed, the asymptotic performance may deviate

from the exact in a low SNR regime.

4.5 Integrated THz-RF Wireless Link: Generalized An-

tenna Misalignment Errors

In the preceding section of this chapter, our focus was on zero-boresight antenna misalign-
ment errors in the context of integrating RF with THz using the DF protocol. In this section, we
expand our scope to encompass more comprehensive channel models, including scenarios with
non-zero boresight antenna misalignment errors, and the utilization of a simplified AF relay-
ing technique to integrate THz with RF, considering the generalized a-x-p shadowed channel
fading, also known as a-KMS fading model.

In the first hop, the received signal yHﬂ at the relay is expressed as yp = H,hs.S + w,,
where S is the transmitted signal from the source, w, is the additive white Gaussian noise
(AWGN) signal with variance val, H, is the RF channel path-gain, and %y, is the fading coef-
ficient. We use the generalized a-x-p shadowed (a.k.a a-KMS) distribution to model the short

!Notations: Subscripts (-)r, (-)p, (*), and (-); denote the relay, destination, the first link RF, and second link
THz, respectively. G (.|.) and H};"(.|.) denotes Meijer’s G and Fox’s H-functions, respectively.
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term fading |h .| for the RF link with PDF [148]]:

m" oy R
f|hf1|<x) _QCITAF([I/T)(,LLTRT + mr)7m’7r (’71” :
1,z o JT. AN
xexp( — E(%) 2V Fy (my, s m(i) ) (4.54)

where {«,, K, i, m, } are the fading parameters, ; F} is the confluent Hypergeometric function
and the parameter c is defined in [148]]. In the second hop, the relay amplifies the incoming sig-
nal yg with a gain G to get the received signal at the destination (assuming negligible hardware
distortions [33,186]) yp = Hih,hGyr + w;, where H, is the path gain of THz link, wy is the
AWGN with variance o2 , h, models antenna misalignment errors, and |hy,| is the short-term
fading of the THz link with PDF:

Mt
QUfLy

_ atpe—1 exp (— Ht P (455)
Qe (puy) ( )

f‘hff,‘(x) Qo

T

where {ay, 11y, 2} are the fading parameters for the THz link, and I'(-) denotes the Gamma
function. We use the generalized non-zero boresight statistical model for h,, [151]:

.2 2 So

¢exp (ﬁ) o—1 S wzeq In hp
Fiy (hp) = ——2== 0y o 5\ —5— (4.56)
where s = /u7 + p is the boresight displacement with fi, and ., representing horizontal
and vertical boresight values, respectively, Sy is the fraction of collected power without antenna
misalignment errors, ¢ is the ratio of normalized beam-width to the jitter, and /,(-) denotes the

modified Bessel function of the first kind with order zero.

H . _ Pr Hr 2 .
We denote by A, = QQ%IE(M) and B, = ghi-. Denoting 7, = UlTT' with P, as the
. . . —_ 2 . .
transmit power at the source for the RF transmission and 7; = PtiTHt‘ with P, as the transmit

wi

power at the relay for the THz transmission, we express the SNR of the RF link as v, = 7, |h|?
and the SNR of the THz as v; = ;|hsh,|*. The end-to-end SNR AF relaying system is given
by v = 2% [53] where C' = P,/ G?0?2, . For the blind AF relaying, an arbitrary value of G
can be selected. However, in a semi-blind approach the fixed gain relaying factor G can be
obtained using statistics of received signal of the first hop C' = (E,, (1 + ~v)~*)~'[53], where
[E,, denotes the expectation operator over the random variable ~,. Hence, the well-known PDF

of end-to-end SNR + of the fixed-gain AF relayed system is given by

= C C
£i(2) = /0 f%<%) f%(x)x; dz (4.57)
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4.5.1 Density and Distribution Functions

In the following, we present the PDF and CDF of SNR for the THz link subjected to short-
term fading and antenna misalignment errors. Using the limits of |h| and h, in (.55) and
(4.56)), respectively, the PDF of |hf,| = h,|hs| can represented as

So h
Finspl () = /0 hipfhf (hj) Fing (hp) (4.58)

2k
Using (4.56) with the series expansion Ip(z) = > _,—, ((k,) > in and utilizing the integral
form of Meijer’s G-function:

P el Ll SO T [0 wBayaur
= , — —u du
hr A 2 (02 \ 8ot ) 2mi ), DASL !

(4.59)

where I, = [* " U et (In ) dh,.  Substituting In 2 = t, we obtain [, =

—a —ogu . —apu—au —G+1) . . .
S((]d) WIS )I‘(j + 1)(%) . Further, using I; in (4.39) and applying the

definition of Fox’s H-function [166] with a transformation of the random variable f,, (y) =

1
5777 g (ﬁ) we get the PDF

Atgzﬁexp (202> S(()—at#t—i-l),y%—l > 1 s2?

fr() = w7 Z‘y(gTZq)]

27, * =0 J°

ot

« JgF+20 By

JtLE+2 | 7%
SO Ve

(4.60)

(1 + (b — ap, 1)j+1
(07 1)7 (¢ — Qlt, 1)j+1

We use the PDF #60) in [’ f,(z)dz and simplify the integral using the Mellin Barnes integral
representation of the Fox’s H-function to get the CDF:

At(bexp <202> Séfatut+1),y% > q ($2w2 >j

Tt Qg -
]l

29, * J=0
By | (1— 24 e) (1+ ¢ — ap, 1)+
k t7 Hs
H]-—:12]1+3 A ( ) j4+1 it oy (4.61)
S‘”_2 (0,1), (¢ — ap, 1) 7(_77?>

Note that the use of Meijer’s G and Fox’s H functions is common in the research fraternity
and can be efficiently evaluated using built-in functions available in computational software
such as MATLAB and MATHEMATICA. We capitalize results of (4.60) and (.61)) to present
the PDF of SNR for the AF relaying in terms of bivariate Fox’s H function.

Representing exponential and hypergeometric functions of (4.54) into Meijer’s G-function
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with a transformation of random variable ~, = 7,|hs|?, we get

fro () e -
x) = —
" 27T (pr) (ptir + My )™ T \

F(Mr) _Hrﬁrx%
(1) =N e+ my) 77

1—m,
4.62
o) 462

Substituting (@.60) and (@.62) in (#.37) and utilizing the integral representation of Fox’s H-

function with a change in the order of integration:

—apur+1 .
i) merar,Y""g"“—l Aipexp ( 2) Sé S i I'(j+1) (SQuJiq)J
vy )= arpr ot .
20k (pp by +my )™ 3, L (my )7 2 ' 27, * j=0 (71) 8t
oL [ D0 =)D — un)T(m, +w) ( R >mdu
2mi Jr, I'(py + u1) A (prkir + My )Y '
1 L(0 — ug)T(¢p — — U+ /B, \™
(L[ O ua)I0 = auu = aus) ( ‘L ) dusly (4.63)
2wt Jp, T4 ¢ — aupy — o) U+ S5,7

where £, and £ denote the contour integrals. We use [168, (3.194/3)] and [[168, (8.384/1)] to
solve the inner integral /5 in terms of the compatible Gamma function:

appitarug

/oo (’7 + C) (“TQ“T +OC1"U1) ’yawt;at% 71d7 B C«fr( fatm;atuz )F( *arﬂr*2aru21+atllt+atu2)
- — —2
0 T 1"( OM"MTQ Oérul)

(4.64)

Finally, we substitute (4.64) in (4.63), and to apply the definition of Fox’s H function [178]
(1.1)], we use u; — —uy in (.63) to get the PDF for fixed-gain relaying:

mra O Apexp (552 ST =y rye
f'\f(/y) = Qrpr QMg Z _l <—q)

detr (ppky +me )™ U (mye)ye 2 5, 2 =0 8t
2 ~Q
0,1:1,2:5+3,0 (frkor +my )y B,C% |V
X H1032;i1 j+3 — o ; a7 (4.65)
/"LT‘K/”"’Y ! Sgétryt ‘/2

where i = {(1 = 22552 0, 5) i ((1.1), (1), (i 1) { (1 0= g 0)" ™) and

Vo= {3 {(me2). (14 200} {(0.1), (6~ aupe )™ (- 242, %),
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4.5.2 Outage Probability
Using @63) in F,(v) = [, f,(2)dz, and applying the definition of Fox’s H function with

the following inner 1ntegra1

Qrir Qr flr — 207U

~ —aru Qop fly — 20U
/ ZC“TQ’” 7127aru1dz — S 1P(_2 2 ) (466)
: O

we get the CDF as

mra O Atgb exp (202> S(()_at#t'i‘l)’y% >~ q 82wiq J
F'Y(fy) = arpr Qi Z _l ( )

Aot (purkiy + mr)mrr(mr):)/r : :Yt ’ 3=0 J: 8o
2 — 71&
0,1:2,2:j43,0 (tr by + M )75 (1
X Hy gy | — s (4.67)
Hor Kor Y Sg‘tfyt Q2

where Q1 = {(1 — &g ar, ) 1 (11), (11), (1), (14 25, a0) i {(1 4 6 -
?tut;at)”)}}’and% (= mn 1), (320, (152,00 {0.1). (6,0

To derive the asymptotic outage probability in the high SNR regime, we use [166, Theo-

rems 1.7, 1.11] and compute residues of for both contours £; and L, at poles u; = 0,0,

—Qrprtos o u
20y

asymptotic expression in (#.68). It should be emphasized that the consideration of all the poles

and s; = 0, —, and %:“t Simplifying the derived residues, we present the

may result into our asymptotic analysis close to the exact for a wide range of SNR. Further, it can

atpr @
2 72J)°

Note that the derived diversity order for the THz-RF can be confirmed individually with previ-
ous results on -y fading [186]] and a-KMS [148]].

be easily seen from (@#.68) that the outage diversity order of the system is min { <z,

4.5.3 Simulation and Numerical Results

We demonstrate the performance of the considered RF-THz wireless system and validate
our derived analytical results using numerical analysis and Monte-Carlo simulations. To eval-
uate the analytical expressions, we use MATLAB implementation of bivariate Fox’s H func-
tion [176l], and take 10 terms for the convergence of infinite series. The bivariate Fox’s H-
function requires the computation of two contour integrals involving the ratio of the product
of Gamma functions. We also compare the proposed method with the existing DF relay-
ing for the RF-THz system with zero-boresight antenna misalignment errors [33, [186l]. To
compute the path gain of the RF link with antenna gain G, = 26dBi, we use path loss
L,(dB) = 32.4 + 17.3log;o(d2) + 201log,,(1077f,.) [186], where d, is taken in the range of
50m to 200m, and f,, = 6GHz is the carrier frequency of the RF. We compute path gain of THz
link as H;, = 47?%@ exp(—%kdt), where G; = 55dBi, k = 2.8 x 10~% is the absorption coeffi-
cient [33], c is the speed of light, f; = 0.275 THz, and d; = 50m. We use [151] to compute the

parameters of antenna misalignment errors with 10cm antenna aperture radius. A noise floor
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— Qur S o B C ooty — o %_% )
G G1< L oY > e ( 102 ) o ( o oY > TR
c? (/J/T"Qr + mr) Sgt’j/t% c? (,U/r"ir + mr)
_orpr
+ G372 (4.68)
my ( )S( f"tl"t‘f’l) 82’!1}2 J
_ 1 Ze _
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of —170dBm/Hz is taken for both THz and RF systems with 10GHz and 20MHz as the signal
bandwidth for THz and RF transmissions, respectively [[175].

First, we illustrate the impact of multipath clustering on the THz link (i.e., x;) and the effect
of non-zero boresight and jitter of antenna misalignment errors (i.e., o5 and s) by plotting the
outage probability versus average SNR of the RF link 7, as depicted in Fig. We consider
o-KMS parameters as {a, = 1.8, 1, = 2, K, = 4,m, = 2}. Fig. 4.6 shows that the outage
probability improves with an increase in p, since the multipath clustering enhances channel
conditions. Further, the figure shows that the effect of jitter is marginal at a lower p; = 1.2 and
low RF average SNR but incurs a penalty of almost 5 dB if o, is increased from 5 cm to 15cm
at a higher 1, = 2.4 and outage probability 10~%. It can also be seen from Fig. that the
non-zero values of boresight incurs higher antenna misalignment errors degrading the outage
probability 5 times as compared to the zero-boresight at an average SNR of 40 dB. The figure
also shows that fixed-gain AF relaying performs close to the DF without expensive decoding

procedure and continuous monitoring of CSI in most of the scenarios.

We demonstrate the impact of various parameters on the outage probability for a better
insight into system performance. Note that ¢ = 37 when o0, = 5 and cm) and ¢ = 4.1184
when o, = 15 cm [151]]. When p; = 1.2, the outage diversity order is 0.9 since aypy = 1.8
is the minimum of «,.u, = 3.6 and ¢ = 4.1184. Similarly, the diversity order becomes 1.8
when p; = 2.4. Fig. shows that there is a change in the slope of plots corresponding to

e = 1.2 and pu; = 2.4, but there is no change in the slope when antenna misalignment error
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Figure 4.6: Outage probability performance of fixed-gain relay-assisted RF-THz wireless link
over mixed fading with non-zero antenna misalignment errors at a; = 1.5, 7, = 4 dB.

parameters are changed. Thus, the diversity order analysis provides a design consideration to
use high beam-width to compensate for the effect of antenna misalignment errors. Thus, the
proposed analysis provides an insight into the deployment scenarios for the mixed RF-THz

relaying considering various system and channel configurations.

4.6 Integrated THz-RF Wireless Link: Multi-antenna Sys-

tems

Finally, we delve into the integrated THz-RF network, taking into consideration the de-
ployment of multi-antenna base stations or access points (BS/AP) within the access network.
The primary objective of this section is to illustrate how the performance is influenced by the
presence of multiple antennas, while extending upon the findings from the preceding two sec-
tions of this chapter. It is important to note that channel fading has an impact on both RF and
THz links, with the THz link experiencing higher attenuation. This challenge can be alleviated
by reducing the distance of the THz link. Consequently, in order to establish efficient integrated
F-THz transmission, it becomes imperative to boost the power level of the RF signal through
the use of multiple antennas to make it comparable to the THz signal.

We consider a user in an access network that intends to transmit a signal to a destination
point in the backhaul link through an AP equipped with multiple antennas (N > 1). In the first

hop, the received signal vector y /)

at the relay can expressed as
y® = H,h,s +w,, (4.69)

where is y® = [V, v ... VBT with ¥, denoting the received signal at the i-th

antenna, s is the transmitted signal from the source with power P, w, is the additive white
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Figure 4.7: Hybrid multi-antenna RF and THz wireless transmission.

Gaussian noise (AWGN) signal with variance air, H, is the deterministic channel path-gain,
and h, = [hy, ho,--- ,hN]Twith h; denoting the fading coefficient from the source to the
i-th antenna at the relay. We use generalized -y distribution to model instantaneous SNR
¥ = |H’"E|+‘2P of the RF link from the source to the i-th antenna [104]:

wr

A 7%,1 Y i

% 2

fw(v) = ——=g—exp ( - B; <,—> ) (4.70)
2Ypp TRF

where A, = m%lf(w B, = 4, i =1,2,--- N, and {o, 1;, 2} are the channel fading

parameters from the source to the i-th antenna of the RF link, and A is the average SNR of the
RF link. The a-p distribution is a general fading model, which accounts for the non-linearity of
a non-homogeneous propagation environment. The power parameter « represents the nonlinear
characteristics of the fading and the parameter ;o depicts number of multipath clusters. Using
(.70), the CDF of the SNR is given by

F iaBi %
Fo(y)=1- <M> @.71)
I (1) Ve

The THz band suffers from higher path losses due to molecular absorption at a lower wave-

length. The path gain for the THz link is modeled by H, = —<<tiz__ exp(—31rdru,), where c,

Am frH,dTHS
Gz, fruz. dri, denotes the speed of light, antenna gain, carrier frequency, and link distance,



4.6. Integrated THz-RF Wireless Link: Multi-antenna Systems 80

respectively. Here, x is the absorption coefficient that depends on the temperature, relative
humidity, and atmospheric pressure [34]]. Further the THz suffers from antenna misalignment
errors due to the misalignment between the transmitter and the receiver antenna. The PDF of

the zero-boresight antenna misalignment errors given by [[150]

O e
i, (hyp) = 7 ——h$ 0 < h, <8, (4.72)
where the term S denotes the fraction of collected power and ¢ denotes the ratio of normalized

beam-width to jitter.

The THz also suffers from the channel fading along with the deterministic path loss and
antenna misalignment errors. Despite these, the THz has emerged as a potential technology for
backhaul link since it is immune to foggy and turbulent weather conditions (a limiting factor
for FSO deployment) and fiber optics may not be suitable in difficult terrains. Recent research
[20, 21}, 26] clearly demonstrate the applicability of THz communication as a potential technol-
ogy to transport the data from an AP or BS to the core network with multiple Gbps data rate
transmission, which can be central to ubiquitous wireless communications in beyond-5G or 6G
networks.

Recently, the authors in [[153]] have shown that - distribution fits well at the THz frequen-
cies using extensive measurement campaigns. Thus, we consider i.ni.d a-p channel to model
the fading for THz link with the PDF of the combined effect of channel fading and antenna

misalignment errors [34]E]

APSTyE Y fap—¢ Syoqs
P, (7) = 22200 F( -2 20 0 ) 4.73)
2924, “ Vim,

L
Q“T( )’
{a, p, Q} are the channel fading parameters from the AP to the destination.

where Yy, = ‘ if? is the average SNR of the THz link, A = and B = % with

The CDF of the THz link combined with antenna misalignment error for a general j is
given by [186]]

_2 o 2 — o
F’YTHZ(,Y):AB¢ gb{fy(/"%( 7:Hz> )+§g>< VJHZ>¢XP<Q”Q ¢’5%( VJH) ﬂ

(4.74)

Finally, we employ a frequency up-converter to match the carrier frequency of the RF with
the THz and a fixed gain AF relay to forward the signal from the source to the destination. Note
that the noise power spectral density (PSD) for the THz link is higher (—74 dBm/Hz) than the

,72

“There is a typo in the equation (26) of [34]. It should be y2A;"" w?m & *T(W iy haA—a).
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RF (—101 dBm/Hz) [[175].

The end-to-end SNR for the AF relaying system is given by v = % where C' can be
obtained statistically from the received signal of the RF link and transmit power at the relay.
Given the PDF of SNR for individual links as f...(v) and f,,,.(7), the PDF of the end-to-end
SNR ~ for the dual-hop system can be represented as [[187]]

e = [ (M) P ()2 C @.75)

X i

Similarly, the CDF of the end-to-end system using the CDF of individual links £ () and

P (7) i [I87):

o C
ny(r}/) - F’YRF (7) + / F“/THZ (foY)f'YRF (l‘)dl’ (476)
5 Y

In the following sections, we derive the PDF of the RF link denoted as f..(y) using both
SC and MRC diversity techniques to develop statistical results on the end-to-end SNR using the
general representation in (4.73)) and (4.76).

