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Abstract

Terahertz (THz) band communication (THzCom) has been envisaged as a highly
promising paradigm for the sixth-generation (6G) and beyond era. In particular,
the ultra-wide spectrum ranging from 0.1 to 10 THz and the short wavelengths at
the THz band offer enormous potential to realize new applications that demand
ultra-high-data rates. The exploration of novel and efficient spectrum allocation
strategies is of paramount significance to harness the potential of the THz band.
When such strategies are to be devised, the unique characteristics of the THz
band, such as the frequency- and distance-dependent molecular absorption loss,
pose new and pressing challenges that have never been seen at lower frequencies.
Against this background, this thesis aims to design and analyze novel and efficient
spectrum allocation strategies for multiuser THzCom systems that can wisely tackle

the challenges imposed by the characteristics at the THz band.

First, in Chapter [2| we, for the first time, propose multi-band-based spectrum
allocation with adaptive sub-band bandwidth (ASB) to improve the spectral ef-
ficiency of multiuser THzCom systems, by allowing to divide the to-be-allocated
spectrum into sub-bands with unequal bandwidth. To study the impact of ASB,
we formulate a resource allocation problem, while focusing on spectrum allocation.
We then propose reasonable approximations and transformations and arrive at a
solvable approximate convex problem. Aided by numerical results, we show that
considering ASB leads to a significantly higher data rate as compared to considering
equal sub-band bandwidth.

Second, in Chapter [3] we propose a novel spectrum allocation strategy for
multiuser THzCom systems when the to-be-allocated spectrum is composed of
multiple transmission windows (TWs). Specifically, we explore the benefits and

designs of (i) sub-band assignment, (ii) avoiding using some spectra that exist at

vil
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the edges of TWs where molecular absorption loss is very high, and (iii) ASB.
With these considerations in mind, we formulate a resource allocation problem and
solve it using a convex-optimization-based approach. Aided by numerical results,
we show that data rate gains, as well as improvement in the feasibility region of
the resource allocation problem, can be obtained by adopting ASB and optimally
determining the unused spectra at the edges of TWs.

Third, in Chapter 4l we propose an unsupervised learning-based approach to
obtaining the solution to the multi-band-based spectrum allocation problem with
ASB. In the proposed approach, we first train a deep neural network (DNN)
while utilizing a loss function that is inspired by the Lagrangian of the formu-
lated problem, and then approximate the near-optimal sub-band bandwidths using
the trained DNN. Aided by numerical results, we show that when the values of the
molecular absorption coefficient within the to-be-allocated spectrum vary highly
non-linearly, the proposed unsupervised learning-based approach outperforms the
existing approximate approaches.

Finally, in Chapter [f| we investigate (i) the modeling and analysis of different
types of blockages in a THzCom system and (ii) the coverage probability of an
indoor three-dimensional (3D) THzCom system when frequency reuse is considered.
We first characterize the joint impact of blockages caused by the user itself, moving
humans, and wall blockers in a THzCom environment, and then derive the blockage
probabilities associated with a point-to-point THzCom link. We then develop a
tractable analytical framework, using stochastic geometry, to evaluate the coverage
probability by characterizing the regions where dominant interferers (i.e., those that
can cause outage by themselves) can exist, and the average number of interferers
that exist in these regions. Using numerical results, we show the significance of
blockage characterization and coverage analysis in a 3D THzCom system while

considering the unique THz band propagation properties.
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Chapter 1

Introduction

1.1 Background

We live in an era of remarkable expansion of wireless data traffic. The wireless
data demands have doubled every eighteen months over the past three decades and
are currently approaching the capacity of wired communication systems [11]. The
International Telecommunication Union (ITU) predicts that by 2030, the global
wireless data traffic will reach an astonishingly 5 zettabytes per month and the
number of connected devices could surge beyond 50 billion [12]. Although the
recently launched fifth-generation (5G) cellular systems can offer significant ad-
vancements beyond fourth-generation (4G) Long-Term Evolution (LTE) systems,
these systems are inherently limited in supporting the data and connection de-
mands in the 2030s. This is because the initial premise of 5G was to enable the
Internet of Things (IoT) applications with low latency requirements [13]. This has
prompted the industry and academia to look beyond 5G and conceptualize and
design a new generation of wireless technology, termed sixth-generation (6G) [14].
The 6G wireless technology is expected to meet a wide variety of key performance
indicators (KPIs), such as peak and average user data rates of up to one terabit
per second (Th/s) and one gigabit per second (Gb/s), respectively, which are 10
to 20 times higher than those of 5G, connection density of 107 devices/km?, and

ultra-low end-to-end latency of less than 1 millisecond [15].

The global research community and industry have reached the consensus that

1



2 Introduction

harnessing promising spectrum at high frequencies is necessary to meet the KPIs,
especially those related to data rates, of 6G and beyond era [16]. With this in
mind, the upper spectrum region of the 5G solution — millimeter wave (mmWave)
band (24-100 gigahertz (GHz)) — has been explored [17,18]. Despite so, it turns out
that it is extremely difficult to use the upper mmWave band to support multi-Gb/s
data rates since the total consecutive bandwidth available within this is less than 10
GHz. Also, although visible light communication (VLC) (430-770 terahertz (THz))
shows significant promise, it faces several challenges, such as interference with
natural light, lack of line-of-sight (LoS) for mobile users, and health risks posed by
flickering on human eyes [19,20]. These challenges have prompted the exploration
of the spectrum between mmWave and VLC frequencies, i.e. the terahertz (THz)

band, for innovative wireless paradigms for the 6G and beyond era.

1.1.1 Terahertz (THz) Band Communication

The THz band communications (THzCom) has been envisaged as a highly promis-
ing paradigm for 6G and beyond era [21-23]. The THzCom refers to the com-
munications in the electromagnetic spectrum ranging from 0.1 THz to 10 THz.
The huge available bandwidths in the order of tens up to a hundred GHz and
the extremely short wavelengths offer enormous potential to realize promising 6G
applications that demand high data rates, such as holographic telepresence, aug-
mented /virtual /extended reality, Gb/s Wi-Fi for conferencing and smart offices,
high-speed wireless backhaul, smart factory, wireless data centers, and military
communication networks [24-26]. These applications are beyond the reach of sub-
6 GHz and mmWave communications, and VLC, which undoubtedly creates the
need for THzCom. Additionally, THzCom systems possess the inherent benefit of
seamlessly integrating with other emerging THz band technologies, such as THz
sensing, imaging, and high-precision localization, to dramatically improve the per-
formance of 6G networks [27]. Thus, similar to mmWave communication which
was first envisioned and then utilized for 5G, THzCom will inevitably play an
indispensable role in developing 6G and beyond wireless networks.

Despite the promise, signals transmitted over THz channels experience char-

acteristics that are different from those encountered at lower frequencies, which
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results in new and pressing challenges. Some of the THz band characteristics re-
lated to this thesis are described as follows:

High Spreading Loss: In wireless propagation, the spreading loss increases
quadratically with frequency as antenna apertures decrease at both ends of a wire-
less link [28]. Given the very high frequencies at the THz band, the signal propa-
gated over a THz link is impacted by the severe spreading loss [29]. For example,
the free space spreading loss experienced by a THz signal transmitted over 10m is
over 100 dB, making long-range THz transmission challenging [30].

Molecular Absorption Loss: The THz band is uniquely characterized by the
molecular absorption loss, resulting from the phenomenon that THz signal energies
are absorbed by water vapor and oxygen molecules in the propagation medium [29].
The severity of molecular absorption loss depends on the operating frequency and
transmission distance [31]. In particular, certain frequencies of the THz spectrum
are very sensitive to molecular absorption. Thus, molecular absorption peaks exist
at such frequencies, where the THz signal energy is profoundly decreased, and this
existence of molecular absorption peaks creates transmission windows (TWs), as
illustrated in Fig. In this thesis, the entire spectrum regions that exist between
neighboring molecular absorption coefficient peaks are defined as TWs [32]. Within
TWs, drastically varying molecular absorption loss is experienced and this variation
increases with the transmission distance, as shown in Fig. [1.2]

High Sparsity: The wavelength of THz signals is extremely short, e.g., at the
level of millimeter and sub-millimeter, thus becoming comparable to the surface
roughness of typical objects in the environment [29]. This implies that the surfaces
considered smooth at lower frequencies are rough at the THz band. When THz
waves hit such rough surfaces, very high reflection, diffraction, and scattering losses
occur, leading to significant attenuation of the non-line-of-sight (nLoS) rays [33,34].
This results in high sparsity of THz channels and triggers the need for LoS links
for reliable transmission.

High Vulnerability to Blockages: Given the extremely short wavelength
of THz signals, THz propagation is highly vulnerable to various types of block-
ages [33,35]. Specifically, objects with small dimensions such as the user itself,
moving humans, and inherent indoor constructions, can act as impenetrable block-

ers. This vulnerability significantly limits the transmission distance of THz signals
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Figure 1.1: Illustration of molecular absorption peaks and transmission windows
(TWs) at the THz band within the spectrum range from 0.32 THz and 1 THz.
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Figure 1.2: Variation of path gain within the TW between 0.38 THz and 0.45 THz
for different transmission distances.

and reinforces the importance of LoS propagation in THzCom.

In 2011, Jornet and Akyildiz presented the first impactful work on physical layer
communications at the THz band in [29], where some of the aforementioned charac-
teristics and their impacts were discussed. From there onwards, THz band physical
layer communications research has rapidly accelerated across the globe [36]. De-

spite this, considerable progress still needs to be made on new communications and
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signal processing mechanisms to realize ready-to-use THzCom systems [37].

1.1.2 Spectrum Allocation for THzCom

The exploration of novel and efficient spectrum allocation strategies is of paramount
significance to harnessing the potential of the THz band [38,39]. Specifically,
the aforementioned propagation characteristics at the THz band, especially the
frequency- and distance-dependant nature of molecular absorption loss, are unique
and pose new and pressing challenges that have never been seen at lower frequen-
cies. Thus, it is necessary to understand these characteristics and then apply them
to the analysis, design, and development of novel spectrum allocation strategies for
THzCom systems.

For very short transmission distances (less than one meter), the molecular
absorption loss is very low and remains almost the same throughout the THz
band [40, Fig. 1]. Due to this phenomenon, the single-band pulse-based spectrum
allocation scheme, where the entire THz band is considered as a single band, is
proposed for applications with very short transmission distances, e.g., nanonet-
works and device-to-device communications [41-44]. However, when transmission
distances are relatively long, the molecular absorption varies significantly within
the THz band, which makes it impossible to use single-band pulse-based spectrum
allocation schemes. This necessitates the exploration of efficient spectral allocation
schemes, based on carrier-based modulation strategies, for utilizing the bandwidths
available within TWs towards micro- and macro-scale THzCom applications [43].
In THz band carrier-based systems, the to-be-transmitted data is first modulated
into single/multi-carrier waveforms and/or pulses, and then the modulated signals
are upshifted to higher THz band frequencies via expensive and sensitive cascaded
frequency multipliers.

In the literature, two types of carrier-based spectrum allocation schemes are
explored for micro- and macro-scale THzCom systems, namely, multi-TW-based
spectrum allocation and multi-band-based spectrum allocation. In the multi-TW-
based spectrum allocation scheme, individual TWs are fully allocated to separate
high-speed communication links while exploring wideband signals that have band-
widths equal to those of TWs [40,45]. When this scheme is adopted in multiuser
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THzCom systems, only a limited number of users can be supported without utiliz-
ing complex interference cancellation schemes, since the number of available TWs
within the entire THz band is limited. Alternatively, in the multi-band-based
spectrum allocation scheme, the to-be-allocated spectrum is divided into a set of
non-overlapping sub-bands that have a relatively small bandwidth, and then the
sub-bands are utilized to satisfy the service demands of single or multiple users in
the system [32,46].) When this scheme is adopted in multiuser THzCom systems,
first, a higher number of users can be accommodated since there are a relatively
larger number of sub-bands. Second, intra-band interference (Intra-BI) can be
reduced by assigning the users to different sub-bands, where Intra-BI refers to
the interference caused due to multiple users sharing the same spectrum resource.
Third, frequency selectivity within the spectra to be utilized by individual users can
be reduced, which would become beneficial in minimizing the channel squint effect
and temporal broadening [32,46,49].2 Due to these, this scheme has been widely
explored for micro- and macro-scale multiuser THzCom applications [32,46,50-54].

Against this background, this thesis is motivated to investigate the design and
analysis of novel and efficient multi-band-based spectrum allocation schemes for

multiuser THzCom systems.

1.2 Research Challenges and Limits of Existing

Solutions

Despite the promise, the design of efficient multi-band-based spectrum allocation
schemes brings new and pressing challenges. We must overcome these challenges to
fully unlock the lucrative benefits offered by the THz band. In this section, while

primarily focusing on a practical yet complex indoor THzCom system, as depicted

!The multi-band-based spectrum allocation scheme is similar to the frequency division multiple
access (FDMA) discussed at sub-6G and mmWave communication systems [47,48]. However,
following previous studies at the THz band [32,46], we use the term multi-band-based spectrum
allocation scheme consistently throughout this thesis.

2We clarify that channel squint effect refers to the phase shift errors introduced during beam-
forming at the THz band when THzCom systems generally have large bandwidth [49]. Also,
temporal broadening refers to the pulse broadening in the time domain due to the frequency
selective nature of molecular absorption loss [32,46].
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Figure 1.3: Illustration of the typical three-dimensional (3D) THzCom system
studied in this thesis, where a single access point (AP) supports the downlink
transmission of users that demand high data rates in the presence of blockers.

in Fig.[1.3] we discuss the research challenges and limits of existing solutions, which

are described as follows:

1.2.1 Sub-band Assignment in Multiuser THzCom Systems

The molecular absorption loss, which is unique and non-negligible at the THz band,
is frequency- and distance-dependent. Due to this, users that are assigned to sub-
bands that exist even within a TW, experience drastically varying channel quality
levels depending on the sub-bands that they are assigned and their transmission
distances. Specifically, on one hand, due to the frequency-dependent nature of
molecular absorption loss, even a single user with a fixed transmission distance
experiences different channel quality levels depending on where the sub-band to
which it is assigned is located. As shown in Fig.[I.2] the users assigned to center sub-
bands experience favorable channel quality levels, as compared to the users assigned
to edge sub-bands. Here, center and edge sub-bands are the sub-bands that exist at
the center and edge regions of the TWs, respectively (see Fig. . On the other
hand, due to the distance-dependent nature of molecular absorption loss, users
with different transmission distances experience different channel quality levels even
if assigned to the same sub-band, as shown in Fig. [I.2 These characteristics
necessitate the efficient assignment of sub-bands among the users, such that the

quality-of-service (QoS) requirements of all the users in the system are satisfied.
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Motivated by this necessity, several studies have explored sub-band assign-
ment strategies for multiuser THzCom systems. The distance-aware multi-carrier
(DAMC)-based sub-band assignment strategy, also referred to as the long-user-
central-window (LUCW) principle, was proposed in [32], in order to improve the
data rate fairness among the users. Particularly, [32] proposed to assign edge sub-
bands to the users with shorter transmission distances and center sub-bands to
the users with longer transmission distances. Adopting DAMC-based sub-band
assignment, resource allocation problems in THz band backhaul networks and
non-orthogonal multiple access (NOMA )-assisted THzCom systems were discussed
in [51] and [52], respectively. Despite the promise, it is noted that DAMC-based
sub-band assignment is a heuristic technique, i.e., an approach that employs a
practical and convenient method that is not guaranteed to be optimal; hence, its
optimality needs examination. Moreover, DAMC-based sub-band assignment is
readily applicable only within a TW. New challenges related to sub-band assign-
ment arise when the to-be-allocated spectrum spans multiple TWs. For example,
the number of sub-bands that exist within each TW needs to be optimally decided
since the pathloss and the variation of molecular absorption loss change consider-
ably between TWs. Also, the set of users that are served by each TW needs to
be identified. These challenges necessitate the study of optimal sub-band assign-
ment for multiuser THzCom systems, especially when the to-be-allocated spectrum

spans multiple TWs.

To determine the optimal sub-band assignment, optimization problems can be
formulated while considering sub-band assignment indicators as design variables.
However, such problems are mixed-integer non-linear problems and are difficult to
solve using traditional optimization techniques without rendering modifications
to the problems. Recently, sub-band assignment algorithms for THzCom sys-
tems based on the alternative optimization technique and the alternative direc-
tion method were developed in [50] and [53], respectively, to attain near-optimal

performance.
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1.2.2 Spectrum Allocation with Adaptive Sub-band Band-
width

It has been identified that the consideration of equal sub-band bandwidth (ESB),
where the to-be-allocated spectrum is divided into sub-bands with equal band-
width, increases the variation of the channel quality level among the users that
are assigned to sub-bands. Specifically, when ESB is considered, all sub-bands are
allocated the same bandwidth, irrespective of whether they are edge or center sub-
bands. However, the molecular absorption losses are drastically different in the
center and edge sub-bands, as shown in Fig. This leads to the users that are
assigned to edge sub-bands and center sub-bands experiencing highly unfavorable
and favorable channel quality levels, respectively, thus causing a large variation of
channel quality among the users in multiuser systems. Due to this high variation,
on one hand, the QoS requirements of the users assigned to edge sub-bands may
not be satisfied. On the other hand, the users assigned to center sub-bands may
possess spectrum resources far beyond what they might need to satisfy their QoS

requirements.

To overcome this challenge, multi-band-based spectrum allocation schemes en-
abled with adaptive sub-band bandwidth (ASB) can be explored, by allowing to
change the bandwidth of sub-bands. The consideration of ASB allows the users
that are assigned to edge sub-bands and center sub-bands to occupy larger and
smaller bandwidths, respectively, as compared to what would have been allocated
when ESB is considered. This can lead to the satisfaction of QoS requirements of

all users and the avoidance of spectrum redundancy.

Despite the promise of ASB, all previous studies on multi-band-based spectrum
allocation schemes, i.e., [32,46,50-54], considered ESB. The impact of distance-
varying usable bandwidth on multi-band-based spectrum allocation schemes was
discussed in [46]. However, [46] considered that when the usable bandwidth within
TWs changes, the number of sub-bands that can be utilized for communication
changes, but the bandwidth of the sub-band remains unchanged. Some recent
studies in [40,45] considered variable bandwidths for THzCom systems. However,
we note that [40,45] explored multi-TW-based spectrum allocation schemes, where

the individual TWs are fully allocated to separate high-speed communications links;
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thus, the design principles in [40,45] cannot be applied for the multi-band-based
spectrum allocation schemes with ASB.

To develop multi-band-based spectrum allocation schemes with ASB, first, spec-
trum allocation problems need to be formulated while considering the sub-band
bandwidths as design variables. Then, the formulated problems need to be solved
efficiently by using traditional or non-traditional optimization techniques [37]. It
is found that the spectrum allocation problems with ASB are highly non-convex.
The non-convexity arises mainly due to the achievable rates of users being non-
convex with respect to (w.r.t.) the design variables.®> To overcome this challenge,
first, reasonable approximations and transformations need to be found to transform
the problems into standard convex optimization problems. Then, standard convex
problem solvers might need to be utilized to attain solutions [55,56]. Alterna-
tively, emerging non-traditional optimization techniques such as machine learning
(ML) can be explored to attain near-optimal solution [57,58]. Various ML models
have been widely explored for wireless communication systems, e.g., [59-64]. Nev-
ertheless, these studies primarily focused on utilizing supervised learning models,
which may not be applicable for spectrum allocation problems with ASB, due to
the unavailability of labeled data [65]. Thus, unsupervised learning models need
to be explored to learn the constrained optimization problem and then obtain the

near-optimal solution [66,67].

1.2.3 Under-utilization of Edge Spectra of Transmission
Windows

An important challenge arises in multi-band-based spectrum allocation schemes
with regard to the under-utilization of a certain segment of the to-be-allocated

spectrum. The molecular absorption losses are extremely high at edge regions of

3We note that resource (such as spectrum, power, and bits) allocation problems are widely
explored for multiuser sub-6 GHz and mmWave communication systems, and the formulated
problems are solved typically via convex optimization (such as the water-filling method) [28].
However, these studies did not consider the impact of molecular absorption loss, which is unique
at the THz band. When molecular absorption loss is considered, resource allocation problems
become highly non-convex w.r.t. the design variable, bandwidth. This necessitates the develop-
ment of novel optimization algorithms, which are different from those proposed for sub-6G and
mmWave systems in the existing literature.
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TWs as compared to those in central regions of TWs. Thus, it may be beneficial if
some spectra at edge regions of TWs are avoided from utilization during spectrum
allocation. This consideration is most beneficial when the to-be-allocated spectrum
spans multiple TWs.

Despite the benefits of under-utilization of spectra at edge regions of TWs, it
has rarely been examined in previous studies in THz band spectrum allocation.
The studies [32,51-54] considered that the entire spectrum existing within the to-
be-allocated spectrum is fully utilized. Several recent studies [40,45,68] considered
avoiding certain spectra at edge regions of TWs. Specifically, [45, 68] proposed
to avoid edge regions of TWs where the molecular absorption loss is greater than
a predefined molecular absorption loss. Also, [40] proposed to avoid a certain
segment of edge regions of TWs, whose utilization could lead to more than 3 dB
path loss difference for a given predefined transmission distance. Despite the efforts
in [40,45,68], it is noted that they considered the unused spectra at edge regions of
TWs to be pre-defined, i.e., arbitrarily chosen and fixed, which may not guarantee

the optimal performance.

1.2.4 Inter-band Interference

The inter-band interference (Inter-BI) is an important performance limiting factor
in multi-band-based spectrum allocation schemes, especially when each user de-
mands multiple sub-bands to satisfy its QoS requirements [25]. The Inter-BI at the
THz band can be caused by power leakage from adjacent sub-bands, as well as the
harmonics generated in frequency multiplying chains during frequency upshifting.
Given the high bandwidth available at the THz band, sub-bands can be well-spaced
to avoid the effect of Inter-BI. Despite so, the need to fully utilize the bandwidths
available in TWs may arise, in order to satisfy the KPIs of 6G and beyond net-
works. Due to this, when sub-bands are close to each other, the impact of Inter-BI
needs to be precisely modeled, analyzed, and then mitigated or eliminated to reap
the benefits of multi-band-based spectrum allocation schemes.

It is noted that the Gaussian approximation has been widely used to model
Inter-BI at sub-6 GHz and mmWave frequencies, assuming that neighboring sub-

bands have similar channel quality [32,46]. However, the applicability of this ap-
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proximation at the THz band needs to be re-examined, since the adjacent THz
sub-bands exhibit drastically different channel characteristics, due to molecular ab-
sorption loss. As for Inter-BI suppression, recently, Inter-BI suppression schemes
that can suppress Inter-BI with minimal throughput degradation [68] and wave-
form designs that minimize power leakages to adjacent bands [69] were proposed.
However, time-domain front-end filtering, subcarrier weighting, windowing, and
orthogonal precoding methods need to be carefully investigated to further mitigate

the impact of Inter-BI in multi-band-based spectrum allocation schemes.

1.2.5 Blockage Management

The general understanding in mmWave communication systems is that penetration
losses across objects with small dimensions are high, but are not strong enough to
fully block the communication signals |70, 71]. Unlike at the mmWave band, the
signals at the THz band can be completely blocked by objects with small dimensions
such as the user itself, moving humans, and inherent indoor constructions (e.g.,
walls and furniture). This is due to the very high penetration losses experienced by
THz signals as a result of their very small wavelengths [33,35]. This necessitates
the precise modeling of blockages, analyzing their impact on THzCom systems,
and then devising strategies to mitigate their impacts.? We discuss two research

directions related to blockage management in the following subsections.

1.2.5.1 Blockage Modeling

The impact of human blockers on the THzCom system performance was studied
in [72-75]. However, [72-75] modeled the human blockers using the simplified
circular cylindrical model, which may not accurately model humans. Thus, the
need exists to model human blockers using a more accurate model, such as the
double knife-edge (DKE) model [76], and then derive performance metrics while
considering the specifications of the more accurate model. In addition, it is noted
that the previous studies in [72-75] did not consider the impact of wall blockers,

despite that the primary applications of THzCom systems are found in indoor

4We clarify that blockage management, and the challenges discussed in the subsequent sub-
sections and are experienced even by other THz band spectrum allocation schemes.
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environments where walls exist. Moreover, we clarify that non of the previous
studies at the THz band studied the impact of self-blockages, although self-blockage
may lead to the fact that signals from some access points (APs) surrounding a user

are totally blocked, even if the APs are within close proximity [71,77].

1.2.5.2 Multi-connectivity

Among various promising solutions, multi-connectivity (MC) is recognized as a
promising solution to address the reliability degradation caused by blockages in
THzCom systems. When multiple APs exist in the system, MC allows users to as-
sociate and communicate with multiple APs simultaneously [78-80].> The design of
MC-enabled THzCom systems is hugely beneficial but complicated since it requires
advancements in several aspects of THzCom systems. First, MC strategies require
a cell-free architecture with centralized controlling, data processing, and combining
strategies. This in turn demands high-capacity backhaul connections and precise
clock synchronization as well as promising packet scheduling methods, such as
packet duplication and packet splitting, for latency reduction. Second, dynamic
AP selection strategies need to be wisely designed to improve the reliability and
throughput performance in MC-enabled THzCom systems, at the cost of frequent
AP switching [81]. Given this cost, “lightweight” solutions in terms of software
and hardware implementations need to be examined, aiming to provide a trade-off

between improving the reliability /throughput performance and AP switching [82].

1.2.6 Frequency/Sub-band Reuse in THz Band Spectrum

Allocation

The majority of early studies on multi-band-based spectrum allocation schemes
considered that the users in the system are served by separate sub-bands, e.g., [32,
46,50]. This was to ensure Intra-Bl-free data transmission and to eliminate the sig-

nal processing overhead and hardware complexity caused by frequency /sub-band

5We clarify that several terminologies such as multi-connectivity, cooperative transmission,
joint transmission, concurrent transmission, and coexisting communication, have been used in the
literature to denote simultaneous association and communication of users with multiple APs [78-
80]. However, following [78,79], we use the term multi-connectivity in this thesis.
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reuse in the system. However, higher spectral efficiency can be achieved by lever-
aging frequency /sub-band reuse during spectrum allocation, which has prompted
the research on frequency reuse in THz band spectrum allocation [38]. We discuss

two research directions related to frequency reuse in the following subsections.