4.7 Performance of SC-RF and THz

In this section, we employ selection combining diversity receiver for the multi-antenna RF
and study the performance when mixed with the THz wireless link using the fixed-gain AF
relaying. Denote by v;, where 7 = 1,2, - - - N the SNR between the source and the ¢-th antenna
using RF transmission in the first hop. The selection combining opportunistically selects a
single antenna with maximum SNR to harness the spatial diversity. Thus, the SNR in the first
link using the selection combining is given as ygr = max (7,72, ...7n ). Assuming independent
but non-identical fading, the CDF F. () of the end-to-end SNR of the first link is given by
Foo(7) = [IX, E,.(7), where F,,(v) can be obtained from @7T). Assuming identical fading
characteristics among multi-antenna system (which is a reasonable assumption and has been

widely considered in the literature), the CDF of the first link can be expressed as

Frw () = [F, ()Y (4.77)

Substituting (.77) in (@.76), we can develop the CDF of the mixed link using multivariate
Fox’s-H function. In the following Theorem, we develop novel statistical results on the mixed

link using bivariate Fox’s H-function.

Theorem 4.5. The PDF and CDF of end-to-end SNR of the RF link with selection combining
mixed with THz using the fixed-gain AF relay is given in (4.78) and (&.79), respectively.

Proof. See Appendix 4.6. [

Note that computation of the bivariate Fox’s H-function is available in MATHEMATICA
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(4.79)

and MATLAB. In the following subsections, we use the statistical result of Theorem 4.5] to

analyze the performance of the mixed RF-THz system.

4.7.1 Outage Probability

Outage probability is an important performance metric that describes the reliability of a
communication system by comparing the received SNR with a threshold SNR ~,: Py =
P(vy < v1). We can get an exact expression of the outage probability by substituting v =
in the CDF in terms of bivariate Fox’s H-function. We also simplify the expression of the

outage probability in high SNR regime by deriving limy_,o, Poyt, where ¥ = rp = Yru,. We
awZi‘igl toke—ou i +aSs 0 and

(67

apply [166, Th. 1.7, 1.11] by calculating residues at poles 51 =

pg—1, P . - .
Sy = —oHtd g taikitain s—p %, 0, —p to get the asymptotic outage probability in (4.81).

«

Applying yrr — o0 and 1y, — oo in (.81)), the diversity order can be obtained as

DO z{a;“ 0 /':20 ok api = go ok = fg mikt} (4.80)

The diversity order in (4.80) is applicable for i.i.d fading scenario for multi-antenna RF trans-
missions with an implicit presence of spatial diversity parameter /V. to To derive the diversity or-
der for the general scenario, we can directly use (4.76)) with asymptotic expansion of incomplete
gamma function. We use in F,..(v) = HZ , F, () and apply the asymptotic expression
of lim;_,0y(a,t) = t*/a [182] with the identity I'(a,t) = T'(a) — v(a,t) to get the diversity
order of the RF ink as %Zfil a; ;. Substituting (4.71) and @.74) in fvoo Fo, (%) Frre (D)dt

with limy .o, T(a,t) = e %! and lim; ,oy(a,t) = t*/a, the integral can be simplified as
min{ %, £}. Thus, the diversity order of the RF-THz is given by min{ =1~ it Lok o 1

The diversity order provides an important insight on the system deployment: the perfor-
mance of the hybrid system can be made independent from RF fading and antenna misalignment

errors by employing a sufficient number of antennas for RF reception and higher beam-width
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for THz transmissions.

4.8 Performance of MRC-RF and THz

In this section, we analyze the performance of the hybrid system by employing the optimal
MRC diversity technique, which combines coherently the received signals at N-antennas. Thus,
YRF = ZZ]\LI v; 1s the resultant SNR of the RF link after the MRC. It should be noted that
performance analysis can also be carried out when equal-gain combining (EGC) based multi-
antenna diversity technique is applied for the RF using the SNR ygr = % < ZZNZI %)Q. In
the following theorem, we derive the exact PDF and CDF of the SNR for the hybrid system
consisting of the MRC-RF and THz:

Theorem 4.6. The exact PDF and CDF of end-to-end SNR of the RF link with the MRC mixed
with THz using the fixed-gain AF relay in terms of N + 1 variate Fox’s H-function is given by:

@G \N
s Vo
N oopg o au i
MRC(~) — TTV Ai”/(zzzl ° 1)“W’So O 011111531 {Bmoél}. Us 4.82
[ =114 T T 2.171,15++51,1;2,4 =y (4.82)

5 52
Pre @ Vrhy BC2 3
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29ri i,

SSA P,
whereU4={(1—%&+Z£§aiui;%,“‘7%72>;<Z£V:12a%3a7"”7%70);
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Proof. See Appendix 4.7. |

The diversity order for the outage probability can be computed using the residue of the
multivariate Fox’s H-function at dominant poles with a specific representation [166], [172].
However, the multivariate Fox’s H-function in consists of NV variables with average SNR
Arr 1n the numerator, while the N + 1-th variable contains the average SNR 71y, in the denom-
inator, precluding the direct application of [172] for the asymptotic analysis. In the following

lemma, we present the diversity order of the considered hybrid system:

Lemma 4.3. The diversity order of the RF link with the MRC receiver mixed with the THz over

i.ni.d channel fading is:

N
DOMRC _ mm{w, % %5} (4.84)

Proof. We decompose the analysis in two parts: applying g, — oo in (.83) for the first

N-variables to get dominant poles as p; = %, t=1,2,--- N and 4gr — 0 in (4.83) to get

N + 1-th pole as py4+1 = min{ %, £}. Computing residues of @.83) at these poles, we get
N ap

PRC T 24;ApC L(pi+---+pw)

o o B BrT(py+ -+ + pn)L(=p1 — - = pn)T(=p1 — -+ - — pn)

i=1

( Vrr )’”F(f — 2pn)D (= 2pns)D(=2pn )T (2pvsa)
B'D%%h T(1—2—2py)T(1+ pyia)

B%C PN+1
( ) (4.85)

S g ’S/THZ

2
F(l + i + fpi>

(2

Using ¥ = Arr = 711, and combining the exponents of 7 in (4.85)), we get the diversity order
of the system, as given in (4.84). |

Further, we can use the statistical results of Theorem (4.6) to derive the average BER and

ergodic capacity of the hybrid system, however, in terms of N + 1 variate Fox’s H-function.
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It is desirable to simplify the analysis and reduce the dimension of the Fox’s H-function. The
authors in [188] have shown that the sum of -y variates can be accurately approximated by a
single a-p distribution [[189H192]. Hence, we use [188]] to simplify the statistical performance
of the hybrid RF-THz system.

We use @70) in yrp = S, 7; to get the PDF of the SNR for the first link as

Amf}/ am;Lm -1 "}/ Qam
f’YRF (7) N T amem  SXP | — Bm< - ) (4.86)
2YRE° T RF
where A4,, Qa—:j’jﬂ%, B, = &z, and {am, fim, 2 } can be obtained by moment matching

method [188]]. Using Meijer’s G-representation of exponential function, we can express the PDF
of SNR of the RF link f., . (7) in as

Qm

~ Am’yam;m ! G ,0 (Bm’yaén
,1

h 4.87
0) (4.87)

Next, we substitute (4.73) and (4.87) in (4.75), and adopt the similar procedure used in
deriving Theorem 4.5|to get the PDF as

~ 2
TRF

amHMim o

ampm—2

—a o ap o _am
MRC [\ A~ AN Sy A, C > Yer © Y2 F0:1:3,0:0,1 BC Tri Us
f'y (v) = 1 1,0:1,3:1,1 T Tm
o S(?V’IZ’HZ Bm’y ’ ‘/5
(4.88)

where Uy = {(1 = (#=g2=); 5, 9) b 2 {1+ 2 = 1)} {(L1)}and V5 = { =} -
{(& = 1), (0,1), (552 8) b {(1+ =, o) )

To derive an approximate expression of the outage probability for the RF-MRC and THz,
we substitute @88) in F,(vy) = [ f,(2)dz, and apply the definition of Fox’s H function with

AmMPm —EmS2

TR o —am sy =2 Yen [ (Qmpmtomss )
dz = 4.89
/0 z 2 z D (1 + Skt fmss (4.89)

to get the outage probability using the bivariate Fox’s-H function:

—Oél,ff a —9mim amim 3 —m
pre o AdndS ™ SO et oot BC? - ey | U
out Aoy 1,0:1,3:2,2 Tm ‘/6
(4.90)

where Uy = {(1— @i g o)+ (142~ 1)}« {(L1). (1 + 2=, %)}, and

Vo={-}:{(2-11).(0,1), ( 345) e { (e o), (L S o) )
We use [[166, Th. 1.7, 1.11] and compute residues of (@.90)) for both contours L; and L at
poles s; = 0, g — p, —p and so = 0, W to express the CDF in the high SNR regime,

S(?’?Tin 7 Bm’%h
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4o
20 (S=Gubte )P (2 — p)D(S51)C57~ % AT(p) ¢ B \~»
D1+ 2 i (=22 mm“m( )
T (—W*zm#m ) o B\ "\ amum
()" )

pircee _ AdndS 'y E [(QF(MT’"“’”)F(H —2T(=9)C ( B )g‘ju
' 7 5

_|_

O‘m(ﬁb - amﬂm)amﬂmﬁ/am;m So®

AT (i — )T (2ot ) B S8 gy 2ou) e
+< ( )T ( - ) ( ) ! (3)°7

ek S0
41‘\ ( —Cx#‘;amﬂm ) Bm au—;‘;;n#m C% au
+ m 3 - /7_ 2 (4.91)
am(§ — papy

as presented in (4.97).

4.9 Simulation Analysis

In this section, we demonstrate the performance of the hybrid RF-THz system and validate
the derived analytical results using Monte-Carlo simulations. We analyze the performance of
the considered system when multi-antenna MRC, SC, and EGC diversity techniques are applied.
The simulation parameters are provided in Table d.3] The o-u fading channel is generated by
appropriately adjusting the MATLAB function "gamrnd”. To evaluate the bivariate Fox’s H-
function, we use MATLAB implementation, as given in [[176].

First, we demonstrate the outage probability of the considered hybrid link over different
system and channel configurations, as depicted in Fig. In[4.8p, we consider N = 1 to show
the effect of multi-path clustering parameter ;+ and antenna misalignment errors parameter o
on the outage probability by considering dgp = 100m, dry, = 50m, a = 1.5, 1 = 2, g = 2.5,
and v, = 4dB. The figure illustrates that the outage probability reduces with an increase in
w1 since clustering improves the channel. Further, the impact of jitter is marginal at a lower
1 = 0.8 and low RF average SNR but requires almost 4dB additional SNR if o is increased
from S8cm to 15cm at a higher ¢ = 2.4 and outage probability 1075, Since ¢ = 14.4788 for
os = 8cm and ¢ = 4.1184 for 0, = 15cm, and oy = 5, the diversity order for different p
is determined from the first link as M = 0.6, 1.2, 1.8, which can be observed from the slope of
corresponding plots. Moreover, it can be seen that there is no change in the slope for the same
1 even with different o, since the diversity order is independent of antenna misalignment errors
for the considered scenario.

In Fig. 4.8(b), we demonstrate the use of multiple antennas (/N > 1) at the RF to improve
the overall performance of the hybrid system. Here, we compare the performance of a single-

antenna system (/N = 1) with a multiple antenna RF system (N = 2, N = 3, and N = ))
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Table 4.3: List of Simulation Parameters

Parameter Value
Number of RF antennas (V) 1-20
dRF 50m-150m
dr, 50m

Absorption coefficient (THz) x = 2.8 x 1074
THz carrier frequency ( fru,) 275 GHz

RF carrier frequency (frr) 800 MHz
THz antenna gain (Gry,) 55 dBi
RF antenna gain (Grp) 25 dBi
«a-parameter 1-2
[-parameter 0.8-2.6
()-parameter 1
10) 4.11 — 231
So 0.054
Jitter standard deviation (o) 2-15cm
Transmit power 0-40 dBm
Noise Power (RF) —101 dBm
Noise Power (THz) —74 dBm [175]
D, q 0.5,1

using different diversity methods. We take system parameters (o« = 2, y = 2.6, o5 = 10cm,
drr = 100m, and dry, = 50m) such that the THz link is stronger (in average sense) than the
RF with N = 1. It can be observed from Fig. [4.8b) that the outage performance improves
significantly with an increase in the number of antennas achieving a higher gain with N = 2
system. The outage probability reduces by 30 times when /V is increased from 1 to 2 and by 5
times when N is increased from 2 to 3 at an average RF SNR of 40 dB. Further, the cumulative
gain decreases with an increase in the number of antennas advocating its limited usage. The
performance of the hybrid system depends predominantly on the weaker of both (RF or THz)
links, and thus an increase in the number of antennas at the RF link achieves a similar channel
quality compared with the THz saturating the overall performance. Conventionally, the multi-
antenna reception for a single link suffers from this limitation due to the channel correlation

with an increase in the number of antennas.

It can be seen from the figures that the derived analytical expressions are in good agreement
with Monte Carlo simulations and asymptotic results attain the exact at a relatively lower SNR.
Further, the approximation involved in the analysis of MRC is quite accurate since a single a-p
variate can accurately approximate the sum of a-p variates [188]]. Figures also demonstrate
the characteristics of different diversity combining techniques: the MRC is optimal, the SC
is inferior to MRC but marginally with a simpler implementation, and the performance of the
EGC lies between the SC and the MRC.
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Figure 4.8: Outage probability of hybrid wireless link (a) different x and o5 with N = 1 (b)
multi-antenna RF receiver with o; = 1 and p; = 1.2, Vi.

4.10 Chapter Summary

First, we investigated the performance of a THz-RF integrated link over a-p fading with
antenna misalignment errors. We considered a generalized i.ni.d. fading model by consider-
ing different o and p parameters to model the short term fading for both the THz and RF links,
along with the statistical distribution of antenna misalignment errors for the THz link. By deriv-
ing a closed-form expression of the CDF for the THz link, we analyzed the outage probability
and diversity order of the system for real-valued i and . We also develop simplified expres-
sions to provide insight on the system behavior analytically under various practically relevant
scenarios. Next, we analyzed the performance of a fixed-gain relaying for the RF-THz link by
considering a-p fading for the THz system, non-zero boresight pointing errors, and the a-KMS
fading model for the RF link. Using the derived PDF and CDF, we provided exact analytical
expressions for the outage probability, average BER, and ergodic capacity of the system under
consideration. Finally, we analyzed the performance of a hybrid system consisting of multi-
antenna RF in the access link and THz in the backhaul integrated through the fixed-gain AF
relaying. We derived the PDF and CDF of the end-to-end SNR of the hybrid system by employ-
ing both SC and MRC diversity receivers considering a-u channel fading for both links along
with pointing errors in the THz link.

The following chapter focuses on the development of a distributed algorithm for the selec-
tion of an aggregate node within an IoT network, mainly to gather data from challenging-to-

reach terrain through a triple technology backhaul, which incorporates THz transmission.
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4.11 Appendices

4.11.1 Appendix 4.1: Proof of Theorem 4.2

Using li we define SNRg = [°9" f1 (7)dv, and substituting (/7/31)"" = t, we
get the n-th moment of SNR of the THz link

—(n AA™ [ e- a1 +2n
SRR = A0t / # T(By, Cyt)dt 4.92)
Oél 0
Using the identity [193] 8.14.4] in (4.92)), we solve the integral to get 4\" of @23). Similarly,
the n-th moment of SNR of the RF link is SNR2 = fooo "y (v )dv, wh1ch can be solved easily

to get (#.25). Using (.9) and @.11) in SN Rg I 2" fn (7) Fay (7)dry, and substituting

(VA/n)" =t, we get

—(n A ~1 S d— cx1+2n
SNRYY = £ [ / ¢! ' T(By, Cyt) dt
0

a

1 X g—ajtan ag
- / {ETOT(By, Oy)T (uQ,B;m)dt] (4.93)
[(p2) Jo

where B, = Byy\/71/%2. The first integral in (4.93) is same as (4.92). To solve the second
integral, we use the Meijer G representation of I'(By, Ct) and F(,uQ, Bétﬁ) to get the second

S Pp—aq1+2n 1 1 «@
L= | T g0 Cyt ) G20 Bt ) dt (4.94)
12\ 0 1,2 15,0 2
0 1, 25

Using the identity [171), 07.34.21.0013.01] of definite integration of product of two Meijer G
functions to get @22). Similarly, using (4.10) and (4.14) in SNRy; = [ 4" £, (7) Fyy (7)d,

and substituting (1/7/72)" = ¢, we get

¢

SNRn) _AlAQCl V2 {/ fl2=1+32) (- Bgt)r(ul)dt_'_/ (2= 1435 (= Bat) C{t‘%
[(p2)e 0 0

«D(By, C1t())dt — / 1) o= BQt)F(ul,C{t(Zé))dt} (4.95)
0

integral as

where C] = C11/72/71. The first integral in (4.93) is similar to SNRé") and can be similarly
derived. To solve the second and third integrals, we use the identity [171} 07.34.21.0088.01] of
definite integration of the product of two Meijer G functions to get (4.23]).

4.11.2 Appendix 4.2: Proof of Lemma 4.1

The proof of SNRYL) and SNRén) follows as given in Appendix A. We provide alternate
expressions for SNR&Z) and SNRSI).
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Using (4.9) and @.11) in SNRg) = [ f1,(7) Fy, (v)dv, and substituting (\/~/71)" =

t, we get

———(n A AT o0 —a+42n o0 —a+2n F B/t
SNRY = £ l/ g )F(Bl,Clt)dt—/ =SBy, Out) <M> dt}
0

« 0 F(N)
(4.96)

where B, = Bs\/71/%. The first integral in (4.96) is the same as (#¢.92). To solve the
second integral, we apply the integration by parts tasking I' (i, B4t) as the first term and
Pp—a+2n

t=a7IT(By, C1t) as the second term, and use the identity [168, 6.455/1] to get ([#.28).
Similarly, using (4.10) and (4.14) in SNRSI) = 777" fro(v)Fy, (7)dy, and substituting

(v V/WQ)Q =t, we get

_9
—_—(Nn A A o I 0 n > n
SNRy, = L T 20, " / = BT (1) dt + / ) BN O ET(By, Clt)dt
[(p)e 0 0
— / t(“”?)e(BQt)F(/L,C{t)dt} (4.97)
0

where C] = C1+/%2/7. The first integral in is similar to SNRén) and can be similarly
derived. For the second and third integrals, we use the identity [168] 6.455/1] to get (4.29).