1.2.6.1 Coverage Probability Analysis

When frequency reuse is considered, Intra-BI is experienced among the users as-
signed to the same sub-band. Hence, the need arises to first model Intra-BI in
a tractable manner. Then, the reliability degradation that occurs as a result of
Intra-BI needs to be examined by quantifying the performance metrics such as
coverage probability, where coverage probability is the probability that the signal-
to-interference-noise (SINR) at a user is larger than the predefined SINR threshold.

In sub-6 GHz and mmWave communication systems, the coverage probability
in the presence of Intra-Bl has been widely investigated [83-85]. Despite this,
the studies on the coverage probability at the THz band that incorporates all
the unique characteristics of THzCom systems are very limited. Using tools from
stochastic geometry and considering Intra-BI limited regime, the coverage proba-
bility for THzCom systems was determined in [86] by approximating the Intra-BI
distribution using a log-logistic distribution. The Intra-BI and coverage probabil-
ity of dense THz wireless networks was investigated in [87], using the conventional
Laplace transform-based analysis. Additionally, the Intra-BI distribution was ap-
proximated using a normal distribution in [88] for tractable coverage probability
analysis of dense THzCom systems. In other studies in [74,75], the coverage proba-
bility of THzCom systems was derived, but the accuracy of their results deteriorates
significantly, especially for long transmission distances, since they used the average
Intra-BI instead of the instantaneous Intra-BI when evaluating the coverage prob-
ability. It has to be noted that despite the efforts in the studies in [74,75,86-88],
they focused only on a two-dimensional (2D) environment.

In sub-6 GHz and mmWave communication systems, it may be reasonable to
ignore the impacts of the vertical heights of communication entities due to the
large transmission distance. However, the vertical dimension may greatly impact

the reliability performance of THzCom systems, since transmission distances at
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the THz band are limited to the order of a few meters [15]. Thus, it is essential
to consider the vertical heights of communication entities and investigate their
impact on the coverage probability in THzCom systems. Very recently, the coverage
probability for a THzCom system was determined in [89] for a three-dimensional
(3D) environment. However, [89] did not address the impact of 3D directional

antennas at both the transmitter and receiver sides.

1.2.6.2 Spatial and Power-domain Multiplexing

Besides performance analysis, new spatial and power-domain multiplexing strate-
gies operated at the THz band need to be developed for adopting frequency reuse
in THzCom systems. One of the most encouraging spatial multiplexing strategies
is beam sectorization [90]. In a THzCom system with beam sectorization, each AP
can perform beamforming to form non-overlapping beam sectors with high direc-
tional gains, and the entire THz spectrum available in the system can be reused
within beam sectors. Two challenges need to be tackled to reap the most benefits of
beam sectorization [91]. The first challenge is inter-sector interference cancelation
which minimizes or eliminates the impairment caused by non-ideal beam shapes.
The second challenge is sector deployment, i.e., the identification of sector regions,
which can be addressed by 2D sector deployment.

As an emerging power-domain multiplexing strategy, non-orthogonal multiple
access (NOMA) brings an extra degree of freedom in the power domain [92]. In
NOMA, superposition coding and successive interference cancellation (SIC) are de-
ployed to decode signals for different users in the same time and frequency resource
block, offering additional access in congested traffic scenarios, e.g., ultra-dense net-
works [93]. In multiuser THzCom systems with sparse channels of users in the
limited scattering environment, NOMA acts as a potential technique to improve
the spectral efficiency. The application of NOMA into THzCom systems has re-
cently attracted increasing attention, e.g., [52-54]. However, several key challenges
in NOMA-aided THzCom systems still remain unanswered, e.g., (i) the construc-
tion of effective clustering criteria, including full channel knowledge-based criterion
and location-based criterion, and then the evaluation of their impacts on the system

spectral efficiency, (ii) development of accurate channel estimation methodologies
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since NOMA requires precise channel state information (CSI), and (iii) investiga-
tion into computationally efficient SIC-based decoders since existing decoders are

computationally very intensive.

1.2.7 THz Hardware Development

Despite the surge in THz research over the past decade, state-of-the-art advances
still remain mostly theoretical in nature, with much emphasis on propagation and
physical layer challenges [36,39]. Recently, the U.S. Federal Communications Com-
mission (FCC) opened up the 95 GHz to 3 THz for future mobile communica-
tions [94]. This along with other contributing factors has prompted the accelerated
research on THz devices and testbeds/prototypes to obtain experimental measure-
ments, such that the theoretical evaluations can be validated. We discuss two
research directions related to THz band experimental research in the following

subsections.

1.2.7.1 THz Devices

For many years, the challenges associated with the on-chip generation, modulation,
and radiation of THz signals have limited the utilization of the THz band. How-
ever, the THz technology gap is progressively being closed, thanks to the major
advancements across different device technologies [95], although much work is left
to be done on this end. Today, the majority of THzCom systems rely on frequency
up-converting systems, which are able to generate (sub) THz signals starting from
a mmWave oscillator by using frequency multipliers. Different processes can be uti-
lized to build such up-converters, ranging from silicon complementary metal-oxide-
semiconductor (CMOS) for milliwatt powers at frequencies of up to 200-300 GHz
to the III-V semiconductor-based Hight Electron Mobility Transistor (HEMT), or
the Schottky diode technology, which can provide higher hundreds of milliwatts
of power at hundreds of GHz and a few milliwatts of power above 1 THz. For
now, most of the THz devices rely on external high-gain directional antennas (e.g.,
horn and dish antennas). Only recently, fully digital antenna arrays with 8 to 16

channels have been demonstrated at frequencies between 100 and 200 GHz [95].
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We also note that some of the unique research challenges and their possi-
ble solutions mentioned in the previous subsections may need new THz hard-
ware capabilities. For example, to implement multi-band-based spectrum allo-
cation schemes, it would be necessary to deploy very precise digital signal process-
ing (DSP) filters, which are substantially expensive at THz frequencies, at THz
transceivers [37,96,97]. Also, to gain the benefits of ASB, THzCom users need to
be equipped with tunable front-ends for adjusting their operating frequency and
bandwidth. These THz hardware capabilities are beyond the current advance-

ments, thus motivating the development of novel and efficient THz devices.

Beyond well-established technologies, innovative solutions need to be explored
when embracing new materials that open doors to new physics. Inspired by this, the
use of graphene has been proposed to develop signal sources, modulators, antennas,
and antenna arrays, due to its ability to support the propagation of surface plas-
mon polariton (SPP) waves, theoretically for frequencies as low as 100 GHz [34,95].
However, for graphene-based plasmonic devices to operate efficiently at the lower
THz band, high electron relaxation times are required. Although theoretically pos-
sible, it remains experimentally very challenging; thus, at present, the majority of
graphene-based plasmonic devices for THz applications are found at frequencies of
1 THz and beyond [34,95]. Interestingly, this is also the frequency range where the
conventional electronic approaches to THz wave generation decay, making graphene
a promising candidate. Although plasmonic nano-antenna technologies are at their
early stages, the need exists to further advance such technologies, since they can
drastically increase the efficiency of THzCom systems and other emerging THz

band technologies, e.g., THz sensing and imaging [27].

1.2.7.2 THz Prototypes/Testbeds

Recently, several research groups have started to focus on the development of THz
testbeds to obtain experimental measurements. An integrated testbed for THzCom
was developed at the Institute for the Wireless Internet of Things, Northeastern
University, Boston, USA [98]. Using this testbed, experimental results for wireless
THzCom at 1.02 THz were obtained [99,100]. A series of channel measurements

were made in a vehicle-to-infrastructure test center at 304.2 GHz with 8 GHz band-
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width and the measurement results were presented in [30]. Moreover, wideband
channel measurement data for THz indoor communications were reported in [101].
Recently, efforts have been made to implement an open-source scalable and afford-
able prototyping platform called MillimeTera to support the broader mmWave and
THz band research community [102].

To support THzCom research, major players in the wireless communication
industry have also introduced new state-of-the-art instruments through which ex-
perimental research can be performed. For example, National Instruments (NI)
Corporation developed a real-time sub-THz software-defined radio that is built on
NT’s mmWave transceiver system and Virginia diode’s radio heads [103]. Keysight
Technologies developed a 6G sub-THz testbed for 6G research [104], where an arbi-
trary waveform generator was used to generate a wideband intermediate frequency
(IF) which is up-converted to the D or G-band. On the receive side, the signal
is down-converted to a 46 GHz IF and digitized, then demodulated and analyzed
with PathWave Vector Signal Analysis software. In addition, Huawei is expected
to release THz band channel measurement data obtained at 140 GHz in the near
future [105]. Based on the aforementioned major developments in experimental
research, as well as the progress in theoretical research and the standardization
efforts at the THz band over the past decade [39], we are very optimistic for the
future of THzCom. We note that most THz testbeds are single-input single-output
and do not rely on fully digital antenna arrays; hence, much work is still left to be

done on this end to develop ready-to-use THzCom systems.

1.3 Thesis Overview and Contributions

This thesis focuses on the design and analysis of novel and efficient spectrum al-
location strategies for multiuser THzCom systems that can wisely tackle the chal-
lenges imposed by the characteristics at the THz band. Specifically, the thesis

investigates several research challenges encountered by multi-band-based spectrum

allocation schemes, such as those discussed in subsections|1.2.1} {1.2.2] [1.2.3] [1.2.5.1},
and [1.2.6.1) and propose efficient design guidelines and analytical frameworks to

alleviate them. By doing so, this thesis will advance our understanding of the

fundamentals of spectrum allocation strategies for THzCom systems.
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Table 1.1: The overview of the four technical chapters of the thesis.
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The rest of the thesis is organized as follows. In Chapters 2] to [f i.e., the four
technical chapters of the thesis, we discuss in detail the technical contributions of
the thesis. Finally, in Chapter [6] we summarize the conclusions drawn from the
thesis and outline some of the research directions directly related to the thesis. In
the rest of this chapter, we present the specific contributions of Chapters [2 to
of the thesis. A brief overview of Chapters |2| to |5| of the thesis is presented in
Table [L1l
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Chapter 2 — Spectrum Allocation with Adaptive Sub-band
Bandwidth for THzCom Systems

This chapter presents solutions to some of the design challenges outlined in Sec-
tion Specifically, the chapter investigates the benefits and the design chal-
lenges of dividing the to-be-allocated spectrum into sub-bands with unequal band-
widths. To this end, we focus on an indoor THzCom environment where a single
AP supports the downlink transmission of multiple users and consider the to-be-
allocated spectrum that exists entirely within a TW. For this system, we study
multi-band-based spectrum allocation with ASB while considering that sub-bands
are assigned according to the DAMC-based sub-band assignment strategy.

The key contributions of this chapter are summarized as follows:

e We, for the first time, propose multi-band-based spectrum allocation with
ASB to improve the spectral efficiency of multiuser THzCom systems. To
study the impact of ASB, we formulate a resource allocation problem, with
the main emphasis on spectrum allocation with ASB. In the problem, we
aim to maximize the data rate of the multiuser THzCom system under given
constraints on sub-band bandwidth and power. This problem consists of
the determination of the optimal sub-band bandwidth and optimal transmit

power.

e We propose a solution to the formulated resource allocation problem. Specif-
ically, we propose reasonable approximations, as well as transformations, and
arrive at an approximate convex problem, which can be solved efficiently by

using standard convex problem solvers.

e Aided by numerical investigation, we arrive at the following observations and

design guidelines:

— The consideration of ASB leads to a significantly higher data rate as
compared to the consideration of ESB, due to the enhanced capability
of ASB. Thus, it is beneficial to adopt ASB in multi-band-based spec-
trum allocation schemes although this can demand new THz hardware

capabilities at the transceivers.
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— The performance gain of adopting ASB is most profound when the vari-
ation in molecular absorption loss within the to-be-allocated spectrum

is high.

The findings from this chapter have been presented in the following publica-
tions [J2] and [C3]:
[J2]. A. Shafie N. Yang, S. Alvi, C. Han, S. Durrani, and J. M. Jornet, “Spec-
trum allocation with adaptive sub-band bandwidth for terahertz communication
systems,” IEEE Trans. Commun., vol. 70, no. 2, pp. 1407-1422, Feb. 2022.
[C3]. A. Shafie, N. Yang, S. Durrani, X. Zhou, C. Han, and M. Juntti, “Coverage
analysis for 3D terahertz communication systems,” IFEE J. Sel. Areas Commun.,
vol. 39, no. 6, pp. 1817-1832, June 2021.

Chapter |3 — Spectrum Allocation Among Multiple Trans-
mission Windows for THzCom Systems
This chapter presents solutions to some of the design challenges outlined in Sec-

tions [1.2.2] [1.2.3] and [1.2.4] Specifically, the chapter investigates the benefits

and design challenges of sub-band assignment, under-utilization of edge spectra

of TWs, and ASB. To this end, we study a novel multi-band-based spectrum al-
location scheme when the to-be-allocated spectrum is composed of multiple TWs.
We clarify that the design in Chapter [2]is only applicable when the to-be-allocated
spectrum exists entirely within a specific region of a TW. Differently, the design
in this chapter is applicable even when the to-be-allocated spectrum spans across
multiple TWs.

The key contributions of this chapter are summarized as follows:

e We propose a novel spectrum allocation strategy for multiuser THzCom
systems when the to-be-allocated spectrum is composed of multiple TWs.
Specifically, we explore the benefits of (i) sub-band assignment, (ii) avoiding
using some spectra that exist at the edges of TWs where molecular absorp-
tion loss is very high, and (iii) ASB when the to-be-allocated spectrum is

composed of multiple TWs. With these considerations in mind, we formulate
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a resource allocation problem, with the primary focus on spectrum allocation,

to maximize the aggregated multiuser data rate.

We propose a solution approach to derive the sub-band assignment, sub-band
bandwidth, the unused spectra at the edges of TW, and the transmit power
of the formulated resource allocation problem. To this end, we first pro-
pose modifications to the formulated problem and arrive at a mixed-integer
non-linear problem. We then propose several transformations, including the
binary variable to real variable transformation, and arrive at an approxi-
mate convex problem. Subsequently, we develop an iterative algorithm based
on the successive convex approximation technique to solve the approximate

convex problem.

Using numerical investigation, we arrive at the following observations and

design guidelines:

— Although the state-of-the-art DAMC-based sub-band assignment is a
heuristic technique, it is applicable to obtain a near-optimal solution
to the sub-band assignment problem at the THz band when the to-
be-allocated spectrum is entirely within a TW. However, the sub-band
assignment design proposed in this chapter needs to be considered when
the to-be-allocated spectrum is composed of multiple TWs, since DAMC-
based sub-band assignment is only readily applicable within a TW.

— When the to-be-allocated spectrum is composed of multiple TWs, en-
abling ASB achieves a significantly higher data rate as compared to
adopting ESB.

— An additional gain can be obtained by optimally determining the unused
spectra at the edges of TWs, as compared to avoiding using pre-defined
spectra that exist at the edges of TWs, especially when the power budget

constraint is stringent.

— The feasibility region of the resource allocation problem can be improved
by adopting ASB and optimally determining the unused spectra at the
edges of TWs.
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The main findings from this chapter have been presented in the following pub-
lication [J3]:
[J3]. A. Shafie, N. Yang, C. Han, and J. M. Jornet, “Novel spectrum allocation
among multiple transmission windows for terahertz communication systems,” IFEE
Trans. Veh. Techn., vol. 71, no. 12, pp. 13415-13421, Dec. 2022.

Chapter 4/ — An Unsupervised Learning Approach for Spec-
trum Allocation in THzCom Systems
This chapter presents solutions to some of the design challenges outlined in Sec-

tions [1.2.2] and [1.2.5.1] Specifically, the chapter investigates (i) the design chal-

lenges of multi-band-based spectrum allocation schemes with ASB when the molec-

ular absorption coefficient varies in a highly non-linear manner and (ii) the modeling
and analysis of the impact of human blockages on THz band spectrum allocation.®
We note that designs in Chapters [2] and [3] for the multi-band-based spectrum allo-
cation problem with ASB is only applicable when the molecular absorption coeffi-
cient within the to-be-allocated spectrum is simple such that it can be modeled as
a piecewise exponential function of frequency with minimal approximation errors.
Differently, the approach presented in this chapter can be applicable even if the
molecular absorption coefficient varies in a highly non-linear manner.

The key contributions of this chapter are summarized as follows:

e We propose an unsupervised learning-based approach to obtaining the near-
optimal solution to the multi-band-based spectrum allocation problem with
ASB. In the proposed approach, we first train a deep neural network (DNN)
while utilizing a loss function that is inspired by the Lagrangian of the for-
mulated problem. Then, using the trained DNN, we approximate the near-

optimal solutions.

e We characterize human blockers at the THzCom systems using the more

6We note that in order to understand the throughput degradation caused by blockages and to
develop novel spectrum management techniques for mitigating the impact of blockage on system
performance, e.g., MC-enabled sub-band assignment, it is of utmost importance to delve into
blockage characterization for THzCom systems.
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accurate double knife-edge (DKE) model and evaluate its impact on multi-

band-based spectrum allocation schemes.

e Using numerical investigation, we arrive at the following observations and

design guidelines:

— When the values of the molecular absorption coefficient within the to-
be-allocated spectrum can be modeled as an exponential function of
frequency, the data rate obtained by the proposed unsupervised learning-
based approach converges to that obtained from the design presented in
Chapters [2] and

— When the values of the molecular absorption coefficient within the to-
be-allocated spectrum change rapidly and thus cannot be modeled as an
exponential function of frequency, the proposed unsupervised learning-

based approach outperforms the existing approximate approaches.

— The throughput of the spectrum allocation strategy decreases with the
increasing density of human blockers. Thus, system parameters, e.g.,
power budget and maximum sub-band bandwidth, have to be care-
fully selected for achieving the desired throughput and reliability per-
formance, depending on the density of human blockers in the indoor

environment.

The main findings from this chapter have been or to be presented in the follow-
ing publications [J4] and [C4]:
[J4]. A. Shafie, N. Yang, C. Li, X. Zhou, and T. Q. Duong, “Spectrum Alloca-
tion for Multiuser Terahertz Communication Systems: An Unsupervised Learning
Approach”, submitted to IEEE J. Topics Signal Process., Dec. 2022
[C4]. A. Shafie, C. Li, N. Yang, X. Zhou, and T. Q. Duong, “An unsupervised
learning approach for spectrum allocation in terahertz communication systems,”
in Proc. IEEE Global Commun. Conf. (Globecom), Rio de Janeiro, Brazil, Dec.
2022, pp. 3447-3453 (Best Paper Award).



1.3 Thesis Overview and Contributions 25

Chapter [5| — Blockage and Coverage Analysis for 3D THz-

Com Systems

This chapter presents solutions to the design challenges outlined in Sections|1.2.5.1
and [1.2.6.1] Specifically, the chapter investigates (i) the modeling and analysis of
different types of blockages in a 3D THzCom system and (ii) the coverage proba-
bility of an indoor THzCom system when frequency reuse is considered. To this
end, we focus on an indoor THzCom environment where the downlink transmis-
sion of a user is impacted by different types of blockages, directional antennas, and
interference from nearby transmitters.

The key contributions of this chapter are summarized as follows:

e We model the joint impact of blockages caused by the user itself, moving
humans, and wall blockers in a 3D THzCom environment. Then, we derive
the blockage probabilities associated with a point-to-point THzCom link.
Also, we consider the effect of 3D directional antennas and derive the hitting
probability, which is defined as the probability of the signal corresponding to

the main lobe of an interferer reaching a user.

e We develop a tractable analytical framework, using stochastic geometry, to
evaluate the coverage probability of 3D THzCom systems when frequency
reuse is considered. Specifically, we derive an expression for the coverage
probability, by characterizing the regions where dominant interferers (i.e.,
those that can cause outage by themselves) can exist, and the average number

of interferers that exist in these regions.

e Using numerical investigation, we arrive at the following observations and

design guidelines:

— Our analysis well matches the simulations; thus, the proposed tractable
analytical framework can be utilized to evaluate the coverage probability
of the considered 3D THzCom system.

— The network densification deteriorates the reliability of THzCom sys-

tems, and it is necessary to carefully select the AP densities to obtain
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the desired reliability performance depending on the communication en-

vironment of interest.

— The vertical heights of the THz devices profoundly impact the coverage
probability in THzCom systems; therefore, ignoring their impacts leads

to a substantial underestimation of system reliability.

— An increase in the density of human blockers slightly improves the cov-
erage probability when the transmission link of interest is in LoS, but

reduces the overall coverage probability.

The findings from this chapter have been presented in the following publica-
tions [J1] and [C2]:
[J1]. A. Shafie, N. Yang, S. Durrani, X. Zhou, C. Han, and M. Juntti, “Coverage
analysis for 3D terahertz communication systems,” IEEFE J. Sel. Areas Commun.,
vol. 39, no. 6, pp. 18171832, June 2021.
[C2]. A. Shafie, N. Yang, Z. Sun, and S. Durrani, “Coverage analysis for 3D
terahertz communication systems with blockage and directional antennas,” in Proc.
IEEE Int. Conf. Commun. (ICC) Workshops, Dublin, Ireland, June 2020, pp. 1-
7.



Chapter 2

Spectrum Allocation with
Adaptive Sub-band Bandwidth
for THzCom Systems

2.1 Introduction

In this first technical chapter, we explore the benefits and the design of multi-band-
based spectrum allocation with adaptive sub-band bandwidth (ASB) for terahertz
(THz) band communication (THzCom) systems, by allowing to divide the to-be-
allocated spectrum into sub-bands with unequal bandwidth. Due to the frequency-
and distance-dependent nature of the molecular absorption loss, the variation in
channel quality levels among the users that are assigned to sub-bands would be
very high at the THz band when equal sub-band bandwidth (ESB) is considered as
in the literature [32,40,45,46,51-54]. The consideration of ASB can significantly
reduce this variation by allowing changes in the sub-band bandwidth, which leads
to an overall improvement in the data rate performance.

We focus on a scenario where a single access point (AP) supports the downlink
transmission of multiple users which demands high data rates. In this chapter, we
consider the to-be-allocated spectrum exists entirely within a certain region of a
transmission window (TW). For this system, we formulate an optimization prob-

lem, with the main emphasis on multi-band-based spectrum allocation with ASB,

27
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while aiming to maximize the data rate under given constraints on sub-band band-
width and power. This problem consists of the determination of the optimal sub-
band bandwidth and transmit power. We then propose reasonable approximations,
as well as transformations, and arrive at an approximate convex problem, which
can be solved efficiently by using standard convex problem solvers. Aided by nu-
merical results, we show that the proposed multi-band-based spectrum allocation
with ASB achieves a significantly higher data rate compared to the multi-band-
based spectrum allocation with ESB, due to the enhanced ASB capabilities. We
also show that it is more beneficial to adopt ASB when the variation in molecular
absorption loss within the to-be-allocated spectrum is high.

The rest of the chapter is organized as follows. Section[2.2]introduces the system
model. Section presents the resource allocation problem associated with the
design of multi-band-based spectrum allocation with ASB. Section |2.4] presents the
solution approach adopted to solve the formulated resource allocation problem.
Section [2.5] presents the numerical results and Section [2.6| summarises the chapter.

2.2 System Model

In this section, we introduce the system model considered in this chapter. Specifi-
cally, we describe the system deployment, channel model, the THz spectrum, and

the achievable data rate.

2.2.1 System Deployment

We consider a three-dimensional (3D) indoor THzCom system, as shown in Fig. [2.1]
where a single access point (AP) supports the downlink transmission of ny station-
ary users which demand high data rates. We consider that the AP is located at
the center of the ceiling of the indoor environment of interest and model it to be
of height hn. We also consider that the users are stationary and distributed uni-
formly in this environment and are of heights hy. Moreover, we assume that users
in the system are equipped with tunable front-ends such that they can dynamically
adjust their operating frequency and bandwidth to match those of their assigned
sub-bands. We denote Z = {1,2,--- | s,--- ,ni} as the set of the users and further
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Figure 2.1: Illustration of the considered 3D multiuser THzCom system where a
single AP supports the downlink transmission of multiple users.

denote [; and d; = y/(ha—hy)?+1? as the horizontal and 3D distances between the
AP and the 7th user, respectively. For notational convenience, we consider that the
elements in the set Z are labeled such that d; < dy < -+ < d,,. Finally, we note
that the impacts of blockages are ignored in this chapter.!

2.2.2 Channel Model

The signal propagation at the THz band is determined by the spreading loss and
the molecular absorption loss. Considering this, the free space direct ray channel

transfer function is obtained as [29]

H(f7 d) = Hspr(f7 d)Habs(.fa d)? (21)

where Hg,(f,d) and Hans(f,d) represent the spreading loss and the molecular

absorption loss, respectively, and are given by

o
CAdrfd’

'We clarify that despite the fact that the impacts of blockages are ignored in this chapter,
the consideration of blockages can lead to a more accurate characterization of the considered
THzCom system. Thus, in Chapters {4 and [5, we discuss in detail the impacts of different types
of blockages on THzCom systems.

2In this thesis, we utilize the far field propagation model [29]. This is due to the fact that
the transmission distances considered in this thesis are very high compared to the propagation
wavelength of the THz signals.

H,

spr(fa d) (22&)
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Haps(f,d) = e ¥4, (2.2b)

Here, c is the speed of light, f is the frequency, d is the communication distance,
and k(f) is the molecular absorption coefficient at f. We note that the molecular
absorption loss is unique to the THz band and is the result of oxygen molecules and
water vapor absorbing THz signal energies for their rotational transition energies.

For a given pressure-temperature-humidity setting, k(f) can be found by using
the HITRAN database [106], or the line by line radiative transfer model (LBLRTM)
[107], or the International Telecommunication Union (ITU) model [108]. When the
HITRAN database is utilized, the value of k(f) is obtained from

_ P Tgrp
Psrp T

k(f) > QTIQ(f), (2.3)

where P and T are the pressure and the temperature of the transmission envi-
ronment, respectively, Pstp and Tsrp are the standard pressure and temperature,
respectively, and Q7Y and Q57(f) are the total number of molecules per unit vol-
ume and the absorption cross section for the isotopologue k of gas g at the frequency
f, respectively [29,106].

2.2.3 THz Spectrum

2.2.3.1 Spectrum of Interest

As discussed in Chapter |1, the intermittent nature of k(f) divides the entire THz
band into multiple ultra-wideband TWs, as shown in Fig.[I.1} The entire spectrum
regions that exist between neighboring k(f) peaks are denoted by TWs [32]. In
this chapter, we focus on the scenario where the to-be-allocated spectrum exists en-
tirely in either a positive absorption coefficient slope region (PACSR) or a negative
absorption coefficient slope region (NACSR) of a TW, as shown in Fig. 2.2 We
note that PACSRs and NACSRs are defined as the spectrum regions within TWs
where k(f) shows an increasing and decreasing behavior, respectively, as shown in
Fig. 2.2l We clarify that it is reasonable to focus on the allocation of the spectrum
that exists either within a PACSR or an NACSR since the available bandwidths in
each PACSR and NACSR at the THz band are in the order of tens up to hundreds
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Figure 2.2: Mlustration of the PACSR and the NACSR within a TW, and the
arrangement of sub-bands within the PACSR.

of GHz, as shown in Table 2.1]3

We focus on multi-band-based spectrum allocation with ASB. Thus, we con-
sider that the to-be-allocated spectrum is divided into sub-bands that are of un-
equal bandwidths. Also, we consider that these sub-bands are separated by guard
bands [32,46,109]. We denote S = {1,2,---,s,--- ,ng} as the set of the sub-
bands, where ng is the total number of sub-bands. We further denote f, and b,
as the center frequency and the bandwidth of the sth sub-band, respectively. For
notational convenience, we consider that sub-bands in the set S are labeled such
that fi > fo > .-+ > f,g, as shown in Fig. 2.2} if the to-be-allocated spectrum
exists within a PACSR and f; < fo < --- < f,q if the to-be-allocated spectrum
exists within an NACSR. In this chapter, we optimally determine the value of b, by
solving the optimization problem that will be formulated in the subsequent section.

Since ASB is considered, we have

0< by <bumax, VS ES, (2.4)

3We note that to fully harness the potential of the huge available bandwidths at the THz
band, it would be more beneficial to focus on spectrum allocation when the to-be-allocated
spectrum (i) exists anywhere within a TW and/or (ii) spans across multiple TWs. These consid-
erations will be considered in Chapter
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Table 2.1: The PACSRs and NACSRs that exist within 0.32 THz and 1.1 THz and
their bandwidths.

PACSR NACSR
Frequency Range | Bandwidth | Frequency Range | Bandwidth
(THz) (GHz) (THz) (GHz)
0.341 — 0.380 39 0.326 — 0.341 15
0.409 — 0.448 39 0.380 — 0.409 29
0.464 — 0.556 92 0.448 — 0.464 16
0.670 — 0.753 83 0.556 — 0.670 114
0.848 — 0.916 68 0.753 — 0.848 95
0.934 — 0.988 54 0.916 — 0.934 18
1.025 — 1.098 73 0.988 — 1.025 37

where by, denotes the upper bound on the sub-band bandwidth. We then denote
B, as the bandwidth of guard bands, which is considered to be fixed.* Considering

this, we obtain

bs
fref_ (Zb + 8—1B —§>, Vs eSS, (25)

where ff is the end-frequency of the to-be-allocated spectrum, as shown in Fig. [2.2]
and 1 = 1 if the to-be-allocated spectrum exists within a PACSR, and f,e is the
start-frequency of the to-be-allocated spectrum and 7 = —1 if the to-be-allocated
spectrum exists within an NACSR. Finally, we denote by, as the total available

bandwidth within the to-be-allocated spectrum, and obtain it as

biot = Y by + (ng — 1) By. (2.6)

seS

4To further improve the spectral efficiency, it may be beneficial to optimally design the values
of By, instead of considering fixed and pre-defined values for B,. When B, is to be optimally
designed, the impacts of intra-band interference (Intra-BI), interference cancelation capabilities
of the users, quality-of-service (QoS) requirements of the users such as tolerable interference
and required data rate, and the spectral efficiency of the system needs to be jointly considered.
However, we note that designing the values of B, is beyond the scope of this thesis, but will be
considered in our future works.
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2.2.3.2 Sub-band Assignment Strategy

In the considered system, we assume that the users in the system are served by
separate sub-bands, which is also adopted in [32,46,50].° This assumption is
made to (i) ensure the data transmission is free of Intra-BI and (i) eliminate the
signal processing overhead and hardware complexity caused by frequency reuse in
the system. Considering this assumption, we set the total number of sub-bands
within the to-be-allocated spectrum to be equal to the total number of users in the

system, i.e., ng = ny.

The distance-aware multi-carrier (DAMC)-based sub-band assignment was pro-
posed in [46] to improve the throughput fairness among users in multiuser THzCom
systems. The DAMC-based sub-band assignment assigns (i) the sub-bands with
high absorption coefficients, k(f), to the users with shorter distances and (ii) the
sub-bands with low k(f) to the users with longer distances. Following [32,51,52],
is this chapter we adopt DAMC-based sub-band assignment.® In the considered
to-be-allocated spectrum, we have k(fs) > k(fsi1), Vs € S, irrespective of whether
the to-be-allocated spectrum exists within a PACSR or an NACSR. Also, users
are labeled in the ascending order of their distance to the APs in the set Z, i.e.,
dy <dy <--- <d,. Considering these, in order to assign sub-bands to users as per
the DAMC principle, we assign the sth sub-band in the to-be-allocated spectrum
to the sth user in the set Z.

2.2.4 Achievable Data Rate

Considering Shannon’s capacity theorem [28], the data rate achieved by the user

assigned to the sth sub-band is obtained as an integral of capacity on frequency,

5A higher spectral efficiency can be achieved by leveraging sub-band reuse during spectrum
allocation. The consideration of frequency reuse and its impact on Intra-BI and reliability per-
formance of THzCom systems will be discussed in Chapter

5We will investigate the optimal sub-band assignment for multiuser THzCom systems and the
optimality of DAMC-based sub-band assignment in Chapter



34Spectrum Allocation with Adaptive Sub-band Bandwidth for THzCom Systems

given by
fst+ibs

ry = / C(f) df
fs_%bs
Fret=n(3521 brt(s—1)Bg)

psGAGUlﬂ(fa ds>|2
= 1 1 d Vs e S
/ 082 < * NObs + z-agg,s f’ i ’

Jret=n( 325y brt(s—1)Bg—bs)
(2.7)

where C(f) is the capacity when the frequency is f, ps is the transmit power
allocated by the AP to the user assigned to sub-band s, Gx and Gy are the antenna
gains at the AP and users, respectively, f is the frequency, Ny is the noise power
density, H(f,d) is given by (2.1), and Z,g  is the interference experienced by the
user assigned to the sth sub-band.

We note that any surface that has roughness comparable to the wavelength
of the electromagnetic wave introduces high reflection, diffraction, and scattering
losses. Due to this and the fact that the wavelength of THz signals is extremely
low, surfaces that are considered smooth at lower frequencies become rough at the
THz band, thereby causing high reflection, diffraction, and scattering losses at the
THz band [34,46]. These lead to (i) the reduced number of significant non-line-of-
sight (nLoS) rays that constitute a THz signal and (ii) the substantial attenuation
of significant nLoS rays as compared to the line-of-sight (LoS) ray. Thus, similar
to [62,69,72,73,75,86-88], we ignore the impact of nLoS rays and focus only on the
LoS rays of THz signals.” Also, we omit the impact of fading in the THz channel
as previous studies at the THz band [62,69,72-75,86-88,113].

The interference experienced by the user assigned to the sth sub-band, Z,g s, is
obtained as the addition of the inter-band interference (Inter-BI) and Intra-BI. The
Inter-BI at the THz band is caused by the power leakage from adjacent sub-bands,

"Despite our consideration of ignoring the impact of nLoS rays, there have been some recent
studies on THzCom systems that leverage the strong reflections or even scattering to establish
links, with certain reliability [110-112]. Thus, it may be beneficial to consider the impact of nLoS
rays in certain scenarios at the THz band, e.g., when the LoS rays are totally blocked by blockers.
This consideration is beyond the scope of this thesis, but will be considered in our future works.
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due to harmonics generated in frequency multiplying chains during frequency up-
shifting. Recently, Inter-BI suppression schemes that can suppress Inter-BI with
minimal throughput degradation [68] and waveform designs that minimize power
leakages to adjacent bands [69] were proposed. Due to these and the existence of
guard bands between consecutive sub-bands in our spectrum allocation strategy,
the impact of Inter-BI is not considered in this chapter [50,114]. Also, we note
that Intra-BI at the THz band is caused due to multiple users sharing the same
sub-band. In this chapter, we assume that the users in the system are served by sep-
arate sub-bands. This assumption ensures Intra-Bl-free data transmission®. These
considerations allow us to set Z,g, s in to be zero, i.e., Zyge s = 0, Vs € S°.

2.3 Optimal Resource Allocation

In this section, we present the resource allocation problem. It is of utmost impor-
tance to design novel and efficient spectrum allocation strategies to harness the
potential of the THz band. With this in mind, we study a resource allocation
problem for the considered multiuser THzCom system with the main emphasis on
spectrum allocation with ASB. Particularly, we aim to maximize the achievable
data rate under given constraints on sub-band bandwidth and power. This prob-
lem consists of sub-band bandwidth allocation and power control. Mathematically,

the problem is formulated as

PY: maximize E(r1,ma, -+, Tng) (2.8a)
subject to Zps < Prots (2.8b)
seS
0 < ps < Prasx, Vs € S, (2.8¢)
Z bs = Btot; (28(1)
seS
0 < by < bax, Vs € S. (2.8¢)

8We will discuss the consideration of frequency reuse and Intra-BI, and their impacts on the
reliability performance of THzCom systems in Chapter

9Consideration of nLoS rays, fading, blockages, and Inter-BI can lead to a more accurate
characterization of the considered THzCom system, which will be considered in our future works.
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In PS, E(r1,re,- -+ ,7yg) is the objective function imposed by the considered data
rate maximization strategy, which will be discussed in the next subsection. More-
over, reflects the power budget at the AP and ensures that the power
allocated to each user is upper bounded by pn.x. Furthermore, the justifications of
(2.8d)) and (2.8¢)) are given in and (2.4)), respectively, and by in is given
by biot = brot — (ng — 1) By. We assume that the distances between the AP and all

users are readily available at the AP, such that AP can optimally determine the

power and bandwidth to be allocated to each user by solving P{. We note that the
AP can estimate the distances between the AP and all users by using the channel
state information (CSI) of AP to all user links at a predefined frequency and the
value of k(f) at this predefined frequency.

The novelty of the considered resource allocation problem, P?, is as follows: In
P9, we propose spectrum allocation with ASB, while to the best of our knowledge,
recent studies in THz band spectrum allocation have only considered ESB [32,
46, 50-54]. In Section , we show the significance of this consideration using

numerical results.

2.3.1 Objective Function

Depending on the application scenario and the QoS requirements of the system and
users, three system objectives can be considered, namely, (i) max-min rate maxi-
mization, (ii) sum rate maximization, and (iii) proportional-fair rate maximization.

In what follows, we discuss each of these system objectives.

2.3.1.1 Max-min Rate Maximization

The max-min rate maximization objective aims to prioritize fairness among users
over the system performance. It attempts to guarantee strict rate fairness among

users while maximizing the overall system rate performance. For the max-min rate

maximization objective, the objective function, £(r1, 72, - - ,rng) I8 E(r1,re, -+, Thg) =

ISIlelgl{Ts}, and ([2.8)) becomes

o . .
. maximize min-g7”T
LM e VsesS SGS{ o}
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subject to  (2.8b) — ([2.8¢). (2.9)

2.3.1.2 Sum Rate Maximization

The sum rate maximization objective aims to prioritize the system rate efficiency
over fairness among users. It attempts to achieve maximum spectral efficiency

performance by fully exploiting ASB and power control. For sum rate maximization

objective, E(r1,72,- -+ ,rng) = > s and (2.8) becomes

seS

o .
o Imaximize E T
1,SM Ps,bs,Vs€ES s
seS

subject to  (12.8b)) — (2.8¢]). (2.10)

2.3.1.3 Proportional-fair Rate Maximization

The proportional-fair rate maximization objective aims to strike a balance between
the system rate efficiency and rate fairness among the users. This objective achieves
a certain level of fairness among users by providing each user with a performance
that is proportional to its channel conditions. For the proportional-fair rate maxi-
mization objective, £(r1, 72, -+ ,rng) = Y log(rs) and becomes

sES

o -
Pl pyp: maximize E log(s)
RSB SES

subject to  (12.8b)) — (2.8¢]). (2.11)

Without loss of generality, we consider the max-min rate maximization objec-
tive in this chapter. The sum rate and the proportional-fair rate maximization
objectives will be considered in the resource allocation problems that would be
discussed in Chapters [3] and [4] respectively.

2.4 Solution Approach

In this section, we present the solution adopted to solve the formulated optimization

problem P$. We note that it is extremely challenging to solve P¢ in its current
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form due to the difficulty in obtaining the data rate, r,, as a tractable expression of
the design variable b,, V s, € §. On one hand, obtaining r, as per involves
an integral and the limits of the integral depend on b,, V s,v € §. On the other
hand, the values of molecular absorption coefficient, k(f), for all frequencies within
the to-be-allocated spectrum are required to obtain rs, Vs € S. Although k(f)
can be found by using the HITRAN database [106], LBLRTM [107], or the ITU
model [108], there does not exist a tractable expression that maps f to k(f). This
implies that it is extremely difficult, if not impossible, to analytically solve P in its
current form using the traditional optimization theory techniques [55]. Therefore,
we need to render the problem P{ computationally tractable. Considering this, we
make two reasonable modifications which enable us to obtain r, using a tractable
expression of the design variables b,, V s,v € §. We discuss the modifications in

the next subsection.

2.4.1 Problem Reformulation

We first tackle the intractability caused by the lack of tractable expression for
k(f). To this end, we first obtain the values of k(f) for all the values of f in the
to-be-allocated spectrum and observe the behavior of its variation. We notice that
the variation of k(f) in the spectra that exist fully within PACSRs and NACSRs
exhibits the behavior of an exponential function of f (see Fig. 2.2)). Considering
this, through curve fitting, we model k(f) in the to-be-allocated spectrum using

an exponential function of f, given by
k(f) = et 4 oy (2.12)

where min{ fief, fret — Nbtot} < f < max{ frer, fret — Mhiot}, 7 € R, E(f) is the
approximated molecular absorption coefficient at f, and {01, 09, 03} are the model
parameters obtained for the to-be-allocated spectrum. We note that there indeed
exist many spectrum regions within the PACSRs and NACSRs where k(f) can
be modeled as an exponential function of frequency, e.g., the PACSR between
0.670 THz and 0.720 THz, where the maximum modeling approximation error is
0.47%. In Section we discuss the approximation accuracy of the model for

different spectral regions within the THz band through numerical results.
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Utilizing the aforementioned modification, we obtain r in (2.7)) as

fst+ibs fst+ibs
e 17152
o / C(f) df = / logy | 1+ 22— df, (2.13)
fs_%bs fs_%bs

where p = ¢afu (1)2, and fy = fret—7 (Z s bi + (s — 1)Bg> with as =1, if kK <

No 4
KES
s, a5,=0.5, if k=s, a1 4,=0, otherwise, Vs, x € Z*.

Second, we tackle the obstacle caused by obtaining ry as in (2.13) using an
integral. We observe that C'(f) in is frequency selective within the entire
to-be-allocated spectrum, as well as within each sub-band, since k(f) is frequency
selective. Despite this, we observe that C(f) within the PACSR (or the NACSR)
decreases (or increases) monotonically with frequency when k(f) behaves accord-
ing to (2.12). Although the monotonic decrease (or increase) in C(f) cannot be
approximated for the whole PACSR using a linear function of frequency, it can be
approximated using a piecewise linear function of frequency with each sub-band
modeled by a linear piece. This approximation allows to modify r, in as

?S:%(C(fs—%)+0(fs+%)>, Vs €S, (2.14)

and consider

<c (fs—%) +c(fs+62—5)> ~20(f,), VseS, (2.15)

where 7 in ([2.14]) is the approximate of r. Thereafter, substituting (2.15]) into (2.14]),

we obtain the following tractable expression for rate, given by

o1+o2 (fref*”]< > as,nb,«ﬁ»(sfl)Bg))
_ds e KES +o3

7, = by log, | 1+ P2 Vs € S.

2 )
(fref _ (z b+ (5 — 1>Bg)) &2,

KES

(2.16)
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We clarify that for tractable system designs, several previous THz band studies such
as [72,73,87-89] have adopted the expression in which the rate is not presented as an
integral of frequency. In Section [2.5 we discuss the accuracy of this simplification
through numerical results.

Utilizing the aforementioned modifications, the problem P9 in is trans-
formed into a tractable optimization problem, given by

Py : maximize min{7;}
ps,bs,VsES SES

subject to  (2.8b)) — (2.8€]). (2.17)

2.4.2 Convex Optimization-based Solution

After the aforementioned modifications, although 13‘1’ in (2.17)) is tractable, it is
non-convex in its current form. In particular, the non-convexity in f"l’ arises due
to two reasons. First, r; in the objective function in f"l) is not differentiable at
by =0,V s €S. Second, the objective function in 135’ is non-convex with respect
to (w.r.t.) the design variable b,, since r, is not concave w.r.t. b,, V s,v € S. We
next tackle these challenges as follows:

We first handle the non-differentiability of r, at by = 0. To this end, we consider
that by, Vs € S, is lower bounded by a very small positive number [115]. In doing

so, we transform f"l’ into the following problem, given by

P?: minimize IEE%X{—TS} (2.18a)
subject to  (2:85) — (2:5d).
0B < bs < bax, Vs e S, (2.18b)

where 0g is a very small positive number. We note that the optimal value of 155’
converges to the optimal value of f"l’ when o — 07, i.e., lims, o+ P° = f"l) [55,115].

We next handle the non-concavity of r¢ w.r.t. b,, V s,v € §. For this purpose,
we seek substitutions for b, that would guarantee the concavity of r, w.r.t. the
new design variable that would replace b,. With this in mind, through careful

inspection, we arrive at the following Lemma.
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Lemma 2.1 When the substitution for b,, given by b, = &, + w, log(s,2,), is con-
sidered, Ty becomes concave w.r.t. z,, Vs,v € S. Here, £,,w,,<, are real constants
and 1/w, > W, where @ = |0y ((jmax%(fmf)e‘imax(’?’ — 1), c/l\max > d,, [116].

Proof: See Appendiz[A.]] [ |

Following Lemma [2.1], we consider the following substitution for by, given by
bs = & +wslog(cszs), Vs €S, (2.19)

where z; is the new design variable that would replace b in the optimization prob-

lem, &, ws, s are real constants, and
ljws >w, VseS, (2.20)

where @ = |oy| <c?maxg( fref)efi"‘a’“’3 — 1) and (imax > d,,.Thereafter, substituting

(2.19)) into (2.16)), we obtain

pooeds(eT1 T ton)
o = (Eotws log(ssz,)) log, 1+ 2d2(€, + wy log(s2s)) | (221)

where
fo= fret =1 (Z (g (€ 4 Wi l0g(Suze)) + (s — 1)Bg> . (2.22)
KES
We clarify that for any selected combination of real values for &, ws, g5, the feasible
region of the term &, +w;log(ss25) is the real domain, as long as z, takes real values.
Thus, the constraint introduced on w, in , does not add any restriction on
the domain of the problem f"l’

After this substitution, we transform 15‘1’ into the following equivalent problem,

given by
° . minimi _7 2.9
Ip ! minimize IEG%X{ s} (2.23a)
subject to Zps < Prots (2.23b)
seS

0 < ps < Prmax, Vs € S, (2.23¢)
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Btot* Z 55
[T e = <o, (2.23d)
sES seS
Zmin,s < Zs < zmax,sy VS € 87 (2236)

6}3 *55

where Zyins = ée ws and Zmaxs = éebm?s_gs. We note that (2.23d)) and ([2.23¢))
are obtained by substituting (2.19)) into (2.8d)) and (2.18b)), respectively. Finally,

we note that after these modifications and transformations, P{g is obtained as a

standard convex optimization problem [55]. Thus, P{p can be solved efficiently by
using standard convex problem solvers [56,117].

Complexity of the solution to P{p: We clarify that P{p is solved using
standard convex problem solvers with polynomial computational complexity. There
are totally np = 2n; decision variables and nc = 2n; + 2 linear constraints in the

convex problem P{g. Thus, solving Py requires a complexity of (’)(n%nc> ~

O<n}1> 118].

2.5 Numerical Results

2.5.1 Validation of the Modifications Introduced in Chap-
ter 2.4.1]

In this section, we examine the correctness of the two modifications introduced in
Section to obtain the data rate, r,, using a tractable expression of the design
variable b,, V s,v € §. We recall that in the first modification, the molecular
absorption coefficient, k(f), in the to-be-allocated spectrum is modeled using an
exponential function of f, as in . In the second modification, the expression
in (2.13]), where the rate is obtained as an integral on frequency, is simplified
into (2.16[), where the rate is not presented as an integral of frequency.

In Table 2.2] we present the exponential model parameters and the accuracy
of the model for different spectrum regions within the THz band. Some of the
PACSRs and NACSRs given in Table[2.1and the spectrum regions that exist within
those PACSRs/NACSRs are examined. For clarity, we denote the PACSRs and the
NACSRs as s}, sy, - -+ and srf,srh, - - -, respectively. We use the k(f) values that
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Table 2.2: Illustration of the exponential model parameters and the accuracy of
the exponential model for different spectral regions within the THz band.

Average | Maximum

Spectrum | Frequencies | Band- 09 approx- | of the app-

Region (THz) _width | 71 [10719] 73 -imation | -roximation

error % error %
PACSRs
sty 0.341 - 0.380 | 39 -103.22 | 2.67 0.01 | 8.97 17.84
within sr} | 0.341 - 0.371 | 30 -64.86 | 1.64 0.01 | 1.79 3.49
within sr} | 0.341 - 0.361 | 20 -48.73 | 1.20 0.01 | 0.14 0.59
srh 0.409 - 0.448 | 39 -103.50 | 2.28 0.01 | 9.62 21.55
within srb | 0.409 - 0.434 | 25 -43.16 | 0.89 0.01 | 3.15 10.81
within srb | 0.409 - 0.425 | 16 -117.42 | 2.64 0.01 | 0.48 2.17
srh 0.464 - 0.556 | 92 -125.01 | 2.29 0.08 | 60.63 189.51
within sr§ | 0.484 - 0.556 | 72 -125.76 | 2.30 0.10 | 56.85 183.71
within sr§ | 0.484 - 0.544 | 60 -70.03 | 1.28 0.05 | 12.85 42.95
srh 0.670 - 0.753 | 83 -147.32 | 1.98 0.05 | 20.08 43.62
within s} | 0.670 - 0.740 | 70 -89.18 | 1.19 0.05 | 7.98 17.90
within st} | 0.670 - 0.730 | 60 -61.49 | 0.82 0.04 | 1.54 2.74
within st} | 0.670 - 0.720 | 50 -52.95 | 0.70 0.04 | 0.24 0.47
NACSRs
sy 0.326 - 0.341 | 15 117.10 | -3.71 0.01 | 0.21 0.69
within sr} | 0.331 - 0.341 | 10 115.79 | -3.67 0.01 | 0.12 0.36
STy 0.380 - 0.409 | 29 111.48 | -2.97 0.01 | 3.60 6.27
within st | 0.389 - 0.409 | 20 80.47 -2.17 0.01 | 0.23 0.41
| sr} 0448 -0.464 | 16 | 156.12 [-3.51 [0.03 126 | 2.89 |

STy 0.556 - 0.670 | 114 129.01 | -2.27 0.10 | 49.43 120.57
within srj | 0.580 - 0.670 | 90 21.53 -0.40 0.04 | 17.97 62.27
within srj | 0.556 - 0.611 | 55 130.60 | -2.30 0.14 | 24.37 68.44

are calculated using the ITU model for the ambient temperature, atmospheric

pressure, and atmospheric water vapor density of 15° C, 101.30 kPa, and 7.5 g/ m®

respectively. Also, we use the non-linear regression model available in Matlab to
fit the k(f) values to the exponential model.

We first observe that the exponential model parameter oy is o5 > 0 when
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the to-be-allocated spectrum exists within a PACSR and o, < 0 when the to-be-
allocated spectrum exists within an NACSR. This is expected since we consider
PACSRs and NACSRs as the spectrum regions within TWs where k(f) shows an
increasing and decreasing behavior, respectively. Second, we observe that in many
PACSRs/NACSRs within the THz band, such as sr}, srj, and sr3, k(f) within
the whole PACSRs/NACSRs can be approximated using the exponential model
with ignorably small approximation errors. Third, we observe that in several other
PACSRs/NACSRs within the THz band, such as s}, srb, and srl}, k(f) within the
whole PACSRs/NACSRs can only be approximated with reasonable approximation
errors. However, in spectrum regions within those PACSRs/NACSRs, k(f) can be
modeled with ignorably small approximation errors. Fourth, we observe that in
several other PACSRs/NACSRs within the THz band, such as sr§ and srjj, as well
as in spectrum regions within those PACSRs/NACSRs, k(f) cannot be modeled

using the exponential model with reasonable approximation errors.

Based on these observations, we make several important conclusions. Specifi-
cally, based on the second and third observations, we conclude that there indeed
exist many spectrum regions within the THz band where k(f) can be modeled as an
exponential function of frequency, and within those spectrum regions modification
introduced in is valid. Based on the fourth observation, we conclude that
there exists a reasonable number of spectrum regions within the THz band where
the variation of k(f) is not simple such that it can be modeled as an exponen-
tial function of frequency. In such regions, the modification introduced in
is not valid and the spectrum allocation design introduced in this chapter cannot
be applied to obtain the near-optimal solution to the spectrum allocation prob-
lem with ASB. Hence, emerging optimization techniques such as machine learning
(ML) might need to be explored in such spectrum regions to attain near-optimal

solutions. This consideration will be discussed in Chapter [

Next, to demonstrate the correctness of the rate simplification introduced in
(2-16), in Table[2.3] we present the values of ry obtained based on (2.13)) and (2.16)
within two NACSRs. We clarify that, on one hand, the values of Part A of Ta-
ble [2.3] are obtained in the NACSR that exists between 0.753 THz and 0.848 THz,
where k(f) can be modeled as an exponential function of frequency with minimum
approximation errors. On the other hand, the values of Part B of Table are
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Table 2.3: Illustration of the approximation error associated with the rate simpli-
fication introduced in ([2.16)).