4.11.3 Appendix 4.3: Proof of Lemma 4.2

Using in (213), we define 7, > [, log,(7) f+, ()dy, and substituting (1/~7/31)" =

t, we get a lower bound average capacity of THz link:

A [e'¢)
0

alog(

It is noted that 7); is a lower bound on the ergodic capacity of the THz link since log,(1 + ) >

log, (7). To find a closed-form expression, we use integration by-parts with I'( By, C;t) as the

first term and log(%t%)t(%_l) as the second term, and apply the identity [[168), 4.352/1] to get

7; in (@.34). Similarly, substituting (\/v/ﬁz)a = tinip > [ 1ogy(7)f, (y)dy for a lower
bound on the average capacity of the RF link:

A, & 2
> 2 loo(Asta =1 o(=B2t) gt 4.
> s [ Bt Ve 4.99)
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We use the identity [168] 4.352/1] in (#:99) to get 7 of #33). Defining 712 = [~ 1og,(7) [+, (7)
E.,,(7)d, using (@9) and @TT), and substituting (/7/71)" = t, we get

A

g > ——L 001 o t2 )t @I (B, Cyt)dt
M2 = alog(Q) [/0 Og(’h ) ( 1, L1 )

T gt EIT(By. ot (M> dt} 4.100
/(; Og(71 ) ( 1 1) F(,u) ( )

The first integral in (@.100) is the same as (4.98). To solve the second integral, we use the
series expansion of Gamma function I'(u, B4t) = (u — 1)!exp(—Bt) Z;é (B]%,f)k. Using

log(1ta) ~ 2Jog(1 + 71%75), and with Meijer G representation of log(1 + 72t), I'(B;, Ct) and

I (i, Byt), we get the second integral as
— 2A1(H—1)'B§k Oo(¢ k—1) ~10 [ — 1211

L~ ' etk Gy Cit ) |Gysl 7 |(n)2t ) |dt

2~ ) a2In(2)T(p)k! /0 0’1< 1) 22 (1,0‘@1) )

4.101)

1
sy )ey(
k=0 0 Bl7 0

Finally, we apply the identity of definite integration of the product of three Meijer G function
[171), 07.34.21.0081.01] to get 7,2 in (4.36). Similarly, using (4.10) and (4.14) we define 7o >
5 108, (7) fr2 (7) Fy, () dy and substituting (1/~/72)"=t, we get

A O A l
['(11)¢log(2)

+/ log(%ti)t(“—”e<—32t>cgti’r(31,(J{t)dt—/ log(Fota )t Ve=BAT (1, Clt)dt
0 0

/ log(Fat o Jt*~ eI (1) dt
0

N1 A

(4.102)

The first integral in (4.102) is similar to 7, of (4.99). To solve the second integral, we apply
the identity of definite integration of the Meijer G function [171, 07.34.21.0081.01]. Finally,
to solve the third integration, we use the series expansion of Gamma function I'(u, Ct) =
(n— 1)!exp(—Cit) Zﬁ;g (C,if)k and apply the identity of definite integration of product of the
Meijer G functions [171, 07.34.21.0088.01]. Combining these three integrals, we get 7j2; in
4.37).
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4.11.4 Appendix 4.4: Proof of Theorem 4.3

Using (4.18) in (4.38)), we represent the ergodic capacity of the relay assisted THz-RF link:

1 1 02 4y
7= T (2, Bon 2 72 |d
7 r<u2>ln<2>/o 1+ (“2 2T )”

_ ¢
AlCl alF(/L1)|:/OO 1 ( T2 a2)
0 U —— T p2,Bsy,2 42 |d
oL()n(2) | Jy 1+~ /2722 77 )4

[

o0 3 —¢ —a1 o —ag 4

—/ 3 T(By, Gy 7 )T (o, Bos ® 77 )y
o L1+~

—ag

> ]_ M oy X2 o
+ / 1—F(M1,Cﬁ1ZIVT)F(Mz,Bz%Q vf)dv} (4.103)
o 1+

We solve the first and second integral in (#.103)) by representing ﬁ and the incomplete
gamma function in terms of Meijer’s G equivalent and apply the identity of definite integra-

tion of Meijer G function [171, 07.34.21.0086.01]. For the third integral, we approximate

1
1+~

the identity of definite integration of one linear and two Meijer’s G functions with one func-
tion having rational argument (171} 07.34.21.0013.01]. Finally, for the last integral in (4.103)),

R~ %Y, use oy = eay, where € > 0, and substitute fy%l = t to represent the integral to apply

we express I'(po, Boy, ® £l ) = D(p2) — v(po, Bﬂﬁv%), and use the asymptotic bound

lim,_,0v(a,z) = 2%a~! such that the fourth integral becomes

—Q
=2 aguy

I = I )/m—1 Do, O3 % Yy — LB )m/m7 T, Oty ) dy
4 H2 o 1+")/ M1, U1 1 v L1 0 1+")/ M1, 171 7
(4.104)

The first integral of @.104) can be solved similar to the first integral of (4.103). The
second integral can be solved by representing ﬁ and incomplete gamma function in terms of
Meijer’s G and applying the identity [171, 07.34.21.0013.01]. Capitalizing these, we get the
ergodic capacity of THz-RF relay system in (4.39) of Theorem {.3] It should be noted that
the use of simple approximations in the third and fourth integrals of results the derived

approximation of the ergodic capacity into very close agreement with the exact.

To prove the asymptotic ergodic capacity in (4.40), we use [171, 07.34.21.0013.01] to
solve the first three integrals in and the second integral in in terms of Fox’s
H- function. The ﬁrst integral in (4.104) is solved by applying the series expansion I'(a, bx)

=(a — 1)le(=t2) 307 0 k, Fmally, we apply the asymptotic result of the Fox-H function [166|
Theorem (1.11)] to get (4.40) of Theorem4.3]
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4.11.5 Appendix 4.5: Proof of Theorem 4.4

Using in (2.16), we get the average BER of the THz link as

(2

D AlOl_aqu /OO p—1_,—q L =
el = Ve T (p )dy + C7 2
ar(pe | () b
></ vgvpleq”F(Bl,Clﬁl_"'l’V?>d7—/ vpleq”F@l,Cﬁl_"’lv?)dv]
0 0

(4.105)

Representing the incomplete gamma function into its Meijer’s G equivalent, (4.105)) can

be rewritten as

_ ¢
S Alcl o q°
p, =2 L
LT 2T (p)

1
xG?";(
“\Bi,0

The first integral in (4.103) contains a simple algebraic expression. For the second and

oo i ;¢ o0 »
[/ Ve T () dy + CF1 / A T
0 0

o1 g e 1
G, ® WJ)dv—/ vp‘le“”ijg( 0
0

M1,

—oq

Ciir * 7051)617] (4.106)

third integrals, we apply the identity of definite integration of the Meijer G function [171,
07.34.21.0088.01]. Thus, we get (4.47).

Similarly, using (#.11)) in (2.16)), we get the average BER of the RF link as

_ D o0 1 o0 Za o
Py = =2 / PleMdy — — [ APle™T (uz, Byyy® 772)@ (4.107)
20(p) | Jo H2 Jo

We use the similar procedure in deriving to solve (4.107) in terms of Meijer’s G function
and obtain (4.48) of Theorem [4.4]

To prove the asymptotic expression in (.50), we use [171}, 07.34.21.0013.01] to solve the
integrals in (4.106)) and (#.107) in terms of Fox’s H- function. Then, we apply the asymptotic
result of the Fox-H function [166, Theorem (1.11)] to get Peoo = P;f + Pe°2° in terms of Gamma
function, as given in (4.50). Note that we can also obtain the asymptotic BER of the THz-RF
link in the low SNR region by applying the corresponding asymptotic result in [166, Theorem
(1.7)].

4.11.6 Appendix 4.6: Proof of Theorem 4.5

First, we express the PDF and CDF of the RF link in a compatible form so that statistical
results of the combined channel can be obtained in a simplified form. Substituting (4.71) in
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(4.77) we can get the CDF of the first link as

) = [1 - (F(Mz‘, Bi(\/ 7/7RF)%> )] N (4.108)

L ()

F.

YRF

Applying the binomial expansion and using the series expansion of incomplete Gamma function
['(pi,at) = (ps — 1)! exp(—at) ;.‘;61 (ajt!)] , we express (4.108) as

e (7) = (=1)" i (Z) exp (- kB, T ) (S:l M) (4.100)

|

—0 TRF =0 J:

. )
k17k27"' 7km

| ,Where( " " ) ) = Wonthe last term of (4.109), we get the CDF of
1, 2, y 'vim

the first link as

Frae (7) =" Z <]/:}7> Z (ko + ky +l~€' - k'uil) P < N kBi(’Y%>2i>

k=0 ko+ki++kyu, 1=k

Applying the multinomial expansion (z1+To+ - +Tm)" = D 0 0w L ) (

kt (E 1 ta, kt)
X H B (4.110)

toy kt)

~(
t=o ()M Ry’

We use .70) and @.71) in f...(7) = N(1 — F,,(7))¥ "' f,,(7) to get the PDF of the first link:

. KF(M,BZ-( ﬁfi))]zvl%exp( é’;( l)a> (4.111)

['(ps) g YRF

Thus, we use the series expansion of incomplete Gamma function and multinomial expansion
in (4.108) to get the PDF of the RF link as

NA, N-1 NV?BE)
_ s ex - oy
f’YRF(,}/) _ b Z (k0+k1+"'+kui—1) p< A2

2YRE Kotk 1=N—1 TRF

,u,,L 1 tay k:t

Bkt ( L)
X H (4.112)

(tazkt )

t=o () ygp”

Next, we derive the PDF of the mixed link by substituting (4.73)) and (4.112) in (.73) using the

integral representation of Meijer’s-G function [170]:
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ta; kt

NAA$S; " > ( N -1 KL Bk () (Sl SR

( tagky )
t=o )k Ve

N3 B, 1 [T N N B \*
Fo- Sl)( Zz ) dSl/ (—p+ & — Sp)T(=So)T(u+ 2)< _ ) dSo I
27y Jr, P(l—u—i— —S)P(1+p+52) \§om2.

(4.113)

SC( )
vy QMg ap
20277 ’YTQHZ Kotk bty a=N—1 R0 Rt K

277] Ll 2

TRF

where £, and £, are the contours of line integrals. The inner integral /; is solved by applying
[168, 3.194/3] and [168), 8.384/1]:
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t=0 2 2 2

Substituting /; back into (@.113), converting S; — —S; and applying the definition of Fox’s
H-function [178} 1.1], we get the PDF of multiantenna RF mixed with THz employing MRC in
([@78). The CDF can be derived using F5°(z) = [ f5(

so NAA;pS,; MO N-1 Bl g

FIE(2) = e oz > <k I i BT
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0
We can simplify the inner integral fOV(z) Mo S50 —1) 0 iy terms of Gamma function

and applying the definition of Fox’s H-function [[178, 1.1] we obtain the CDF of multiantenna
RF mixed with THz employing MRC in (#.79), which proves Theorem [4.5]

4.11.7 Appendix 4.7: Proof of Theorem 4.6

First, we derive the PDF of ygp = Zf\il v, using the moment generating function (MGF)
based approach. We apply inverse Laplace transform to get the PDF f. (v) = £7'M,(s),
where M (s) is defined as M., (s) = [[I*, M., (s) with M., (s) = [ e~ f,.(7)dy. Repre-
senting in its Meijer’s G equivalent and simplifying, we get
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Applying the inverse Laplace transform in (4.116) with standard Mathematical procedure,
and using the definition of multivariate Fox’s H-function, we get the PDF of MRC-RF:
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where Uy = {—}: { (1=, %) o, (124 %) fand Vo = { (1-20, o, 2
{(Ou 1)7 e 7(07 1>N}

Next, we use (#117) and @73) in @.73)) with the inner integral [~ ( fe4Q)
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We apply the definition of multivariate Fox’s H-function [170, A.1] to get the PDF of the RF
link with the MRC mixed with THz in (4.82).

Finally, we derive the CDF F)'RC(v) = [ fMRC(4)dy using the inner integral
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variate Fox’s H-function in (4.83]), which concludes the proof of Theorem

(4.118)
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Chapter 5

THz-Assisted Backhaul for Data
Collection from IoT Network: Distributed

Protocol and Performance Analysis

5.1 Introduction

IoT networks are capable of collecting critical information in remote and hard-to-reach
areas. However, due to the infeasibility of wireline backhaul, there may be connectivity issues
between the IoT network and the core network. Moreover, the limited power of IoT devices ne-
cessitates consideration of the network’s lifetime when connected to the AP, making it challeng-
ing to collect data and process it on time for optimal decision-making. With the proliferation
of connected devices, data collection has become a crucial aspect of IoT networks. Extensive
research has been carried out in this area, with numerous studies focusing on various aspects of
IoT data collection [[105-111]]. Once the data is collected, it needs to be transmitted to a core
network for further processing and analysis.

Collecting data in IoT networks poses challenges due to factors like data volume, terrain
difficulties, and energy constraints on IoT devices. In recent years, researchers have been dedi-
cated to addressing this challenge efficiently [[105H111]]. For example, in [[106], an information-
centric data collection algorithm is proposed, focusing on gathering multimedia sensor data over

short ranges between mobile devices and wireless sensors based on their movement speeds.

The research contributions in this chapter have been reported in these publications:

1. P. Bhardwaj, V. Bansal, N. Biyani, S. Shukla, and S. M. Zafaruddin, “Performance of Integrated IoT
Network with Hybrid mmWave/FSO/THz Backhaul Link,” in IEEE Internet of Things Journal, vol. 11,
no. 2, pp. 3639-3652, Jan. 2024.

2. P. Bhardwaj and S. M. Zafaruddin, “Performance Analysis of Outdoor THz Wireless Transmission over
Mixed Gaussian Fading with Pointing Errors,” 2022 International Conference on Next Generation Sys-
tems and Networks: (BITS EEE CON), BITS Pilani, India, 2023, pp.187-196.

3. A. A. Joshi, P. Bhardwaj, and S. M. Zafaruddin, “Terahertz Wireless Transmissions with Maximal Ratio
Combining over Fluctuating Two-Ray Fading,” 2022 IEEE Wireless Communications and Networking
Conference (WCNC), Austin, TX, USA, 2022, pp. 1575-1580.
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Similarly, the work presented in [107] emphasizes a secure data collection scheme for an IoT-
based healthcare system, employing FPGA hardware-based ciphers and secret cipher shared
algorithms. Additionally, [109] offers a comprehensive survey of UAV-assisted data collec-
tion technologies, covering sensor node clustering, UAV data collection modes, and resource
allocation. Moreover, [110] tackles the challenge of maximizing data collection with energy-
constrained UAVs in IoT networks, while [[111]] explores the efficient use of UAVs for collecting

sensed data in wireless rechargeable sensor clusters situated in challenging terrains.

There are two potential approaches for transmitting data from each device to the UAV: (i)
direct transmission from each device to the UAV, or (ii) the devices send their data to a chosen
aggregate node (AN), which then transmits the aggregated data to the UAV. The choice of AN
can be made using either a centralized procedure, in which the UAV measures the SNR of each
device and selects the device with the highest SNR as the AN. However, under a distributed
approach, each device undergoes a self-configuring process to become an AN. Current research
primarily focuses on collecting data from IoT devices to an AP or an UAV using centralized
approach with little emphasis on further transmitting it to the core network through a backhaul
link. The algorithms used for data collection must be optimized, considering the energy con-
straints of [oT devices. Moreover, the backhaul link must be capable of handling the amounts
of data generated by IoT devices while also providing high reliability. Thus, developing low-
complexity data collection algorithm for IoT networks, coupled with a robust backhaul link, is
essential to ensure seamless connectivity with the core network. Based on the preceding dis-
cussion, it is necessary to develop efficient algorithms for data collection in challenging terrain
for 1oT networks. Further, ensuring the reliable data transmission from the UAV to the core

network is crucial for information processing, necessitating a robust backhaul link.

5.2 Motivation and Contributions

Current research primarily focuses on collecting data from IoT devices to an AP or an
UAV using centralized approach with little emphasis on further transmitting it to the core net-
work through a backhaul link. The algorithms used for data collection must be optimized,
considering the energy constraints of IoT devices. Moreover, the backhaul link must be capable
of handling the amounts of data generated by IoT devices while also providing high reliability.
Thus, developing low-complexity data collection algorithm for IoT networks, coupled with a
robust backhaul link, is essential to ensure seamless connectivity with the core network. The
use of triple-technology hybrid wireless backhaul integrated for data collection from an IoT

network with distributed selection of AN is not available in the literature.

In this chapter, we investigate end-to-end performance of data collection from an IoT net-
work in hard-to-access terrains transferred to the core network via an intermediate UAV and a

high-speed wireless backhaul link. The major contributions are as follows:
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* We develop a self-configuring protocol for AN selection, which sends a data packet col-
lected from the IoT network to a UAV. Selecting a single AN requires local communica-
tion from each device to the AN, thereby eliminating independent transmission from each
device to the UAV.

* We utilize a hybrid triple-technology wireless backhaul, which simultaneously transmits
the collected data from the UAV to the core network using mmWave, FSO, and THz
links. The inclusion of THz connectivity into the current hybrid mmWave/FSO system
brings about system diversity, resulting in improved performance, increased reliability,

and superior QoS in different scenarios, particularly in challenging weather conditions.

* We also integrate the IoT network and backhaul link employing the DF protocol at the
UAV and analyze the physical layer performance using the outage probability and average
BER.

5.3 System Description and Channel Models

The system model illustrated in Fig. shows a network of n IoT devices in hard-to-reach
terrain. These devices transmit and receive critical sensing data to and from a backhaul network
through a UAV. In challenging terrain, installing traditional base stations may be impractical or
difficult due to physical or geographical limitations. The use of UAVs as relays between the
IoT devices and the core network offers several advantages, such as mobility, flexibility, rapid
deployment capabilities, and coverage extension potential.

Instead of transmitting the data from every IoT device directly to the UAV, the other devices
in the network send their data to the n* device, termed as the AN (selected through a self-
configuring protocol discussed in the next section) with an SNR @l at the AN, where n =
1,2,3,--- N excluding the AN device n*. The AN further transmits the collected data from
all the other devices to the UAV for efficient transmission. We define the SNR for the i-th
IoT device at the UAV as y; = 7'°%|h|?, where h; denotes the channel gain coefficient, and
4T denotes the average SNR. Assuming Rayleigh fading, ; is random variable with the PDF

2H(7) = srexp(—=ir) and CDF F2T(7) =1 — e AT
We employ a DF-assisted UAV to integrate the [oT link with a wireless backhaul. We use a
hybrid transmission approach that employs three high-bandwidth wireless technologies, namely
mmWave, FSO, and THz, simultaneously from the UAV to the core network.

In the following, we describe the fading channel models of the backhaul link involving

mmWave, FSO, and THz. We define the SNR for mmWave, FSO, and THz channels as ,me =

ﬁmW|h?;)FR|2’ 'YFSO — 7FSO|h?‘|2, and ,YTHZ — fTHz|h}F;Iz|2 F

, where ¥V AFS0 "and 4 TH2 denotes
the average SNR of the respective transmission technologies.

To model the small-scale fading in the mmWave band, we use the FTR fading channel. The
FTR channel model is specifically designed to capture the statistical properties of a received

signal that consists of dominant specular components along with random fluctuations. It has
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Node P

Backhaul loT Network ———

Figure 5.1: System model consisting of data collection from IoT network and triple-
technology hybrid backhaul.

been shown to provide a more accurate representation of small-scale fading measurements in
mmWave communications compared to other fading models [154]]. The PDF and CDF of the

FTR fading channel can be expressed as follows :

aw, oy m™” = Kidyy 1,0 il B
f’y (’}/) = F(m) po (F(] + 1))2<2<2)j+1(,7mw>j+1 GO,l (2(2,7mw ‘ 0) (51)
e mm S Kid;y! w0 1
F7 (v) = T(m) jZO (T(j + 1))2(mW)i G1,2(2€27mw ‘1 s 0) (5.2)

where K denotes the ratio between the average power of the dominant component and that of
the multi-path, m represents the index of fading severity, and A signifies the similarity between
the two dominant waves. The term (? corresponds to the variance of diffused components,
which satisfies ¢? = 2(1—41rl() for the normalized averaged SNR. Additionally, the factor d; was
initially defined in [[154]] and updated in [155]] with an additional factor.