Part A: Values obtained in the NACSR that exists between 0.753 and 0.848 THz

Center Frequency of sub-band [THz|| 0.810 | 0.783 | 0.773 | 0.778 | 0.797 | 0.801

Bandwidth of sub-band [GHz] 262 | 486 [4.94 | 491 |4.07 |3.45
Rate without simplification [Gbps] | 1.73 | 5.56 | 5.03 | 6.06 | 5.11 | 3.70
Rate with simplification [Gbps] 1.72 | 555 1502 |6.01 |517 |3.74
Approximation error [%] 0.20 |0.29 |0.17 |0.86 |1.01 |0.97
Center Frequency of sub-band [THz]| 0.816 | 0.818 | 0.820 | 0.812 | 0.814 | 0.783
Bandwidth of sub-band [GHz] 1.96 | 1.77 | 1.64 | 231 |2.08 | 4.86
Rate without simplification [Gbps] | 1.46 | 1.31 | 1.19 | 1.67 | 1.55 | 5.56
Rate with simplification [Gbps] 143 | 128 |1.16 | 1.66 | 1.53 | 5.55
Approximation error [%] 1.83 | 245 |3.00 | 0.86 |1.35 | 0.86

Part B: Values obtained in the NACSR that exists between 0.556 and 0.670 THz

Center Frequency of sub-band [THz|| 0.646 | 0.622 | 0.612 | 0.617 | 0.634 | 0.637

Bandwidth of sub-band[GHz] 274 | 489 [488 |491 |3.28 |3.01
Rate without simplification [Gbps] | 2.86 | 10.67 | 19.14 | 13.47 | 6.92 | 6.72
Rate with simplification [Gbps] 2.39 | 11.60 | 18.18 | 13.47 | 5.81 | 5.78
Approximation error [%] 19.43 | 8.01 | 5.30 | 0.03 | 19.02 | 16.35
Center Frequency of sub-band [THz]| 0.64 | 0.653 | 0.656 | 0.658 | 0.648 | 0.651
Bandwidth of sub-band[GHz] 294 1239 235 |226 | 251 |240
Rate without simplification [Gbps] | 5.09 | 1.76 | 1.68 | 1.52 | 2.16 | 2.03
Rate with simplification [Gbps] 436 | 157 | 155 | 142 |1.81 |1.76
Approximation error [%] 16.77 | 12.20 | 8.06 | 6.81 | 19.65 | 15.7

obtained in the NACSR that exists between 0.556 THz and 0.67 THz, i.e., st} as
given in Table 2.2] where k(f) cannot be modeled as an exponential function of
frequency with minimum approximation errors. First, we observe that from Part
A of Table [2.3| that when k(f) can be modeled as an exponential function of fre-
quency, the approximation error due to the rate simplification introduced in (2.16|)
is ignorably small and the considered simplification is reasonable. This validates
our rate simplification introduced in . Based on this and the observation in
Table [2.2] we conclude that when k(f) can be modeled as an exponential function
of frequency with reasonable approrimation accuracy, the spectrum allocation de-

sign introduced in this chapter can be utilized to obtain the solution to the spectrum
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allocation problem with ASB. Finally, from Part B of Table we observe that
when k(f) cannot be modeled as an exponential function of frequency, the rate
simplification introduced in cannot be utilized. Based on this observation,
we conclude that in such regions, the spectrum allocation design introduced in this

chapter cannot be applied; hence, ML might need to be explored.

2.5.2 Performance of Multi-band-based Spectrum Alloca-
tion with ASB

In this section, we present numerical results to illustrate the performance of the
proposed multi-band-based spectrum allocation with ASB, while considering the
multi-band-based spectrum allocation with ESB as the benchmark [32]. The nu-
merical results are obtained by considering a rectangular indoor environment of
size 20 m x 20 m, where an AP at the center of the indoor environment serves 14
users. We consider that the 50 GHz spectrum that exists at the THz band between
0.670 and 0.720 THz is used to serve the users. We clarify that the considered 50
GHz spectrum exists within a PACSR. As in Section [2.5.1] we use the k(f) values
that are calculated using the ITU model for the ambient temperature, atmospheric
pressure, and atmospheric water vapor density of 15° C, 101.30 kPa, and 7.5 g/ m°,
respectively. The values of the rest of the parameters used for numerical results
are summarized in Table [2.4] unless specified otherwise.

The problem P{p is implemented in AMPL, which is popular for modeling
optimization problems [117,119]. As for the approximation of k(f) values in ,
the model parameters are o; = —52.951, 05 = 0.6964 x 1071°, and o3 = 0.0410, as
given in Table[2.2] As reflected in Table[2.2] these model parameters correspond to
the average and maximum approximation errors of 0.24 % and 0.47 %, respectively.
We also note that for the substitution introduced in (2.19)), we consider & =
5x 10, wy =5x10%, and ¢, = 1073,V s € S. We clarify that using Ao = 10v/2,
Ffrot = 0.72 x 10°, and k(frer) = 0.1018, we first obtain @ as @ = 1.0953x 10710
Considering this, we then set w, to be w, = 0.5x10? such that the constraint
is satisfied. Thereafter, although it is possible to select any real values for & and
S5, we set & and ¢, to be 5x10? and 1073, respectively, to ensure the domain of z,
defined by is within the numerical operating range of AMPL.
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Table 2.4: Values of parameters used for numerical results in Section .

Parameter Symbol | Value
Heights of the AP and users ha, hy 3.0m, 1.3 m
Antenna gains Ga, By | 35 dBi, 20 dBi
Noise power density Ny —174 dBm/Hz
Power budget at the AP Drot —7.5 dBm
Upper bound on power per sub-band | ppax %Z’;L—‘;“

Upper bound on sub-band bandwidth | by« 4.5 GHz
Guard band bandwidth B, 0.5 GHz

Fig. plots the aggregated multiuser data rate, raq = > ,.g7s, versus the
power budget for the spectrum allocation schemes with ASB and ESB. Moreover,
the data rate gain of adopting ASB relative to adopting ESB, Arag, defined as

Arag = Taclass — Tacless o, (2.24)

rAG |ESB

is also plotted, where rag|asp and rag|gsp are the aggregated multiuser data rates
for spectrum allocation schemes with ASB and ESB, respectively. We first observe
in Fig. that the proposed spectrum allocation scheme with ASB achieves a
significantly higher rpg compared to spectrum allocation with ESB for different
power budget levels. This is expected since, while spectrum allocation with ESB
achieves a certain rpg, the capability of the proposed spectrum allocation scheme
with ASB to vary the sub-band bandwidths helps to further improve rag. Second,
we observe that rpyg for spectrum allocation scheme with ASB improves when
the upper bound on sub-band bandwidth, b,,.., increases. This is expected since a
larger by, gives more room to exploit the ASB capability, which improves the rag.
These observations jointly demonstrate the significance of spectrum allocation with
ASB, thereby validating the benefits of the proposed spectrum allocation strategy.
We also observe that as expected, rpg improves for spectrum allocation schemes
with ASB and ESB when the power budget increases. Interestingly, in the higher
power budget regime, the data rate gain of adopting ASB relative to adopting ESB,
Arag, is higher.
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Figure 2.3: Aggregated multiuser data rate and the data rate gain versus the power
budget at the AP.

We next investigate the impact of molecular absorption loss on the proposed
spectrum allocation scheme with ASB. To this end, we consider several 50 GHz
spectra within the first TW above 1 THz, and plot the rpg for the spectrum allo-
cation schemes with ASB and ESB within these spectra versus the end-frequency
of these spectra, fif, in Fig. [2.4{a) when pyos = 5 dBm. Also, the average of k(f)
values within the spectra, E[k(f)], and the maximum difference between k(f) val-
ues within the spectra are plotted in Fig. [2.4b). We first observe in Fig. [2.4(a)
that rag for the spectrum allocation schemes with ASB and ESB decreases when
frer increases. This is due to the increase in E[k,ps] when fiof increases, as shown in
Fig. [2.4(b), which in turn increases the molecular absorption loss in the sub-bands
and reduces rag. We next observe in Fig. [2.4{a) that the data rate gain of adopting
ASB relative to adopting ESB, Araq, increases when f,o¢ increases. This is due
to the fact that, as f.f increases, the maximum difference between k(f) values
within the spectra increases as shown in Fig. [2.4(b). As a result, the variation in
molecular absorption loss among the sub-bands would be very high when ESB is
adopted, which in turn leads to more room to improve ryg by adopting ASB. This
observation indicates that it is more beneficial to adopt ASB when the variation in

molecular absorption loss within the to-be-allocated spectrum is high.
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Figure 2.4: Illustration of the impact of molecular absorption loss on the proposed
spectrum allocation scheme.
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2.6 Summary

In this chapter, we, for the first time, investigated the impacts of ASB in multi-
band-based spectrum allocation at the THz band. To this end, we formulated an
optimization problem, with the main focus on spectrum allocation, to determine
the optimal sub-band bandwidth and transmit power. We then proposed approxi-
mations and transformations to solve the formulated problem. Aided by numerical
results, we showed that by enabling ASB during spectrum allocation, a significantly
higher rate can be achieved as compared to adopting ESB. We also showed that
it is more beneficial to adopt ASB when the variation in molecular absorption loss
within the to-be-allocated spectrum is high.

We clarify that implementation of the multi-band-based spectrum allocation
scheme with ASB proposed in this chapter may need advancements beyond the
current THz hardware capabilities. For example, very precise digital signal pro-
cessing (DSP) filters, which are substantially expensive at THz frequencies, are
necessary at THz transceivers, and THzCom users need to be equipped with tun-
able front-ends for adjusting their operating frequency and bandwidth. Despite so,
we believe that the desire to realize the theoretically established benefits will inspire
THz hardware researchers to expand the capability of current THz devices such
that multi-band-based spectrum allocation schemes with ASB can be implemented
using future THz devices.

We also clarify that the solution approach proposed in this chapter for the spec-
trum allocation problem with ASB is only applicable when (i) the to-be-allocated
spectrum exists entirely in either a PACSR or an NACSR of the THz band and (ii)
the variation of molecular absorption loss within the to-be-allocated spectrum is
smooth such that it can be modeled as an exponential function of frequency with
minimal approximation errors. Nevertheless, to harness the potential of the huge
available bandwidths of TWs, it is necessary to develop a solution to the spectrum
allocation problem with ASB when (i) the to-be-allocated spectrum spans multi-
ple TWs and (ii) the molecular absorption coefficient varies in a highly non-linear

manner. These considerations will be addressed in subsequent technical chapters.



Chapter 3

Spectrum Allocation Among
Multiple Transmission Windows

for THzCom Systems

3.1 Introduction

In this technical chapter, we explore the design of a novel spectrum allocation
strategy for multiuser terahertz (THz) band communication (THzCom) systems
when the to-be-allocated spectrum is composed of multiple transmission windows
(TWs). This strategy explores the benefits of (i) sub-band assignment, (ii) avoiding
using some spectra that exist at the edges of TWs where molecular absorption loss
is very high, and (iii) allowing users to occupy sub-bands with unequal bandwidths,
i.e., adaptive sub-band bandwidth (ASB). We clarify that the design in Chapter [2|is
only applicable when the to-be-allocated spectrum exists entirely within a specific
region of a TW. When the to-be-allocated spectrum spans multiple TWs, new
challenges arise. On one hand, the number of sub-bands that exist within each
TW, the set of users that are served by each TW, and the sub-band assignment
policy need to be optimally decided. On the other hand, since molecular absorption
loss is very high at the edges of TWs, it may be beneficial if some spectra at the
edges of TWs are not used during spectrum allocation. These challenges have
not been touched in Chapter [2, but need to be carefully addressed to exploit the
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potential of the huge available bandwidth that spans multiple TWs at the THz
band, which motivates this chapter.

We focus on a scenario where a single access point (AP) supports the downlink
transmission of multiple users which demands high data rates. In this chapter, we
consider the to-be-allocated spectrum spans across multiple TWs. For this sys-
tem, we formulate an optimization problem, with the main emphasis on spectrum
allocation. We aim to maximize the data rate of the multiuser THzCom system
under given constraints on sub-band bandwidth, power, and rate. The problem
consists of sub-band assignment, sub-band bandwidth allocation, determination of
the unused spectra at the edges of TW, and power control. To solve the problem,
we first propose modifications to the formulated problem and arrive at a mixed-
integer non-linear problem. We then propose several transformations, including
the binary variable to real variable transformation, and arrive at an approximate
convex problem. Subsequently, we develop an iterative algorithm based on the
successive convex approximation (SCA) technique to solve the approximate convex
problem.

Aided by numerical results, we first show that the sub-band assignment de-
sign proposed in this chapter needs to be considered when the to-be-allocated
spectrum is composed of multiple TWs, since the state-of-the-art distance-aware
multi-carrier (DAMC)-based sub-band assignment is only readily applicable within
a TW. We also show that when the to-be-allocated spectrum is composed of mul-
tiple TWs, enabling ASB achieves a significantly higher data rate as compared to
adopting equal sub-band bandwidth (ESB). Moreover, we show that an additional
gain can be obtained by optimally determining the unused spectra at the edges of
TWs, as compared to avoiding using pre-defined spectra that exist at the edges of
TWs. Finally, we show that the feasibility region of the resource allocation problem
can be improved by adopting ASB and optimally determining the unused spectra
at the edges of TWs.

The rest of the chapter is organized as follows. Section[3.2]introduces the system
model. Section [3.3| presents the resource allocation problem associated with the
design of the novel spectrum allocation strategy. Section presents the solution
approach adopted to solve the formulated resource allocation problem. Section [3.5

presents the numerical results and Section |3.6] summarises the chapter.
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3.2 System Model

In this section, we introduce the system model considered in this chapter. Similar
to that in Chapter [2| we consider a three-dimensional (3D) indoor THzCom system,
as shown in Fig. 2.1 where a single AP, which is located at the center of the ceiling
of the indoor environment, supports the downlink transmission of n; users which
demand high data rates. We consider that the users are stationary and distributed
uniformly on the floor in this environment. We also assume that users in the system
are equipped with tunable front-ends such that they can dynamically adjust their
operating frequency and bandwidth to match those of their assigned sub-bands.
We denote Z = {1,2,---,s,--- ,n} as the set of users and further denote [; and
d; = \/ (ha — hy)? + 2 as the horizontal and 3D distances of the link between the
AP and the ith user, respectively, where hy and hy are the heights of the AP and
users. Finally, we note that similar to that in Chapter [2] the impacts of blockages

are ignored in this chapter.

3.2.1 THz Spectrum

In this chapter, we focus on the scenario where the to-be-allocated spectrum is
composed of multiple TWs, as shown in Fig. Similar to that in Chapter [2]
positive absorption coefficient slope regions (PACSRs) and negative absorption
coefficient slope regions (NACSRs) are defined as the spectrum regions within
TWs with increasing and decreasing molecular absorption coefficients, respectively.
Considering this, we find that the to-be-allocated spectrum is made of multiple
PACSRs and NACSRs, as shown in Fig. 3.1 We denote Rp = {st},st5, -} and
Ry = {sr},sr3,---} as the sets of the PACSRs and the NACSRs in the to-be-
allocated spectrum, respectively. We further denote R = {7,7 € Rp U R} as the
set of all regions in the to-be-allocated spectrum.

We focus on multi-band-based spectrum allocation. Thus, each region within
the to-be-allocated spectrum is divided into sub-bands that are separated by guard
bands. An illustration of the arrangement of sub-bands within a PACSR and an
NACSR is depicted in Fig. 3.2l We denote 8™ = {1,2,--- ,s,--- ,ni} as the set

of the sub-bands that exist in the region 7, where ng is the total number of sub-
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Figure 3.1: Illustration of TWs, PACSRs, and NACSRs that exist between 0.32
THz and 0.48 THz, with {TWy, TWy, TW3}, {st],srh,srb}, and {sr],sr5, srh} de-
noting the TWs, PACSRs, and NACSRs, respectively.
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Figure 3.2: Mlustration of sub-band arrangement within a PACSR and an NACSR.

bands in the region 7. We further denote b] and f] as the bandwidth and the
center frequency of the sth sub-band that exists in the region 7, respectively. For
notational convenience, we consider that sub-bands are labeled such that f7 >
fog >+ >fI'>--- whent € Rpand f] < f] <--- < fT <--- when 7 € Ry.

Thus, f7 can be expressed as

fI=Fw—1r (bl +Y W+ gi—gl —0-5bZ>
k=1 k=1

= foi—nr (bg + ) (a1,04b] + ag,s,ﬂg,:)) , (3.1)

KES
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where s € 87,7 € R, fI; is the end-frequency of the region 7 when 7 € Rp and
the start-frequency of the region 7 when 7 € Ry, as shown in Fig.[3.2] In addition,
nr =1 when 7 € Rp,n, = —1 when 7 € Ry, b} is the bandwidth of the unused
spectrum that exists in the region 7, and ¢7 is the bandwidth of the guard band that
exists between the sth and the (s — 1)th the sub-band in the region 7. Moreover,
155 =1, if Kk < s, a15, = 0.5, if K =5, a1, = 0, otherwise Vs,x € Z* and
agsk = 1,, if K < s, ags, =0, otherwise Vs, x € Z*. Since ASB is considered, we

have
0 < b7 < bax, Vs e S, T € R, (3.2)

where b, denotes the upper bound on the sub-band bandwidth. In this chapter,
we optimally determine the value of b] by solving the optimization problem that
will be formulated in the subsequent section. Also, we consider that the guard
band bandwidth is fixed and is equal to By, i.e., g7 = Bs, Vs € ST, 7 € R.

Remark 3.1 As shown in Figs. and[3.3, the values of the molecular absorption
coefficient are very high at the edges of TWs. Due to this, it may be beneficial if
some spectra that exist at the edges of TWs are not utilized during spectrum alloca-
tion. To optimally determine the unused spectra at the edges of TW, we introduce a
design variable O\ in our spectrum allocation strategy, where D\ denotes the unused

spectra at the edge of each region where the molecular absorption coefficient is very

high. It is reflected in (3.1)) and depicted in Fig. .

With all the aforementioned considerations, we express the total bandwidth

available within the region 7 as

biw =ba+ D 0T+ > gl VreR. (3.3)

SEST SEST
Similar to that in [32,46,50] and Chapter [2| we assume that the users in the
system are served by separate sub-bands. The justification behind this considera-
tion is given in Section [2.2.3l Under this assumption, we set the total number of

sub-bands in the to-be-allocated spectrum to be equal to the number of users in



Spectrum Allocation Among Multiple Transmission Windows for THzCom
56 Systems

the system, i.e.,

an = ny. (3.4)

TER

We note that although the total number of sub-bands in the to-be-allocated spec-
trum, i.e., > ng, is defined by (3.4)), the number of sub-bands that exist within

TER
each region, i.e., ng, V7 € R, is unknown. Thus, ng should be carefully decided

such that the spectra available within the regions are utilized optimally, while
ensuring that the constraint (3.4]) is satisfied.

Let us denote x] as the sub-band assignment indicator variable such that

S

. 1, if the sth sub-band in the region 7 is assigned to the ith user, (3.5)
IEZ-’S - .

0, otherwise,

where Vi € Z,s € §7,7 € R. Under the assumption that the users in the system

are served by separate sub-bands, we have

YN al =1, Vi e, (3.6a)

TER s€ST

D oal =1, Vs €S, TR, (3.6b)

€T

where (3.6a)) ensures that each user in the system is assigned one sub-band and
(3.6b)) ensures that each sub-band in the to-be-allocated spectrum is assigned to

one user.

3.2.2 Achievable Data Rate

Considering the spreading loss and the frequency-selective molecular absorption
loss at the THz band, the data rate achieved by the ith user in the sth sub-band
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in region 7 is obtained as [32]

fI+307 frier K
. pioe~ ‘
Tis = / C(f)df = / log, (1 + W) df, (3.7)
fI-3bT fI—3b7 )

where i € Z,s € 8™, 7 € R, C(f) is the capacity when the frequency is f, p; is the

transmit power allocated to the ith user, f is the frequency, k(f) is the molecular

GaGu (L
Ny 47

the AP and users, respectively, ¢ is the speed of light, and N, is the noise power

absorption coefficient at f, o = )2, G and Gy are the antenna gains at
density. It is noted that similar to that in Chapter , in this chapter, we (i) ignore
the impact of non-line-of-sight (nLoS) rays and focus only on the line-of-sight (LoS)
rays of THz signals [62,69,72,73,75,86-88], (ii) omit the impact of fading in the THz
channel [62,69, 72-75,86-88,113], and (iii) consider inter-band interference (Inter-
BI) and intra-band interference (Intra-BI) free transmission [32,46,50,50,114]. The
justifications behind these considerations are given in Section Finally, the

achievable data rate of the ith user is obtained as

r= Y al gl Vi eI (3.8)

TER SEST

3.3 Optimal Resource Allocation

In this section, we present the resource allocation problem associated with multi-
band-based spectrum allocation schemes when the to-be-allocated spectrum is com-
posed of multiple TWs. We aim to maximize the sum data rate among all users
under given constraints on sub-band bandwidth, power, and rate. Mathematically,

this problem is formulated as

Ps - imi ; )
o mpdne ) n (399
b\ ,Vi,s,r €l
subject to Zpi < Prots (3.9b)
i€l

0 < Di < Pmax; Vl € I) (39C)
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DA+ > b+ gl =b,, VreR, (3.9d)
seST seST

0<b, <bpax, VseS,TER, (3.9¢)
0<by <b,, VTeER, (3.9f)
Ti 2 Tihe, VIETL, (3.9g)
Z ng = ny, (3.9h)
TER
YN al,=1, VieT (3.9)
TER s€ST
Y al =1, VseS ,TeR, (3.9)
i€T
r;,€{0,1}, VieIseS ,TeR. (3.9k)

The problem consists of sub-band assignment, sub-band bandwidth allocation, de-
termination of the unused spectra at the edges of TWs, and power control. The
constraint reflects the power budget at the AP and ensures that the
power allocated to each user is upper bounded by puna.x. Moreover, ensures
that the unused spectra at the edges of TWs are upper bounded by 07, and
ensures that the data rate achieved by each user is greater than the threshold ;.

Furthermore, the justifications of (3.9d), (3.9¢)), (3.9h), (3.9i), (3.9j), and (3.9k])
are given by (3:3) and (32), (8), (B.6a), (:05), and (B.5), respectively.

The novelty of the considered resource allocation problem, P$, is three-fold.

First, we propose spectrum allocation with ASB for the scenario when the to-be-
allocated spectrum is composed of multiple TWs. To the best of our knowledge,
recent studies in THz band spectrum allocation for the scenario when the to-be-
allocated spectrum is composed of multiple TWs have only considered ESB [32,
46, 50-54]. Second, we consider sub-band assignment in multiuser THzCom sys-
tems when the to-be-allocated spectrum is composed of multiple TWs, while the
previous relevant studies in THz band spectrum allocation have only considered
DAMC-based sub-band assignment, which is only readily applicable when the to-
be-allocated spectrum is within a TWs. Third, we optimally determine the spectra
at the edges of TWs that need to be avoided during spectrum allocation. To the

best of our knowledge, previous relevant studies in THz band spectrum allocation
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have only considered the unused spectra at the edges of TWs to be either zeros or
chosen to be fixed and arbitrarily [40,68]. In Section [3.5] we show the significance

of these considerations using numerical results.

3.4 Solution Approach

We now present the solution to the optimization problem P§. We note that it is
extremely difficult to use traditional optimization theory techniques to solve P9
in its current form. This is because of four challenges. We categorize the four

challenges as Challenges A, B, C, and D as follows:

Challenge A: Although the total number of sub-bands in the to-be-allocated
spectrum, i.e., Y nZ, is defined by ([3.9hl), the number of sub-bands that exist

TER
within each region, i.e., n§, V7 € R, is unknown. This leads to the fact that

(i) the number of design variables z7_ is unknown and (ii) the number of

design variables b7 corresponding to each region is unknown.

Challenge B: It is difficult to obtain the data rate, 7, as a tractable ex-
pression of the design variable b7, V¢ € Z, s,v € §, 7 € R. On one hand,
obtaining 77 as per involves an integral and the limits of the integral
depend on b7, V s,v € §, 7 € R. On the other hand, the values of k(f)
for all frequencies within the to-be-allocated spectrum are required to obtain

ri, Vse S, T eR.

Challenge C: The 7], is non-concave with respect to (w.r.t.) the design
variables 07, bi,g], Vi€l s,v € ST, 7 € R.

Challenge D: In P35, the design variable x7  is binary. Thus, P3 is a mixed-

integer non-linear problem, which is non-convex [55].

We note that Challenges A and B demand appropriate modifications to the
problem P3. Furthermore, Challenges C and D demand appropriate transforma-
tions to the modified problem to arrive at a standard convex optimization problem.
In the subsequent subsections, we discuss the modifications and the transformations

introduced to the problem P3.
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3.4.1 Problem Reformulation

We first handle Challenge A, i.e., the intractability caused in P§ due to the
number of sub-bands that exist within each region being unknown. To this end,
we first consider that there exist n; sub-bands within each region, i.e., n§ = n;,
V 7 € R. This implies that there would be ng x n; sub-bands in the entire to-be-
allocated spectrum, where ng is the total number of regions in the to-be-allocated
spectrum. Out of these nr X ny sub-bands, we ensure that only some of the sub-

bands are used by at most one user, while the remaining sub-bands are not assigned

to any user. To reflect this modification, we replace (3.9h)) and (3.9j) in Pg with

ng = ny, VT €R, (3.10a)
d al <1, VseS,TER. (3.10Db)
€T

After this modification, although the intractability of P9 caused by the unknown
number of design variables z] ; and b7 can be solved, a new challenge arises due to
the existence of guard bands in each region. Specifically, our spectrum allocation
strategy considers that guard bands with a bandwidth of B, exist between sub-
bands. Thus, (n; — 1) guard bands appear in each region as each region consists
of n; sub-bands after the modification. This would result in guard bands existing
even between sub-bands that have zero bandwidth, which must be avoided. To
overcome this challenge, we first consider that the bandwidths of guard bands, g7,
are variables such that

0 <g; < By, Vse S, TeR. (3.11)

s

Then, we ensure that there exists exactly one guard band with the bandwidth of B,
between sub-bands that have non-zero bandwidth, and the remaining guard bands
have zero bandwidth. This is achieved by ensuring that the guard band between
the sth and the (s — 1)th sub-band in a given region has non-zero bandwidth only
if the sth sub-band of this region has non-zero bandwidth. Mathematically, this is
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expressed as

By, b #0,
gr = Vse S, T eR. (3.12)
0, otherwise,

We then note that b7 # 0 when } 27, = 1. Considering this, (3.12)) is equivalently
i€T
expressed as

By» al,<gl < By Vse S, T eR. (3.13)

1€ €L

We next handle Challenge B, i.e., the intractability caused in P35 due to the
difficulty in obtaining ] as a tractable expression of b}, i € Z, s,v € §, 7 € R. To
this end, we utilize the two-step procedure similar to that adopted in Chapter [2]
In the first step, through curve fitting, we model the values of k(f) corresponding
to the to-be-allocated spectrum using a piecewise exponential function of f with
each region modeled by a separate exponential function piece. In particular, we

approximate k(f) in the region 7 as

~

ET(f) = e?ito2) 4 o7 (3.14)

where min{f{s, fios — mpbio } < f < max{fip, fiog — mbio}, 7 € R and {07, 03,03}
are the model parameters obtained for the region 7. Thereafter, in the second
step, we approximate the monotonically decreasing (or increasing) behavior of C'( f)
in within the PACSR (or the NACSR) using a piecewise linear function. This

approximation allows to modify 77 in (3.7) into a simplified expression, given by

. 7(60I+05f;—+0'§)di
ec . (3.15)

Di
T log, [ 1
s 80g2< T

With these aforementioned modifications, we transform P§ into the following

tractable optimization problem, given by

PS: minimize — Z Z Z Ty (3.16)

T7 oPisbA -
E) T
bT 9T s, €L TER s€S
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subject to  (3.90) — (3.9g), (3.91), (3.9K), (3.10a)), (3.100), (3.13).

where 77 is given by (3.15]).