The misalignment of antennas between the IoT device and the UAV, as well as the disori-

entation of the UAV, can lead to antenna misalignment errors in the FSO link. Thus, the PDF of
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the antenna misalignment error is given by [[194] [1935]]:

¢ (h\"
hy) = — [ £ - 0<h, <S8 5.3
fhp( p) S() (S()) ) = lp = X0 ( )
Here, S is defined as erf (v, )erf(vmax ), With v; = é ) for i € {min, max}. We
define ' pin = 2 and Ymax = 2 where x,, = cos?(0)+

Xy x4/ (Xxy—x2)2+4x2. XyHxz—/ (Xxy—x2)2+4x3.
sin®(0) cos?(8), x, = sin®(#), and x,. = — cos(f)sin(f)sin(5) with § and J are defined in
[194]. The radius of the effective area of the UAV antenna is denoted by (. The beam-width at
2
distance Lo, given by w(Ls), is given by w(Ly) = wo\/l + (1 + 221)0 )> (%) , where wj
0
represents the beam-waist radius, c is the speed of light, f is the transmission frequency, and

X(Lg) = (0 55C2k%L,)~5. Here, C2 denotes the index of the refraction structure parameter

(w(L2))?
402+4d2 Z>

and k = L represents the wave number. The value of ¢ in ( is defined as ¢ =

£
where km = Eminthmax gnd f; = % for i € min, max.

We utilize F-turbulence channel to model the turbulence in the FSO link. The F-
turbulence channel is a suitable choice for modeling FSO wireless channels exhibiting weak
and strong irradiance fluctuations. It offers a more accurate fit to experimental and computer
simulation data than other models. Additionally, the density and distribution functions of the
JF-turbulence channel can be represented in a simplified form, making it convenient for model-
ing and analysis purposes[118]. The PDF and CDF of the FSO channel experiencing turbulence

in the presence of the zero-boresight antenna misalignment error are given by [[118]

apyicis | b | O
fFSO( ) W(3TE0)2 B - 17¢ —1 (5 4)
v) = .
! (7759) 24T (a)T(8)
1 3 - 707
Gy | —22 80,0
FSO 7 w(:YFSO)j /8 - ]‘7 ¢ - ]'7 _]-
72 (y) = —— (5.5)
(Y59)2 4L (a)D(B)
where @ = ——5—~—, 3 = W and ¢ = (8 — 1)S,. The terms o}, ; and o7, , represent

exp (ol g)—1
the variances of small and large scale log-irradiance, respectively [118]].

For the THz link, recently, the authors in [[160] have demonstrated through experiments
that short-term fading in outdoor THz environments can be precisely modeled using a Gaussian

mixture fading model. The PDF of the Gaussian mixture distribution is given by:

K exp ( _ (:v;u;?)
figt@) = w l

P \V2mo;

(5.6)
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where the mean and standard deviation of the ¢-th Gaussian mixture component are denoted by
1; and o, respectively. The number of GM components is represented by K, and the weight of
the i-th mixture component is given by w; € [0, 1] such that 37 w; = 1.

Previous research studies have used the FSO antenna misalignment error model for the
THz band to analyze performance. We use a new antenna misalignment error model designed
specifically for the THz band as proposed by the authors in [152]. The model is suitable for

aerial mobile communication, with the PDF given as:

ful®(y) = —p* In(y)y*™ (5.7)

where 0 < y < 1 and p is the antenna misalignment error parameter. Higher values of p

correspond to the lower antenna misalignment errors and vice versa.

5.4 Protocol Description for Aggregate-Node Selection

Consider a scenario where an IoT network consists of N devices, and each device has
an independent data packet that needs to be transmitted to a core network. To facilitate this
transmission, we employ a UAV as a relay. There are two potential approaches for transmitting
data from each device to the UAV: (i) direct transmission from each device to the UAV, or (ii)
the devices send their data to a chosen AN, which then transmits the aggregated data to the
UAV. We opt for the second method, wherein /N-1 devices locally transfer their data to the AN

selected to minimize power consumption and reduce transmission overhead.

The choice of AN can be made using either a centralized procedure, in which the UAV
measures the SNR of each device and selects the device with the highest SNR as the AN.
However, under a distributed approach, each device undergoes a self-configuring process to
become an AN. In order to simplify the centralized control complexity at the UAV, we employ
a distributed algorithm to select AN from a set of N 10T devices [196]. Our study assumes that
each IoT device measures its own SNR and can become the AN based on a back-off time. A

common function based on the PDF of the SNR fﬁOT(v) = ﬁlloT e 7T is taken to compute the

back-off time 7; by mapping 7; = inT(%), where ; is the SNR of the i-th device. The device
with the minimum 7; < 7;,V4, j,7 # j establishes communication with all other devices by
announcing itself as the AN over a control channel. Note that the distributed protocol introduces

latency corresponding to the back-off time of the AN device.

Subsequently, other IoT devices share their respective data packets with the AN at an SNR
vifcal, where n = 1,2,3,--- | N excluding the AN device index. The AN transmits the com-
bined data from all the devices to the UAV. Upon receiving the data, the UAV applies the DF
protocol and forwards the data to the backhaul link using mmWave, FSO, and THz technolo-
gies by applying a frequency up-converter for the mmWave and the THz and a RF to optical

converter for the FSO. A schematic implementation approach to the protocol is described in
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Algorithm 1 Distributed Data Collection from IoT Network

Initialization:

1.

PDF Estimation—Find the PDF of SNR f1°T(7) = =ire 9T by fitting instantaneous
SNR from IoT devices to the UAV.

. Coherence Time— Estimate the coherence time #'°T of the channel between the UAV

and IoT devices.

. Throughput Estimation— Estimate the throughput of the transmission as R =

min(RBHL R1T) where RBHL, and R°T is the throughput of backhaul link and IoT
network, respectively.

. Data Packet Size— Estimate the data packet size for the i-th device as L; = (Rxt°T)/N

such that the packet size of the AN becomes L = N L;,

For each new packet L do
A. Selection of AN — For each IoT device? = 1to N

1.

3.

The i-th device measures its own SNR 7, and computes back-off time 7; by mapping
7 = [T ()

. The device with minimum 7; < 7;,Vi, 7,7 # j communication with all other devices

announcing being the AN.

All the devices send their sensing information to the AN.

B. Transmission —

1.

The AN transmits the training data to the UAV. The UAV estimates the channel using the
training data.

. The AN transmits the information data to the UAV
. The UAV applies the DF protocol to decode the data.

. The UAV forwards the data to the backhaul link using mW, FSO, and THz technologies

by applying a frequency up-converter for mW and THz and RF to optical converted for
FSO.

B. Data Collection —

1.
2.

3.

End

The signals from the backhaul link are received at a base station.
The base station applies MRC or OSC to decode the data from the UAV.

The decoded data is sent to the central unit for post-processing.
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Algorithm 1. The average communication resources (such as transmit power) needed for trans-
mitting data from the IoT devices to the AN through local communication will be significantly
lower than the direct transmission from each device to the UAV at a similar QoS. Thus, we
assume 7.°@ >> ~; such that the performance is limited by the link between the AN (selected
from N IoT devices) and UAV. It is important to consider that the proposed approach of utiliz-
ing multiple high-frequency bands in the backhaul link comes with the trade-off of improved
performance. While it offers potential benefits regarding increased reliability and QoS, it also
introduces the challenge of managing the computational demands required for signal process-

ing.

5.5 Statistical Results for Triple Technology
In this section, we derive the PDF and CDF for the hybrid backhaul using MRC and OSC

diversity schemes. To obtain the statistical analysis of the hybrid backhaul, first, we require
the PDF and CDF of the SNR of the outdoor THz channel combined with the new statistical
model for antenna misalignment errors. To understand the derivation process, we outline the
steps involved before delving into the specific details. The derivation begins by developing the
PDF and CDF for the Gaussian outdoor THz channel model with THz antenna misalignment
errors by utilizing the Mellin Barnes type integral and generalized Fox’s H-function. Next, we
derive the PDF and CDF for the hybrid backhaul system employing the MRC and OSC diversity
schemes. To obtain the statistical results for MRC, we employ the MGF approach to calculate
the sum of random variables. However, for the OSC, we utilize the order statistics to determine

the signal with the maximum SNR.

Lemma 5.1. The PDF and CDF of the SNR for the Gaussian outdoor THz channel combined

with the statistical model for THz antenna misalignment error is given by

K 201y, 7/1’12) -1 1
£ () — Z pt0i CXp <20¢2 T ooa0n0| Y —2wyE|Th (5.8)
K — 2 QWai(ﬁTHZ)% 2EOLOL | 5T (f‘yTHZ)% T .
K pzw'exp<_“?)7% 1
FTHZ(,V) _ Z ! 207 F70:3:1,0:1,0 v —2uy2 | T3 (5.9)
! S 220y (YT IO | ST (g b Ty

where Ty = {(p — 1;2,1)*} : {=};{-} To = {(p — 22,1)*} : {(0,1)};{(0,1)}, T3 =
{(p—1;2,1)%,(0;2,1)} : {=}; {—}, and Ty = {(p—2;2,1)%,(—1;2,1)} : {(0,1)};{(0,1)}.

Proof. Proof is given in Appendix 5.1. |

Next, we apply the diversity schemes (MRC and OSC) to improve the performance of
the backhaul link. For the BHL-MRC, the received signals from the UAV are combined to
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maximize the SNR. Thus, the combiner output SNR is the sum of the SNRs of each wireless
link:

MRC __ mW+

YMRC = W TS0 4 o THe (5.10)

Here, we use the MGF based approach to develop a statistical analysis for the MRC system.
The PDF of the SNR for the BHL-MRC can be derived using the inverse Laplace transform as

fC = 21]/MMRC( )eds (5.11)
Us

where £ denotes the contour, and M,%mc(s) denotes the MGF of vMR€_ which is defined as
/\/llfRC(s) = M?W(S)MSSO(S)M$HZ(S) (5.12)

with MGF of the individual link given as

M, (s) = / e f5(v)dy (5.13)
0
In the following theorem, we develop the statistical analysis of the SNR for the BHL-MRC:

Theorem 5.1. The PDF and CDF of the SNR for BHL-MRC with triple technology using
mmWave, FSO, and THz are given by

0.0 'ul
FMRC() — Z Kﬂdﬂ S pw’eXp< > ag
0 =T 2 TG + D)PRE)T (T 2 3/, (v710) 1 P (@)L ()
Ho,3.1,1,2,2,1,0,1,0 2 an? . —21%2 T (5.14)
3,3:1,1;3,2;0,1;0,1 2¢2Hm 71&(,?1:*50)7”7 (,YTHZ) T4
. 1 1 1 1
where T35 = {(p 1;0 07271) (570707175)} { 371 } { 5 5 } { } { }
and Ty = {(p—2;0,0,2,1)%, (—j; 1,1, 1, 1)} - {(0,1)}; {(B—1, 1 D} {0 D {(0,1)}.
o lul
) S e oo (3) e
K F (m) i U(j +1))2(2¢2)7 1 (ymW)itl £~ 9\ 7o, (3TH7)z YT (a)T(B)
><[_10,4.1,1,2,2,1,0,1,0 - aw% , 7T7H —2um/2 15 (5.15)
4,4:1,1;3,2;0,1;0,1 | 2¢24m ’w(;ypso)g vy (3 THZ)Q Tﬁ
where Ts = {(p—1;0,0,2,1)%, (£;0,0,1,1), (-1—5: 1,5, 1. )} {(=5. D }: {(-8.1). (4, D).

1
2
1)}7{_}a{_}7 and T6 = {(p - 2a0a07271) 7(_]717;7172)7( 2 — ]71a;7172)} :

{(0,1)}; {(B—1,1),(¢,1)}; {(0,1)}; {(0, 1) }.
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Proof. See Appendix 5.2. |

In BHL-OSC, the SNR of each link (i.e., mmWave, FSO, and THz links) is measured, and
the link with the maximum SNR value is selected. The resulting SNR, in this case, will be

’YOSC — maX{'ymW, ’YTHZ; ,VFSO} (516)

Substituting the CDFs of the individual links from (5.2)), (5.5)), and into (5.17)), we
get the CDF of the BHL-OSC, as compiled in the following proposition:.

Proposition 5.1. The CDF is given by [174)]
FP3C(y) = ™Y (1) F7O () FY () (5.17)

Proof. The proof is a straightforward application of the maximum of 3 random variables. W

Fox’s H representation for statistical analysis is increasingly prevalent in the research com-
munity. This allows researchers to obtain insights into the behavior of complex systems and
processes, which would have been difficult to obtain otherwise. Moreover, it provides asymp-
totic expressions in terms of the simpler Gamma function for a better understanding of the

performance and identifying key system parameters.

5.6 Data Collection Performance

In this section, we will use the statistical results obtained in the previous section to ana-
lyze physical layer performance metrics such as the outage probability and average BER for
the considered system. Additionally, we derive an asymptotic expression for the outage prob-
ability in high SNR regions to determine the diversity order of the integrated system for better
engineering insight.

Using the DF relay scheme at the UAYV, the resulting SNR of the integrated link can be

expressed as follows:
,YIL — min{’yIOT, ,.)/BHL} (518)

where the SNR of the AN at the UAV is given by [[174]

YT =max {71,72, -+, } (5.19)

where 71, 72, - -+ 7y are individual SNRs of the /V IoT devices at the UAV under Rayleigh
fading channel. The CDF of the device with maximum SNR is given by [174]

N
E ) =150 (5.20)

i=1
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Considering identical fading characteristics, the resultant CDF can be given as
IoT N i\
FIT(9) = (B ()Y = (1= 750 (5.21)

We use the binomial expansion as (z +y)" = > 7 (1) 2" *yF: (1 —a2)" =3, (})
(—x)* to get (5.21) as:

IoT (N - ‘
F, ('Y):Z(k)(—@ 7O) (5.22)
k=0

5.6.1 Outage Probability

Outage probability refers to the probability that the SNR of a communication system falls
below a certain threshold level ~y,, i.e., P(y < 7). The outage probability of the integrated

link is given in the following lemma.

Lemma 5.2. The outage probability of the integrated link P, is given by
Poie = Poue + Powe” = Pout Pout - (5.23)

where P°T is the outage probability of the IoT network and PEYY is the outage probability of

out out

the backhaul link.

Proof. Using (5.18), a simple application of the theory of random variables leads to the CDF of
the integrated link:

F'(y) = E°T(v) + F2™ () = BN () FP™ () (5.24)

Thus, the outage probability of the IoT link P°T can be derived by substituting v = 7y, in
(5.22). To derive PBIL, we substitute ¥ = ~, in the CDF of the backhaul link, as given in
(5.13) for MRC or in (5.17) for OSC. Compiling the outage probabilities of individual links, we

get the outage probability of the integrated system in (5.23). |

In order to determine the diversity order of the system, we express the outage probability
in high SNR region using asymptotic expressions for both the backhaul and IoT links. To obtain
the asymptotic outage probability for the BHL-MRC, we calculate the residue on the dominant

poles, resulting in the following expression:
1 P B 1
MRC™ (_\ _ LAY LR} v 7\ Y
=5 ) i) + () + (5 v (5
(5.25)

[V
[e-

where (', Cs, C3, Cy and C'5 are constants. It is evident by observing the exponents of average
SNR in (523) that the diversity order of the BHL-MRC is min{l B o1 P}. Similarly, the

12727202
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diversity order for the BHL-OSC can be obtained by individually calculating the diversity order
for each of the three links in the backhaul, which turns out to be the same as that of the BHL-
MRC. The diversity order for the /N Rayleigh faded links equals to N. Hence, the diversity

order of the outage probability for the integrated system is given:
Lp
DOP:‘{1§¢——N}. 2
0] min '3 597 (5.26)

The diversity order in (5.26) depicts design and deployment scenarios using various channel
and system parameters. It should be noted that the factor of 1 is due to the FTR channel model

for the mmWave propagation.

5.6.2 Average BER

The average BER refers to the average rate of bit errors in a communication system and is
given by [163]]

> q° /OO - —1
P, = e P F (y)dy (5.27)
) o )

The modulation scheme selection is represented by the values of p and ¢, while F, () refers
to the CDF of the communication system. Denote P°T and P°T as the average BER of the

individual links: IoT and backhaul link (either using MRC or OSC), respectively.

Lemma 5.3. The average BER of the integrated link is given by

PIL — ploT | pBHL _ ploT pBiL (5.28)
where
N _
P (N A
PJT—EZ(J(—N(%” (5.29)
k=0 v
and
o /12
poiL __ m" Kld;q™ ip wzexP( ) ag
‘ 20(m)l(p) <=5 (TG + 1)V (W) = 2/2moy (7M7) YT () 1(5)
0,5:1,1;2,2:1,0;1,0 | ~¢ 2 a'y% ot —2,1172 17
X Hs 4113201501 lg(nmw> w50y}’ T (i d T (5.30)

whereT7:{(p—1-0021)2( ;0,0,1,3), (-1 —4;1,3,1,4), (-1 —=p—4;1,5,1,3)} :

(DI 06 D)y {(p—2:0.0.2,17, (=j:1. 1.1 1).
N O A A

Proof. The average BER of DF relaying using Gray coding can be represented as follows:
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Table 5.1: List of Simulation Parameters

Parameter Value Parameter Value
Carrier frequency - mmWave 50 GHz Transmit power 0 dBm
Carrier frequency - THz 300 GHz Noise Power (mmWave, FSO, THz) | —131 dBm
Carrier frequency - RF 800 MHz Noise Power (RF) —144dBm
Operating Wavelength - FSO 750 nm 0 —7
Transmitting  Antenna  Gain | 10 dBi 0 ?jf
(mmWave)
Receiving Antenna Gain | 26 & 27 dBi 0o 0.1 rad
(mmWave)
Transmitting Antenna Gain (THz) | 10 dBi Op 0.05 rad
Receiving Antenna Gain (THz) 51 dBi dg 0.1
Transmitting Antenna Gain (RF) | 0 dBi wo 1 mm
Receiving Antenna Gain (RF) 0 dBi p 27.94
Backhaul link Distance 500 & 1 km | IoT Link Distance 100 m
[184]:
Pl — PloT | pBHL _ ploT pBill (5.31)
The derivation of the average BER for individual links are presented in Appendix 5.3. |

Likewise, the ergodic capacity of the integrated link can also be derived by following a
similar procedure but omitted to avoid redundancy.

5.7 Simulation and Numerical Results

In this section, we demonstrate the performance of the considered system by assessing
the performance of the hybrid backhaul link and its integration with the IoT. We verify the
accuracy of our derived analytical expressions through Monte Carlo simulations. We consider
50 terms for the convergence of the infinite series for the FTR channel in the mmWave band. We
assume perfect channel knowledge at the base station to implement the BHL-MRC. To ensure
consistency in our comparison, we maintained the same average SNR for all three links in the
backhaul, i.e., YW = 40 = 3THz — 5 Ag a result, the system’s performance is determined
by the level of randomness rather than the path-gain of each channel. Our evaluation of the
IoT network includes a channel coherence time of 1 ms and a data packet size of 1 kB for
each device. We will showcase the backhaul link’s effectiveness in different situations and
then examine the integrated link’s performance between the IoT and backhaul link. Table [5.1]

provides the simulation parameter list.

First, in Fig. [5.2] we demonstrate the outage probability performance of the hybrid BHL-
MRC and BHL-OSC with specific parameters (m = 0.5,A = 0.9,k = 1,u; = 0,0 = 0.6). In
particular, Fig. [5.2(a) compares the proposed backhaul link’s performance with an individual
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Figure 5.2: Outage probability performance of the Hybrid backhaul link with m = 0.5, A =
0.9,k =1, u; = 0,0; = 0.6 and strong atmospheric turbulence.

link and any dual-technology backhaul, demonstrating that the proposed backhaul link outper-
forms both options. It can be observed from the figure that the system’s outage performance im-
proves almost 10 times for the triple-technology BHL-MRC than the existing dual-technology
(mmWave-FSO) for an average SNR of 30 dB. Fig. [5.2]b) compares the outage probability
of the proposed backhaul schemes with an existing mmWave-FSO backhaul link[118]], high-
lighting that the dual-technology backhaul has a higher outage probability for a given value of
average SNR.