3.4.2 Convex Optimization-based Solution

We note that after addressing Challenges A and B, although f)g is tractable,
it is non-convex in its current form. This is due to (i) Challenge C, i.e., the
non-concavity of r7, w.r.t. the design variables b, bj\,97, Vi€ Z,s,v € ST,7 € R,
and (ii) Challenge D, i.c., the design variable x7_ in 13(2’ is binary. We handle
these challenges as follows:

To handle Challenge C, we utilize the procedure similar to that adopted in
Chapter [2] Specifically, we introduce the following substitutions for b7, b}, and g7,

given by
=&, +wilog(s],2],), Vs€S,TER, (3.17a)
= &g T wiplog(spzig), VT €R, (3.17b)
=&, twylog(.23,), Vse€S,TER, (3.17¢)

where 7 (w7 , ¢, are real constants with ¢ € ® = {1,2} and 2], V¢ € ?, s €
85,7 € R, are the new design variables that replace bf, by, g5 in the optimization
problem, with 8] = 8™ U {0} and S = S™. We note that following Lemma [2.1]
wj o in (3.17a)-(3.17c) are selected such that 1/w} > W™, Vs € S, 7 € R, ¢ € P,

where
& = 03] (A" (frg)e™F = 1), (3.18)

with dmax Aax, and dpay is the maximum of the link distances, i.e., dpa =
max;ez{d;} [116]. Considering these replacements, we transform Pg into the fol-

lowing equivalent problem, given by

PS : mlnlmlze — Z Z Z Ty (3.19a)

»Pis
Z;,Z ;qu €L TER seST

subject to (3.9b)), (3.9¢)), (3.9¢)), (3.9i), (3.9Kk]), (3.10al), (3.10Db]),
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tot ¢§q} GZST g;’s
ITIIGoe-TI 11 - <0, VreR,
b sES] $e® s€S] (65,5)”
(3.19h)
Zmings S Zhs S Zmax.pus VseSTTeR, 0P, (3.19¢)
In PS,
5B
Zmin,ls = Zref,1,6€ (3.20)
_5275
Z;-ef,zi),s = (g;,s)ile oo ) (321)
bmaX
Z;—nax,l,s = ZrTef,l,se 1 ) (322)
Bg
’Z;-nin,Z,s = ’Zr:lax,2,s = z;-ef,2,s (1 + Z xz,s (6“2,3 - 1))7 (323)

1€

and dp is a very small positive number. We note that in ﬁg, (3.19b)) and ([3.19¢])

are obtained by substituting (3.17a))-(3.17¢|) into (3.9d))-(3.9f) and (3.13)).

We next handle Challenge D, i.e., the non-convexity of f)g caused by the
binary constraint function . To this end, we first relax the binary variables in
13‘2’ into real variables [118-120]. Let us denote Z7, as the real variables that would
replace a7, in the optimization problem. We then rewrite the binary constraint

function (3.9k) equivalently as the combination of two constraints, given by

)
A
2
Y

, VieZ seS ,TeR, (3.24a)

<1
}:( 1—x))<0. (3.24b)

,S

&0
aM

We note that although 77 is relaxed to be real between zero and one in (3.24a)), the
constraint (3.24b) guarantees that z7, can only be zero or one, since 77 (1 —i{s) >

0,VieZ,s €S, 7 € R. Thereafter, considering (3.24a)) and (3.24b|), we transform

f"z’ into the following equivalent problem, given by

PS ‘minimize Z Z Z Ti i (3.25a)

stpu ¢S -
Vi, s,r0 €L TER s€S
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—_~ e~ e~

subject to  (3.9b]), (3.9¢)), (3.9g)), (3.10al), (3.10b)), (3.19b)), (3.19¢)), (3.244l), (3.24b)),

—_—~ ———~

where (3.9¢g)), (3.10b)), and are the constraints obtained by replacing 7,
with z7 in , , and , respectively.

After this transformation, we note that is non-convex w.r.t. z7 .. To
handle this non-convexity, we consider the Taylor approximation of the function
E(x) = z(1—x) [119]. We observe that the Taylor approximation of Z(x) is convex

and it provides an upper bound on =Z(x). Considering this, we obtain

P =23 3 (E - + @) > XN (7.0 -5).

1€ TER s€ST 1€ s€S TER

(3.26)

where 7. T, (q)

is the gth approximation of z7_. Finally, using (3.26), we relax the
Constralnt (3.24bf) and include it as a penalty function in the objective function [118,

120]. In doing so, we transform P as

P3r mminimize 52(qF) (T7 4 pir 25) (3.27a)
z sPirZg s
Vi sr?ﬁ
subject to Zpi < Prot (3.27b)
i€T
0<pi < pmax, Vi €T, (3.27c)
Z Z xzs e = Tihr, Vi€, (3.27d)
TER s€S™
ng = ni, V1 € R, (3.27e)
YW <1, VseSreR, (3.27f)
ieT
ot 4%:@ sg'if §¢’5
25 ) e — <0, VT € R,
IQIECRE )
PeP sES] peP sES] ¢s
(3.27g)
Zmings S Zhs < Zmax.bs: VseST,TeR,p € P, (3.27h)
Y (F0a ) <o (3.27i)

1€ZL TER SEST
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Algorithm 1 Iterative Approach for Solving the Problem Pgg

1: Initialization: Set iteration count ¢ = 0. Set initial point for 7, z; o =05, Vie
Z, 7 € R,s € 8. Select a high penalty factor Ap = 200 and a low tolerance
value 01 = 10 6,

2: While F ) > (5T

3: Solve PSp in using the point Z; @ and obtain p?, T7%, 255 and
& (T73.17. z:;;)

4: Update 7™ = i Vie,TeER,s€ST.

5: Update pomt iteration count ¢ = ¢ + 1.

6: End While

In P9g, S(q) (T7,. v, zy == > Al +APF is the gth approximation
1€EL TER s€ST
of the objective function of Pgg, and Ap > 0 is the constant penalty factor. We

note that P9 is obtained as a standard convex optimization problem [55]. Thus,
by using the SCA technique, we propose an iterative algorithm to solve P§n, which

is summarized in Algorithm 1 [56,117].

Convergence of Algorithm 1: We clarify that in Step 3 of Algorithm 1, 52(%)
is optimized for the given ] ( ). This yields [121,122]

glat) (M[i,qﬂ),pgqﬂ), ¢(;1+1)> <EW (vzrg ) pl )7z¢(s)> 7 Va. (3.28)

Thus, Algorithm 1 produces a monotone sequence of improved feasible solutions to
the problem Pgp, {52(%) (7(8 )l z;(g)> } once f(q) is initialized from a feasible

point, e.g., x; " — 05, VieI,7eR,seS. Moreover, {52(%) (A/Zr(sq),pg )’Z¢(g)) }
is bounded by constraints ([3.27d)) and (3.27h). Based on these, it can be concluded
that the convergence of Algorithm 1 is guaranteed, i.e., (52(%“) (ij iﬁlz p§q+12 Z;gﬁl))

—&) (7(5 ) @, z;(§)> ) — 0as k — o0 [121,122]. A detailed proof of conver-

gence of a similar algorithm can be found in [121].

Complexity of Algorithm 1: By checking the operations of Algorithm 1,
we find that the same steps are executed in each iteration; thus, we focus only
on the complexity of one iteration. The dominating computational complexity
of the algorithm arises from Step 3, where P3g is solved to obtain p}, z7%, 277 and

EQ(QF ( Ti e Dis 25 S) Thus, solving each iteration of Algorithm 1 requires a complexity
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of O (nSDnc) [118], since there are np = (nfng +2ning +ny) decision variables and

ng = (n%nR + 3nmng + 3n; + ng + 1) convex constraints in Pgg.

Remark 3.2 As can be observed, the computational complexity of Algorithm 1
may be very high, especially when the number of users and spectrum regions in the
considered system are very high. We note that the high complexity in Algorithm
1 arises due to sub-band assignment. However, as will be shown using numerical
results in the next section of this chapter, according to the optimal sub-band assign-
ment configuration, the users with longer distances are assigned to center sub-bands
where the absorption loss is low while the users with shorter distances are assigned
to edge sub-bands where the absorption loss is high. This insight can be used to
heuristically assign sub-bands to users during real-time implementation of the al-
gorithm, thereby avoiding the high complexity that arises due to the consideration
of sub-band assignment. This insight can only be obtained by developing Algorithm
1, thereby highlighting the significance of our proposed algorithm, although it is

computationally very intensive.

3.5 Numerical Results

In this section, we present numerical results to examine the performance of the
proposed multi-band-based spectrum allocation scheme. Specifically, we consider
an indoor environment of size 20 m x 20 m, where an AP at the center of the
indoor environment serves 30 users. We also consider that the spectrum that
exists between 0.325 THz and 0.448 THz is used to serve the users. We clarify that
the considered spectrum spans across two TWs and each of the TW is composed
of a PACSR and an NACSR. We denote the two TWs and the four regions by
{TW,, TW3} and {st},sr}, st} sy}, respectively, as depicted in Fig. [3.1] Unless
otherwise stated, the values of the other parameters used for numerical results are
as follows: By = 1 GHz, byax = 4.5 GHz, pioy = —12.5 dBm, prax = 4§;L‘I’t, Tihy =
2 Gbps, hya =3 m, hy = 1 m, Gy = 35 dBi, Gy = 20 dBi, Ny = —174 dBm/Hz,
&, =10"" wi =107 and ¢}, = 107°.

In Fig. 3.3) we plot the performance gain achieved by (i) considering ASB

when the to-be-allocated spectrum is composed of multiple TWs, ie., 0 < b] <
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Figure 3.3: Illustration of the performance achieved by the proposed spectrum
allocation scheme.

bmax, Vs € 87,7 € R, and (ii) optimally determining the unused spectra that exist
at the edge of TWs, i.e., by > 0, V7 € R. In Fig. |3.3(a), we first observe the
aggregated multiuser data rate, raq = ) _,.7 74, achieved by the proposed spectrum
allocation scheme with ASB while considering the proposed spectrum allocation
scheme with ESB as the benchmark. We clarify that in the benchmark scheme, (i)
ESB is considered, (ii) the sub-bands are optimally assigned to users while satisfy-
ing the constraints , , and , and (iii) the transmit power is allowed
to vary while satisfying the constraints (3.9b)) and (3.9¢). We clarify that for the

two schemes, 07 is fixed at b], where 0] denotes the bandwidth of the spectrum at

the edges of each region where the molecular absorption coefficient is higher than
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Figure 3.4: Aggregated multiuser data rate versus the number of spectrum regions
within the to-be-allocated spectrum.

0.3 [68]. We observe that for all power budget values, a significantly higher rag
(between 12% and 15%) can be achieved by adopting ASB by varying the sub-band
bandwidths. Next, we compare rpg achieved by the proposed spectrum allocation
scheme with ASB when b} > 0 and by = b], and then plot the data rate gain
of considering by > 0 relative to considering by = b, Arag. We observe that
although Arag is marginal when the power budget is high, a noticeable data rate
gain Arag (= 5%) exists when the power budget constraint is stringent. These two
observations show the significance of considering ASB and b} > 0. We further ob-
serve in Fig. [3.3(b) that the average value of the unused bandwidth within regions,
E[b}], increases when the power budget decreases, which explains the increasing
Arag when the power budget decreases.

In order to examine the efficiency of the sub-band assignment design intro-
duced in the proposed spectrum allocation scheme, we plot rag versus the number
of regions, ng, in Fig. 1 We also plot rag achieved by (i) the proposed spec-

trum allocation scheme while considering ESB for all ng values, (ii) the spectrum

'Here, the regions corresponding to ng of 1, 2, 3, and 4 are {sr5}, {srd +sr3}, {st5 +srh +sr}},
and {srb + srj + st + sr§}, respectively. For the sake of fairness, we made the number of users
in the system to be proportional to the total available bandwidth within the to-be-allocated
spectrum. More precisely, the number of users corresponding to ng of 1, 2, 3, and 4 are 10, 17,
27, and 30, respectively.
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allocation scheme proposed in [32] where DAMC-based sub-band assignment is
considered, and (iii) using the design presented in Chapter . We first observe
that when ng = 1, rag achieved by the proposed spectrum allocation scheme while
considering ESB, is equal to that achieved by the spectrum allocation scheme that
considers DAMC-based sub-band assignment. This shows that although DAMC-
based sub-band assignment is a heuristic technique, it is applicable to obtain the
near-optimal solution to the sub-band assignment problem at the THz band when
the to-be-allocated spectrum is entirely within a TW. Despite this, we clarify that
DAMC-based sub-band assignment is only readily applicable within a TW; thus,
the sub-band assignment design introduced in the proposed spectrum allocation
scheme needs to be considered when the to-be-allocated spectrum is composed of
multiple TWs. We next observe that when ng = 1, rag achieved by the proposed
scheme in this chapter is equal to that achieved by the design presented in Chap-
ter 2] which is only applicable when the to-be-allocated spectrum is entirely within
a region. This shows that the scheme investigated in Chapter [2| is a special case
of the proposed multi-band-based spectrum allocation scheme in this chapter. Fi-
nally, similar to that in Fig. we observe that (i) consideration of ASB leads to
a significantly higher data rate as compared to the consideration of ESB and (ii)

an additional gain can be achieved by considering b, > 0 as compared to b = b].

In Fig. 3.5 we show how the spectral resources are allocated according to the
proposed multi-band-based allocation scheme. We plot the allocation of spectral
resources within the transmission window, TW,. We note that the gray bars
represent the sub-bands and the width and the height of the bars represent the
bandwidth of the sub-bands and the transmission distance of the users assigned
to the sub-bands, respectively. We first observe that, according to the optimal
sub-band assignment configuration, the users with longer distances are assigned
to center sub-bands where the absorption loss is low while the users with shorter
distances are assigned to edge sub-bands where the absorption loss is high. This
shows that, since the absorption loss increases exponentially with distance, the
data rate gain achieved by the users with longer distances, through occupying the
center sub-bands as compared to occupying the edge sub-bands, is higher than the
data rate loss incurred by the users with shorter distances, through occupying the

edge sub-bands as compared to occupying the center sub-bands. We clarify that
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Figure 3.5: Illustration of the allocation of spectral resources within the transmis-
sion window TW,.

this sub-band assignment configuration is similar to the DAMC-based sub-band
assignment scheme proposed in [32] which is only readily applicable within a TW.
We also observe that although the edge sub-bands experience higher absorption
losses, a wider bandwidth is allocated to the edge sub-bands compared to the cen-
ter sub-bands, since the edge sub-bands are occupied by the users with shorter

distances.

Finally, we illustrate the improvement in the feasibility region of the problem
P3J that occurs as a result of considering ASB and b} > 0. To this end, Fig. |3.6
plots the percentage of simulation trails for which the problem P$ is feasible, ¥, for
the proposed spectrum allocation scheme while considering (i) ASB and b3 > 0,
(ii) ASB and by = b, and (iii) ESB and by = b]. We first observe that W
increases when power budget, pio, and rate threshold, r,., increases and decreases,
respectively. This is expected because the increase in p; and the decrease in 7,
will lead to the constraints and in Pg to be less stringent, thereby
leading to more opportunities to attain a feasible solution to P3. Second, we
observe that our consideration of ASB increases W as compared to considering
ESB. Third, we observe that our consideration of b, > 0 increases ¥V as compared
to considering b = b]. The second and third observations are due to the fact that
considering ASB and b}, > 0 allows sub-band bandwidth to vary and some spectra
that exist at the edges of TWs to be avoided from utilization during spectrum
allocation, respectively, if that can yield a feasible solution point. This again
shows the importance of our considerations of ASB and b, > 0 during spectrum

allocation.
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Figure 3.6: Illustration of the variation of the percentage of the simulation trails
for which the problem P$ is feasible, ¥, versus the power budget.

3.6 Summary

This chapter investigated the benefits of sub-band assignment, ASB, and optimally
determining the unused spectra at the edges of TWs during multi-band-based spec-
trum allocation in THzCom systems when the to-be-allocated spectrum is com-
posed of multiple TWs. We first formulated an optimization problem, with the
main focus on spectrum allocation. Thereafter, to solve the formulated problem,
we proposed transformations, as well as modifications, and developed iterative al-
gorithms based on the SCA technique. Using numerical results, we showed that the
sub-band assignment design proposed in this chapter needs to be considered when
the to-be-allocated spectrum is composed of multiple TWs, since DAMC-based
sub-band assignment is only readily applicable within a TW. We also showed that
additional gains can be obtained by adopting ASB and optimally determining the
unused spectra at the edges of TWs as compared to adopting ESB and avoiding
using pre-defined spectra that exist at the edges of TWs, respectively. We finally

showed that the feasibility region of the resource allocation problem can be im-
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proved by adopting ASB and optimally determining the unused spectra at the
edges of TWs.

We clarify that the solution to the spectrum allocation problem with ASB
proposed in this chapter is only applicable when the molecular absorption coef-
ficient within TWs can be modeled using exponential functions of the frequency
with minimal approximation errors. Nevertheless, to harness the potentials of all
TWs/spectrum regions within the THz band, it is necessary to develop a solution
to the spectrum allocation problem with ASB when the molecular absorption co-
efficient varies in a highly non-linear manner within TWs and cannot be modeled
using exponential functions of frequencies, which is the case in many spectrum re-
gions within the THz band. This consideration will be addressed in the subsequent

technical chapter.



Chapter 4

An Unsupervised Learning
Approach for Spectrum
Allocation in THzCom Systems

4.1 Introduction

In this technical chapter, we explore the design of multi-band-based spectrum al-
location with adaptive sub-band bandwidth (ASB) for multiuser terahertz (THz)
band communication systems when the molecular absorption coefficient varies in
a highly non-linear manner such that it cannot be modeled as a piecewise expo-
nential function of frequencies. We clarify that designs in Chapters [2| and [3| are
only applicable when the molecular absorption coefficient within the to-be-allocated
spectrum is simple such that it can be modeled as a piecewise exponential function
of frequency with minimal approximation errors. As discussed in Section [2.5.1] in
many spectrum regions within the THz band, the molecular absorption coefficient
varies in a highly non-linear manner; thus, it cannot be modeled as a piecewise
exponential function of frequencies in such spectrum regions. This motivates this
chapter, where we resort to unsupervised learning to obtain a near-optimal solution

to the multi-band-based spectrum allocation problem with ASB.

We focus on a scenario where a single access point (AP) supports the downlink

transmission of multiple users in the presence of dynamic human blockers. In this

73
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chapter, we do not put any limitation on whether or not the variation of molecular
absorption loss within the to-be-allocated spectrum can be modeled as an exponen-
tial function of frequency with minimal approximation errors. For this system, we
formulate an optimization problem, with the main emphasis on multi-band-based
spectrum allocation with ASB, while aiming to maximize the throughput of the
multiuser THzCom system under given constraints on sub-band bandwidth and
power. We then propose an unsupervised learning-based approach to obtaining a
near-optimal solution to the formulated optimization problem. In the proposed ap-
proach, we first train a deep neural network (DNN) where a loss function inspired
by the Lagrangian of the formulated optimization problem is used. Thereafter, us-
ing the trained DNN, we approximate the near-optimal solution to the formulated
optimization problem. Using numerical results, we demonstrate that when the
values of the molecular absorption coefficient within the to-be-allocated spectrum
can be modeled as an exponential function of frequency, the throughput obtained
by the proposed unsupervised learning-based approach converges to that achieved
by the convex-optimization-based designs presented in Chapters [2 and [3] We also
demonstrate that when the values of the molecular absorption coefficient within the
to-be-allocated spectrum change rapidly and thus cannot be modeled as an expo-
nential function of frequency, the proposed unsupervised learning-based approach
outperforms the existing approximate approaches. We also show that the through-
put of the spectrum allocation strategy decreases with the increasing density of
human blockers.

The rest of the chapter is organized as follows. Section introduces the sys-
tem model and the associated resource allocation problem. Section presents
the unsupervised learning-based solution approach adopted to solve the formu-
lated resource allocation problem. Section presents the numerical results and
Section summarises the chapter.

4.2 System Model and Problem Formulation

In this section, we first introduce the notations used in this chapter. We then
introduce the system model by specifying the system deployment, THz spectrum,

achievable data rate, and performance metrics of interest. Finally, we introduce
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the considered resource allocation problem.

4.2.1 Notations

Matrices and column vectors are denoted by uppercase and lowercase boldface
symbols, respectively. Scalar variables are denoted by italic symbols. Given a
matrix A, A,, denotes the mth row vector of A. Given a column vector a, a’
and a,, denote the transpose and the mth element of a, respectively. Moreover, I,
and L,, denote m x m identity matrix and m X m lower triangular matrix with
all non-zero values as 1, respectively. Furthermore, 1,, denotes the m x 1 vector
with all entries as 1. The curled inequality symbols, e.g., <, denote generalized

inequalities, i.e., componentwise inequality between vectors.

4.2.2 System Deployment

We consider a three-dimensional (3D) indoor THzCom system, as shown in Fig.[1.3]
where the high data rate demands of n; users are supported by a single AP. We
consider that the users are stationary and distributed uniformly on the floor in the
indoor environment. We denote 1 and d as the n; x 1 the horizontal and 3D commu-

nication distance vectors of the AP-user channels, with d; = \/(ha — hy)? + 2, and

ha and hy are the heights of AP and the users, respectively. For notational conve-
nience, we consider that the elements in d are ordered such that d; < dy < --- < d,,.

The extremely short wavelengths of THz signals make the THz signal propaga-
tion to be highly vulnerable to blockages [29]. In our system, we consider moving
humans act as potential impenetrable blockers. We model the human blockers
by rectangular absorbing screens (commonly referred to as the double knife-edge
(DKE) model) with heights hp and widths Lg; and Lgs [123,124]. Furthermore,
we assume that the locations of humans form a Poisson point process (PPP) with
the density of Ag and their mobility follows the random directional (RD) model
[125]. Based on the RD model, a moving human randomly selects a direction in
(0,27) to travel in and a duration for this travel. At the end of this duration,
another independent direction to travel in and a time duration for this travel are

selected, and the pattern continues. Following [71,82,126,127], we assume that the
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Figure 4.1: Tllustration of (i) PACSRs and NACSRs that exist between 0.5 THz
and 1 THz with {TW,, TW5}, {st},srP}, and {sr},sr?} denoting the TWs, PAC-
SRs, and NACSRs, respectively, and (ii) sub-band arrangement within the to-be-
allocated spectrum.

moving speeds of all human blockers are vg. Also, for the sake of practicality, we

assume that hp > hg > hy in the considered system.

4.2.3 THz Spectrum

Without loss of generality, in this chapter, we focus on the scenario when the to-
be-allocated spectrum exists within a negative absorption coefficient slope region
(NACSR) of a transmission window (TW), as depicted in Fig. 4.1l However, we
note that the design principles presented in this chapter can be extended even if

the to-be-allocated spectrum exists within a positive absorption coefficient slope
region (PACSR) or spans multiple TWs.

We focus on multi-band-based spectrum allocation with ASB. Thus, we divide
the to-be-allocated spectrum into ng sub-bands that are of unequal bandwidths
and separated by guard bands. We denote b and f as the ng x 1 vectors of the
bandwidth and the center frequency of the sub-bands, respectively. For notational

convenience, we label the sub-bands such that f; < fo < --- < f,, as shown in
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Fig. [4.1] Thus, we have

: 1
fs = fref+2bk+ (5_ 1)Bg — 5()3

k=1

= Ab+ frets, (4.1)

where B, is the fixed bandwidth of guard bands, and f. is the start frequency of
the to-be-allocated spectrum, as shown in Fig. , and fref,s = fret — (s — 1)B,.
Here, A is an ng X ng matrix with A = L, —

ASB, we have

%Ins. Due to the consideration of

0 = b = byay, (4.2)

where b, denotes the upper bound on bandwidth of the sub-band. We then
denote by as the total available bandwidth within the to-be-allocated spectrum

and express it as'

brot = 15 b + (ng — 1)By. (4.3)

Similar to that in [32,46, 50] and Chapters [2[ and , we assume that the users
in the system are served by separate sub-bands. The justification behind this
consideration is given in Section [2.2.3] Considering this assumption, we set the
total number of sub-bands within the to-be-allocated spectrum to be equal to the
total number of users in the system, i.e., ng = nj. Also, following [32, 51, 52]
and Chapter , we adopt in this chapter distance-aware multi-carrier (DAMC)-
based sub-band assignment to improve the throughput fairness among users. The
DAMC-based sub-band assignment assigns (i) the sub-bands with high absorption
coefficients to the users with shorter distances and (ii) the sub-bands with low

absorption coefficients to the users with longer distances.