Next, Fig. [5.3] shows the average BER of the proposed backhaul schemes compared to the
existing mmWave-FSO backhaul link. The figures demonstrate that the proposed scheme has
a better average BER than the existing dual-technology backhaul counterpart for a wide range
of average SNR. The plots indicate that employing a triple-technology backhaul instead of an
existing dual-technology backhaul can result in a saving of 5 dB of the transmitted power to

achieve an average BER in the range of 1073-107°,

In Fig. [5.4] we demonstrate how the number of IoT devices impacts the outage probability
and average BER performance of the integrated link. Fig. [5.4] displays the effect of outage
probability and average BER performance of the mixed hybrid BHL-MRC and the 10T access
link. As shown in Fig. [5.4(a), increasing the number of IoT devices improves the outage
performance of the integrated system. At first, increasing the number of devices from 1 to 5 does
not have a significant impact on the performance. However, as the number of devices increases,
the average BER performance improves considerably. This suggests that having more devices
can mitigate the randomness of the wireless channel, leading to a more reliable communication
link. Similarly, Fig. [5.4(b) depicts a similar trend in the average BER performance as the

number of IoT devices in the access link increases.
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Figure 5.3: Average BER performance of the hybrid backhaul link with m = 0.5,A =
0.9,k =1, u; = 0,0; = 0.8 and strong atmospheric turbulence.

In Fig. [5.5] we present the average BER performance of the integrated link using real-
istic simulation parameters, as specified in Table We investigate the system performance
with different distances for the backhaul and varying numbers of devices in the IoT network.
Specifically, the distance between the IoT devices and the UAV is set at 100 m, while two dis-
tances are considered for the backhaul link, i.e., 500 m and 1 km. For the mmWave link, we
employ the 3GPP path-loss model given by H;_,, = 32.4 + 17.3log;y(d) + 201log;,(107°f).
This results in path-loss values of 113 dB at 500 m and 118.27 dB for the mmWave backhaul at
a carrier frequency 50 GHz. The visibility range of the FSO link is adjusted to 370 m and 620
m, corresponding to the backhaul link distances of 500 m and 1 km, respectively. We consider
both weak and strong turbulence scenarios for the FSO link. The path-loss for the FSO link is
determined using H;.., = exp(—1d), where v is the attenuation coefficient [118]], resulting in
path-loss values of 45.89 dB for 500 m and 52.78 dB for 1 km. For the THz link, the path loss
due to the atmospheric absorption H;,, = exp (—%/@'d), where & is the absorption coefficient
[34], yields path-loss values of 136.65 dB for 500 m and 143.36 dB for 1 km. For the AN to
the UAV link, the 3GPP path-loss model results in a path-loss value of 65 dB for an average
IoT link distance of 100 m. We fix the transmit power at 0 dBm, and utilizing the parameters
provided in Table we obtain an average SNR of 20 dB (500 m) and 13 dB (1 km) for all
three links in the backhaul. In order to keep the average SNR of the RF link unchanged, it is
necessary to decrease the transmitted power of the IoT devices. This would lead to a power
savings of 23 dBm for a distance of 500 m and 30 dBm for a distance of 1 km. Note that we

ignore the local communication between the [oT devices and the AN.

The plots in Fig. 5 demonstrate that the average BER performance of the integrated link

improves as the number of devices in the [oT network increases. However, after approximately
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Figure 5.4: Outage probability and average BER performance of integrated link with m =
0.5,A =09,k = 1,u; = 0,0; = 0.6 and strong turbulence with varying number of IoT
devices in the access link.

20 devices, the average BER reaches a saturation point (a characteristic of the OSC technique).
It is evident from the plots that the average BER increases as we increase the distance of the
backhaul owing to higher atmospheric attenuation and path loss in the backhaul link. Further,
we can illustrate the achievable data rate using the simulation scenario in Fig. 5. In Fig. 5, an
average SNR of 20 dB gives a spectral efficiency of 8.28 bits/sec/Hz for the MRC and 7.71
bits/sec/Hz for the OSC. Similarly, setting parameters for the IoT network such that an average
SNR of the AN is 20 dB (the same average SNR 1is required for dual-hop DF system to have
more meaningful results of the relay-assisted system), giving an achievable spectral efficiency
of 6.65 bits/sec/Hz. Thus, the backhaul link is sufficient to support the data collection from
N=20 devices in the IoT network, each device having a packet size of 332 kb of data if 1 MHz
of channel bandwidth is assumed for the AN.

The hybrid backhaul-based data collection network has the capability of delivering supe-
rior performance. However, a trade-off exists between performance and complexity in exchange
for this benefit, which varies across operating conditions. Therefore, we have conducted com-
prehensive simulations to capture the behavior of the integrated link and presented a comparison
between the proposed wireless backhaul and other existing technologies in Table on page
[[14] We have created various use cases to identify the most suitable choice between single,
dual, and triple-technology backhaul for different listed scenarios. We consider two types of
channel conditions, namely Type-1 (poor) and Type-2 (good), for each of the mmWave (Type-
I: m = 0.5 A = 0.9; Type-2: m = 20, A = 0.1), FSO (Type-1: strong turbulence; Type-2:
weak turbulence), and THz (Type-1: o; = 0.6; Type-2: 0; = 1.1) links, individually, as well as
all possible combinations for low, moderate, and high SNR regions. The last column of each
row shows the outage probability of the integrated link with the triple-technology BHL-MRC,
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Figure 5.5: Effect of the number of IoT devices on the average BER performance of the
integrated link.

while the other columns in that row indicate the outage probability of the particular scenario
as the factor of the triple-technology BHL-MRC. This allows us to identify the best alternative
to the triple-technology BHL-MRC based on the lowest factor in a single row for a given SNR
range. The minimum factor for each row is highlighted for both single-technology and dual-
technology BHL-MRC combinations. For instance, if we consider the Type-1 channel for all the
individual links, the mmWave link alone provides a better outage probability at moderate and
high SNR. However, the THz link performs better at low SNR for single-technology backhaul
link. The mmWave-THz backhaul link outperforms the mmWave-FSO in low and moderate
SNR, while the mmWave-FSO performs better in high SNR for the dual-technology backhaul
link. However, choosing a backhaul technology depends on the specific network configuration
and the acceptable level of outage probability, with a trade-off between network complexity
and performance. Choosing a single, dual, or triple-technology backhaul based on the desired
outage probability can reduce network complexity and power requirements. Nevertheless, the

triple-technology backhaul consistently delivers superior performance regardless of the channel
and SNR scenarios.

Our study provides a comprehensive investigation of the selection of hybrid schemes in
different channel and SNR scenarios based on the trade-off between acceptable outage proba-
bility and the complexity of the hybrid backhaul. In particular, we found that the mmWave-THz
backhaul link outperforms the mmWave-FSO in low and moderate SNR scenarios, while the
mmWave-FSO performs better in high SNR for the dual-technology backhaul link. The triple-

technology backhaul consistently delivers superior performance regardless of the channel and
SNR scenarios.
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Table 5.2: Comparison of outage probability for the integrated link using triple, dual, and
single-technology based backhaul with N = 5 devices in the IoT network.

The Table can be read as follows: the outage probability of the triple-technology backhaul (given in the
last column) is denoted by Py, while X is the factor by which the outage probability of a single or
dual-technology backhaul exceeds that of the triple-technology backhaul. Thus, the outage probability
of different configurations Py, should be multiplied by the corresponding factor X, depicted in rows.
For example, F,,; (for mmWave at 5dB SNR with Type-1 channel) is 2.34 x 0.34 = 0.79.

SNR Link nmWave FSO THz nmWave- nmWave- FSO-THz nmWave-
X X Pout X X Pous X X Pous FSO THz X X Pous FSO-THz
X X Pout X X Pout Pout
Low (5dB) 2.34 2.64 2.00 1.91 1.27 1.67 0.34
(Type-1) (Type-1) (Type-1)
Low (5dB) 2.94 3.10 3.15 241 1.42 2.30 0.27
(Type-1) (Type-1) (Type-2)
Low (5dB) 2.92 3.10 2.49 2.02 1.58 1.81 0.27
(Type-1) (Type-2) (Type-1)
Low (5dB) 442 4.67 473 3.1 2.12 2.63 0.18
(Type-1) (Type-2) (Type-2)
Low (5dB) 242 2.73 2.10 1.96 13 1.72 0.33
(Type-2) (Type-1) (Type-1)
Low (5dB) 3.19 3.59 3.40 2.58 1.43 248 0.25
(Type-2) (Type-1) (Type-2)
Low (5dB) 3.00 3.23 2.62 221 1.65 1.89 0.26
(Type-2) (Type-2) (Type-1)
Low (5dB) 440 462 4.68 3.15 1.96 2.60 0.18
(Type-2) (Type-2) (Type-2)
Moderate 9.94 35.31 20.00 4.00 248 10.06 0.016
(15dB) (Type-1) (Type-1) (Type-1)
Moderate 53.00 188.33 31.00 21.33 2.77 13.77 0.003
(15dB) (Type-1) (Type-1) (Type-2)
Moderate 31.80 54.00 64.00 4.49 7.8 13.82 0.005
(15dB) (Type-1) (Type-2) (Type-1)
Moderate 169.15 287.23 98.94 23.89 8.83 16.28 94x10—%
(15dB) (Type-1) (Type-2) (Type-2)
Moderate 10.00 48.46 27.45 418 2.56 13.81 11.6x10~3
(15dB) (Type-2) (Type-1) (Type-1)
Moderate 50.87 245.65 40.43 21.17 2.78 17.96 2.3x10~3
(15dB) (Type-2) (Type-1) (Type-2)
Moderate 31.62 72.97 86.49 454 8.05 18.68 3.7x10-3
(15dB) (Type-2) (Type-2) (Type-1)
Moderate 169.57 391.30 134.78 24.35 9.28 22.17 6.9x10~ %
(15dB) (Type-2) (Type-2) (Type-2)
High (30dB) 139.47 3157.90 3526.30 11.13 14.74 368.42 3.8x10°
(Type-1) (Type-1) (Type-1)
High (30dB) 5300 120000 8000 423 23.00 700 1x10-6
(Type-1) (Type-1) (Type-2)
High (30dB) 2650 4080 67000 8.00 280 421 2x10-6
(Type-1) (Type-2) (Type-1)
High (30dB) 26500 40800 40000 80 115 235 2x10~7
(Type-1) (Type-2) (Type-2)
High (30dB) 119.35 3871 4322.6 8.94 13.23 451.61 3.1x10-°
(Type-2) (Type-1) (Type-1)
High (30dB) 9250 300000 20000 692.50 40.00 1750 4%x10~7
(Type-2) (Type-1) (Type-2)
High (30dB) 1850 4080 67000 5.00 205 421 2x10-6
(Type-2) (Type-2) (Type-1)
High (30dB) 37000 81600 8000 100 160 470 1x10~7
(Type-2) (Type-2) (Type-2)
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5.8 Chapter Summary

In this chapter, we analyzed the end-to-end performance of data collection from an IoT
network located in hard-to-reach areas, which is transferred to the core network through an
intermediate UAV and a high-speed wireless backhaul link. We designed a self-configuring al-
gorithm for AN selection from IoT devices in the network. Further, we utilized a novel hybrid
transmission technique for wireless backhaul, which transmitted data packets simultaneously
over mmWave, FSO, and THz channels using OSC and MRC. We assessed the outage proba-
bility and average BER performance of the integrated link that comprises the IoT and backhaul
link. Moreover, we derived a simpler asymptotic expression for the outage probability in the

high SNR region and determined the diversity order for the integrated link.

By leveraging the collective strength of a triple-technology backhaul and multiple [oT
devices, it may be possible to enhance the overall performance and reliability of the communi-
cation link for data collection. This could have a wide range of potential applications, such as
in environmental monitoring, disaster response, military communication, and other scenarios
where reliable communication is essential. Our proposed solution and statistical analysis pro-
vide valuable insights into the performance of 10T networks and can be helpful for the future
design and optimization of similar networks. Further, it can potentially steer the development
of more practical and robust solutions, addressing beam alignment issues and the increased

computational demands for the UAV in real-world situations.

5.9 Appendix

5.9.1 Appendix 5.1: Proof of Lemma 5.1

Substituting the limits of (5.6) and (5.7), the joint PDF of |hf,| = |hy|h, can be expressed
as [l174]

1
Jngo(2) = /0 éfhp(y)fhf <§> dy. (5.32)

substituting the PDFs from (5.6) and (5.7) in (5.32)) and simplifying, we get

K p*w; exp _f,‘gz 1 _zy2 21
i () == 27(5421) /O y”21n<y>exp(<2;’3 )exp(<2j;2>)dy. (5.33)

i=1

The closed form solution of the above integral with powers on the exponential is not possible.

Thus, using Meijer’s G representation of both the exponential functions, we can rewrite the
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equation as

N2
K p?w; exp (o4

1 2
o2 = =0 — )(Tm)/ﬁl/f(o‘51><Z2>“F<0—82><—2zuz->52dsld82><11
(5.34)

The inner integral /; can be solved to

! D(—p+2+2s1+s2))°
I, = [ 4P~ 27217521 (y))d __{ 1772 5.35
1 \/Oy n(y) y (F(_p+3+251+82))2 ( )

Substituting back (5.35) in (5.34)), and using the definition of bivariate Fox’s H-function
[178], we can write the PDF of THz outdoor channel combined with THz antenna misalignment
error in (3.8). The CDF can be derived using the PDF in F},"*(2) = [ f,/!1*(2)d>. Using (5.8),

we can write CDF as

K 529,
pwlexp 20
Fy. (2) = // 0—3
s Z V270, (2771) £1Jey 2

=1
(T(—=p + 2+ 251 + 89))*

XT'(0 — 89)(—2zp;)% sdsidsy X I 5.36
The inner integral is straightforward and is simplified to
z Zsits2HID(28) + 59 + 1)
L= 290y =2 ! 5.37
2 /0 F(281 + So + 2) ( )

Substituting /5 in (5.36)), and applying the definition of bivariate Fox’s H-function, we get
the CDF in (5.9). Using the standard transforms of the random variables for the SNR [174], we
get the PDF and CDF of the SNR to conclude the proof of Lemma 5.1}

5.9.2 Appendix 5.2: Proof of Theorem 5.1

To begin with the proof, we compute the MGF for each of the three technologies used in
the backhaul link. To achieve this, we substitute the PDF of into (5.13)), employ the Mellin
Barnes type representation of the exponential function, and change the order of integration to
obtain the MGF of the mmWave link as

m X Kid.
MEV(5) = J
TC) = T 2 G 7 D)
1 1 s3 o0 )
_ _ . —sv.J+s3
%3 ), 0O (5 C27ymw> dsy /0 eI gy (5.38)
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which, using the identity [168| 3.381/4] can be simplified to

mW _ m" o K]dj
Mv (S) T m) j;o (F(] + )) <2<2)]+1( mW>]+1
1 1o\s .
“2m LE(O N 53><2§27mW> g P(1+j+s3)dss (5.39)

Similarly, the MGFs of the FSO and THZ links can be obtained as

MFSO( - apd 1 / DBy —1—s)l(¢ — 1 — s)T'(1 + Bp + s4)

YT (@)L (B) 27y (¢ — s4)

a * _1osa 1 sy
X (W) dS4 X s 2 2 F<§ + 5) (540)

K p*w; exp

M) =2 (m) /,c/ﬁ o (TH) F(O_SG)<<7_T?{/:;5)%

(I'(— P+2+235+86)) 1 seo 1
T (= 4 5 4
(D(—p +3+255 + 50))% (5455

5 9 )d85d86 (541)

Substituting the MGFs of (5.39), (5.40), and (5.41) into (5.12) and applying the inverse
Laplace transform, we get the PDF of the hybrid system for MRC diversity combining as

MRC mm Kid; 1 1\
fvwrm;mﬁwmwwwﬁﬁmw%wwﬁ3

, ag 1 F(Br—1—8)T(p — 1 — )T (1 + Br + s4)
XFO+]+%@$WHW%§G/‘ W¢—m)

84 K p*w; exp 5
N ds4p(1+8_4)z ( )// 050 )
w(f—yFSO) 3 2 2 20/ 2mo; (’}/THZ 5 27T] Ls J Le ’

—2u; \°(T'(— p+2—|—235—|—86))
XF(O—‘%)((WTHZ);) (C(—p + 3+ 255 + 55))2

d85d86 X [3 (542)

The inner integral /3 can be simplified by substituting sy = —¢ to get [168, 8.315]

56

s g
I3 :/ eVglTis g3 g T = (1>( A 2m)
Ls 7 L(1+j4s3+ 3 +s5+ %)

(5.43)

Substituting (5.43) into (5.42)) and using the definition of multivariate Fox’s H-function
[170]], we get the PDF of hybrid BHL-MRC in (5.14). The CDF can be derived using (5.14)) in
FMRC(y) = [V fA™RC(~)dy. Applying the similar procedure as that of PDF, we get the inner
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integral as

7(2+j+53+%4+85+576)r(2 +J+s3+ % +s5+ 376)
T(3+j+s3+%+s5+%)

/’Y Attt Fosst F) g — (5.44)
0

Applying the definition of multivariate Fox’s H-function, we get the CDF of hybrid BHL-
MRC in (5.13) to finish the proof of Theorem [5.1]

5.9.3 Appendix 5.3: Proof of Lemma 5.3

The average BER of hybrid BHL-MRC can be derived by substituting the CDF of (5.13)
in (5.27) to get

D
PMRC _ m" q
e

hmg

Kjdj 1 1 53
j—f-l 2C2)]+1( mW)j-l—l 277.7/ F(0_83)<2§~27mw) d83

04¢ L/ D(Br —1—=5)0(¢ — 1 — s4)L(1 + Br + 54)
?/JP(OZ)F(ﬁ) 27y Ly F(¢ - 54)

XF(l —|—]+83>

K p wzexp<

(i) WS k) [, o ()

—2u; \*(C(=p+2+2s5+s)% .1
xI'(0—s I'(z+s5+—
( 6)<<7THZ)§) (C(=p+ 3 +2s5 + 56))2 <2 ° 2)
1 F2+j+s3+5 +s5+%
x , . . SRR : : ) dssdse x I (5.45)
P+ +ss+%3+s5+2)0(B+7+s3+ %+ 855+ %)
The inner integral I, can be solved to [168, 3.381/4]
Iy :/ e—qv,y(1+p+j+83+%4+85+3§)d7 — q( p—j— 53——— - 2 )I‘(2+p+] +33+ 5 +35+ 2)
0
(5.46)

substituting the inner integral (5.46)) in (5.43), and applying the definition of Fox’s H-function,
we get the average BER of the BHL-MRC in (5.30). To derive the average BER of the IoT
device with maximum SNR in the access link, we substitute (5.22)) in (5.27) to get

n 0o k

— qp n _ _ _2

B = 2T (p) 2 (k:) /0 < 1<_ ‘ 7RF> o 47
k=0

Using the identity [[168], 3.381/4], we get the average BER of the IoT network in (5.29).
Finally, plugging (5.30) and (5.29) into (5.28), we get the average BER of the relayed system
to finish the proof.
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To derive the average BER of BHL-OSC, we substitute (5.17)) in (5.27) to get

pOSC _ mm j 1 F(l +7 - Sg)F(O + 53) 1 s3

P, p) ['(m) ; [(j+1)) mw)J 2m) /,;3 (1 + s3) (262?’”") dss
04F¢ L F(ﬁ—1—84)r(¢—1—34)F(1+5+84)

: (¥ FSO) Y (a)T(B) 21y Jr, (¢ — 54)0(2 + s4) (14 s4)

o S4 K pQwiexp ) 1 55
" (WFSO)%) o ;2\/%@( %<2m) /c/c 0= (> H0 = 50)
2

X ( —2 )86(F( p+2+2s5+56))° (285 + 56 + 1)
@THZ)% (C(=p+ 34285+ 86))2T'(255 + s6 + 2)

where I5 is the inner integral, which is simplified to

d85d86 X [5 (548)

o0 s s . s s . S S
Is = / e_‘”vs3+74+85+76+3+pd’y = q_1_53_74_35_76_3_pf(1+83+54+85+§6+j+p)
0

(5.49)

substituting (5.49)) into (5.48)), and applying the definition of multivariate Fox’s H-function, we
get the average BER of BHL-OSC as

00 : K —H;
posc _ mmq 1 Z K]dj ,O w; eXp< ) @F¢
e m — T
20(m)I(p) =5 (TG +1)?(7™Y) = 2v2m0,(7™7)7 (850)2 T () T(3)
H0,4.1,1;2,2;0,1;071 ¢ 2y a'yZ q_lfy —2,“1’72 T9 (5 50)
4,3:1,233,3,1,0,1,0 | 2g57W 2 psoy ] 1 5THz s (qyTH)3 Tio )
where Ty = {(p—1;0,0,2,1)% (0;0,0,2,1), (—p—j; 1,5, 1, )} - {(1, 1) }; {(— 1), (¢,1)};

{-=};{-}and Tio = {(p—2;0,0,2,1) (-1;0,0,2,1),(0;0,02,1), } : {( 1—1—], : 0,1 },{ B—
171)’(¢_1)’(_1’1)};{(071)};{«)’1)}'



Chapter 6

Low Complexity Algorithms for
Multi-User Cell-Free Wireless Networks
Exploiting THz Channel Characteristics

6.1 Introduction

THz wireless technology has the potential to play a crucial role in access networks, par-

ticularly in dense network deployments with limited coverage range like cell-free networks

[125-128]. In particular, cell-free networks are envisioned as a key network architecture in

wireless communication, where multiple APs are strategically deployed within a specific area,

serving multiple users in close proximity. As a consequence, the distance between users and

the APs is significantly reduced compared to traditional cellular systems. This inherent charac-

teristic makes the THz band an ideal candidate for integration into multiuser cell-free networks

[129H132].

The research contributions in this chapter have been reported in these publications:

1. P. Bhardwaj S. M. Zafaruddin, and Amir Leshem, "Random Access Protocols for Cell-Free Wireless
Network Exploiting Statistical Behavior of THz Signal Propagation”, arXiv:2311.06.06166, under review

in IEEE Transactions on Wireless Communications, Nov. 2023.

2. P. Bhardwaj, Raghav Khanna, and S. M. Zafaruddin, ” A Generalized Statistical Channel Model for THz
Wireless Communication,” ” arXiv:2310.18616v1, Oct. 2023, accepted for presentation, 2024 IEEE Wire-
less Communications and Networking Conference: (IEEE WCNC 2024 Workshops) , Dubai, UAE,

21-24 April, 2024.

3. P. Bhardwaj, Eesha K. Santosh, and S. M. Zafaruddin, ” An Exact Statistical Representation of a-n-x-p
Fading Model for THz Wireless Communication,” in press, 2023 IEEE Globecom Workshops (IEEE GC

2023 Workshop - HCWC), Kuala Lumpur, Malaysia, Dec. 2023, pp.1-6.

4. P.Bhardwaj and S. M. Zafaruddin, ”Exact Performance Analysis of THz Link under Transceiver Hardware

Impairments,” in IEEE Communications Letters, vol. 27, no. 8, pp. 2197-2201, Aug. 2023.

5. S. M. Zafaruddin and P. Bhardwaj, ” Interference Cancellation in Wireless Communications: Past, Present,
and Future” in IETE Journal of Education, Vol 63, no. 1, pp. 5-13, Oct. 2021. (Best paper award in

IETE Students’ Journal Award category, 2023).
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THz wireless backhaul/fronthaul networks have been investigated specifically in the con-
text of single-user transmission [[75} [119} [124, 197, [198]], limited research have focused on the
multi-user THz wireless communications [[133H137]].

The use of THz band for cell-free wireless communication is studied in [[129~132]]. The
authors in [129] and [[130] list qualitative research directions for the use of THz in the cell-
free mMIMO systems. The work presented in [131] proposes employing the THz spectrum for
wireless backhaul connections connecting UAV base stations to central-processing unit (CPU).
The authors in [132] explores the vulnerability of THz wireless technology to physical-layer
jamming in the framework of cell-free mMIMO systems.

Multiuser interference cancellation has been studied extensively for cell-free wireless net-
work [[138-142]]. The interference cancellation requires complex signal processing at the CPU
and significant overheads. In this context, random access protocol can be a potential alternative
[91,1143H147]. The work in [[147] proposes an adaptive random access protocol for massive IoT
networks that exploits nonorthogonal multiple access (NOMA) with short-packet transmissions

and automatic request and repeat (ARQ) strategy with a limited number of retransmissions.

6.2 Motivation and Contributions

THz wireless transmission encounters several challenges, including high path-loss result-
ing from atmospheric absorption, misalignment errors, short-term fading, and hardware im-
pairments. Current statistical channel models for THz wireless communication primarily con-
centrate on the sub-THz band, mostly with a-x and Gaussian mixture fading distributions for
short-term fading and deterministic modeling for atmospheric absorption.

The effectiveness of a random access protocol is contingent upon the number of users
attempting to access the channel. In contrast to RF, THz signal propagation involves greater
complexity, including losses attributed to molecular absorption, short-term fading, antenna mis-
alignment errors, and transceiver hardware impairments. There is currently no existing research
on a random access protocol designed for a cell-free wireless network that leverages the unique
characteristics of THz signal propagation.

In this chapter, we develop random access protocols for efficient communication in a multi-

user cell-free network over the THz band. The main contributions of this chapter are as follows:

* We develop a generalized statistical model for THz signal propagation, incorporating ran-
dom path-loss with a Gamma distribution for the molecular absorption coefficient, short-
term fading characterized by the a-n-x-p distribution, as well as accounting for antenna
misalignment errors and transceiver hardware impairments. Note that existing literature
assumed a deterministic path-loss model, which is suitable for stable channel environ-
ments like backhaul/fronthaul scenarios. However, in the access link, where obstruction
(such as human movement and others) between the transmitter and receiver is prevalent,

a deterministic path-loss model may not be appropriate.
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* We propose random access protocols designed for a cell-free wireless network, ensur-
ing successful transmissions for multiple users with minimal delay and energy loss by
leveraging the collective impact of random atmospheric absorption, the non-linearity of
fading, hardware impairments, and antenna misalignment errors. We assume that each
user is assigned a single packet to transmit during data transmission requiring novel ap-
proach for the analysis compared to the conventional analysis of the ALOHA protocol
[199].

* We consider two schemes: a fixed transmission probability (FTP) scheme where the trans-
mission probability (TP) of each user is updated at the beginning of the data transmission
and an adaptive transmission probability (ATP) scheme where the TP is updated with
each successful reception of the data. The FTP implementation is characterized by sim-
plicity, while the ATP scheme demonstrates superior performance, scaling linearly with

the number of active users.

* We analyze the performance of both protocols using delay, energy consumption, and out-
age probability with scaling laws for the transmission of a data frame consisting of a
single packet from users at a predefined quality of service (QoS). Computer simulations
demonstrate the efficacy of the proposed random access schemes and accuracy in perfor-

mance assessment with the statistical effect of THz propagation for a cell-free network.

6.3 System Model

As depicted in Fig. 6.1} we consider a multiuser network consisting of a L APs that sup-
ports K users, all operating on same time-frequency resources within the THz band, emulating a
typical cell-free architecture. Consequently, there are &' — 1 interference signals that contribute
to the degradation of signal quality for the ¢-th user. In this situation, random access methods
can provide potential benefits. When utilizing a random access protocol, if the transmission is

successful, the signal received at the AP is expressed as [42]:
y = h(s+w) +w, +w (6.1)

where h represents the channel coefficient, comprising of the path gain h; due to signal propa-
gation and atmospheric absorption, short-term fading /¢, and antenna misalignment errors h,,.
Here, s denotes the desired signal, and w stands for the additive white Gaussian noise (AWGN)
with variance o2,

The terms w; and w, refer to components representing residual hardware impairment,
which are statistically modeled using a Gaussian distribution [34} 42]. Specifically, w; ~
CN(0,k2P), and w, ~ CN(0,k?P|h|*), where k; and k, quantify the extent of hardware im-
perfections in the transmitter and receiver, respectively. In the THz band, typical values of k;

and k, fall within the range of (0-0.4), as suggested in [34]]. A value of k; = k, = 0 corresponds
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User 1 Ql

AP3 User 2

Figure 6.1: System model for a typical cell-free network.

to an ideal front-end, representing no hardware imperfections. The achievable performance is
limited by transceiver hardware impairment at higher frequencies [34, [75]].
The path gain, denoted as h;, relies on various factors such as antenna gains, frequency,

and molecular absorption coefficient, as defined in [34]:

C\/ GtGr

hy — Yt
T 4nfd

exp(~ A (f, T, ) 6.2)
Here, c represents the speed of light, f denotes the transmission frequency, and d represents
the distance. G; and G, are the antenna gains of the transmitting and receiving antennas, re-
spectively. The term (f, T, v, p) corresponds to the molecular absorption coefficient, which
is influenced by temperature 7', relative humidity 1/, and atmospheric pressure p. It can be
expressed as:

710(q20 + g3)
Ii(f, T,@/},p) = 5 r 5
(Q4U + Q5) + (1000 pl)

g6v(q7v + gs)

5 7 2+clf3+02f2~|—03f+04 (6.3)
(qov + q10)% + (555; — P2)
In the above equation, v = fg—ow, where p,, (T, p) represents the saturated water vapor

partial pressure at temperature 7". The value of p,, (7', p) can be evaluated using Buck’s equation.

As is for many wireless communications, short-term fading is inevitable at THz frequen-
cies. Several studies have suggested various distributions to model the short-term fading in the
THz band, like a-p, fluctuating two-ray (FTR), and Gaussian mixture distributions at sub-THz
frequencies [149][160]. The a-n-k-p model is a comprehensive representation that embod-

ies a wide range of fading characteristics, including the number of multi-path clusters, power
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of dominant components, nonlinearity of the propagation medium, and scattering level. This
flexibility allows the model to effectively capture and fit measurement data in various propa-
gation scenarios, making it an ideal choice for a more generalized and diverse channel model
at high frequencies. To model the short-term fading in the THz band for outdoor environment,
we adopt the a-n-x-u fading model [[158]]. The authors in [200] demonstrated that the a-n-
k-p 1s the best fading model fitting over a wide range of propagation environments for higher
frequency mmWave and THz systems.

The effect of antenna misalignment errors is also detrimental to THz performance, which
occurs when transmit and receive antennas fail to adequately align for line-of-sight (LOS) trans-
missions, significantly limiting the physical communication range [S1]. The antenna misalign-
ment errors in the THz band for aerial/mobile communication [S1,1152] are statistically modeled
using the PDF

I, (M) = —=p* In(hy) Ry~ (6.4)

where 0 < z < 1. p = \/Z:ZB determines the severity of the misalignment errors, where wp
is the angular beamwidth (beafm divergence) of the signal and oy is the variance of the angular
fluctuation, which models the effect of angular fluctuations at both the transmitter and receiver.

We define the instantaneous SNR of the THz link at the receiver as v = |h|*y, where
h = hih¢h, and 7 is the average SNR of the link and is defined as 7 = f—é with P, as the

transmit power. From (6.1]), the resultant SNR with transceiver hardware impairment parameters

kn = \/k? + kZ is given by

N = ’_Y|hlhfhp’2
K lhihgh, 2+ 1

(6.5)

It can be seen that SNR ~ for THz transmission exhibit significant randomness due to the com-
bined effect of h;, hs, and h,. In previous studies, «(f, 7,1, p) (Which determines /;) has been
considered deterministic. This assumption holds for backhaul/fronthaul applications where the
environment remains relatively stable. However, in cluttered urban environments where factors
like human blockage come into play, x(f, 1,1, p) can exhibit randomness. Further, modeling
for h s becomes more intricate to characterize short-term fading of THz signals. Moreover, there
is a randomness in the signal quality due to antenna misalignment parameter h,,.

It is crucial to recognize that when implemented in large multiuser networks, random ac-
cess protocols can experience drawbacks in terms of latency and inefficient utilization of com-
munication resources. However, unique channel characteristics of THz propagation can enable
efficient implementation of the random access protocol.

In what follows, we develop a statistical model for signal propagation in THz frequencies.
This model encompasses random path loss, short-term fading, antenna misalignment errors,

and transceiver hardware impairments. Subsequently, we introduce random access protocols
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designed for a cell-free wireless network. These protocols aim to facilitate successful transmis-
sions for multiple users with minimal delay and energy loss, leveraging the combined impact of
random atmospheric absorption, the non-linearity of fading, hardware impairments, and antenna

misalignment errors.

6.4 A Generalized Channel Model for THz Transmission

In this section, we develop a generalized channel model for the THz transmission which
includes several random components for its statistical analysis resulting from atmospheric ab-

sorption, misalignment errors, short-term fading, and hardware impairments.

6.4.1 Exact Statistical Derivation of a-n-+-1 Model

The a-n-k-p model includes almost all short-term propagation phenomena to generalize

the fading model for a wireless channel. The envelope R of the a-n-x-p is given by [158]][[159]

iz Hhy

R =) (Xi+ X))+ ) _(Yi+A,)° (6.6)

i=1 i=1

where o denotes the non-linearity of the channel, y, and y, denote the number of multi-path
clusters of in-phase component and quadrature component, respectively, A\, and A, are the
average values of the in-phase and quadrature components of the multi-path waves of the i-th
cluster, respectively, and X; ~ N(0,02) and Y; ~ N(0,0;) are mutually independent Gaus-
sian processes, where o2 and 05 are variances of in-phase and quadrature components of the
multi-path waves, respectively. In general, the a-n-x-p model is quantified by seven different
parameters, namely «, 1, K, i, p, ¢, and 7. To define these parameter, denote the power of

in-phase (z) and quadrature-phase (y) components of dominant (d) waves and scattered (s)

Psy
Pgy?

waves as P, where a € {d,s} and b € {x,y}. Thus, we define the parameters as =

_P13+P _ Mzt 7 _Pz Py, s«
= ij+sz’M =5 5HP= Z_y’ q= #;/E’ and 7 = {/E[R°].
For statistical analysis of the wireless systems, the density and distribution functions of
the channel envelope are required. Using (6.6)), the authors in [159] presented the PDF fg(r)

<

of the envelope R in terms of the generalized Laguerre polynomial (L,,) and the regularized

hypergeometric function (o £}):
algu) (p\ T repép
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Atm+k) onq § = dtad+p)

(+p) ERE It can be seen that the PDF fr(r) contains an infinite

where § =



6.4. A Generalized Channel Model for THz Transmission 126

series representation, which approximates the system performance when a finite number of
terms are used for the convergence of the distribution function. It is always desirable to express
the statistics of the channel envelope in an exact form using tractable mathematical functions
for efficient performance analysis and numerical computations.

We derive exact expressions of the PDF of the channel envelope distributed according

to the a-n-x-p model using a single Fox’s H-function. We denote the multi-variate Fox’s H-
I+p—pp _ 1+ptpp

2,144 -1
. . . _ pop E 262 q 2+2p n 2+2p _
function as given in [170, A.1]. We define ¢y = ,‘f%_lexp(qupq)mL) , Wy =a — 1,
4

3 = g%, A = 1%;1,142 = %p'LA?) = —‘"‘ﬁlg“, Ay = 2]9,&\/ nq(;’;i, and A; = 2u 6’%.

nr
First, we use (6.6) to present the PDF of the channel envelope in the following theorem:

Theorem 6.1. The PDF of the channel envelope for the o-n-k-p fading model is given by

A2 A2
« __éra __éra

143T ) 4 9 4

(6.8)

1
fR(T) (fa)H—% 1,1;0,1;2,3;1,

where Vi = {(=A2,1,0,1)} : {(—, =) 1 {(-4, D)3, D }; {(3. 1)} and Vo = {(-1 — A, —
Ay 1,1,1) 1 {(0,1)};{(0,1), (=A1,1), (3, 1) }5{(0,1), (—A2, 1), (3, 1) }.
Proof. See Appendix 6.1. |

6.4.2 Statistical Model for Atmospheric Absorption

The THz band experiences higher path-loss due to signal absorption by molecules at ex-
tremely small wavelengths [29-31]. The path gain as depicted in depends on molecular
absorption coefficient ((f,T,,p). At sub-THz frequencies, ((f,T,v,p) has been consid-
ered deterministic. However, at higher frequencies, the interaction of THz signals with the
atmosphere can become intricate at the molecular level, making it essential to employ complex
modeling for the molecular absorption coefficient {(f, T, 1, p). As measurement data beyond a

few hundred GHz is unavailable for parameterizing ((f, T, 1, p) at THz frequencies, we resort
to a statistical approach. We adopt the Gamma distribution fe(y 7,4 () = %e*% with pa-
rameters k and [ in dB to model {(f, T, v, p). This statistical model allows for a diverse range
of support for ((f,T,1,p) between 0 and oo, with an average value of k3 dB/km selected
from existing measurement data. In a recent study, the Gamma distribution has been utilized to
model the attenuation coefficient in free-space optics (FSO) transmission under foggy weather
conditions [201]]. Indeed, experimental data is crucial to validate the use of the Gamma distribu-
tion for the absorption coefficient observed in practical scenarios, which presents an excellent

opportunity for further research.

Proposition 6.1. [f the molecular absorption coefficient ((f, T, 1, p) is Gamma distributed with
parameters k and (3 in dB, then the PDF of the path-gain h; is given by

k

—z k—1
g (B) = ZFEZ) [ln(%)} h! 6.9)
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where a; = ﬁ 0 < h < ay, and z = 8.686/(Bd).