'Without of loss of generality, in this chapter we consider that the to-be-allocated spectrum is
fully utilized during spectrum allocation. However, we note that the design principles presented
in this chapter can be extended even if the spectrum that is to be utilized is determined optimally
for spectrum allocation, as in Chapter
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4.2.4 Achievable Data Rate

The instantaneous achievable rate by the user assigned to sth sub-band is obtained

as

r with the probability of po°,
rs(t) = Vs e S, (4.4)
r®, with the probability of (1 — pb),

where 72" and 7P are the achievable rates of the user assigned to sth sub-band,
when the AP to the user link is not blocked and blocked by dynamic blockers,

respectively. We clarify that > = 0 since it is considered that the blockers are

impenetrable.

b

Considering the spreading and molecular absorption loss, r2° is written as [29]

fs+1bs

—k(f)ds
n Dbso€
T’Sb — / 10g2 (1 + W) df, (45)

fomLbs

G‘}V—fU (ﬁ)g, G and Gy are the antenna gains at the AP and users,

respectively, Ny is the noise power density, ¢ is the speed of light, and k(f) is

where o =

the molecular absorption coefficient at f. Furthermore, p denotes the ng x 1
transmit power vector. It is noted that similar to that in Chapters [2] and |3] in
this chapter, we (i) ignore the impact of non-line-of-sight (nLoS) rays and focus
only on the line-of-sight (LoS) rays of THz signals [62, 69, 72,73, 75, 86-88], (ii)
omit the impact of fading in the THz channel [62,69,72-75,86-88, 113], and (iii)
consider inter-band interference (Inter-BI) and intra-band interference (Intra-BI)

free transmission [32,46,50,50,114]. The justifications behind these considerations

are given in Section [2.2.4]

4.2.5 Performance Metrics of Interest
4.2.5.1 Non-blockage Probability

We denote p as the ng x 1 non-blockage probability vector of users and obtain the

values of its elements using the following lemma.
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Figure 4.2: Tllustration of the AP to a single user link in the presence of dynamic
human blockers.

Lemma 4.1 The non-blockage probability of the link between the AP and the user

assigned to sth sub-band is derived as

put = CeMel, (4.6)

_ Y _ 2(Lpit+Lpe)As(hs—h
where ¢ = e~2Epalnrs gnd \p = 2L ﬂ(ff)_hBU() 5=hy)

Proof: The proof is based on Fig. [{.9 and is presented in Appendiz[B.1. W
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4.2.5.2 Throughput

We denote r as the ng x 1 long-term? throughput vector of users. Considering
(4.4]), the long-term throughput achieved by the user assigned to sth sub-band can

be derived from
1 /7
rs = lim —/ rs(t) dt, Viel, (4.7)
0

where T is time. We next substitute (4.4) in (4.7) to obtain

1 T
rs = lim —/ rs(t) dt
0

T—o0 T
= (AP (1= ) )
- pIsle?bv (48)

where p?® and r are given in (4.6) and ([4.5)), respectively.

4.2.6 Optimal Resource Allocation

We now design an efficient spectrum allocation strategy to harness the potential of
the THz band. To this end, we study spectrum allocation with ASB to maximize
the long-term throughput under given constraints on sub-band bandwidth and

power. Mathematically, the problem is formulated as

| maxi]ranize £(d,p,b) (4.9a)
p7

subject to 1251) < Prots (4.9b)

O j p j pmaX7 (49C)

].sz - Etota (49d)

0 = b = byax. (4.9¢)

2We define the long-term value of a function as the average of the instantaneous values of this
function over a relatively long-time duration. Specifically, the long-term value of the function T
is given by T = limp_, % fOT Y(t) dt, where Y(t) is the instantaneous value of the function T
at time instant ¢.
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In P§, £(d, p,b) is the objective function of the considered long-term throughput
maximization strategy. In this chapter, we consider proportional-fair long-term
throughput maximization, which leads to £(d, p,b) = 138 log(r). Moreover,
and are the power budget at the AP and the upper bound on the power
allocated to each user, respectively. Finally, the justifications on and

are given by ([{.3) and (£.2), respectively, where by, = byor — (ng — 1)B,.

We clarify that in Chapters 2] and [3] the multi-band-based spectrum allocation
with ASB was studied and solution approaches to optimization problems similar
to P§ were discussed. However, we note that the designs in Chapters [2| and |3| are
only applicable when k(f) within the to-be-allocated spectrum is simple such that
it can be modeled as a piecewise exponential function of frequency with minimal
approximation errors. As discussed in Section [2.5.1] in many spectrum regions
within the THz band, k(f) varies in a highly non-linear manner; thus, it cannot
be modeled as a piecewise exponential function of frequencies in such spectrum
regions. It follows that designs in Chapters [2] and [3] cannot be adopted in such
spectrum regions. Motivated by this, in this chapter, we resort to unsupervised
learning to obtain the near-optimal solution to P§ [66,67]. In the next section, we

present the unsupervised learning-based solution adopted in this chapter.

4.3 Unsupervised Learning-based Solution

In this section, we present an unsupervised learning-based approach to solving
problem P$ in . In this approach, we first employ an offline training phase
to train a DNN, utilizing (i) a loss function which is inspired by the objective
function of the dual problem of P§ and (ii) a batch of realizations of distance
vectors. Thereafter, during the tmplementation phase, we use the trained DNN to
approximate the optimal solution to Pg for the given distance vector. Next, we will
discuss the architecture of the adopted DNN in Section and the unsupervised
learning model used in the training phase in Section [4.3.2]
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Figure 4.3: Illustration of the general architecture of the DNN when n;, = 4 and
ng = 3.

4.3.1 Architecture of the DNN

The general architecture of the adopted DNN is presented in Fig. 4.3, The DNN
consists of ny, fully-connected layers with multiple neurons in every layer. Each
neuron in the network contains a linear operation, which is followed by a point-
wise non-linearity, also known as an activation function. Considering this, the
output of the network, yo, is expressed as a non-linear function to the input of the

network, yy, which is given by

yo=N(y1.©) = F{™ (F 0 (- F (). (4.10)

Here, ® = {@® B ¢ € {1,2,--- ,n.}}, denotes the set of parameters (i.c.,
weights and biases) of the DNN, and ¥ and 5¥) are the weights vector and the
bias of the (th layer, respectively, and f ()(-) is the function that maps the input
and output of the fth layer. Also, we have

FO(x) = Fff) ((w(é))TX + 5(6)) : (4.11)

where F Sf)(-) is the activation function of the ¢th layer.



4.3 Unsupervised Learning-based Solution 83

4 \
Bq | @
! Bsw B Loss >
@ 1@ LRI L > Calculation | & (C]
o forqg—1 O, p e“l)' (4.10)-(4.12) 40 (43;"‘ ;‘4‘}"7‘) = >
Initialization ’
forg>1
® and p Derivative
@(@+D) 1y (@+D)|  Updation Voo T9 V0T @ | calculation
3 (4.18), (4.24) ’ (4.18)-(4.25)
- Y

Figure 4.4: Block diagram representation of the unsupervised learning model. Here,
B and By, are the batches of p and b obtained as the output of DNN at the gth

iteration, and ® = {Bﬁ(q), By, 0w, 1@} denotes the cache of the unsupervised
learning model.

During the implementation phase, we provide d as the input to the DNN and
obtain the output as the approximated values of the optimization variables of Pg,

which are denoted by p and b. Therefore, we have

yi=d and yo= [g] . (4.12)

4.3.2 Unsupervised Learning Model

The block diagram representation of the unsupervised learning model used in the
training phase is depicted in Fig. [£.40 The unsupervised learning model takes a
batch of realization of the distance vector, Bq, as the input, and delivers the trained
O as the output. We note that the unsupervised learning model iteratively updates
® to ensure the best mapping being obtained between Byq and the near-optimal

solution to P§ for the given By.

4.3.2.1 Loss Function

The loss function of the unsupervised learning model is inspired by the objective

function of the dual problem of P§3. Specifically, the dual problem of P§ is given
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PS b : maximize min £, (4.13a)
’ pn, I p;b
subject to  (L9H) — (99
w, ' =0, (4.13b)
where

Lo=Ly(d,p,b,u,T)
= —&(d,p,b) + 11 (1551) - ptot) + 2 (12813 — Btot) +T7(0—p)
+ I‘;F(p - pmaX) + Fg(o - b) + F4T(b - bmax)7 (414)

is the Lagrangian of Pg, and g = [u1, o)t and T' = [I'y, Ty, '3, T4 are the La-
grange multipliers associated with the constraints of P§. In our unsupervised
learning model, using the DNN which is parameterized by ©, the design variables
p and b are approximated as p and B, respectively. Considering this, the problem

P3 p can be formulated into the following variable optimization as

Pe - mameize m(gn L, (4.15a)
subject to (L:95), (L0d).
w0, (4.15b)

where

Eo = Zo(du ﬁu B, #’)

= _S(dv ﬁv B) + (]-;fsﬁ - ptot) + 2 <]-;IL‘SB - Btot) . (416)

In , [,AO is obtained as a simplified version of L, given in . This is
because the satisfaction of constraints and can be guaranteed by care-
fully choosing appropriate activation functions for the neurons in the npth (or the
output) layer of the DNN; e.g., FXLL)(-) = = x 5(+), where S(-) is the sigmoid

function, and = = ppax and = = by, for the first and the second ng neurons of the
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output layer, respectively.

We note that the optimal value of P3 , might be a loose global lower bound on
the optimal value of P§, since P§ is not a convex optimization problem. However,
we also note that the design variables of P3 p are approximated using a DNN in our
unsupervised learning model, and f)g aims to optimize the DNN parameters, ©.
Thus, it can be concluded based on the universal approximation theorem that the
optimal value of f)g provides a tight lower bound on the optimal value of P§ [66,67].
Based on this conclusion and considering that a batch of realization of d, Bq, that
is used during the training phase, we define the loss function of the unsupervised
learning model, 7. Specifically, for each realization of d in By, we obtain the
corresponding EO, and then derive J as the mean of 20 values. Mathematically,
J is obtained as

1 ~
J=J0,pn) = = > L., (4.17)

deBy
where n is the total number of realizations of d in Bq. We then iteratively update

® and p with the objective of minimizing J to arrive at the near-optimal solution
to P3.

4.3.2.2 Updating DNN Parameters and Lagrangian Multipliers

The DNN parameters, ®, are updated according to

O = W — ¢q V@<q)j(q)

= @(q) - Cb_e Z [v920i| 0=0 p=p@, (418)

n ~ <
T deBq b=b(®) p—p(®

where ¢g is the learning rate and U@ ig the gth iteration value of W, with ¥ €
{©,7,p, E, p}. Considering the chain rule, we express V@EO in (4.18) as

\Y

VoL, = Veyo (4.19)

Lo
5Lo
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In (4.19)), VﬁEO and VEEAO can be derived as

VsLlo = —V5E(d, P, b) + 1, (4.20)

and

VLo = —V5E(d, B, b) + pia, (4.21)

respectively. Also, note that in (4.20]) and (4.21)), it is impossible to analytically de-

rive Vz&£(d, p,b) and Vi&(d, p, b), respectively. Hence, we numerically calculate
the values of V3€(d, p, B) and V¢ &(d, p, B) by using

1~ g(dvﬁ—i_(sDﬁaB) — 5<d7ﬁ76)

VE(d, p,b) = - , (4.22)

and

ng(d,ﬁ,g)z5(d7p7b+5§bg>_5<d7p7b), (4'23)
D

respectively, where dp is a very small positive number. We also note that in (4.19)),
Veyo can be calculated as a function of 0w utilizing the chain rule. As for the

Lagrangian multiplier, p, it can be updated according to
+
H(qH) — [H(Q) + % Vu(q)j(q)}

M@+§ﬁ§:[VJH

T deBy

+

(4.24)

p=p(® b=b(®)

where [x]* = max{0, x} and ¢, is the learning rate. In (4.24)), V“Eo can be derived

as

~ 1T D — o
VLo = llgs% 7; t] . (4.25)
ns - Utot

Finally, we note that based on (4.18) and (4.24]), we can iteratively update ©® and

p in the unsupervised learning model.
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Table 4.1: Values of parameters used for numerical results in Section .

Parameter \ Value
System Parameters
Heights of the AP and users, ha, hy 3.0m, 1.3 m
Antenna gains, G, Gy 30 dBi, 20 dBi
Noise power density, Ny —174 dBm/Hz
Power budget at the AP, pio: -5 dBm
Upper bound on power per sub-band, ppyax g%
Upper bound on sub-band bandwidth, b,.x 5 GHz
Height and radius of blockers, hg, rg 1.7m, 0.3 m
Density of wall blockers, A 0.2m™*
Hyper-Parameters of the Unsupervised Learning Model
Learning rates, ¢g ¢, 0.05, 0.025
Number of iterations 500
Total number of realizations of d, nr 300
Activation function of 1st to 4th layer, F Ef)( - ) | ReLU
Activation function of the 5th layer, %)( ) = - sigmoid, = € {Pmax, Omax
Parameters used for the Convex Optimization-based Approach
Exponential model parameters in s}, o1, 09,03 | 1083 -10710-04 107123
Exponential model parameters in sry, o1, 03,03 10989 -107108 _1071-%3
Transformation model parameters, &, ws, Ss 107,107 1073

Remark 4.1 The training phase of the unsupervised learning-based solution is
computationally very intensive. Howewver, since training is carried out offline be-
fore the implementation phase where the optimal solution to the problem is ap-
proximated for the given distance vector, the high computational complexity of the
training phase would not impact the real-time applicability of the proposed unsu-
pervised learning-based approach. The complezity characterization of the training
phase of the unsupervised learning-based approach is beyond the scope of this thesis,

but will be considered in our future works.
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4.4 Numerical Results

In this section, we present numerical results to illustrate the performance of the
proposed spectrum allocation strategy and the proposed unsupervised learning-
based approach. We consider the convex optimization-based approach presented
in Chapter [2] as the benchmark for demonstrating the effectiveness and benefits of

the proposed unsupervised learning-based approach.

The numerical results are obtained by considering a rectangular indoor envi-
ronment of size 25 m x 25 m where an AP, which is located at the center of the
ceiling of the indoor environment, serves 15 users. We consider the spectrum with
a bandwidth of 50 GHz that exists in either (i) the NACSR between 0.556 THz
and 0.67 THz or (ii) the NACSR between 0.753 THz and 0.848 THz. We denote
the two NACSR as st} and s}, respectively, as depicted in Fig. 4.1 We clarify that
on one hand, the molecular absorption coefficient, k(f), in sr? can be modeled as
an exponential function of frequency with minimal approximation errors. Hence,
the resource allocation problem in st} is a special case of the general resource allo-
cation problem considered in this chapter. On the other hand, k(f) in sr} cannot

be modeled as an exponential function of frequency.

We implement the unsupervised learning model presented in Section in
Python. We utilize a five-layer DNN for the unsupervised learning model, which
has 100, 100, 50, 25, and 30 neurons in the first, second, third, fourth, and fifth
layers, respectively. The initial weights of the DNN are Gaussian random variables
with zero mean and unit variance, and the initial biases are set to 0. The initial
values of p are set to a small constant of 0.1. The values of other system parameters,
hyper-parameters of the unsupervised learning model, and the parameters of the

convex optimization-based approach used for numerical results are summarized in

Table [4.1]
In Fig. [1.5] we show the convergence of the proposed unsupervised learning-

based approach when k(f) within the to-be-allocated spectrum can be modeled as
an exponential function of frequency. To this end, we plot the aggregated mul-
tiuser throughput, rag = 1,.r, the value of 1] p — pior, and the value of 1 b — bio
obtained from the unsupervised learning-based approach in Figs. [4.5(a), 4.5(b),
and (c), respectively, when the resource allocation problem is implemented in
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Figure 4.5: The aggregated multiuser throughput, rag, and total power and band-
width constraints satisfaction when k(f) within the to-be-allocated spectrum can
be modeled as an exponential function of frequency, i.e., in the special case system

investigated in Chapter

srg while considering Ag = 0. Also, the value of rag obtained using the convex
optimization-based approach presented in Chapter , is plotted in Fig. [4.5(a). We
first observe from Fig. [4.5(a) that for several initial iterations, the value of rxg
obtained using the unsupervised learning-based approach is higher than that ob-
tained using the convex optimization-based approach. This is due to the occasional
violation of the constraints and that occur at corresponding initial
iterations, which can be validated by observing 1} p — piot and 17 b — [
Figs. [L.5[b) and [A.5(c), respectively. Moreover, after 200 iterations, we observe
that the value of rpg obtained using the unsupervised learning-based approach
converges to the optimal value obtained using the convex optimization-based ap-
proach, which shows the correctness of the proposed unsupervised learning-based
approach. Finally, we observe from Figs. [1.5(b) and [4.5|c) that after 200 iterations,



An Unsupervised Learning Approach for Spectrum Allocation in THzCom

90 Systems
% 0.1
¥ —
sof I\ = 005
"y i G N i
P
570 i s O
i =
— i S
H -0.05
&260 ‘A g-‘
& 50—-'! -#-rpq with Unsupervised Learning| | 2 .
| |---rpq with Convex Optimization ~
40 I I I I 015 L L L L
0 100 200 300 400 0 100 200 300 400
Iteration Number Iteration Number
(a) (b)

*
AL a R R
W

0 100 200 300 400

Iteration Number
(c)

Figure 4.6: The aggregated multiuser throughput and total power and bandwidth
constraints satisfaction when k(f) within the to-be-allocated spectrum cannot be
modeled as an exponential function of frequency.

the values of lgsp— Prot and 171;Sb—l_)tot of the proposed unsupervised learning-based
approach are very close to zero, which reflects that constraints (4.9b]) and (4.9d)

are satisfied when the proposed unsupervised learning-based approach is used.

We next show the convergence of the proposed unsupervised learning-based
approach when k(f) within the to-be-allocated spectrum cannot be modeled as an
exponential function of frequency. To this end, we plot raq, 1gsp— Dtot, and 1Esb_
bt in Figs. (a), (b), and (c), respectively, when the resource allocation
problem is implemented in srj while considering A\g = 0. We clarify that in srj,
k(f) cannot be modeled as an exponential function of frequency with minimal
approximation errors. However, for the sake of comparison, we obtain approximate
solutions to the resource allocation problem in srj using the convex optimization
approach presented in Chapter [2] while utilizing an inaccurate approximation for

k(f) in sr}, and plot the resulting ra¢ in Fig. 4.6(a). Once again, we observe the
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Figure 4.7: The aggregated multiuser throughput versus the upper bound on sub-
band bandwidth, byax, when spectrum allocation in srj and sr.

overshoot in g, l;fsp — Piot, and 1ZSb — byoy for several initial iterations and the
satisfaction of the constraints (4.9b]) and (4.9d)) after 200 iterations in Figs. [4.6{a)-
1.6(c), which are similar to Figs.[4.5(a){4.5(c). Apart from them, we further observe

that the value of rpg obtained using the unsupervised learning-based approach

converges to a value higher than that obtained using the convex optimization-
based approach. This is because when the convex optimization-based approach
is used, where an exponential function with high approximation errors is used to
model k(f), only the sub-optimal r5g is obtained. This shows the significance of
the proposed unsupervised learning-based approach, i.e., it gives much higher rag
for the resource allocation problem when k( f) within the to-be-allocated spectrum

cannot be modeled as an exponential function of frequency.

We next plot raq achieved by the spectrum allocation strategy with ESB [32]
and the spectrum allocation strategy with ASB that is obtained from both con-
vex optimization and unsupervised learning-based approaches, versus the upper
bound on sub-band bandwidth, by, while considering A\g = 0 in Fig. [£.7 We first
observe that the proposed spectrum strategy with ASB achieves a significantly
higher rag compared to the strategy with ESB for different by, which demon-
strates the benefits of the proposed strategy with ASB. Second, we observe that
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Figure 4.8: The aggregated multiuser throughput versus the density of human
blockers, Ag.

in s}, the value of ry¢ obtained using the unsupervised learning-based approach
converges to values higher than that obtained using the convex optimization-based
approach for all b,,.. This again shows the significance of the proposed unsuper-
vised learning-based approach to obtain higher raq, especially when k(f) within
the to-be-allocated spectrum cannot be modeled as an exponential function of fre-

quency.

We finally examine the impact of human blockers on the proposed spectrum
allocation strategy. To this end, Fig. plots rag versus the density of human
blockers, Ag. We observe that for different power budget levels, rag of the spectrum
allocation strategy decreases with the increasing A\g. This is due to the decrease in
the time during which the AP to user links are available for data transmission when
Ap increases. This observation emphasizes the importance of carefully selecting
the system parameters, e.g., power budget and maximum sub-band bandwidth, for
achieving the desired throughput and reliability performance, depending on the

density of human blockers in the indoor environment.
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4.5 Summary

We investigated the design challenges of (i) multi-band-based spectrum allocation
with ASB for multiuser THzCom systems when the molecular absorption coefficient
varies in a highly non-linear manner and (ii) the modeling and analysis of the im-
pact of human blockages on THz band spectrum allocation. We first formulated a
resource allocation problem and then proposed an unsupervised learning-based ap-
proach to obtaining near-optimal sub-band bandwidth and transmit power. In the
proposed unsupervised learning-based approach, we first employed an offline train-
ing phase to train a DNN while utilizing a loss function inspired by the Lagrangian
of the formulated problem. Then, using the trained DNN, we approximated the
near-optimal solutions to the optimization problem for the given distance vector.
Numerical results showed that when the values of the molecular absorption co-
efficient within the spectrum cannot be modeled as an exponential function of
frequency, the throughput obtained by the proposed unsupervised learning-based
approach outperforms that obtained by the existing approximate approaches. We
also showed that the throughput of the spectrum allocation strategy decreases with
the increasing density of human blockers. Thus, system parameters, e.g., power
budget and maximum sub-band bandwidth, have to be carefully selected for achiev-
ing the desired throughput and reliability performance, depending on the density

of human blockers in the indoor environment.






Chapter 5

Blockage and Coverage Analysis
for 3D THzCom Systems

5.1 Introduction

In this technical chapter, we conduct a novel blockage and reliability analysis of
three dimensional (3D) terahertz (THz) band communication (THzCom) system.
Specifically, we investigate (i) the modeling and analysis of different types of block-
ages and (ii) the reliability analysis of downlink transmission in an indoor THzCom
system when frequency reuse is considered. Different from existing studies, we char-
acterize the joint impact of blockages caused by the user itself, moving humans,
and wall blockers in a 3D THzCom environment. Then, we derive the blockage
probabilities associated with a point-to-point THzCom link. Thereafter, consider-
ing the 3D directional antennas at both access points (APs) and user equipments
(UEs), and the impacts of the blockage, we develop a tractable analytical frame-
work to derive a new expression for the coverage probability by examining the

! (i.e., those can cause outage by themselves)

regions where dominant interferers
can exist, and the average number of interferers existing in these regions. Using
numerical results, we first verify our analysis. We then demonstrate that net-

work densification deteriorates the reliability of THzCom systems and that it is

!The intra-band interference discussed in Chapters , and {] is commonly referred to as
interference in this chapter.

95
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Figure 5.1: Hlustration of the 3D THzCom system where a typical user associates
with a non-blocked (blue) AP in the presence of interfering (red) APs. The non-
interfering APs include those (green) blocked by self-blockage, dynamic human,
and wall blockers.

necessary to carefully select the AP densities to obtain the desired reliability per-
formance depending on the communication environment of interest. We also find
that an increase in the density of human blockers slightly improves the coverage
probability when the transmission link of interest is in line-of-sight (LoS), but re-
duces the overall coverage probability. Finally, we show that the vertical heights of
the THz devices profoundly impact the coverage probability in THzCom systems;
therefore, ignoring their impacts leads to a substantial underestimation of system

reliability.

The rest of the chapter is organized as follows. In Section [5.2] we describe
the system model. In Section [5.3] we evaluate the impact of blockages and 3D
directional antennas. In Section [5.4] we present the analytical framework that is
used to derive the coverage probability when frequency reuse is considered. In
Section [5.5] numerical and simulation results are provided. Finally, in Section [5.6

we conclude the chapter.
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Table 5.1: Summary of the main system parameters used in Chapter [5|
Symbol \ Description

Network Model Parameters
ha, hy Heights of APs and UEs
Aa Density of APs
lij, d(l;;) | 2D and 3D distances of AP; to UE; link
Blockage Model Parameters

v Self-blockage angle
% hy Height of human blockers
2 Le1, Lpa Widths of human blockers
g v Speed of human blockers
g Ly Length of wall blockers
A B, A\w Densities of human and wall blockers
= Antenna Model Parameters (V € {A,U})
*Sf; Gy, Gy Antenna gains of the main lobe and side lobes
UJ>’ vwn, pwyv| Horizontal and vertical beamwidths of the antenna
Qy, Q% Solid angles of the main lobe and the side lobes
Propagation Model Parameters
b Transmit power
Pr.(lij) Received power at UE; from AP,
Ny Noise power density
b Bandwidth of the spectrum of interest
f Operating frequency
k(f) Molecular absorption coefficient
Tine SINR threshold

*A is for AP, U is for UE, B is for human blocker, W is for wall blocker, H is for horizontal,

V is for vertical, m is for main lobe, and s is for side lobes.

5.2 System Model

Fig. depicts the 3D THzCom system considered in this chapter. We focus on
the downlink signal propagation of a typical user who is at the center of a typical
indoor environment. The summary of the main system parameters used in this

chapter is given in Table 5.1}
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5.2.1 Network Deployment

We consider that the THz APs are mounted on the ceiling. Hence, we model them
as having fixed height ha and their locations follow a Poisson point process (PPP)
in R? with the density of A\y. We also assume that UEs, all of which are of fixed
height hy, are distributed uniformly within the circle with the radius Lt centered
at each AP. Although multiple UEs may exist in each circle, we assume that each
AP in the system associates with a single UE, and the link between the AP and
its associated UE is not blocked by wall blockers.

For the purpose of analysis, we select a UE-AP pair, among the multiple UE-
AP pairs, such that the UE in that pair is located at the center of the indoor
environment [84]. We denote the UE and the AP in that pair by UE, and AP,
respectively. Also, we assume that all the UE-AP pairs share the same frequency
channel?; hence, apart from AP, all the other APs in the indoor environment of
interest act as “interferers” to UE,. We denote these interfering APs by AP;, where
t=1,2,..., and the UEs that associate with these APs by UE;, where j =1,2,.. .,
with ¢ = j for UE and the AP in a specific UE-AP pair. Moreover, we denote ;;
and d(l;;) = \/h?+l7; as the horizontal and 3D distances between AP; and UE;,
respectively, with h, = ha—hy.

5.2.2 Blockage Model

In our system, we consider that the blockage of a UE-AP link can be caused by (i)
the user itself, referred to as self-blockage, and/or (ii) the dynamic human blockers,

and /or (iii) static wall blockers.

5.2.2.1 Self-blockage

Self-blockage plays a significant role in determining THz system performance. No-
tably, self-blockage may lead to the fact that signals from some APs surrounding
a UE are totally blocked, even if the APs are within close proximity. We define
the zone which is blocked by the UEs themselves as “self-blockage zone” [71,77],
as shown in Fig. with a self-blockage angle of 9.