Proof. Converting ( in dB, (6.2)) can be represented by

hj = ——— - = T d" /4.343 6.10
l 47de eXp( QC <f7 71/}7p> / ( )
where d“™ is the distance in km. Using fetrmwp) (@) = ﬂ”ffT_(;)e_% and applying standard trans-
formation of random variables, the PDF of h; is given (6.9). [

6.4.3 A General THz Model with Combined Channel Effects

Finally, we present the PDF and CDF of a single link THz transmission, which includes
the combined effect of random path loss, antenna misalignment errors, the generalized a-n-x-
short-term fading, and transceiver hardware impairments. We define v, = |, /W for the
h
subsequent analysis.
Theorem 6.2. The PDF and CDF of SNR combining the effects of random path loss, antenna

misalignment errors, and short-term fading with transceiver hardware impairments for a THz

link is given by
a(14+A]+As)
(2D Rtk 1A 1 T =
) = (F) s \a 21— 4k2) . [ \ T
( -7 h) 1—vk3?
F0:2+k:1,011,131,0:1,0 Vs As%? Ai%? A%V}? ¢37h§ 6.11
X A19 g 91 k:0,1;2,3;1,3;0,1 Ve 2o s dgen s Taon s qons |’ (6.11)
6 |afyz dapyz dafyz apye

where V5 = {(—Ag;l,O,l,O)},{p —a — al; — ozAg;a,a,oz,a},{z —a — ald; —
ozAg;oz,oz,oz,oz}k : {(—,—)};{(—Al,l)(%,l)};{(%,l)}; {—,—} and Vg = {(—1 — A —
A2;1,1,1,0)},{p—l—a—aAl—aAQ;a,a,Oz,a},{z—l—&—aAl—aAg;&,a,&,a}k:
{(0,1)}:{(0,1), (=A1, 1), (5. 1) }; {(0, 1), (= A2, 1), (5, 1) };

{(0,1)}.

a(1+A1+Ax)+1

wpoZk 1\ a(l+A1+A2)+1 ~ 2
Fyy, () = (7‘60—1+Q<a_z> %

Vz
Vs

H0,3+k;1,0;1,1;1,0;1,0
3+k,3+k;0,1;2,3;1,3;0,1

(6.12)
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where V; = {(—Ag;l,O,l,O)}, {p —a— aA; — ozAz;a,oz,oz,oz}, {z —a — oA —

aAy; a,a,a,a}k, {—a—aAl—aAg;a, a,a,a} : {(—, —)}; {(—Al, 1)(%, 1)}; {(%, 1)}; {—, —}

and Vg = {(—1—A1—A2;1,1,1,0)},{p—l—a—aAl—aAg;a,Oz,a,a},{z—l—&—aAl—

aAQ;a,oz,a,a}k, {-1-a—aAi—adsy;a,a,a,a} : {(0,1)};{(0,1), (—A1,1),(3,1)};{(0,1), (—As, 1)

{(0,1)}.
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Proof. The proof is presented in Appendix 6.2. |

It can be seen that Theorem [6.1] results into a 4-variate Fox’s H-function. Note that multi-
variate Fox’s H- function is extensively used to analyze wireless systems for complicated fading
channels [202]. However, to simplify further, as a specific instance of Theorem|[6.1] we consider
the special case where = 1 and x = 0, which leads to the a-p model [149]]. In this context,

we provide statistical results in terms of single-variate Fox’s H-function:

Corollary 6.1. The PDF and CDF of the THz link with random path loss, antenna misalignment

errors, and transceiver hardware impairments with o-p short-term fading are given by

) = o 1 <\/'Th>““_1
7= ap—z 5 5
’ QD (w)ay™ ™ 2(1 — vk2) /12 y

pl
1—~kj,

34,0 g |(L—ap+pa), (—ap+z+1,a)
Hy 3k | onn o (6.13)
Qorafy2 |(0,1), (—ap+ p,a)2, (—ap + 2, )k
apt p?z" W\ sk
F e — - H )
7(’)’) QWF(,u)af‘“_z < 5 > 3+k,4+k
p (L= ap,a), (1= ap+p,a)s, (—ap+z+1,a); 614
Qa#a?f?% (071)7 (_QM+07 04)27(—041‘1‘2’704)/%7(—04#7@)
Proof. The proof follows similar steps as that of Theorem [6.1] [

In the following corollary, we simplify the statistical outcomes by assuming that short-
term fading can be disregarded. This scenario might arise in specific situations, such as when
dealing with a shorter link. This assumption allows the representation of PDF and CDF in terms

of incomplete Gamma functions.

Corollary 6.2. The PDF and CDF of SNR with the effect of random path loss and antenna

misalignment errors with transceiver hardware impairments for the THz link are given by

() = ey T (2 - o)t 1

! PO 20— k) /o
1 ary

L L [0y =0k 1, - o ()]

Th

- [F(k) - F(k, (:—p)ln (ﬂ))}] (6.15)
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=it o[ [ (20))
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Th
Proof. The proof is presented in Appendix 6.3. |

By utilizing the statistical findings presented in Theorem [6.1] Corollary and Corollary
we can derive analytical expressions for various performance metrics in THz wireless sys-
tems. Moreover, the proposed statistical model facilitates the development of channel-aware

random access protocols, as described in the following section.

6.5 Random Access Protocols for multiuser THz transmis-
sion

This section introduces channel-aware random access protocols to optimize communica-
tion in a THz multi-user network. The randomness is present at low frequencies mainly due to
the shadowing effect or short-term fading. On the other hand, at higher frequency bands, various
factors could cause randomness in the propagation environment. In the THz link, we consider
the random effects of path loss, short-term fading, and antenna misalignment errors, along with
the effects of transceiver hardware impairment. Since there are so many random effects in the
THz link, a number of users might have a signal strength lower than the predefined quality of
service (QoS). As a result, the number of users accessing the channel becomes limited. Thus,

we capitalize on the inherent variability in channel conditions to formulate a random access

protocol specifically tailored for multi-user THz transmission.

6.5.1 Description of the Protocol

In our approach, we adopt a random access protocol that enables users to access the multi-
access channel, without the need for centralized control. Our model assigns each user a single
data packet for transmission. The chosen random access scheme is based on the well-known
ALOHA protocol due to its simplicity of implementation and straightforward operation. How-
ever, we assume that each user is designated a single packet for transmission during a data

frame, necessitating a novel approach to the analysis in contrast to the conventional approach of
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the slotted ALOHA protocol [199]]. Here, a packet refers to the data from a single active user,

while a frame denotes the aggregation of data from all active users.

Prior to data transmission, the protocol necessitates knowledge of the number of active
users K who are participating in the process. This information is typically available for the
operation and maintenance of the network, and therefore does not add any extra complexity.

AP assigns a unique identity (ID) to each active user.

We adopt a collision channel model, where a successful transmission is only guaranteed
when a single user transmits at a given time. In this case, the AP receives a unique packet and
sends an "ACK” message to the successful user. Once acknowledged, the user clears its buffer
and remains non-operative until the transmission of the current frame is completed. However,
if more than one user transmits simultaneously, a collision occurs. In such cases, the users
involved in the collision wait for a another slot and then resume their transmission attempts until
successful transmission conditions are met. There may be instances when no user transmits at
a given time, resulting in an idle multi-access channel for that duration. Thus, channel idle time
increases the latency of data transmission, while collisions increase both latency and energy

consumption for users.

The occurrence of successful transmission, which primarily depends on the TP of each
user, is highly desirable. We propose two schemes: the FTP scheme and the ATP scheme.
The FTP scheme offers a simple procedure for assigning the TP, while the ATP scheme aims
to achieve optimal performance in each transmission. For a given network of K transmitting
users, a stable transmission is ensured if the probability of transmission for each user is set as
p = % [203]]. This probability of transmission is assigned to each user at the beginning of the
data collection process in both schemes. In the FTP scheme, once assigned, the probability
of transmission remains constant for the entire duration of the frame. On the other hand, in
the ATP scheme, the TP is dynamically adapted with each successful transmission of a packet,
utilizing ACK/NACK messages, to ensure stable transmission for each packet during the frame.
The algorithm is described in Algorithm 2]

In what follows next, we evaluate delay and energy consumption using FTP and ATP
protocols. We also analyze outage performance following successful transmission, utilizing the

derived generalized channel model from the previous section.

6.5.2 Performance Analysis for Delay and Scaling Laws

Taking into account the probabilities of multiple transmissions (collisions) and no trans-
mission (idle channel), we can express the expected delay for a successful transmission as
EDy. = 332, kPo(1 — P)F! = -, where P, = kp(1 — p)*~!) represents the probability of

successful transmission in a network of k users. Consequently, the expected D required to
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Algorithm 2 FTP and ATP Protocols

1: procedure DATA TRANSMISSION FOR FRAME ¢

2 AP performs network discovery to compute number of users N with a data packet.

3 AP considers a threshold SNR ~q.s based on quality of service.

4: AP estimates SNR ~;, 7 = 1,2,--- | N from each user.

5 AP selects K active users only if the SNR v; > 7vqos, ¢ = 1,2,---, N. The THz

propagation may ensure K < N.

loop 1
AP assigns a transmission probability to each user p = %

loop 2
All K active users transmits with probability p

10: if multiple users transmit then AP return "NACK” failure messages: goto loop 2 (for
both FTP and ATP)

11: else AP return "ACK” success message and K < K — 1: goto loop 1(ATP), goto
loop 2 (FTP)

12: if K=0then:<+ 1+ 1

13: goto top.

eI

successfully collect data from K users can be expressed as:

K

The equation demonstrates that the number of transmissions is predominantly influenced
by the number of active users, denoted as K, and their respective transmission probabilities,
represented by p.

In the FTP scheme, we substitute p = % 1 lb to compute the number of transmissions

required by the FTP scheme. We denote by r = 1 — = < 1, and 7*~! = exp ((k — 1) log ) to
simplify (6.17):

1
exp(klogr)

K
Dpre = (K =1)) = (6.18)
k=1

Lemma 6.1. The expected number of transmissions required by the random access FTP scheme

to transmit data from K active users can be bounded by

1
(K—l)(logK+1+2K+’Y+1><DFTP 619
1 K ’
K—1)logK 1
< (i ~1)(log TRE-D T EK-1°T" ):

and thus scales as Mytp = O(K log K).

Proof. The proof is presented in Appendix 6.4. |
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When the number of active users decreases, the constant transmission probability in the
FTP scheme results in a reduction in collisions but an increase in delay for subsequent successful
transmissions. This delay is primarily due to longer periods of channel idle time without any
transmissions. While this increase in delay has a minimal impact on energy consumption for
users, it introduces latency in data collection. To address this latency issue, the ATP scheme can
be implemented.

The ATP scheme is more stable as it continually updates the transmission probability with
each successful transmission. Thus, we substitute p = 1/k in to obtain:

K e\ kD)
Darp =) (ﬁ) . (6.20)
k=1

Lemma 6.2. The expected number of transmissions required by the random access ATP scheme

to transmit data from K active users can be bounded by

1
Ke—e(y+log K + ﬁ) < Datp < Ke, (6.21)

and thus scales as Datp = O(Ke).

K
Proof. The expression (6.20) can be rewritten as Darp = > exp ((k — 1)log (1 + 5)). By
=1

1

77> We establish the upper bound stated in

applying the logarithm inequality log (1 + ﬁ) <
(6.21).

For the lower bound, we can utilize the inequalities log (1 + ﬁ) > % and exp (—%) >
1 — % to obtain Darp > eK — eHg. By using an upper bound on the harmonic number,
Hr <v+log K+ ﬁ [204]], we derive the lower bound as stated in . Furthermore, it is

evident that the scaling law holds true as K — oo in (6.21)). |

It is worth highlighting that the ATP scheme requires only approximately e times more
transmissions compared to optimal scheduling, where centralized control is necessary to enable
sequential transmissions from selected users.

Finally, we utilize Hoeffding’s concentration inequality to illustrate the tightness of the
proposed average delay analysis. This is achieved by examining the deviation (represented by

€) of the probability of the sample delay from all users:
_ 262 2¢2
Pr[|Dgx — Dg| > €] < 2exp (—i) §2exp(—i> (6.22)
n n
where Dy is the sample delay (obtained with n samples) and Dy is the average delay. It can be

seen that the sample delay can provide higher accuracy for a moderate value of n for real-time

simulations.
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6.5.3 Analysis for Energy Consumption Performance

In this subsection, we examine the expected energy required to collect the data as a pa-
rameter to analyze the energy consumption of the protocol. We derive analytical bounds on the
expected energy of both ATP and FTP with scaling laws.

In the p-persistent slotted ALOHA protocol each node transmits with probability p. There-
fore, when we have m users that have data to transmit, the distribution of the number of users
accessing the channel is binomial: P[Z = m] = (:L)pm(l — p)k=™, where k < K and K
is the total number of active users. Hence the expected number of colliding packets in each
transmission given that the transmission was unsuccessful is denoted by E[N.] (i.e. number of

collisions per transmission event given that it failed):

k
E[N,] =Y mP[Z =m]=kp—kp(1—p)*". (6.23)
m=2

The expected number of transmission attempts between two successful consecutive data trans-

missions is given by

E[ N = Z kPy( 1 =1/P, (6.24)

where P, = kp(1 — p)*~1 is the probability of success. Using (6.23) and (6.24)), the expected
energy consumed until a single successful transmission of a single packet out of & users that

still need to transmit is given by:

Etx
(1 —p)=t)’

where plus Ei, corresponds to the final successful user transmission. The constant Ei, rep-

E[Ey] = E[Nu]E[N,] Ewx + Eix = (6.25)

resents the energy consumption per single packet transmission. We assume Fi, = 1 for the

following analysis. The expected energy consumed to collect data from K users is given by:

E[Ex] = i[ = | (6.26)

In what follows, we derive performance bounds on the consumed energy by the FTP and ATP
schemes.

We substitute p = 1/K in to compute the expected energy Eprp required by the
FTP scheme. We denote by » = 1 — 1/K < 1, and r*~! = exp ((k — 1)logr) to simplify
(6-26):

(6.27)

K
EFTP—K 12
=1

K [exp k log r) ]
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Lemma 6.3. The expected energy consumption by the random access FTP scheme with K
active users can be bounded by
3K 1 e(K —1)?

————1<7]FTP<

T K=y Lt1 /K. (6.28)

and thus does not scale with the number of users.

Proof. Applying upper bound logr < —1/K and then lower bound exp(k/K) > 1 + k/K in
(6.27), we get the lower bound in (6.28)). For the upper bound, we use geometric series to sum
as (K —1)[exp(—K log(r))—1]. Using log(1—1/K) > 1/(1—K) and exp(1/(K —1)) <
(K —1)/(K — 2), the expression is simplified as (K — 1)[e(K —1)/(K — 2) — 1] and thus we
get the upper bound in (6.28)). The lower and upper bounds in (6.19) reveal that the scaling law
holds true as K — oo. u

Since the transmission probability is held constant even with a decrease in the number of
active users, there is a decrease in the number of collisions but an increase in the delay for
subsequent successful transmissions. This delay is due to the increase in the channel idle time
with no transmissions, and thus has a negligible effect on the energy consumption of the users.
It is emphasized that the expected energy consumption in the FTP scheme is merely e — 1 times
more than the optimal scheduling where a centralized control is required to allow sequential
transmissions from the selected users.

To compute the expected energy with the ATP scheme, we substitute p = 1/k in to
get

K e\ kD)
Exte =) (m> . (6.29)
k=1

Lemma 6.4. The expected energy consumption by the random access ATP scheme to collect

data from K active users can be bounded by

e 1
e— g(V +log K + ﬁ) < Eatp < e, (6.30)

and thus does not scale with number of users.

K
Proof. We can represent (6.29) as Earp = Y. exp ((k — 1)log(1 + 1/(k — 1))). By applying
k=1

the logarithm inequality log (14 1/(k — 1)) < 1/(k — 1), we prove the upper bound in (6.30).
For the lower bound, we can use the inequalities log (1 +1/(k — 1)) > 1/k and exp(—1/k) >
1—1/kto get Exrp > e —eH ., where H is K -th harmonic number. Using an upper bound
on the harmonic number Hx < v + log K + 1/2K [204], we get the lower bound in (6.30).
Further, it can be seen that the scaling law holds true as K’ — oo in . [ |
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Using (6.28) and (6.30), the energy difference AFE), between the ATP and FTP can be

bounded as

K —1)? 3K 1
(e—l)HK—I—K—%—l<AEk<Ke—7+ﬁ+1. (631)

It is important to note that the expected energy consumption of the ATP scheme is larger
than the FTP scheme. This can be easily verified by analyzing the energy function in (6.27) and
(6.29). This function increases monotonically with p and thus the lower transmission probability
in the FTP requires less expected energy consumption. Essentially, the ATP scheme consumes
e times more than the optimal scheduling whereas the energy consumption in the FTP scheme

is e — 1 times more than the same.

Similar to average delay, we utilize Hoeffding’s concentration inequality to illustrate the

tightness of the proposed average energy analysis:

_ 2¢?

where Ef is the sample value and Ef is the average value.

6.5.4 Outage Performance for ATP and FTP Protocols

In this section, we analyze the outage probability for both ATP and FTP Protocols in the

event of successful transmission. In this case, the analysis remains the same for the protocols.

The outage probability of a THz system is the probability that the wireless link quality falls
below a specified threshold of SNR ~,. The outage probability is an important performance
metric, which can be obtained using the CDF function F,(y) = P(vy < 7). We can substitute

v = " in (6.12)), (6.14), and to get the outage probability for the THz transmission link
under different propagation scenarios.

An asymptotic expression for the outage probability can be obtained by invoking ¥ — oo

(6.12), (6.14), and (6.16). As an illustration, the asymptotic outage probability in high SNR
region for (6.12)) can be derived using the method of residues as described in [172], while the

asymptotic outage probability for (6.14) can be obtained using the approach described in 166,

Th. 1.11]. A general expression for the asymptotic outage probability for both the cases is given
by

ap

P () = € (”—) e (L) e (”—) 633)
Y Y Y

where (', Cy, and Cj are constants. Analyzing the exponents of the average SNR in (6.33), the
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Figure 6.2: Generalized channel model for THz propagation with &« = 2, p = 1, n = 1,
k=1p=4.

diversity order of the considered system can be obtained as

_Jar Pz
DO_{ ) ,2,2}. (6.34)

The diversity order offers multiple options to mitigate the effects of antenna misalignment errors
and atmospheric absorption. By understanding the diversity order, we can establish guidelines
for effectively utilizing the beam width and link distance to counteract the impact of antenna
misalignment errors and random atmospheric absorption. Consequently, the appropriate se-
lection of beam width (to address pointing errors) and link distance (to deal with atmospheric

absorption) can help overcome the signal fading.

6.6 Simulation and Numerical Analysis

In this section, we employ Monte Carlo simulations and numerical computations to illus-
trate the generalized channel model for THz transmission, considering random path loss. We
also assess the effectiveness of suggested random access protocols in a cell-free network by

leveraging the statistical characterization of THz propagation.

6.6.1 Generalized Channel Model for THz Transmission with Random
Path Loss

In this subsection, we assess the accuracy of the generalized channel model compared
with the existing model through simulations and numerical analysis conducted using MATLAB.
We utilize Monte Carlo simulations to validate our statistical analysis in random path loss.
Our study investigates the THz link performance for numerous channel conditions by adopting
different absorption coefficient values (. The product of shape and scale parameters for the
random path-loss (k3) in provides the average value of the absorption coefficient ¢ [201].
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Figure 6.3: Outage probability for generalized channel model for THz propagation with dif-
ferent (anda =2, u=1,n=1,k =1, p =4 at d=100 m..

In Fig. a), we illustrate the PDF of generalized model, as derived in (6.9) across a
wide range of ( values, representing different propagation scenarios by considering the impact
of random path-loss and antenna misalignment errors. Observing the plots, it is evident that for
smaller absorption coefficient values (), the random variable tends to cluster around the value
of 1. Conversely, with higher ¢ values, the variable attenuates and shows a greater tendency to
be situated in regions with lower amplitudes. In Fig. [6.2(b), we simulate the generalized THz
statistical model under the combined effect of random atmospheric absorption, non-linearity
of fading, hardware impairments, and antenna misalignment errors. The figure shows that the
probability of getting a higher threshold value of channel gain decreases with an increase in ran-
dom characteristics of the channel, motivating for the development of random access protocols
over THz band.

Further, we utilize the simulation environment to demonstrate and verify the effect of the
derived random path-loss on the outage probability of the THz link. In Fig.[6.3] we analyze the
outage probability by considering random path-loss and antenna misalignment errors. For this
analysis, we exclude the effect of short-term fading and transceiver hardware impairments on
the THz link’s performance. The plots clearly demonstrate that with increases in ( value, the
outage probability increases. Additionally, we demonstrate the impact of antenna misalignment
errors on the outage probability performance. The system’s outage performance improves as
the antenna misalignment error parameter p increases. We compare our proposed results with
existing ones employing a deterministic . Figure|6.3|clearly shows that using the deterministic
model of ¢ sets an upper bound on the performance of the THz link. At an SNR of 45 dB,
the outage probability is nearly four times lower when employing the random path-loss model
compared to the deterministic path-loss model used in previous works. This highlights the
importance of considering the random path-loss model to accurately capture the behavior of the

actual system.
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Figure 6.4: Delay and energy consumption performance of random access protocols.

6.6.2 Random Access Protocols for Cell-Free Network

In this section we analyze the efficacy of the proposed random access protocols with re-
spect to delay and energy consumption in a multiuser environment. We simulate random access
protocols transmitting randomly with assigned transmission probabilities based on the FTP and
ATP schemes. The simulation results of the number of transmissions (which also includes mul-
tiple transmissions due to the collision) required for each successful transmission were averaged
over 5000 trials. For delay analysis, we assign unit time for each unsuccessful data collection
event, which includes either the collision or the idle state each consuming a single unit time. For
energy consumption, first, we assign unit energy for each transmission from users (including
number of collisions) and neglect the energy consumed during the reception of ACK messages
and in the event of idle condition of the users. Later, we use actual energy consumed during

data transmission and other overheads.

In Fig. we analyze the expected delay and energy consumption by the proposed scheme
by considering a fixed number of active users (X = 1 to 10) in a network. As shown in
Fig. [6.4(a), the adaptive scheme always performs better and incurs less delay than the FTP
scheme for data collection. It can be observed form the Fig. [6.4a) that there occurs more delay
for the FTP scheme and number of transmission attempts almost doubles for FTP scheme as
compared with the ATP scheme for 10 active users. Further, simulation results can be seen to be

in excellent agreement with the exact expressions and derived bounds, as depicted in Fig.[6.4{(a).

Fig. [6.4(b) shows that the energy consumption is almost 1.5 times more for ATP scheme
at 40 active users since FTP incurs more idle slots than the ATP. It can be seen that the relative
gain in the energy by the ATP scheme approaches to 1/e with an increase in the number of
active users. The plots in Fig. [6.4(b) show that the an increase in the delay in the FTP scheme
has a negligible effect on its energy consumption; in fact the FTP consumes less energy than

the ATP scheme due to reduced collisions. We also compare the derived analytical bounds with
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Figure 6.5: Energy consumption (E'x) of random access protocol using realistic parameters.

the simulation and numerical results in Fig.[6.4(b). The derived bounds for energy consumption
are shown to be an excellent match with the exact results except the lower bound of the FTP
scheme.

Further, we demonstrate energy consumption using realistic parameters, which includes
energy consumption during the reception of ACK messages and energy consumed in the idle
state of users with a packet of data. We use transmission energy for data packet 1200 pJ, energy
for ACK message 120 pJ, and idle energy consumption per user 40 pJ [205]. The performance
is compared with the optimal scheduling. It is shown in Fig. [6.5] that the simple FTP scheme
(without collision control and adaptation of TP during data collection) requires less energy
than the ATP scheme, and can be effective to prolong the life time of network. However, the
advantage of reduced energy consumption in the FTP scheme comes with an increased delay
in collecting the data, as demonstrated in Fig.[6.4(a). Although the optimal scheduling requires
less energy than the proposed random access protocols, it requires centralized processing or
more time/frequency resources.

Finally, Fig. demonstrates the outage performance for successful transmission by
considering random path-loss, antenna misalignment error, a-7-k-u short-term fading, and
transceiver hardware impairments. In Fig. [6.6(a), we present the outage performance of the
THz link with the channel fading parameter ;+ and the antenna misalignment error parameter
p. The outage probability decreases as the number of multi-path clusters increases. Further,
the outage performance improves with an increase in p, indicating a decrease in antenna mis-
alignment error. It can be observed from the plots that the outage performance improves by
approximately 30 times when p is increased from 1.5 to 2.5 at an SNR of 60 dB for p = 4.1.
Fig. [6.6(b) shows that the THz link’s outage performance improves with higher values of the
fading parameters « and . Further, the impact of transceiver hardware impairment is evident in
the outage probability. As the hardware impairment coefficient &, increases, the outage proba-

bility also increases. When « increases from 1.2 to 2 for K = 0.2 and kj, = 0.4 at an SNR of 55
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Figure 6.6: Outage probability performance for FTP/ATP protocol over generalized THz
channel model at d = 100 m.

dB, the outage probability is reduced by nearly 9 times. The figure demonstrates that the slope
of the plots remains constant when p and k (z = 8.686/(/d)) values change but changes only

with « and p, thereby confirming our diversity order analysis.

6.7 Chapter Summary

In this chapter, we developed a generalized THz transmission model, including random
path-loss, antenna misalignment errors, short-term fading, and transceiver hardware impair-
ments. By accounting for the random path loss, generalized short-term fading, and transceiver
hardware impairment, the proposed channel model can better capture the actual behavior and
performance of the system at THz frequencies. Leveraging the statistical model, we proposed
random access protocols for a cell-free wireless network to ensure transmission for multiple
users while minimizing delay and energy consumption. The protocols adapt the transmission
probability using a-priori estimates of the number of active users with data to transmit. We de-
rived tight bounds on the performance of both schemes and showed that the simple FTP scheme
incurs reduced energy consumption compared to the ATP at the cost of an increased expected
delay. Computer simulations demonstrated the efficacy of the proposed random access schemes
and accuracy in performance assessment with the statistical effect of THz propagation for a
cell-free network.

The next chapter concludes this thesis by presenting a summary and suggesting potential

avenues for future research.

Appendix 6.1: Proof of Theorem 6.1
Defining U = Y ¥ (X; + A\;;)%and V = Y0 (X + \,,)?% i.e. R* = U + V . By means
of transformation of variables, the PDF fr(r) of R is found as [159]
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fr(r) = ar®™! / ' Jo(r® =) fv(v)dv (6.35)
0

Using fy(u) and fy (v) from [159] in (6.35) and after some algebraic manipulation, we get

e Al

P2 r a_ )2 1 1
fr(r) = i X e v / %6_‘43”1141(144(7"‘“ —0)2) 14, (Asv2)dv  (6.36)
) Ay

()2 vz

where 4, and 1,4, are the modified Bessel function of the first kind. Using Meijer’s G repre-
sentation of the Bessel functions [206], (6.36) can be rewritten as

¢2 N ro o Ay o
fr(r) = f“lﬁe*ws’“ 72 (A (r® — v)2) A r2A2(Agpz)A2 / GialORN 7;) ’ Ggf;( A3>

(T‘O‘) 2 0 vo2 0

1 2(.x 1 2

5 Ay (r® —w) 5 Azv
1,0 2 4 1,0 2 5
ca(, b e ya( |, 6
) )9 ’ ’ 2

Utilizing the integral representation of Meijer’s G-function [[170], we can represent (6.37) as

VL 29(2-u) g1 gAe e e L
fr(r) = meVETI AT A2 VT : I'(—s1)A3% dsy
) (Po)i+s o (2mi)3 Jgy Jeo s =)
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) ( 2 r(-
L(1+ Ay + s2)I(

52) 52 s3) A2\ s3
d Id
T+ 52)T(3 — 52) ( 4 ) T+ Az + 53)T(3 + s3)0(L — s3) ( 4 ) 158

where £, Lo, and L3, denote the contour integrals. The inner integral /; can be represented
and simplified using the identity [[168], 3.191.1] as

@

T
I, = / UA2+51+53 (7"0‘ _ U)AH_Sde —
0

F(l + Ay + 51 + 83)F(1 + Ap + 82)7,&(1+A2+s1+53+A1+82)
F(2+A2+81+83+A1+82)

(6.39)

Finally, substituting (6.39) in (6.38)), rearranging the terms, and applying the definition of
multivariate Fox’s H-function [170], we get the PDF of Theorem [6.1]in (6.8), which concludes
the proof.

Appendix 6.2: Proof of Theorem 6.2

To derive the combined PDF of random path-loss, antenna misalignment error, and short-

term fading, we first derive the joint PDF of short-term fading and antenna misalignment error



6.7. Chapter Summary 142

fhy, (), which is given by [174]

o) = [ sty (2) o (6:40)

Substituting the respective PDFs of short-term fading and antenna misalignment error
from (6.8)) and (6.4) in (6.40), utilizing the Mellin Barnes type integral form of the exponen-
tial function and substituting In (i) = t, we rewrite the integration and get the inner integral
Jo7 (e7t)etitArtdatartaatsstaa)=ptlids. We solve the inner integral by applying the identity
[168) (3.381/4)] and after some mathematical manipulation and utilizing the definition of mul-
tivariate Fox’s H-function, we get the joint PDF of short-term fading and antenna misalignment

€ITror as

¢1p ( )a(1+A1+A2)

( )1-4—% ,2;0,15

where V3 = {(—A45;1,0,1,0) }, {p—a—adi—ads;a,a,a,a} - {(—, )} {(—=41,1)(3, 1) };
{(%,1)}; {—,—} and V; = {(—l—Al—AQ;l,l,l,O)}, {p_]__O[_G{Al_aAQ;O{,O{,a7O[} ;

{00,D)}:{(0.1), (=A41,1), (3. 1) }5 {(0, 1), (=42, 1), (5, 1) }; {0, 1)}

Now, we need to multiply the joint PDF derived in (6.41)), with the PDF of random path-

fhfp( )

R (6.41)

7777

loss in to derive the combined PDF of short-term fading, antenna misalignment error, and

random path-loss. The combined PDF equation is given by [174]
Jrpm(y) = , ;fhf,,(:c)fhl (5) da. (6.42)

Similarly, plugging the PDFs of and in (6.42)) and substituting In (%) =t, and
following the similar procedure, we get the combined PDF of fading, antenna misalignment
error and random path-loss in (6.11)). The PDF of SNR can be derived by simple transforma-
2\/;77 Jhpm <\/I) To derive the CDF, we integrate
the PDF Fy,, (y) = [ fa,,,(y)dy, to get the inner integral as [/ y*(! A FAzFsitsatsstsa) gy,
Solving the inner 1ntegra1 and applying the definition of Fox’s H-function, the CDF is given in
(6.12). Similar to the PDF, the CDF of the SNR can be derived by simple transformation of a
random variable as F,(y) = <\/3:0 ) to conclude the proof.

tion of random variable [174] as f,(y) =

Appendix 6.3: Proof of Corollary 6.2

The combined PDF of random path loss and antenna misalignment error f, () is given
y [174]

fo () = / L ), ( )dhl (6.43)
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Substituting the PDFs of the random path-loss and antenna misalignment error from (6.9)
and (6.4)), respectively, in (6.43), to get the PDF as

o) = -2 /alhw—lz a\ 17 (=) an (6.44)
T L ) '

substituting In(3t) = ¢ in (6.44), and applying the identity fo e e rrde = pr[T(v) —
I'(v, pw)] in (6:44), we get the combined PDF of random path-loss and antenna misalignment
error in (6.15). The PDF of SNR can be derived by simple transformation of a random variable
[174] as f,(y) = 2\/%% Shso (, /%) To derive the CDF, we will integrate the PDF F},, ,(y) =

foy fhu (2)dx and use the series expansion of the upper incomplete Gamma function I'(a, z) =
(a—1)le* Z?;é j.—J!, to get

k2, 2—p

B (y) = -2 E D [ : P [/Oy 271Dk + 1)da

_ [/nyp‘ll“(k)dx— (k- Dl“L‘p)y/ony(ﬂ)(ZP)<IH(%)>jdxH (6.45)

substituting In(%) = ¢ and applying the identity 168l 3.351,2] [ z"e **dx = p~"'T'(n +
1, pu), we get the combined CDF of random path-loss and antenna misalignment error in (6.16).
The CDF of the SNR can be derived by transforming the random variable as F. () = ( %)
to finish the proof.

Appendix 6.4: Upper Bound of Lemma 6.1

Since f(k) = 1/(k - exp(klogr)) satisfies the integral inequality S°r , f(k) < f(1) +

K=Y £(2)dx in the interval of 1 <k < K — 1, Dprp in (6.18)) can be upper bounded
Ji pp

K
Dire < (K = 1)( 5= + L1 + F(K) ), (6.46)

where [ = K=t d 7 Substituting z = x log r, we can express [y _1:

1 z-exp(zlogr

Ix_1 = (El(log r) — By ((K = 1)log 7")). (6.47)
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Using series expansion of the exponential integral E'y (z) = —y—logz—>_~_, (—=1)"2™/(m - m!)
[204] 5.1.11], we can represent (6.47):

—1)log T)Zm B (log r)?™
2m - 2m/! 2m - 2m)

Ix 1 =log(K —1)+ i (7

io: (logr) Zmd (K —1)logr)>mtt (6.48)
= 2m+1-2m+1! 2m +1-2m + 1! ’
We use log(r) < —1/K and log(r) > —1/(K — 1) in (6.48)) appropriately to simplify:
I 1 <log(K —1)+ I, — I (6.49)

where I; = Y>> 1/(m-m!)and I, = > o°_; (1/K)™/(m - m!). Using the definition of the
exponential integral F(z), we obtain [; = —(FE;(—1) 4+ v + im). We also derive an upper
bound I; < 07 1/m! = e — 1 with an error bound €(I;) < e — Jy(2), where Jy(-) is the
zeroth order Bessel function of the first kind. After a simple algebraic manipulation, we get
a lower bound on I, > Jy(2/V/K)) — 1. Using these bounds in Qi with log(K — 1) =
log K +log(l —1/K) <log K — 1/K:

1
Iy Slog K — < +e— Jo(2/VEK) (6.50)

Further, we represent f(K) = 1/(K — 1).exp ((K — 1)log(1 + 1/(K — 1)) and use log(1 +
1/(K—1)>1/(K —1) tobound f(K):

e
K—-1

Thus, using (6.50) and in (6.46), we get the upper bound of Lemma [6.1]

fEK) <

(6.51)



Chapter 7

Conclusions and Future Directions

This dissertation examined the statistical performance analysis of THz wireless communi-
cation and developed algorithms to seamlessly incorporate THz wireless systems into access,
10T, and cell-free networks. The study focused on the THz spectrum as a high-speed wireless
link and backhaul support for access, [oT, and cell-free networks. The first introductory chapter
dealt with the basic concepts of the thesis, providing related research, research gaps, and mo-
tivation for the proposed research work. The second chapter provided an overview of the THz
systems with applications, statistical models for various channel impairments, and performance

metrics used.

In the third chapter, a general analysis for multihop transmission was presented to extend
the coverage range for the THz wireless backhaul. The proposed analysis involved a novel ap-
proach of Mellin-Barnes integral to develop statistical results for FG and CA based multihop
techniques. By considering generalized fading channels, antenna misalignment errors, and dy-
namic shadowing caused by human movement, a more comprehensive performance evaluation
for multihop THz propagation was conducted. The conventional iterative approach used for
analytically deriving RF and FSO multihop systems was found to be special cases within the
framework of this proposed analysis. The research presented in this chapter demonstrated the

advantages of multihop transmission in extending the transmission range of the THz system.

In Chapter 4, an in-depth performance analysis was provided for the integration of THz
and RF systems, illustrating how the current RF access networks could be seamlessly incor-
porated into the core network by employing THz wireless backhaul as a viable substitute for
traditional wired fiber connections. The proposed analysis incorporated practical scenarios such
as asymmetrical channel conditions for THz and RF links, multiple antennas at the APs, and
a low complexity relaying approach, albeit providing exact analysis for a better performance
evaluation of the integrated system. Analytical results in terms of simple mathematical func-
tions under some special cases of THz and RF transmission was presented to demonstrate an

efficient integration of the THz backhaul with the RF access network.

Chapter 5 introduced a distributed algorithm to select AN to collect data from an IoT net-
work to a UAV. This simple, self-configuring AN selection algorithm for IoT devices within the
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network reduces the overhead typically associated with centralized methods, thereby improving
the efficiency of IoT devices. To leverage the diversity of fading channels when transmitting
collected data to the core network, a triple-technology wireless backhaul was proposed. This
backhaul incorporated mmWave, FSO, and THz technologies. The study conducted a thorough
exploration of hybrid scheme selection in various channel and SNR scenarios, considering the
trade-off between achieving acceptable performance and managing the complexity of the hybrid
backhaul.

Chapter 6 focused on developing low-complexity receivers for multiuser transmission in
cell-free wireless networks operating in the THz spectrum. The cell-free network had the access
link operating in the sub-GHz range and the fronthaul link operating in the sub-THz spectrum.
The combined effects of random atmospheric absorption, nonlinear fading, hardware limita-
tions, and antenna misalignment errors in THz transmission facilitated the development of ran-
dom access protocols, ensuring successful data transmission for multiple users with minimal
delay and energy loss. These protocols provided a potential alternative to address the complex-
ity of signal processing required for interference cancellation at the CPU when dealing with
data collected from many APs.

In conclusion, this thesis has provided a thorough examination of the statistical perfor-
mance analysis of THz wireless communication and has developed algorithms for seamlessly
integrating THz wireless systems into access, [oT, and cell-free networks. The study addresses
critical fundamental research gaps and offers practical insights into deploying THz technology
by exploring how THz spectrum can serve as a high-speed wireless link and support network
backhaul for diverse network architectures. By presenting novel approaches and methodologies,
such as the use of Mellin-Barnes integrals for multihop transmission analysis and distributed al-
gorithms for IoT device coordination, the research presents the potential benefits of utilizing
THz systems across various network scenarios. Moreover, the investigation into the integration
of THz and RF systems and utilizing the THz spectrum for cell-free networks operating have
demonstrated promising areas for enhancing wireless communication efficiency in future 6G
networks. Overall, this work contributes to the advancement of THz technology and lays the
groundwork for its effective deployment in next-generation wireless communication systems.

The proposed research presents several avenues for expansion. While the current findings
are based on sub-THz frequencies up to 300 GHz, there is potential for further exploration
into true THz frequencies, allowing for more efficient utilization of a broader spectrum. An
intriguing avenue for study lies in investigating channel modeling, encompassing factors such as
path-loss, fading, hardware limitations, and antenna misalignment, and using real measurement
data.

In addition to extending the range of THz communication through relay technology, it is
worth considering integrating emerging technologies like RIS and RHS to enhance THz wire-
less systems. There is also a need for more in-depth research into multiuser and multi-antenna

transmission over THz.
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Integrated sensing and communication (ISAC) over the THz spectrum presents a promis-
ing area for research activities. Furthermore, in the future, THz communication research could
explore applications in satellite and underwater communication, providing an alternative to
light-based systems. A deeper exploration of the THz spectrum for in-vivo applications and
nano-communications is essential for better use cases of THz communications. Validating the
proposed models and developing protocols with experimental data would be a possible avenue
for future research. The standardization of THz communication should be an integral part of

the 6G communication framework.
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