2We note that the frequency channel would be a single sub-band if multi-band-based spectrum
allocation is considered.
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5.2.2.2 Dynamic Human Blockers

Humans moving in the area of the considered system can act as blockers. Specif-
ically, they can potentially block the desired signals from APy to UEy, as well as
the interference signals from other APs to UEq. Similar to that in Chapter [4] we
model the human blockers by rectangular absorbing screens (commonly referred to
as the double knife-edge (DKE) model) with heights hp and widths Lg; and Lp
[124]. Furthermore, we assume that the locations of humans form a PPP with the
density of Ag and their mobility follows the random directional (RD) model [125].
Based on the RD model, a moving human randomly selects a direction in (0, 27)
to travel in and a duration for this travel. At the end of this duration, another
independent direction to travel in and a time duration for this travel are selected,
and the pattern continues. Following [71,82,126,127], we assume that the moving

speeds of all human blockers are vg.

5.2.2.3 Wall Blockers

We employ a tractable Boolean scheme of straight lines to generate wall blockers in
the indoor environment [128,129]. We assume that the lengths of walls, Ly, follow
an arbitrary probability density function (PDF) of ' (Lw) with mean E [Lw],
and the centers of walls form a PPP of density Aw. We ignore the widths of walls
as the widths are much smaller compared to the lengths of walls.?. Moreover, we
assume that the orientations of walls are binary choices of either 0 or 7/2 with
equal probability to ensure that walls are parallel or orthogonal to each other.
Furthermore, we assume that the heights of walls are fixed and are same as those
of the APs, i.e., hywy = ha.

5.2.3 Antenna Model

In this chapter, we assume that 3D beams are utilized at the APs and the UEs.

The 3D antenna beams are approximated by a 3D pyramidal-plus-sphere sectored

3The penetration losses of THz signals over wood, brick, plastic and glass materials are ex-
pected to be significantly higher due to the very small wavelength of THz signals [33,35] Thus,
the proposed analysis can be extended even if glass or/and plywood walls are considered in the
system model despite the fact that our analysis in this chapter primarily considers brick walls.
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Figure 5.2: 3D sectored antenna radiation model.

antenna model, as shown in Fig. [5.2| [72,130]. In this model, the pyramidal zone
accounts for the main lobe of the antenna beam, and the sphere accounts for the
side lobes of the antenna beam.? We also consider that the main lobe of APs and
their associated UEs are tilted downwards and upwards, respectively, towards each
other as shown in Fig.[5.3] This guarantees beam alignment between APs and their
associated UEs.

Based on the principles of antenna theory, the antenna gains of the main lobe

and the side lobes are expressed as

rad m
m p\II,m/Q\P

Gy = 5.1
v pfﬁld/ﬁlﬂ ( )

and 170
Gy = P/ (5.2)

pyt /4
respectively, where W € {A, U} with A is for AP and U is for UE, p{ﬁ"ﬁn and p{ﬁ‘i

4We clarify that sectored antenna models are widely used in the previous studies at the
mmWave and THz bands for tractable analysis [72-75,77,83,86,87,89,130,131]. More importantly,
the considered 3D sectored antenna model closely resembles the antenna radiation patterns that
are observed in typical THz band horn antennas and graphene-based antennas [33,34]. However,
the consideration of complex 3D antenna models such as the 3D sync model [132] or the 3D
multi-cone model [133] can further improve the accuracy of the results; thus will be considered
in our future works.
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are the power concentrated along the main lobe and side lobes, respectively, with
pad = p{fj‘i} + p{f}i, and QF and €2, are the solid angles corresponding to the main

lobe and the side lobes, respectively.

Using the “standard formula of rectangular plane” given by the HCR’s Theory
of Polygon [134], Q% in (5.1)) can be expressed as

Qy = 4arcsin (tan <SOZH> tan (wqév)) (5.3)

where ¢y and gy are the horizontal and vertical beamwidths of the antenna,
respectively. In addition, following the fact that the solid angle of the sphere is 4,
we obtain 2y, in as )y = 47 — Q. Finally, we obtain the antenna gains of
the main lobe and the side lobes in and as

47
Gy = 5.4
Y (/) + 1) Q% o4
and o i 55
v (1 + (prad /prad)) (47‘(’ _ Qr\lr})’ :
respectively.

5.2.4 Propagation Model

The signal propagation at the THz band is determined by spreading loss and molec-
ular absorption loss [29]. Therefore, the received power at UE; from AP; in the 3D

channel is

L (L) =0, (d(1y7)) " 2eHds), (5.6)

where 9., 2 p'‘G5GY (c/4nf)?, p* is the transmit power, G% and GY are the
effective antenna gains at AP; and UE;, respectively, corresponding to link between
AP; and UE; with x € {m,s} and ¢ € {m,s} where m is for main lobe and s is
for side lobes, ¢ is the speed of light, f is the operating frequency, and k(f) is the
molecular absorption coefficient of the transmission medium. Following [72,73,87—

89], we consider the received power while considering that the molecular absorption
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Data Tranmission Link
----- Interference Link

Figure 5.3: Illustration of the side view of the UEy-APy link.

coefficient remains unchanged within the bandwidth of interest, which is similar to
that considered in Chapters [2] and [3] Moreover, it is noted that similar to that in
Chapters 2 B and [4] in this chapter, we (i) ignore the impact of non-line-of-sight
(nLoS) rays and focus only on the LoS rays of THz signals [62,69,72,73,75,86-88|,
(ii) omit the impact of fading in the THz channel [62,69, 72-75,86-88, 113], and
(iii) consider inter-band interference (Inter-BI) free transmission [50,114]. The

justifications behind these considerations are given in Section [2.2.4]

5.3 Impacts of Blockages and 3D Directional An-

tennas

In this section, we analyze the impact of blockages and 3D directional antennas.

The summary of the main quantities of interest used in this chapter is given in
Table 5.2



5.3 Impacts of Blockages and 3D Directional Antennas 103

Table 5.2: Summary of the main quantities of interest used in Chapter .

Symbol | Description
p¥5(1;;) | LoS probability
p55(l;;) | LoS probability in the presence of only human blockers
p5(1;;) | LoS probability in the presence of only wall blockers
(L) PDF of the horizontal distance between AP; and UE; in the
presence of wall blockers
P (Lio) Hitting probability
PP (Lio) Horizontal hitting probability
(

PP (L) Vertical hitting probability

Distance from UEj to the boundary of the region around
UE( where dominant interferers can exist

Agn, Agr | Average number of near and far dominant interferers

that exist around UE,

p°(Loo) Coverage probability at UE,

p5(lgg) | Coverage probability at UE,; when the link between UE,

and APy is in LoS

*A is for AP, U is for UE, B is for human blocker, W is for wall blocker, H is for horizontal,

Quantities of Interest

V is for vertical, m is for main lobe, and s is for side lobes.

5.3.1 Impact of Blockages

We first analyze the LoS probabilities due to each type of blockage acting alone,

and present the results in the following lemmas.

Lemma 5.1 The LoS probability for the link between AP; and UE; in the presence

of only dynamic human blockers is

PES(liy) = Ce e, (5.7)
_ 5N Ap(hp—h
where ( = e~ 2Bils2As gnd \p = Q(LBJJFLB%QLB( 5=hy)
Proof: The proof is similar to that of Lemma[{.1] and thus omitted. |

Lemma 5.2 The LoS probability for the link between AP; and UE; in the presence

of only wall blockers is
Py (lig) = ety (5.8)
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where Xw,l = A\w2E [Ly].

Proof: See Appendiz[C-1]. [

We clarify that in this chapter, we assume that each AP in the system selects
its associating UE such that the link between the AP and its associated UE is not
blocked by wall blockers. Thus, p5(1;) = 1, Vi.

We next jointly consider Lemma and Lemma to obtain the following

corollary.

Corollary 5.1 The LoS probability for the link between AP; and UE; in the pres-

ence of both human and wall blockers is
p"3 (L) = p5°(lig) ot (lig) = e M, (5.9)
where \ = XB + XWJ.

We clarify that Corollary is obtained by considering that the locations of hu-
mans and wall blockers are independent of each other and this consideration has

been widely adopted in previous relevant studies in the literature for tractable
analysis.® [71,123,126]

5.3.2 Impact of 3D Directional Antennas

To investigate the impact of an interfering AP on the aggregated interference at
UEy, it is essential to characterize whether the signal corresponding to the main
lobe of the interfering AP reaches UEy. To this end, we determine the hitting
probability, p*(l;), which is defined as the probability of the signal corresponding
to the main lobe of an interfering AP, i.e., AP;, reaching UE, where i # 0.

The previous studies that analyzed the coverage probability of THzCom sys-
tems approximated the antenna radiation pattern of THz transceivers using 2D
antenna models [72-75,86-88,113]. In such studies, it was assumed that the main
lobe of APs and their associated UEs are pointed toward each other in the hori-

zontal direction. Under such consideration, the signal corresponding to the main

5In a realistic indoor environment, humans may keep a certain distance from walls. Thus, the
consideration of dependency between the locations of humans and walls can improve the accuracy
of the results and will be addressed in our future work.
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lobe of the interfering AP reaches UEy, as long as UEj is within the horizontal
beamwidths of the interfering AP, regardless of whether UE is in close proximity
to the interfering AP or not. Therefore, when a 2D antenna model is adopted, the

hitting probability is obtained as [87]

L
php(li0)|2D _ YA Hbj _ SOA,H‘

5.10
27Tlij 2 ( )

In contrast to the previous studies, in this chapter, we assume that a 3D antenna
model is utilized to approximate the antenna radiation patterns of transceivers.
Therefore, we consider that the main lobe of APs and their associated UEs are tilted
downwards and upwards, respectively, towards each other as shown in Fig. [5.3
This guarantees beam alignment between APs and their associated UEs. Under
such consideration, the signal corresponding to the main lobe of an interfering AP
reaches UE, only when UEj is within both the horizontal and vertical beamwidths
of the interfering AP. Therefore, when the 3D sectored antenna model is adopted,
P (l;0) is expressed as

P (Lio) = Pyt (Lio) 3 (Lio), (5.11)

where piP(li) and piP(l) are the horizontal and vertical hitting probabilities,
respectively. The expressions for plf{p (l;0) and p}\l,p(lio) can be determined by evalu-
ating the probabilities of UE( being within the horizontal and vertical beamwidths
of AP;, respectively [130]. Therefore, pi>(ly) is given by

P (lio) = p"™(lio)2p = %;TH- (5.12)

We next derive piP(ly) in the following subsection.

5.3.2.1 Vertical Hitting Probability

The p}\l,p(lz-o) can be determined by evaluating the probabilities of UEq being within
vertical beamwidths of AP;. To determine this probability, it is essential to char-
acterize the horizontal distance between AP; and UE; probabilistically. Thus, we
determine the PDF of the horizontal distance between AP; and UE; in the following

lemma.
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Lemma 5.3 The PDF of the horizontal distance between AP; and UE; in the

presence of wall blockers is

X liie_xw’llii, 0< lm <L s
Ly(li) = e = (5.13)

0, otherwise,

where XW,Q = X%Vl/ <1 — e walr (1 + XW71LT>) and

_ 2 k(f) /Q\m,m 2
Lp= kmw 5 ,/Nob | (5.14)

Here, Ny is the noise power density and b is the bandwidth of the spectrum of inter-

est, Tine @5 the predefined signal-to-interference-plus-noise ratio (SINR) threshold,
and W [-] is the Lambert W-function.

Proof: See Appendixz[C.3. [

Using Lemma , we next derive p}\l,p(lio) in the following proposition.

Proposition 5.1 The vertical hitting probability for the link between AP; and UEy
of the THzCom system is given by

rﬂ |:67XW,lhe cot(wioJrW) <1 + S\/W71h€ cot <¢10 + sm,v))

2
AW 2

B e—XW,lhe COt<¢i0_$> (1 + XW,lhe cot (@Dio_@z’v)) ], 0<lp < lu,

AE e [e_qulhsm(wiﬁ%)<1+XW,1he cot (%o*‘wgv))

M
N e_xw,lLT(H;WJ LT) ] 7 1< Lo <ly,
0, lio > 1.,
(5.15)

where ;g = arctan (he/lip), {, = hecot (min{%,EjL%;’v}), 1 = arctan (he/L7),
and 1, = h, cot (maz {0,¢ — £5X1}).
Proof: See Appendiz[C.3. [
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Remark 5.1 Prior studies that analyzed the coverage probability of THzCom sys-
tems adopted a 2D model and ignored the impact of p?}’(lio) by assuming it to be
P (lo) = 1 [72-75,86-88, 113]. However, by examining (5.15), we observe that
p}‘Lf(lio) increases when liy increases up to l,, and thereafter starts to decrease.
Furthermore, p}‘Lf(lio) < 1, Vl. These insights reveal that ignoring the impact of
p}‘L,p(ll-o) i THzCom systems would lead to an overestimation of the hitting proba-
bility. This in turn overestimates the interference, thereby leading to an underesti-
mation of the coverage probability if a 2D model is adopted for analysis. This will
be illustrated through numerical results in Section[5.5.1.

Based on the derived results in this section, we next derive the coverage prob-

ability at UEq in the following section.

5.4 Coverage Analysis

The coverage probability at UEg, p®(l), is the probability that the SINR at UE,
is larger than the predefined threshold Yy, i.e., p°(lop) = Pr[SINR > Ty,]. In
the considered THzCom environment where blockages exist, p°(lpo) can be written

as
p°(loo) = p5> (loo) p5 (loo), (5.14)

where p5°5(lg) is the LoS probability calculated in Lemma and p®t°5(lyg) is
the probability of the SINR at UEj is larger than Yy, when the link between UE,
and APg is in LoS.

Conventionally, the coverage probability of communication systems has been de-
rived with the aid of Laplace transform-based analysis when 2D antenna models are
utilized to approximate the antenna radiation patterns of transceivers [83-85,87].
In such studies, the coverage probability is obtained based on the moment gener-
ating function of the aggregate interference, M 17, lloo (s). However, in this chapter
we model the THzCom system in a 3D environment, thus a 3D antenna model is
adopted to approximate the antenna radiation patterns of transceivers. Under this
consideration, it is challenging to obtain a tractable expression for Mz j;,,(s) [87].

Specifically, the non-linear expression for the vertical hitting probability derived in
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Proposition [p.1] and the LoS probability derived in Corollary have to be consid-
ered when determining M Ianglloo(S)7 thereby making the expression for M ]ggguoo(s)
intractable. Hence, we need to resort to approximation methods to analyze the
coverage probability of 3D THzCom systems.

In this chapter, we use the dominant interferer analysis to derive the cover-
age probability [131]. In doing so, we partition the APs which contribute to the
aggregated interference at UEj into two subsets: dominant and non-dominant in-
terferers. We define an interferer as a dominant interferer if it causes outage at UE,
when none of the other interferers contribute to the aggregated interference. More-
over, we define an interferer as a non-dominant interferer if it cannot cause outage
by itself. Dominant interferer analysis assumes that the presence of any combi-
nation of non-dominant interferers cannot lead to the outage.® This assumption
allows the coverage probability of THzCom systems to be calculated analytically.

By using the dominant interferer analysis, p>**5(ly) can be interpreted as the
probability that no interferer is a dominant interferer, when the link between UE,
and APy is LoS. Mathematically, p>t°S(ly) is written as p©=°5(lyg) = Pr [n(®) = 0],
where @ is the sets that denotes the dominant interferers that exist around UEy.
In calculating Pr[n(®) = 0], for analytical simplicity, we further categorize the
dominant interferers into near and far dominant interferers.

We define an interferer as a near dominant interferer if it can cause outage
by itself while having its main lobe or the side lobes facing UE,. Differently, we
define an interferer as a far dominant interferer if it causes outage by itself, only
when its main lobe is facing UEy. Therefore, pC’LOS(lgo) can be re-interpreted as
the probability that no interferer is a near or a far dominant interferer, when the
link between UEy and APg is LoS. Mathematically, it is written as

P (log) = Pr[n(®) = 0]

6Tt is reasonable to assume that any combination of non-dominant interferers cannot lead
to the outage in THzCom systems, since the aggregated interference from distant interferers
is minimal in such systems due to the following reasons. First, the interference power from a
distant interferer is very small due to the exponential power decay as a result of the molecular
absorption loss. Second, the probability of distant interferers causing interference at UE is very
low, due to the use of 3D directional antennas at the UEs and the APs and the fact that the LoS
blockage exponentially increases with distance. We will validate the feasibility of this assumption

in Section @
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= Pr [n(®") = 0] Pr [n(®") = 0], (5.15)

where ®N and ®Y are the sets that denote the near and far dominant interferers
that exist around UEy, respectively. To find out the expression for Pr [n(@N) = 0},
we denote Agn as the average number of near dominant interferers that exist

around UEq. Therefore, considering the null probability of Agn, we obtain
Pr [n(@N) = 0] = e "ov. (5.16)

Similarly, we denote Agr as the average number of far dominant interferers that

exist around UE,. Considering the null probability of Agr, we obtain

Pr [n(®") = 0] = e "er. (5.17)

Thereafter, we substitute (5.16)) and (5.17)) into (5.15)) to obtain

poLoS(lpg) = e~ Mon~her, (5.18)

Finally, by substituting (5.7) and ([5.18)) into ([5.16]), we obtain the coverage prob-
ability at UE( for the considered THzCom system, and that is presented in the

following theorem.

Theorem 5.1 The coverage probability at UEy for the THzCom system 1is
p°(loo) = (e PlooRan—har, (5.19)

where ( = e 275, \p = 2Aprg(hg — hy)/he, and Agy and Agr are the average

number of near and far dominant interferers that exist around UEy, respectively.

In Fig. 5.4, we illustrate how the main results in this chapter are jointly uti-
lized to obtain Theorem We next present the steps followed in obtaining the

expression for Agn and Agr in the following subsection.
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Lemma R Theorem
P> (1) p*(loo)
Lemma _\| Corollary | Proposition
P (L) P (L) Agn
Lemma | Proposition | \| Proposition
Ty (lii) g P}\I/p(lio) g Agr
Regions _ Regions
Xm: Xs S AANAT
Proposition
DI{,L

Figure 5.4: Summary of the analytical framework metrics used in this chapter to
determine the coverage probability.

5.4.1 Derivation of Agn and Agr

As shown in Fig. [5.4] to determine Agn and Agr, it is essential to obtain A, where
A is the region around UE, where dominant interferers can exist. To obtain A,
we need to find (i) the region around UE, where the interfering APs exist that
are within the main lobe and side lobes of UEy, xm, and xs, respectively, and (ii)
the distance from UEj to the boundary of the region around UEy where dominant

interferers can exist. We next find these quantities one after the other.

Considering the vertical heights of the THz devices and the fact that directional
antennas are used at UE,, we obtain y,, as a truncated annular region in the
horizontal plane, as shown in Fig. [5.5] where

Yo = {(z,@,z e [ZOO,TOO] 0 c @m}, (5.20)
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with
he(loo hetan< gV)) T—PU,V
. s if ¢00 —,
lOO — he+loo tan( U2V) (5.21)
0, otherwise,
he (100+h5 tan( 2 U.V )) lf ¢00 > <PU V
~ U v )
loo = he—loo tan(—5—) (5.22)

0, otherwise,

and , ©, = {9, 0 e [900 — ¢2’H,900 + WTH] } We clarify that 60;; is the angle that
the projection of the UE;-AP; link onto the horizontal plane forms with a given

reference line in the horizontal plane. Based on the knowledge of geometry and [116,

Eq (1.313.9)], we obtain Iy, and loo as in (5.21) and (5.22)), respectively. Next,
considering the “self-blockage zone”, we obtain y, as

={(1,0), (z e ((o,zoo) U (Too,oo]) 0 @m) U(l€0,00],0 €0}, (5.23)
where @s = {9,9 € (((900+WT’H,7T+000 - —:| |:7T+9[)0—|— 2,271'-'-(900 — W—H] )}

Next, we derive the boundary of the region around UEq where dominant interferers

can exist in the following proposition.

Proposition 5.2 The distance from UEy to the boundary of the region around

UFEy where dominant interferers can exist is

- 2 k(f) /Q\K,L Tthr 2_ 2
D= (k( f)wl 2 \/p%m(lm)_ TthrNObD b G2y

Proof: We recall that if an interferer is a dominant interferer, it causes

outage at UEy when none of the other interferers contribute to the aggregated in-
terference. Therefore, the SINR when only a dominant interferer contributes to
the aggregated interference should be less than the predefined SINR threshold Yy, .
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Mathematically, it is written as

Prmlloo) <
Nob + By, (d(I5y))~2e” D) =

Y . (5.25)

where 1 denotes the horizontal distance between a dominant interferer and UE.

By rearranging (5.25), we obtain

E(F) (L) waaly 0,
(Ndlliy) o k(f) Ou Yenr (5.26)
2 2\ Prm(loo) = YenrNob

Next, we apply the definition of the Lambert W-function to (5.26|), which leads to

k(f) @\n L Tthr
: . 2
2 \/ P — TaneNob (5:21)

Thereafter, we note that D is given by D = max(lfo). Hence, we rearrange ((5.27))

to obtain ((5.24]). [

2
(502 + 12 < LoV

We clarify that there are four possibilities for D in . This is due to the fact
that the effective antenna gains at the dominant interferer and UEy, corresponding
to the link between the dominant interferer and UEy, respectively, can each take
two different values. Considering this, we define the four possibilities for D as D, ,

where k € {m,s} and ¢ € {m,s}.

We next jointly consider xm, Xs, and D, , to obtain the region around UK,
where dominant interferers can exist, i.e., A. We can obtain A as a combination
of four regions which are denoted by A,,, where x € {m,s} and ¢ € {m,s}. For
example, A, s denotes the region where dominant interferers that are within the
main lobe of UEy while having its side lobes facing UE( exist. Following the fact
that D, 2 loo and D,z /ZI)O, we obtain these region as

Am,L = {<l7 9),l € |:lv007 Um,L] 70 € @m} ) (528)
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- Xm []- Xm
- Aa,m
- As,s

= Near dominant
interferer region (AN )
I - Far dominant

-
% interferer region (AF )

(a) The regions Ay m, Ams, Asm, and Ass (b) Near and far dominant interferer re-
gions

Figure 5.5: Illustration of the regions corresponding to the dominant interferers
when Dy < loo < Dsm < Dis < Dy < loo.

where ¢ € {m, s}, vy m = min{%o, Dimm}, and vy s = max{[oo, min{zz)o, Dps}}, and

A, ={(1,0), (z c ([o, vs.1] U [?OO,US,LQD 0e @m) U(le0,D.],0€0,)},
(5.29)

where v, 1 = min{lo, Dg,} and vg,0 = max{z:)o, Dg,} with ¢ € {m,s}.

Fig. |5.5(a) illustrates these regions when Dy, < loo < D¢y < Dig < Dy <
leo- By examining these regions, we observe that A, C Amm and Ass C Agm.
Hence, we can interpret that the interferers that are within the regions A, s and
As s cause outage by themselves while having its main lobe or the side lobes facing
UEy, i.e., near dominant interferers. We denote the region where near dominant

interferers exist as AN, where
AN = (A N An) U (A NAss) = Ams U As s (5.30)

Similarly, we obtain the regions where the interferers that cause outage by them-
selves, only when its main lobe is facing UEy, i.e., far dominant interferers, exist

as

AP = (A U Aims) U (Agm U Asg) — AN = A — AN (5.31)
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Fig. (b) illustrates the regions corresponding to the near and far dominant
interferers when D¢ < loo < Dym < D < Dinm < Z)o-

Using the regions AN, AY and the results in Section we next derive the
average number of near and far dominant interferers that exist around UEy. The

results are presented in the following propositions.

Proposition 5.3 The average number of near dominant interferers that exist around
UEy for the THzCom system is derived as
A@N

A - - - - — . - -
= %} —e M (14 A o 1) —€ 0 (14 A0y, ) e M0 (14 Mg ) —e ™02 (14+-Avg 4. 2)

— . - - o — - -
4 e Moo (1 4 o) 4 e *P=(1 + AD&S)} + AaQ 2 = 9) (,; V) 1—e P (14 AD,,)| .
(5.32)
Proof: See Appendiz[C.4). ]

Proposition 5.4 The average number of far dominant interferers that exist around
UEy for the THzCom system is derived as

Agr
 AaCpanpun
- T [FD(Us,s,b Us,m,l) + FD(”m,Sa Um,m) + FD(US,S,27 vs,m,?)
A 21 — 9
- FD(DS,sy Ds,m>:| + ACSOAJ;’]E_ il >FD(D8737 Ds,m), (533)
where Fp(a,b) = fab p}‘lf(l)e’Xll dx, which can be calculated numerically.
Proof: See Appendiz|[C.5. |

5.5 Numerical Results and Discussion

In this section, we investigate the reliability performance of the considered 3D
THzCom system. To this end, we first examine the impact of the derived hitting
probability on the 3D THzCom system. Thereafter, we assess the accuracy and
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Table 5.3: Values of system parameters used for numerical results in Section .

Parameter Symbol Value

Heights of APs and UEs ha, hy 3.0m, 1.3 m
Density of APs AA 0.1 m~2
Operating frequency f 1.05 THz
Molecular absorption coefficient k(f) 0.07512 m~*
Operating bandwidth b 5 GHz

AP’s antenna N, G, 25 dBi, —10 dB;i,
parameters YaH, payv | 10°, 10°

UE’s antenna Gy, Gy, 15 dBi, —10 dBi,
parameters YuH, puyv | 33°, 33°
Transmit power Pt 5 dBm

Noise spectral density Ny —174 dBm/Hz
SINR threshold Ty 3 dB
Self-blockage angle ) 60°

Height and speed of human blockers | hg, vg 1.7m, 1 ms~!
Widths of human blockers Lgi, Lpo | 0.6 m, 0.3 m
Average length of wall blockers E [Lw] 3.0 m

Density of wall blockers Aw 0.04 m~2

examine the significance of our derived coverage probabilities. Finally, we investi-
gate the effects of system parameters on the coverage probabilities, especially the

blockage parameters.

The simulation results are obtained using a framework that operates in a time-
driven regime [126] and considering a rectangular indoor environment of size 60 m x
50 m [135]. The values of the parameters used in this section are summarized in
Table [5.3], unless specified otherwise. The chosen values are consistent with other
relevant studies in the literature [29,33,71,127,129]. In this chapter, we use the
absorption coefficient values that are calculated for the standard atmosphere with
10% humidity [29]. Also, we consider ¢y = @y v. While our analysis uses the
dominant interferer assumption, the simulations consider the interference from all

interferers that exist within the rectangular indoor environment.
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Figure 5.6: Hitting probability versus the horizontal distance between UE, and
AP; for Lt=12.2 m.

5.5.1 Hitting Probability

Fig. m plots the hitting probability for the UEy-AP; link, i.e., p"(l;) in Proposi-
tion 5.1} versus the horizontal distance between UE, and AP;, [;, for Lt = 12.2 m.
In addition, the hitting probability for the 2D model is also plotted as a reference.
We first observe that the analytical results for the hitting probability match well
with the simulation results, which demonstrates the correctness of our analysis.
Second, we observe that the hitting probability is very small for low [/;, increases
when ;o increases up to [, and thereafter starts to decrease. This observation is in
accordance with Remark which further validates our analysis. Third, we ob-
serve that the hitting probability is significantly overestimated when the simplified
2D model is adopted as in previous studies that investigated coverage of THzCom
systems. This demonstrates the importance of examining the performance of THz

systems in a 3D environment.

5.5.2 Coverage Probability

Fig. plots the coverage probability versus the horizontal distance between AP,

and UEq for the typical indoor and open office environments. We clarify that
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Figure 5.7: The coverage probability versus the horizontal distance between AP,
and UE, for the typical indoor and the open office environment.

as mentioned in 3GPP standards [135], the open office environment where only
human blockers exist is another interesting scenario for studies above-6 GHz. Thus,
while presenting numerical results for the THzCom system in the typical indoor
environment outlined in Section [5.2] we also present the numerical results for the
THzCom system in an open office environment in Fig. .7 In this figure, for
the typical indoor environment, we plot (i) the simulated coverage probabilities in
the considered in the 3D model, (ii) the coverage probabilities derived as per the
proposed analysis in the 3D model, (iii) the coverage probabilities derived as per
the analysis in [74] in the 3D model, and (iv) the coverage probabilities derived
as per the proposed analysis in the 2D model, which is obtained by setting XB in
B.7) as Ap = M, and piP(l;;) in as p\P(l;;) = 1 for Vi, j.

We first observe that our analysis well matches the simulations for small and
medium [yg for both the open office and the typical indoor environment, which
demonstrates the correctness of our analysis. For high [y, our analysis slightly
overestimates the coverage probability for both the open office and the typical

indoor environment. The slight overestimation for the open office environment is

"We clarify that for the open office environment and (i) simulations are carried out while
considering no wall blockers, (ii) analytical results are obtained by considering Ay = 0.
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due to the fact that our analysis is under the assumption that any combination
of non-dominant interferers cannot lead to the outage. However, non-negligible
possibilities of non-dominant interferers causing an outage to appear since there are
more non-dominant interferers within the beamwidth of the UE for high [y, which
yields the slight overestimation. Differently, for the typical indoor environment,
a much smaller overestimation appears. This is because, although we consider
that the number of walls that intersect each link is independent, non-negligible

dependencies appear in the number of walls that intersect each link.

Second, we observe a gradual decrease in the coverage probability when [y
increases for both the open office and the typical indoor environment. This is due to
the fact that when the UE is connected to a farther AP, in addition to the reduced
received power, the impact of interference on the coverage probability becomes
more detrimental since there are more interferers within the beamwidth of the UE,.
Moreover, the effective number of blockers that exist in the UEy-AP link increases
with g, thereby further deteriorating the coverage probability. In addition, we
observe that the coverage probability for the typical indoor environment is higher
than that of the open office environment, especially when [y, is high. This is due to
the fact that since there are wall blockers in addition to human blockers in a typical
indoor environment, the likelihood of interference signals being blocked becomes

higher, which improves the coverage probability.

We next compare the coverage probability obtained using our analysis with
that obtained in previous studies. We first observe that the coverage probabil-
ity is significantly underestimated when the analysis is performed using the 2D
model as in [72-75,86-88,113]. This is due to the fact that in the 2D model, the
blockage and hitting probabilities are overestimated since vertical heights of the
THz devices are ignored. This in turn underestimates the received power, and
overestimates the interference at UE(, thereby leading to the underestimation of
the coverage probability. This observation reveals that the vertical heights of THz
devices profoundly impact the coverage probability of THzCom systems; there-
fore, ignoring them leads to an underestimation of the reliability of the system.
Moreover, we observe that the underestimation of the coverage probability when
the analysis is performed using the 2D model increases when the APy to UE, link

distance increases. Second, we observe that the analysis in [74], which is based on
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Figure 5.8: The coverage probability versus the SINR threshold for the typical
indoor environment with different human blocker densities.

average interference, approximates the coverage probability well for low [y, but the
accuracy significantly deteriorates when [y increases. In comparison, our analysis
approximates the coverage probability very well for all [gg.

Impact of SINR Threshold and Blocker Densities: Fig. 5.8 plots the
coverage probability, p°(lyg) , versus the SINR Threshold, Yy, for different densi-
ties of human blockers, A\g, when loo = 6 m. We also plot the coverage probability
when the UEy-APg link is in LoS, i.e., pC’LOS(lgo) in , which is used as a metric
of interest in [82,89]. We observe that p°(lyg) and p“t°5(lyy) become lower when
Tinr increases. In addition, we observe that an increase in Ag leads to a slight
improvement in p“L°S(ly), but a significantly decrease in p°(lgo). When there are
more blockers, the likelihood of interference signals being blocked becomes higher,
which leads to higher p>5(ly). However, the increase in Ap increases the likeli-
hood of AP, being blocked, leading to worse p°(lyp). These observations on p°(lgo)
and p™5(ly) for varying blocker densities indicate that it is important to carefully
select system parameters, e.g., antenna gains, transmit power or density of APs,
to obtain the desired reliability performance depending on the density of humans
in the indoor environment.

Impact of Antenna Parameters of UEs and APs: Fig. 5.9 plots the
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Figure 5.9: The coverage probability versus the UEy-APq link distance for the
typical indoor environment with different antenna gains at UEs and APs.

coverage probability versus log for different antenna main lobe gains at APs and
UEs, i.e., G¥ and G. In this figure, we keep p'GY G} unchanged for the sake of a
fair comparison. We first observe that the improvement in the coverage probability
when G} and GY{; are increased is marginal for low [y , but is noticeably high for
larger log. This is due to the fact that the deterioration in the coverage probability
caused by interference and the blockage is marginal for small [y, but increases when
lop becomes large. Thus, the opportunity for coverage improvement by increasing the
antenna gains is higher for larger lypy. This reveals that the coverage performance
of THzCom systems can be improved by increasing the antenna directivity at both
the APs and the UEs for larger log. Second, observing the curves with the same
p*, we find that the coverage probability improvement brought by increasing G is
higher than that brought by increasing G7j. This implies that it is more worthwhile
to increase the antenna directivity at the APs than at the UEs, to produce a more
reliable THzCom system.

Impact of Operating Frequency and AP Densities: Fig. plots the
coverage probability versus the operating frequency for different values of AP den-
sities in the first transmission window (TW) above 1 THz, when oy = 6 m. First,

we observe that the coverage probability remains almost unchanged throughout the
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Figure 5.10: The coverage probability versus the operating frequency for different
values of AP densities.

TW, despite the path loss varying drastically within the TW as shown in Fig. [1.2
due to frequency-dependent absorption loss. This is due to the fact when the oper-
ating frequency is changed, while the received power from the desired link changes,
the interference power also changes in a similar manner. This results in coverage
remaining almost unchanged throughout the TW. Second, we observe that the cov-
erage probability significantly decreases when the density of APs becomes higher
for both typical indoor and open offices, due to the increased impact from inter-
ferers. Third, we observe that the deterioration in the coverage probability due
to the increased density of APs is less for a typical indoor environment than that
in an open office environment. This is due to the fact that when there are wall
blockers in a typical indoor environment, the likelihood of interference signals being
blocked becomes higher, which leads to better coverage probability. The second
and third observations above demonstrate that the network densification deterio-
rates the reliability of THzCom systems, and that it is necessary to carefully select
the AP densities to obtain the desired reliability performance depending on the

communication environment of interest.
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5.6 Summary

In this chapter, we investigated (i) the modeling and analysis of different types of
blockages in a 3D THzCom system and (ii) the coverage probability of an indoor
THzCom system when frequency reuse is considered. We first modeled a realistic
3D THz system, where we considered the unique molecular absorption loss at the
THz band, 3D directional antennas at both UEs and APs, and the interference
from the nearby APs. Differing from the existing THz studies, we considered
the joint impact of the blockage caused by the user itself, moving humans, and
wall blockers, as well as the effect of the vertical heights of the THz devices. We
then derived the blockage and hitting probabilities. Moreover, we derived a new
expression for the coverage probability using the dominant interferer analysis for the
considered indoor environment. Using numerical results, we validated our analysis
and demonstrated that the coverage probability is significantly underestimated
when the impact of vertical heights of communication entities is ignored in the
analysis. We also found that an increase in the density of human blockers leads
to a slight improvement in the coverage probability when the transmission link of

interest is in LoS, but reduces the overall coverage probability.



Chapter 6

Conclusions and Future Research

Directions

In this chapter, we first summarize the general conclusions drawn from the thesis.

We then outline some of the research directions directly related to the thesis.

6.1 Thesis Conclusions

This thesis focused on the design and analysis of novel and efficient spectrum
allocation strategies for multiuser THzCom systems. Specifically, the thesis in-
vestigated several research challenges encountered by multi-band-based spectrum
allocation schemes, and proposed efficient designs and analytical frameworks to
alleviate them. The detailed contributions are given as follows:

Spectrum Allocation with ASB: In Chapter [2] we, for the first time, pro-
posed multi-band-based spectrum allocation with ASB to improve the spectral
efficiency of multiuser THzCom systems, by allowing to divide the to-be-allocated
spectrum into sub-bands with unequal bandwidth. To study the impact of ASB,
we formulated a resource allocation problem, with the main emphasis on spectrum
allocation with ASB, while aiming to maximize the data rate of the multiuser
THzCom system under given constraints on sub-band bandwidth and power. We
then proposed a solution approach to derive the sub-band bandwidth and opti-

mal transmit power of the formulated resource allocation problem. Specifically,

123
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we proposed reasonable approximations, as well as transformations, and arrived at
an approximate convex problem, which can be solved efficiently by using standard
convex problem solvers. Based on our numerical investigation, we showed that
consideration of ASB leads to a significantly higher data rate as compared to the
consideration of ESB; thus, it is beneficial to adopt ASB in multi-band-based spec-
trum allocation schemes. We also showed that the performance gain of adopting
ASB is most profound when the variation in molecular absorption loss within the

to-be-allocated spectrum is high.

Spectrum Allocation Among Multiple TWs for THzCom Systems: In
Chapter (3, we proposed a novel spectrum allocation strategy for multiuser THz-
Com systems when the to-be-allocated spectrum is composed of multiple TWs.
Specifically, we explored the benefits of (i) sub-band assignment, (ii) avoiding
using some spectra that exist at the edges of TWs where molecular absorption
loss is very high, and (iii) ASB when the to-be-allocated spectrum is composed of
multiple TWs. With these considerations in mind, we formulated a resource allo-
cation problem, with the primary focus on spectrum allocation, to maximize the
aggregated multiuser data rate. We then proposed a solution approach to derive
the sub-band assignment, sub-band bandwidth, the unused spectra at the edges
of TW, and the transmit power of the formulated resource allocation problem.
Specifically, we first proposed modifications to the formulated problem and arrived
at a mixed-integer non-linear problem. We then proposed several transformations,
including the binary variable to real variable transformation, and arrived at an
approximate convex problem. Subsequently, we developed an iterative algorithm
based on the SCA technique to solve the approximate convex problem. Based on
our numerical investigation, we first showed that the proposed sub-band assign-
ment can be utilized when the to-be-allocated spectrum is composed of multiple
TWs since DAMC-based sub-band assignment is only readily applicable within a
TW. We then showed that additional data rate gains can be obtained by optimally
determining the unused spectra at the edges of TWs, as compared to avoiding using
pre-defined spectra that exist at the edges of TWs. Finally, we showed that the
feasibility region of the resource allocation problem can be improved by adopting

ASB and optimally determining the unused spectra at the edges of TWs.

An Unsupervised Learning Approach for Spectrum Allocation in
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THzCom Systems: In Chapter [d, we proposed an unsupervised learning-based
approach to obtaining the near-optimal solution to the multi-band-based spectrum
allocation problem with ASB when the molecular absorption coefficient varies in a
highly non-linear manner. In the proposed approach, we first train a DNN while uti-
lizing a loss function that is inspired by the Lagrangian of the formulated problem.
Then using the trained DNN, we approximated the near-optimal sub-band band-
width and transmit power. Based on our numerical investigation, we showed that
when the values of the molecular absorption coefficient within the to-be-allocated
spectrum change rapidly and thus cannot be modeled as an exponential function
of frequency, the proposed unsupervised learning-based approach outperforms the

existing approximate approaches.

Blockage and Coverage Analysis for 3D THzCom Systems: In Chap-
ter , we investigated (i) the modeling and analysis of different types of blockages
in 3D THzCom systems and (ii) the coverage probability of an indoor THzCom
system when frequency reuse is considered. We first characterized the joint im-
pact of blockages caused by the user itself, moving humans and wall blockers in a
3D THzCom environment, and derived the blockage probabilities associated with
a point-to-point THzCom link. Also, we considered the effect of 3D directional
antennas and derived the hitting probability. We then developed a tractable ana-
lytical framework, using stochastic geometry, to evaluate the coverage probability
by characterizing the regions where dominant interferers can exist, and the average
number of interferers that exist in these regions. Based on our numerical investiga-
tion, we first verified our analysis by comparing it to simulation results. We then
showed that the throughput and the reliability of THzCom systems are greatly
impacted by the density of blockers; thus, system parameters, e.g., power budget
and maximum sub-band bandwidth, have to be carefully selected for achieving the
desired throughput and reliability performance, depending on the density of human
blockers in the indoor environment. We finally showed that network densification
deteriorates the reliability of THzCom systems; thus, it is necessary to carefully
select the AP densities to obtain the desired reliability performance depending on

the communication environment of interest.

This thesis advanced our understanding of the fundamentals of spectrum al-

location strategies for THzCom systems. It also provided design guidelines and
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analytical frameworks to solve important problems on how to efficiently utilize the

THz band to develop ready-to-use THzCom systems in years to come.

6.2 Future Research Directions

This thesis studied novel and efficient spectrum allocation strategies for multiuser
THzCom systems. As the research topic is exploratory in nature, a number of
potential research problems naturally arise. In this regard, a few promising research
directions directly related to the thesis are briefly discussed in the following for

future consideration.

e In the proposed spectrum allocation designs in Chapters [2] [, and [4] we
considered that the users in the system are served by separate sub-bands to
ensure the data transmission to be free of Intra-BI and eliminate the signal
processing overhead and hardware complexity caused by frequency reuse in
the system. However, higher spectral efficiency can be achieved by leveraging
sub-band reuse during spectrum allocation. Thus, the need exists to design
spectrum allocation strategies while considering frequency reuse. New spatial
and power-domain multiplexing strategies operated at the THz band need to
be developed for adopting frequency reuse in THzCom systems. Some of
the key research challenges related to the deployment of spatial and power-

domain multiplexing strategies at the THz band, such as beam sectorization
and NOMA, are detailed in Section [1.2.6.2]

e In the proposed spectrum allocation designs in Chapters [2| B, and [ we
consider the guard band bandwidth to be fixed and pre-defined. However,
to further improve the spectral efficiency, it may be beneficial to optimally
design the values of guard band bandwidths. When guard band bandwidths
are to be optimally designed, the impacts of Inter-BI, interference cancelation
capabilities of the users, QoS requirements of the users such as tolerable
interference and required data rate, and the spectral efficiency of the system

need to be jointly considered.

e In the proposed spectrum allocation designs in Chapters and [4] per-
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fect CSI is assumed. However, perfect CSI cannot be always guaranteed,
and thus it would be interesting to investigate the design of spectrum allo-
cation strategies while considering the uncertainty that occurs as a result of

imperfect CSI.

e In the proposed spectrum allocation designs in Chapters [2], [3] and [4] we ig-
nore the impact of Inter-BI due to the consideration of guard bands existing
between sub-bands. However, the total mitigation of Inter-BI is not guaran-
teed, unless the guard band bandwidth is set to a higher value. Thus, the
impact of Inter-BI needs to be precisely modeled and then analyzed when
sub-bands are close to each other. As mentioned in Section [I.2.4] Gaus-
sian approximation has been widely used to model Inter-BI at sub-6 GHz
and mmWave frequencies, assuming that neighboring sub-bands have simi-
lar channel quality. However, the applicability of this approximation at the
THz band needs to be re-examined, since the adjacent THz sub-bands exhibit

drastically different channel qualities, due to molecular absorption loss.

e A deterministic THz band channel is considered in this thesis while ignoring
the impacts of nLoS rays and fading. However, the consideration of nLoS
rays and fading can lead to a more accurate characterization of the considered

THzCom system, which needs to be addressed in future works.

e THzCom will be underpinned by (massive) multiple-input-multiple-output
(MIMO) technologies to compensate for the substantial path and penetra-
tion losses. Throughout the thesis, fixed antenna gains are considered for
THz transceivers while ignoring the impacts of THz band antenna arrays
and beamforming designs. However, it is of utmost importance to consider
the impacts of THz band antenna array and beamforming designs for a more
accurate characterization of the considered THzCom system. Some of the
possible research directions related to THz band antenna arrays and beam-
forming designs that need investigation are (i) characterization of channel
squit effect, (ii) different beamforming architectures such as widely-spaced hy-
brid beamforming architectures (HBAs), dynamic array-of-subarray (DAoS)
HBASs, and unified HBAs, and (iii) graphene technology and THz true-time
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delays (TTDs) for THz band antennas.

To address the reliability degradation caused by blockages at the THz band,
promising solutions such as MC and Reconfigurable intelligent surfaces (RISs)
need to be explored. Some of the key research challenges associated with the
deployment of MC-assisted THzCom systems are detailed in Section [1.2.5.2]
As for RIS-assisted THzCom systems, they are still in their early stages and
enormous challenges lie ahead. First, given the high reflection loss at THz
band, the material of reflector arrays needs to be carefully selected to sup-
port RIS at the THz band. For example, at frequencies of 1 THz and beyond,
graphene can be used for RIS, due to its tunable properties and low reflec-
tion coefficient. Second, tractable models that describe the THz band RIS
channel need to be developed and validated through experimental results.
Third, the challenges arising during the acquisition of the CSI between the
RIS and the involved AP and users need to be addressed. A viable method
to overcome this challenge can be that, instead of estimating the RIS-AP and
RIS-user channels separately, the concatenated AP-RIS-user channel can be
estimated based on direct AP-user channel measurements and some known
RIS reflection patterns. Fourth, to integrate RISs with the fixed wireless
infrastructure, the design of a dedicated control plane, with appropriate pro-

tocols and networking procedures, is desired.

The need exists for accelerated development of THz devices and testbeds/
prototypes to obtain experimental measurements since the state-of-the-art
advances still remain mostly theoretical in nature. Some of the key research
challenges related to the development of THz devices and testbeds/prototypes
are detailed in Section [L2.71
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Appendix A

This appendix contains the proof needed in Chapter 2.

A.1 Proof of Lemma [2.1]

We prove the concavity of 7, in (2.16|) w.r.t. z,, where s, € S. To this end, we
rearrange 7 in (2.16]) to obtain

Ts = bs(zs) logy (1 +71Y), (A1)
where
bs(zs) = & + ws log(sszs), (A.2)
—dsos G5 ydse—8s,v108(svzv)
14 Qe pS € ’
o= 2 ~ 2 ) (A.3)
s (fs,u - nas,ywu 1Og(§yzv)> bs<zs)
Gy, = dy(e7 o2 o) (A.4)
ﬁ,u = fref -0 Z as,fﬁgﬁ + Z as,nwn log(gnzn) + (3 - 1)Bg . (A5)

KES KES /v

Thereafter, while considering the fact that ﬁ,y > naswy,log(s,z,), we take the
second derivative of 7y in (A.1) w.r.t. 2z, and rearrange the resulting terms to

arrive at
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0*7, .
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Terms

and Eyy = 0. It can be shown that £;7 < 0 when 1/w, > @, where

~

W= |U2| (dmax/"%(fref)eC?maX(73 - 1) (Ag)

and dpax > dp, [55]. Also, it can be shown that £33 < 0 when 1/w, > @, since
Term; < 0 and Termy < 0, V s,v € § and Termz < 0 when 1/w, > @. Based on

these, we conclude that 7 in (2.16)) is concave w.r.t. z, when 1/w, > @.
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Appendix B

This appendix contains the proof needed in Chapter 4.

B.1 Proof of Lemma 4.1

According to the RD model, if a human is moving in the area R?, the PDF of
its location is uniform over time [125]. As such, at any given time instant, the
locations of human blockers form a PPP with the same density of Ag. This makes
it possible to analyze a single time instant and then generalize the results over all
time instants, thereby simplifying the mobility-related analysis.

Let us focus on a specific time instant. The region in which a human blocker
should appear to block the link between the AP and an user can be approximated
by a polygon region between the AP and the user, as shown in Fig. [£.2(b). The
dimensions of this polygon region depends on the orientation of the human blocker
with respect to the user-AP link [76, Fig. 1]. Considering the area of this polygon
region and the fact that the orientations of the human blockers are uniformly
distributed between 0 and 27, we obtain the average number of human blockers
that intersect the link the AP and the user assigned to sth sub-band in the 3D

environment as

2 _
nsB — (LB,ILB,2 + %<LB,1 + LB,Q)ls> )‘Bv (Bl)

_ (h—hu),
(ha—hu)"S*

ers existing within the link between the AP and the user assigned to sth sub-band,

Thereafter, considering the void probability of human block-

where [,
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we obtain p™* as
P = e "B, (B.2)

Finally, substituting (B.1)) in (B.2), we arrive at (5.7)).
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Appendix C

This appendix contains the proofs needed in Chapter 5.

C.1 Proof of Lemma 5.2

The average of the number of walls that intersect the link between AP; and UE;

for the binary wall orientation is given by
Awij = AWE [Lw] €(¢3)Lij. (C.1)

where £(¢i;) = 3 (|sin(¢i;)| + | cos(¢i;)|) with ¢;; being the angle that the projec-
tion of the UE;-AP; link onto the horizontal plane forms with a reference line in
the horizontal plane [129]. Hence, considering the void probability of walls existing
within the link between AP; and UE;, we obtain p{(l;;) as

PR (1) = e

— o WELw]g (| sin(¢i)|+] cos(¢ij))lij (C.2)

We note that the analysis for the coverage probability is mathematically intractable
if the expression for pk5(l;;) in (C.2) is in its current form. To address this in-

tractability, we use the fact that ¢;; is uniformly distributed between —7 and ,
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and approximate p%25(1;;) for the binary wall orientation as

p%\?s(lij) — o MWELLWIE,,; [&(@j)}lij’ (C.3)

™

where Ey, [£(¢;)] = [ &€(¢ij)5=dés; = 2. This approximation allows us to obtain
9.

—T

C.2 Proof of Lemma 5.3

Recall that AP; is assumed to select its associated UE, UE;, such that the link

between the AP; and UE; is not blocked by wall blockers. Thus, to formulate

['y(l;;), we first find the PDF of the distance to a random UE located around AP;,

denoted by F;(TZ-Z-), as

2L T

N N (©4)
0, otherwise.

Next, using (C.4) and Lemma [5.2] we express I';(l;;) as

T(Lii) = AwsTy(li)e ki, (C.5)

where Xw’g is the unknown constant that is utilized to ensure TFl(lii)dlii = 1.
Thereafter, substituting in , and applying [116, Eq (2.3%2.1)], we obtain
(5.13).

To find the expression for Lt in ([5.14)), we ensure that the signal-to-noise ratio
(SNR) at UE; when the link between AP; and UE; is not blocked is above Ty, for
all possible values of I;; [8]. Therefore, we let the SNR when the UE-AP distance

is Lt equal Ty, to obtain ([5.14)).

C.3 Proof of Proposition 5.1

Let denote 1;; as the angle that the link between AP; and UE; forms with the

horizontal plane as shown in Fig. 5.3 For UEj to be within the vertical beamwidth



C.4 Proof of Proposition 135

of AP;, 1y needs to satisfy 1,0 — Z5% < by < hio + 25, Therefore, p}\l,p(ll-o) is

obtained as

Pio— AV

K 2

PP (o) = / Ly (i) i, (C.6)
io— ”2"’

where I'y();;) is the PDF of ;.
To formulate I'y (1)), we use the transformation l;; = h. cot(t);;) into Lemma

(.3 to arrive at

X\}V,zhf cot (i) CSCQ(wii)e_hEXW’lCOt(wii), Y <y < o

0, otherwise.

Ly (i) = (C.7)

Finally, by substituting ((C.7)) into ((C.6)) and solving the resultant integral by jointly
applying [116, Eq (2.02.5)] with [116, Eq (2.521.1)], we obtain (5.15)).

C.4 Proof of Proposition

We note that the near dominant interferers lead to outage at UE, when their
main lobe or the side lobes are facing UE,. Despite that the locations of all the
interferers follow a homogeneous PPP with the density A, the interferers that are
in LoS with UE, within the region AN follow a non-homogeneous PPP, due to the
distant-dependent nature of the blockage probability. Thus, using Corollary [5.1]

we probabilistically thin the original homogeneous PPP to obtain Agx as

Agy = / / Aap S (DIdA

Vs,s,1 PU,H Um,s PU,H

= / / AaCeN1dodl + / / AaCeN1dodl

VUs,s,2 PUH D5527T 9

/ / AaCe Mdodl + / / AaCeMdodl. (C.8)

0 ¢umn

Thereafter, we apply [116, Eq (2.322.1)] into (C.8) to obtain (5.32)).
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C.5 Proof of Proposition 5.4

Unlike the mear dominant interferers, for the far dominant interferers to cause
outage, their main lobe should be facing UE,. Thus, using Proposition |5.1| and
Corollary [5.1] we probabilistically thin the original homogeneous PPP to obtain

Agr as

Agr = / / Aap™ (1) p oS (DIdA
AF

Um,m Vs,m,1 Vs,m,2

:w[ / PP (e Midl + / PP (e Midi+ / pgp(Z)e—Xlzdz]

2m
, ”Dsym 7
A 2m—pyu—1 A
| Mlpan 2r—puu—v) / PPNl (C.9)
2w
Ds,s

which leads to ((5.33]).
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